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ABSTRACT: Lipid nanoparticles (LNPs) have shown remarkable success
in delivering genetic materials like COVID-19 LNP vaccines, such as
mRNA-1273/SpikeVax by Moderna and BNT162b2/Comirnaty by
BioNTech/Pfizer, as well as siRNA for rare inherited diseases, such as
Onpattro from Alnylam Pharmaceuticals. These LNPs are advantageous
since they minimize side effects, target specific cells, and regulate payload
delivery. There has been a surge of interest in these particles due to their
success stories; however, we still do not know much about how they work.
This perspective will recapitulate the evolution of lipid-based gene delivery,
starting with Felgner’s pioneering 1987 PNAS paper, which introduced the initial DNA-transfection method utilizing a synthetic
cationic lipid. Our journey takes us to the early 2020s, a time when advancements in bionano interactions enabled us to create
biomimetic lipoplexes characterized by a remarkable ability to evade capture by immune cells in vivo. Through this overview, we
propose leveraging previous achievements to assist us in formulating improved research goals when optimizing LNPs for medical
conditions such as infectious diseases, cancer, and heritable disorders.
KEYWORDS: lipid nanoparticles, lipoplexes, gene delivery, protein corona

■ INTRODUCTION
Lipid nanoparticles (LNPs) have garnered attention as a
valuable tool in biomedical applications, with recent studies
showing their potential in fighting several medical conditions.1

LNPs have been utilized as a delivery vehicle for mRNA
encoding the spike protein of SARS-CoV-2 in two COVID-19
vaccines, mRNA-1273/SpikeVax by Moderna and BNT162b2/
Comirnaty by BioNTech/Pfizer, both of which have
demonstrated high efficacy and obtained emergency use
authorization by regulatory agencies worldwide. The lipid
composition of these vaccines was similar to that of Onpattro
(trade name of Patirisan by Alnylam Pharmaceuticals), an
orphan drug composed of an siRNA-LNP system approved by
the US FDA in August 2018 for treating hereditary
transthyretin (TTR) amyloidosis.2

LNPs are versatile and capable of delivering various
therapies, making them suitable for treating a range of
diseases.3 LNPs are a strong candidate for targeted drug
delivery in cancer therapy, offering the ability to deliver
chemotherapy agents, gene therapies, or immunotherapies
directly to tumor cells with precision. The application of LNPs
for delivering gene-editing tools like CRISPR-Cas94 holds
promise in treating genetic disorders, potentially offering
breakthroughs in conditions like cystic fibrosis, sickle cell
anemia, and muscular dystrophy. LNPs are being investigated
for delivering RNA-based therapies to treat neurodegenerative
diseases such as Alzheimer’s,5 Parkinson’s,6 and amyotrophic
lateral sclerosis (ALS). Lastly, LNPs provide a valuable

platform for delivering treatments for rare diseases where
tailored therapies are urgently needed.
While most applications and clinical trials involving LNPs

have focused on RNA delivery, there is significant promise in
using LNPs for DNA delivery.7 They are a safer and more cost-
effective alternative to traditional viral vectors for delivering
DNA, as they are nonimmunogenic and efficiently encapsulate
DNA within their lipid bilayers. However, challenges such as
low transfection efficiency (TE) and immune response still
need to be addressed.
The pursuit of research and development in this domain

holds pivotal significance for propelling the field of medical
genetics forward and fully unleashing the capabilities of LNPs
in DNA delivery. By examining both the achievements and
obstacles encountered in the realm of other lipid-based DNA
nanocarriers, such as lipoplexes encompassing cationic lip-
osome (CL)/DNA complexes, researchers can steer clear of
historical pitfalls and, instead, capitalize on prior accomplish-
ments. For a visual overview of the noteworthy milestones in
lipoplex research, refer to Figure 1, which outlines key
achievements in the field’s evolution.
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This perspective serves as a critical review focusing on the
chemical−physical attributes of lipoplexes and their structure−
function relationship. Its primary objective is to explore the
potentialities of lipoplexes while also delving into the
constraints that have impeded their successful translation
into practical applications. Understanding the intricacies of this
process is crucial to help researchers define clear and realistic
research objectives for developing LNPs with enhanced

therapeutic potential. The investigation will culminate in a
discussion of the key areas of inquiry that merit attention in
future research, including the bionano interactions that LNPs
undergo in physiological milieus. By harnessing the insights
garnered from prior studies, researchers can streamline the
optimization procedures, expediting advancements in LNP
development. Furthermore, the authors express their sincere
apologies for any inadvertent omissions in acknowledging the

Figure 1. Timeline of the key milestones in lipoplex research.

Figure 2. The optimization of lipoplex formulations involved a comprehensive understanding of their mechanism of formation, structure, and
structure−activity relationship. (a) When negatively charged DNA chains interact with positively charged CLs, an equal number of positive and
negative Manning counterions are released, resulting in a gain in translational entropy. The isoelectric point is identified as the most
thermodynamically favored state of lipoplexes due to its maximal entropic contribution to free energy. (b) Isoelectric instability of lipoplexes allows
the accommodation of additional DNA or lipid material, leading to negatively charged DNA-decorated and positively charged lipoplexes. Positively
charged lipoplexes are efficient gene delivery systems, interacting effectively with oppositely charged cell membranes and yielding high transfection
levels. (c) Synchrotron small-angle X-ray scattering (SAXS) revealed that lipoplex formation induces a topological transition in a lamellar phase
structure composed of DNA monolayers between lipid bilayers. The 1D in-plane DNA lattice within this structure is relatively disordered,
oscillating around equilibrium positions based on the cationic lipid/DNA ratio (ρ). (d) Studies propose that DNA release from lipoplexes occurs
through charge neutralization by cellular lipids, which correlates with the interfacial curvature of the mesoscopic structures resulting from lipoplex−
cellular lipid interaction. Lipoplexes that easily transform into nonlamellar phases when mixed with cellular lipids exhibit high transfection
efficiency. (e) Cellular lipids progressively neutralize the lipid membrane of lipoplexes, leading to the increased distance between DNA molecules
based on the cellular lipid/cationic lipid ratio. Structural evolution rates and susceptibility to destabilization by anionic lipids vary, influencing the
dissociation of DNA from the lipid and correlating with transfection efficiency. (f) Transfection efficiency studies coupled with fluorescence
confocal microscopy investigations elucidate the barriers to lipoplex-mediated transfection at the single-cell level. (g) Investigations explore cellular
uptake, intracellular trafficking, endosomal escape, and nuclear entry of lipoplexes, providing mechanistic understanding for the development of
multifunctional envelope-type nanodevices (MEND) and multicomponent envelope-type nanoparticle systems (MENS). A portion of the figure
(panel b) was readapted from ref 16. Copyright 2022 American Chemical Society. Cartoons were created using Biorender.com.
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contributions of scientists in the field. It is important to note
that the nature of this article, being a perspective rather than a
comprehensive review, imposes limitations on the extent to
which all pertinent work can be acknowledged. Our aim is to
offer a personalized perspective while acknowledging the
collective efforts that have significantly influenced the field’s
trajectory.

