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Abstract 

Messenger RNA (mRNA) therapeutics are expanding from vaccination to cancer immunotherapy, protein replacement, and in 
vivo gene editing. Across these applications, delivery systems must provide sufficient efficacy in diverse tissues and treatment 
settings while maintaining acceptable safety. For both lipid nanoparticles (LNPs) and polymeric carriers, delivery efficiency and 
safety are closely intertwined through charge exposure, membrane activity, and material biopersistence. These material properties 
facilitate mRNA loading, cellular uptake, and endosomal escape. However, the presence of excessive charges or membrane 
disruption can induce cell injury and immune activation, whereas prolonged material persistence can increase tissue accumulation 
and cumulative toxicity. This review presents a shared materials framework for both LNPs and polymeric carriers for mRNA 
therapeutics. It examines how engineered lipids, alternative surface coatings, and biodegradable or charge-shifting polymers 
maintain delivery efficiency while reducing carrier-associated safety risks. We further propose practical principles for evaluating 
mRNA carriers under clinically relevant treatment conditions and for defining an acceptable therapeutic window. Together, this 
review provides a shared design framework for developing LNPs and polymeric carriers with effective delivery, acceptable safety, 
and sustained therapeutic benefits. 
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1. Introduction 
Messenger RNA (mRNA)-based therapeutics 

have emerged as a versatile and scalable modality 
with growing impact on the prevention and treatment 
of diverse diseases [1-3]. Compared with protein drugs 
and DNA-based gene therapies, mRNA drugs offer 
several biological and manufacturing advantages [4, 
5]. mRNA is translated directly in the cytoplasm 
without a procedure for nuclear entry and therefore 
does not carry the same risk of genomic integration 
and insertional mutagenesis as DNA-based 
approaches [6-9]. Moreover, mRNA is assembled from 
four chemically similar nucleotides, facilitating 
platform-based and standardized manufacturing. This 
relative compositional uniformity may resolve 

formulation and production challenges associated 
with the complex higher-order structures of protein 
drugs [10-12]. mRNA can be produced by cell-free in 
vitro transcription with considerable process 
flexibility, scalability, and control over manufacturing 
costs [13, 14]. Together, these advantages have 
motivated the development of mRNA therapeutics for 
infectious disease vaccines [15, 16], cancer 
immunotherapy [17, 18], protein replacement therapy 
[19], and gene editing [20, 21]. As the application 
indications of mRNA therapeutics expand, more 
rigorous safety evaluation is required. 

The physicochemical properties of mRNA 
remain major barriers to effective clinical translation, 
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and they may also contribute to safety-associated risks 
[22, 23]. Its large molecular size, hydrophilicity, and 
susceptibility to ribonucleases can substantially 
compromise its stability in vitro and in vivo. In 
addition, the polyanionic mRNA backbone has low 
permeability across the anionic phospholipid bilayer, 
resulting in inefficient cellular uptake of naked mRNA 
[24-26]. Foundational demonstrations of lipid-
mediated RNA transfection and polyethylenimine 
(PEI)-based nucleic acid complexation established the 
feasibility of nonviral nucleic acid delivery [27, 28], 
and subsequent advances in modular ionizable lipid 
design have established and refined structure-activity 
relationships (SARs) that continue to guide LNP 
optimization [29]. Accordingly, delivery systems 
capable of protecting and transporting mRNA in vivo 
have been extensively developed. In principle, an 
effective platform for delivering mRNA should 
preserve its integrity during administration and 
extracellular transport [30]. It should also modulate 
tissue and cellular exposure, promote cellular uptake 
and endosomal release, and ultimately support 
sufficient protein expression [31-33]. Clinically 
established lipid nanoparticles (LNPs) [34] and 
emerging platforms, including polymeric 
nanoparticles [35] and lipid-polymer hybrid 
nanoparticles [36], have substantially improved 
mRNA delivery and therapeutic performance. 
However, these advances also highlight a central 
design challenge: the same carrier properties that 
facilitate mRNA complexation, cellular uptake, and 
intracellular release may also induce adverse 
biological responses. Therefore, balancing delivery 
efficiency with carrier-associated safety risks is central 
to the design and clinical development of mRNA 
delivery systems. 

The global deployment of COVID-19 mRNA 
vaccines has increased attention to the safety of mRNA 
delivery systems. Reported concerns include carrier-
associated cytotoxicity, complement-mediated 
hypersensitivity, and inflammatory responses, 
although their occurrence and severity depend on 
formulation composition and exposure conditions [37, 
38]. Ionizable lipids can promote cellular uptake and 
endosomal escape through membrane interactions. 
These interactions may disrupt membranes or activate 
innate immune signaling, including TLR4/NF-κB, and 
they are also associated with increased 
proinflammatory cytokine production [39]. PEG-lipids 
can improve colloidal stability and prolong 
circulation, but pre-existing or induced anti-PEG 
antibodies may accelerate particle clearance or 
promote complement activation. PEG-containing 
formulations have also been linked to complement 
activation-related pseudoallergy and, in rare cases, 

severe hypersensitivity reactions. For many cationic 
polymer formulations, sufficient protonatable charge 
promotes mRNA condensation and cellular uptake. 
Excessive or constitutively exposed positive charge 
may nevertheless strengthen nonspecific interactions 
with membranes and blood components, contributing 
to membrane injury, cytotoxicity, or hematological 
effects [40, 41]. These safety-associated risks have been 
ascribed to the carrier architecture, molecular weight, 
degradability, and other physicochemical properties. 
Such safety concerns become particularly important 
during systemic, high-dose, or repeated 
administration, which may narrow the therapeutic 
window of mRNA therapeutics [42-44]. 

Recent reviews have examined LNP formulation, 
polymeric modifications, tissue targeting, 
inflammatory mechanisms, and clinical development 
[35, 45-48]. Cross-platform analyses have revealed 
how nanocarrier design influences biological transport 
and translational feasibility across different RNA 
modalities [49]. However, these reviews are often 
dedicated to a single topic or a combination of a few 
topics, while very few of them have comprehensively 
addressed how carrier design balances mRNA 
delivery and its safety. Recent advances in carrier 
design by modulating charge exposure, membrane 
activity, and material persistence have demonstrated 
that a balance in supporting mRNA loading and 
intracellular delivery, and mitigating harmful 
biological interactions and excessive tissue 
accumulation could be achieved. This review 
examines LNPs and polymeric carriers within a shared 
materials framework and elaborates rational design 
strategies for balancing delivery efficiency and safety 
across different therapeutic applications (Figure 1). 
We used keywords to identify studies on mRNA 
carrier design by evaluating both delivery 
performance and safety in Web of Science and 
Crossref-indexed publication records with dates up to 
August 2026. The search combined (“mRNA” OR 
“messenger RNA”) with (“lipid nanoparticle” OR 
“LNP” OR “polymer” OR “polyplex”) and (“delivery” 
OR “transfection” OR “toxicity” OR “safety” OR 
“immunogenicity” OR “complement” OR 
“reactogenicity” OR “biodegradation” OR 
“clearance”). After duplicate removal, records 
underwent title and abstract screening followed by 
full-text assessment. English-language original studies 
identifying the carrier and reporting relevant delivery 
or safety outcomes were eligible, whereas unverifiable 
abstracts, studies lacking carrier identity, and non-
mRNA studies without direct mechanistic relevance 
were excluded. Clinical and regulatory information 
was verified through ClinicalTrials.gov and official 
FDA, EMA, and PMDA records.  
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Figure 1. A framework for balancing delivery efficiency and safety in mRNA delivery systems. Charge exposure, membrane activity, and material biopersistence jointly shape 
the delivery performance and safety outcomes of LNPs and polymeric carriers. Rational material design should be tailored to the therapeutic indication, administration route, 
dose, target tissue, and dosing frequency. Created in https://BioRender.com. 

 

2. Material properties that couple 
delivery efficiency and safety 

The balance between delivery performance and 
safety in mRNA delivery systems is predominantly 
governed by three interrelated material properties. 
First, cationic and ionizable groups facilitate mRNA 
complexation, cellular uptake, and endosomal escape, 
whereas excessive charge exposure can damage 
membranes and activate innate immunity. Second, 
membrane destabilization promotes cytosolic release, 
but extensive endosomal or lysosomal injury can 
trigger inflammation and cell death. Third, material 
stability protects mRNA, whereas excessive 
biopersistence may promote carrier or metabolite 
accumulation after systemic or repeated 
administration. In this review, safety is used as an 
overarching concept, whereas toxicity refers to 
harmful biological effects, immunogenicity describes 
the ability to elicit an immune response, and 
reactogenicity refers to expected local or systemic 
reactions following administration. The following 
sections discuss efficiency-safety challenges in LNPs 
and polymeric carriers. 

2.1 Lipid nanoparticles 
LNPs are the most clinically established platform 

for mRNA delivery, particularly for vaccines. A 
typical formulation contains an ionizable lipid or, less 
commonly in current mRNA products, a permanently 
cationic lipid, together with a PEGylated lipid, a sterol, 
and a helper phospholipid (Figure 2A). Together, 
these components determine the three material 
properties considered throughout this review. Lipid 
protonation and surface presentation govern charge 
exposure, lipid packing and fusogenicity determine 
membrane activity, and chemical stability and 
metabolic fate influence biopersistence.  

2.1.1 Permanently cationic versus ionizable lipids 

Charge-bearing lipids used for nucleic acid 
delivery can be divided into permanently cationic and 
ionizable lipids according to their protonation 
behavior. Permanently cationic lipids retain a net 
positive charge across physiological and endosomal 
pH, whereas ionizable lipids are designed to remain 
neutral near physiological pH and become protonated 
at a low pH in endosomes. These charge behaviors 
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lead to different patterns of protein adsorption, 
nonspecific membrane interaction, cellular uptake, 
pharmacokinetics, and toxicity [50, 51]. 

Permanently cationic lipids, such as N-[1-(2,3-
dioleyloxy)propyl]-N,N,N-trimethylammonium 
chloride (DOTMA) and 1,2-dioleoyl-3-
trimethylammonium-propane chloride (DOTAP), 
retain a positive charge across the physiological pH 
range. Their strong electrostatic interactions with 
anionic cell membranes can improve cellular uptake 
but also destabilize the plasma membrane, increase 
nonspecific uptake, and provoke cytotoxic or 
inflammatory responses (Figure 2B) [52-54]. These 
limitations motivated the development of ionizable 
lipids, which are designed to reduce extracellular 
charge exposure while retaining protonation-
dependent endosomal escape. This charge-switching 
mechanism may reduce nonspecific membrane 
interactions, but it does not by itself establish lower in 
vivo toxicity, which also depends on lipid structure, 
formulation, dose, route, and tissue exposure. 

Accordingly, ionizable lipids have been widely 
used in clinically approved mRNA vaccines. 
Nevertheless, several studies indicate that specific 
ionizable-lipid formulations can raise safety concerns, 
as illustrated in Figure 2C. Protonation within 
endosomes can promote membrane destabilization, 
but excessive disruption of endosomal or lysosomal 
membranes may induce cytotoxicity and 
inflammatory signaling [55, 56]. In some cases, a 
distinct swelling-associated form of cell death has been 
reported [57]. Chaudhary et al. found that lipids 
bearing hydrophobic moieties in their amine 
headgroups can penetrate more deeply toward the 
bilayer core and induce membrane phase separation. 
In the experimental system, phase separation was 
ascribed to lipid-raft formation, strong interactions 
with TLR4 and CD1d, and enhanced secretion of pro-
inflammatory mediators, such as TNF, IFN-γ, IL-6, 
and IL-2 [58]. In addition, ionizable lipids can provide 
both the priming and activation signals required for 
the assembly of NOD-like receptor family pyrin 
domain-containing 3 (NLRP3) inflammasomes. 
Through caspase-1 cleavage and gasdermin D 
(GSDMD)-mediated pore formation, they can promote 
IL-1β maturation and pyroptotic cell death [59, 60]. 
These inflammatory responses may also suppress 
intracellular mRNA translation [61, 62]. For example, 
LNPs formulated with MC3 or SM-102 induce marked 
IL-1 and IL-1ra release in human peripheral blood 
mononuclear cells (PBMCs). Notably, empty SM-102-
based LNPs can trigger robust IL-1β secretion even 
without mRNA cargoes, indicating that ionizable 
lipids themselves can induce sufficient signals for 
inflammasome activation [63]. 

Beyond charge exposure and membrane activity, 
the metabolic products of LNP lipids raise additional 
safety concerns related to biopersistence (Figure 2D). 
In this review, biopersistence is broadly categorized 
into the retention of intact carrier lipids and the 
accumulation of slowly cleared or biologically active 
metabolites in the human body. Lipids and their 
metabolites frequently play a role in energy 
metabolism and immune regulation, while disruption 
of these pathways can disturb lipid homeostasis, 
promote lipid peroxidation, and contribute to 
ferroptosis-related cellular injury [64, 65]. Intracellular 
accumulation of esterified fatty acids, for example, can 
increase lipid peroxidation [66]. If the resulting 
reactive lipid species are not adequately cleared, 
sustained oxidative stress may lead to tissue damage 
[67]. Fatty acids can also modulate inflammatory 
signaling through peroxisome proliferator-activated 
receptor (PPAR), further supporting the role of lipid 
metabolism in immune responses. These effects are 
particularly relevant after systemic administration 
because the majority of LNP formulations 
preferentially accumulate in the liver. In one example, 
high-dose intravenous administration of YSK13-
containing LNPs results in an increase in serum 
aspartate aminotransferase (AST) and alanine 
aminotransferase (ALT) levels. Lipid accumulation in 
liver sinusoidal endothelial cells may also be 
associated with neutrophil-mediated inflammation 
and subsequent liver injury. The comparable 
hepatotoxicity observed with empty and RNA-loaded 
LNPs further suggests that the carrier itself may 
contribute substantially to the hepatic response [68]. 
Therefore, although liver tropism can enhance hepatic 
mRNA expression, lipid-associated metabolic stress 
and inflammation may be concentrated in the same 
organ, increasing the risk of local toxicity. 

