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Gene therapy has found broad application in the prevention and
treatment of cancer, infectious diseases, and neurodegenerative
and metabolic disorders. At the same time, the development of
formulations capable of efficient and targeted delivery of nucleic
acids has been and remains a challenging interdisciplinary task.
Polymeric delivery systems for such biomolecules have
considerable potential for enhancing transfection efficiency owing
to their ability to efficiently bind nucleic acids and facilitate the
endosomal escape of genetic material, as well as to the high
tunability of their structure and properties. This review discusses
the principles of nonviral delivery of mRNA, plasmid DNA, and
siRNA that are common to low- and high-molecular-weight
carriers. The distinctive features of cationic polymers are
considered, and promising directions for the further development
of polymeric transfection reagents are identified.

The bibliography includes 333 references.

Keywords: transfection, lipid nanoparticles, nucleic acids,
polymeric carriers, biodegradable polymers.
Contents
1. Introduction 2
2. Conceptual issues of transfection 5
2.1. Biological barriers 5
2.1.1. The phospholipid membrane of the cell 5
2.1.2. Endosome and lysosome 7
2.1.3. Nuclear membrane 8
2.2. Types of nucleic acids 8
2.2.1. Plasmid DNA 8
2.2.2. Messenger RNA 9
2.2.3. Short double-stranded RNA (siRNA and microRNA) 10
2.2.4. Antisense oligonucleotides 11
3. Polymeric carriers for NAs: main types and synthetic approaches 13
3.1. Main types of polymeric carriers for NAs 13
3.2. Synthesis of polymeric carriers for NAs 16
3.2.1. Free radical polymerization 16
3.2.2. Polycondensation 17
3.2.3. Polyaddition 17
3.2.4. Ring-opening polymerization 18

' PEG smeldig

Condense
e

y = @ NAcore @ Polymer
pH-trigge ;
Er oo B @PEG A lLigand

4. Polymeric carriers for NAs: variable parameters 19
4.1. Positive charge 20
4.2. Molecular weight 25
4.3. Hydrophobicity 26
4.4. Polymer chain rigidity 29
4.5. Topology of the polymer backbone 30
4.6. Morphology and colloidal properties of polyplexes 33

4.6.1. Morphology of polyplexes 33
4.6.2. Colloidal properties of polyplexes 35
4.6.3. Protein corona 35
4.7. Thermal sensitivity 36

5. Current approaches to the development 38
of polymeric NA delivery systems
5.1. Poly(B-amino esters) 38
5.2. Polyethylenimines 39
5.3. Polyamidoamines 40
5.4. Comparison of the polymeric delivery systems 41

6. Conclusion 41

7. List of abbreviations and symbols 43

8. References 45

E.D.Shaputkin. Post-graduate student of the Faculty of Chemistry,
MSU, Junior Researcher of TIPS RAS.

E-mail: evgeny.shaputkin@yandex.ru

Current research interests: transfection, biodegradable polymers.
LE.Nifant’ev. Doctor of Chemical Sciences, Professor at the MSU
Faculty of Chemistry, Head of a laboratory of TIPS RAS.

E-mail: ilnif@yahoo.com

Current research interests: coordination catalysis in the polymerization
and oligomerization of olefins and dienes, biodegradable polymers,
catalytic processes in small-scale chemistry, polymer and composite

materials for bone surgery and orthopaedics, polymeric drug and gene
delivery systems.

P.V.Ivchenko. Doctor of Chemical Sciences, Leading Researcher at
the MSU Faculty of Chemistry, Leading Researcher at TIPS RAS.
E-mail: phpashal @yandex.ru

Currentresearch interests: coordination catalysis in the polymerization
and oligomerization of olefins, biodegradable polymers, Catalytic
processes in small-scale chemistry, DFT simulation of organic
reactions and catalytic processes.

Translation: Z.P.Svitanko

Received 4 March 2026

© 2026 Uspekhi Khimii, ZIOC RAS, Russian Academy of Sciences


https://orcid.org/0000-0002-8650-6090
https://orcid.org/0000-0001-9151-1890
https://orcid.org/0000-0002-0181-5952

2 of 52

E.D.Shaputkin, I.LE.Nifant’ev, P.V.Ivchenko
Russ. Chem. Rev., 2026, 95 (9) RCR5222

1. Introduction

Recent years have witnessed rapid development of therapeutic
methods based on the use of various types of nucleic acids
(NAs) in diagnosis, therapy, and vaccination.! The real
application of NAs in medicine began in 1998, when the drug
fomivirsen (Vitravene®) was approved by the U.S. Food and
Drug Administration (FDA) for the treatment of human
cytomegalovirus retinitis.” This drug was a synthetic antisense
oligonucleotide (ASO) and was administered without additional
delivery agents. In the subsequent years, large-scale research
was undertaken with the aim of expanding the range of
therapeutic NAs.

A key problem of NA application in medicine is to provide
their targeted and effective delivery to the cells of a living
organism. The biological methods for NA delivery (Fig. 1) are
based on the use of viral agents (transduction).’ The nonviral
approaches to the delivery of NAs,*3 which are called
transfection, make use of physical and chemical methods that
are also shown in Fig. 1. Most physical methods are aimed at
increasing the permeability of the cell membrane and involve
the direct introduction of NAs into the cell; chemical methods
are based on the use of various chemical compounds that act as
NA carriers.°

The delivery of NAs into a cell or the cell nucleus may serve
various purposes; the mechanisms of gene therapy are discussed
in detail in a number of biomedical reviews.”? Irrespective of
the target effect, the delivery of NAs into a cell is a challenging
interdisciplinary problem. The development of viral delivery
systems is a laborious task,'? which typically takes a lot of time.
Furthermore, these agents raise concerns related to immuno-
genicity (insertional mutagenesis) and limited therapeutic
cargo.'l12 An example of effective and fast solution of the
pressing challenge of protecting the population during the
SARS-CoV-2 coronavirus pandemic was the development of
the Sputnik V vaccine based on the Ad26 and Ad5
adenoviruses >4 and its analogues.'>!® The use of adeno-
associated viruses and lentiviruses reduces the risk of
mutagenesis (a vivid example is the Zolgensma® drug developed

by Novartis!?); however, the wide use of such drugs is
considerably held up by their cost (~$3.2 million for a treatment
course with Elevidys® manufactured by Sarepta Therapeutics
and ~$2 million for Zolgensma®).

Obvious drawbacks of physical transfection methods (see
Fig. 1) are the need for specialized equipment and low
throughput; the practical application of such methods in vivo is
limited.'® At the current stage of research, chemical methods
and approaches are usually utilized for effective NA delivery
into a living organism. In scientific periodicals and extensive
review literature dealing with the development of chemical NA
delivery systems,!°~22 these vectors are traditionally subdivided
into three main types: nanoparticles (NPs), liposomes (including
lipid nanoparticles, LNPs), and polymers.

The role of a chemical carrier is to bind NAs and
counterbalance their negative charge, protect NAs from
degradation during the delivery, and ensure NA penetration into
the cell. The first examples of compounds capable of forming
cell-penetrating NA complexes are diethylaminoethyl dextran
(DEAE-dextran, 1965)2*~25 and nano-sized hydroxyapatite
(HAp, 1973) co-precipitated with NAs.?® Note that the
application of HAp is still relevant,?’ 2 and other inorganic 30~ 33
and hybrid organic-inorganic3* carriers based on NPs are also
intensively studied.

DEAE-dextran (Fig. 2) is a cationic polymer that successfully
binds and compacts NAs; however, the transfection efficiency
of these complexes turned out to be low. Chitosan is a readily
available natural analogue of DEAE-dextran, which has attracted
attention of researchers since 19983 and up to now.3® The
synthesis of cationic lipids, which are still widely used today,
was a milestone in the development of transfection agents. N-[1-
(2,3-Dioleyloxy)propyl]-N,N,N-trimethylammonium (DOTMA)
reported in 198737 was the first example of such a carrier. The
further development of the concept of cationic lipids led to the
design of ionizable lipids, that is, amphiphilic molecules that
contain aliphatic amino groups that can be protonated.38~42 The
amphiphilic nature of cationic and ionizable lipids accounts for
the liposomal features of morphology of their complexes with
NAs in physiological media.
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Figure 1. Key approaches to delivery of nucleic acids into cells.
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Figure 2. Structures of DEAE-dextran, chitosan, DOTMA, PLL and PDMAEMA polymers, branched PAMAM and bPEI, dimeric ionizable

lipid, and the Lipofectamine 3000 formulation.

In the late 1980s and early 1990s, various amino-containing
oligomers and polymers were investigated as carriers for NAs.
Among these, mention should be made of poly(Z-lysine) (PLL,
1988),4 dendrimer polyamidoamine (PAMAM, 1993),%
polyethylenimine (PEIL, 1995),* and poly[2-(dimethylamino)-
ethyl methacrylate] (PDMAEMA, 1996),%6 which have formed
the toolbox of polymeric transfection agents for many years to
come (see Fig. 2).

In the subsequent years, large-scale research was undertaken
to expand the range of therapeutic NAs and develop methods for
their delivery; during this time, effective two- and multi-
component transfection agents were obtained.!®3%47753 An
example of widely used two-component transfectant is
Lipofectamine 3000, which is based on ionizable lipids, DOSPA
{2,3-dioleyloxy-N-[2-(sperminecarboxamido)ethyl]-N,N-
dimethyl-1-propylammonium  hydrochloride} and DOPE
(1,2-dioleoyl-sn-glycero-3-phosphoethanolamine)  taken in
~3:1 ratio (see Fig. 2).54

The advances in NA delivery techniques using LNPs led to
the development of patisiran (Onpattro) drug based on small
interfering RNA (siRNA), which was approved by FDA in
2018.%5 This led to the exceptionally rapid development of

SARS-CoV-2 vaccines based on messenger RNA (mRNA) by
Moderna and Pfizer/BioNTech.5® According to a report by the
American Society for Gene & Cell Therapy, approximately
1250 NA-based drugs were undergoing clinical trials in 2025.57
The issues of practical use of NA therapy are addressed in a
number of reviews (see, e.g., Refs 8, 58—60). The total number
of FDA-approved gene therapy protocols and drugs is currently
approaching 40 (Table 1); however, the proportion of nonviral
agents among them is low.

A large number of reviews published in the last decade
address general issues related to transfection® ~% and the
prospects for its use in specific applications.®*% There are
publications devoted to nonviral®~% delivery of NAs by
means of NPs,?? including cationic LNPs!%4775! and LNPs
based on ionizable lipids.?® Particular attention has been given
to mRNA delivery systems.*1:7~74 Some reviews consider the
general issues of NA delivery using polymeric carriers’ 83
and specific types of these carriers based on poly(amino
esters),$85 including poly(B-amino esters) (PBAE),3¢7%0
PEI-92 PAMAM,?? and chitosan.3%-479 In the context of the
present review, mention should be made of earlier publications
in Russian Chemical Reviews,”” 190 which address issues
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Table 1. List of gene therapy drugs approved by FDA and/or other organizations (according to Refs 8, 58—60).

Drug name Manufacturer Indications Year or;i?;r;i(ﬁon
Using lentiviruses (including CAR-T)

Kymriah Novartis Acute lymphocytic leukemia; diffuse large B-cell lymphoma; 2017 FDA

follicular lymphoma
Zynteglo Bluebird bio Beta-thalassemia 2019-2022 EMA, FDA
Breyanzi Bristol Myers Squibb Large B-cell lymphoma; relapsed or refractory chronic 2021, FDA

lymphocytic leukemia and small-cell lymphocytic lymphoma; 2024,

follicular lymphoma, mantle cell lymphoma and marginal zone 2025

lymphoma
Abecma Bluebird bio Multiple myeloma 2021 FDA
Carteyva JW Therapeutics (Shanghai) Diffuse large B-cell lymphoma; follicular lymphoma; 2021 NMPA
(Relma-cel) mantle cell lymphoma
Skysona Bluebird bio Childhood cerebral adrenoleukodystrophy 2021 FDA
Carvykti Legend Biotech Multiple myeloma 2022 FDA
Lyfgenia Bluebird bio Sickle cell anemia 2023 FDA
Libmeldy/ Orchard Therapeutics Metachromatic leukodystrophy 2020/2024 EMA, FDA
Lenmeldy
Tecelra Adaptimmune Synovial sarcoma 2024 FDA
(Afami-cel)

Using adenoviruses
Gendicine Shenzhen SiBiono GeneTech Head and neck cancer 2003 CFDA
Oncorine Shanghai Sunway Biotech Head and neck cancer; nasopharyngeal cancer 2005 CFDA
Adstiladrin Merck and Co. Bladder cancer 2022 FDA
Using adeno-associated viruses
Glybera UniQure Lipoprotein lipase deficiency 2012 EMA
Luxturna Spark Therapeutics (Roche) Leber congenital amaurosis; retinitis pigmentosa 2017 FDA/EMA
Zolgensma Novartis Spinal muscular atrophy 2019 FDA
Upstaza PTC Therapeutics Aromatic L-amino acid decarboxylase deficiency 2022 EMA
Hemgenix UniQure Haemophilia B 2022 FDA
Elevidys Sarepta Therapeutics Duchenne muscular dystrophy 2023 FDA
Roctavian BioMarin Haemophilia A 2022 FDA
Beqvez Pfizer Haemophilia B 2024 FDA
BBM-H901 Belief BioMed Haemophilia B 2025 NMPA
Using herpes simplex viruses
Imlygic Amgen Melanoma 2015 FDA, EMA
Vyjuvek Krystal Biotech Epidermolysis bullosa dystrophica 2023 FDA
Delytact Daiichi Sankyo Malignant glioma 2021 MHLW
Using retroviruses (including CAR-T)?

Rexin-G Epeius Biotechnologies Solid tumours 2006 BFAD
Strimvelis Orchard Therapeutics Adenosine deaminase deficiency 2016 EMA
Yescarta Kite Pharma (Gilead) Large B-cell lymphomas; follicular lymphoma 2017 FDA
(ex vivo)
Tecartus Kite Pharma (Gilead) Relapsed or refractory mantle cell lymphoma; relapsed or 2020, FDA

refractory precursor B-acute lymphoblastic leukemia 2021

Targeted delivery using galactosamine (GalNAc)
Givlaari Alnylam Acute hepatic porphyria 2019 FDA
Oxlumo Alnylam Primary hyperoxaluria type 1 2020 FDA
Leqvio Novartis Hypercholesterolemia 2020 FDA
Amvuttra Alnylam Hereditary transthyretin amyloidosis 2022 FDA
Rivfloza Novo Nordisk A/S Primary hyperoxaluria 2023 FDA
Using CRISPR/Cas9 (see®)

Casgevy Vertex Pharmaceuticals Sickle cell anemia; thalassemia 2025 FDA

CRISPR Therapeutics
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Table 1 (continued).

o Control
Drug name Manufacturer Indications Year L

organization
Using lipofection

Onpattro Alnylam and Sanofi Hereditary transthyretin amyloidosis 2018 FDA
Comirnaty Pfizer BioNTech COVID-19 vaccine 2020 EMA, FDA (see®)
Spikevax Moderna COVID-19 vaccine 2020 EMA, FDA (see©)

Note. EMA is the European Medicines Agency, NMPA is the National Medical Products Administration, CFDA is the China Food and Drug
Administration. 2 CAR-T are chimeric antigen receptor T-cells; ® CRISPR are clustered regularly interspaced short palindromic repeats;

¢ considered on an expedited basis.

directly related to the development of chemical delivery
systems for nucleic acids.