■ DEVELOPMENT OF LIPOPLEX FORMULATIONS
We recently celebrated 35 years from the pioneering PNAS
paper of Philip Felgner et al. of the Stanford School of
Medicine8 who reported the first use of CLs to facilitate the
functional delivery of DNA in tissue culture cells. CLs were
made of the cationic lipid 1,2-di-O-octadecenyl-3-trimethy-
lammonium propane (DOTMA), encapsulated 100% DNA,
and promoted gene expression in CV-1 and COS-7 cells. The
protocol resulted in higher TE than available methods and
rapidly became the standard of transfection experiments for the
following decade. However, Felgner et al., while emphasizing
the simplicity and reproducibility of the process, were the first
to warn of the challenges ahead. CLs-mediated transfection
could depend on numerous factors, such as the lipid
composition of the CLs, the lipid concentration, the size of
the nucleic acids to be delivered, and the duration of exposure.
And, not least, all these parameters could be correlated with
each other in a cell line-dependent manner. In the discussion
section of the paper, the authors claim: “Based on our
experience, it is best to optimize the various parameters
described above for each cell line”. In the dissemination of
future results on LNPs, it is important to remember the lesson
from this influential paper: to provide a balanced perspective
by not only highlighting positive results but also acknowl-
edging potential limitations and areas that require further
investigation.
It was natural that understanding the chemical−physical

properties of lipoplexes became soon the subject of numerous
theoretical and experimental studies.9,10 In the early 1990s, the
efforts of the researchers focused on understanding the
mechanism of formation of lipoplexes since this knowledge
would have been useful for interpreting their biological activity
and rationally designing optimized variants. Given the
negatively charged nature of DNA chains juxtaposed with
the positively charged character of CLs, it was hypothesized
that electrostatic attraction serves as the primary driving force
behind the formation of lipoplexes.
Robert C. MacDonald’s research group at Northwestern

University conducted several studies that proposed models for
the formation of lipoplexes.11 In accordance with the most
widely accepted model, the outer coating of liposomes with
DNA reduced the repulsion between the lipid vesicles, causing
them to aggregate and stick together like a molecular glue. As a
result of the asymmetric distribution of DNA between the
exterior and interior of the vesicles, there was a pressure
gradient that caused the lipid bilayer to rupture locally,
facilitating the rearrangement of some vesicles into a single
multilamellar lipoplex.
More in-depth investigations pointed out the relevance of

the counterion release mechanism.12 A fraction of positive
counterions, referred to as Manning counterions, are
condensed to the neighborhood of the DNA. Similarly, a
certain fraction of the negative counterions of CLs is confined
to the lipid surface. Upon lipoplex formation, equal numbers of
positive and negative Manning counterions are released to the

bulk solution with a gain in translational entropy (Figure 2a).
This entropic contribution to the free energy is comparable to
the electrostatic contribution and is maximal at the isoelectric
point that was therefore identified as the most favored
thermodynamic state of lipoplexes.
A few years later, R. Bruinsma at the University of California

Los Angeles postulated the isoelectric instability of lip-
oplexes.13 This means that the isoelectric point could
accommodate extra DNA or lipid material due to the entropy
gain obtained following the release of small ions inside the
complex. This finding substantiated the concept of “over-
charged lipoplexes,” denoting preparations with a surplus of
either positive or negative charge, as illustrated in Figure 2b.
These theoretical propositions received empirical validation
from Wagner et al., who conducted direct assessments of
counterion release through conductivity measurements, as
documented in ref 14.
To provide a theoretical foundation for experimental

findings, the group of Avinoam Ben-Shaul, Silvyo May, and
Daniel Harries at The Hebrew University of Jerusalem, carried
out in-depth theoretical studies regarding the phase behavior of
overcharged lipoplexes and demonstrated that their equili-
brium structure is regulated by a delicate interplay between the
electrostatic, elastic, and mixing terms, which depend, in turn,
on the lipid composition and CL/DNA ratio.15

These accomplishments were of paramount significance, as
it had been apparent from the outset that the charge of
lipoplexes played a central role in the process of transfection.
One of the key advantages of overcharged lipoplexes is their
ability to protect encapsulated nucleic acids from degradation.
The cationic lipids create a protective shield around the
genetic material, safeguarding it from enzymatic degradation
by nucleases or exposure to harsh environmental conditions.
Additionally, the positive charge of overcharged lipoplexes
enhances their interaction with cellular membranes, which are
typically negatively charged. This interaction promotes
efficient cellular uptake, as the lipoplexes are attracted to and
readily associate with the cell surface. Once inside the cell,
overcharged lipoplexes face the challenge of endosomal
entrapment, as they are often internalized through endocytosis.
However, their positive charge comes into play again, as it
allows these lipoplexes to destabilize endosomal membranes,
facilitating the release of their cargo into the cytoplasm.
Another crucial aspect to consider is particle size. Overcharged
lipoplexes undergo re-entrant condensation17 and typically
exhibit a hydrodynamic radius of approximately 200 nm or
less, rendering them highly suitable for a wide array of gene
delivery applications.
Conversely, neutrally charged lipoplexes do not exhibit the

robust electrostatic binding affinity observed in their over-
charged counterparts. Consequently, they often possess larger
and more heterogeneous sizes, typically falling within the
micrometric range. To efficiently encapsulate nucleic acids,
additional stabilization techniques are often necessary.
Furthermore, cellular uptake mechanisms for neutrally charged
lipoplexes may be less efficient due to the diminished
electrostatic attraction with cell surface proteoglycans.
After two decades of research, our understanding of lipoplex

formation had reached a mature stage, providing us with a
valuable body of knowledge and insights: experimental and
theoretical evidence proved the feasibility of generating
positively charged lipoplexes with small size, thus broadening
their applicability as gene delivery systems.
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However, a primary drawback of cationic lipoplexes arises
when they are introduced into the bloodstream. They tend to
become heavily coated with opsonins, including complement
proteins like C3 and C4. This opsonization process triggers
their swift removal from the bloodstream by immune system
cells. The most effective approach to mitigate in vivo
opsonization of lipoplexes was drawn from research on
liposomes. It involves equipping lipoplexes with a protective
shield composed of polyethylene glycol (PEG).18