2.1.2 PEGylated lipids 

PEGylated lipids usually account for a small 
fraction of an LNP formulation, yet they strongly 
influence the particle size, colloidal stability, 
aggregation, and circulation behavior of LNPs. Surface 
PEG chains create a hydrated steric barrier that 
prevents protein adsorption and uptake by the 
mononuclear phagocyte system (MPS) [69, 70]. 
Excessive or persistent PEG coverage, however, can 
reduce cellular uptake and endosomal escape, and 
repeated exposure can induce anti-PEG immune 
responses. Therefore, the PEG density, chain length, 
lipid anchor, and shedding kinetics must strike a 
balance between maintaining circulation stability and 
ensuring cellular delivery while minimizing 
immunogenicity (Figure 3). 
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Figure 2. (A) Representative charge-bearing lipids, including permanently cationic lipids DOTMA and DOTAP and ionizable lipids DLin-MC3-DMA (MC3), SM-102, and ALC-
0315, together with helper lipids (DSPC and DOPE), sterols (cholesterol and β-sitosterol), and PEGylated lipids (DMG-PEG2000 and DSPE-PEG2000). (B) Charge-mediated 
membrane damage associated with permanently cationic lipids. (C) Endosomal escape and inflammatory signaling reported for selected ionizable-lipid formulations. (D) Lipid 
metabolic disturbance, peroxidation, ferroptotic injury, and hepatotoxicity observed under formulation- and exposure-specific conditions. Created in https://BioRender.com. 

 
Figure 3. Adverse immunological reactions to PEGylated LNPs include pre-existing or induced anti-PEG antibody-mediated accelerated blood clearance (ABC) and complement 
activation-related pseudoallergy (CARPA). CARPA is driven by complement activation products, particularly C3a and C5a, which promote mast-cell and basophil degranulation 
and histamine release, thereby triggering acute hypersensitivity. Created in https://BioRender.com. 

 
Anti-PEG antibodies can be generated after 

repeated administration, inducing accelerated blood 
clearance (ABC) of PEGylated products. PEG has been 

recognized as an immunogenic material that can 
stimulate the production of anti-PEG immunoglobulin 
M (IgM) and immunoglobulin G (IgG) antibodies. 
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Interestingly, pre-existing anti-PEG antibodies have 
been detected in a substantial proportion of the 
general population due to long-term exposure to PEG-
containing cosmetics, pharmaceuticals, and consumer 
products. After PEG chains on the LNP surface are 
recognized by these pre-existing antibodies, rapid 
clearance of LNPs by the reticuloendothelial system 
can be triggered, which has been described as the ABC 
phenomenon [71, 72]. As a consequence, a reduction in 
the mRNA delivery efficiency and an enhancement in 
immune activation have been observed upon repeated 
dosing of LNPs. In an indirect clinical comparison, 
greater increases in anti-PEG IgG and IgM were 
observed following mRNA-1273 vaccination than 
following BNT162b2 vaccination. A 30 μg mRNA dose 
of BNT162b2 contains approximately 50 μg of ALC-
0159. For the original 100 μg mRNA-1273 formulation, 
the total lipid content is approximately 1.93 mg per 
dose, with PEG2000-DMG accounting for 1.5 mol% of 
the lipid formulation, corresponding to an estimated 
117 μg per dose [73, 74]. Although the formulations, 
vaccination regimens, and participant characteristics 
were not directly matched, the observed differences 
support a possible association between PEG-lipid 
amount and anti-PEG antibody responses under 
specific conditions. In addition, PEG-lipid structure, 
membrane retention and shedding, overall LNP 
composition, dosing schedule, and pre-existing anti-
PEG immunity may also influence these responses. 

PEGylated LNPs may also contribute to 
complement activation-related pseudoallergy 
(CARPA), which is one of the most serious acute 
adverse reactions associated with LNP administration. 
Unlike classical immunoglobulin E (IgE)-mediated 
type I hypersensitivity, CARPA can be induced upon 
first exposure to LNPs without prior sensitization and, 
in severe cases, the first exposure may lead to 
anaphylactic shock or even death [75]. 
Mechanistically, activation of the classical 
complement pathway can be initiated after anti-PEG 
antibodies bind to PEG chains on the nanoparticle 
surface, while PEG itself may additionally enhance 
complement activation through the alternative 
pathway. Consequently, rapid generation of 
complement activation products, particularly the 
anaphylatoxins C3a and C5a, together with formation 
of the terminal complement complex sC5b-9, can 
trigger mast-cell and basophil degranulation and 
promote the release of histamine and other 
inflammatory mediators. Acute hypersensitivity 
symptoms, such as bronchospasm and hypotension, 
may develop [76, 77]. In addition, amplification of 
Th2-type inflammatory responses through activation 
of TLR2/TLR7 signaling pathways has been 
implicated in the progression of PEG-associated 

hypersensitivity reactions [78, 79]. These reactions 
suggest that a surface modification introduced to 
stabilize particles can alter immune recognition, 
particularly during repeated or systemic 
administration.  

After contact with blood, LNPs acquire a 
dynamic protein corona, which may alter circulation, 
biodistribution, cellular uptake, and immune 
recognition of LNPs. PEGylation can modulate protein 
corona formation but cannot prevent it completely. 
Pre-existing or induced anti-PEG antibodies may 
remodel the protein corona, thus promoting 
complement activation and phagocytic uptake, 
accelerating blood clearance, inducing 
hypersensitivity, and reducing efficacy after redosing 
[80-82]. These outcomes are highly contingent upon 
the antibody profile, PEG architecture, administration 
route, and exposure history. Therefore, the protein 
corona and anti-PEG immunity should be considered 
to achieve the delivery efficiency-safety balance. 

2.1.3 Cholesterol 

Cholesterol molecules are usually embedded in 
the lipid bilayer of LNPs, where they regulate the lipid 
bilayer fluidity and permeability, thereby improving 
nanoparticle structural stability, preventing 
premature mRNA leakage, and facilitating membrane 
fusion and endosomal escape [83]. Although 
cholesterol is an endogenous molecule in the body, 
cholesterol-containing formulations are not 
metabolically inert. In ROS-enriched inflammatory 
microenvironments, macrophages can convert 
cholesterol into oxysterols, such as 7-KC and 25-HC, 
via cholesterol hydroxylase. These oxysterols are 
potent endogenous immune modulators that directly 
activate pro-inflammatory signaling pathways, 
significantly upregulating the expression of pro-
inflammatory cytokines, including IL-8, IL-1β, and IL-
6, and amplifying LNP-induced inflammatory 
responses. Meanwhile, abnormal accumulation of 
cholesterol and its oxidation products in the liver and 
blood vessels may disturb lipid metabolism 
homeostasis and increase the risk of metabolism-
related disease after long-term administration [84]. 
Notably, current evidence does not yet establish the 
long-term contribution of LNP-associated cholesterol 
to metabolic disease. Studies should be conducted to 
distinguish administered cholesterol from 
endogenous sterol pools and assess the biological 
effects of its metabolites after repeated dosing. 

2.1.4 Helper lipids 

Helper lipids are essential components in LNP 
formulations. Classical helper lipids, such as DSPC 
and DOPE, help maintain LNP structural integrity and 
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facilitate mRNA encapsulation and endosomal escape 
by regulating the lipid bilayer fluidity and phase 
transition behavior. Although the safety challenges of 
helper lipids have been characterized less extensively 
than those of ionizable lipids, increasing evidence 
suggests that their chemical structures can influence 
the biological behavior and toxicity of LNPs. Within 
the same comparative study, DOPE- and 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC)-containing 
LNPs exhibited distinct immune profiles. DOPE-
containing formulations showed lower inflammatory 
activity, whereas DOPC-containing formulations were 
associated with greater cytokine production and 
immune-cell infiltration under the tested conditions 
[85]. In addition, once LNPs enter biological fluids 
such as blood, proteins and other biomolecules rapidly 
adsorb onto the nanoparticle surface, resulting in the 
formation of protein corona. Neutral helper lipids with 
relatively large hydrophilic headgroups, such as 
DSPC, may be exposed on the outer surface of LNPs. 
Consequently, their physicochemical properties can 
substantially influence the protein corona 
composition, thereby affecting the pharmacokinetics, 
biodistribution, and toxicity profiles of LNPs in vivo 
[86, 87]. Therefore, helper lipids should be selected by 
balancing between maintaining particle integrity and 
membrane fusion and mitigating nonspecific 
biological interactions. 

2.2 Polymeric carriers 
Polymeric carriers have been employed to build 

structurally diverse mRNA delivery systems. 
Representative materials include PEI, 
poly(amidoamine) (PAMAM) dendrimers, and 
poly(amine-co-ester)s (PACEs) (Figure 4A). The amine 
content, protonation behavior, and charge accessibility 
govern mRNA complexation and extracellular charge 
exposure. A branching architecture, the buffering 
capacity, and the hydrophobicity level shape 
membrane interactions and endosomal escape. The 
molecular weight, backbone degradability, and 
degradation products influence material 
biopersistence and clearance. Although these features 
can be tuned for the optimization of the mRNA 
efficacy, an improvement in the delivery performance 
may be accompanied by additional safety concerns.  

2.2.1 mRNA condensation versus charge-mediated 
membrane damage 

In many polymeric carriers, protonatable amines 
become positively charged under physiological or 
endosomal conditions. This positive charge facilitates 
mRNA condensation and cellular association, while it 
may also increase nonspecific interactions with 
anionic membrane components. The polymer 

structure, accessible charge, carrier-to-mRNA ratio, 
and exposure level in highly cationic formulations 
have been found to play a role in membrane 
deformation, pore formation, and the loss of 
membrane integrity (Figure 4B) [88, 89]. Extensive 
membrane disruption may cause acute leakage of 
intracellular contents and necrotic injury, whereas 
sublethal damage may initiate cellular stress and 
apoptotic signaling. Therefore, cationic charge should 
support mRNA complexation during formulation and 
become selectively exposed during cellular uptake and 
endosomal escape, while remaining largely shielded 
during circulation. 

The molecular weight, branching structure, 
amine chemistry, and charge density can jointly 
influence delivery efficiency and toxicity of the 
delivery system, but their contributions are very 
specific across polymers. A higher molecular weight or 
a higher degree of branching is often associated with 
an increased local charge density and multivalent 
membrane interactions, although the resulting effects 
are also determined by the backbone chemistry, 
degradability, and formulation [40, 88]. Strong 
electrostatic interactions may improve mRNA 
condensation and transfection, while they may 
impede cargo release and increase membrane-
associated toxicity. Therefore, cationic polymer design 
should strike a balance between complex stability, 
timely intracellular release and acceptable charge-
mediated injury [90-92]. For example, 25-kDa PEI is an 
efficient commercial transfection polymer, but its high 
charge density and poor degradability are associated 
with dose-dependent cytotoxicity that hampers its 
systemic application [93]. 

2.2.2 Intracellular transport versus subcellular 
organelle damage 

The membrane activity required for endosomal 
escape may disturb intracellular organelle 
homeostasis. Endosomal release by cationic polymers 
is often attributed partially to buffering-induced ion 
influx, osmotic stress, and membrane destabilization, 
which are commonly described as the proton sponge 
effect. However, the proton sponge effect varies 
among polymers, and it is not universally established. 
Direct polymer-membrane interactions and a unique 
polymer architecture may also contribute to 
endosomal escape of mRNA from the polymeric 
delivery system. However, when membrane 
destabilization is excessive, late-endosomal or 
lysosomal membrane permeabilization can release 
hydrolases, including cathepsins, into the cytosol and 
promote apoptotic or inflammatory signaling (Figure 
4C) [94]. 
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Figure 4. (A) Chemical structures of representative cationic polymer carriers, including PEI, PAMAM, chitosan, and PACEs. (B) Positively charged polymers can interact with 
negatively charged cell membranes, inducing membrane rupture or transmembrane pore formation. This acute membrane injury can subsequently activate cell death pathways. 
(C) The proton sponge effect may lead to endosome rupture and release of hydrolytic enzymes, initiating apoptosis. Some cationic polymers also induce endoplasmic reticulum 
stress and impair mitochondrial function, leading to ROS overproduction, mitochondrial membrane potential (ΔΨm) collapse, and activation of the NLRP3 inflammasome, 
driving secondary inflammatory injury and pyroptosis. (D) Selected polymeric carriers can produce hematological effects, systemic inflammatory responses, and organ 
accumulation under formulation- and exposure-specific conditions. Created in https://BioRender.com. 