This review consists of two logical parts. The first part is
introductory (Section 2) and describes the key issues of
transfection that are common to polymeric and low-molecular-
weight carriers (nonviral vectors). The second part is devoted to
high-molecular-weight carriers and NA delivery using them (so-
called polyfection), including the design and synthesis of
polymeric NA carriers (Section 3) and to the diversity of their
characteristics, which make it possible to control the
amphiphilicity, buffer capacity, polymer chain topology, and,
ultimately, the efficiency of NA delivery (Section4). The
summarizing Section 5 compares lipofection and polyfection
and highlights relevant trends in the development of polymeric
NA carriers. A distinctive feature of the present review is the
attempt to identify the key trends of polyfection, since most
studies on transfection are devoted to lipid carriers, whereas
important experimental studies on polymeric carriers are often
overlooked in broader reviews. While preparing this review, we
sought to pay particular attention to chemical aspects of
polyfection at all stages of the research ranging from polymer
design and synthesis to the identification of structure—property
relationships as applied to specific NA delivery tasks.

2. Conceptual issues of transfection

2.1. Biological barriers

Along the path to their destination, exogenous NAs encounter a
few barriers, including

(1) the negatively charged phospholipid membrane of the
cell, which prevents the penetration of negatively charged
hydrophilic NA molecules;

(2) endosomal (or lysosomal) vesicles in which the captured
NAs are cleaved;

(3) the nuclear envelope, which prevents DNA from entering
the nucleus.

These barriers can be overcome only through fine-tuning of
interactions between NA molecules, the carrier, and cell
compartments.

2.1.1. The phospholipid membrane of the cell

The initial stage of cellular internalization of a nonviral vector is
binding to the cell membrane. This binding can be achieved in
two ways: through specific interaction between the receptor and
the ligand and through nonspecific interaction between the
negatively charged outer surface of the plasma membrane and
the positively charged NA—carrier complexes. In the former
case, the complexes should be additionally modified with
specific ligands, which enables the targeted delivery of NAs to

particular cells and tissues. Thus, a well-known strategy is the
mannosylation of lipid, peptide, and other carriers to achieve
targeting of the cells that express the mannose receptors:
macrophages, immature dendritic cells, and endothelial cells.!0!
In the latter case, the cationic complexes are attached to the cell
membrane via Coulombic attraction forces.? As the charge of
the complex increases, the efficiency of binding to the cell
increases due to interactions with negatively charged
phosphatidylserine, sulfated glycosaminoglycans, and sialic
acids.!03104 Weiss et al.'% showed that for a series of cationic
carbon nanoparticles with similar (-potentials, the cellular
uptake and toxicity are better correlated with the surface charge
density rather than with the absolute {-potential value.

After adhesion of the nanoparticle carrier on the cell
membrane, the next stage is internalization of either the whole
particle or the NA being delivered. The simplest form of
internalization, that is, direct fusion of the carrier with the cell
membrane, occurs in rare cases, e.g., under the action of cell-
penetrating peptides (CPP).!% They constitute a family of
peptides not more than 30 amino acids long, enriched with
positively charged groups; for example, the R9 peptide carries
only guanidine groups as substituents.

The decoration of various polymers ranging from
poly(trimethylene carbonate) to polynorbornene with guanidine-
containing groups is a known strategy for the design of NA
carriers possessing CPP-mimetic behaviour.'97719  As an
example, consider the class of NA carriers reported by Jeon
et al.,"'%11 that is, poly(oxanorbornene)imides with guanidine
groups in the side chain (PONI-Guan) (Fig.3). For these
systems, a model of direct internalization via fusion was
proposed instead of the classical endocytic model of cellular
uptake (see below). In 2023, it was shown'!? that ~170 nm®
polyplexes (complexes of NA and polymers) produced a diffuse
cytosolic signal from Cy3-labelled siRNA after incubation with
RAW264.7 (macrophage-like cells). After 6 h, the complexes
showed little colocalization with LysoTracker, while 92.4% of
the cells were Cy3-positive, which was inconsistent with
conventional endosomal accumulation. Functionally, the use of
these polymers was accompanied by a more than 70% inhibition
of eGFP expression (GFP is green fluorescent protein) in
genetically modified RAW264.7:eGFP cells at a
guanidinium : phosphate ratio of ~30. The developed system
surpassed the Lipofectamine RNAIMAX commercial delivery
system by ~25%. The key mechanistic argument of the
authors ' was based on the fact that depletion of membrane

2 Vasir and Labhasetwar %2 directly measured the adhesion force
between cells and PLL-modified nanoparticles by atomic force
microscopy.

b Here and below, the presented particle diameter was determined
using dynamic light scattering (DLS) unless otherwise specified.



6 of 52

E.D.Shaputkin, I.LE.Nifant’ev, P.V.Ivchenko
Russ. Chem. Rev., 2026, 95 (9) RCR5222

H,NZ" NH, HzN’
n=5, 10, 20, 40, 60

Figure 3. Structures of guanidine-containing polymers.
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cholesterol under the action of nystatin and methyl-B-
cyclodextrin® decreased the gene knockdown by more than
75%, whereas endocytosis inhibitors had only a minor effect
(< 10%). This fact served as evidence supporting the hypothesis
of direct internalization of polyplexes depending on membrane
fluidity. For therapeutic siRNAs against the TNF-a gene, the
carrier showed a >65% decrease in TNF-a secretiond and a
~ 80% decrease in the amount of mRNA for TNF-a in vitro, and
also a >80% inhibition of TNF-a expression in vivo in
lipopolysaccharide (LPS)-stimulated mouse cells at a low dose
of siRNA (0.28 mg kg ).

Endocytosis is a more frequent mechanism for NA uptake
than direct translocation of NA into the cytoplasm. The main
endocytosis types include clathrin-mediated endocytosis (CME),
caveolae-mediated endocytosis (CvME), and macropinocytosis;
implementation of a particular mechanism depends on the type
of cytoplasmic proteins involved and/or composition of lipid
rafts (Fig. 4).4%-112 The initiation of a particular mechanism is
also influenced by the physical characteristics (size, shape, and
surface charge) and chemical properties of the complexes
(composition of the carrier and ligands on the nanoparticle
surface) as well as by the type of cells.!!3: 114

The clathrin-mediated endocytosis consists in the assembly
of clathrin proteins at the ligand—receptor binding site and the
formation of a plasma membrane invagination, followed by the
formation of vesicles with a diameter of 70—150 nm. This
mechanism is implemented in the uptake of nutrients (such as
transferrin) and is often used to capture small nanoparticles. In

Macropinocytosis

Clathrin-mediated

Caveolae-mediated
endocytosis

endocytosis

Dynamin @  Clathrin :*/Q
Actin =~  Caveolin "x‘

Figure 4. Illustration of the main types of endocytosis.

¢ Nystatin is a polyene macrolide that binds to membrane sterols;
methyl-B-cyclodextrin is a cyclic oligosaccharide with a hydrophobic
cavity capable of extracting cholesterol from the plasma membrane.
4 TNF-a is the tumour necrosis factor alpha, a key pro-inflammatory
cytokine produced by macrophages.

addition, CME is preferred for cationic NPs due to strong
electrostatic interactions with the negatively charged cell
surface. The vesicles formed during CME are acidified and
transformed into late endosomes and lysosomes.

The caveolac-mediated endocytosis is characterized by the
formation of flask-shaped invaginations (50—100 nm in size)
rich in caveolins, cavins, cholesterol and sphingolipids.
Caveosomes can fuse with early endosomes or be directed
toward the endoplasmic reticulum or the Golgi apparatus, in
some cases avoiding lysosomal degradation. CvVME can be
initiated by bacterial toxins, albumin, folic acid, and other
compounds. This mechanism is preferred for neutral or
negatively charged nanoparticles.

Finally, macropinocytosis is a non-selective process that
forms large macropinosomes (0.2—5 pum), which capture both
liquids and particles without a strict receptor dependence.
Subsequently, the contents of the macropinosome may
recirculate to the plasma membrane and develop into lysosomes.
Macropinocytosis is  stimulated by growth factors,
phosphoinositides, diacylglycerol, and other compounds. This
route is characteristic of large nanoparticles and aggregates
(>500 nm); it is more probable for charged NPs an for NPs
carrying so-called protein coronas,!!® structures that are formed
on the NP surface in biological media (for details, see Section
4.6.3).

Both the physical factors (particle shape, size, and surface
topography) that influence the initiation of a specific endocytosis
pathway !'3:115 and the chemical factors related to the particle
composition and surface charge are adequately covered in the
scientific literature. The effect of the carrier charge on the
mechanism of NA internalization by lipid and polymeric vectors
deserves separate consideration. Zhao et al.''® investigated a
series of LNPs based on 1,2-dioleoyl-sn-glycero-3-phospho-
choline (DOPC) and 3-[N-(N',N'-dimethylaminoethyl)-
carbamoyl]cholesterol (DC-Chol). By varying the proportion of
the cationic lipid, the researchers set different {-potentials for
NPs (from +32 to +43 mV), while the NP size was invariable
(~ 100 nm). It was shown that an increase in the positive charge
is accompanied by increasing efficiency of LNP uptake by cells
and decreasing nanoparticle stability and tendency to capture
proteins from the medium to form their own corona. However,
the mechanism of cellular uptake remains the same, even on
switching to negatively charged LNPs based on DOPC,
1,2-dioleoyl-sn-glycero-3-phosphoglycerol ~ (DOPG), and
cholesterol. In both cases, CME virtually does not take place,
and the uptake of NPs is largely determined by the interaction of
the corona with heparan sulfate proteoglycans. Thus, the
addition of dextran sulfate to the system caused an approximately
twofold decrease in the cellular uptake of both positively and
negatively charged LNPs.
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The relationship between the endocytosis mechanism and the
charge as applied to polyplexes the characteristics of which
differ from those of LNPs was addressed by Mott et al.''7 The
authors studied the efficiency of the delivery of plasmid DNA as
a PGA —PEI-plasmid ternary polyplex [PGA is poly(a-glutamic
acid)] to the HEK293, U-87MG, and HeLa cells,® the effect of
the component ratio in the mixture on the choice of the
endocytosis pathway, and particle aggregation with bovine
serum albumin (BSA). The best results for all three tested cell
lines were obtained for a polyplex with a component ratio of
1.5:3:1 (by mass), a {-potential of +11 mV, a hydrodynamic
diameter of approximately 200 nm, and moderate aggregation
with BSA. Thus, the introduction of PGA partially suppressed
the particle aggregation with BSA (isoelectric point of 4.9,
negative charge at physiological pH), which simulated the
anionic protein environment in the cellular medium. According
to experiments, transfection proved to be less effective for
negatively charged polyplexes, despite their internalization in
amounts similar to those of positively charged polyplexes.
Hence, the efficiency of transfection is limited not by the
internalization, but rather by differences in the intracellular
transport of the polyplexes. The positively charged polyplexes
were mainly detected in endosomal compartments containing
caveolin, whereas nearly half of the negatively charged
polyplexes were transported to acidic late endosomes or
lysosomes, which was a result of clathrin-dependent endocytosis.

Thus, at the level of interaction between cells and nanocarriers,
similar selection mechanisms operate for LNPs and polyplexes,
ensuring the NA transport via a particular endocytosis
mechanism. This mechanism, in turn, determines the rate and
degree of acidification of the arising vesicle and the probability
of successful NA delivery.

2.1.2. Endosome and lysosome

Despite the differences in the internalization mechanisms
discussed above, it is necessary to bear in mind that both
macropinosomes and caveosomes can fuse with early
endosomes, which predetermines their evolution into lysosomes.
Therefore, endosomal escape is a common bottleneck for
virtually any transfection system. This challenge is addressed in
a number of recent reviews. 187122

During maturation, the endosome pH gradually decreases
from a physiological value of 7.4 down to ~6.5 in the early
endosome, 6.0-4.8 in the late endosome, and 4.5 in the
lysosome.!?? The carrier inability to bring NAs out of the
endo(lyso)somal compartments results in the elimination of
loaded NAs via exocytosis or in their enzymatic degradation.
Thus, to achieve a productive release from these compartments
is a key condition for effective transfection. According to some
studies, the fraction of nanoparticles that escape from endosomes
is exceptionally low (1—2% for siRNA '>* and < 10% for mRNA
in experiment using easy-to-transfect HEK293 cells) ' even in
systems such as lipid nanoparticles that are already used in
clinical practice.

Different nanocarriers tend to use different mechanisms of
endosomal escape. In lipoplexes, the major component, ionizable
lipid, is responsible for this process. At physiological pH values,
the ionizable lipid is neutral and insoluble, but it becomes
charged and water-soluble as pH decreases. Electrostatic
interactions arising between cationic lipids and anionic lipids of

¢ HEK293 are human embryonic kidney cells, U-87MG are glio-
blastoma (brain tumour) cells.
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Figure 5. Mechanism of endosomal escape of lipids.

the endosome give rise to cone-shaped ion pairs and trigger a
phase transition of the endosomal membrane lipids from a
bilayer structure (lamellar phase in Fig. 5) to an inverted micelle
structure (hexagonal phase).

