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Messenger ribonucleic acid (mnRNA) has emerged as a promising molecular preventive and therapeutic approach
that opens new avenues for healthcare. Although the use of delivery systems, especially lipid nanoparticles
(LNPs), greatly improves the efficiency and stability of mRNA, mRNA tends to accumulate in the liver and hardly
penetrates physiological barriers to reach the target site after intravenous injection. Hence, the rational design of
targeting strategies aimed at directing mRNA to specific tissues and cells remains an enormous challenge in
mRNA therapy. High-throughput screening (HTS) is a cutting-edge targeted technique capable of synthesizing
chemical compound libraries for the large-scale experiments to validate the efficiency of mRNA delivery system.
In this review, we firstly provide an overview of conventional low-throughput targeting strategies. Then the
latest advancements in HTS techniques for mRNA targeted delivery, encompassing optimizing structures of large-
scale delivery vehicles and developing large-scale surface ligands, as well as the applications of HTS techniques
in extrahepatic systemic diseases are comprehensively summarized. Moreover, we illustrate the selection of
administration routes for targeted mRNA delivery. Finally, challenges in the field and potential solutions to

tackle them are proposed, offering insights for future development toward mRNA targeted therapy.

1. Introduction

Messenger ribonucleic acid (mRNA) is a single-stranded ribonucleic
acid that carries genetic information from DNA and guides protein
synthesis within cells. With the deepening development of molecular
biology, therapies based on in vitro transcribed mRNA (IVT mRNA) have
drawn growing interest in recent years [1-3]. Compared to other mo-
lecular therapeutic approaches, mRNA can directly initiate the protein
translation process by binding to ribosomes in the cytoplasm without
nuclear entry steps, thereby enhancing transfection efficiency and
avoiding gene integration-induced mutations. Moreover, mRNA prepa-
ration and purification steps are simpler relative to traditional protein
and peptide drugs. The short half-life, low toxicity, and low immuno-
genicity of mRNA also reduces the risk of foreign substances accumu-
lation and immune rejection reactions in the course of treatment [4,5].

To exert its effects within cells, mRNA faces successive barriers from
extracellular delivery to intracellular actions, including physiological

barrier (e.g., skin mucosal barrier), transmembrane process upon
reaching target cells, obstacle of intracellular membranes after entry
into cells, and interference from various intracellular enzymes and
molecules. The application of naked mRNA is limited by inherent defects
such as instability, susceptibility to degradation by nucleases, and
electrostatic repulsion by cell membranes because of negative charges,
hampering the therapeutic potential [6]. Thus, addressing the effective
delivery issues of mRNA has become a crucial theme in mRNA therapy.
mRNA delivery refers to the use of specific methods or carriers to
enhance the stability of mRNA, enabling the penetration of various
barriers and expression of the target protein within target cells [7,8].
With the great success of SARS-CoV-2 mRNA vaccines, lipid nano-
particles (LNPs) have become the most common mRNA carriers. Despite
the great efforts that have been made to improve the efficacy of LNPs
through modifying structure and components [9], there are still tech-
nical difficulties in the design for overcoming specific barriers and
enhancing targeting effect. In the current delivery mode, though the
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measures of using mRNA to target the liver and treat liver diseases have
been extensively studied [10], mRNA targeting extrahepatic tissues and
cell delivery efficiency remains low, leading to the occurrence of
off-target effects. Therefore, to fully unleash the potential of mRNA
technology and achieve extensive therapeutic development in various
intracellular microenvironments, the prediction and rational design of
targeting delivery strategies is crucial in mRNA therapy [11,12]. How-
ever, there is still a lack of systematic summarization of current methods
and their applications for enhancing extrahepatic mRNA targeted
delivery.

In recent years, emerging technologies to enhance mRNA targeted
delivery have been developed. These include microscopic conventional
low-throughput methods, and more universally applicable high-
throughput screening (HTS) techniques, particularly applied to LNPs,
as well as macroscopic choices in drug administration. Low-throughput
methods primarily improve targeting effect of delivery systems by
validating passive targeted delivery with structural modifications and
active targeted delivery with surface ligands based on a few previous
studies. These methods have the advantages of easy preparation and
strong specificity but are limited in the rational design and large-scale
evaluation of delivery systems. In contrast, HTS optimizes the inherent
structure of the delivery system through the synthesis of chemical
compound libraries and affinity experiments, which is available for the
development of more effective drug delivery systems [13]. The
large-scale validation of delivery systems enhances passive targeting
and reduces off-target effects. Moreover, the principles of HTS can be
applied in the improvement of structural improvements of delivery
systems and surface ligand peptide segments, comprehensively
enhancing the targeted delivery efficiency of mRNA.

In this review, we first summarized the use of low-throughput
methods in mRNA targeted delivery. Second, we particularly discussed
the technological improvements in delivery systems through HTS and
elucidated the latest developments of HTS techniques in mRNA therapy
for extrahepatic diseases. Third, we introduced the drug administration
routes in mRNA therapy. Finally, we describe the challenges and op-
portunities for the application of HTS techniques in mRNA therapy in
the future.

2. Low-throughput targeting strategies and applications
2.1. Optimizing structures of individual delivery vehicles

2.1.1. LNP

Despite the tremendous potential demonstrated by mRNA therapy
based on various delivery systems, its efficacy is limited by biological
barriers, including the distant targeting of tissues, excessive interference
from the internal environment, and inefficient cellular delivery. For
systemic intravenous administration, LNPs share physicochemical
properties with very low-density lipoproteins. Due to its tendency to
adsorb apolipoprotein E in the plasma and its natural inclination to
accumulate in the liver, mRNA faces challenges in being delivered to
target tissues outside the liver [7]. Low-throughput methods refer to the
validation of individual or a few improvement strategies on a small scale
to enhance mRNA targeted delivery. These methods are currently the
mainstream approach for improving specificity due to their simplicity
and strong targeting capabilities. Significant progress has been made in
LNPs, especially in enhancing immune system targeting, offering viable
improvement measures for mRNA vaccines and other immunotherapies.

LNPs are formed by the spontaneous interaction of lipid molecules
and can encapsulate negatively charged mRNA, preventing its degra-
dation by nucleases, and facilitating its delivery into target cells. When
the carrier delivers mRNA to the target cells, most of it enters the cells
through endocytosis, and the mRNA is then stored in endosomal vesi-
cles. However, LNPs can mediate mRNA delivery by fusing the phos-
pholipid bilayer of the liposome with the cell membrane, greatly
reducing the time for mRNA release into the cytoplasm and significantly
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enhancing mRNA delivery efficiency [6]. LNP systems are primarily
composed of four lipid components, including ionizable lipids, choles-
terol or its variants, helper lipids, and polyethylene glycol (PEG)-lipids.
They have high tunability compared to other carriers. By manipulating
the four components of the chemically modified LNP systems, LNP
carriers with high stability, large payload capacity, low toxicity, and
other advantages can be developed [14].

The lipid composition, properties, and proportions of the LNP sys-
tems have a significant impact on intracellular mRNA delivery effi-
ciency, stability, and targeting. The theoretical design and validation of
individual LNP delivery systems to enhance the targeting and adju-
vanticity of immune cells have been widely studied in mRNA vaccines
[15-17] or adoptive NK cell therapy [18,19]. In vitro experiments have
confirmed the aggregation of DC cells or NK cells, while in vivo, they
tend to secondary lymphoid structures and enhance the activation effect
of mRNA in immune responses. For example, replacing ionizable lipids
with adjuvant-like lipid components imparts toll-like receptor 7/8
agonistic activity to LNPs, targeting the immune system and enhancing
the efficacy of SARS-CoV-2 mRNA vaccine in mice [16]. Furthermore,
since mRNA vaccines often exert their effects through intramuscular
injection, it is essential to enhance skeletal muscle targeting through
LNP structural modifications [20,21]. For example, researchers
designed a skeletal muscle-specific modRNA translation system (skeletal
muscle SMRTs) using the highly expressed miR-1 in skeletal muscle. The
SMRTs system consists of two modRNA molecules: one carries the miR-1
recognition element and the L7Ae gene, while the other carries a K-turn
sequence and the sequence of the target gene. In the presence of miR-1,
the expression of L7Ae is suppressed, thereby allowing transgene
expression and targeting skeletal muscle [21]. For the treatment of
diseases such as tumors, the local lesions often exhibit a hypoxic state.
Therefore, adding adenosine triphosphate to the LNP structure can
passively enhance targeting in the microenvironment, improving the
therapeutic effectiveness of disease [22].

Selective organ targeting (SORT) involves systematically designing
the addition of a fifth chemically structured, tunable, charged molecule
to the four-component LNP systems. The SORT molecule added to LNPs
determines the composition of the protein corona (i.e., the interface
layer of plasma proteins). It primarily achieves precise delivery of mRNA
to target tissues in the body through an endogenous targeting mecha-
nism, binding to specific proteins in the serum, facilitating LNP redi-
rection, and cellular uptake in target organs [23]. The protein corona
formed with the assistance of SORT molecules in LNPs is enriched with
factors different from those associated with liver accumulation,
including ApoE. Therefore, it can reduce the tendency to target the liver
and promote interactions with receptors highly expressed in cells in the
target organ [23]. Designing individual SORT molecules and adjusting
their properties helps enhance targeting to specific cells or internal tis-
sues such as the lungs, spleen, etc., thereby achieving the goal of tar-
geting different cells or organs [24-26].

2.1.2. Other delivery system

Inorganic NPs are novel delivery materials consisting of inorganic
particles and cations with a particle size ranging from 10 to 1000 nm.
Inorganic NPs, characterized by high stability, good biocompatibility,
and a high surface area-to-volume ratio, have become excellent carriers
for mRNA delivery due to their high gene loading capacity compared to
other carriers. However, most inorganic NPs lack biodegradability,
leading to their accumulation in the body and potential cellular damage
[27]. Mesoporous silica NPs (MSNPs) are mesoporous materials with a
regular structure. Due to their high intrinsic stability and unique porous
structure, they are widely used as delivery carriers in the field of
anti-cancer therapy. MSNPs can mediate cancer targeting through spe-
cific endocytosis [28,29]. To achieve tissue specificity, researchers
designed an organic-inorganic hybrid silica-based NP. mRNA was
pre-mixed with cationic polymers, such as polyethyleneimine, and then
electrostatically bound to the surface of MSNPs. This enhanced the
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stability of mRNA delivery, showing good targeting to the pancreas and
mesentery after intraperitoneal injection [30]. Similarly structured
silicon-coated polyelectrolyte complexes also demonstrated efficient
macrophage-targeting activity [31].