 
After endosomal escape, highly cationic 

polymers may interact with mitochondrial 
membranes in the cytosol. In formulation- and dose-
dependent studies, such interactions have been 
associated with an impairment in electron transport, 
the loss of mitochondrial membrane potential, an 
alteration in energy metabolism, and an increase in 
reactive oxygen species production [95]. Sustained 
mitochondrial stress may damage intracellular 
structures. Under some specific conditions, the stress 
contributes to NLRP3 inflammasome activation and 
downstream inflammation [96]. Endoplasmic-
reticulum stress and unfolded-protein responses have 
also been reported for certain polymeric formulations, 
potentially promoting calcium dysregulation, 
mitochondrial depolarization, and apoptosis [97, 98]. 
Notably, these mechanisms have been found to be 
associated with polymer carriers and they should not 
be generalized to other mRNA carriers. 

2.2.3 Systemic delivery versus organ toxicity 

Following systemic, particularly intravenous 
administration, polymeric carriers encounter plasma 
proteins, blood cells, clearance organs and the immune 
system (Figure 4D). Cationic polymers may adsorb 
anionic plasma proteins and interact with erythrocytes 
or platelets, potentially promoting opsonization, cell 
aggregation, or platelet activation. Upon high or 
poorly tolerated experimental exposure, these 
interactions have been associated with 
thromboembolic and microcirculatory disturbances 
[99, 100]. However, their clinical relevance depends on 
the polymer identity, formulation, doses, infusion 
conditions, and the experimental model. 

Some polymeric formulations can also activate 
complement or pattern-recognition pathways, thus 
stimulating the production of inflammatory mediators 
[101]. The corresponding mechanisms may not be 
intrinsic to the polymer class. The activation of 
complement or pattern-recognition pathways may be 
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influenced by molecular heterogeneity, residual 
components, surface charge, protein-corona 
formation, and administration conditions. 
Biopersistence and organ accumulation of polymeric 
carriers introduce additional concerns, particularly 
during and after systemic or repeated treatment. The 
formulations specifically designed for delivery to the 
liver and kidneys have been associated with 
histological injury and an increase in serum 
transaminases, creatinine, or blood urea nitrogen in 
many preclinical or high-dose studies. [102, 103] 
Although CALAA-01 delivered siRNA rather than 
mRNA, this first-in-human study provides an 
informative clinical precedent for evaluating the 
biodistribution and tolerability of targeted polymeric 
nanoparticles [104]. Nondegradable, high-molecular-
weight polymers may also persist in tissues, which 
may result in an increase in delayed or cumulative 
toxicity [105, 106]. These findings are useful for hazard 
identification, but the clinical risk under therapeutic 
exposure conditions cannot be established. 

2.3 Sources of adverse effects in 
multicomponent mRNA formulations 

Adverse effects observed during the 
development or clinical use of mRNA therapeutics 
may arise from multiple interacting sources beyond 
the delivery carrier [22]. They may reflect interacting 
contributions from the mRNA cargo, manufacturing-
related impurities, exposure conditions, and host 
factors, including mRNA sequence and structure, 
nucleoside modification, encoded protein, double-
stranded RNA (dsRNA), residual solvents and free 
formulation components, dose, administration route, 
infusion rate, dosing interval, and patient immune 
status. Nucleoside modification and IVT purification 
reduce mRNA-induced immune activation through 
different but complementary mechanisms. 
Substitution of uridine with N1-methylpseudouridine 
can reduce uridine-sensitive innate recognition while 
preserving translation, whereas dsRNA removal 
limits activation of dsRNA-sensing pathways and 
downstream type I interferon responses [107]. These 
cargo-level interventions interact with carrier design 
because the carrier determines biodistribution, the cell 
populations exposed, the route of cellular uptake, 
endosomal residence, and the timing and extent of 
cytosolic release. When modified, highly purified 
mRNA is delivered by a carrier that restricts off-target 
exposure and supports efficient intracellular release, a 
greater proportion of the administered cargo can 
undergo translation rather than activate innate 
immune sensors. The resulting increase in potency 
may permit lower doses of both mRNA and carrier, 
thereby reducing cargo-mediated immune stimulation 

and carrier-associated complement activation, 
membrane injury, inflammatory signaling, and tissue 
accumulation. Conversely, prolonged endosomal 
retention or delivery to immune-rich tissues may 
amplify sensing of residual RNA impurities, whereas 
an intrinsically inflammatory or persistent carrier may 
offset the benefits of optimized mRNA. Nucleoside 
modification, RNA purification, and carrier 
engineering can therefore act synergistically to shift 
the formulation-specific immunogenic threshold, but 
they are not interchangeable and cannot establish a 
universal safe exposure level. This interaction is 
particularly relevant to repeated administration, in 
which cargo- and carrier-associated immune 
responses may impair tolerability and subsequent 
delivery performance. Accordingly, conclusions from 
individual formulations or high-dose studies require 
controls that distinguish carrier-associated risks from 
other contributors [108]. Recognizing these 
multifactorial contributors, the present review focuses 
on the rational design of delivery carriers to balance 
mRNA delivery performance with carrier-associated 
safety risks. 

3. Rational design of LNPs to balance 
delivery efficiency and safety 

Charge exposure, membrane activity, and 
material biopersistence may arise from interactions 
among formulation of LNPs. Ionizable and 
permanently cationic lipids have distinct charge 
profiles, thus influencing mRNA delivery, membrane 
injury, and inflammatory signaling. PEGylated lipids, 
cholesterol, and helper lipids modulate particle 
assembly, biological identity, trafficking, and tissue 
exposure. The following sections examine engineering 
strategies for individual components and their 
combination to achieve a balance between delivery 
performance and safety under the intended clinical 
conditions. 

3.1 Chemical engineering of lipid modules 
Although permanently cationic and ionizable 

lipids have different ionization profiles, both lipid 
classes generally have a modular architecture 
comprising a headgroup, linker, and hydrophobic 
tails. Headgroups primarily govern ionization and 
charge exposure, tails shape membrane interactions 
and metabolic fate, and linkers influence stability, 
degradation, and biopersistence. It is noted that these 
functions are intertwined. Modifications of multiple 
modular components are often conducted for 
optimizing the performance and safety of lipids in 
LNPs. For clarity, each individual module component 
is discussed below to delineate its contribution to the 
overall SARs; cross-component interactions are 
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interpreted as synergistic only when appropriate 
controls are available. 

3.1.1 Engineering cationic and ionizable lipid 
headgroups 

The headgroup governs lipid protonation, 
interactions with mRNA, and membrane activity. A 
headgroup that protonates efficiently in acidic 
endosomes can improve cytosolic delivery, whereas 
the residual charge or strong membrane affinity at 
physiological pH can increase nonspecific uptake, 
hemolysis, and inflammatory activation. Some 
common headgroups and novel functional 
headgroups are shown in Figure 5A and Figure 5B. 
Current strategies include tuning apparent pKa, 
introducing zwitterionic or clinically characterized 
motifs, incorporating anti-inflammatory function, and 
reducing dependence on electrostatic mRNA binding. 

One important strategy is regulation of the 
headgroup pKa. Chen et al. introduced thioamide 
groups adjacent to ionizable amines through a one-pot 
three-component reaction to obtain thioamide-
containing (SAM) LNPs, thereby increasing local 
hydrophobicity and promoting deep insertion of the 
headgroup into the lipid bilayer during circulation 
(Figure 5C). In a matched head-to-head comparison, 
the thioamide modification maintained the apparent 
pKa of LNPs within the favorable range of 6.0-7.0, 
reducing nonspecific membrane disruption (Figure 
5D) and cytotoxicity under physiological conditions 
while preserving protonation-driven endosomal 
escape. At 4 h after injection, SAM LNPs achieved 
significantly greater delivery efficiency than amide-
containing (OAM) LNPs, in which the thioamide was 
replaced with a conventional amide (Figure 5E) [109]. 
Similarly, Zhao et al. developed a membrane-
destabilizing zwitterionic (MeDZ) ionizable lipid 
containing a pyridine-based carboxybetaine (PyCB) 
headgroup. Under physiological conditions, the PyCB 
headgroup formed a stable zwitterionic PyCB-water 
complex, which mitigated nonspecific membrane 
interactions and improved biocompatibility. After 
endosomal acidification (pH < 6.8), protonation 
increased the positive charge of the lipid and 
promoted endosomal escape. Against the clinically 
established BNT162b2 LNP benchmark, MeDZ LNPs 
produced higher OVA expression and stronger MHC-
I antigen presentation in BMDCs under the reported 
experimental conditions. In the same study, MeDZ 
LNPs also induced less injection-site inflammation 
and neutrophil infiltration (Figure 5F) [110]. These 
findings support an improved delivery-reactogenicity 
profile in this model but do not establish broader or 
repeated-dose safety. 

Clinically characterized small molecules have 
been used as metabolically recoverable building 
blocks for lipids, which offers a strategy for mitigating 
safety concerns over lipid degradation products. 
Mildronate, a clinically used cardioprotective drug 
with a quaternary ammonium group, has been 
incorporated as a lipid headgroup through an ester-
containing structure. LNPs containing approximately 
1 mol% of a mildronate-derived lipid retained the 
mRNA delivery efficiency, but local and systemic 
inflammatory markers were downregulated under the 
tested conditions [111]. Upon degradation of the lipid, 
mildronate-derived products were generated with an 
established tolerability profile, which could be 
advantageous compared to entirely unknown 
metabolites from other lipids. Nevertheless, the intact 
lipid remains a new chemical entity, and its 
pharmacokinetics, complete metabolite profiles, and 
repeated-dose tolerability should be evaluated and 
established.  

Peptide-based ionizable lipids (PILs) offer 
another strategy for tailoring headgroup chemistry. 
Their delivery and safety profiles can be tuned by 
varying the amino-acid side-chain structure and the 
number of ionizable Fmoc-protected amino acid 
(AIFA) units. In general, increasing the number of 
AIFA building blocks or extending the side chain 
enhances hepatic mRNA delivery but also increases 
hepatotoxicity. After initial in vivo screening, PILs 
based on lysine or 2,4-diaminobutyric acid (Dab), with 
a saturated C12 alkyl chain and three to five AIFA 
units, showed superior protein expression. Against the 
established ALC-0315 benchmark, a12Dab4 PIL 
produced higher hepatic protein expression in the 
reported head-to-head study. At the tested high 
mRNA dose, the two formulations showed 
comparable acute tolerability across the measured 
endpoints [112, 113]. 

Replacing protonatable amines with alternative 
cationic centers, such as sulfonium groups, offers 
another strategy for balancing delivery efficacy and 
safety. Previous studies have shown that replacing the 
charge-bearing amine groups of cationic lipids with 
sulfonium cations can enable lung-targeted delivery. 
Compared with MC3-based LNPs, sulfonium lipid-
based LNPs elicited lower TNF-α secretion and 
showed no histologically detectable lung injury during 
the observation period [114, 115]. Mechanistically, 
although not yet validated in vivo, replacing 
protonatable amines with sulfonium centers may alter 
membrane interactions and inflammatory signaling. 
Further studies are needed to determine whether this 
mechanism accounts for the observed reduction in 
TNF-α. 
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Figure 5. (A) Representative lipid headgroups commonly used in LNP formulations. (B) Representative functional headgroups developed to improve lipid biocompatibility. (C) 
Schematic overview of headgroup pKa regulation using thioamide-containing lipids. (D) Hemolysis of turkey red blood cells induced by LNPs containing SAM-3-Adm, OAM-3-
Adm, or MC3 as an ionizable lipid at pH 7.4. Data are presented as mean ± SD; n = 3. Statistical significance was analyzed by one-way ANOVA by comparing SAM-3-Adm LNPs 
with OAM-3-Adm and MC3 LNPs. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (E) Bioluminescence imaging at 4 h after intravenous administration of SAM and OAM 
LNPs. SAM, thioamide-containing; OAM, amide-containing; Adm, dimethylaminoethylamine. Adapted with permission from Ref. [109]. Copyright 2025 Wiley-VCH GmbH. (F) 
Schematic illustration of headgroup pKa regulation using pyridine-based carboxybetaine derivatives to enhance melanoma immunotherapy and reduce reactogenicity. MeDZ, 
membrane-destabilizing zwitterionic; PyCB, pyridine-based carboxybetaine. (G) Schematic overview of the anti-inflammatory design, characterization, and in vivo delivery 
performance of HL LNPs. Created in https://BioRender.com. 

 
Non-cationic or weakly cationic headgroups can 

be used to mitigate the exposure of positive charges in 
lipid-based mRNA delivery systems [116]. Wang et al. 
synthesized biomimetic non-cationic lipids with 
thiourea-functionalized headgroups that primarily 
bind to mRNA through hydrogen bonding, rather 
than electrostatic interactions. The design can help 
reduce positive charge-associated safety concerns. 

Consistent with this rationale, negligible 
inflammatory responses and cytotoxicity were 
observed after subcutaneous, intramuscular, or 
intravenous administration of the noncationic 
thiourea-lipids nanoparticles (NC-TNP). In contrast, 
SM-102 LNPs elicited pronounced inflammatory and 
cytotoxic effects under the tested conditions [117].  