■ STRUCTURAL INVESTIGATIONS OF LIPOPLEXES
Despite the multitude of physicochemical properties that can
influence the TE of lipoplexes, it was proposed early on that
the nanostructure could have the most significant impact on
their biological activity. From the very beginning researchers
tried to understand how factors such as CL/DNA molar ratio,
DNA size, and lipid composition could be manipulated to
influence the formation and equilibrium structure of lipoplexes.
At the University of San Francisco, Francis C. Szoka, Jr. and

his team were pioneers in elucidating that, among the various
factors influencing the colloidal characteristics of lipoplexes,
the CL/DNA molar ratio assumed a predominant role in
shaping their formation and equilibrium structure.19 From that
point onward, the role of the charge ratio on the structure of
lipoplexes became a cornerstone in this field of research.
The last clarification on the role of the CL/DNA ratio came

about ten years later when Elena Junquera and Emilio Aicart at
the Universidad Complutense de Madrid asked whether, at a
fixed CL/DNA ratio, the DNA structure could affect the
physical−chemical properties of lipoplexes. They showed that,
when encapsulating plasmid DNA in lipoplexes, a smaller
amount of cationic lipid is required compared to linear DNA.20

This phenomenon can be attributed to the way plasmids are
packed within the lipoplex, which results in the retention of a
substantial number of counterions and produces a lower
effective negative charge.
Pitard and co-workers clarified that the morphological and

structural features of lipoplexes did not depend on plasmid
DNA size.21 On the other hand, gene transfer capacity of
lipoplexes was affected by the size of plasmid DNA, with those
containing the shortest DNA being the most efficient ones.
Cryo-transmission electron microscopy (cryo-TEM) inves-

tigations led by Leaf Huang and his team at the University of
North Carolina at Chapel Hill unveiled a fascinating
phenomenon. When DNA and CLs are combined in bulk, a
distinctive topological shift takes place. This results in the
creation of liquid-crystalline globules with optical birefrin-
gence, intriguingly termed “spaghetti-meatball” complexes.
These complexes are bilayer-coated and contain supercoiled
DNA.22 Further investigations using cryo-TEM showed that
DNA molecules could also be found inside multilamellar
structures.23 TEM findings inspired researchers to employ X-
ray diffraction techniques for unveiling the nanoscale structure
of lipoplexes.
In a famous Science paper, Cyrus Safinya and his team at the

University of California Santa Barbara made significant
progress in determining the supramolecular order of lip-
oplexes24 made of the cationic lipid 1,2-dioleoyl-3-trimethy-
lammonium-propane (DOTAP) and the neutral lipid dioleoyl-
phosphocholine (DOPC). The use of synchrotron small-angle
X-ray scattering (SAXS) was instrumental to this end. SAXS is
a nondestructive technique that uses X-rays to probe the
nanoscale structure of materials. The collected X-ray scattering

data produces a scattering pattern that contains information
about the sample nanostructure. Researchers use mathematical
analysis of the scattering pattern to extract structural
parameters, such as particle size, shape, and interparticle
distances.
Safinya and colleagues observed a distinctive pattern of

Bragg peaks in conjunction with a broad and asymmetric
diffraction peak whose position in the q-space changed with
the CL/DNA ratio. These findings demonstrated that lipoplex
formation induces a topological transition in a multilayer
onion-like structure consisting of DNA monolayers coated
between lipid bilayers. This structure was termed the lamellar
phase of lipoplexes (Figure 2c and Figure S1). The lamellar
spacing is determined by the thickness of the lipid bilayer and
the interbilayer water layer. Meanwhile, neighboring DNA rods
result in a relatively disordered 1D in-plane DNA lattice
composed of DNA strands oscillating around equilibrium
positions. To obtain precise measurements of the interaction
between DNA and lipids, Manuel Prieto and his team at
Universit Tećnica de Lisboa, Portugal, utilized the technique of
Fluorescence Resonance Energy Transfer (FRET).25 This
approach helped to estimate the proportion of DNA that was
bound and unbound to the lipids, as well as determine the
distance between the opposing DNA helices. Subsequent
investigations showed that DNA chains can also arrange, even
if less frequently, into rectangular columnar superlattices
between lipid bilayers.26

Just one year after their first paper, another Science paper by
Safinya and co-workers reported for the first time lipoplexes
organized in a reversed hexagonal phase27 (Figure S1).
Compared to the first work dealing with the structure of
DOTAP-DOPC/DNA lipoplexes, in the latter, the neutral
lipid DOPC was replaced by DOPE, and lipoplexes were
prepared at different weight fractions of DOPE in the lipid
bilayer (i.e., 0.4< ΦDOPE < 0.85). For ΦDOPE > 0.7, the DNA
molecules were coated with cylindrical micelles made up of
DOTAP and DOPE in turn organized in a reverse hexagonal
phase.
Subsequent investigations demonstrated that the neutral

helper lipid is a major factor that determines the morphologies
of the condensates and significantly affects the TE of
lipoplexes. Lipids with curvature c = 0 promote the
organization in the lamellar phase, while lipids with curvature
c < 0 promote the formation of reverse hexagonal phases or
cubic phases.28 Hexagonal systems exhibited a higher TE than
the lamellar counterpart, and Safinya and co-workers ascribed
this increase in efficiency to their peculiar ability to fuse with
anionic lipid (AL) vesicles that were used as a model system of
cell membranes.
Subsequent studies thoroughly explored the structure−

function relationship and found evidence that this relationship
did not exist.29 In a highly cited PNAS paper, Robert C.
MacDonald and co-workers put a stop to the matter stating
that “Some earlier studies suggested that the inverted
hexagonal phase leads to more efficient transfection efficiency
than does the lamellar phase. Recent experiments dispute this
suggestion, however, and there is considerable evidence against
a direct general correlation between lipoplex structure and
transfection efficiency”.30