The descriptions of the endosomal escape of NAs transported
by polymeric carriers take into account specific effects of the
carrier macromolecules: polymer swelling, polycation
intercalation into the endosome membrane, and the proton
sponge effect (Fig. 6), which is widely discussed in scientific
literature. 2

The proton sponge concept is based on the buffering action
of polymers the pK, values of which fall within a physiologically
relevant range. This model is often mentioned in studies
dealing with PEI, PLL, PAMAM, and other polyamines.'?’
This effect is due to the formation of a buffer system as the
polymer amino groups are being protonated during endosomal
acidification: the ongoing activity of the vacuolar H*-ATPase
results in the accumulation of protons, the entry of counter-
ions (primarily CI7), and the osmotic influx of water. The
arising swelling of the endosomal compartment and increasing
tension of its membrane, together with the destabilizing effect
of the protonated polymer on the membrane lead to the loss of
integrity of the endosomal membrane and escape of NAs into
the cytosol.'?® The buffering function of polyamines
(particularly PEI) in the endosome was confirmed by in situ
experiment.'?® The transfection efficiency was shown to
markedly decrease on going from PEI to its quaternized
derivatives.!30 However, the proton sponge concept remains
controversial. For example in the above-mentioned study by
Mott et al.,''’ transfection was also accomplished by a PEI-
based carrier, but the addition of bafilomycin A1, an endosome
acidification inhibitor, had no effect on this process. Quite a
few arguments pro et contra were summarized by Vermeulen
et al.3! under the title The Proton Sponge Hypothesis: Fable
or Fact? Currently, the proton sponge concept has not been
abandoned, but has appreciably changed. It is believed that the
buffer capacity of a polymer is indeed important and can serve
as a criterion for selecting an effective polymeric carrier,!2 but
it does not by itself guarantee effective transfection:!33 Nucleic
acids are released not as a result of complete lysosome
breakdown, but due to local leaks of its contents.!3%135 The
polymer itself may possess endosomolytic properties and
directly participate in membrane destabilization.!3
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2.1.3. Nuclear membrane

Another difficulty in the targeted delivery of NAs is overcoming
the nuclear membrane. The passive transport of NAs into the
nucleus is possible during mitosis due to the temporary
disassembly of the nuclear envelope; this mechanism makes a
higher contribution to the transfection of proliferating cells and
a lower contribution for slowly dividing cells such as
neurons.!37 The active transport is driven by importin proteins,
which recognize specific peptide sequences structurally similar
to CPPs, known as nuclear localization signals (NLS).
Modification of the carrier with NLS allows nuclear delivery
of molecules with a molecular weight (M) of up to 40 kDa;
meanwhile, usually, particles larger than 9 nm, which
corresponds to M = 1 kDa, cannot pass through nuclear pore
complexes.!38

Although the nuclear membrane is a double bilayer, the
mechanism of crossing the membrane is similar to that involved
in crossing the cytoplasmic membrane. The positive charge of
the carrier ensures adhesion of the complex on the membrane,
which may be followed by penetration of either free DNA
molecule 3 or the whole NA —carrier complex '*? into the cell
nucleus. This enables transfection of post-mitotic, non-dividing
cells.141.142

2.2. Types of nucleic acids

Synthetic carriers optimized for one type of nucleic acids are
often ineffective for transporting NAs of other types. This may
be due to differences in physical properties, such as the size of
the biomolecule, or to the need to deliver particular NAs to
different intracellular compartments. Kauffman et al.'** showed
that a lipid system optimized toward siRNA is not optimal for
the therapy using mRNA. A similar fact was established by
Kulkarni et al.'* for RNA and plasmid DNA (pDNA). Thus,
each major type of NA requires a distinct delivery approach.
Specific features of the delivery of mRNA, pDNA, short two-
stranded RNA (siRNA, microRNA), and ASO are considered
below.

2.2.1. Plasmid DNA

Plasmids are circular DNA molecules ranging in length from
2—-3to 20— 100 thousand base pairs, carrying one or more genes.
The delivery of DNA vectors opens up the possibilities for three
different therapeutic applications:

(1) inhibition of protein expression via RNA interference,

(2) temporary protein production by means of expression
vectors,

(3) stable expression or knockout of proteins through gene
editing.

For functioning of plasmid DNA, it is necessary that it should
enter the nucleus where the transcription apparatus is located.
However, the first significant problem along this line is
cytoplasm. First, the diffusion of DNA molecules, possessing
relatively large size and charge, in viscous cytoplasm is severely
limited. Second, DNA is subject to the action of nucleases: it
was shown that out of the 2— 100 thousand copies of the plasmid
delivered to the cytoplasm by polyplexes and lipoplexes, only
1-10% enter the nucleus. !4

The efficiency of nonviral DNA delivery largely depends on
characteristics of the DNA vector. As a rule, small size of the
vector leads to higher transfection: indeed, the efficiency of
lipofection of AoSMC cells proved to be 77 times lower for a
plasmid consisting of 52500 base pairs (bp) than for minicircle
DNA (2900 bp).'#¢ Thus, the absence of a bacterial scaffold
(such as a bacterial origin of replication and antibiotic resistance
genes) makes the use of minicircle DNA a promising strategy
for improving the therapeutic efficacy of DNA vectors.!4” The
possible causes for this effect include the increased diffusion
coefficient and improved nuclear internalization, as well as
more effective transcription of gene expression cassettes with
minicircle DNA.47

Recent publications report successful in vivo delivery of
large plasmids (10—15 kbp) using polyplexes (e.g., those based
on PAMAM-modified polymethacrylate),!*® lipoplexes (based
on DOPE and polycationic OH4 lipid),'#? and hybrid systems. !0
All of the above approaches are combined in a common strategy:
increasing the positive charge density of the carrier for more
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efficient compaction of large DNA molecules, which includes
the use of dendrimer cationic moieties within a polymer,
ethyleneimine trimer as a part of OH4 lipid, and polyethylenimine
as the condensing core of the hybrid carrier nanoparticle. This
assumption is consistent with the published data!!:152 on the
importance of DNA compaction for penetration through the
nuclear pore complex of postmitotic cells. A relatively less
frequent strategy for improving the efficiency of large-size
plasmid delivery is the destabilization of the nuclear membrane,
achieved either by enlarging the nuclear pores under the action
of dexamethasone or by transfecting cells synchronized in the
S-phase.!33

2.2.2. Messenger RNA

The delivery object studied most intensively in recent
years*!:70=74 is mRNA, a single-stranded molecule with a length
of 1000—5000 nucleotides. The mRNA configuration includes a
cap at the 5-end, 5'-untranslated region, which is followed by
open reading frame, 3 -untranslated region, and 3'-poly(A)-tail
(Fig. 7a). Untranslated regions play a key role in regulating
mRNA degradation and translation efficiency, with the 3~ and
S'-untranslated regions influencing the mRNA half-life and
efficiency of translation initiation, respectively. The issue of
mRNA stability is highly acute even in comparison with other
typical therapeutic NAs: due to the action of cellular and serum
nucleases, the half-life of RNA administered in vivo is
approximately 70 s;'>* for pPDNA and siRNA, this value is in the
range of 5—10 min,'3>13¢ while that for ASO is >1 h.'>7 The
efforts to enhance mRNA stability include nucleoside
modifications [replacement of uridine by pseudouridine (¥),

especially by N'-methylpseudouridine (m'¥) (see Fig. 7¢)!58].f
codon optimization, and the use of methyl-guanosine cap
analogues for protection against enzymatic decapping.'>® The
clinical applications of mRNA include, first of all, mRNA
vaccines and mRNA replacement therapy. Meanwhile, mRNA
does not need to enter the nucleus; hence, it can be expressed in
non-dividing cells, such as liver cells, muscles, and immune
cells. This fact accounts for the high value of mRNA for therapy
and vaccine development. Irrespective of the particular
application, the agent that performs the medicinal function is the
encoded protein.

Like the use of DNA, the use of mRNA is faced with the
problem of inverse relationship between transfection efficiency
and the length of the genetic construct. Teko-Agbo et al.'%
demonstrated that upon switching from mRNA with a length of
approximately 1 kb to mRNA ~4.8 kb in length, expression of
the target protein decreases by two orders of magnitude for the
same CPP carrier. The issue of delivery of large RNA molecules
is especially relevant in view of the growing interest in self-
amplifying RNA (saRNA), in which the target gene is encoded
together with alphavirus components. This modification results
in higher protein expression per delivered RNA molecule
compared to conventional mRNA, which provides a higher
efficacy of saRNA vaccines. However, since the size of saRNA
is as long as 10 kb, their delivery requires special transfection
agents: macromolecular linear PEI'¢! or its copolymers with
poly(propyleneimine) (PPI),'®2 poly(B-amino ester) with

fThe use of m'¥ in mRNA-1273 and BNT162b2 is considered to be
a key factor for the high expression and low innate immunogenicity of
vaccines.
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Figure 7. Structure of therapeutic mRNA: cap modification and replacement of mRNA nucleotides by modified nucleotides important for
evading the innate immunity and reducing the rate of hydrolysis (a), chemical formula of 5'-cap: eukaryotic methylated caps € are usually modi-
fied at the first base (designated by A), triphosphate (B), or the second base (C) (), and pseudouridine structures (c).

¢ mRNA cap is a modified 5-end of the molecule usually represented by 7-methylguanosine connected to the first mRNA nucleotide by an
unusual 5'—5"triphosphate bond. The cap protects mRNA from exonucleases, participates in the ribosomal recognition, and enhances translation

efficiency.
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es they form.1%° Copyright Nature 2025.

increased molecular weight,!637105 or LNPs with optimized
composition.16~168

In 2025, branched PEI with M =22.5kDa was used to
develop saRNA vaccines.'® According to this study, the key to
effective for PEI formulations for saRNA is to switch to a
specific format of compact monomolecular polyplexes. In the
presence of excess polyethylenimine, some saRNA chains
(~3 MDa) rearrange from an extended conformation to a dense
globule (Fig. 8), thus forming ultrasmall particles (~30 nm) with
a high packing density and relatively low proportion of the
polymer in the complex. An increase in the ratio of nitrogen-
containing (N) groups of the reagent to the phosphate groups (P)
of NA (especially if N:P >100) leads to increasing fraction of
‘dissolved’ (not precipitating) saRNA molecules in polyplexes
and monomolecular species, as determined by AF4-MALS and
AUC analytical methods™ and a combination of small-angle
neutron scattering (SANS) and small-angle X-ray scattering
(SAXS); this finding is correlated with the biological activity.
Functionally, this is manifested as a gradual increase in luciferase
expression in in vitro and in vivo experiments with increasing
N:P ratio; in vaccination models, this means that comparable
humoral and T-cell responses can be elicited at markedly lower
doses of saRNA (in terms of the administered RNA, the activity
is enhanced as this ratio increases).'® Under optimized
conditions, an approximately tenfold increase in the activity
compared to that of conventional saRNA—PEI polyplexes was
demonstrated, along with the absence of noticeable toxicity.

Another important aspect of the cited study is detailed
physicochemical verification of the compactness and
composition of the complexes: the gyration radius (R,) of the
particles was ~12—13 nm and the particles had signs of
core—shell structure with PEI-enriched shell, and changes in
the RNA secondary structure were observed upon complex
formation. In addition, the authors demonstrated the practical
‘pharmaceutical’  applicability —of these polyplexes,
particularly their high colloidal stability, retention of integrity
(or activity) upon dilution and after freezing or drying,
protection of RNA from degradation, and the absence of
release into serum. In combination, these factors define the
PEI-induced saRNA compaction as a versatile tool for the
preparation of ultrasmall, stable, and highly active polymeric
RNA vaccines or carriers.

Among numerous studies focused on optimization of the
composition of the carrier, few studies that propose new
strategies can be distinguished. One such strategy is the design
of macromolecules directed toward decreasing immune or
allergic reactions, e.g., those containing polysarcosine,!””
instead of widely used hydrophilic poly(ethylene glycol) (PEG),
or carriers with variable positive charge !7!-172 (these issues are
described in more detail in Section 4.1).

h AF4-MALS is asymmetrical flow field-flow fractionation coupled
with multi-angle light scattering, AUC is analytical ultracentrifugation.

2.2.3. Short double-stranded RNA (siRNA and microRNA)

Small interfering RNA (siRNA, microRNA) are short (~21-23
bases) double-stranded RNA able to induce silencing of
particular genes. To achieve the desired effect, sSiRNA must
penetrate into the cytoplasm of the target cells; this is followed
by cleavage of the duplex with Dicer endonuclease to form the
nucleoprotein  RNA-induced silencing complex (RISC)
suppressing mRNA targets, which subsequently cuts the
complementary mRNA target. Small interfering RNA and
related microRNA and short CRISPR sequences (crRNA) are
specific delivery objects. On the one hand, their small size
facilitates penetration into tissues (some cells can take up such
oligonucleotides by themselves), and, on the other hand, small-
sized NAs are extremely vulnerable to nucleases and are faster
eliminated from the body. Effective intracellular delivery of
siRNA requires either chemical modification of the molecules
or the use of nanoparticles as carriers. Currently, six siRNA
drugs have been approved, and only one of them, patisiran
(siRNA targeting the transthyretin gene), is delivered using
LNPs. Other drugs are amphiphilic conjugates carrying a
trivalent ~ N-acetylgalactosamine ligand  (Fig. 9).  This
modification of the siRNA molecule made it possible to develop
a series of carrier-free drugs designed for regulating gene
expression in the liver (for example, the cholesterol-lowering
drug inclisiran).!”® Other conjugates comprise lipids, peptides,
sugars, and various functional groups.'’ 175 This modification
makes it possible to tailor the tissue specificity of the siRNA
agent and facilitate cellular uptake by using amphiphilic
conjugates. For example, siRNA decorated with a lipid based on
distearoylglycerol is not only far superior to nonmodified sSiRNA
in the circulation time and bioavailability, but also surpasses
LNPs with the commercial jetPEI carrier regarding the siRNA
accumulation rate in a tumour.!7®

Despite the great clinical success of conjugates, the delivery
of siRNA using synthetic carriers is also being actively
studied.!10-132.177=181 The double-stranded nature is a key
distinction of siRNA from mRNA, which must be taken into
account in the development of transfection agents. Hayashi
et al.'®2 showed that the rigidity of nucleic acid alone can hinder
the secondary self-assembly of polyplexes even for the same
nature and charge stoichiometry. A comparison of single-
stranded RNA (ssRNA, flexible chain) and siRNA (rigid short
duplex) with the same sequence of 21 bases showed that at low
concentrations, both systems form 1:1 adducts with the PEG-
PLL block copolymer (i.e., one polymer molecule per NA
molecule) and with single polyion complexes (uPIC). However,
above the critical association concentration, the behaviour of
uPIC is appreciably different: sSSRNA—uPIC are aggregated to
micelles of ~30—70 nm size, while siRNA —uPIC retain stability
as small complexes (~10nm). This difference is crucially
important for systemic administration:! small and well-
determined size of uPIC should ensure more predictable
pharmacokinetics, decrease the tendency toward concentration-
dependent aggregation, and reduce the probability of non-
specific capture of particles by the mononuclear phagocytic
system compared to that for larger and more polydisperse
associates.

Apart from conjugation, an integral feature of siRNA is the
possibility of chemical modification of the proper oligonucleotide

i Administration methods of therapeutic agents fall into two main
categories: systemic (affecting the whole body) and topical (targeting
a particular site).
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Figure 9. Structures of TriGalNAc (above) and siRNA lipoconjugate (below).

chain, with the goal to enhance binding to target sequences,
increase the stability against nucleases, optimize the
pharmacokinetic properties, and minimize side effects.
Modifications may affect the phosphate backbone, sugar
residues, and nitrogenous bases (Fig. 10). The following changes
are most popular in the siRNA chemistry: replacement of the
ribose 2'-OH group by 2-OMe and 2'-F groups; replacement of
phosphate groups by phosphorothioate groups, typically two at
the 5"-end of the sense strand and at both ends of the antisense
strand (Fig. 11).183

In addition, various oligomerization strategies based on
covalent or ionic binding are used to increase the stability of
therapeutic siRNA in the body. At the laboratory level, good
results were achieved for disulfide cross-linked linear poly-
siRNA, thiol-maleimide cross-linked branched poly-siRNA,
and siRNA oligomerized owing to short complementary
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Figure 10. Structures of nucleotides and their modified analogues.