Beyond reducing carrier-associated toxicity 
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through structural design, a complementary strategy 
is to incorporate pharmacological agents in LNPs to 
attenuate the resulting inflammatory response. 
Hydroxychloroquine (HCQ)-functionalized ionizable 
lipids (HLs) provide a representative example of this 
strategy [118]. When formulated as LNPs, selected HL 
LNPs promoted endosomal escape and mRNA 
expression while reducing TLR-associated cytokine 
production. During the reported 13-day repeat-dosing 
study, HL-3 and HL-6 LNPs also showed a smaller 
decline in mRNA expression than SM-102-based LNPs 
(Figure 5G) [119]. Notably, lower cytokine levels 
support pharmacological modulation of innate 
signaling but do not demonstrate that membrane 
injury, carrier biopersistence, or organ exposure has 
been reduced. 

Overall, engineering of headgroups of lipids 
could strengthen mRNA binding and facilitate 
endosomal escape while mitigating excessive charge 
exposure, membrane damage, and innate immune 
activation. These outcomes could be achieved through 
the optimization of the headgroup chemistry and the 
overall formulation. The relationship between the 
headgroup structure and the delivery efficiency and in 
vivo toxicity can be established to guide the design of 
safe, effective LNPs. 

3.1.2 Engineering lipid linkers for controlled stability 
and degradation  

The linker connecting the headgroup and 
hydrophobic tails influences lipid conformation, 
chemical stability, and metabolic degradation, thereby 
shaping material biopersistence. Introducing 
chemically labile or environment-responsive bonds 
may promote degradation after delivery and reduce 
toxicity associated with accumulation during repeated 
administration, after cleavage of these bonds and 
metabolite clearance have been experimentally 
verified. Representative linker chemistries commonly 
used in carrier design, including ester, phosphate, 
carbonate, and amide linkages, are illustrated in 
Figure 6A. Ester bonds are the most widely used 
degradable linkers because they can be cleaved by 
endogenous carboxylesterases in vivo. Clinically used 
ionizable lipids, including SM-102 and MC3, contain 
ester-based linkers. Phosphate and carbonate linkers 
can also introduce hydrolytic or enzymatic liability 
[120, 121]. Amide groups can act as hydrogen-bond 
donors and interact with the phosphate groups of 
mRNA, thereby strengthening mRNA encapsulation 
through noncovalent interactions. LNPs formulated 
with the amide-containing 2C-PILs showed favorable 
tolerability endpoints in vivo. Furthermore, this 
formulation simplified the LNP composition, 
facilitating a more convenient and efficient 

preparation process [122]. 
The differences among extracellular, 

intracellular, and pathological microenvironments 
have been harnessed for rational design of advanced 
linkers to achieve selective degradation of charge-
bearing lipids in LNPs [123-125]. Stimuli-responsive 
designs include ketal and disulfide linkages (Figure 
6B), as well as linkers that tune headgroup 
presentation (Figure 6C) [118, 126]. pH-responsive 
bonds can undergo structural changes in acidic 
endosomes, facilitating endosomal escape and 
intracellular mRNA release [127]. For example, after 
intravenous administration, (4S)-KEL12, which 
contained ketal ester linkers, displayed a decline in the 
plasma exposure. Its plasma levels fell below 10 
ng/mL at 12 h and became undetectable after 24 h, a 
clearance profile comparable to SM-102 and faster than 
MC3 at later time points (Figure 6D). This design 
reduced hepatotoxicity and maintained normal serum 
ALT and AST levels. In inguinal lymph nodes, (4S)-
KEL12 LNPs sustained dendritic-cell mRNA 
expression from 6 to 24 h (Figure 6E), whereas SM-102 
LNPs showed a time-dependent decline, suggesting 
improved dendritic-cell delivery and immune-organ 
tropism [125]. 

Redox-responsive linkers take advantage of a 
high glutathione concentration in the cytoplasm to 
promote lipid cleavage and mRNA release. Kawai et 
al. developed ssPalmO, a lipid containing both 
disulfide bonds and phenyl ester linkers. In the 
reductive intracellular environment, disulfide 
cleavage generated sulfhydryl groups that 
intramolecularly attacked the phenyl ester linker, 
triggering cascade self-degradation (Figure 6H). This 
degradation pathway converted ssPalmO lipids into 
endogenous oleic acid and hydrophilic amine 
derivatives, potentially limiting lipid accumulation. Its 
biological effects were evaluated in a matched head-
to-head comparison with SM-102 LNPs. At 6 h after 
both prime and booster immunizations, antigen 
mRNA-loaded ssPalmO LNPs did not significantly 
elevate circulating pro-inflammatory cytokines, 
including IFN-α, relative to PBS controls, whereas SM-
102 LNPs induced marked cytokine elevation. 
Following high-dose intramuscular priming, 
ssPalmO-treated mice showed less body-weight loss 
than SM-102-treated mice. After boosting, their rectal 
temperatures remained comparable to those of PBS-
treated controls, whereas SM-102 LNPs caused a clear 
increase (Figure 6F). Notably, both formulations 
produced comparable luciferase expression at the 
injection site when loaded with Luc mRNA (Figure 
6G). Together, these findings indicate that the 
degradable linker reduced acute inflammatory 
responses and improved tolerability while 
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maintaining local mRNA delivery [123, 128, 129].  
In addition to controllable degradation, linker 

chemistry can be optimized to orient the headgroup 
and modulate membrane interactions. For example, a 
glutarimide-derived MOP-1 ionizable lipid displayed 
lower in vitro cytotoxicity, a 2.3-fold increase in the 
mean lymph-node signal after administration, and less 
severe liver and kidney histopathology at the reported 
time point compared with ALC-0315. MOP-1 also 
induced a smaller increase in cytokines and less body-
weight loss (Figure 6I) [130]. These findings support 
improved delivery and tolerability of MOP-1 under 
the tested conditions. Further pharmacokinetic, 

metabolite-safety, and repeated-dose studies are 
needed to define its broader safety and clinical 
relevance. 

Overall, linker engineering enables the 
maintenance of structural stability during formulation 
and circulation and facilitates timely intracellular 
disassembly and post-delivery clearance. Linker 
chemistry influences not only structural changes but 
also lipid conformation, cargo release, tissue retention, 
metabolite formation, and inflammatory responses. Its 
impact on delivery and safety should be evaluated 
over the intended dosing interval. 

 

 
Figure 6. Schematic illustration of representative linker design strategies in charge-bearing lipids, including (A) common linkages, (B) stimuli-responsive linkers, and (C) 
headgroup-tunable linkers. (D) Plasma concentrations of MC3, SM-102, and (4S)-KEL12 in mice after intravenous administration at 0.5 mg kg-1. (E) Expression of EGFP mRNA 
delivered by KEL LNPs in dendritic cells (CD11c+, CD45+) from inguinal lymph nodes, as measured by flow cytometry after intravenous injection. Data are presented as mean 
± SEM; n = 5-10. Statistical significance was analyzed by one-way ANOVA followed by the Student-Newman-Keuls post hoc test. ns, not significant; *P < 0.05, **P < 0.01, ***P 
< 0.001. Adapted from Ref. [125] under the terms of the Creative Commons Attribution License. Copyright 2024 The Authors, published by Wiley-VCH GmbH. (F) Rectal 
temperatures measured 6 h after booster immunization with HA-LNPs. Data are presented as mean ± SD; n = 5 per group. Statistical significance was analyzed using Tukey’s 
multiple-comparisons test. ns, not significant; **P < 0.01, ***P < 0.001. (G) Mice were injected intramuscularly with luciferase mRNA-loaded LNPs (Luc-LNPs). Bioluminescence 
was measured at the indicated time points using an in vivo imaging system; representative whole-body images are shown at 6 h post-injection. Reproduced from Ref. [123] 
under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License. Copyright 2025 The Authors, published by Elsevier Inc. on behalf of the 
American Society of Gene and Cell Therapy. (H) GSH-triggered cleavage and degradation of disulfide-containing ssPalmO. (I) Schematic illustration of the formulation and 
immune-safety profile of the MOP-1-based influenza A mRNA-LNP vaccine. Created in https://BioRender.com. 
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Figure 7. Structural optimization strategies for charge-bearing lipid tails, including (A) modulation of the alkyl architecture, such as tail length, unsaturation, and branching, (B) 
incorporation of antioxidant moieties, such as vitamin E, and (C) conjugation with anti-inflammatory agents, such as dexamethasone. (D) Ugi-4CR synthesis and in vivo screening 
of ionizable lipids with varied tail unsaturation for mRNA delivery efficiency and immunogenicity. (E) Schematic illustration of H2O2-responsive vitamin E release, ROS scavenging, 
reduced lipid peroxidation, and enhanced mRNA translation and antigen presentation. Created in https://BioRender.com. 

 
3.1.3 Engineering hydrophobic tails for membrane 
activity and metabolic control  

Hydrophobic tail engineering can balance 
delivery efficiency and safety by regulating membrane 
activity. The tail length, branching, unsaturation, and 
composition have been reported to play a role in lipid 
packing and membrane fusion, as well as degradation, 
metabolic clearance, and tissue retention (Figure 7A) 
[113]. For example, Ge et al. showed that the total 
degree of hydrophobic-tail unsaturation was 
correlated with the membrane-disruptive activity of 
ionizable lipids under acidic conditions (Figure 7D). 
Within selected structural series, greater unsaturation 
of the R3 tail improved mRNA loading and in vivo 
protein expression, and optimized LNPs enabled 
efficient IL-27 mRNA delivery with minimal 
inflammatory responses. However, the degree of 

unsaturation alone did not consistently predict 
delivery efficiency or immunogenicity across the lipid 
library. Other structural features, including the 
position and distribution of double bonds, also 
critically influenced LNP performance [131].  

Beyond modulating the membrane activity, 
hydrophobic tails can be functionalized with 
antioxidants to reduce transfection-induced oxidative 
stress and improve mRNA delivery. For example, 
vitamin E has been used to modify the tails of ionizable 
lipids (Figure 7B). Yu et al. designed a cleavable 
vitamin E-containing ionizable lipid (cEIL) with an 
H2O2-responsive oxalate ester linker (Figure 7E). 
During transfection, elevated intracellular H2O2 
triggered linker cleavage and released vitamin E in 
situ. The released vitamin E scavenged ROS through 
the hydroxyl group on its chromanol ring, helping 
restore redox homeostasis, mitigate endoplasmic 
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reticulum stress, and suppress inflammatory 
activation in DCs. This antioxidant design also 
enhanced mRNA translation and promoted antigen 
presentation through the HSP70-mediated MHC-I 
pathway. Conventional LNP@mRNAOVA induced 
strong lipid peroxidation and sustained 
overproduction of intracellular H2O2 and oxygen 
radicals in DCs, whereas ceLNP@mRNAOVA markedly 
reduced lipid peroxidation, scavenged excess ROS, 
and restored intracellular redox balance to a level 
comparable to that in the PBS-treated control. 
Consistent with this antioxidant effect, 
ceLNP@mRNAOVA showed stronger antigen 
presentation than LNP@mRNAOVA and 
eLNP@mRNAOVA; flow cytometric analysis showed 
the proportion of SIINFEKL-H-2Kb+ DCs in the 
ceLNP@mRNAOVA group was 7.5-fold and 1.7-fold 
higher than that in the LNP@mRNAOVA and 
eLNP@mRNAOVA groups, respectively [132]. In 
addition, lipids with polyphenol-based tails, such as 
C-a16 prepared through the Mannich reaction, have 
similar antioxidant properties. Their phenolic 
hydroxyl groups scavenge free radicals, downregulate 
genes associated with oxidative stress and immune 
activation, reduce pro-inflammatory cytokine 
secretion, and prolong mRNA-encoded protein 
expression. Accordingly, C-a16 has been shown to 
reduce toxicity while improving delivery performance 
[133]. These systems use the hydrophobic domain as 
an active regulator of intracellular stress rather than as 
a passive membrane anchor. 

Furthermore, dexamethasone (Dex) (Figure 7C), 
a widely used anti-inflammatory corticosteroid, was 
incorporated into an ionizable lipid-containing 
prodrug. In these lipids, Dex-derived units were 
covalently integrated into the scaffold, enabling 
glutathione-responsive release and suppression of 
TLR4-NF-κB signaling while facilitating mRNA 
delivery and endosomal escape. In an endogenous 
PCSK9 base-editing model, a12K4 SHIELD (the Safe 
and Highly Efficient Lipid-pro-dexamethasone) LNPs 
achieved higher liver editing efficiency than a12K4 
LNPs, while the levels of IL-6 and CCL2 were 
maintained at the baseline after four injections [134]. It 
is noted that although Dex in the lipids can suppress 
inflammatory signaling, a lower level of cytokines is 
not well correlated with reduced membrane or tissue 
injury. Dex loading and release should be tailored to 
the application. Limited and localized Dex exposure 
may better preserve antigen-presenting-cell activation 
in vaccines and cancer immunotherapy, whereas 
strong, controlled suppression of inflammation should 
be implemented in the repeated systemic applications, 
such as protein replacement or gene editing. 

Adjusting tail hydrophobicity, branching, and 
unsaturation can improve lipid packing and 
endosomal escape, but excessive membrane activity 
may increase oxidative stress and inflammation. 
Incorporation of antioxidant or anti-inflammatory 
groups may help reduce these effects while facilitating 
mRNA delivery. These benefits should not 
compromise metabolite safety or carrier clearance. 