Polymer carriers are typically composed of synthetic or natural
polymers, forming polymeric nanomaterials through covalent structures
to encapsulate mRNA. Dendritic polymers are large molecules with a
complex three-dimensional structure, and their distinctive dendritic
architecture sets them apart from other macromolecules effectively.
Modifying polymers to regulate their charge and molecular weight can
play a role in targeted mRNA delivery in vivo [32]. For instance, poly
(B-amino ester) (PBAE) modified with PEG enhances the specific de-
livery efficiency to glioblastoma cancer cells [33]. PBAE terpolymers
based on poly(e-caprolactone) (PCL) can achieve mRNA-specific tar-
geting to the spleen, showing promising applications in immunotherapy
for tumors [34]. Polymer micelles are self-assembled stable aggregates
formed by amphiphilic polymers, where hydrophilic groups are on the
outer surface and hydrophobic groups are on the inner side. Due to their
high safety, strong stability, and low toxicity, polymer micelles show
great prospects in mRNA delivery [35]. Polymer micelles are widely
used in mediating targeted mRNA delivery. For example, block co-
polymers synthesized from PEG, PCL, and trimethylene carbonate can
self-assemble into polymer micelles. These micelles can specifically
deliver drugs to the posterior segment of the eye through vitreous
diffusion, providing prolonged and sustained effects [36]. Novel
self-assembled polymer micelles based on poly(vinyl ethylene succinate)
(PVES) modified with vitamin E succinate exhibit high cell viability
when delivering mRNA. PVES/mRNA vaccines can induce strong im-
mune responses [37]. Additionally, charge-altering releasable trans-
porters (CART), composed of an initiator, one or more lipid segments,
and a polycationic segment, can undergo acyl shift transformation to
neutral at physiological pH, triggering the release of anionic cargo. Li
et al. introduced a CART delivery system with a f-amino ester backbone
(bAC), exhibiting high primary T cell-targeted transfection and
enhancing the application of polymers in the immune system [38].

Biologically derived materials that balance targeting specificity and
innate biocompatibility are garnering increasing attention. Nucleoside
phospholipids, based on nucleoside-nucleoside interactions, are
composed of covalent molecules with lipid moieties and nucleosides,
facilitating additional hydrogen bonding between complementary
bases, thus exhibiting low toxicity and immunogenicity. Li et al.
developed a novel mRNA carrier, DNCA/CLD, containing cytosine
cation, which reduces the risk of antibody-dependent enhancement
(ADE) and overcomes the inherent instability and immune activation
challenges during mRNA delivery, thereby enhancing mRNA absorption
efficiency [39]. Due to its excellent biocompatibility and bioavailability,
cell membrane derived from cells themselves can serve as an excellent
targeted delivery vehicle. Cao et al. incorporated ionizable lipid YK-009
into the cell membrane of dendritic cells (DCs) to develop simulated NPs
(DCMNPs) for targeted mRNA delivery, exhibiting strong targeting to-
wards lymphoid organs and lymphocytes, offering significant prospects
in the mRNA delivery immunotherapy field [40].

2.2. Developing individual surface ligand

Ligand-based active targeting design has always been one of the
main research directions to enhance targeting. The current challenge is
how to improve the targeting of ligands and allow the delivery vehicle to
exert its delivery function stably and effectively in the body for an
extended period. Ligands include antibodies, peptides, other types of
proteins, aptamers, oligonucleotides, and small molecules, etc. They can
undergo structural transformations and exert biological activity based
on charge density, hydrophilicity, and structural conformation, thereby
crossing biological barriers and achieving selective localization [41,42].
In addition to LNPs, the biological membrane delivery carrier system
utilizes cellular membranes or vesicles mimicking cellular membranes,
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disguising themselves as NPs, and encapsulating mRNA. Through the
process of membrane fusion, mRNA is delivered into the cytoplasm. Due
to retaining crucial molecular structures and physicochemical properties
of the live cell surface, this system not only evades clearance by the
immune system but is also easily degradable, preventing accumulation
in the body and minimizing cellular damage. Importantly, the excellent
biocompatibility of the biological membrane delivery carrier is impor-
tant for enhancing mRNA targeted delivery. In the application of
extracellular vesicle delivery, the modification of targeting peptides on
exosomes is one of the commonly used methods [43].

Applying monoclonal antibodies (mAb) to modify LNPs and flexibly
switching between different targeting mAbs, this series of delivery car-
riers can effectively deliver mRNA molecules to various subsets of leu-
kocytes in vivo [44,45]. This strategy has been preliminarily applied in
T-cell engineering [46,47]. For example, research has confirmed that
binding CD4 antibody to LNPs can achieve specific targeting and mRNA
intervention for CD4" cells, including T cells, with good targeted de-
livery effects [47]. Epidermal growth factor receptor (EGFR) is a com-
mon surface receptor in the body and is highly expressed in some solid
tumors, becoming a tumor-associated antigen. Therefore, anti-EGFR
antibodies can be effective targeting delivery peptides [48]. Research
has shown that using a protein linker to covalently couple
EGFR-targeting peptides with red blood cell-derived extracellular vesi-
cles (RBC-EVs) can effectively promote the internalization of RBC-EVs
by EGFR-positive cells through the formation of stable chemical bonds
[49]. EVs are nanoscale vesicles with a double-membrane structure
actively secreted by cells, containing complex molecules such as RNA,
proteins, lipids, etc. EVs deliver the carried mRNA to target cells through
paracrine or endocrine mechanisms [50]. Liposomes share a similar
main structure with EVs, both having a double-layered phospholipid
membrane, thus possessing excellent biocompatibility. By chemically
modifying the surface phospholipids, cholesterol, and PEGylated lipid
molecules, their targeting capabilities can be enhanced. The hybrid
vesicles formed by combining liposomes with EVs simultaneously
exhibit the advantages of both, becoming high-quality targeted delivery
carriers [51,52]. Hybridizing EVs derived from breast cancer cells with
liposomes and modifying the surface of hybrid vesicles with anti-EGFR
antibodies significantly enhances the targeted delivery capability of
extracellular vesicles [53].

In addition, peptides are common ligands in mRNA delivery, car-
rying various active functional groups on their side chains. They can
chemically modify the carried mRNA to avoid degradation by nucleases.
The polymer formed by the binding of peptides and nucleic acids is
taken up into the cell membrane through endocytosis, thereby achieving
mRNA  delivery functionality [54]. For  example, the
glutathione-modified delivery system significantly enhances the drug’s
ability to specifically target the kidneys [55]. Among them, the
arginine-glycine-aspartic acid (RGD) peptide, which specifically binds to
integrin receptors overexpressed on the membrane of tumor cells, is a
classic pathway. It can enhance affinity and increase the effectiveness of
anti-tumor mRNA therapy [56-58]. Exosomes are nanoscale vesicles
with a diameter of about 50-100 nm, containing complex RNA and
proteins. Due to their small and uniform size, high stability, complex
composition, and diverse functions, exosomes are increasingly being
applied in various fields, such as cancer and inflammation treatment
[59,60]. Exosomes, with their inherent characteristics, can overcome
physiological barriers in the body, such as the blood-brain barrier, and
are particularly useful in the treatment of certain central nervous system
diseases  [61]. Conjugating the functional ligand cyclo
(Arg-Gly-Asp-D-Tyr-Lys) peptide [c(RGDyK)] with exosomes derived
from mesenchymal stem cells (MSCs) allows for more efficient pene-
tration of the blood-brain barrier, specifically targeting the brain
ischemic lesion area [58].

Other non-protein molecular ligands have also been widely applied.
Gold NPs (AuNPs) are the most extensively studied inorganic nano-
carriers. They can encapsulate mRNA by connecting it to the NP core
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through thiol groups. After surface modification through chemical
means, AuNPs can deliver mRNA into cells [62]. AuNPs have the
advantage of easy preparation, and their size and dimensions can be
adjusted according to specific application needs, making it easier to
screen for delivery systems with higher targeting efficiency [63]. AuNPs
coupled with citrate can regulate miRNA in triple-negative breast cancer
cells, effectively controlling tumorigenic inflammation. Glucose-coated
AuNPs enhance the radiosensitivity of B16FO melanoma cells, making
it easier to induce apoptosis in breast cancer [64]. Furthermore, utilizing
hyaluronic acid (HA) coating on AuNPs, the affinity of HA for the CD44
receptors overexpressed on cell membranes during eye diseases, along
with the excellent biocompatibility of AuNPs, facilitates the delivery of
large-molecule drugs to the retina and posterior segment of the eye. This
suggests that HA-coated AuNPs can serve as a potential effective carrier
for delivering large-molecule nucleic acids [65].

3. High-throughput screening technologies
3.1. Optimizing structures of large-scale delivery vehicles

3.1.1. LNP

HTS technology, as an unbiased large-scale optimization technique,
provides a comprehensive tool for characterizing the targeting of de-
livery systems [66]. The attachment of additional substances has
increased the complexity of developed delivery systems and reduced
their in vitro and in vivo stability. This, in turn, diminishes the clinical
translatability of these systems. Therefore, there is an urgent need for
the development of self-optimizing methods to enhance affinity. First,
constructing a library and then applies certain selection conditions for in
vitro and in vivo experiments or reads out the interested intracellular
information through barcoding and sequencing technologies, thereby
identifying delivery methods and their mechanisms with higher affinity,
effectiveness, stability, or immunoadjuvanticity to enhance passive
targeting and reduce off-target effects.