Following the investigation of the structure of the lipoplexes,
researchers further explored other chemical and physical
properties to identify a factor that could universally control
the transfection efficiency of lipoplexes.
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Among these factors, membrane density, σM, was invoked
first.31 In a study examining the relationship between TE and
membrane charge density, researchers discovered a common,
bell-shaped curve. This curve suggested the existence of three
different stages in the interactions between complexes and
cells. In the first stage, when the membrane charge density is
low, TE increases alongside it. In the second stage, at a
moderate membrane charge density, TE reaches a plateau.
Finally, in the third stage, with high membrane charge density,
TE decreases. Researchers believed that, at low membrane
charge density, lipoplexes remain stuck in the endosome. On
the other hand, when the membrane charge density is high,
lipoplexes become less efficient because the DNA struggles to
separate from the highly charged membranes within the
cytosol. The optimal, intermediate stage seemed to strike a
balance between these two extremes, allowing for endosomal
escape and successful dissociation in the cytosol. Also in this
case, however, counterexamples were provided for which it was
possible to have high TEs even in regimes of low surface
membrane density where lipoplexes should have been poorly
efficient.32

Subsequently, it was suggested that augmenting the diversity
of lipid species could trigger the development of structures
characterized by unconventional fusogenic properties. This was
demonstrated by our group in collaboration with the Austrian
SAXS beamline at the synchrotron facility of ELETTRA led by
Heinz Amenitsch.33 We mixed DNA molecules to a dispersion
containing two binary CL formulations, each consisting of a
cationic lipid and a neutral lipid at a 1:1 molar ratio. The first
formulation was made of the cationic lipid DOTAP and the
neutral lipid DOPC, while the second formulation consisted of
the cationic lipid 3′[N-(N′,N′-dimethylaminoethane)-
carbamoyl]cholesterol (DC-Chol)34 and the neutral lipid
dioleoyl-phosphatidylethanolamine (DOPE). For simplicity,
we will use the terms CLA and CLB to refer to DOTAP-
DOPC and DC-Chol-DOPE CLs, respectively, and CLA/
DNA and CLB/DNA to denote DOTAP-DOPC/DNA and
DC-Chol-DOPE/DNA lipoplexes. In the absence of DNA, the
SAXS pattern displayed the exact overlap of the SAXS patterns
of CLA and CLB, indicating that the coexisting CLs
maintained their structural integrity in solution due to the
repulsion between the charged lipid surfaces.33

However, upon the addition of DNA to the solution, the
SAXS pattern showed unique features, indicating that the
resulting multicomponent (MC) lipoplexes contained all four
lipid species in an ideally mixed state. This experiment
demonstrated that DNA promotes a uniform spatial distribu-
tion of lipid species in the membrane plane.
MC lipoplexes exhibited intermediate chemical−physical

properties, including size, zeta-potential, bilayer thickness, size
of the hydrophobic region, and DNA packing density between
those of CLA/DNA and CLB/DNA lipoplexes. This
rearrangement of lipid species is an entropic process induced
by a reduction in free energy.35 The most interesting
observation was provided a couple of years later when we
showed that MC lipoplexes were 1 to 2 orders of magnitude
more efficient than CLA/DNA and CLB/DNA lipoplexes36

with their TE increasing the greater the number of lipid species
involved.37 These results prompted further investigation into
the transfection behavior of MC lipoplexes. Studies conducted
in the following ten years demonstrated that MC lipoplexes
were often as efficient as lipofectamine, which is considered the
gold standard of transfection reagents.38 Moreover, MC

lipoplexes were highly efficient in cells that are difficult to
transfect with lipofectamine.39 In most cases, the reduced
number of positive charges compared to those of lipofectamine
allowed MC lipoplexes to minimally impact cell viability, which
has always been the major drawback in the use of cationic
reagents.
In summary, researchers’ endeavors have illuminated the fact

that the connection between the structure of lipoplexes and
their transfection efficiency is not a straightforward one. To
develop efficient delivery systems, it was necessary to
understand the interaction of lipoplexes with cells, and it was
also clear that intracellular events leading to transfection were
related to the structural organization of lipoplexes. Therefore,
knowledge of the lipoplex structure was a fundamental but not
the only building block required to develop a mechanistic
understanding of lipoplex-mediated DNA delivery.

■ STRUCTURE−ACTIVITY RELATIONSHIP OF
LIPOPLEXES

Structural studies of lipoplexes, despite not directly contribu-
ting to the improvement of our understanding of lipofection,
were of great significance. They revealed that lipofection is a
complex process that is not regulated by a single parameter but
rather influenced by a delicate balance of various interacting
factors. These findings emphasized the need for a compre-
hensive understanding of the mechanisms underlying lip-
ofection, which would be a crucial step toward advancing the
field to a more mature stage.
A substantial paradigm shift was not long in coming.

Experimental and theoretical investigations have shown that
the entropic gain resulting from lipid mixing played a crucial
role in the formation of lipoplexes. It was proposed that the
intracellular evolution toward nonlamellar phases after
interaction and mixing with cellular lipids could universally
control the TE of lipoplexes, which is in line with the models
proposed by Francis C. Szoka, Jr. for the interaction between
lipoplexes and cellular membranes in the mid-1990s.9 This
suggestion was also in agreement with some previous
investigations performed by Dick Hoekstra at the University
of Groningen in The Netherlands40 who had shown that
certain lamellar lipoplexes could adopt a fusogenic-inverted
hexagonal phase after interaction with acidic phospholipid-
containing membranes.
The transition to a reversed hexagonal phase of lamellar

lipoplexes represents a significant change in the structural
arrangement of lipid bilayers and is of particular importance in
the context of gene delivery. The structural transition allows
for improved release of cargo molecules from the lipoplexes.
When lipoplexes encounter target cells or cellular membranes,
the lipid structure can adapt to facilitate the release of the
cargo into the cell’s interior. This is crucial for effective drug or
gene delivery. The ability of lipoplexes to transition to a
reversed hexagonal phase can be engineered to respond to
specific triggers or conditions, such as changes in pH or
temperature.
We will continue this walk down memory lane with a

reference to the studies that contributed to the maturity of the
field. Rumiana Koynova, Robert MacDonald, and their
colleagues contributed to the development of the field by
investigating the relationship between TE and the structural
evolution of lipoplexes mixed with various anionic membrane
lipids such as dioleoylphosphatidylglycerol (DOPG), dioleoyl-
phosphatidic acid (DOPA), 1,2-dioleoyl-sn-glycero-3-phospho-

ACS Pharmacology & Translational Science pubs.acs.org/ptsci Perspective

https://doi.org/10.1021/acsptsci.3c00185
ACS Pharmacol. Transl. Sci. 2023, 6, 1561−1573