During rational design of lipids, multiple 
structural components are often modified 
simultaneously to achieve the optimized effects. For 
example, a pKa-tuned headgroup preserves acid-
responsive endosomal activation, a cleavable linker 
facilitates carrier clearance after delivery, and an 
antioxidant tail mitigates transfection-induced stress. 
However, the contribution of each individual 
modification is challenging to determine from this 
simultaneous approach. We therefore recommend 
factorial experiments in which delivery efficiency and 
safety are evaluated simultaneously under matched 
doses, routes, and sampling times. 

3.2 Engineering PEGylated lipids and PEG 
alternatives 

PEG-associated challenges can be addressed 
through the molecular architecture, linker chemistry, 
the chain length, terminal groups, and lipid-anchor 
stability (Figure 8A). Branched PEG lipids have been 
developed to replace conventional linear PEG lipids, 
and the branched architecture can markedly reduce 
their binding to anti-PEG antibodies and mitigate the 
generation of new antibodies [135]. To address the 
challenges of repeated administration, cleavable 
linkers have also been introduced between the PEG 
chain and the lipid anchor, allowing stimulus-
responsive PEG detachment [70]. This design 
maintains steric shielding during systemic circulation, 
but promotes PEG shedding at the target site, which 
can improve immune evasion and alleviate ABC. 
Furthermore, the PEG chain length affects ABC in a 
biphasic manner. Both long- and short-chain PEG 
conjugates can induce stronger ABC responses than 
their medium-chain analogues. In the reported 
formulation context, PEG2000-lipid conjugates 
provided a favorable balance among steric 
stabilization, targeting, and the ABC response [136]. 
Additionally, the terminal chemistry of PEG can 
influence the biological behavior of LNPs. Hydroxyl-
terminated PEG generally exhibits lower anti-PEG 
antigenicity than methoxy-terminated PEG; however, 
it may also alter surface hydration and protein 
adsorption patterns, leading to rapid systemic 
clearance in some cases. This effect may be associated 
with differences in complement activation and 
foreign-body recognition [137, 138].  
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Figure 8. (A) Modular design of PEGylated lipids, highlighting key structural variables, including the PEG chain length, the molecular architecture, and linker chemistry. (B) 
Representative structures of synthetic polymers investigated as alternatives to PEG for LNP stabilization. (C) Poly(carboxybetaine) (PCB) lipids as PEG alternatives for improved 
mRNA delivery and reduced immunogenicity. Created in https://BioRender.com. 

 
The immunological responses to PEG conjugates 

have driven the search for alternative stealth 
polymers, including poly(N-vinylpyrrolidone), 
poly(oxazoline), poly(N-propionyl methacrylamide), 
poly[N-(2-hydroxypropyl)methacrylamide], 
polyglycerol, polyzwitterions, and polysarcosine 
(Figure 8B) [139-142]. For example, Xiao et al. prepared 
high-density brush polymer lipids from poly(ethylene 
glycol) methyl ether methacrylate and used the 
resulting BPLs to replace conventional DMG-PEG2000 
lipids. In a matched head-to-head comparison using 
the same repeated-dose protocol, optimized BPL LNPs 
showed lower anti-PEG IgG and IgM binding, better 

preservation of FAH expression, and improved 
survival than DMG-PEG2000 LNPs [143]. These 
findings are promising, but the contributions from 
altered antibody binding, protein corona composition, 
complement engagement, and clearance should be 
accurately defined.  

Zwitterionic polymers have also attracted 
attention because their highly hydrated ionic solvation 
layers can provide stronger antifouling activity than 
conventional hydrophilic coatings, which are 
predominantly based on hydrogen bonding [144, 145]. 
Among them, Poly(carboxybetaine) (PCB) is a 
promising PEG alternative. Luozhong et al. 
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synthesized PCB lipids with different carboxybetaine 
repeat units and acyl chain lengths through reversible 
addition-fragmentation chain-transfer polymerization 
and incorporated them into mRNA LNPs as PEG-lipid 
substitutes (Figure 8C). In a matched head-to-head 
comparison, PCB-based SM-102-M2 LNPs produced 
higher tdTomato expression than SM-102-PEG LNPs 
in primary human T cells after 24 h. They also induced 
lower IL-1β, IL-6, and TNF-α secretion under the 
tested conditions. Following repeated administration 
of PCB-LNPs, FLuc expression was maintained, 
whereas reduced expression was seen after the second 
dose of SM-102-PEG LNPs, which was consistent with 
accelerated blood clearance. PCB-LNPs induced 
negligible polymer-specific IgM responses, and serum 
AST and ALT levels were not significantly elevated 
[146]. However, longer and more intensive repeated-
dose studies should assess complement activation, 
renal and hepatic function. These studies should 
include complement products such as C3a, C5a, and 
sC5b-9, together with appropriate organ-function 
markers, including blood urea nitrogen and creatinine 
for renal function. 

Rational design of stealth materials should 
consider their behavior in human blood and 
substantial variabilities among individual patients. In 
19 adults receiving an mRNA-1273 booster, mRNA 
and SM-102 exhibited similar blood-decay kinetics, 
while there were marked interindividual variations in 
the residual serum mRNA levels. mRNA remained 
detectable for up to 14-15 days in some participants 
[147]. A subsequent preprint involving 73 participants 
likewise reported vaccine platform-dependent 
differences in mRNA kinetics [148]. Furthermore, 
person-specific plasma coronas and anti-PEG 
antibody profiles have been reported to have an 
impact on nanoparticle-immune-cell interactions [149-
151]. These findings suggest that PEG alternatives 
should be evaluated beyond antifouling activity and 
transfection efficiency. Recent reviews also suggest 
that PEG alternatives should be treated as new nano-
bio interfaces, rather than as simple PEG mimics, 
because the polymer chemistry, anchor architecture, 
and grafting density reshape protein adsorption, 
complement activation, biodistribution, and cellular 
uptake [80-82]. Serial pharmacokinetics, induced anti-
carrier antibodies, complement and inflammatory 
responses, and patient-level variability should be 
evaluated for repeated-dose development. 

3.3 Non-covalent sterol/helper-lipid 
substitution 

Direct substitution of sterols or helper lipids 
represents a distinct strategy from covalent lipid-
prodrug engineering. In non-covalent substitution, the 

incorporated component primarily modifies lipid 
packing, membrane organization, and intracellular 
trafficking. By contrast, SHIELD-type lipids covalently 
incorporate Dex-derived units through cleavable 
linkers, making their activity and clearance dependent 
on linker cleavage and metabolite fate. These 
approaches therefore require different structural 
characterization and safety assessment. 

Sterol substitution aims to reduce oxysterol 
formation and lipotoxicity while preserving the 
membrane fluidity and structural stability required for 
LNP function [75]. Owing to its structural similarity to 
cholesterol, Dex can serve as a sterol analogue while 
also providing anti-inflammatory activity [152]. In the 
reported formulation, replacing cholesterol with Dex 
reduced inflammatory markers and increased hepatic 
mRNA expression by approximately 1.5-fold relative 
to matched cholesterol-containing LNPs. Substitution 
with β-sitosterol similarly reduced MCP-1 and related 
acute inflammatory markers in a matched comparison 
[153]. 

Helper-lipid substitution follows a similar 
rationale by promoting cytosolic mRNA release while 
limiting excessive membrane disruption and 
secondary inflammation [154]. For example, replacing 
conventional DSPC with sphingomyelin can enhance 
cellular uptake and endosomal escape by promoting 
active lipid raft formation, while reducing nonspecific 
membrane disruption and lipid-associated 
cytotoxicity [155, 156]. 

Collectively, rational LNP design enables 
coordinated control of charge behavior, membrane 
activity, stability, and biodegradation throughout the 
delivery process. Ionizable lipids can minimize 
extracellular charge exposure and facilitate endosomal 
escape, and optimized helper lipids, sterols, surface 
polymers, and cleavable structures can improve 
particle stability, tissue delivery, and post-delivery 
clearance. Integration of these engineering strategies 
during LNP design may facilitate mRNA delivery 
while reducing systemic exposure and cumulative 
safety risks, and the final formulation could be tailored 
to the cargo, route, dosing schedule, target tissue, and 
indication. 

4. Rational design of polymeric carriers to 
balance delivery efficiency and safety  

Polymeric carriers face the same three efficiency-
safety challenges as LNPs, although they arise from 
different molecular features. The charge density and 
accessibility govern mRNA binding and nonspecific 
electrostatic interactions. Hydrophobicity, buffering 
capacity, and the structural architecture influence 
membrane activity and endosomal escape. The 
molecular weight, backbone stability, and degradation 



Theranostics 2027, Vol. 17, Issue 1 
 

 
https://www.thno.org 

216 

products affect biopersistence. These features are 
interconnected: reducing the charge density can 
weaken mRNA condensation, increasing 
hydrophobicity can enhance cellular uptake while 
intensifying membrane interactions, and premature 
degradation can compromise delivery efficiency.  

4.1 Structural modification of polymeric 
carriers  

Structural modification can enhance the delivery 
efficiency of low-molecular-weight polymers without 
introducing the persistent charge and toxicity 
associated with high-molecular-weight counterparts. 
Hydrophobic modification, fluorination, amine 
conversion, and biomimetic functionalization can tune 
mRNA binding, self-assembly, membrane 
interactions, and pharmacokinetics. These effects 
should be assessed across the entire delivery process. 
For example, a reduction in the surface charge may 
improve cytocompatibility but weaken mRNA 
condensation or endosomal escape.  

Proper hydrophobic engineering can partially 
shield the positive charge of the polymer backbone, 
thereby reducing nonspecific electrostatic interactions 
with cell membranes and alleviating membrane 
damage and cytotoxicity (Figure 9A). Meanwhile, 
hydrophobic interaction can stabilize 
polymer/mRNA nanocomplexes, thereby improving 
mRNA binding and delivery efficiency while 
maintaining the measured tolerability endpoints. For 
example, deoxycholic acid-modified PEI substantially 
reduced the intrinsic cytotoxicity of PEI while 
improving skin penetration. Local administration of 
this system markedly reduced systemic exposure and 
enabled efficient gene editing in a local melanoma 
model [157]. This benefit should not be generalized to 
highly hydrophobic polymers, which may aggregate 
or interact strongly with membranes. The combination 
of zwitterionic and hydrophobic groups has been 
reported to reduce nonspecific serum protein 
adsorption. Building on this principle, the widely used 
cationic polymer PEI can be modified with both 
phospholipid and alkyl groups to generate 
phospholipidated and alkylated polymers (PAPs). 
PAPs retained high delivery efficacy across different 
fetal bovine serum (FBS) concentrations and 
significantly outperformed their parent cationic and 
alkylated counterparts. By contrast, MC3 LNPs 
showed a rapid decline in efficacy at higher FBS 
concentrations. Importantly, the improved delivery 
performance of PAPs did not compromise cellular 
tolerance [158]. In addition, side-chain modification of 
polylysine with ionizable hydrophobic 
isothiocyanates produced thiourea-modified 
polylysine carriers (PLL-T) (Figure 9E). The thiourea 

groups provide two hydrogen-bond donor sites, while 
electrostatic and hydrophobic interactions jointly 
strengthen mRNA binding and polyplex stability. This 
multimodal interaction improved mRNA loading and 
transfection without increasing cytotoxicity. PLL-
1A1B(T)@mRNA also induced negligible TNF-α and 
IL-6 responses and supported antigen expression, 
presentation, and antitumor activity. These findings 
suggest that combining complementary interaction 
modes can improve delivery while limiting 
inflammatory activation [159]. Together, these systems 
show that cooperative moderate interactions can 
reduce reliance on a high cationic charge density. 

Endogenous or biomimetic moieties can reduce 
the number or accessibility of primary amines while 
introducing alternative interactions (Figure 9B). For 
example, imidazole-acetic acid (IAA), an endogenous 
histamine metabolite, was used to convert primary 
amines on branched PEI and chitosan into secondary 
and tertiary amines. This modification reduced in vivo 
hematological and immunological toxicity by 
attenuating TLR4-related inflammatory activation in 
bPEI systems and complement-associated neutrophil 
responses in chitosan systems, while preserving 
mRNA delivery activity [101]. Incorporation of 
naturally derived or biomimetic molecules, such as 
cyclodextrin and polysarcosine (pSar), can also 
improve the safety of polymeric carriers [160]. For 
example, conjugation of cyclodextrin to PEI 2k (CP 2k) 
reduced the charge density of the polyamine 
backbone, thereby alleviating PEI-associated 
cytotoxicity while preserving adequate protonatable 
groups for mRNA condensation and intracellular 
delivery. In a repeated intranasal dosing model, 
coadministration of CP 2k/mRNA with 
lipopolysaccharide (LPS) did not increase serum ALT 
or AST levels or cause detectable liver histopathology 
compared with LPS alone. By contrast, PEI 
25k/mRNA promoted nasal absorption of LPS, 
resulting in elevated ALT levels and hepatocellular 
swelling, suggesting that CP 2k provides a safer 
alternative to PEI 25k for intranasal mRNA delivery 
[161, 162]. 