HTS techniques typically use combinatorial chemistry methods to
alter lipid functionality and modulate the physicochemical properties of
LNPs to improve mRNA delivery, typically involving library design,
material characterization, in vitro screening, and in vivo screening or
validation as four steps (Fig. 1A). The structural characteristics of LNPs
and standards based on pKa have been proven to enhance the efficiency
and biosafety of mRNA delivery, as well as predict the targeting speci-
ficity for delivery to specific organs in vivo. LNPs of different sizes and
shapes can traverse different physiological barriers and induce biolog-
ical accumulation. For instance, particles with diameters exceeding 200
nm may possess splenic targeting capabilities, while disc-shaped NPs are
more likely to target vascular walls [12]. Additionally, the surface
properties and carrier charges of LNPs are the most crucial physico-
chemical properties [12]. A possible mechanism involves LNP coming
into contact with serum after intravenous injection, leading to protein
adsorption on its surface and the formation of a unique protein corona.
The formation of a protein corona at the interface is believed to affect
the interaction between LNPs with different pKa values and serum
proteins, which is closely associated with the in vivo biodistribution
[23]. Through the design of orthogonal experiments, researchers can
determine the optimal LNP formulation by preparing LNPs with
different substance ratios, ensuring that changes in targeted delivery are
not driven by specific ratios of the four components. This allows to
produce large-scale LNPs with different chemical structures. These LNPs
formed with different formulations are usually characterized and
screened for physicochemical properties in vitro or ex vivo environments.
This can be determined through methods such as dynamic light scat-
tering (DLS), transmission electron microscopy (TEM), and chromatog-
raphy to assess the impact of different components on physicochemical
properties, including LNP size, zeta potential, pKa, mRNA encapsulation
efficiency, etc.for initial screening, followed by subsequent targeted
analysis and screening.
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Therefore, HTS techniques could be combined with various experi-
mental methods to observe in vitro cellular protein expression, and the
delivery of LNPs to target organs and cells through in vitro and in vivo
screening experiments. This will ultimately determine the optimal novel
LNP structure to enhance mRNA delivery targeting. In vitro screening,
these LNPs are typically first used to deliver luciferase mRNA or Cre
recombinase mRNA to immortalized cell lines (such as Hela cells, 293T
cells, etc.) to reflect the cell transfection efficiency and intracellular
mRNA translation ability of this delivery method, as well as the ability of
LNPs to escape endosomal membranes within cells, promote mRNA
release and translation, and assess the corresponding cell toxicity.
Subsequently, for the validation of cell targeting, LNPs are used to
transfect cell lines that simulate the corresponding tissue microenvi-
ronment in vitro, and the delivery efficiency is also assessed through in
vitro luciferase assay. For instance, researchers used an LNP library to
transfect BI6F10, CT26, and Raw264.7 cells (representing epithelial
cells, fibroblasts, and macrophages, respectively) and identified
macrophage cell-type-specific lipids by evaluating mRNA delivery [67].
However, most of the time, in vitro screening cannot fully replicate the
influence of the in vivo-specific biological barriers affecting LNPs,
making the ability to predict in vivo biodistribution and efficacy less
accurate. Therefore, in vivo screening to validate the tissue and cell af-
finity of LNPs is a crucial step. This involves monitoring fluorescence
signals at different sites after systemic intravenous injection or local
administration, and substituting mRNA cargoes to demonstrate the
corresponding roles of the materials obtained from high-throughput
screening in specific therapeutic functions.

The main challenge faced by HTS is the difficulty in biological
tracking, especially in vivo [68]. Generally, mRNA transfection effi-
ciency and biodistribution in vivo can be identified through fluorescence
readings, but quantification may be limited due to the resolution con-
straints of microscopy. Enhancing fluorescence can be achieved by
incorporating a fluorescent tricyclic cytosine analog, 1,3-diaza-2-oxo-
phenoxazine (tCO) [69]. Additionally, imaging techniques such as
transmission electron microscopy, super-resolution stochastic optical
reconstruction microscopy [70], and others provide feasible approaches
for observing mRNA delivery in vivo. However, HTS analysis still re-
quires a more precise and efficient in vivo tracking imaging system [71,
72]. Rui et al. used galectin-8 (Gal8) for image-based quantification of
endosomal escape, establishing an efficient and robust high-throughput
NP screening system, which holds significant importance for the
detection and optimization of new materials [73]. In recent years, re-
searchers have developed new methods to quantitatively evaluate var-
iables in the in vivo microenvironment, including DNA barcoding, mRNA
barcoding, and peptide barcoding signals [68,74-76]. The DNA bar-
coding system based on next-generation sequencing (NGS) allows each
type of LNPs to carry a unique DNA barcode oligonucleotide. After
isolating tissues or cells in vivo and recovering the oligonucleotides, PCR
amplification with indexed primers is performed to amplify the signal of
the oligonucleotides. Each tissue/animal is labeled, and deep
sequencing analysis of the biological distribution of LNPs is conducted.
This method reveals LNPs with good targeting in the liver and lungs. By
combining DNA barcodes with ligands, this high-throughput nano-
particle barcoding system can also be used to rapidly identify effective
targeting sequences through a process similar to phage display [75].
Additionally, researchers have developed single-cell nanoparticle tar-
geting sequencing (SENT-seq), enabling each type of LNP to simulta-
neously carry DNA barcodes corresponding to the LNP formulation and
mRNA encoding antibody heavy-chain single-domain (aVHH). Through
single-cell sequencing analysis, the levels of DNA barcodes and
anti-aVHH antibodies coupled with DNA tags in different cells are
examined, revealing the cellular heterogeneity and downstream tran-
scriptomic characteristics in response to different LNPs [74]. In the
context of mRNA-LNP in vivo screening, encapsulating additional b-DNA
may alter the LNP structure. Therefore, utilizing functional customized
barcode mRNA (b-mRNA) incorporated into the 3' untranslated region
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Fig. 1. High-Throughput Screening Technologies. (A) Optimizing structures of large-scale delivery vehicles. HTS for improving material structures typically
involves four steps. Firstly, design a large-scale library of structures and ratios for the four main components or SORT molecules of LNPs. Secondly, characterize the
physicochemical properties of formed LNPs with different formulations using techniques such as DLS, TEM, and chromatography, including LNP size, zeta potential,
pKa, mRNA encapsulation efficiency, etc. Thirdly, conduct in vitro screening, verifying expression efficiency in immortalized cell lines and targeting specificity for
specific cell lines through fluorescence enzyme activity. Finally, perform in vivo screening in mice through systemic or local administration, observing the targeting of
specific organs or tissues. (B) Phage display library screening. Phage display library screening can be used for developing large-scale surface ligands. Plasmids are
constructed from a large DNA library, and the phage display library is built by binding with a helper phage. After multiple rounds of in vivo affinity selection,
screening and enrichment are performed, unbound phages are washed away, phages with target-specific peptides are identified, and the corresponding DNA se-

quences are determined through sequencing.

(UTR) allows for direct quantification of the in vivo delivery of each LNP
formulation through deep sequencing [76]. However, LNPs containing
nucleic acid barcodes have been shown to result in significantly different
biodistributions, which may introduce additional biases [76]. Rhym
et al. developed a peptide barcoding screening system based on liquid
chromatography and tandem mass spectrometry (LC-MS/MS). They
used mRNA encoding different peptide tags to barcode each NP, directly
quantifying protein yield. Using enzyme-linked immunosorbent assay to
quantify the expression of short epitope tags, they confirmed the
sensitivity of the peptide barcoding system and used it to develop LNP
RM133-3-21 with improved performance [68].

There are several ways to construct LNPs libraries. Cationic lipids are
the core components of LNPs. Under physiological conditions, they are
neutral. When the pH is lower than the dissociation constant pKa of the
LNP itself, amine substances such as tertiary amines comprising the head
of cationic lipids are pH-sensitive. They can bind protons to form
cationic compounds that adsorb mRNA with negative charge. Their
structure usually includes one or more amine heads that bind mRNA at
low pH, multiple alkyl tails for hydrophobic self-assembly, and ester
linkages connecting the two [77]. One of the important ways to establish
LNPs libraries is to alter the cationic lipids in their own structure,
including the head, linker, and tail. The hydrophilic head can promote
the disassembly of LNP-mRNA complexes inside cells. The length of the
hydrophobic tail is inversely proportional to the apparent pKa of LNPs.
Its degree of unsaturation also affects characteristics related to mem-
brane instability, thereby influencing the delivery efficiency of LNPs
[12]. Therefore, altering the length, number, and degree of unsaturation
of hydrophobic tails [78,79], as well as disulfide bond modifications
[71], in conjunction with cholesterol, helper lipids, and PEG anchored
lipids in set ratios, and using an improved microfluidic device to mix
with mRNA, can be used to prepare large-scale libraries of novel LNPs
[80]. Exploration of replacing cationic lipids with other components has
also been explored in high-throughput screening. For instance, Zhang
et al. synthesized 50 unique quaternary ammonium salts consisting of 8
amines, 3 acrylic acid esters, and 9 alkylated bromides through combi-
natorial chemistry. They screened for AMB-POC18 based on the trans-
fection efficiency of EGFP mRNA (mEGFP), formulation size, and zeta
potential in Hela cell lines. AMB-POC18 was incorporated into LNP
formulations and the transfection efficiency of different formulations
was screened again, followed by characterization of their physico-
chemical properties and stability. Subsequently, cellular internalization
and endosomal escape validation in vitro, spleen targeting verification in
vivo, and assessment of the immunogenicity and in vivo antitumor effects
of AMB-POC18 LNPs were conducted. This led to the development of
esterase-triggered deionized quaternary ammonium salt lipid LNPs,
laying the foundation for the development of tumor vaccines [81].
Additionally, low-temperature transmission electron microscopy and
molecular dynamics simulations have identified that helper lipids are
the main components on the surface of LNPs. Improving helper lipids in
a similar high-throughput manner [66,82-84], replacing traditional
cholesterol [85-87], and designing different LNP stereostructures [88]
are also important measures for enhancing targeting efficiency. Re-
searchers synthesized 8 different C12-200 lipids by altering the stereo-
chemistry and hydrophobic tail length. They prepared a total of 128
different LNPs using 16 methods. Preliminary screening of particle size
and DLS spectra identified 55 LNPs. These LNPs were loaded with Cre

mRNA and injected into Ail4 mice for in vivo screening.
Fluorescence-activated cell sorting (FACS) was used to isolate tdTomato
+ cells aggregated in the liver, lungs, spleen, kidneys, and bone marrow.
DNA barcodes from each cell type were then separated and read using
NGS. Subsequently, LNP-42S, which was screened out, underwent in-
dividual in vivo experimental validation, confirming its enhanced pro-
tein production capability and good in vivo tolerance [88]. Lastly, the
systematic integration of high-throughput screening ideas with SORT
could also be a feasible exploration direction to enhance targeting effi-
ciency. Large-scale design of SORT molecular libraries for screening,
such as Lee et al. who used modular reactions to screen 91 unsaturated
thiol-synthesized amino lipid libraries, evaluated cell viability and Luc
expression of LNPs in vitro, and found that the core molecule 4A3 with a
citronellol moiety (4A3-cit) significantly improved mRNA transfection
efficiency through the SORT method. Subsequently, in vivo validation
was conducted by tail vein injection of LNP series carrying Luc mRNA
based on 4A3, revealing its ability to promote lipid fusion and endo-
somal escape [79].