A(5-8)/T(5-8) 3"-overhanging ends.'®* Oligomeric RNAs are
the subject of a review by Kim et al.'®5 published in 2022.
Oligomerization can be achieved by introducing a thiol group
at the 5"-end of the sense and antisense sequences (Fig. 12 a),!8¢
which gives rise to siRNA as a mixture of oligomers sensitive
to redox processes. ‘Polymerized’ siRNA forms smaller and
more stable NPs with PEI and ensures more effective decrease
in the target gene expression than ‘monomeric’ siRNA.
Polyacrylamide gel electrophoresis reveals a broad molecular
weight distribution of ‘polymerized’ siRNA and the
regeneration of the monomeric form on treatment with
dithiothreitol (see Fig. 125).

Hong et al.'87 demonstrated the effect of branching reagents
(Fig. 13). As the number of branches increased, the size of the
polyplexes of microhydrogels with linear PEI decreased:
~100 nm for YY-siRNA, ~215nm for M-siRNA, and
micrometre-scale  aggregates for ‘monomeric’ siRNA.
Simultaneously, the efficiency of knockdown increased. For
example, upon transfection of the MDA-MB-435 cells with the
YY-siRNA—-PEI system, the expression of the GFP gene
decreased to 27.9% compared to the control, whereas the use of
M-siRNA and ‘monomeric’ siRNA resulted in expression
values of 70.5 and 87.7%, respectively.'3”

2.2.4. Antisense oligonucleotides

Antisense oligonucleotides (ASO) are short (usually, 15-25
nucleotides long) single-stranded molecules complementary to
definite mRNA targets (Fig. 14). These compounds do not
trigger the RNA interference mechanism; the mechanism of
their action involves blocking of translation or change in
splicing.!®® Currently, they are considered to be the most
numerous class among approved NA-based pharmaceuticals;
and many of them are gapmers, that is, compounds in which two
series of modified ribonucleotides are separated by a sequence
of deoxyribonucleotides (Fig. 15). The chemical structure of
ASOs generally undergoes more extensive chemical
modification than siRNAs. As a rule, phosphorothioate linkers
completely replace the phosphate groups, and if the nucleoside
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is not a deoxyribose derivative, the 2'-hydroxyl group is always
protected (most often, by the methoxyethyl protection). In
addition, the 5-position of the pyrimidine base is often modified
in ASO.

Nucleoside analogues other than carbohydrates have also
been used in the ASO design, e.g., morpholine derivatives
(already FDA-approved), propylene glycol derivatives (glycol-
nucleic acid, GNA), N-(2-aminoethyl)glycine derivatives
(peptide-nucleic acid, PNA), etc., and the resulting compounds
are being evaluated in clinical trials.!7# 189190 Chemical modi-
fications endow ASO molecules with the ability to bind to blood
plasma proteins and penetrate into cells without the need for
special carriers (for example, nusinersen is administered into the
cerebrospinal fluid as an aqueous solution). However, some
approved ASO-based drugs are GalNAc conjugates, which
gives them considerable advantages. For example, eplontersen

modified at the 5"-end is administered to patients in a five times
lower dose and four times less frequently than the analogous
inotersen drug without a ligand.!38 Synthetic carriers, both lipid-
and polymer-based ones, are still rarely used for ASO. They
serve for addressing special issues such as

— targeted delivery of ASO to tumour tissues (an example is
four-component LNP with PEG-lipid modified with iRGD
peptide, which contains the arginine—glycine—aspartic acid, the
integrin receptor recognition site of cell membranes),'?!

— delivery of ASO to sentinel lymph nodes to suppress
metastasis (e.g., glycine—lysine oligopeptide with a PEG block
optimized in length),'®? or

— crossing the blood—brain barrier in the central nervous
system by ASO [e.g., copolymer of thiol- and nicotinamide-
modified poly(L-lysine) with PEG].!%3
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3. Polymeric carriers for NAs: main types
and synthetic approaches

3.1. Main types of polymeric carriers for NAs

Macromolecules with positively charged groups are traditionally
considered as polymeric carriers for NAs. The vast majority of

these polymers contain amino groups or ammonium cations
(R3N™), although there are also examples of macromolecules
with phosphonium (R;P*) or sulfonium (R,S*) cations. The
main structural types of polymers that are of interest for NA
delivery can be divided into two fundamentally different groups.
The first group comprises polycations, which may
optionally include a reactive group intended for subsequent
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functionalization, or a structural moiety that serves as a receptor
for targeted delivery. The second group consists of amphiphilic
macromolecules designed according to the all-in-one principle.
These polymeric carriers for NAs combine all (or almost all)
required functions in one macromolecule. A classic example of
these systems are charge-altering releasable transporters
(CART), polymeric delivery systems developed by Waymouth’s
research team (see Section 4.1). The structural types of polymers
of the former group can obviously be used for the design of
more complex systems.

Both natural and synthetic polymers are used for NA
delivery. Among natural polymers, a lot of attention has been
devoted to proteins (in particular, histones enriched with
ionizable L-lysine and L-arginine moieties, Fig. 16).7° In a
study published in 2020, Kuzmich et al.,'** demonstrated high
efficiency of the histone H2A adduct with the platelet-derived
growth factor receptor (PDGFR) for the delivery of DNA to
the PDGFR-positive gastric cancer cells. Histones are nontoxic;
however, their clinical use raises reasonable concerns due to
the risks of interfering with the natural processes of chromatin
formation.

Gelatin is much safer and more readily available than histones
and is attractive because of the presence of RGD sequence,
which promotes cell adhesion.”® However, there are no recent
publications on the NA delivery using gelatin, presumably due
to the greater efficiency of synthetic polymers and chitosan (see
below). The application of L-arginine-enriched protamine (see
Fig. 16) for the NA delivery is the subject of a review by Pascolo
and co-workers.!> Furthermore, promising results in the cancer
therapy were demonstrated by protamine-containing agents
based on mRNA 96197 and siRNA.!98%19 Protamine forms
stable complexes with NAs and, therefore, it can be used as a
part of transfecting agents that are effective even upon intranasal
administration.?%

DEAE-dextran (the structure is presented above), one of the
first polymeric NA delivery agents, can also be classified as a
polymer of natural origin.23725 The relatively low efficiency,
inability to form stable polyplexes, and proven immunogenicity
and cytotoxicity 2! resulted in the loss of interest in this carrier.
However, in 2019, Siewert et al.?? reported the use of DEAE-

dextran as a model compound for the preparation of mRNA
polyplexes. Cyclodextrin is not a polycation; however, when
combined with the block copolymer composed of methyl-
polyethylene glycol (mPEG), e-caprolactone (¢CL), and PEI, it
forms a hydrogel for the delivery and controlled release of
pDNA, which lasts for up to 7 days.?%3

Chitosan remains an intensively studied polycationic polymer
of natural origin; it is the subject of a number of recent
reviews.3%%47% The safety of chitosan-containing formulations
is still an open issue, with potential complications associated
with the use of chitosan being related to the nature of the source
and the isolation and purification methods. This is a common
problem in the biomedical application of naturally occurring
polymers (a classic example is the contamination of silk fibroin
with sericin),?% which is an argument in favour of developing
synthetic polymers with strictly defined composition,
microstructure, and topology.

Structurally related PAMAM, PEI, PPI1°! 93 should rather be
classified as oligomers with a dendrimer topology; they represent
relatively simple organic molecules containing a large number
of ionizable moieties of primary, secondary, and tertiary
aliphatic amines. These polycations have been widely studied
and continue to be studied as NA delivery agents, as they have
high complex-forming capacity. However, use of these
compounds into clinical practice is reasonably complicated by
the high toxicity characteristic of polyamines. Meanwhile, the
application of these polymers in genetic techniques ex vivo is
fairly efficient. In 2025, a manufacturer reported the registration
of a linear PEI-based reagent for use in the production of adeno-
associated viral vectors.?> The benefits of PEI are synthetic
availability and high buffer capacity. Numerous studies
addressing the decrease in the toxicity of this polymer by
introducing biodegradable moieties into the molecule are
covered in a recent review. 200

In terms of its structure, PDMAEMA (see Section 1) is a
synthetic vinyl polymer. The polymerization products of vinyl
monomers, although commercially available, have an
insurmountable drawback: high chemical stability of the
backbone; therefore, they are currently being displaced by
biodegradable polymers.
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Figure 16. Main structural types of polymeric NA carriers.
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polymers. PLL was intensively studied up to the mid-2010s;
However, only two papers describing the use of PLL as a carrier
for NAs appeared over the past five years. Alazzo et al.?® used
hyperbranched PLL containing histidine moieties for the
delivery of siRNA. Korzhikova-Vlakh and co-workers2?
utilized PLL moieties for the preparation of hyaluronic acid-
based graft copolymers that formed particles of 173—-262 and
160—185 nm sizes with model siRNA and salmon testes DNA,
respectively.

Unlike study of PLL, investigation of poly(B-amino esters)
obtained by reactions of amines with diacrylates are still
relevant.®¢ The interest in these systems stems from the ease of
synthesis (see Section 3.2) and the possibility of varying the
structure of polymers of this type over wide limits at minimal
cost. Owing to the considerably lower toxicity compared to
those of PEI, PPI, and PAMAM and extensive design
opportunities involving variation of hydrophilicity, hydro-
phobicity, and macromolecular topology, PBAE still attract keen
attention of researchers.®0™% The biodegradability of these
polymers is achieved by introduction of labile groups into the Z
moiety (see Fig. 16).

Meanwhile, the biodegradability of polymeric NA delivery
systems can also be achieved by introducing reactive groups
into the backbone such as regularly repeating ester moieties. The
products of polycondensation of 4-hydroxy-L-proline (see
Section 3.2) known since the late 1990s were the first examples
of polymers of this type.?!® Currently, there is increase in the
interest in these systems caused by the ease of their hydrolytic

degradation to release NAs (see Section 4.1). A promising trend
in the design of polymeric NA carriers is the preparation of
macromolecules that degrade to give low-molecular-weight
neutral (or at least zwitter-ionic) products, which is accompanied
by the release of NAs. An early example of such polymers is
poly[a-(4-aminobutyl)-L-glycolic acid] (PAGA).2!! The PAGA
structural moiety was successfully used by Korzhikova-Vlakh
and co-workers?!2 to develop an amphiphilic block copolymer
for the delivery of siRNA.

The idea of NA release upon the polyester chain degradation
to low-molecular-weight products incapable of binding NAs
was further developed in the design of CART (see Fig. 16; for
more detailed consideration, see Section 4.1). These block
copolymers, which contain lipophilic and polycationic segments,
serve as a complete polymeric delivery system for NA.

Apart from carboxylic acid polyesters, polyesters derived
from phosphoric acid were also studied as NA carriers. Among
the advantages of polyphosphoesters (see Fig. 16), mention
should be made of the possibility of varying substituents at the
phosphorus atom and relative ease of the synthesis from five-
membered cyclic monomers (see Section 3.2).213

A specific group of polymeric NA delivery systems are so-
called dynamic covalent polymers that contain functional groups
that can degrade in the cell.”>:2!% Examples of the synthesis of
systems of this type are depicted in Schemes 1-3.

Upon backbone degradation, polymers containing only
reactive C(O)NHNH=CH groups (see Scheme 1) form low-
molecular-weight cationic fragments that bind NAs less
effectively. Polymers that are depicted in Scheme 2 act in a
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similar way, that is, they undergo degradation of the backbone.
The degradation of these systems may occur by a hydrolytic
mechanism owing to the presence of labile C(O)NHNH=CH
and ONHNH=CH moieties or by a redox mechanism through
cleavage of the disulfide bridge.

The hydrolytic mechanism also underlies the action of
polymers that are depicted in Fig. 3; however, these polymers
degrade with retention of their backbone, which loses the ability
to bind to NAs.

Amines are not the only functional group capable of forming
cations that are stable in physiological media. Dozens of studies
have been devoted to the synthesis and investigation of polymers
containing phosphonium or sulfonium cationic groups (see, for
example, Refs 215 and 216, respectively). However, the studies
did not achieve any breakthrough results that would have
counterbalanced the complexity of synthesis and the potential
risks associated with the toxicity and immunogenicity of such
systems. The amino group still remains the major functional
group for NA binding.

3.2. Synthesis of polymeric carriers for NAs

The synthesis of polymeric carriers for nucleic acids is
inseparable from the design of the macromolecule, which, in
turn, is determined by the particular task (the type of NA to be
delivered, the characteristics of the target cells or organs) and
the requirements for the carrier (see Section4). The
biodegradability is determined by the type of polymer backbone,
which either contains or does not contain labile structural
moieties. Depending on the type of the polymer backbone and
microstructure, the carriers are prepared using free radical (co)-
polymerization, polycondensation, polyaddition, and ring-
opening polymerization.

Acid-sensitive degradation with NA release

The design and the synthesis of a macromolecule are
determined, in particular, by the general type of the polymer
carrier, first of all, the number of functional components. Quite
a few polymeric carriers are relatively simple polycations that
are used in formulations for the delivery of NAs. Qualitatively
different and substantially more complex and research-intensive
approaches are aimed at developing polymeric carriers that
combine the key functions of multicomponent systems used for
lipofection. The main chemical approaches to the synthesis of
structurally diverse polymeric NA carriers are considered below.
In this Section, we aimed to draw attention to the key chemical
aspects of particular processes in the light of the goal to design
effective agents for polyfection. The main challenge in the
synthesis of such polymers is correspondence of the model
developed during the macromolecule design to the actual result.
A criterion of correspondence is analysis of reaction products,
which is often a non-trivial task.

3.2.1. Free radical polymerization

Despite the obvious problems with biodegradability of the
products of polymerization of vinyl monomers, studies of these
compounds still remain relevant. Only advanced methods of
free radical polymerization that can ensure a high degree of
control over the polymer chain are applicable for the synthesis
of polymeric NA delivery systems. A special review?!7 devoted
to the use of radical polymerization for the synthesis of NA
carriers attribute these methods to living polymerization
processes; Russian authors use the term ‘pseudo-living
polymerization’.2!8 This attribution is due to the specific nature
of free radical polymerization, which does not allow for the
prolonged existence of a ‘bare’ end of the growing polymer
chain, usually represented by a tertiary alkyl radical. Particularly
the preservation of the chain reactivity through reversible
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binding of the active site is implied when free-radical
polymerization mechanisms are attributed to living
polymerization. This camouflage is achieved using the following
main approaches:

— polymerization mediated by stable radicals (most often,
nitroxide radicals) (Scheme 4),

Scheme 4
Stable free radical polymerization
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— atom transfer radical polymerization (ATRP) (Scheme 5),
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polymerization (Scheme 6).
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Most often, RAFT and ATRP processes are used to synthesize
polymers for NA delivery, with amino-containing esters and
amides of methacrylic acid being typically used as monomers.
Using ATRP, the PDMAEMA polymer with a number-average
molecular ~ weight  (M,)>300kDa was successfully
synthesized.2!'® In 2026, copolymers of (2-aminoethyl)meth-
acrylamide and 2-hydroxyethyl methacrylate were synthesized
using RAFT polymerization (It is worth noting that the
authors??® did not provide data on the molecular weight
distribution of the copolymers). Living polymerization
processes have been claimed to achieve a dispersity (Dy) of

approximately 1,217 which seems doubtful on general grounds.
The review by Li et al.89 devoted to relevant polymeric delivery
agents for NAs virtually does not consider acrylates, probably
due to their chemical stability. From this perspective,
biodegradable polymers are more appropriate.