Multicomponent reactions enable multiple 
polymer properties to be tuned within a single 
synthetic step. By incorporating hydrophobic 
segments, degradable linkages, bioactive groups and 
charge-regulating motifs, these polymers can reduce 
cytotoxicity while improving mRNA condensation, 
cellular uptake, endosomal escape and tissue-selective 
delivery. Vlasova et al. developed an mRNA delivery 
platform with greater performance and lower reported 
acute toxicity than PEI by using the Ugi 
multicomponent reaction to generate a PEI-based 
cationic polymer. In a head-to-head comparison, the 
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lead candidate, U155, efficiently delivered mRNA to 
endothelial and immune cells, including T cells, in the 
lung in vivo, while showing lower values for the 
measured acute toxicity endpoints than PEI. 
Histological evaluation at 24 h after intravenous 
administration of 5 μg nanoparticle-formulated 
mRNA showed no significant increase in immune-cell 
infiltration or tissue damage in the U155@lipids-
treated group compared with the PBS-treated group 
(Figure 9F). Consistently, serum levels of acute 
inflammatory cytokines, including IL-1, IL-6 and TNF-
α, remained comparable to those in the control group 

throughout the study. U155@lipids also enabled 
repeated mRNA dosing without a substantial loss of 
transfection efficiency and facilitated CRISPR-Cas9 
delivery to the lung in Ai9 mice (Figure 9G). 
Mechanistically, the tertiary amine units introduced 
into U155 may contribute to its lower acute toxicity 
endpoints. Compared with primary and secondary 
amines, tertiary amines have lower proton-buffering 
capacity at physiological pH, which may reduce 
osmotic stress during intracellular trafficking and 
thereby alleviate cellular toxicity [163]. 

 

 
Figure 9. Representative structural modification strategies for polymeric carriers, including (A) hydrophobic modification, (B) conjugation with biocompatible moieties, and 
(C) fluorination. (D) Synthetic route for preparing a functional polymer through the split Ugi multicomponent reaction. (E) Schematic illustration of PLL-T-based mRNA vaccine 
delivery. Multiple interactions between thiourea-modified poly(l-lysine) and mRNA through cooperative hydrogen bonding, electrostatic interaction, and hydrophobic forces 
enable precise mRNA encapsulation, reduced inflammation, and efficient vaccination. Created in https://BioRender.com. (F) Representative H&E-stained images of paraffin-
embedded lung sections. Red dashed outlines indicate inflammatory cell infiltration and possible microabscess formation. Scale bar = 200 μm (left panels) and 20 μm (right 
panels). (G) Quantification of the tdTomato-positive area in lung sections. Data are presented as means ± SD (n = 3 biological replicates; unpaired two-tailed t-test, P = 0.0392). 
Adapted from Ref. [163]. Copyright 2024 Springer Nature Limited. (H) TUNEL staining images of the retinal tissue. DAPI in blue and TUNEL-positive cells in red. Scale bar = 
75 μm. Adapted from Ref. [166] under the terms of the Creative Commons Attribution License. Copyright 2025 The Authors, published by Wiley-VCH GmbH. 
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Fluorination can modulate polymer self-
assembly, membrane interaction, and circulation, but 
the delivery efficiency and safety of fluorinated 
materials remain formulation-specific (Figure 9C). A 
low surface energy and unique physicochemical 
properties of fluorinated materials can improve 
nanoparticle self-assembly and promote endosomal 
escape [164]. For example, fluorinated low-molecular-
weight PEI (FPEI) nanoparticles were used for 
systemic IL-2 mRNA delivery, and incorporation of 
15% or 20% fluorinated copolymers prolonged 
detectable circulation of mRNA@FPEI-FCP beyond 72 
h while cell viability was maintained at the tested 
concentrations [165]. Prolonged circulation may 
improve tumor exposure; however, the biopersistence 
of the carrier and its fragments may pose an explicit 
safety risk. In a separate ocular model, fluoropolymer 
carriers delivered mRNAs encoding genome-editing 
proteins, and a therapeutic effect was achieved 
without detectable ocular damage within the 
endpoints and follow-up studies (Figure 9H) [166]. 
These findings support advantages of fluorination of 
polymers for mRNA delivery, but do not confirm 
favorable safety for fluoropolymers. Repeated-dose 
tolerability, systemic distribution, and the fate of 
fluorinated fragments should be systematically 
evaluated. 

Polymer modification often simultaneously 
modulates charge exposure, membrane activity, and 
biopersistence. Amine shielding can improve 
hemocompatibility, but it may weaken mRNA 
condensation. Introduction of hydrophobic or 
fluorinated groups may enhance cellular uptake and 
endosomal escape, while these groups may influence 
protein corona formation, membrane injury, and 
tissue retention. Biomimetic motifs may introduce 
additional challenges associated with 
immunogenicity, material heterogeneity, and 
manufacturing. Therefore, modified polymers should 
be evaluated against their unmodified counterparts 
under identical experimental conditions in terms of 
delivery efficiency and safety endpoints, including 
organ accumulation, repeated-dose toxicity, and 
structure-associated toxicity. 

4.2 Engineering biodegradable and charge-
shifting polymeric carriers 

Biodegradable polymeric carriers are designed to 
reduce material biopersistence through fragmentation 
into smaller products after delivery at the target site, 
and these small fragments can be cleared more readily. 
Representative systems include poly(amine-co-ester)s 
(PACEs), poly(β-amino ester)s (PBAEs), and 
poly(amino acid)-based polymers (Figure 10A) [167]. 
Suberi et al. optimized biodegradable PACE mRNA 

polyplexes for pulmonary delivery by combining a 
modified E14 end group with 10 wt% PACE-PEG. In 
head-to-head comparisons, PACE-E14 polyplexes 
maintained higher cell viability than LipoMM (Figure 
10D). Formulations containing PACE-E14 and 10 wt% 
PACE-PEG produced robust pulmonary mRNA 
expression and outperformed jetPEI and GenVoy-ILM 
at 24 h (Figure 10E). Higher PACE-PEG contents 
reduced expression, indicating that PEG coverage 
must be optimized to preserve delivery performance. 
Histology showed no acute epithelial damage apart 
from mild focal neutrophil infiltration, while no 
sustained leukocyte accumulation or changes in serum 
creatinine and BUN were observed (Figure 10F). These 
findings support tolerability under the tested 
conditions, but long-term and repeated-dose studies 
are still needed to assess cumulative pulmonary safety 
[168]. In addition, PBAE-E63 enabled lung editing 
after repeated systemic administration, and no evident 
pulmonary injury was seen in the reported histological 
assessments through nine doses [169]. These findings 
indicate favorable tolerability of biodegradable 
polymeric carriers within the tested models and 
observation periods, although further studies are 
needed to define their systemic and long-term safety. 
Hydrophobic-segment engineering can tune 
degradation kinetics [170], but clinical translation 
requires efficient clearance of both the parent carrier 
and its degradation products without compromising 
mRNA delivery. 

Intracellular environment-responsive linkages 
have been employed for polymeric carriers by 
harnessing intracellular microenvironmental cues to 
induce degradation or charge conversion (Figure 10B) 
[171-173]. Charge-altering releasable transporters 
(CARTs) containing β-amide carbonate linkages 
undergo time- and pH-dependent conversion from 
cationic structures to products with lower charge, 
thereby promoting cargo release and limiting 
persistent charge exposure. In the reported studies, 
this transition reduced hemolysis while maintaining 
delivery performance [174]. Moreover, Orn-CARTs 
condensed mRNA at low pH and enabled ligand-free 
delivery to the pulmonary vascular endothelium 
following intravenous administration. At near-neutral 
pH, degradation of the cationic block generated lower-
charge products. At the tested dose, serum ALT, AST, 
and BUN remained unchanged after both single and 
repeated administration (Figure 10G) [175]. 
Importantly, near-neutral degradation may promote 
mRNA release and reduce persistent cationic charge. 
The conversion rate must nevertheless be controlled to 
prevent nanoparticle destabilization and premature 
mRNA release before cellular uptake. Dynamic 
covalent biodynamers based on pH-responsive 
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acylhydrazone and imine bonds exhibited 
substantially lower cytotoxicity than PEI and PLL in 
the reported in vitro assays and no distinct toxicity 
signal in the zebrafish assays [176].  

Redox-responsive polymers have been 
developed for mRNA delivery by harnessing 
intracellular glutathione gradients (Figure 10C). 
Disulfide-containing polymers remain relatively 
stable in blood but rapidly degrade in the reductive 
cytosolic environment, thereby promoting mRNA 
release while mitigating cytotoxicity [177]. Ben-Akiva 
et al. reported a bioreducible lipophilic PBAE platform. 
Disulfide bonds were incorporated into the polymer 
backbone to induce cytosol-responsive degradation. 
To evaluate the systemic safety of an optimized R18D 
polymer, serum ALT and AST were measured after 
administration of PBAE-mRNA or its combination 
with adjuvants such as CpG or poly(I:C). Moderate, 
transient elevations in the liver enzymes were 
observed at 24 h after injection, particularly in the 
adjuvant-containing groups, but both ALT and AST 

returned to the baseline within 72 h, and these enzyme 
levels were comparable to those of the untreated 
control. Cytokines associated with the cytokine release 
syndrome (CRS) also showed a transient increase, and 
they rapidly returned to the baseline levels. These 
results indicate that the measured acute biomarker 
changes were transient under the tested conditions 
[178]. Longer follow-up studies are needed to 
determine whether the carrier and its metabolites are 
fully cleared and whether tolerability is maintained 
after repeated administration. 

Biodegradable and charge-shifting polymers can 
reduce material biopersistence and charge-associated 
toxicity, but the overall benefits are dependent on the 
timing of degradation and the degradation products. 
After rational engineering of the polymeric carriers, 
they should protect mRNA during circulation and 
undergo triggered disassembly after cellular uptake. 
The resulting fragments should have low membrane 
activity, and they can be cleared efficiently, 
particularly during repeated administration. 

 

 
Figure 10. (A) Representative biodegradable polymer backbones. Representative polymer designs responsive to (B) pH and (C) reducing conditions. (D) In vitro cytotoxicity 
of PEGylated PACE-E14 polyplexes compared with LipoMM. Asterisks indicate statistically significant differences between the PACE formulations and LipoMM. (E) Luciferase 
expression in lung tissues after delivery of 5 μg FLuc mRNA via PEGylated PACE-E14 or in vivo-jetPEI. RLU, relative light units. (F) Blood urea nitrogen (BUN) and creatinine 
(Cr) levels as indicators of kidney function on day 14 after delivery. Data are presented as mean ± SD with individual measurements. Statistical significance was assessed using 
two-way ANOVA with Sidak’s multiple-comparisons test. ns, not significant. Reproduced with permission from Ref. [168]. Copyright 2023, AAAS. (G) pH-dependent charge 
conversion of Orn-CART nanoparticles for lung endothelial mRNA delivery. Created in https://BioRender.com. 
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Figure 11. The challenges of LNPs and polymeric carriers for mRNA delivery. (A) Toxicity mechanisms are often examined separately, leaving pathway interactions, 
delayed effects, and interindividual susceptibility incompletely understood. (B) Material properties that enhance delivery may also contribute to toxicity, complicating the 
simultaneous optimization of efficacy and safety. (C) Conventional in vitro and animal models do not fully reproduce human physiological and immune environments, limiting 
their clinical predictive value. (D) Long-term repeated-dose data remain limited, particularly for cumulative toxicity, anti-carrier immune responses, and chronic inflammation 
relevant to chronic disease treatment. Created in https://BioRender.com. 

 

5. Application-specific design and 
implementation barriers for clinical 
translation 
5.1 Indication-specific therapeutic windows 

Successful clinical translation ultimately depends 
on maintaining a favorable balance among material 
structure, delivery performance, and safety under the 
intended treatment regimen [22]. Peak mRNA 
expression alone is insufficient for assessing the 
delivery performance, and a carrier should provide 
reproducible results at the intended dose and 
frequency through the intended route within the 
target tissue. These delivery results should be 
achieved without inducing unacceptable acute or 
cumulative toxicity. These safety requirements can 
vary across applications. The acceptable combined 
immune burden is therefore indication-dependent. 
Controlled mRNA cargo- and carrier-derived innate 
stimulation may support the immunogenicity of 
infrequently administered intramuscular vaccines 
[37], whereas repeated intravenous protein 

replacement generally requires minimal activation 
from both sources, predictable clearance, and 
preserved redosing performance [179]. Gene editing 
and cancer therapy impose different requirements for 
target-cell exposure, off-target distribution, and 
immune activation [180]. Accordingly, each platform 
should be evaluated within the context of its intended 
application (Table 1).  

For prophylactic vaccines, carriers are often used 
to enhance antigen expression while preserving a 
controlled degree of innate immune stimulation. A 
moderate adjuvant-like effect can enhance adaptive 
immunity, while excessive activation can lead to local 
and systemic reactogenicity [181, 182]. Intrinsic 
material design strategies, such as pKa tuning, 
controlled PEG shedding, and reduced nonspecific 
membrane interaction, are often prioritized over broad 
pharmacological immunosuppression. When anti-
inflammatory motifs are used, their loading and 
release should be assessed in terms of antigen 
expression, dendritic-cell activation, T-cell responses, 
and clinical tolerability. 
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Table 1. Context-specific efficacy and safety criteria for mRNA delivery systems.  