3.1.2. Other delivery system

The concept of HTS can also be applied to the improvement of other
delivery systems. For instance, lipid-like NPs (LLNs) and polymer NPs
are also representative materials widely used for in vivo mRNA delivery.
By combining the core structure of N1,N3,N5-tri(2-aminoethyl)benzene-
1,3,5-tricarboxamide (TT) with different types of biodegradable lipid
chains, a series of functionalized TT (FTT) LLNs were designed. Their
delivery efficiency was screened through in vitro and in vivo experiments,
and the best-performing material, FTT5 LLNs, was identified [89]. In
addition, polymer NPs have scalable production and high safety. Li-
braries can be easily generated through the Michael-type addition syn-
thesis of different amines and divinyl monomers. Utilizing a similar
screening approach, specific NP formulations with targeting properties
for particular tissues and cells can be selected [90,91]. For instance,
Rodrigues et al. conducted HTS of polymer formulations prepared by
electrostatic complexation of polymers with mRNA encoding Cre
recombinase. They used a fibroblast model sensitive to the enzymatic
activity of translated proteins to assess the functional delivery of mRNA,
resulting in the identification of polymers with fibroblast affinity asso-
ciated with various diseases [90].

Specifically, amphiphilic carbon dots (ACDs) themselves possess
bioimaging capabilities and excellent biocompatibility. A series of novel
ACDs were synthesized through a combinatorial synthetic strategy,
facilitating the convenient screening of delivery systems with high
transfection efficiency and strong targeted delivery capabilities.
Through the screening of ACDs, 012-Tta-CDs were identified as having
the optimal mRNA transfection efficiency and spleen-targeted delivery
ability. They effectively transduce bone marrow dendritic cells
(BMDCs), facilitate efficient antigen presentation, activate immune re-
sponses, and exhibit promising therapeutic effects in tumor treatment
[92].

3.2. Developing large-scale surface ligand

Cell-penetrating peptides (CPPs) can be internalized into cells by
covalent or non-covalent attachment of small molecules to the cell
membrane, and they are easily modified by specific amino acids to
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improve targeted delivery [93,94]. Research indicates that modifying
the functional groups on CCPs and designing CCPs with different
properties, such as cyclic, branched, and amphiphilic CCPs, can enhance
the stability of CCP transport structures through the HTS approach,
providing a foundation for better targeting capabilities [95].

Phage display peptide library screening technology utilizes HTS
principles. A specific length of randomly synthesized gene fragment is
directionally inserted into the coding gene of the phage capsid protein.
This allows the gene-encoded exogenous peptide to be expressed and
displayed on the surface of phage particles in a fusion protein manner. A
large library of peptides or proteins is thus formed. Through multiple
rounds of in vivo affinity selection, i.e., the "affinity adsorption-elution-
recovery-amplification" process, screening and enrichment are per-
formed. Unbound or non-specifically bound phages are washed away.
This process allows the selection of phages that specifically bind to
target tissues from the peptide library. The amplified phages are then
directly sequenced to quickly and conveniently obtain the DNA
sequence of the peptide/protein that specifically binds to the tissue of
interest [96] (Fig. 1B). Barrera et al. used a heptapeptide library based
on M13 phage to identify peptide sequences that bind to the neural
retina in vivo. Three rounds of in vivo affinity selection, elution, and
amplification were performed in mice to obtain an enriched library,
which was then reinjected. The screened MH42 increased the binding
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affinity for 661w cone PR cells when administered to the retina, con-
firming the feasibility of peptide-conjugated LNPs [97]. The involve-
ment of phage display peptide library technology in LNPs targeting
optimization will be more widely applied in the future, driving
larger-scale discovery of affinity peptides.

4. High-throughput screening for improvement of targeted
delivery

HTS technology, as an unbiased platform for optimizing delivery
vehicles, provides a comprehensive characterization of the targeting
specificity and delivery efficiency of delivery systems. It has shown
outstanding insights in improving mRNA delivery. In previous studies,
HTS technology has been applied to target mRNA carriers in various
systems, especially in the optimization of LNPs, leading to significant
breakthroughs (Fig. 2 &Table 1).

4.1. Immunotherapy

Harnessing methods such as mRNA to artificially modify the function
of the immune system for the treatment of diseases is a promising
therapeutic approach, mainly used for the prevention or treatment of
tumors and infectious diseases. Firstly, by transiently expressing specific
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Fig. 2. An Overview of High-throughput Screening Applications for mRNA Targeted Delivery. The applications of high-throughput screening primarily
encompass immunotherapy, respiratory system diseases, central nervous system diseases, pregnancy disease, and other localized diseases such as skeletal disorders.
Materials capable of traversing in vivo barriers and selectively targeting specific tissues can be screened.
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Table 1
Representative studies of high-throughput screening for targeted delivery improvement.
Screening Encoded Target tissue or Delivery Discovered strategy Discovered strategy Functions of discovered Study model Ref.
method protein cells system type strategy
Immunotherapy
In vitro, ex CD19 CAR, T cells LNPs Cl14-4 Tonizable lipids Increase potent mRNA Jurkat cells, [98]
vivo FLuc delivery to T cells with primary human
lower cytotoxicity and T cells, Nalm-6
induce cancer cell killing. ALL cells
In vitro, ex CD19 CAR, T cells LNPs C14-4: DOPE: Chol: Excipient Increase potent mRNA Jurkat cells, [99]
vivo FLuc PEG = 40:30:25: 2.5 compositions delivery to T cells with primary human
lower cytotoxicity and T cells, Nalm-6
induce cancer cell killing. ALL cells
In vitro, ex FLuc T cells LNPs 25 % and 50 % 7a- Hydroxycholesterols Increase colocalization Jurkat cells, [871
vivo hydroxycholesterol with the endosome and primary human
generation of late T cells
endosomes, and reduce
endosomal recycling in T
cells
In vitro, ex FLuc, Cre- Muscle tissue LNPs is0-A11B5C1 Tonizable lipids Increase potent mRNA HelLa cells, [100]
vivo recombinase, delivery to muscle tissues, ~ mTmG reporter
in vivo OVA, Trp2 reduce off-targeting, and mice, THP-1
remain effective in cells, BMDCs,
triggering cellularimmune ~ B16-F10Luc
responses. cells, C57BL/6
mice
In vitro, ex FLuc, spike DCs LNPs SAL12 Non-nucleotide SALs Increase delivering BMDCs, C57BL/ [101]
vivo, protein of the mRNAs encoding the 6 mice,
in vivo Delta Spike glycoprotein of HEK293T-ACE2
SARS-CoV-2 SARS-CoV-2, activating cells
variant the STING pathway in
DCs, and eliciting
neutralizing antibodies.
In vitro, ex GFP, OVA Antigen-presenting LNPs C12-200-cho-10% p-sitosterol, helper Increase potent mRNA Hela cells, [85]
vivo cells, macrophage DOPE, C12-200sito- lipid DOPE content delivery to immune cells Calu3 cells,
cells 10%DOPE, cKK-E12- and result in enhancing DC2.4 cells,
cho-10%DOPE, cKK- robust T cell proliferation THP-1 cells,
E12-sito-30%DOPE and IFN-y, TNF-q, IL-2 RAW264.7 cells,
expression. BMDCs, OT-I
cells
In vitro, in OVA,Fluc Spleen LNPs AMB-POC18 LNPs Esterase-triggered Increase mRNA C57BL/6 mice, [81]
vivo, decationizable transfection efficiency and B16F10, Balb/c
quaternium lipid-like formulation stability, mice
molecules exhibit potent therapeutic
and prophylactic efficacy
against melanoma without
side effects
In vitro, in OVA, TRP2, DCs NPs R18D NPs PBAE architectures Increase potent mRNA MC38-OVA, [102]
vivo, GP100 targeted delivery to the murine DC2.4
ex vivo spleen and preferential cell, BMDCs,
transfection of dendritic C57BL/6J mice
cells without the need for
surface functionalization
of target ligands.
In vitro, in OVA,Fluc Lipids with LNPs arylates and varying Tonizable lipids Increased activation of IGROV 1 cells, [103]
vivo branched amines CD8" T cells in the tumor BALB/c mice,
hydrophobic tails microenvironment B16-OVA
resulted in the suppression
of the growth of invasive
B16-OVA tumors.
In vitro, in OVA, FLuc DCs LPNs DOPE: DOTMA = 70 Excipient Increase the uptake and murine DC2.4 [104]
vivo, %:30 % compositions mRNA transfection cell, BMDCs,
ex vivo efficiency of lipid-polymer =~ C57BL/6J mice,
nanoparticles (LPN). primary mouse T
cells
in vitro, OVA, TRP2, Lymph node LNPs 113-012B reduction-responsive Increased delivering B16F10-OVA [105]
in vivo, Fluc lipids mRNA to lymph nodes, cells, Ail4 mice,
ex vivo impeding the formation of =~ PBMCs, C57BL/
metastatic nodules in the 6J mice
lungs.
In vitro, in Fluc Splenocytes LNPs AA3-DLin LNPs Ionizable lipid Increasing mRNA delivery ~ BALB/c mice, [106]
vivo, efficiency and long-term Hek 293 cell,
ex vivo storage capability. ACE2-293T cells
In vitro, in Fluc, OVA, Cre Lymph node LNPs A18 LNP Ionizable lipid-like Increasing targeted B16-OVA, [107]