1565

pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.3c00185?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


L-serine (DOPS), cardiolipin, and shyngomyelin.30,41 Their
research demonstrated that DNA release occurs due to the
charge neutralization of lipoplexes by ALs, and it correlates
with the interfacial curvature of the mesoscopic structures
emerging from lipoplex−AL interaction.
Highly efficient lipoplex formulations formed phases of high

negative interfacial curvature (e.g., bilayer cubic, inverted
hexagonal, micellar cubic, etc.) when mixed with ALs.
Therefore, lipoplexes that easily transformed into nonlamellar
phases when mixed with ALs would release DNA very easily,
which was likely the reason for their high TE.
What our group contributed to clarifying was the relation-

ship between TE of lipoplexes and their structural stability
against interaction with cellular lipids. The method used to
mimic lipoplex−cell interaction was to incubate lipoplexes with
ALs as a function of the molar ratio R = AL/CL (Figure 2d).
The information about the structural evolution obtained from
SAXS was systematically coupled with the measurements of
DNA release obtained by agarose gel electrophoresis experi-
ments.42 By doing so, we demonstrated that the structural
evolution of lipoplexes under interaction with ALs follows a
two-step mechanism (Figure 2e).
In the initial stage, cationic lipids within lipoplexes engage

with anionic lipids on the surface of cellular membranes. Due
to the increased lipid membrane available, the distance
between the DNA molecules progressively increases with R.
In this phase, the DNA peak present on the SAXS spectrum is
still visible and moves continuously to lower transferred
momentum values q due to the increased spacing of the 1D
DNA lattice in real space. This demonstrated that, until
neutralization of the lipoplex is complete, the DNA remains
largely trapped in the complex.28

When the lipoplex is neutralized, a second phase begins. The
second step involves a more intimate interaction where lipids
from the lipoplex membrane and the target lipid structure (e.g.,
cellular membrane) mix and merge. In this second stage, the
structure of the lipoplexes is gradually disintegrated upon
further addition of ALs. This process can result in membrane
fusion, where the lipid bilayers of the lipoplex and the target
structure merge, allowing the cargo (e.g., genetic material) to
be released. Without efficient lipid mixing and fusion, the cargo
may remain trapped within the lipoplex, hindering its delivery
into the target cell. This step also allows the lipoplex to adapt
to the lipid environment of the target cell membrane,
facilitating fusion.
SAXS studies also clarified that relevant differences in the

tendency of lipoplexes to be destroyed by ALs could be
observed. In general, the higher the structural stability of
complexes upon interaction with cellular membranes, the lower
the extent of DNA release. Each lipoplex formulation exhibited
its own AL/CL molar ratio at which the structure was
completely disintegrated, and the gene payload entirely
released.36

Another key observation was that the phase transition rates
were regulated by shape coupling between lipoplex and
membrane lipids.43 Lipid shape is a well-established concept
in membrane biophysics, frequently used to describe the
volume occupied by phospholipids.44 With the use of this
approach, phospholipids can be classified as cylinders (e.g.,
PC), cones (e.g., phosphatidylethanolamine, PE), and inverted
cones (e.g., lysophosphatidylcholine), depending on the
relative volumes of their polar head-groups and fatty acyl
chains. The shape and packing of lipoplexes and ALs play a

crucial role in their mixing and fusion processes. When there is
minimal competition for space between lipoplexes and anionic
lipids, the incorporation efficiency of ALs into lipoplex
membranes is enhanced. Minimal competition for space refers
to the idea that when two lipid bilayers come together for
fusion, there should be mixing of lipids without overcrowding
or steric hindrance.43 Lipid molecules from each bilayer need
adequate space to reorganize and interact effectively to achieve
fusion. If there is excessive competition for space, it can lead to
incomplete fusion, nonproductive intermediates, or even
membrane disruption.
This ability of ALs to integrate into lipoplex membranes can

regulate the destabilization of the lipoplex structure, leading to
the release of DNA. Therefore, by adjusting the lipid
composition of lipoplexes to align with the membrane profile,
it could be possible to effectively coordinate their intracellular
activities.
Lipoplexes must have appropriate lipid composition and

stability to effectively interact with cellular membranes and
deliver their genetic material to the cytoplasm while avoiding
lysosomal degradation. To achieve this, the multilayered
structure of the lipoplexes needed to be reduced. Cellular
studies coupled with fluorescence confocal microscopy experi-
ments (Figure 2f) allowed one to explore the structural
evolution of lipoplexes in cellular environments (Figure, 2g).
One promising delivery strategy was proposed by Hideyoshi

Harashima’s research group at Sapporo University, Japan. They
created the multifunctional envelope-type nano device
(MEND),45 which had a core of pDNA condensed with
polycations and surrounded by a few lipid membranes which
could also have functional devices added to them in an
incremental process.46 Our group employed a similar approach
and ended up with well-structured DNA/protamine particles
covered by a lipid monolayer called multicomponent envelope-
type nanoparticle systems (MENS).47

Combining the qualities of MEND and the ability of
multicomponent lipid membranes to break down endosomes,
MENS facilitated an outstanding release of DNA (Figure 3).
Consequently, MENS overcame lipoplexes with identical lipid
composition and CL/DNA ratio in their tendency for high TE
in multiple types of cell lines with no observable effect on the
cells’ viability. Envelope-type nanoparticle systems were a
source of inspiration for developing LNPs.
The mechanism of interaction between lipoplexes and ALs is

significant for understanding how lipoplexes can undergo
structural changes, and experimental approaches are extended
to the understanding of LNPs as well.

■ LIPID NANOPARTICLES: BUILDING UPON
LIPOPLEX MILESTONES

In this section, we will closely examine critical facets of LNPs,
encompassing their formation mechanism, lipid composition,
structural characteristics, and interactions with cellular entities.
Through these examinations, we aim to shed light on the
progress made in applying lipoplex-derived knowledge to LNPs
and emphasize the key areas requiring further attention and
development.
Mechanism of Formation. Understanding how LNPs are

formed is foundational to their successful application. Despite
the progress made in understanding the mechanism of lipoplex
formation and the factors shaping the equilibrium structure of
lipoplexes, several challenges persisted in the 2010s, partic-
ularly in terms of their suitability for in vivo applications.