3.2.2. Polycondensation

The control of the polymer chain in the polycondensation is
even more difficult than in the case of simple polymerization. It
is possible to prepare polyesters and polyamides in this way;
however, alternative approaches for the synthesis of these
polymers have been developed, making it possible to achieve
Dy = 1 (see Section 3.2.4).

3.2.3. Polyaddition

Polyaddition is a key step in the synthesis of PPI dendrimers,
which includes the reaction of diamine with acrylonitrile and
the subsequent hydrogenation, while repeating this reaction
makes it possible to synthesize higher-generation dendrimers
(Scheme 7).22! The reaction with acrylates underlies also the
synthesis of PAMAM dendrimers using NHj, ethylenediamine,
or N(CH,CH,OH); as the starting compounds (an example
with ethylenediamine is shown in Scheme 8); the reaction
sequences include the step of condensation of ester with
ethylenediamine.??? The Michael polyaddition is an effective
method for controlling the chain; however, for obvious reasons,
in the case of PPI, this control applies only to dendrimers,
since the hydrogenation of the nitrile group affords a primary
amino group. During the synthesis of PPI and PAMAM,
additional functional groups can be introduced into the
dendrimer structure, and the size of the macromolecules is
specified by the synthesis generation, that is, the number of
reaction sequences.??

Currently, the Michael addition is widely used to prepare
PBAE. Zhang et al?** reported the synthesis of an effective
mRNA  carrier from butane-1,4-diol diacrylate and
4-aminobutan-1-ol and the use of this carrier, in combination
with dimannosylated poly(glutamic acid), for the targeted

Scheme 7
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delivery of mRNA into macrophages (anti-tumour
programming).

3.2.4. Ring-opening polymerization

Ring-openingpolymerization(ROP)followingtransesterification
mechanism (ROTEP) is an effective synthetic tool providing a
high degree of control over the polymer chain (unlike ring-
opening metathesis polymerization, ROMP). Among the known
methods of additive polymerization, only ROTEP gives linear
homopolymers and block copolymers characterized by Dy = 1.
Despite the seeming simplicity of the method and the reaction
mechanism (shown in Scheme 9 for coordination ROTEP), the
successful design of a macromolecule and practical design
implementation require a high level of experimental expertise
(conducting reactions in an inert atmosphere and high purity of
reactants) and judicious selection of cyclic substrates and
catalysts. An additional benefit of ROTEP is inertness of the
protected amino group [e.g., using the tert-butoxycarbonyl
(Boc) protection] when ROTEP is initiated by metal alkoxy
complexes with alcohols (ROH) in the presence of basic
organocatalysts.
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The ROP reaction can be driven by not only strain in the
cyclic monomer, but also by the entropy factor. A classic
example of additive polymerization to give a low-molecular-
weight product, CO,, which is responsible for the exergonic
nature of the reaction is the synthesis of poly[a-(4-aminobutyl)-
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L-glycolic acid] (PAGA). Scheme 10 presents a relevant
example of the synthesis of amphiphilic block copolymer using
this approach.2!2

It is noteworthy that ROP is also used in the synthesis of PEI;
the reaction gives either dendrimers or linear polymers
depending on the type of starting monomer (Scheme 11).223

The reasonable choice of the monomer and selection of the
catalyst are the key criteria of success in the synthesis of
polymers by ROTEP. Examples of implementation of this
design are studies on the synthesis of CART (see Section 4.1).
The main classes of the polymeric carriers for NAs are
summarized in Table 2.

Scheme 11
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Table 2. Main classes of polymeric carriers for nucleic acids.

Class of polymeric
carriers

Mechanism for the release of NAs
or deactivation of the carrier

Key benefits

Key limitations

Poly(B-amino esters)
(PBAE)

Hydrolysis of the B-amino ester
chain, decrease in the molecular
weight and cation density; partial
dissociation of the polyplex

High synthetic variability,
biodegradation, good compatibility with
pDNA, mRNA, and siRNA, the
possibility of fast screening of polymer
libraries

Polydispersity, the necessity of
complete modification of the
terminal acrylate units, as well as
sensitivity to pH and mixing
conditions; potential cytotoxicity
in the presence of excess polymer

Polymeric charge-altering
releasable transporters
(CART)

Degradation with charge altering:
cationic carrier is converted into
neutral small molecules, thus
weakening the NA binding

Simple chemical design: strong binding
to NA during the assembly of polyplex
and fast loss of charge after delivery;
low residual cationic toxicity

Sophisticated synthesis compared
to that of simple polymers (e.g.,
PBAE or PEI); the structure must
be adjusted to ensure the desired
degradation kinetics.

Poly(a-amino acids) from
N-carboxyanhydrides
(NCA)

Proteolytic or hydrolytic
degradation of the polypeptide
chain; release of NA also via the
competition with intracellular
polyanions

Bio-inspired polypeptide backbone,
controlled NCA polymerization, and the
possibility of precise tuning of M and
architecture

PLL often binds NAs too strongly
and poorly provides the endo-
somal escape; poly(L-arginine)
(PLR) may be more membrane-
active and toxic

Polyaspartamides (PAsp)
and their derivatives

Hydrolytic or biodegradable
polyaspartamide base; change in the
proportion of protonated side-chain
amino groups; dissociation upon
competition with biomolecules

A very convenient platform for studying
the structure—activity relationship: it is
possible to change the polyamine and
adjust the hydrophobicity of the carrier

High dependence on the degree of
substitution and residual groups;
cytotoxicity is possible at high
cation density

Polyethyleneimine (PEI)
and degradable PEI
derivatives

For pristine PEI, dissociation is
mainly due to competition with
polyanions and intracellular
dilution; for modified PEI, the
degradation is redox-stimulated or
caused by hydrolysis

Historical benchmark, high buffer
capacity, simple formulation, extensive
experience of application

Non-degradability, charge-
mediated toxicity, aggregation
with proteins, weak regulatory
outlook for non-modified PEI

Polyamidoamine
(PAMAM) dendrimers
and dendron systems

Classic PAMAM virtually does not
undergo chemical degradation; NA
release as a result of protonation,
competition of polyanions and
dilution; in the case of modified
analogues, NA release owing to
labile linkers

Monodispersity, definite architecture,
high density of functional groups

High cation toxicity, complexity
of the synthesis of high-
generation dendrimers, risk of
two strong NA binding

Polymethacrylates and
polyacrylaates with
cationic and pH-sensitive
groups

Reversible protonation or
deprotonation; in the presence of
hydrolyzable pH-sensitive or
disulfide linkers, there are
additional degradation pathways

Good control over the architecture via
RAFT or ATRP processes; the
possibility of creating any
macromolecular architecture; the
possibility of incorporating
oligoethylene glycol units

The carbon—carbon backbone is
chemically inert; cumulative
toxicity is possible

4. Polymeric carriers for NAs:
variable parameters

Initially, we planned to arrange this Section according to the
classes of polymer molecules: PEI and its derivatives,
polypeptides [first of all, PLL and poly(L-ornithine) (PLO)],
poly(amino esters), and so forth. However, while preparing this
review, we found out that considering the general characteristics
common to all polymeric NA carriers, regardless of their class,
is better suited to our goal to identify new degrees of freedom in
the design of transfection agents, which are potential growth
points for the further development of polyfection agents. Some
of the parameters we discuss, such as positive charge density
and the hydrophilic-lipophilic balance, are (with some
reservations) common to both high-molecular-weight
transfection agents and low-molecular-weight lipids. However,
other parameters such as polymer topology or chain flexibility
are structural characteristics specific to polymers. The key
parameters of macromolecules that can be varied are listed in
accordance with Kumar et al.??¢ and Porello et al.,”® although

with minor changes: for example, thermosensitive polymers are
discussed in a separate subsection.

Before passing to discussion of the effect of these parameters
on the properties of polymers as transfecting agents, we should
make a note. Despite the fact that narrowly focused conceptual
studies attempt to elucidate the effect of a gradual change in a
single parameter, e.g., hydrophobicity, it is impossible to
completely rule out the mutual influence of several parameters
on one another. This is vividly demonstrated by a study by
Berger et al.'3? The authors synthesized four similar PBAE
(M, =2-4 kDa, Dy;=1.2-3.8) by varying the length and the
composition of the diol and diamine moieties (Fig. 17). It was
shown that the properties of the resulting polymers were
markedly different even at the level of basic parameters. The
calculated hydrophobicity of the repeating unit (C log P) varied
over a wide range from 0.99 for PolyO (the most hydrophilic
polymer) to 7.86 for Poly3 (the most hydrophobic polymer).
Despite the presence of one-type tertiary amino groups, the pKa
values of all polymers were considerably different, amounting
to 6.91 for Poly0, 7.08 for Poly2, 8.29 for Poly20, and 6.21 for
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Figure 17. Evaluation of the hydrophobicity (a) and cooperativity
of deprotonation (b) of copolymers obtained by Berger et al.*? Copy-
right American Chemical Society 2024.
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Poly3. These results provided a conclusion that was important
for NA delivery: at physiological pH value of 7.4, the polymers
Poly0, Poly2, and Poly3 are mainly deprotonated. Meanwhile,
the oxygen-containing Poly20O remains largely protonated,
which shifts its internal buffered pH beyond the pH range of
endosomes. It turns out that by varying the chain structure
between the diamine and diol moieties, it is possible to tune the
chain rigidity, the lipophilicity of the macromolecule, and pKa
of the amino groups.

Berger et al.'3? discussed separately the cooperativity of
deprotonation, which was reflected by the Hill coefficient
(ng)? The cooperativity was high for Poly3 (ny; = 7.2) and
Poly2 (ny;; = 5.9) and moderate for Poly20 (nyy; = 1.6), while
in the case of Poly0 a low negative (< 1) cooperativity was found
(ngi = 0.79). The authors attributed the increase in the nyy,
value to increasing flexibility of the chain upon elongation of the
alkyl moiety between the ammonium cations. Hence, transition
from a cooperative to an anti-cooperative deprotonation regime
can be induced even by minor changes in the monomer structure
within a series of polymers of the same type.

In a study of siRNA binding to polymers, a negative
correlation between the binding constant and hydrophobicity
was found:'32 the most hydrophilic polymer Poly0 had an eight
times lower binding constant than the lead compound Poly3.

i'This is a dimensionless quantity that characterizes the cooperativity
of polyfunctional ligand binding; as applied to polycations, it
represents the cooperativity of deprotonation.

This trend also held in transfection experiments. The Poly3
polyplexes formed in 5:1 mass ratio showed a 48% decrease in
the target gene expression 3 days after the transfection, whereas
the efficiency of other polymers did not exceed 16%. Thus, even
using a small selection of polymers, it was clearly demonstrated
how seemingly minor variation of the carrier structure influences
the carrier properties and applicability for real biomedical
problems.

4.1. Positive charge

The positive charge of a polymeric carrier provides protection
against nucleases and neutralizes the intramolecular repulsion of
anionic phosphate groups in the NA chain, leading to compaction,
similar to the compaction of histones in chromatin. The degree
of ionization, determined by the polymer pK, and positive
charge density, is critical for the effective delivery of NAs, since
it simultaneously influences NA binding and release from the
polyplex, cellular uptake, and the ease of endosomal escape.
Meanwhile, excess charge is a known cause of cytotoxicity.??
For example, screening a library of 168 PBAE-based carriers
showed that polymers with pK, in the range of 6.2—6.5 exhibit
greater efficiency in siRNA delivery and lower cytotoxicity
compared to their analogues.??’ As has already been noted, pH
of the environment varies during the intracellular transport of
polyplexes, and carriers are often designed in such a way as to
respond to these changes and release NAs under acidic
conditions. Ros et al.?2® showed that the toxicity decreases on
going from the poly(3-aminopropylmethacrylamide) carrier to
poly(N,N-dimethylaminoethyl acrylate). The authors attributed
this effect to ‘charge shifting’: hydrolysis converts the cationic
propylaminoacrylate unit of the polymer chain into an anionic
acrylate (Scheme 12).

A study of Dirisala et al?® illustrates well the integrated
effect of charge on the transfection system. The authors proposed
an original pathway for the charge-shifting hydrolysis, which
somewhat differed from that described above. The formed
PLO-mRNA polyplexes were coated with the pH-sensitive
PAsp(DET-Aco) polymer (Scheme 13), which made the species
anionic (and less toxic, and less sticky to the cell membrane) at
the physiological pH. However, in an acidic endosomal medium,
the species rapidly eliminated cis-aconitate, being converted to
cationic form, PAsp(DET), thus initiating rupture of the
endosomal membrane. Despite the fact that the anionic coating
reduced the cellular uptake compared to that for the original
cationic polyplexes, the total delivery of functional mRNA
sharply increased due to endosomal escape. The coating that
reversed the polymer charge increased expression by
approximately an order of magnitude for the PLL system and by
almost two orders of magnitude (approximately 80-fold) for the
PLO system compared to the corresponding binary polyplexes.
The control polyanion that was incapable of charge-shifting
hydrolysis did not exhibit a similar effect.

The most interesting and well-studied mechanism of charge-
shifting hydrolysis is characteristic of CART type copolymers.
These copolymers, proposed as mRNA carriers in 2017, initially
incorporated lipophilic alkoxycarbonyl-substituted poly(tri-
methylene carbonate) and cationic poly(morpholin-2-one)
moieties (see Scheme 13).230 Subsequently, the library of
monomers was substantially expanded, but the key idea
remained the same: using monomers based on a-amino acid
derivatives, it is possible to obtain cationic polyesters that are
stable in the protonated form and are rapidly fragmented via
intramolecular ammonolysis upon deprotonation. In the cited
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homopolymers and blocks within copolymers degrade to form
substituted neutral diketopiperazines (DKP), was called charge-
altering mechanism (Scheme 14).

This mechanism was studied in detail by Blake et al.,>*! who
synthesized a series of structurally similar morpholinone type
monomers (Scheme 15) and polymers based on them using the
controlled organocatalytic ROTEP procedure. The ammonium
polyesters formed after deprotection proved to be stable in an
acidic medium; however at higher pH they were rapidly
discharged. For the key P1* polymer, a study by 'H NMR
spectroscopy showed a sharp acceleration of degradation at
neutral or weakly alkaline pH (half-life of a few minutes) and
predominance of neutral diketopiperazine among the reaction
products. A possible mechanism of degradation comprised a
cascade of successive intramolecular 1,5- and 1,6-O—N-acyl

proceeded faster than the 1,5-shift.

Minor changes in the polymer structure radically changed the
decomposition pathway. The a-methyl-substituted P2* analogue
degraded noticeably more slowly mainly via hydrolysis
(giving N-hydroxyethylalanine instead of diketopiperazine);
B-substituted P3* polymers degraded a few orders of magnitude
more slowly to give mainly linear oligoamides;* and N-glycyl-
modified P4* derivative showed a pronounced pH dependence
and high selectivity in the hydrolysis to diketopiperazine (up to
~95% at pH=7). Finally, by copolymerization of rapidly
hydrolyzable and slowly hydrolyzable units, it was possible to

k According to the logic of cyclization, instead of the 1,6-acyl shift, as
was the case for P1%, the statistically less likely and energetically less
favourable 1,8-shift should have taken place.
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achieve controlled tuning of the degradation time (ranging from
a few minutes to a few hours). As a result, the following
empirical rule was formulated for the design of these carriers:
o-ammonium activation of ester groups and the appropriate
distance to the nitrogen atom ensure a unique regime of
controlled hydrolysis of the polymer chain with a charge loss,
which relates the structure of the cationic block to the ability of
the polymer carrier, first, to bind and then to release NAs.