vivo

materials

adjuvant stimulation
through the STING

B16F10, TC-1
cells, HeLa cells,
Ail4 mice

(continued on next page)
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Screening Encoded Target tissue or Delivery Discovered strategy Discovered strategy Functions of discovered Study model Ref.
method protein cells system type strategy
pathway to enhance
effective mRNA delivery.
In vitro, in Gpl00, TRP2, Lymph node LNPs L17-FO5 ITonizable lipid Increasing the efficiency of Myeloid Cells, [108]
vivo, OVA, Fluc mRNA delivery into the B16F10, BMDMs
ex vivo lymph nodes and BMDCs, C57BL/
promoting the maturation 6 mice
of cDCs enhance the anti-
tumor efficacy of the
vaccine.
In vitro, in Fluc,0OVA, Cre, DCs LNPs C10 LNPs Helper lipid Increase the delivery of BMDCs, Ai9 [83]
vivo, Trp2, Gp100 tumour-antigen-encoding mice, C57BL/6
ex vivo mRNA to dendritic cells mice, B16-OVA
and their immune- cells
activation profile towards
enhanced antitumour
activity
In vitro, in Fluc Spleen, liver LNPs DOPE with AOPE Helper lipid Increase mRNA deliveryto ~ C57BL/6 mice [109]
vivo the spleen and liver,
contributing to the future
design of LNPs for nucleic
acid therapeutics.
In vitro, in aVHH, Fluc HNSCC LNPs LNPHNSCC Ionizable lipid Increasing the effective FaDu cells, Cal- [110]
vivo delivery of therapeutic 27 cells, HEK-
mRNA to head and neck 293 cells, NU/J
squamous cell carcinoma mice
(HNSCC) tumor cells while
minimizing side effects on
the liver.
In vitro, in Fluc, Omicron Muscle tissue, LNPs YK009 Tonizable lipid Increase the inherent HEK-293 cells, [111]
vivo, Spleen, DCs instability and immune DC2.4 cells, RD
activation challenges in cells, BALB/c
modulating mRNA mice
delivery process have been
addressed, resulting in
improved efficiency of
mRNA uptake and
demonstrating good
efficacy and safety.
Respiratory system diseases
In vitro, in Fluc, Cre, Lung cells LNP Cat-LNP Cationic helper lipids Increase the efficiency of Ail4 mice, BL/ [66]
vivo aVHH mRNA specific targetingto ~ 6mice
the lungs.
In vitro, in Fluc, Cre CD11b hi LNPs Lipid 16, Lipid 23 Ionizable lipid Increase the efficiency of B16F10, CT26, [67]1
vivo, Macrophages, liver mRNA targeting to Raw264.7,
CD11bhi macrophages TdTomato
and targeting the liver. animal model,
C57BL/6 mice
In vitro, in Fluc, Cas9, Lung LNPs RCB - 4 - 8LNP Ionizable lipid Increasing the efficiency of ~ A549 cells, Ai9 [112]
vivo Cre, mRNA targeted deliveryto  mice
pulmonary epithelial cells
provides a pathway for
gene therapy in congenital
lung diseases.
In vitro, in Tsc2, Cas9, Lung LNPs 306-N16B Ionizable lipids Increase mRNA targeting Ail4 mice, [113]
vivo Fluc delivery to the lungs, C57BL/6 mice,
achieving significant TSC2-null TTJ
therapeutic effects in cells, Balb/c
reducing tumor burden. mice
In vitro, in Fluc Lung LNPs Molar ratio of poly- lipid compositions Increase mRNA targeted HEK-293, NuLi- [114]
vivo (ethylene) glycol delivery to the lungs, with 1 cells, Balb/c
(PEG)-lipid the potential application mice
in aerosol-mediated
pulmonary mRNA
delivery.
Central nervous system diseases
In vitro, Cre, Fluc Brain LNPs C3LNP Tonizable lipids Increasing the stability BALB/c, Neuro- [115]
in vivo, and specificity of mRNA 2a cells
ex vivo therapeutic drug delivery

to the perinatal brain
provides a translatable
delivery platform for gene
editing in the fetal and
neonatal central nervous
system.

(continued on next page)
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Screening Encoded Target tissue or Delivery Discovered strategy Discovered strategy Functions of discovered Study model Ref.
method protein cells system type strategy
In vitro, Fluc Brain LNPs C12-494 Ionizable lipids Increasing the delivery of hCMEC/D3 [116]
in vivo, mRNA to the brain in vivo, cells, C57BL/6
ex vivo which can be utilized for mice
the treatment of
neurological disorders.
Pregnancy diseases
In vitro, Cre, Cas9, Fluc Utero heart, LNPs D-Lin-MC3-DMA: Excipient Increase delivering mRNA Ai9 CRE reporter [117]
in vivo, diaphragm, muscle DOPE: cholesterol: compositions to organs outside of the mice, E15.5
ex vivo DMG-PEG2000 = liver. pregnant mice
36.8 %: 23.8 %: 38.2
%: 1.2 %
In vitro, Fluc, EPO Utero LNPs Several Tonizable lipids Increase the fetal liver C57BL/6 mice, [118]
in vivo delivery and transfection human dendritic
efficiency of mRNA with cells
good safety.
In vitro, Fluc Placenta LNPss LNP A4 Tonizable lipid Increase the efficiency of JEG-3 cells, [119]
in vivo mRNA-specific delivery to ~ Nonpregnant
the placenta and induce and Pregnant
placental vascular Mice
dilation, thereby treating
placental diseases.
In vitro, Fluc, PIGF Placenta LNPs C12-200: DOPE: Excipient Increase the delivery of BeWos, CD1 [120]
in vivo, cholesterol: DMPE- compositions placental growth factor mice
PEG = 35:10:53.5:1.5 mRNA and LNPs show no
toxicity to pregnant mice
and fetuses.
In vitro, Fluc Placenta LNPs LNP C5 Ionizable lipid Increasing the efficiency of =~ BeWo b30 [121]
in vivo mRNA delivery to the trophoblast
placenta in pregnant mice,  cells, pregnant
mediating mRNA delivery mice
to placental trophoblast
cells, endothelial cells, and
immune cells.
In vitro, Fluc Utero LNPs A-12 Excipient Increase the efficiency of HelLa, Balb/c [122]
in vivo, intraamniotic compositions mRNA delivery within the  mice, Primary
ex vivo amniotic sac, contributing ~ Fetal Lung Cells
to the optimization of non-
viral therapeutic
approaches for treating
congenital diseases in
utero.
Other localized diseases
In vitro, Fluc Hepatic stellate LNPs CL15A6 Excipient Increase the efficiency and ~ LX-2, FL83B, [123]
in vivo, cells compositions stability of mRNA delivery =~ BALB/c mice, C.
to hepatic stellate cells, as ~ KOR/StmSlc-
well as enhancing ex vivo Apoe/mice
stability and in vivo
biosafety.
In vitro, BMP-2, Fluc Bone LNPs 490BP-C14 Bisphosphonate Lipid- Increasing mRNA C57BL/6 mice, [124]
in vivo, microenvironment like Materials expression in the bone HeLa
ex vivo microenvironment,
moreover, enhancing the
mRNA delivery and

secretion of therapeutic
bone morphogenetic
protein-2.

CAR Chimeric antigen receptor; FLuc Firefly luciferase; SAL STING agonist-derived amino lipids; OVA Ovalbumin; BMDCs Bone marrow dendritic cells; GFP Green
fluorescent protein; Cas9 CRISPR-associated protein 9; aVHH single-domain antibody; BeWos BeWo b30 trophoblast cells; PIGF Placental growth factor; Tsc2 tuberous
sclerosis complex 2; Cre Cre recombinase; TRP2 tyrosinase-related protein 2; GP100 Melanoma-associated antigen gp100; p53 Tumor protein 53; ICG Indocyanine

Green; EPO Erythropoietin; BMP-2 Bone morphogenetic protein-2.

immune antigen proteins through mRNA, mRNA vaccines can be created
to trigger the host’s active immune response, which is the most common
application of mRNA therapy at present [125]. Compared to traditional
vaccines, mRNA vaccines have a faster design and production speed.
They do not need to be assembled into complete proteins and exhibit
high adjustability and adaptability. They can be modified and optimized
as needed to specifically prevent large-scale outbreaks of variable
pathogens. Additionally, mRNA vaccines do not contain live pathogens
or cells, eliminating the risk of infection and significantly improving
safety while ensuring efficacy [126]. mRNA vaccines are primarily used
to prevent infectious pathogens, including viruses [16,101,127-132],

10

bacteria [133-135], parasites [136-139], and therapeutic vaccines for
specific tumor destruction, including melanoma [140,141], gastroin-
testinal tumors [142-144], head and neck tumors [145], etc. mRNA
vaccines induce effective antigen-specific binding and innate immunity,
followed by the activation of lymphocyte-specific immunity to prevent
pathogens and treat tumors. Therefore, the clinical efficacy is often
limited by insufficient protein expression in antigen-presenting cells
(APCs) in immune organs and inadequate activation of immune
functions.