ACS Pharmacology & Translational Science pubs.acs.org/ptsci Perspective

https://doi.org/10.1021/acsptsci.3c00185
ACS Pharmacol. Transl. Sci. 2023, 6, 1561−1573

1566

pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.3c00185?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The process of bulk mixing, followed by pipetting and
vortexing, yielded lipoplexes characterized by substantial
heterogeneity in size, with a notable portion proving unsuitable
for gene delivery purposes. Researchers aimed to tackle this
problem by developing technologies that could create
complexes with a uniform size and a positive charge, which
would enable reliable large-scale production.48,49 LNPs were
produced utilizing microfluidics, which ensures millisecond
mixing at the nanoliter scale with consistency, reliability, and
excellent encapsulation efficacy.50 The microfluidic system
combines a stream containing nucleic acids (e.g., siRNA,
mRNA, DNA, etc.) that are usually dissolved in a low pH
acetate buffer (pH 4.0) with a stream containing a lipid
mixture in an organic phase. Several studies explored the
impact of varying operational and influential factors on the
synthetic properties of LNPs in microfluidic devices.51

Microfluidic systems are adaptable, efficient, and highly
customizable, accommodating various lipid compositions and
optimizing LNPs for specific applications. These techniques
involve lower shear stresses, preserving the integrity of
sensitive molecules like mRNA. Continuous production
reduced solvent usage, controlled encapsulation, and enhanced
targeting capabilities further highlighting the benefits of
microfluidics in producing LNPs.
Lipid Composition. The insights gleaned from the

investigation of overcharged lipoplexes have been effectively
harnessed in the development of FDA-approved LNPs,

including mRNA-1273/SpikeVax, BNT162b2/Comirnaty,
and Onpattro. While lipoplexes typically consist of a 50%
cationic lipid and 50% neutral lipid composition, LNPs have
evolved by substituting 50% of the cationic lipids with
ionizable lipids. The introduction of ionizable lipids is of
paramount importance for LNPs, ensuring the efficient
encapsulation of negatively charged DNA during the mixing
process. These ionizable lipids are meticulously designed with
a pKa value below 7, allowing them to maintain a neutral
charge at physiological pH levels. This adjustment serves a dual
purpose: it reduces the potential toxicity associated with
cationic charges and prolongs the circulation lifetime of LNPs.
Furthermore, researchers drew inspiration from the success

of multicomponent lipoplexes and nanoparticle systems with
multiple envelopes. This inspiration led them to incorporate
four distinct lipid species within LNPs, with each lipid species
serving a specific function.49 They include a neutral lipid such
as distearoylphosphatidylcholine (DSPC), cholesterol, and a
PEG-lipid.
In accordance with previous studies on lipoplexes,52 the

neutral lipid and cholesterol are crucial, as they provide LNPs
with bilayer stability and fusogenic properties as seen in
liposomal drugs like Doxil.53 PEG lipids are responsible for
particle stability, preventing aggregation, fusion, and opsoniza-
tion in vivo.54

Despite the advantages of using PEG lipids, there are
potential drawbacks that need to be taken into consideration.
One such concern is the formation of anti-PEG antibodies,55

which can reduce the bioavailability of the drug and cause side
effects such as the accelerated blood clearance (ABC)
phenomenon.56 Recent studies have demonstrated that this
issue can also arise when using SARS-CoV-2 LNP mRNA
vaccines.57 The debate surrounding PEG lipids’ capability to
prevent protein adsorption and stimulate opsonization remains
unresolved among researchers. For a more in-depth under-
standing, we recommend readers consult Verhoef and
Anchordoquy’s work.58

Structure. Conclusions about lipoplex structure inspired
researchers to investigate the nanostructure of LNPs since their
initial development. The structure of LNPs has been mainly
studied in the context of the delivery of smaller siRNA (<30
nucleotides). The first formulations of LNPs were made in the
early 2000s by macroscopic mixing of a solution containing
siRNA with a solution containing ionizable aminolipids. A
PEG-lipid was also required during the formulation process to
prevent aggregation. These structures differed from liposomes
in that they did not have an internal aqueous compartment but
had a solid structure consisting of oligolamellar and multi-
lamellar domains resembling that of lipoplexes.59

A decisive advance was achieved when Pieter Cullis and co-
workers at the University of British Columbia showed that
microfluidic mixing generated homogeneous and small-size
LNPs with 100% encapsulation of siRNA.48 Since that turning
point, many works have been published. Now we know that
siRNA-loaded LNPs organize into a core−shell structure,60

wherein the core contains siRNA molecules electrostatically
complexed with the ionizable lipid, with DSPC and the PEG-
lipid residing primarily on the surface along with a portion of
the ionizable lipid and cholesterol forming the shell of the
LNPs. On the basis of the specific siRNA-to-lipid molar ratio
and the lipid type, siRNA-LNPs can display various structural
characteristics. These include a multilayered composition, a
nanostructured core, or a uniform core−shell arrangement.61

Figure 3. Schematic describing the performance of multicomponent
envelope-type nanoparticle systems (MENS) as they navigate their
way to the cell nucleus. Initially, MENS are internalized by the
process of macropinocytosis, where they are taken up by the cell and
enclosed within vesicles. Once inside the cell, MENS exhibit a unique
characteristic: they diffuse freely within the cytosol. This diffusive
behavior sets them apart from other nanoparticles and plays a crucial
role in their overall performance. They possess the capability to
maintain a low level of active transport, effectively avoiding pathways
that would lead them to degrading lysosomes. This distinct feature
allows MENS to preserve their integrity and functionality, ensuring
that they remain intact throughout their journey within the cell.
However, the true power of MENS lies in their exceptional DNA
release from the endosomes. This process, likely due to gain in lipid
mixing entropy,35 enables the DNA payload to escape the confines of
the endosomes and gain access to the nucleus. The extensive nuclear
entry achieved through effective DNA release is of paramount
importance. It allows the DNA to reach its target destination within
the cell, the nucleus, where it can exert its biological effects. The
enhanced transfection efficiency resulting from successful nuclear
entry is a key factor in the success of MENS as gene delivery systems.
Cartoons were created using Biorender.com.
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However, the role of factors shaping the morphology of
LNPs and their state within the particle interior remains
unclear.62 As an instance, it has been suggested that the
encapsulated size of the genetic payload affects the nanoscale
arrangement of LNPs. Therefore, the question remains
whether the lessons learned from siRNA-LNPs apply to
mRNA-LNPs and plasmid DNA-LNPs due to their larger size
(∼ 103−104 nucleotides). Using cryo-TEM, SAXS, and small-
angle neutron scattering (SANS), Yanez Arteta et al. suggested
that mRNA is located inside water cylinders, which are coated
by cationic lipids, and proposed that this arrangement can
determine instability under nonfrozen storage conditions.63