Even the first study23° devoted to CART demonstrated the
high efficiency of the eGFP—mRNA delivery to HeLa cells (the
fraction of the eGFP+ cells exceeded 99%) without considerable
decrease in the cell viability. Meanwhile, the commercial
Lipofectamine 2000 carrier provided only moderate expression
and formation of ~50% eGFP+ cells. These polyplexes, which

initially had a size of ~250 nm and a positive C-potential,
gradually grew in the physiological medium, with {-potential
being shifted to negative values over approximately two hours.
This finding was interpreted as partial degradation of the cationic
block, while maintaining stability for a therapeutically relevant
period of time prior to intracellular breakdown. It was shown
that the mechanism of cellular uptake of polyplexes is
predominantly endocytosis-dependent (at 4°C, the uptake
decreased by ~85%). However, it is the cargo escape rather than
the uptake that is the key limiting factor: the analogues incapable
of self-degradation provided a comparable level of intracellular
delivery of labelled mRNA, but virtually did not induce
expression, which attests to the importance and efficiency of the
charge-altering mechanism. Finally, in in vivo experiments (on
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mice), the fLuc—mRNA complexes provided a bright
bioluminescence upon both the intramuscular administration
(the peak was after ~4 h, and the signal was retained for up to
48 h) and intravenous administration (the early peak was after
~4 h and the signal was retained for up to 24—48 h), with the
expression being mainly located in the liver and in the spleen.
In the subsequent studies, the Waymouth’s research team
demonstrated the efficiency of CART type copolymers for the
delivery of pDNA,?*2 mRNA,*? and siRNA,'®! extended the
range of lipophilic monomers by varying the lipid moiety of the
starting trimethylene carbonate?*235 and by using new type
B-amidocarbonate monomers based on N-acyldiethanolamine,?3°
and, what is more important, proposed several new monomers
for the cationic part of NA carrier. In 2019, Benner et al.?¥’
described a new class of carriers, Serine—CART, the cationic
block of which was based on oligoserine ester (Scheme 16). It

has been shown that Serine—CART start to degrade when pH
rises to 7.4 and are converted into neutral compounds within a
few hours. Apart from the expected oligo(serine amides), this
gives a considerable amount of the corresponding diketo-
piperazine (DKP, up to ~55% yield after 24h), which
emphasizes charge-altering nature of the cascade of the O —N
acyl shifts as underlying the mechanism of charge loss.

In 2024, Waymouth and co-workers®® reported
guanidinylated CART based on serinol (GSer—CART), in
which the authors rationally utilized too strong
guanidinium—phosphate association owing to the charge-
altering mechanism of polymer chain degradation (Scheme 17).
Using a library of nine GSer—CART carriers and varying the
lipid skeleton (carbonate vs. B-amidocarbonate moiety) and
degree of polymerization, the authors achieved not only high
expression of the reporter, but also virtually tunable binary
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organotropism without using targeting ligands. The most
effective formulations produced up to ~97% expression in the
lungs or up to ~98% in the spleen, with the tropism being tuned
solely by the guanidinium-to-phosphate charge ratio (high
charge shifted the delivery toward the lungs, while low values
shifted it toward the spleen). This effect was correlated with the
biophysics of particles at pH 7.4 and especially in the plasma:
the lung-tropic complexes rapidly increased in size up to the
micrometre range, whereas the spleen-tropic complexes
remained in the submicrometre range.

Finally, in 2025, Abd Elwakil®° reported a series of
monomers based on a-amino acids with an additional amino
group in the side chain, two monomers based on natural lysine
and ornithine and two monomers based on non-proteinogenic
diaminobutanoic (Daba) and diaminopropanoic (Dapa) acids
(see Scheme 17). It was found that for similar physicochemical
characteristics of polyplexes (comparable sizes of ~180 nm and
high degree of NA encapsulation), a slight change in the length
of the diamine side chain crucially changed the outcome of the
delivery. The Orn-CART carrier exhibited higher selectivity for
the delivery to lungs compared to analogous Lys-CART and
commercial PEL. The Daba-CART and Dapa-CART polymers
(n=1 and 2 in Scheme 17, respectively) increased the
expression, but only the former preserved the selective delivery.
The organotropism could be finely tuned by adjusting the N: P
charge ratio (as in the previous study); at a 10:1 ratio, the

expression was almost completely located in the lungs (>99%);
ata 5:1 ratio, the spleen made a noticeable contribution; and at
even lower ratios, the distribution was systemic.

While acknowledging the enormous contribution of the
Waymouth’s research group to the development of the concept
of self-degrading polyester carriers for NAs, it should be noted
that they are not the only developers of polymers that degrade
with the loss of charge. For example, polymeric transfecting
agents that completely meet the CART criteria, poly(4-hydroxy-
L-proline ester)2!%:-240 and its block copolymer with dilactide,?*!
were proposed for the first time for the pDNA delivery more
than 25 years ago. There is no doubt that the potential of
polyprolinate will be fully unlocked in the near future. Indeed, in
2025, Tian et al.**?> (evidently, inspired by the research of
Waymouth’s tram, but not concerned with the transfection as
yet) reported the use of ROP to obtain homopolymers and
random and block copolymers of N-acylated 4-hydroxyproline
(Scheme 18).

Our research team also made a contribution to the
development of CART. In 2022, we?* proposed a new type of
lipophilic monomers comprising monosubstituted glycolides,
tyrosine derivatives acylated with fatty acids at the phenolic OH
group (Scheme 19). The replacement of the polycarbonate block
by a polyglycolide block made the carrier completely
hydrolyzable under physiological conditions, as confirmed by a
model in vitro experiment. Glycolidic CART also degraded via
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Figure 18. Time variation of the {-potential of eGFP polyplexes with P4’ (a) and P6’ (¢) polymers at various N:P ratios (the starting pH = 6.5);
transfection efficiency of HEK293T cells with the eGFP plasmid using P4’ (b) and P6' (d) carriers normalized to the efficiency of Lipofectamine
3000 (LP3000) over a range of N: P ratios in the same experiment.?*® Copyright Elsevier 2022.
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Figure 19. Structures of morpholin-2-one monomers based on natu-
ral amino acids.

a charge-altering mechanism, as confirmed by analysis of the
hydrolysis products and by a change in the sign of the {-potential
ofthe polyplex within ~1 h. Testing of the developed copolymers
for pDNA delivery in HEK293T! cells demonstrated that they

'HEK293T is a derivative of HEK293 cells, which steadily expresses
large SV40 T-antigen.

were 3—4 times superior in transfection to commercial agents.
In relation to the P4’ and P6’ copolymers, which demonstrated
the best results in the model transfection experiments, we
identified a relationship between the efficiency of pDNA
delivery and the physicochemical behaviour of the polyplexes
(Fig. 18). The carriers with N:P ratios at which the {-potential
decreased to zero in approximately 1h proved to be most
effective.

In 2024, Shaputkin et al.>** developed a method for the
synthesis of new monomers for the hydrophilic block of CART
based on some natural o-amino acids (Ala, Val, Leu, Phe, Tyr)
representing morpholin-2-one with the appropriate alkyl
substituent in position 3 (Fig. 19).

4.2. Molecular weight

The molecular weight of the polymer also considerably affects
the NA delivery. As a rule, transfection efficiency increases,
along with toxicity, with increasing molecular weight; this
tendency holds for both linear and branched polymers of various
natures (PEI, PLL, PDMAEMA, etc.).22¢ The studies of Blakney
et al.'®.163 demonstrating the necessity of high-molecular-
weight carriers to deliver relatively large cargo such as pDNA
and saRNA have been mentioned above. The authors ¢!
synthesized a library of copolymers of poly(2-ethyl-2-
oxazolines) (PEtOx) with PEI (M, = 5-200 kDa) in which the
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charge density (i.e., frequency of amino-containing units) was
varied through variation of the degree of hydrolysis (20—100%
ethylenimine units) and compared these carriers in the delivery
of pDNA (~7000 bp), mRNA (~2 kb), and saRNA (~9.5 kb)
with the same fLuc reporter. High-molecular-weight polymers
(83 and 72 kDa) provided the highest delivery efficiency for
pDNA and large saRNA molecules, respectively, whereas in the
case of mRNA, polymers with a lower molecular weight
(45 kDa) showed the highest transfection efficiency.

The other study by Blakney et al.'%3 was focused on saRNA.
The role of the polymer molecular weight and the ‘unpacking’
mechanism was elucidated in relation to a biodegradable
poly(amino ester): poly(cystamine bisacrylamide-co-1,4-amino-
butanol) (pABOL) (Fig. 20). The transgene expression was
enhanced by increasing the molecular weight of pABOL by
more than an order of magnitude (from 5 to 100 kDa), which
was achieved by adjusting the synthesis time. The carrier
biodegradability played an important role for the efficiency of
saRNA delivery: inhibition of cellular glutathione sharply
reduced expression for pABOL but not for PEIL indicating the
importance of disulfide reduction for the release of saRNA. The
relationship between in vivo efficiency and molecular weight
was non-monotonic (parabolic), which was attributed in this
study to a trade-off between the NA binding and release rates.

4.3. Hydrophobicity

The hydrophobicity of polymer backbones or, alternatively, the
introduction of additional hydrophobic side chains often

pPABOL structure
H O
\{/\H/N\/\S/S\/\NJI\/\N’]’
H n
o

pABOL

(M from 5 to 167 kDa) OH

increases the transfection efficiency, but, at the same time,
causes cytotoxic effects.?”® Automated screening of the
properties of polyplexes such as cytotoxicity, cellular
internalization of the complexes, and transfection efficiency
made it possible to study the structure—property relationships
for a wide range of PEG-P(DMAEMA-co-AMA) amphiphilic
copolymers (AMA is alkyl methacrylate) (Fig.21a). It was
shown that the efficiency of mRNA delivery is determined by a
‘hydrophobicity window’ determined by two independent
parameters: the length of the alkyl side chains (C,—C;,) and the
proportion of hydrophobic units (~20—60%).!3¢ The elongation
of the side groups by itself does not induce a monotonic
improvement of the performance: nanoparticles are formed
throughout the whole range of structures (most often <250 nm),
but the most compact particles exist at intermediate alkyl lengths
(approximately Cg—C,4) and moderately high proportion of
hydrophobic units. Further increase in the hydrophobicity
impairs the key early stage, that is, the electrostatic binding of
mRNA to the carrier, since bulky hydrophobic substituents
shield the cationic centres. The polymer with the lower molecular
weight showed the best results and provided a higher transfection
compared to PEI, according to the flow cytometry and mean
fluorescence intensity. The minimum cytotoxicity was observed
for PDEAEMA —butyl methacrylate polyplexes during 18 h
after administration, irrespective of the length of the PEG
moiety.

A modular strategy for tuning the amphiphilicity of poly(B-
amino ester) carriers was proposed by Shi et al.*> Hydrophobic
and hydrophilic PBAE polymers based on a glycerol derivative
of bisphenol A were synthesized separately, since changing the
amphiphilicity of PBAE through copolymerization with
hydrophobic monomers is a laborious and, to some extent,
uncontrollable process.

Then 1-PBAE and h-PBAE were used as the hydrophobic and
hydrophilic modules, respectively, being co-condensed with
DNA. This gave ternary polyplexes with a controlled ratio of the
modules. The ternary polyplexes form smaller polyplexes
compared to DNA —hydrophilic PBAE binary polyplexes and
show a more pronounced decrease in the {-potential over time;
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Figure 21. Schematic image of polyacrylate—PEG copolymers in which the hydrophilic—lipophilic balance can be tuned by controlling the
ratio of the monomers DMAEMA (or ethyl homologue DEAEMA) and AMA with the C,—C, alkyl substituent in the ester group.'3¢ Copyright
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as the proportion of the hydrophobic component is increased,
the cytotoxicity increases (Fig. 22). It was shown that particularly
the balance between the hydrophilicity and hydrophobicity
determines the size, stability, and functional transfection of the
carrier.2*> As the proportion of hydrophobic module increased,
the particle sizes varied non-linearly: the most hydrophobic
polymers (and one ternary composition) formed small
particles (25—28 nm), intermediate ternary systems formed
~170-270 nm particles, while the hydrophilic polymer gave
large aggregates (>400 nm). In addition, the introduction of a
hydrophobic component improved the colloidal stability of the
particles and the retention of DNA in the presence of serum
proteins. In experiments using HeLa cells, the best results were
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achieved with a formulation containing equal amounts of
hydrophilic and hydrophobic components: it showed high
cellular uptake and perinuclear distribution, with the delivery
efficiency being only slightly inferior to that of the commercial
jetPEI carrier. The applicability of this system was demonstrated
for difficult-to-transfect HepG2 (human hepatocellular
carcinoma) and B16.245 cells.

The modulation of the hydrophilic—lipophilic balance of the
NA carrier is not limited to variation of the hydrocarbon
substituents; another line of research is the introduction of
fluorinated groups. Fluorinated derivatives of PEI2* PPI 247
2-hydroxy-PP1,**8 PLL,>* PAMAM,>%251 and PBAE?>? have
already been studied as agents for NA delivery. Fluorination
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Figure 22. Modular strategy for the control of the amphiphilicity of the PBAE-DNA polyplexes.?+
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bPEI (M = 1.8kDa)

provides the carrier with both hydrophobicity and lipophobicity
and also affects the basicity of the amino groups.

This can be illustrated by a study by Jin et al,*>? who
developed a fluorine-containing low-molecular-weight PEI
(Scheme 20). The F-PEI carrier condensed DNA even at a very
low polymer:NA ratio and formed particles with a size of
~200 nm. Furthermore, in the presence of serum, no displacement
or leakage of nucleic acid was observed for 48 h, which was
attributed to the hydrophobic and lipophobic properties of the
fluorinated moiety and weakening of its nonspecific interactions
with proteins and lipids. In cellular assays, the developed carrier
had a markedly milder toxicological profile than the non-
fluorinated analogue, PEI with M, = 25 kDa: ~80% cell viability
after 72 h at high doses and highly increased cellular uptake.
According to flow cytometry, up to 60% of the polyplexes vs.
~10% for the control PEI entered the cells. A confocal
microscopy examination showed pronounced endosomal escape
and subsequent penetration of labelled pDNA into the nucleus
after 4 h. Against this background, the transfection itself also
improved: for the GFP reporter, the polyplexes with
polymer:pDNA = (40-50):1 (w/w) surpassed PEI with
M,~25kDa, with the optimal system with a ratio of
approximately 50:1 (w/w) proved to be ~1.5 times more
efficient than the control. In an in vivo H1299 xenograft model,
repeated introduction of the F-PEI—plasmid polyplex resulted in
a statistically significant retardation of the tumour growth
without a decrease in the body weight or lethality. In the tumour
tissue, an even more pronounced decrease in the expression of
vascular endothelial growth factor (VEGF) was observed; the
microvascular density assessed by the CD31 and CD34
markers™ decreased, while CD8+ T-cell infiltration
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Scheme 20

F-PEI

simultaneously increased. A histological examination of the
major organs revealed no obvious cellular damage.