Utilizing mRNA in immunotherapy and enhancing immune treat-
ment based on HTS is a feasible strategy. Commonly used mRNA
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vaccines are typically administered through intramuscular injection,
and constructing a muscle-specific mRNA delivery ionizable lipid library
through HTS can enhance mRNA delivery precision. Chen et al. identi-
fied through HTS that the lipid iso-A11B5C1 can centrally deliver mRNA
to muscles and confirmed its potent therapeutic performance as a mel-
anoma vaccine [100]. In most cases, the immune function in the body is
primarily achieved by delivering mRNA to secondary peripheral
lymphoid organs (such as draining lymph nodes or spleen) of APCs, and
enhancing the innate immune stimulation in APCs through adjuvants,
leading to better preventive and therapeutic effects [146]. Research has
shown that the IFN response in innate immunity is crucial for the clonal
expansion and activation of CD8" T cells. Therefore, adjuvants that
modulate the strength and quality of the IFN response are often
co-administered with vaccines. Various pathways activating the secre-
tion of type I IFN have been identified, primarily including stimulators
of the interferon gene (STING) agonists, which have been demonstrated
to enhance the therapeutic effects of cancer and anti-pathogen vaccines
[147]. In recent years, numerous studies have induced different fluo-
rescent mRNA-LNP complex libraries into 96-well plates of BMDCs
through in vitro experiments to explore their immunotargeting effects.
By embedding the gene encoding ovalbumin (OVA-mRNA) in the LNP
library, activation of BMDCs in the spleen or lymph nodes of tumor
model mice was achieved to enhance T cell proliferation and immune
response. The therapeutic effects were evaluated to identify LNPs de-
livery systems that simultaneously possess high immunotargeting and
immunostimulatory capabilities (adjuvanticity), leading to significant
achievements [81,83,85,92,101,102-109,148]. For example, Miao et al.
optimized auxiliary lipid types and lipid component ratios through in
vitro screening to enhance the delivery of tumor antigen-encoding
mRNA to DC cells and immune activation. The functionality was vali-
dated in vivo. The results indicate that through in vitro screening, it was
discovered that LNPs composed of various lipid components efficiently
expressed a fluorescent enzyme in the immortalized DC 2.4 cell line. The
antigen presentation effect was superior, and the immune activation
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functionality was validated in vivo, including antigen presentation and
T-cell activation [83] (Fig. 3). Furthermore, for the COVID-19 virus,
research has shown that through the rational design and screening of
various ionizable lipids, the YKO09-LNP-Omicron mRNA vaccine can
induce safe and effective humoral immune responses and Th1 cell im-
mune responses, providing protection against the SARS-CoV-2 Omicron
variant virus when administered to mice [111]. Furthermore, the direct
targeted delivery of mRNA into cancer cells for cancer treatment has also
been explored through HTS [149,110].

Secondly, mRNA-based adoptive cell therapy (ACT) has made sig-
nificant progress in directly and specifically combating tumor cells or
other pathogens [150]. ACT typically involves isolating autologous or
allogeneic immune-active cells, amplifying them after in vitro modifi-
cation, and reinfusing them into the patient’s body, aiming to achieve
direct targeted killing of diseased cells or modulation of the body’s
immune response. ACT based on T cells is a focal point in immuno-
therapy, especially with CAR-T cell therapy. Transiently expressed
CAR-T cells can typically be generated by introducing mRNA encoding
CAR sequences into autologous CD8" T cells ex vivo through electro-
poration or LNP. After constructing CAR-T cells, they are then reinfused
into the patient’s body, significantly reducing genetic risks and
manufacturing costs. The transient anti-tumor efficacy and safety of
CAR-T cells have been validated in various in vitro and in vivo tumor
models [151-155]. For instance, CD5-targeted LNP can deliver mRNA
encoding fibroblast activation protein (FAP) CAR molecules into T cells
in the human body, enabling the in vivo generation of CAR-T cells against
cardiac fibrosis. Targeting activated fibroblasts improves myocardial
remodeling and restores cardiac function [46]. Jurkat (an immortalized
T cell line) cells were used for mRNA delivery using an LNP library with
different compositional formulas. Various methods, including protein
expression, cytotoxicity screening, and co-cultivation with tumor cells,
were employed to assess improvement methods for delivery systems
available in T cell engineering [87,99,98]. This lays the foundation for
future work. For example, Billingsley et al. conducted HTS using in vitro
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Fig. 3. HTS application in mRNA vaccines. ( A ) The entire process of HTS involves assessing the efficiency of entering DC cells in vitro using porous plates and
screening material candidates based on cell phenotypes, followed by exploring their functionality through injection into mice in vivo. ( B ) In BMDCs, through the
assay of fluorescence enzyme expression activity, it was found that a series of auxiliary lipid components including C3, C10, D6, and F5 exhibited better effectiveness.
( C ) Testing the antigen-presenting ability of DC cells after selected auxiliary lipids carrying OVA enter, it was found that C10 exhibited the best effectiveness, while
D6 and F5 showed similarly good effects. ( D ) In vivo validation in mice showed that LNPs with OVA using C10, D6, and F5 demonstrated antigen-presenting
function, with C10 and F5 exhibiting better effectiveness. ( E ) In vivo validation in mice demonstrated that C10, D6, and F5 exhibited good activation function
on CD8" T cells [83]. Copyright © 2023, The Author(s), under exclusive licence to Springer Nature Limited.
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methods in Jurkats cell line and ex vivo methods in human primary T
cells. They found that C14-4 exhibited the highest fluorescent enzyme
effect. Its feasibility in CAR-T engineering was validated through CD19
CAR gene expression and killing of acute lymphoblastic leukemia tumor
cells [98] (Fig. 4).

4.2. Respiratory system diseases

The application of mRNA therapy in the lungs is a crucial aspect. For
instance, cystic fibrosis results from defective gene mutations in cystic
fibrosis transmembrane conductance regulator, leading to impaired
water and salt flow in and out of cells in organs. This dysfunction results
in mucus blocking the airways in the lungs, causing chronic pulmonary
infections and progressive lung damage. This highlights the significance
of mRNA respiratory delivery and targeted enhancement for lung ap-
plications [156]. HTS techniques have been widely employed for lung
targeting [67,66,84,112-114,157,158]. This is one of the most common
research directions for enhancing in vivo targeting specificity of mRNA
delivery systems in extrahepatic systems.

Tracheal inhalation administration facilitates mRNA delivery to the
airway epithelium or other lung cells for treating various congenital
pulmonary diseases. However, the lung presents unique challenges for
delivery due to its distinctive cell types, mucus barrier, and mucociliary
clearance. Researchers synthesized and screened a combination library
of mRNA inhalable delivery carriers for repetitive tracheal administra-
tion, achieving effective gene editing in pulmonary epithelium [112].

However, during systemic administration, HTS technology indicates
that specific structures of ionizable lipids or auxiliary lipids also tend to
aggregate mRNA in the lungs. For instance, study by Lopresti et al.
involved in vivo screening of various attributes of auxiliary lipids, con-
firming that most neutral, anionic, and cationic auxiliary lipids tend to
deliver mRNA to the liver, spleen, and lungs, correlating with the
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physical properties of the materials [84](Fig. 5). Targeting different cell
subtypes in the lungs, such as alveolar epithelial cells, lung macro-
phages, and fibroblasts, for mRNA delivery is also feasible. Naidu et al.
discovered through HTS that an ionizable lipid exhibits a tendency to
deliver mRNA to CD11bhi macrophages. They speculated that mRNA
expression in the lungs may originate from the organ’s macrophages,
promoting the development of cell-specific delivery to the lungs [67].

4.3. Central nervous system diseases

mRNA therapy holds tremendous potential for applications in the
central nervous system (CNS). For instance, the introduction of neuro-
trophic factors is a crucial aspect of regenerative therapy against
neurodegenerative diseases, ischemic diseases, and traumatic diseases
[159]. The mRNA expression of neurotrophic factor-3 (NT-3) in
Schwann cells can promote the mechanism of axon regeneration in the
body, mediating the repair of peripheral nervous system injuries [160,
161]. Endogenous overexpression of brain-derived neurotrophic factor
can enhance neuronal survival and function, providing protective effects
on the CNS by reducing neuronal death [162,163]. Due to the presence
of the BBB, HTS is promising for mRNA targeting in the CNS.

As mentioned earlier, mRNA therapy for the CNS is often adminis-
tered through intraventricular or intrathecal injections. By screening an
ionizable LNP library through intraventricular injections in the fetal and
neonatal mouse brain, the optimal C3 LNP formulation has been iden-
tified, demonstrating greater mRNA delivery functionality in the peri-
natal brain compared to traditional LNPs [115]. However, local
injections into the brain are susceptible to limitations such as high
invasiveness, technical complexity, and limited diffusion. Therefore,
systemic administration to deliver LNPs to the brain is a preferable
approach. However, BBB is highly selective, blocks the transport of
delivery systems, and has become a major obstacle for central delivery.
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Fig. 4. HTS application in CAR-T cell therapy. ( A ) LNP libraries carrying mRNA encoding CAR sequences can enter T cells, enabling the selection of materials
targeted for T cell delivery by observing extracellular CAR expression and tumor-killing capabilities. ( B ) During in vitro screening, it was found that LNP composed
of C14-4 exhibited the strongest fluorescence enzyme activity in human primary T cells, indicating higher transfection efficiency. ( C ) Compared to Lipofectamine,
C14-4 showed no significant decrease in cell activity, indicating its good safety profile. ( D ) The targeted delivery efficacy of C14-4 was validated through CAR
expression, demonstrating that purified C14-4 LNP exhibited higher CD19-CAR expression efficiency compared to the control group and crude C14-4 LNP. ( E)

When co-cultured with tumor cells, the cytotoxic effect of CAR-T cells constructed with C14-4 LNP was significantly better than that of the control group. Similar to
CAR-T cells obtained through lentivirus transfection, this demonstrates the potential of C14-4 in adoptive cell therapy [98]. Copyright © 2020, American Chemi-

cal Society.
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Fig. 5. HTS application in respiratory system diseases. ( A ) Through in vivo screening of LNP composed of various auxiliary lipids with different properties
(neutral, negative, positive), their accumulation in the liver, spleen, and lungs was observed. ( B ) Through in vivo fluorescence activity and imaging, it was
discovered that cationic DOTAP tended to target the lungs, while neutral and anionic auxiliary lipids tended to accumulate in the liver and spleen, respectively. ( C )
Not only organ-specific, but LNPs composed of different auxiliary lipids also play a role in targeted delivery in specific cell lines. Unlike fibroblasts, lung epithelial
cells, and endothelial cells, PQ exhibits strong specificity in lung macrophages [84].