Application, route, and 
regimen 

Efficacy and intended immune 
activity 

Minimum safety panel Repeat-dose or clearance criterion Design implication 

Prophylactic vaccine; 
predominantly via i.m.; 
limited doses 

Antigen expression and adaptive 
immunity; controlled 
local/systemic innate activation 

Reactogenicity, cytokines, 
complement, local 
histology 

Preserved booster expression without progressive anti-
carrier immunity or increased reactogenicity; systemic 
clearance is interpreted in relation to local antigen 
expression and the booster interval 

Transient activation; 
localized exposure; 
preserved adjuvancy 

Cancer therapy; i.t. or 
i.v.; often repeated 

Tumor responses and expression 
in target cells; context-dependent 
activation without systemic 
spillover 

Cytokines, liver injury, 
blood compatibility, off-
target biodistribution 

Stable efficacy and no cumulative organ injury across 
planned cycles 

Spatially restricted 
activation; tumor- 
/immune organ- 
targeting 

Protein replacement; 
repeated i.v. dosing 

Functional protein exposure over 
the dosing interval; minimal 
immune activation 

Complement, anti-carrier 
antibodies, liver/kidney 
injury, histology 

Pre-dose anti-carrier antibodies, complement 
activation, systemic exposure, clearance, and organ 
redistribution assessed across the intended redosing 
interval; functional expression retained after repeated 
matched doses 

Minimal immune 
recognition; 
predictable 
degradation and 
clearance 

Gene editing; one or a 
few systemic doses 

On-target editing in intended 
cells; minimal immune activation 
unless mechanistically required 

Acute carrier toxicity, 
biodistribution, off-tissue 
editing, long-term follow-
up 

Transient editor expression and carrier clearance after 
delivery 

High cellular 
selectivity; short 
exposure; stringent off-
target control 

Table footnote. The criteria are formulated for application-dependent therapeutic windows and they are not intended for universal carrier ranking. mRNA carrier design 
aims to achieve features, such as transient activation, localized exposure, and predictable degradation, while these terms are not universal acceptance thresholds. Kinetics 
may be acceptable in the context of the route, dose, target tissue, dosing interval, and indication. A single degradation half-life cannot establish that a material is 
biodegradable. Supporting measurements should include kinetics of the intact carrier and its major metabolites, organ exposure, residual material before the intended 
redosing interval, and efficacy across the intended regimen. i.d., intradermal; i.m., intramuscular; i.t., intratumoral; i.v., intravenous. 

 
For cancer therapy, mRNA is often delivered 

intratumorally or intravenously and repeated dosing 
of mRNA is a common practice. Delivery systems 
should stimulate immune activation to support anti-
tumor responses while preventing systemic 
inflammation, complement activation, and liver injury 
[183, 184]. Targeting and degradable structures can 
reduce exposure of carriers to normal tissues, whereas 
locally released anti-inflammatory or immune-
regulatory motifs may confine activation to the tumor 
microenvironment. Studies on PEG-
phosphatidylethanolamine nano-micelles support the 
therapeutic benefits of co-delivering antigens and 
immunostimulatory signals to antigen-presenting 
cells [185]. Emerging polymer-lipid carriers that 
intrinsically activate and transfect T cells can be used 
for simultaneous mRNA delivery and immune 
activation for in vivo CAR-T generation [186]. 

Protein replacement generally requires repeated 
administration because mRNA expression is transient 
[187]. Therefore, carriers should display low 
immunogenicity, predictable clearance, stable 
performance after redosing, and minimal cumulative 
organ injury. Neutral or weakly charged surfaces, 
degradable backbones, and non-PEG stealth coatings 
may be particularly valuable. Delivery efficiency 
should be assessed across multiple doses rather than 
after a single administration. Pre-existing or 
treatment-induced anti-carrier antibodies may 
accelerate clearance and reduce expression after 
redosing, although the magnitude remains 
formulation- and model-dependent. In a mouse 
model, increasing anti-PEG antibody concentrations 
were associated with a 31.4- to 46.6-fold reduction in 

early spike protein expression after BNT162b2 
administration [71]. By contrast, baseline anti-PEG 
antibodies did not correlate with vaccine-component 
decay rates in a small human study of intramuscular 
mRNA-1273 boosting [147]. Antibody-mediated 
changes in exposure may therefore be more restrictive 
for frequently repeated systemic protein replacement 
than for infrequent localized vaccination, but no 
validated antibody threshold or universal redosing 
interval has been established. In vivo gene editing may 
need only one or a few doses, but the tolerance for off-
target delivery is especially low because expression of 
editing enzymes can produce durable genomic 
changes [113]. High delivery efficiency in the intended 
cell type must be balanced against transient editor 
expression, restricted biodistribution, acute carrier 
toxicity, and off-target editing in non-target tissues. 
Therefore, safety evaluation should integrate carrier 
pharmacology with editing specificity, persistence of 
editor expression, and long-term biological follow-up. 

LNPs are the clinically approved platform for 
mRNA delivery. All approved mRNA products are 
derived from lipid-based formulations. However, 
conventional PEI, PBAE, PACE, and PAMAM systems 
for mRNA delivery remain at the preclinical stage 
(Table 2). Clinical experience with polymer-
containing carriers is predominantly confined to 
protamine complexes and emerging polymer-lipid 
hybrids. This clinical difference between LNPs and 
polymeric carriers can be ascribed to manufacturing 
readiness, compositional control, analytical 
characterization, regulatory experience, and the 
availability of repeated-dose safety data, in addition to 
the delivery performance.  
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Table 2. Representative approved and investigational mRNA delivery systems. Regulatory approvals and clinical trial statuses 
were verified using records from the FDA, EMA, PMDA, and ClinicalTrials.gov, accessed in August 2026. Components of investigational 
formulations are listed only when they are disclosed in official records; otherwise, the composition is described as proprietary or not 
publicly disclosed. 

Delivery 
system 

Product or 
candidate 

mRNA cargo and indication Admin. Verified regulatory or trial status Carrier disclosure and source 

Approved 
LNP 

Comirnaty 
(BNT162b2) 

SARS-CoV-2 spike mRNA; COVID-19 
prevention 

i.m. FDA BLA approval (23 August 
2021) (FDA) 

ALC-0315, ALC-0159, DSPC, and cholesterol 
in the official product information 

Approved 
LNP 

Spikevax (mRNA-
1273) 

SARS-CoV-2 spike mRNA; COVID-19 
prevention 

i.m. FDA BLA approval (31 January 
2022) (FDA) 

SM-102, DSPC, cholesterol and PEG2000-DMG 
in the official product information 

Approved 
LNP 

mRESVIA 
(mRNA-1345) 

RSV prefusion F mRNA; prevention 
of RSV-associated lower respiratory 
tract disease 

i.m. FDA BLA approval (31 May 2024) 
(FDA) 

SM-102, DSPC, cholesterol and PEG2000-
DMG, in the FDA product information 

Approved 
LNP 

mNEXSPIKE 
(mRNA-1283) 

SARS-CoV-2 spike N-terminal and 
receptor-binding-domain mRNA; 
COVID-19 prevention 

i.m. FDA BLA approval (30 May 2025); 
EU authorization (12 February 
2026) (FDA; EMA) 

SM-102, DSPC, cholesterol, and PEG2000-
DMG in FDA and EMA records 

Approved 
LNP 

Kostaive (ARCT-
154; zapomeran) 

Self-amplifying SARS-CoV-2 spike 
mRNA; COVID-19 prevention 

i.m. PMDA approval (28 November 
2023); EU authorization (12 
February 2025) (PMDA; EMA) 

ATX-126, DSPC, cholesterol, and PEG2000-
DMG in PMDA and EMA records 

Approved 
LNP 

Daichirona  
(DS-5670; 
ufrenmeran) 

SARS-CoV-2 receptor-binding-
domain mRNA; COVID-19 
prevention 

i.m. PMDA approval (2 August 2023) 
(PMDA) 

T168-1857a, DSPC, cholesterol, and PEG2000-
DMG in the PMDA record 

Clinical-stage 
LNP 

V940/ 
mRNA-4157 
(intismeran 
autogene) 

Personalized neoantigen mRNA; 
cancer immunotherapy 

i.m. Active, not recruiting, Phase III 
(NCT05933577) 

Proprietary LNPs; full composition not 
disclosed in the registry 

Clinical-stage 
LNP 

mRNA-3927 PCCA and PCCB mRNAs; protein 
replacement for propionic acidemia 

i.v. Recruiting, Phase I/II 
(NCT04159103) 

Proprietary LNPs; full composition not 
disclosed in the registry 

Clinical-stage 
LNP 

mRNA-3705 Methylmalonyl-CoA mutase mRNA; 
protein replacement for 
methylmalonic acidemia 

i.v. Recruiting, Phase I/II 
(NCT05295433) 

Proprietary LNPs; full composition not 
disclosed in the registry 

Clinical-stage 
LNP 

ARCT-810 OTC mRNA; protein replacement for 
ornithine transcarbamylase deficiency 

i.v. Recruiting, Phase II (NCT06488313) LUNAR LNP platform; full composition not 
disclosed in the registry 

Clinical-stage 
LNP 

NTLA-2001 Cas9 mRNA and TTR-targeting 
sgRNA; in vivo editing for 
transthyretin amyloidosis 

i.v. Completed, Phase I (NCT04601051) LP000001, DSPC, cholesterol, and PEG2000-
DMG; the complete quantitative composition 
remains proprietary 

Clinical-stage 
LNP 

NTLA-2002 Cas9 mRNA and KLKB1-targeting 
sgRNA; in vivo editing for hereditary 
angioedema 

i.v. Active, not recruiting, Phase III 
(NCT06634420) 

LP000001, PEG2000-DMG, and additional 
lipids; the complete composition and 
component proportions have not been 
publicly disclosed 

Clinical-stage 
LNP 

mRNA-2752 OX40L, IL-23, and IL-36γ mRNAs; 
cancer immunotherapy 

i.t. Completed, Phase I (NCT03739931) Proprietary LNPs; full composition not 
disclosed in the registry 

Polymer-lipid 
hybrid 

InViVo CAR1920 
mRNA 

CD19/CD20 dual-targeting CAR 
mRNA; in vivo CAR-T-cell generation 

i.v. Recruiting, Phase II (NCT07321301) Polymer-lipid particles; detailed composition 
not disclosed in the registry 

Protamine-
based carrier 

CV7201 Rabies glycoprotein mRNA; 
prophylactic vaccination 

i.d. or 
i.m. 

Completed, Phase I (NCT02241135) Free and protamine-complexed mRNA in the 
trial record and primary report 

Abbreviations: BLA, biologics license application; CAR, chimeric antigen receptor; OTC, ornithine transcarbamylase; PCCA/PCCB, propionyl-CoA carboxylase subunits 
α/β; RSV, respiratory syncytial virus; sgRNA, single-guide RNA. Admin., administration; i.d., intradermal; i.m., intramuscular; i.t., intratumoral; i.v., intravenous. 

 
5.2 Cross-platform comparison and real-world 
implementation 

LNPs and polymeric carriers are two distinct 
mRNA delivery platforms, and they have their unique 
strengths and limitations. Both have been evaluated in 
various vaccination and therapeutic models. 
However, few studies have compared them directly 
under the same experimental conditions [188]. 
Therefore, qualitative comparisons of studies from 
individual platforms were performed and the findings 
from these studies were interpreted cautiously. The 
strengths, limitations, and future research directions of 
both platforms are summarized (Table 3). 

Quantitative comparisons may be performed 
when delivery performance and safety are evaluated 
under the equivalent experimental conditions [180, 
189]. The mRNA dose, carrier dose, carrier-to-mRNA 

ratio, administration route, model, and follow-up 
period should be included in the reports for the 
corresponding efficacy and safety outcomes [190, 191]. 
It is important to note that a higher expression level at 
a different dose via a different route does not imply a 
wider therapeutic window. 

During clinical translation of both platforms, 
scalable manufacturing processes with robust 
chemistry, manufacturing, and controls (CMC) are 
essential to ensure the material identity, formulation 
consistency, and removal of residual components 
[192]. This is particularly important for heterogeneous 
polymers, whose composition and degradation may 
vary from batch to batch. To assess safety concerns of 
two platforms during clinical practice, the 
administration route and the dosing schedule should 
be matched, especially for intravenous or repeated 
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administration. It has been reported that differences in 
biomolecular corona formation and the immune status 
of patients may impact the carrier distribution and 
targeting [149-151]. Although these factors are not 
well-established biomarkers for patient selection, they 
should be considered in translational studies. 

6. Challenges and future perspectives 
6.1 Critical challenges 

First, the complete biological basis of carrier-
associated toxicity remains incompletely understood. 
Most studies examine individual mechanisms for 
carrier-associated toxicity, while in vivo injury may 
result from a combination of these individual 
mechanisms, including membrane damage, 
intracellular stress, immune activation, metabolic 
disturbances, and organ exposure. Long-term and 
delayed safety risks in humans remain poorly 
characterized, and the susceptibility may vary with the 
genetic background, age, disease state, immune 
history, pre-existing anti-carrier antibodies, and 
individual-specific protein corona formation [149-
151].  