Deng et al.?? proposed a way to solve the problem of NA
delivery to difficult-to-transfect cells. It was shown that
fluorination of poly(p-amino ester) markedly ‘raises the ceiling’
for nonviral delivery of plasmid DNA particularly in adherent
HepG2 cells and suspension Molt-4 cells.?’2 The F-PPAE
fluorinated polymer (Scheme 21) obtained by the authors
formed spherical cationic polyplexes with a more compact size
and a higher (-potential compared to the non-fluorinated
analogue. This was in line with the sharp increase in the fraction
of the GFP+ cells up to ~87% in HepG2 (vs. ~30% for
Lipofectamine 3000) and up to ~55% in Molt-4 (vs. ~5% for
Lipofectamine 3000), with the cell viability being admissible.
An important issue of the study was the finding that in the
delivery of Bcl-xL pDNA, the F-PBAE polymer provided
markedly better protection of HepG2 cells against induced
apoptosis: the proportion of apoptotic cells decreased to
approximately ~10% vs. ~22% for Lipofectamine 3000 and
>33% in the control experiment. However, the delivery of
pDNA encoding PKCPBII with this polymer considerably
enhanced the cell sensitivity to ferroptosis (the cell death
amounted to ~52% vs. ~25% for Lipofectamine 3000), as
confirmed by Fe?'-initiated lipid peroxidation markers and
protein expression. The results of the cited study?3? indicated
that local fluorination of PBAE may serve as a simple tool to
overcome the key intracellular barriers and expand the scope of

M CD31 and CD34 are protein markers used in immunohistochemical
or immunofluorescence staining to visualize the vascular endothelium
in tissue sections.

Scheme 21
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applicability of polymer vectors in cellular systems in which
conventional agents are of low efficiency.

4.4. Polymer chain rigidity

The rigidity of the polymer chain affects binding to or interaction
with NAs, as well as potential biological functions such as
endosomal escape3* and, consequently, the efficiency of
transfection. The stiffness of nanoparticles may not only be
responsible for the general efficiency, but also dictate the
cellular uptake pathway. This relationship was demonstrated by
Gurnani et al.,”* who used the glass transition temperature of
the polymer to characterize the rigidity of nanoparticles.

Despite numerous studies on the role of NP rigidity,
contradictory results have been obtained in some cases. Thus,
relying on the idea that the structural rigidity of rod-like
polycations enhances the membrane activity, Liu et al.>>
designed a new class of rigid polybenzyl ethers (PBE) with
various cationic side groups, including imidazolium, quaternary
ammonium, and phosphonium ions (Scheme 22). In relation to
these compounds, the authors demonstrated that polyplexes are
capable of direct translocation through the cell membrane,
which makes it possible to circumvent the endosomal uptake
problem, while the introduction of imidazole into the side chain
ensures higher transfection performance for the PBE100-I
carrier compared to PEI25k.

The authors planned to combine pronounced DNA
condensation with endocytosis-independent uptake and thus
circumvent the endosomal escape, which is a bottleneck of
transfection. In experiments, the whole PBEn family formed
stable 200—300 nm polyplexes even at low N:P ratios (=4),
thus providing a positive (-potential (>25 mV). The imidazolium
analogue of PBEI100-I was distinguished by the highest
C-potential (~30 mV) and especially high degree of DNA
condensation (>85% even at N:P =4, which is comparable with
the PEI25k polymer). The researchers attributed this finding to
the possibility of aromatic stacking of the imidazole moieties
and the nitrogenous bases of NA. In addition, PBE demonstrated
much better biocompatibility compared to PEI25k (for most
polymers, cell viability exceeded 97% at a concentration of
32 ug mLY).

The experimental results confirmed the initial hypothesis: the
polyplex uptake was fast and little dependent on the serum type,
and it was only slightly suppressed by the conditions of
endocytosis inhibition. Meanwhile, fluorescence-labelled
PBE100-I exhibited low colocalization with lysosomes, which
is consistent with partial bypass of the endo- or lysosomal
pathway and accounts for the observed high transfection
performance of exactly the combination of a rigid aryl backbone

and cationic side groups, since it reduces the required charge
density without compromising the condensation.

Meanwhile, Miyazaki et al.?%® performed a comparative study
of mRNA delivery using two different types of cationic PEG
block copolymers with poly(glycidylbutylamine) (PGBA) and
with PLL (Fig. 23), differing in the chain rigidity. It was shown
that PEG-PGBA comprising more flexible polyether backbone
produced polyplexes involving 50 times stronger interaction
with mRNA molecules compared to PEG-PLL, which contains
rigid peptide bonds. The enhanced binding of mRNA to
PEG-PGBA improved the biological characteristics of
polyplexes, such as NA protection against enzymatic
degradation, protein hyperexpression, and bioavailability both
in vitro and in vivo, compared to those of PEG-PLL.

The apparent contradiction in the results of the above studies
stems from the fact that the rate-limiting stages of NA delivery
are different. In the study by Liu e al.,>® this is overcoming the
endosomal barrier, since the rigid polymer backbone enhances
the direct membrane translocation. Meanwhile, in the publication
of Miyazaki et al.,?® the rate-limiting stage is the assembly of PIC
micelles under physiological conditions: more flexible
polycationic chain is better adapted to mRNA and provides
more effective binding. Thus, the rigidity is beneficial when
penetration through the membrane is the bottleneck, while
flexibility is useful when the critical issue is packing, retention,
and protection of NA.

It is noteworthy that NA itself also contributes to the total
rigidity of the system (the difference between siRNA and ssRNA

H
793
Flexible
chain H2N
PEG-poly(L-lysine)
H,N (PEG-PLL)
PEG-poly(glycidyl butyl amine)

(PEG-PGBA)

Figure 23. Cationic block copolymers with varying flexibility of
the charged segments based on poly(glycidylbutylamine) (flexible)
and poly(L-lysine) (rigid).>® PEG-PGBA provides for more than a
50-fold increase in the mRNA binding strength compared to that of
PEG-PLL, which results in the formation of mRNA polyplexes with
enhanced protection against enzyme attack.
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100 nm’ A C

Figure 24. Morphology of polyplexes formed by pRSVLuc and mPEG-b-PAMAM copolymer?*® and transmission electron microscopy
(TEM) image confirming the morphology. Adapted from Osada et al.?5® under the CC-BY 4.0 license.

binding to polyplexes was discussed in Section 2.2.3): the longer
and the less flexible NA, the lower the energy benefit of binding
to the polycation.?” It is known that the persistence length of
double-stranded DNA is approximately 50 nm (i.e., when thelength
is less than 150 bp, it can be considered to be a rigid rod), which
results in a limited set of possible polyplex morphologies?®
(Fig. 24).

Using molecular dynamics simulation, Bae et al.?*° found
that even a minor difference in the flexibility of double-stranded
DNA can crucially change the scenario of complex formation
with a cationic nanoparticle of histone-like size. For fragments
approximately 100 bp long with similar persistence lengths (/,),"
but still differing by ~10 nm, an increase in the NP charge
progressively enhances bending of the DNA and leads to a
transition from local contact without noticeable deformation to
wrapping around the particle, with the transition threshold
shifting because of rigidity. It was also shown that in the case of
partial wrapping, NP can slide along the DNA (dynamic
rearrangement of contacts), with the stability of a formed loop
sharply decreasing with increasing ionic strength. This is
consistent with the shielding of electrostatic interactions and an
increase in the effective rigidity of double-stranded DNA. Thus,
the total rigidity imparted to the polyplex by the nucleic acid and
the carrier can serve as an additional tool for controlling the
binding strength. If the efficiency of polyplex formation is low,
a more flexible polymeric carrier should be selected for the
delivery of this NA; conversely, if strong binding prevents the
polyplex from leaving the endosome, a less flexible carrier
would be more suitable.

4.5. Topology of the polymer backbone

The topology of polymers used in NA delivery can be linear,
branched, cyclic, star-shaped, efc. The architecture of a
macromolecule considerably influences the charge density and
distribution and, hence, the functions such as NA compaction,
stability of polyplexes, and crossing biological barriers.”” It was
reported that highly branched PEI provides more efficient release
from endosomes by inducing a greater osmotic swelling compared
to linear PEI.13* Meanwhile, back in 2001, Wightman et al.?5!
showed that transfection in vitro was more efficient for the DNA
complex with linear PEI than with branched PEI. Despite the

" The more flexible (AT)so/(AT)so chain has /,= 75 nm, while for
more rigid (AC)s/(GT)so, £, is approximately 84 nm.

results of more recent studies (see below), which have
demonstrated the advantages of cyclic, branched, and other
complex architectures over linear polymers, linear PEI remains
significant as one of the most studied and clinically validated
reference polymeric carriers for nonviral NA delivery, although
it has not been FDA approved for gene delivery.?®? Ahn et al 263
chose linear PEI particularly as a clinically tested, industrially
reproducible, and potentially scalable carrier for a drug to treat a
syngeneic model of murine lung cancer. Using fast
nanocomplexation technique, the authors achieved high-
precision control of the size and composition of NPs, which also
retained stability in the freeze-dried state. The study demonstrated
a pronounced increase in median survival for both the orthotopic
Lewis lung cancer (LL/2) model and metastatic B16F10 model.
In addition, the authors noted the absence of pronounced
systemic toxicity or statistically significant deviations in
biochemical markers of liver function in the LL/2 model.?6263

It is believed that branched polymers have a higher potential
for gene delivery owing to their improved buffering capacity,
three-dimensional structure, and a multitude of terminal groups,
which provide more effective interaction with cell membranes
during intracellular transport, thus finally increasing the
transfection efficiency.®? A number of studies have demonstrated
higher transfection efficiency achieved using branched
polylysines, poly(B-amino esters),2642% whose synthesis is
shown in Scheme 23, and poly(dimethylaminoethyl meth-
acrylates) compared to their linear analogues.””

Currently, difficulties in preparation and purification still
limit the development and application of cyclic polymers. A
relatively small number of publications address this type of
nonviral vectors for NA delivery. There are studies that report
a higher performance of cyclic PEI (surpasses the linear
analogue with the same length and is comparable with branched
PEI in the transfection efficiency, while having lower
toxicity),2%¢ cyclic amino acrylates [both parent PDMAEMA
and sunflower PDMAEMA containing a poly(hydroxymethyl
methacrylate) ring with polymeric petals],?¢7-26% and cyclic
PBAE. 269

The last-mentioned study states that cyclization of PBAE can
markedly improve their characteristics as nonviral vectors: the
precursors of the linear polymers (L-PBAE) were prepared by
the Michael reaction, then they were terminated by butane-1,4-
diol bis-acrylate and cyclized in the presence of
azobis(isobutyronitrile) (AIBN) as a free radical initiator at high
dilution (Scheme 24). As compared with the linear analogue,
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cyclic poly(amino ester) (C-PBAE) condensed DNA more
efficiently (~55% vs. ~35%) and had a higher (-potential, which
is consistent with the higher effective charge density
corresponding to more compact topology. These structural
features provided more efficient transfection of HEK293T cells.
Cyclic poly(amino ester) ensured the formation of a much larger
number of GFP+-cells and an approximately 10-fold gain in the
secreted Gaussia copepod luciferase (gLuc) at optimal
polymer:pDNA ratio in comparison with linear poly(amino
ester). In addition, it had lower cytotoxicity: cell viability was
above 75% even when the carrier to the cargo ratio was 150:1
(w/w), whereas in the case of the linear analogue, the cell
viability was <45% even at a ratio of 50: 1 (w/w).

AIBN 70°C

L-PBAE OH

(0]

/\[ro\/\/\o)j\/

Michael addition,
DMSO, 25°C
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Dalal et al.?’% and Floyd et al.?"" also showed that the use of
graft polymers (e.g., bottlebrush copolymers with a large number
of side groups connected to the backbone) increases the
efficiency of transfection and decreases cytotoxicity. Thus,
poly(cyclooctene-grafi-oligolysine) exhibited higher
transfection efficiency in COS-1 cells (increase in the GFP
expression) compared to linear poly(L-lysine).?"

In some bottlebrush polymers, PEG chains act as numerous
short-chain substituents273~275 stabilizing the colloidal system.
An additional benefit of this type of architecture is its efficiency
in the cargo delivery to lung tissue. He et al.?’® described the
synthesis of bottlebrush-PEG with a high density of grafted
short (~1 kDa) PEG segments. The authors compared polymers
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containing ~1000 and 750 side chains using a model of primary
human bronchial epithelial cells in a system simulating the air/
liquid interface (with endogenous mucus and a periciliary layer).
It was shown that PEG with a higher density of grafted side
chains passed through the mucus and the periciliary layer within
a minute and was rapidly internalized by the cells; after
incubation, the particle distribution became uniform for apical
and basal cells. A decrease in the degree of branching decreased
the cellular uptake by an order of magnitude, indicating that the
bottlebrush geometry and high density of PEG grafting play a
crucial role in the platform for drug delivery through mucous
membranes.

Linear block copolymers are widely represented among
promising NA carriers. Quite a few PEGylated polymers belong
to this class, and the block structure provides the possibility of
circumventing the PEG dilemma. According to a study of PEI
and PEG copolymers with different block lengths,?’” an increase
in the length of the PEG block regularly decreases the size and
(-potential of the particles and crucially increases their colloidal
stability, at the cost of a sharp decrease in the transfection
efficiency compared to the PEI homopolymer. This was
especially noticeable when the PEG concentration was > 50%
where small (<150 nm), virtually neutral, and stable polyplexes
were formed. The introduction of a redox-cleavable disulfide
linkage between PEG and PEI increased transfection efficiency
1.2- to 4.5-fold compared to non-cleavable analogues.?””

It is evident that any study dealing with the development of a
block copolymer-based NA carrier necessarily includes
optimization of the length of each block and that fine-tuning of
the degree of polymerization of the cationic part is of fundamental
importance. In a study by Hayashi et al.,'82 which was already
mentioned above, the authors established the formation of very
small uPIC complexes consisting of one siRNA molecule and
one PEG-PLL copolymer molecule. The latter contained a
polycation segment that exactly corresponded to the length of
NA (Scheme 25).