While mRNA is positioned within the particle interior, the
nanoscale organization of lipids and mRNA remains
ambiguous, with more research needed to confirm the
morphology of mRNA-LNPs.
In a seminal investigation, Whitehead and co-workers were

able to coformulate siRNA and mRNA in a single LNP
formulation.64 While excellent transfection properties were
obtained both in vitro and in vivo, no information about
structural arrangement was provided.
We have even less information on the structure of LNPs

loaded with plasmid DNA. Some recent studies demonstrated
that DNA-LNPs are constituted by oligolamellar domains
whose spatial extension is dependent on the lipid composi-
tion.65 Despite extensive research, a clear correlation between
the structure of DNA-LNPs and their lipid composition has yet
to be established.
Additionally, the effects of variables such as the CL/DNA

ratio and DNA size on LNP structure remain poorly
understood. In conclusion, understanding the nanoscale
structure of LNPs is still in its infancy. It can also help in
the determination of the stability and shelf life of these
nanoparticles, which is essential for their storage and transport.

Furthermore, a knowledge of the nanostructure can provide
insights into the interactions of LNPs with biological
membranes, which is critical for assessing their potential
toxicity and safety profiles.
LNP−Cell Interactions. A pivotal aspect of this explora-

tion entails investigating whether the principles elucidated in
research concerning lipoplex−cell interactions can be effec-
tively applied to LNPs. This inquiry is of paramount
importance due to the parallels observed in their interactions
with cellular membranes and the critical role that efficient lipid
mixing and fusion play in ensuring successful cargo delivery.
An essential facet of LNP efficacy lies in their interaction with
cellular structures. In the case of lipoplexes, numerous
investigations have sought to uncover the mechanisms behind
their action. The cellular uptake of lipoplexes depends on their
synthetic composition. Cells can internalize them through
endocytosis, wherein the cell engulfs surrounding fluid,
potentially carrying lipoplexes along. Different subtypes of
endocytosis include clathrin-mediated endocytosis, caveolae-
mediated endocytosis, and micropinocytosis.52,66 Another
entry mechanism involves fusing directly with the cell
membrane, releasing their cargo into the cell cytoplasm.67

This fusion is facilitated by the lipid components of the
delivery systems merging with the cell membrane. The
efficiency and selectivity of these mechanisms can vary,
depending on the characteristics of the lipid systems (e.g.,
number and the types of the lipid species) and the type of
target cell. Understanding the intricacies of these cellular entry
mechanisms in LNP-mediated gene delivery is vital for
developing effective formulations. The ability of lipoplexes to
escape the autophagy-lysosomal pathway has also been
investigated. It has been shown that intracellular trafficking,
endosomal escape, and lysosomal degradation are interde-
pendent processes.38 Formulations that are transported along

Figure 4. Microfluidic manufacturing of multicomponent lipid nanoparticles (LNPs). The microfluidic manufacturing process of multicomponent
LNPs loaded with plasmid DNA involves the utilization of a staggered herringbone micromixer (SHM). In this process, lipid blends dissolved in
ethanol are injected through one inlet, while plasmid DNA dissolved in acetate buffer solution is injected through another inlet. At the Y-junction of
the SHM, the two solutions converge and undergo chaotic mixing facilitated by the herringbone structure within the micromixer. This mixing
phenomenon induces an increase in the polarity of the lipid solution, resulting in the formation of LNPs that encapsulate the plasmid DNA.
Adjacent to the image, the text highlights two main categories of influential factors in the manufacturing process: synthesis and microfluidic
parameters. Among these factors, lipid composition has been identified as a key parameter that governs the transfection behavior of both lipoplexes
and multicomponent envelope-type nanoparticle systems (MENS). With this understanding, the hypothesis was put forth that the lipid
composition of LNPs could modulate their ability to deliver the cargo when they interact and mix with cellular lipids. To explore this hypothesis,
LNPs were prepared using the same lipid composition as that of MENS. Readapted with permission from ref 70. Copyright 2021 MDPI AG.
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microtubules tend to accumulate in lysosomes, while those that
move through Brownian diffusion, avoiding active transport
along the cytoskeleton, also evade degradation in the lysosomal
compartment. Such understanding is still lacking for LNPs.
Researchers have recently emphasized that the optimal
proportions of various lipid species in LNP-siRNA systems
can differ based on the specific ionizable cationic lipid used.60

They suggest that the ideal ratios should be fine-tuned
according to the solubility of the lipid components with one
another. Additionally, the lipid-to-RNA ratio has been
determined through empirical methods to enhance gene
silencing potency in vivo. As endosomes mature and their
pH falls to 6 or lower, ionizable lipids become protonated,
transitioning from a neutral to a positively charged state. This
protonation is likely accompanied by a change in the lipid
molecular shape, ultimately promoting the formation of
inverted, highly fusogenic structures.68 Recent studies suggest
that the lipid composition of LNPs is asymmetrical, with some
lipid species confined to the aqueous core and others on the
surface. Given that each lipid species specifically interacts with
cellular lipids and may have a role as an adjuvant with cellular
receptors like TLRs located on the plasma membrane or the
endosomal membrane, there could be different effects even
with the same lipid composition.
One effective approach for the development of LNPs with

the ability to rupture endosomes involves creating a library of
LNPs with systematic variations in lipid composition (Figure
4). These LNPs can then be tested by interacting them with an
endosomal model membrane (EMM) at different LNP/EMM
mass ratios. Lessons learned from lipoplexes suggest that EMM
should closely resemble that of endosomal membranes. In
accordance with the literature,69 EMM must contain a mixture
of phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylinositol (PI), phosphatidylserine (PS), bis-
(monoacylglycero)phosphate (BMP), and sphingomyelin
(SM). By performing SAXS measurements, we can analyze
the structural changes in LNPs/EMM mixtures and estimate
the range of R values at which LNPs start to disintegrate.
Additionally, when combined with confocal microscopy
experiments, this approach can help evaluate the ability of
LNPs to disrupt endosomes and provide valuable insights into
the optimal lipid composition for achieving endosomal rupture
and facilitating large DNA release.