Second, the material properties tuned for 
enhanced delivery efficiency may pose safety 
concerns. A positive charge facilitates mRNA 
complexation and uptake, but the charge may damage 
membranes; membrane activity promotes endosomal 
escape, but it may disrupt organelles; and 

biopersistence can prolong exposure but delay 
clearance. Therefore, more studies should be 
conducted to systemically evaluate the impact of these 
properties on delivery efficiency and safety risks 
across therapeutic contexts. Importantly, the impact 
should be evaluated by the therapeutic window and 
repeated-dose performance. Ultimately, the properties 
can be harnessed to develop next-generation carriers 
with spatially and temporally controlled functions.  

Third, conventional preclinical models do not 
fully recapitulate human tissue physiology, immune 
responses, disease-associated inflammation, or 
repeated exposure. Therefore, safety findings from 
simplified cell-based and animal models may have 
poor clinical predictability. Human-relevant models 
should be constructed and employed to improve the 
mechanistic interpretation and bolster the 
translational confidence. 

Long-term, high-dose, and repeated exposure 
remain insufficiently evaluated, particularly for 
therapies requiring sustained administration. Future 
studies should deliver outcomes with a standardized 
safety panel covering blood compatibility, immune 
activation, organ injury, biodistribution, and carrier 
clearance. Repeated-dose studies should additionally 
assess anti-carrier immunity, retained efficacy, 
material accumulation, and cumulative tissue injury 
under clinically relevant and appropriately controlled 
conditions. 

 

Table 3. Comparison of LNPs and polymeric carriers based on clinical translational criteria.  

Criterion LNPs Polymeric carriers Comparative interpretation 
Delivery efficacy High-efficiency encapsulation and 

clinically validated expression; strong 
liver tropism after i.v. dosing 

Highly tunable chemistry and great 
extrahepatic potential; varied performance 
across polymers and formulations 

Comparisons are most meaningful when 
mRNA dose, administration route, target-cell 
expression, and follow-up are matched 

Reported or plausible safety 
concerns 

Formulation-specific innate activation, 
complement/PEG responses, lipid 
metabolism, and hepatic exposure 

Structure- and exposure-dependent 
membrane injury, hemolysis, organelle 
stress, aggregation, and polymer 
biopersistence 

Safety differences should be interpreted using 
matched assessments of blood compatibility, 
inflammation, organ injury, biodistribution, 
and histopathology 

Release, degradation, and 
clearance 

Non-covalent components are released 
through lipid exchange or particle 
disassembly, whereas covalent lipid 
prodrugs depend on linker cleavage and 
subsequent metabolite formation. 

Ester-rich, charge-shifting, pH-responsive, or 
redox-responsive backbones can promote 
cargo release and carrier degradation 

Non-covalent formulations should be evaluated 
for component leakage and systemic exposure, 
whereas covalent prodrugs require 
characterization of cleavage kinetics, intact-
conjugate disposition, and metabolite safety 

Repeated administration More clinical experience, but concerns 
over anti-PEG immunity and cumulative 
liver exposure 

Promising preclinical redosing data; limited 
standardized, long-term clinical evidence 

The key consideration is whether delivery 
efficacy is maintained without increasing anti-
carrier immunity, complement activation, organ 
accumulation, or cumulative toxicity 

Clinical maturity Multiple approved vaccines and 
expanding therapeutic pipelines 

Mostly preclinical; protamine-complexed 
mRNA, such as CV7201, has completed a 
Phase I clinical trial; however, protamine is 
clinically approved as a heparin antagonist 
and insulin additive, not as a standalone 
mRNA vaccine platform; polymer-lipid 
hybrids remain at an early clinical stage 

LNPs have greater regulatory and 
manufacturing maturity, whereas polymeric 
carriers require broader clinical validation and 
longer-term safety data 

Manufacturing and 
regulation 

Greater manufacturing experience, 
including microfluidic mixing, and 
developed processes for product-specific 
chemistry, manufacturing, and control; 
challenges for scale-up and cold-chain 
supply 

Challenges for analytical characterization 
and GMP product reproducibility due to 
structural heterogeneity and variations in 
molecular-weight distribution 

LNPs benefit from more established 
manufacturing and regulatory pathways, 
whereas polymer heterogeneity creates 
additional challenges for analytical control and 
batch reproducibility 
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6.2 Interdisciplinary technologies for safety 
evaluation  

Artificial intelligence (AI) can support the design 
of safer and more effective mRNA carriers when the 
training dataset for delivery and toxicity under the 
same experimental conditions is available. Unbiased 
data for efficacy measurements and safety assessments 
should be collected with detailed experimental 
information. Data should be organized into four 
groups. The first data group is molecular features of 
the carrier, including the chemical structure, 
molecular weight, ionization behavior, 
hydrophobicity, pKa and degradability. The second 
data group is properties of the nanoparticle 
formulation, including the particle size, size 
distribution, surface charge, morphology, mRNA 
encapsulation, and colloidal stability. The third data 
group is in vitro efficacy and safety measurements, 
including cellular uptake, endosomal escape, protein 
expression or gene editing, target cell viability, and 
hemolysis. The fourth data group is in vivo 
measurements, including pharmacokinetics, 
biodistribution, target tissue expression or editing, 
systemic inflammation, organ injury markers, 
histopathology, and toxicity after repeated 
administration. Each record is detailed with the 
experimental information, including the carrier 
composition, mRNA type, dose, administration route, 
experimental model, dosing schedule, and sampling 
time. It is noted that the measurement data often vary 
from laboratory to laboratory because materials, 
protocols, instruments, and reporting methods in 
different laboratories are not identical. Interlaboratory 
variations can be reduced through shared reference 
formulations, calibrated assays, common units, and 
endpoint measurements normalized to the dose and 
the sampling time. Laboratory and batch identifiers 
should be retained for each record, and formulations 
with positive or negative outcomes are included. 
Hierarchical models can account for laboratory and 
batch effects. Model reliability should be tested by 
excluding data from one laboratory during training 
and evaluating performance on independent datasets. 
Uncertainty estimates and documented training-
domain limitations should be considered before model 
predictions are used to prioritize translational 
candidates. It is critical to validate the model 
predictions from independent laboratory datasets 
before model-guided clinical prioritization. 

Organoids and organ-on-chip platforms can 
provide human-relevant preclinical safety assessment 
outcomes. Compared with conventional two-
dimensional cultures, they can better recapitulate the 
tissue architecture, physiological microenvironments, 

and cell-cell communication. The liver, kidney, heart, 
vascular, and immune-competent organoid or organ-
on-chip platforms may be used for evaluation of 
organ-specific toxicity, complement and inflammatory 
responses, and repeated exposure. These platforms 
may reduce the need for animal studies, although 
animal models remain important for complementary 
toxicity assessment. 

In vivo imaging and multi-omics can provide 
complementary mechanistic information. 
Longitudinal imaging can track carrier distribution, 
metabolism, and tissue accumulation across clinically 
relevant doses and schedules. Transcriptomics, 
proteomics, metabolomics, and lipidomics can 
identify inflammatory, metabolic, and stress-response 
pathways activated by different carriers. Integrated 
analyses should relate biological responses to 
measured carrier exposure and degradation rather 
than rely on omics signatures alone (Figure 12). 

6.3 Research and development directions 
We propose four research and development 

directions for mRNA delivery systems: stimuli-
responsive design, critically evaluated biologically 
derived or biomimetic materials, multifunctional 
carriers, and precise tissue or cell targeting. Each 
direction should address charge exposure, membrane 
activity, or biopersistence of delivery systems in the 
tissue and intracellular compartment within the 
duration for the intended application. 

First, intelligent and stimulus-responsive carriers 
are intended to improve biological selectivity by 
responding to endogenous stimuli, such as pH, 
reactive oxygen species, or enzymes [193-195]. They 
should remain sufficiently stable during circulation 
and disassemble after reaching the intended tissue or 
intracellular compartment. Such a design may reduce 
off-target exposure, but this benefit should be 
demonstrated with the corresponding data for 
biodistribution, degradation, delivery efficacy, and 
toxicity assessment. Externally triggered platforms, 
including light- and magnetic-responsive systems, 
may provide additional spatial and temporal control 
over mRNA delivery to mitigate off-target exposure 
[196]. 

Second, biologically derived and biomimetic 
platforms, including peptides, proteins, extracellular 
vesicles (EVs), and nucleic acid assemblies, may 
provide favorable trafficking, cellular interactions, and 
degradation pathways. However, the biological origin 
of these platforms does not imply their intrinsic safety. 
Peptides and proteins may be immunogenic or 
unstable, whereas EV heterogeneity and biomolecular 
cargoes within the EVs can complicate reproducibility 
and safety assessment. Product characterization and 
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regulatory standards are essential for clinical 
development of the biologically derived and 
biomimetic platforms. Future development should be 
devoted to compositionally defined systems, 
controlled sourcing and manufacturing, scalable 
loading and purification, and consistent quality 
attributes. Their translational advantages should be 
established by assessing delivery efficiency, 
biodistribution, clearance, and repeated-dose immune 
responses from both biologically derived/biomimetic 
carriers and synthetic carriers under equivalent 
experimental conditions.  

Third, multifunctional carriers can improve 
delivery while locally modulating inflammatory or 
oxidative stress [197, 198]. This can be achieved either 
by redesigning the carrier to reduce its intrinsic 
toxicity or by incorporating pharmacological groups 
that suppress downstream inflammatory responses. 
The latter may reduce cytokine production without 
necessarily alleviating membrane damage, material 
persistence, or organ exposure. The suitability of these 
approaches depends on the intended application. 

Vaccines and cancer immunotherapies may require 
sufficient antigen-presenting-cell activation, whereas 
repeated systemic protein replacement and gene 
editing generally require tighter control of innate and 
complement activation [22, 47]. Anti-inflammatory 
functionalization should therefore be tailored to the 
therapeutic context, release site, and repeated-dose 
requirements rather than treated as a universal safety 
strategy.  

Finally, tissue- and cell-specific targeting is 
central to broadening the therapeutic window. 
Modification of surface ligands and tuning of 
formulation-level physicochemical properties can 
direct mRNA carriers toward intended organs or cell 
populations to reduce off-target exposure. Because 
current LNPs preferentially target the liver, delivery 
systems should be developed for robust extrahepatic 
delivery to the lung, spleen, brain, muscle, and 
immune-cell subsets. Extrahepatic targeting should be 
supported by organ-level accumulation, target-cell 
expression, whole-body biodistribution, and off-target 
toxicity (Figure 13). 

 
 

 
Figure 12. Interdisciplinary approaches to evaluating the safety and efficiency of mRNA delivery systems. (A) Artificial intelligence and machine learning can 
integrate carrier structure, formulation, delivery, and toxicity data to support virtual screening, provided that datasets are standardized and models are independently validated. 
(B) Organoid and organ-on-chip models offer more human-relevant assessment of organ-specific and immune-mediated toxicity and may reduce reliance on animal studies. (C) 
Longitudinal in vivo imaging can track carrier distribution, metabolism, and accumulation, whereas multi-omics analyses can identify associated molecular responses. Created in 
https://BioRender.com. 
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Figure 13. Research and development directions for balancing delivery efficiency and safety of mRNA delivery systems. (A) Stimuli-responsive carriers can 
remain stable during circulation and release mRNA in response to endogenous or external triggers, improving spatiotemporal control. (B) Representative biologically derived 
mRNA delivery platforms, including peptide-, protein-, and extracellular vesicle-based carriers. (C) Multifunctional carriers can combine mRNA delivery with local anti-
inflammatory, antioxidant, or immune-regulatory activity to control treatment-associated stress while preserving therapeutic function. (D) Tissue- and cell-specific targeting 
may enhance delivery to extrahepatic organs and defined cell populations. Created in https://BioRender.com. 

 

7. Conclusion 
Effective mRNA delivery is achieved through 

protection of the mRNA cargo, efficient delivery into 
target cells, and mRNA release into the cytosol by the 
mRNA carrier. The effectiveness is correlated with 
material properties including charge exposure, 
membrane activity, and material persistence. 
However, these properties may also contribute to 
membrane damage, immune and complement 
activation, off-target exposure, and tissue 
accumulation. Moreover, mRNA vaccines may benefit 
from controlled immune activation, whereas systemic 
exposure and immune responses should be strictly 
controlled for repeated protein replacement and gene 
editing. Therefore, carrier design should strike a 
balance between improving delivery efficiency and 
mitigating carrier-associated risks. Based on the 
available evidence for LNPs and polymeric carriers, 
we propose five practical design principles for their 
clinical translation. First, the charge and membrane 
activity should be sufficient for mRNA loading, 
cellular uptake, and endosomal escape, but they 
should be controllable at the required site within a 
specific timeframe. Second, carriers should remain 
stable during transport and undergo predictable 
degradation and clearance after cargo release at the 

target site. Third, delivery efficiency should be 
evaluated alongside carrier dose, biodistribution, and 
the magnitude and duration of protein expression in 
target cells. Fourth, safety evaluation should cover 
blood compatibility, inflammatory and complement 
responses, organ injury, clearance, and cumulative 
toxicity after repeated administration. Fifth, the 
acceptable balance between delivery efficiency and 
safety should be tailored to the therapeutic 
application. Together, these principles provide a 
shared design framework for developing LNPs and 
polymeric carriers with effective delivery, acceptable 
safety, and sustained therapeutic benefits. 
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