In recent years, progress has been made in exploring new delivery
platforms to penetrate BBB [164,165]. However, large-scale mRNA LNP
library screening studies are limited, possibly because in vitro screening
cannot establish a high-throughput compartmentalized system to
simulate the BBB for simultaneous screening of endothelial transfection
and transport [166]. Accordingly, Han et al. developed a BBB transwell
model for HTS of mRNA LNPs. This model facilitates dual screening for
mRNA LNP transfection and transport across the BBB. It has been
employed in in vitro and in vivo experiments, revealing that LNP4 ex-
hibits the highest fluorescent enzyme effect in brain endothelial cells in
vitro and accumulates in mouse brain tissue in vivo [116]. This platform
provides a foundation for subsequent LNP formulation screening and
can be extended to other biological barriers such as the blood-retinal
barrier and the blood-placental barrier (Fig. 6).

4.4. Pregnancy diseases

Due to the small size of the fetus, strong immune tolerance, and
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abundance of stem cells and progenitor cells, prenatal mRNA therapy
can be conducted before irreversible pathological changes occur,
resulting in higher efficacy and safety. Therefore, mRNA therapy during
pregnancy has become one of the hot topics for early intervention in
congenital diseases. Owing to the presence of the blood-placental bar-
rier, targeting intrauterine structures is restricted, leading to widespread
exploration of HTS techniques for improving delivery systems [167].
HTS can be used for pregnancy-related diseases, mainly involving
intrauterine targeted treatment of the fetus or targeting fetal accessory
structures such as the placenta and amniotic fluid. Researchers con-
structed an LNP library and injected it into pregnant mice via the yolk
vein. mRNA expression was detected in widespread areas of the fetus,
including the liver, lungs, heart, gastrointestinal tract, and brain.
Through this, they identified ionizable lipid D-Lin [117] and polyamine
structure [118] as having better prenatal treatment effects. Additionally,
the placenta supports fetal growth during pregnancy, allowing the ex-
change of nutrients and oxygen between the mother and fetus. Serving
as a biological barrier between maternal and fetal circulation, the
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Fig. 6. HTS application in central nervous system diseases. (A) Construct C12-200 LNPs with different lipid compositions, initially screening their transfection
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system is a transwell model consisting of two layers (basal cells and endothelial cells), used for dual screening of mRNA LNP’s cell transfection efficiency and
transport efficiency across the blood-brain barrier. ( C ) During in vitro screening, LNP4 and LNP10 showed promising results in both standard 96-well plates and the
HTS-BBB system, with LNP10 demonstrating superior transport efficiency. ( D ) During in vivo screening, LNP4 exhibited the best brain targeting specificity as
evidenced by radiation brightness [116]. Copyright © 2024, American Chemical Society.

placenta protects the fetus from harmful molecules. Placental diseases
are significant causes of maternal and fetal mortality, leading to con-
ditions such as preeclampsia and fetal growth restriction. Through in
vitro culture cell lines, endothelial cell lines, and immune cell lines,
along with in vivo experiments validating placental delivery, the
enhancement of placental targeting for multiple LNPs with ionizable
lipids may contribute to the treatment of placental insufficiency diseases
during pregnancy [119-122]. For instance, Safford et al. conducted in
vitro screening of LNPA, B, C libraries, optimizing LNP formulations
targeting the placenta. They identified C5 as having the highest fluo-
rescent enzyme expression efficiency in cultured cells and confirmed its
ability to target the placenta in vivo. This provides insights for research
into the treatment of pregnancy-related and other reproductive system
diseases [121](Fig. 7).

4.5. Other localized diseases

While liver is the primary organ targeted by systemic administration,
secondary cell populations outside the liver increase the challenges of
achieving mRNA selective delivery. Research has constructed an LNP
lipid screening platform for delivering mRNA to activated hepatic stel-
late cells (aHSCs). The pKa of LNPs and pH-sensitive lipid hydrophobic
scaffolds significantly influences the efficiency and selectivity of mRNA
delivery in the liver. Ultimately, it was revealed that CL15A6 is superior
to other studied lipids, enabling ligand-free, efficient, and potent mRNA
delivery to aHSCs. It possesses high in vitro stability and in vivo
biocompatibility, making it highly promising for applications in liver
fibrosis treatment [123].

14

mRNA can be used for the treatment of bone and cartilage diseases.
For example, WNT16 in chondrocytes can antagonize the typical -cat-
enin/WNT3a signal, leading to increased lubricin production and
reduced chondrocyte apoptosis, thereby treating osteoarthritis [168].
However, due to certain biological barriers such as low bone blood flow,
the blood-bone marrow barrier, and low affinity between drugs and
bone minerals, therapeutic doses are hindered in the bone microenvi-
ronment, making bone therapy delivery still a significant challenge.
Constructing a library of bisphosphonate (BP)-based lipid materials with
high affinity for bone minerals has significant potential applications in
targeting the bone microenvironment for therapies such as bone
regeneration and hematopoietic stem cell treatment. Researchers iden-
tified a BP-LNP lead formulation, 490BP-C14, which, compared to
490-C14 LNPs without BP, showed enhanced expression and localiza-
tion of mRNA in the bone microenvironment in mice. This can be further
utilized for the treatment of bone diseases [124].

5. Selection of administration routes

Adopting different administration methods to alter the destination of
mRNA delivery is an intuitive macroscopic approach. Intravenous in-
jection is the most used method, where drugs usually enter the liver
through the circulatory system, undergoing filtration and absorption.
Systemic administration leads to the majority of drugs accumulating in
the liver, making it challenging for drug concentrations to reach thera-
peutic thresholds at the corresponding target cells. Therefore, precise
control and enhanced targeting of delivery can be achieved by devel-
oping local or site-specific administration methods [9] (Fig. 8).
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The local injection method for direct administration to specific sites
allows drugs to bypass interference from other physiological structures,
overcome inherent physiological barriers, and quickly reach the target
site. Compared to systemic administration, local injection is relatively
limited in range, making it more suitable for targeted treatment of dis-
eases localized to specific positions. It can focus more on the effects of
specific organs and is commonly applicable for delivering to local tissues
and organs, including intraocular injection, intraventricular injection,
intranasal injection, intramuscular injection, and others [9]. In recent
years, more and more local drug delivery methods have been improved.
For example, intramuscular injection, as a common injection method for
most vaccines, allows drugs to spread from the injection site in the
muscles throughout the body, deliver antigens, and activate the immune
response. As mentioned above, the pKa of LNPs may affect the formation
of specific protein coronas, thereby influencing the material’s bio-
distribution. Unlike the optimal pKa value of 6.2-6.5 for liver targeting
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during intravenous injection [169], Tilstra et al. found that LNPs
composed of an ethanolamine core with an apparent pKa value between
6.6 and 6.9, combined with ionizable lipids, maximally improve mRNA
delivery in muscles. Notably, this formulation also exhibited the highest
immunogenicity [170].This provides a foundation for the subsequent
construction of intramuscular injection carriers and offers insights for
the design of future vaccines [20]. Intraocular injection, through
injecting mRNA into the eye, can effectively target photoreceptor cells
and retinal pigment epithelial cells (RPEs), providing inherent advan-
tages for the treatment of eye diseases. Intravitreal injection is mainly
divided into intravitreal injection and subretinal injection. Intravitreal
injection has higher safety, but the process of therapeutic drugs reaching
target cells still faces many barriers [97,171]. Subretinal injection is
closer to the target site, but potential damage to vision cannot be
ignored. Therefore, improvements in carriers are crucial for enhancing
the safety and efficacy of ocular injections. Barrera et al. screened a
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phage peptide library to identify surface ligands that bind to photore-
ceptor cells after intravitreal injection, further improving the targeting
of photoreceptor cells [97]. In addition, for retinitis pigmentosa (RP)
caused by mutations in the USH2A gene, the antisense oligonucleotide
drug QR-421a, administered via intravitreal injection, targets photore-
ceptors and has entered clinical trials (NCT03780257), providing in-
sights into mRNA-based therapy for ocular diseases [172]. Moreover,
studies have found that adjusting the PEG content in LNPs to 0.5 % for
subretinal injection results in improved RPE transduction, enhancing
targeting [171]. Similarly, intraperitoneal injection involves injecting
drugs into the peritoneum, stimulating pancreatic beta cells to increase
protein levels. This discovery has made gene therapy for stubborn
pancreatic diseases such as diabetes and cancer possible. The local in-
jection triggering intraperitoneal effects can reduce systemic toxicity,
allowing drugs to more selectively contact peritoneal organs, thereby
enhancing bioavailability [173]. Additionally, it is difficult to achieve
therapeutic effects on the central nervous system with systemic intra-
venous administration due to the presence of the blood-brain barrier.
Intraventricular administration involves directly injecting mRNA-LNP
complexes into the ventricles, bypassing the blood-brain barrier (BBB)
to directly increase the levels of the target protein in the brain. This
serves as a reference for the treatment of subsequent central nervous
system diseases [174]. Similarly, intrathecal injection delivers the cor-
responding mRNA-LNP complex directly into the cerebrospinal fluid of
patients via lumbar puncture, bypassing the blood-brain barrier to target
specific areas of brain tissue [175]. For instance, Nabhan et al. utilized
LNP-packaged frataxin (FXN) protein mRNA for intrathecal injection
into the cerebrospinal fluid of mice and detected recombinant human
FXN protein in the dorsal root ganglia, demonstrating that intrathecal
injection can bypass the blood-brain barrier to reach the brain [176].
Nasal administration, taking advantage of the proximity between the
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nasal cavity and the brain, can deliver drugs to the brain through the
nasal cavity, making it more accessible and causing less damage to the
brain itself [177]. This provides a new feasible drug delivery option for
neurological diseases; however, both local injection methods require
attention to brain protection, and considerations for potential biological
damage in the design of injection carriers.