■ FUTURE RESEARCH DIRECTIONS
We will close this walk down memory lane with a reference to
other important aspects that may contribute to bringing the
field to maturity.
Like other gene delivery systems, LNPs encounter the

hurdle of a brief circulation time and rapid elimination from
the bloodstream. To address this issue, ionizable amino-lipids
help maintain a biocompatible neutral charge, while PEG-lipids
enhance stability and provide stealth properties. This shields
the particle surface and limits the adsorption of serum proteins,
ensuring protection against mononuclear phagocyte systemic
uptake and thus contributing to increased circulation time
(principles and applications are reviewed in ref 71). However,
both lipid components have their drawbacks. For instance, the
ionizable cationic lipids are susceptible to temperature- and
pH-dependent hydrolysis leading to detrimental effects on
particle stability, while high concentrations of PEG lipids
prevent the efficient delivery of RNA into cells (the “PEG
dilemma”).72 Immune responses to PEG molecules have also

been reported to result in accelerated blood clearance referred
to as the “ABC” phenomenon.56 Future research will be aimed
at understanding whether cationic lipids and alternative
materials to PEG-lipids such as zwitterionic materials may
provide LNPs with stealth properties.
An additional notable challenge involves the selection of

suitable animal models for preclinical investigations. Mice are
used for initial biodistribution and pharmacokinetics studies
due to their size and ease of handling. Rats offer advantages for
accessible organ studies. Rabbits are suitable for cardiovascular
system research, while nonhuman primates closely mimic
human responses, aiding safety assessments. Zebrafish are used
for high-throughput screening due to transparency. Pigs, with
human-like anatomy, are valuable for translational research,
especially in relevant organ studies.
A significant aspect revolves around the capacity to

accurately target selective organs and tissues. The development
of targeted LNPs holds immense potential for improving the
accuracy and effectiveness of drug delivery. Promising
strategies for targeted LNPs encompass antibody-based
targeting, peptide ligands, aptamers, and small molecules,
both individually and in combination. Nevertheless, despite
their potential, the clinical application of targeted LNPs has
encountered hurdles. One prominent obstacle arises from the
fact that, under physiological conditions, targeted LNPs
become coated with biomolecules, thereby concealing their
targeting ligands.
Recent studies explore the gap between laboratory findings

and the clinical success of NPs. This gap is partially attributed
to our limited understanding of the connection between their
synthetic identity, biological identity, and physiological
response.73 Upon in vivo administration (e.g., i.v., subcuta-
neous injection, etc.) NPs get coated by a protein corona that
provides them with a new biological identity that controls
physiological response.74 In previous works, we have shown
that the protein corona acquired by lipid vesicles has a
composition that is simultaneously regulated by the electrical
charge and by the affinity of lipids for individual proteins or
specific classes of plasma proteins.75 The protein corona
regulates the interaction with immune system cells in vitro and
ex vivo.76

These findings prompted us to create biomimetic lipoplexes
with an artificial opsonin-deficient protein corona that
minimizes the uptake by immune cells in vivo.16 We have
also demonstrated that the protein corona of lipoplexes locks
onto receptors of cancer cells, promoting internalization by a
receptor-mediated mechanism. It was the case of DOTAP/
DNA lipoplexes coated by a vitronectin-enriched protein
corona. We showed that vitronectin promotes efficient uptake
in cancer cells expressing high levels of the vitronectin ανβ3
integrin receptor.77 Accurate identification of protein corona
fingerprints has allowed us to predict multiple biological
interactions between lipid vesicles and cancer cells.
The development of such knowledge for LNPs will be vital

for improved particle design and targeted delivery. Now that
we know that the protein corona is the missing link to correlate
synthetic identity and physiological response, it will be
necessary to investigate the bionano interactions between
LNPs and specific biological fluids.
In this regard, the quantitative structure−activity relation-

ship (QSAR) methods can be used to predict the relationships
between the synthetic identity of LNPs and their mechanism of
action at a cellular level. QSAR is a computational modeling
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technique used in nanomedicine to predict and understand the
relationship between the chemical or structural properties of
nanoparticles and their biological activities or effects.78 QSAR
guides the design of nanoparticles by quantifying how various
structural features (such as size, shape, surface charge, and
composition) impact their behavior in biological environments.
QSAR provides insights into the underlying mechanisms of
nanoparticle interactions with biological systems. It helps
researchers understand how nanoparticles are taken up by cells,
influence biological pathways, and exert their therapeutic
effects. QSAR approaches assume that LNPs with comparable
synthetic identities will interact similarly with cells thus
eliciting similar physiological responses (e.g., protein ex-
pression and production of antibodies). We envision that
QSAR investigations will enable prediction of bioactivity,
accelerating the development of optimized LNPs. Identifying
the most appropriate set of nanodescriptors (e.g., size, shape,
surface properties) representing the relevance of each factor
contributing to the creation of the protein corona will require
the development of novel high-throughput approaches. In this
regard, QSAR is emerging as a powerful tool to describe the
interactions at the nanobio interface.79 Significant new research
will be therefore aimed at identifying meaningful relations
between the synthetic/biological identity of NPs and their
biological fate (blood circulation time and biodistribution)
(Figure 5).
A prospective avenue of research entails harnessing the

potential of artificial intelligence (AI) for the refinement and
enhancement of LNPs. AI plays a rapidly growing and pivotal
role in the design and optimization of LNPs in several ways. AI
can optimize the ratios and combinations of lipids and other
components in LNPs to improve their stability, drug-loading
capacity, and targeting properties. This reduces the need for
time-consuming trial-and-error experiments. AI models can
predict how different drug molecules interact with LNPs,
helping researchers select the most suitable LNPs for specific
drugs. This can accelerate the drug development process. AI
can simulate the biodistribution of LNPs in the body,
predicting how they interact with various tissues and cells.

This aids in designing LNPs for targeted delivery and
minimizing off-target effects. AI models can also assess the
potential toxicity of LNPs and their components, enabling the
selection of safer formulations and guiding regulatory
compliance. AI can analyze data to predict the immune
responses triggered by LNPs, helping researchers design LNPs
that minimize immunogenicity and improve vaccine safety. AI
can analyze patient-specific data to design personalized LNPs,
tailoring drug delivery systems to individual genetic and
physiological characteristics. AI algorithms can handle and
integrate large data sets from various sources, including
genomics, proteomics, and clinical trials.
In conclusion, we firmly believe that the convergence of

these forthcoming advancements, when thoughtfully inte-
grated, will yield invaluable insights and novel prospects,
ultimately expediting the clinical adoption of LNPs. This
transition will propel them beyond the realm of laboratory
research and into practical utilization within medical settings.
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