Local administration not only has a direct effect on the organs at the
administration site but also avoids the reduction in drug efficacy or drug
loss caused by systemic blood circulation transport. For example,
mucosal administration can be used to deliver mRNA for diseases in
body cavities. For locally restricted diseases in the lungs such as cystic
fibrosis, inhalation therapy is commonly administered through nebuli-
zation. Utilizing the direct connection of the respiratory tract with the
external environment, inhalation therapy can deliver drugs more rapidly
and directly to cells (e.g., tracheal epithelium) in the respiratory system
with good efficacy. LNPs are commonly used as carriers for inhalation
therapy [178,179]. Through nebulized inhalation, LNPs containing
full-length mRNA of cystic fibrosis transmembrane conductance regu-
lator can be directly transported to pulmonary epithelial cells, control-
ling the progression of the disease at its source. Additionally, polymers
can be used as carriers; researchers have optimized a biodegradable
polyamine-co-ester polymer inhalation formulation through end-group
modification and polyethylene glycol, improving drug absorption effi-
ciency in the lungs. Currently, the mRNA product MRT5005 for the
treatment of cystic fibrosis has entered clinical trials (NCT03375047).
MRT5005 shows good tolerance and safety, whereas effective
improvement in lung function has not been observed yet [180].
Considering the relatively slow overall absorption, larger required
doses, and susceptibility to ciliary clearance in inhalation therapy, with
individual variations in treatment outcomes, clinical applications should
focus more on improving absorption efficiency. Besides the respiratory



Y. Zhang et al.

tract, mucosal administration is also applicable to the gastrointestinal
tract (oral and rectal administration), typically for diseases of the
digestive system such as inflammatory bowel disease, and has achieved
certain success [181-183]. Sung and colleagues designed self-assembled
LNPs encapsulating IL-22-mRNA, which entered the mouse body
non-invasively, increased the target protein content in the mouse mu-
cosa, and showed good therapeutic effects on ulcerative colitis [181].
Researchers also utilized polyphenols to directly deliver mRNA to the
intestines through rectal administration by complexing with nucleic
acids, achieving significant therapeutic effects in a model of ulcerative
colitis induced by sodium sulfate [183].

6. Conclusions and future perspective

The development of mRNA delivery has garnered increasing atten-
tion. In this review, we primarily discussed the progress of various
technologies applied to overcome biological barriers encountered in
mRNA delivery. This includes common low-throughput strategies in
microscopic methods and macroscopic approaches such as route selec-
tion. This review also emphasized the validation and research of
improved delivery systems, particularly focusing on HTS. The develop-
ment of HTS technologies is an inevitable trend in molecular biology
research as it gradually becomes more precise, requires specific binding,
and delves into intricate details. With the rapid advancement of
biotechnology, the application of HTS techniques in the field of mRNA
therapy has similarities to the laboratory simulation of natural evolu-
tionary processes, aiming at the targeted remodeling of mRNA delivery
systems. The complementary advantages of these technologies provide a
foundation for the improvement of targeted mRNA delivery.

The main differences between HTS and traditional low-throughput
techniques lie in their efficiency (the number of compounds screened
in a single run and the time taken to screen useable materials). Low-
throughput screening to determine the optimal formulation is accom-
plished by testing individual formulations or modifying existing for-
mulations, with the main issue being the time and efficiency constraints
associated with low-throughput screening. Before the advent of HTS,
drug screening was a slow and expensive process, which could hinder
the identification of formulations with the highest potential and bias
towards combinations tailored for specific applications. In contrast to
low-throughput screening of individual or very few materials, libraries
used by most large pharmaceutical companies engaged in HTS typically
range from 0.5 to 4*10° compounds, greatly enhancing screening effi-
ciency. Additionally, the effectiveness of screened materials in mRNA
delivery (mRNA transfection rate, protein production, etc.), targeting
effects (in vitro cell targeting, fluorescence intensity in various organs,
barcode sequencing results, etc.), therapeutic effects (intensity of im-
mune responses both in vitro and in vivo, anti-tumor or anti-infection
effects, reduction of disease symptoms, etc.), and safety (acute inflam-
matory response, acute hemolysis, etc.) can also be compared between
HTS and traditional low-throughput methods. For example, LNPs syn-
thesized from the ionizable lipid iso-A11B5C1 identified through high-
throughput screening for muscle injection of mRNA vaccines exhibited
mRNA transfection efficiency comparable to commercially used SM-102
and MC3 LNPs. Analysis of fluorescence intensity revealed their higher
muscle targeting efficiency, with no significant differences in acute in-
flammatory response, and induced a stronger immune response.
Therefore, validation of high-throughput screening results can be ach-
ieved by comparing mRNA transfection efficiency, fluorescence in-
tensity, and functional validation with low-throughput modified
materials to confirm their effectiveness and safety. Moreover, the use of
HTS allows researchers to understand the predictive value of parameters
such as molecular weight, pKa, hydrophobicity of hydrocarbon chains,
types of amine groups, types of terminal functional groups, degradation
kinetics, number and saturation level of hydrocarbon chains, and other
indicators for the targeting of delivery systems, making the results more
applicable.
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The validation of HTS through wet and dry experiments makes the
targeted design of mRNA delivery more reliable, further enhancing de-
livery efficiency. Through large-scale screening of targeting sequences,
researchers can discover ligand combinations that better meet expec-
tations and provide improved therapeutic effects. Additionally, HTS aids
in the development of efficient and safe regulatory elements, expanding
the design space of mRNA delivery systems. Apart from the delivery
system, screening of the mRNA structure itself can also enhance effi-
ciency. For instance, high-throughput experiments can be employed to
compare the sequences and structures of different mRNAs, along with
assessing their stability and expression efficiency. This helps improve
targeted design, and the advantages of large-scale samples can aid in
identifying universal optimization patterns. Furthermore, the precision
quantification and specific binding advantages provided by HTS enable
mRNA targeted delivery to have higher controllability. This approach
can comprehensively assess safety, toxicity, and stability in clinical ap-
plications. When combined with other therapeutic modalities, it is easier
to achieve synergistic effects. The characteristics of being large-scale,
efficient, and cost-effective also increase the likelihood of clinical
translation.

In addition to constructing various material systems for mRNA tar-
geted delivery using HTS, high-throughput technology can also be
applied to other aspects and combined with mRNA interventions to
bring more choices to gene therapy. For example, leveraging the char-
acteristics of large-scale and diverse samples with HTS, extensive
screening and in-depth analysis in model animals or patient samples can
provide rich information on gene expression and cell states. This can
lead to the discovery of new therapeutic targets or biomarkers, identi-
fication of suitable targeting sequences for mRNA delivery, expedite the
development of related drugs, and offer new possibilities for treating
various diseases. With its considerable scale and affinity screening ca-
pabilities, HTS offers the potential to overcome individualized response
differences in the mRNA treatment process, possibly advancing the
development of precision medicine. Combining HTS with multi-omics
analysis may allow for the assessment of changes in gene expression
levels before and after mRNA treatment, providing feedback for the
design and improvement of mRNA targeted delivery.

However, how high-throughput technologies can play a more sen-
sitive and efficient role in the research field of mRNA delivery systems
remains one of the pressing technical bottlenecks. Due to their large
scale, high specificity of results, and diverse screening objects and
application scenarios, even minor differences in each sample can affect
the analysis of results. High interference traits lead to reduced measur-
ability and limited repeatability of results due to the appearance of false
positive signals, posing some challenges that this technology must
address.

In terms of quality control issues and result reproducibility in HTS,
the specificity of the screening itself is also one of the factors limiting its
development. The speed and volume of data generated by high-
throughput technologies far exceed those of traditional experimental
techniques. Therefore, standardization and repeatability of the tech-
nology are crucial for data reliability. While expanding screening
throughput, how to maintain the purity between samples and reduce
irrelevant factors’ interference deserves technical discussion. The con-
struction of in vitro models is a frequently discussed issue in this regard.
Due to the high specificity of HTS and the limitations of existing models
in simulating the in vivo microenvironment, results obtained from in vitro
models may suffer from false positive issues and may not adapt well to in
vivo application scenarios. New cell culture technologies such as 3D cell
models and organoid construction, combined with high-throughput in
vitro screening, may offer more effective in vitro screening results,
thereby reducing the cost of in vivo experiments. The universality of in
vivo-specific screening results may also be influenced by the character-
istics of biology itself. Therefore, by combining single-cell technologies
and artificial intelligence models such as machine learning to predict
potential targets in advance, quantitative HTS can be conducted at the
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single-cell resolution. This approach may to some extent ensure the
predictability and repeatability of experiments.

The analysis of HTS results often relies on background noise filtering
of measurement platforms and integration analysis of positive signals.
Therefore, maintaining signal stability, delaying quenching time in
existing detection environments, improving response strategies, and
ensuring the measurability of high-throughput technologies are among
the challenges to be addressed. Experiments using high-throughput
technologies may exhibit "all or nothing" results. Therefore, apart from
false positive results, signal loss during the screening process is also a
limiting factor in technology development. Due to the characteristics of
automated analysis, the aforementioned challenges can also hinder our
understanding of the mechanism of action of specific targeting mole-
cules. Therefore, it may be beneficial to consider using fluorescent
probes with higher affinity to specific cellular components or delivery
system structures during the experimental process to assist in the
screening process. With the assistance of artificial intelligence pre-
dictions, setting positive thresholds reasonably can be achieved. For
complex mRNA drug delivery system design processes, the commer-
cialization of technologies such as microfluidics and droplet sorting may
enable analysis at a population level with optimized systems under more
stringent standardized operating procedures and quality control mea-
sures. This approach can retain more data on interactions between cells
or molecules, thus ensuring more comprehensive information analysis.

With continuous improvement and optimization, the application
prospects of high-throughput technology in mRNA therapy and other
biomedical fields will become broader. The interdisciplinary integration
is also helpful to understand the complexity of biological systems more
comprehensively, and it is expected to bring revolutionary changes to
disease diagnosis, treatment, and personalized medicine.
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