The subsequent studies demonstrated the possibility of
introducing siRNA and ASO into the blood without preliminary
binding to the carrier. The uPIC complexes were formed in the
blood stream, which was confirmed by 20-fold increase in the
circulation time of siRNA. Furthermore, the obtained polyplexes
exhibited 15-fold higher siRNA accumulation in the pancreatic
tumour and the ability to cross the blood—brain barrier (BBB),
resulting in a 90% reduction in target gene expression.”’® It was
also shown that NA exists in a dynamic equilibrium between its
free and uPIC-bound forms; that is, the presence of excess
polymer can further prolong the blood circulation.?”
Consequently, the number of carrier molecules is clearly
determined by the NA charge.280

Taniguchi er al?®! and Chaya er al?® reported uPIC
complexes with the composition polymer:double-stranded

PEG-PLL(40)

LA,

SiRNA

BranchedPEG-PLL(20) (20 bp)

NA=2:1 (see the lower reaction in Scheme 25),° which
effectively delivered material to triple-negative breast cancer
tissue. This suppressed tumour growth and reduced metastatic
burden in the lungs. The average survival time of the animals
was up to 87.5 days compared with 34 days in the control group.
In addition, these systems were used for the delivery to inflamed
muscle tissue: ~80% knockdown was achieved for the MALATI
target in the quadriceps at an N : P ratio of 2. This is a nontrivial
result, since it requires penetrating the continuous endothelium,
which becomes possible exactly due to the drastic reduction in
the size of the uPIC complex compared to LNPs.

A nontrivial question regarding the structural features of
copolymers was raised by Lawson et al.?®3 As a rule, a single
study focuses on either statistical copolymers or block
copolymers, but perhaps, intermediate, gradient structures would
offer certain advantages as NA carriers. It was shown that
copolymers of different microstructures, statistical (S), block
(B), and gradient (G1—G3) ones, but with the same length and
monomer composition, form spherical polyplexes of comparable
size (~50nm) crucially differing in the ‘capacity’ and NA
binding strength. Copolymer B and the most block-like polymer
G1 carried more pDNA molecules per particle and showed the
strongest retention (the dissociation constant of B and NA
polyplex was ~0.7 uM). The former condensed pDNA with
minimum change in its native conformation, while copolymer S
and more ‘statistical’ gradient polymers required considerable
conformational rearrangements in pDNA for binding. In a
protein—salt solution, the microstructure determined the colloidal
behaviour. Copolymers S and G3 aggregated in serum, whereas
the Gl and G2 materials remained stable (the aggregation
occurred at high N:P ratios). Paradoxically, copolymer B lost
pDNA more significantly (via serum-induced release), despite
its high dimensional stability, whereas polymer G1 combined
resistance to aggregation with more favourable retention of the
cargo. This directly determined the results of testing on the
HEK293T cell line. The macromolecule S provided the highest
transfection efficiency, but this was accompanied by a sharp
increase in cytotoxicity; copolymer B was well tolerated, but
almost did not express the transgene, while polymers of series G
showed intermediate results. Among the gradient copolymers,
material G1 provided the best balance between pDNA delivery
efficiency and viability of HEK cells. From the mechanistic
standpoint, the differences were mainly manifested in the cellular
uptake (in the series S>G1> G2 > G3 >>B), whereas the
intracellular locations of the polyplexes already taken up
(cytoplasm or nucleus regions; colocalization with lysosomes)
were similar and depended only little on the microstructure.

© The numbers in parentheses next to a polymer name indicate the
number of lysine residues; for siRNA, they indicate the length in
nitrogenous base pairs.
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4.6. Morphology and colloidal properties
of polyplexes

4.6.1. Morphology of polyplexes

The size and surface charge of the nanoparticles formed by NA
and the carrier have a crucial effect on the actual mechanism of
endocytosis; however, other factors are also important. The
structural factors (if it includes not only particle size and
C-potential, but also internal architecture, surface composition,
and other parameters) influence phase stability in the blood
stream, the specificity of delivery to organs and tissues, and the
efficiency of endosomal escape.226-284.285

The architecture of the polymeric NA carrier plays a decisive
role in the morphology of the polyplexes.??¢ Linear and branched
cationic polymers (e.g., PEI) are dissolved in an aqueous
medium and form polyplexes, that is, complexes with plasmid
DNA. Copolymers behave in a similar way if both types of
monomer units are charged.?8¢ Polyplexes formed by block
copolymers of the ‘cationic block+hydrophilic uncharged
block’ type (PEI-PEG, PLL-PEG, efc.) show a pronounced
compaction of plasmid DNA and increase the colloidal stability
in biological media, which results in high transfection
efficiency.?” Meanwhile, the architecture of the colloidal
system depends appreciably on the type of NA incorporated into
the polymer.

The condensation of the PLL-PEG copolymer with DNA
resulted in the formation of polyelectrolyte complex micelles
(PCMs, Fig. 25).28% Double-stranded DNA complexes with
PLL-PEG block copolymers formed cylindrical micelles with a
polyelectrolyte core and a PEG shell, whereas single-stranded
DNA formed spherical micelles under the same conditions. The
lengths of the Kuhn segments, which describe the bending
stiffness of double-stranded PCMs, ranged from 45 to 60 nm,

which was close to the persistence lengths of pure double-
stranded DNA 288

Amphiphilic  block copolymers of the ‘cationic
block +hydrophobic block’ type self-assemble into micelles in
solution (provided that the hydrophobic block is sufficiently
long), and upon the addition of plasmid DNA, they form
micelleplexes (Fig. 26).2%° Micelleplexes have a beads-on-a-
string structure, in which DNA strands wrap around and connect
a multitude of polycationic micelles. These particles provide a
higher (by a factor of more than four) transfection efficiency
than polyplexes, with a comparable level of cytotoxicity. The D
and OD polyplexes form large aggregates and globular
structures, respectively, with plasmid DNA condensed in the
core.

Studies that compare polyplexes and micelleplexes are
relatively rare and their results are contradictory. Sharma
et al.® described a comparative study of the efficiency of
plasmid DNA binding to three carriers: PDMAEMA
homopolymer, PDMAEMA-PBA block copolymer [PBA stands
for poly(n-butyl acrylate)], and PEG-PBA-PDMAEMA block
terpolymer.?®  According to experiments, micelleplexes
exhibited lower transfection efficiency than polyplexes. In the
authors’ opinion, this is potentially due to the higher binding
affinity of plasmid DNA in the complex core. Conversely,
micelleplexes of the same composition containing siRNA
surpassed block copolymers in terms of efficiency;?! the
authors attributed the observed difference to different
internalization mechanisms.

A direct comparison of pPDNA assembly into polyplexes and
micelleplexes with identical chemical composition of the blocks
was conducted in 2019. Tan ef al.?%° confirmed the formation of
PDMAEMA and PEG-PDMAEMA polyplexes with pDNA
condensed in the core. Polyplexes based on homopolycations

pLys-PEG

pLys PEG

Figure 25. Diagrams of self-assembly of polyplexes: formation of spherical PCM nanoparticles with a minimum internal ordering from single-
stranded DNA (22 nucleotides) and Lys(50)-PEG(5k) block copolymer (a) and formation of long (= 1 pm) flexible PCM with parallel ordering
of DNA helices from double-stranded DNA (22 bp) and Lys(50)-PEG(20k) block copolymer (b); and cryo-TEM images of the spherical (¢) and
cylindrical (d) polyelectrolyte micelles.?®® Copyright American Chemical Society 2018.
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PnBMA (B)
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ODB micelleplex

OD polyplexes

Figure 26. Schematic image of the interaction products between cationic polymers (D, B, O) and plasmid DNA: the D and OD polymers form
complexes and polyplexes, while amphiphilic block copolymers DB and ODB are self-assembled into spherical micelles and form micelleplexes

with plasmid DNA.?%

were eventually transformed into large aggregates, while
PEGylated polyplexes were stable for a week. In addition, the
authors observed the formation of PBA-PDMAEMA and PEG-
PBA-PDMAEMA micelleplexes with a beads-on-a-string
structure. They showed that micelleplexes were more than four
times superior to polyplexes in the transfection efficiency, with
the cytotoxicity levels being approximately equal. They also
found that micelleplexes are internalized by the CvME
mechanism more efficiently than polyplexes. The inclusion of a
greater number of amino groups (and a decrease in pK, due to
the close proximity of neighbouring polymer chains) into each
micelleplex could potentially facilitate the release of NA from
the endosome. More importantly, the beads-on-a-string in the
packing of micelleplexes mimic the way cells wrap DNA around
histones in chromatin and preserve the native B-DNA helix. Tan
et al?% assumed that this structural preservation of DNA can
provide much more effective protein expression compared to
DNA condensed in polyplexes and possessing a substantially
changed secondary structure.

It should be noted that not all amphiphilic block copolymers
are capable of forming micelleplexes. In the studies mentioned
above, the number of lipophilic units was several dozen and, in
some cases, about a hundred. However, if the hydrophobicity of
the block copolymer is insufficient for self-assembly to micelles,
the formation of colloidal polyplex particles occurs only upon
the addition of NA. The research team headed by Waymouth 292
found that complexes of CART block copolymers (Fig. 27) with
RNA form coacervate nanoparticles with a clearly defined
internal phase organization.

In the case of low-molecular-weight CART, in which the
total number of units (both hydrophobic and cationic) does not
exceed 24, mixing with mRNA results in the formation of
particles with sizes of ~140—220 nm, a positive {-potential, and
a characteristic bicontinuous worm-like morphology. In these
NPs, the hydrophobic (lipid) domains and aqueous or coacervate
channels run through the whole particle. This conclusion was
supported by images obtained using cryo-electron microscopy
(cryo-EM) and its tomographic version (cryo-ET), as well as
scattering data (SAXS, SANS), which make it possible to
estimate a characteristic period of ~6—8 nm domains. In
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Figure 27. Structures of CART copolymers.?

addition, the particles were shown to be relatively stable to the
variation of the N : P ratio in the range in which the particles are
clearly detected. The type of RNA influences also the degree of
ordering. For example, in the case of siRNA, apart from the
bicontinuous morphology, more regular lamellar regions and a
multilayer upper shell are detected; this is reflected in sharper
SAXS peaks. The chemical structure of CART (the type of
cationic block and features of the lipid moiety, including
unsaturation) systematically shifts the domain distances,
whereas neat polymers, without RNA, form unstructured
emulsions. This points to the key role of RNA as a driver of
morphogenesis through a combination of coacervation and
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hydrophobic segregation. Finally, an increase in the molecular
weight changes the type of self-assembly. High-molecular-
weight CART (totally ~100 units) form aggregated micelle-like
structures with a diameter of 10—20 nm, instead of bicontinuous
particles, thus indicating that the polymer architecture and size
determine the internal morphology. From a biological standpoint,
the bicontinuous architecture proved to be the most effective for
in vitro delivery of mRNA. All low-molecular-weight CARTs
with this type of structure provided the delivery or expression in
A549 cells (to varying degrees depending on their structure),
whereas the only high-molecular-weight polymer without a
bicontinuous morphology was ineffective. However, in in vivo
experiment, gene expression was also observed after
intramuscular administration of formulations containing high-
molecular-weight CART. For this reason, the relationship
between phase behaviour and delivery efficiency is considered
to be likely for cell transfection, but not yet sufficiently studied
at the organism level 22

4.6.2. Colloidal properties of polyplexes

While switching from a discussion of the internal structure of
NA —carrier nanoparticles to their colloidal properties, we would
like to note that precisely the colloidal characteristics of the
particles, first of all, the average size, dispersity, and surface
charge, have been identified as critical quality parameters in the
production of RNA vaccines. Although the optimal size of the
NP carrier remains a matter of debate and varies depending on
the administration method, the target size is usually less than
200 nm and the polydispersity index (PDI) is less than 0.3.28
Sekar et al.?* attempted to distinguish between the transfection
dependence on the polyplex size and on the polycation chemical
structure, which are studied in parallel in most works. The
authors developed a method for the production of polyplexes of
P(DIPAEMAgg-st-HEMA,g) [DIPAEMA is 2-(diisopropyl-
amino)ethyl —methacrylate, HEMA is  2-hydroxyethyl
methacrylate] greatly varying in size with pDNA with a
hydrodynamic radius of 40 to 827 nm. First, the complexes were
formed at low pH and low ionic strength of the solution; then,
their controlled aggregation was initiated through deprotonation
of the polycation and Debye shielding and then it was arrested at
the desired stage by acidification of the solution. As a result, it
was established how the morphology of the complex changes
with increasing size. The small polyplexes had a nearly spherical
shape, whereas the larger ones had a fractal-like morphology
characteristic of diffusion-limited aggregation. The latter not
only contained more pDNA, but also packed it progressively
less densely (according to static light scattering, SLS, data)P
following increase in the hydrodynamic volume. According to
biological experiments, the optimal size varied depending on the
cell type: in the case of HEK293, polyplexes of 85—136 nm size
provided the best results; for ARPE-19, a wider range of
85—-349 nm proved to be efficient; while for RAW macrophages,
the size was generally much less significant, except for the
decrease in the efficiency of transfection for the largest particles.
Thus, by merely tuning the polyplex size, it is possible to
deliberately move along the scale of efficiency and toxicity
without replacing the polymer. Simultaneously, it was shown
that hemolysis mainly depends on the composition of the carrier

PSLS (static light scattering) is a method based on measurement of
the intensity of light scattered by particles at different angles and
concentrations followed by calculation of the molar (or molecular)
weight of the aggregates and the radius of gyration using these data.

rather than on the size of the polyplex. Hence, polyplexes of all
sizes were less prone to cause hemolysis (8—12% lysed blood
cells) than Lipofectamine 2000 (18%) or jetPEI (23%)).

The significant contribution of the properties of the medium
to the colloid behaviour of NPs is also illustrated by the study of
Coelho e al?® The authors showed that the method used to
prepare solutions with a physiologically relevant ionic strength
considerably affects the size and the colloidal stability of the
polycation—DNA complexes. Meanwhile, the final composition
of the complexes is formally identical. The authors used two
assembly protocols: mixing of NA and the carrier in water
followed by the addition of a buffer solution (pathI) and
component mixing in a ready buffer solution (path II).
A comparison indicated that even at NaCl concentrations of
~70 mM, the polyplexes formed according to path II were, as a
rule, larger and less stable and also had a wider aggregation
regions near the isoelectric point. Path I resulted in the formation
of smaller and more stable particles. This effect is attributable to
the kinetics of complex formation: in water, the structures are
fast stabilized in a dense, excess charge state even after the
addition of a salt, whereas in the presence of a salt in the initial
solution, complex formation proceeds more slowly and leads to
optimal charge neutralization, which facilitates NP aggregation.
The PLL polymer forms the most stable and relatively small
particles, PEI induces a more pronounced aggregation and gives
larger aggregates, and biodegradable bPLL [Cys-(Lys)5-Cys
heptapeptide cross-linked to form poly(disulfide) under the
action of DMSQ] is aggregated especially easily in the presence
of salts and virtually does not form stable phases. In A549 cell
cultures, the structural differences have almost no effect on
transfection: PEI provides higher GFP expression than PLL,
despite the lower cellular uptake of NPs. This is in line with
better endosomal escape or release of NA in the case of PEI,
whereas PLL exhibits high cellular uptake at low expression
levels, and bPLL shows neither pronounced uptake nor
transfection. The only consistent biological difference between
the two protocols of polyplex assembly is the decrease in the
cellular uptake of PEI upon assembly in the salt (path II)
compared to that for path I, with the overall transfection
efficiency being comparable; and no significant cytotoxicity
was observed under any conditions with the selected parameters.
Thus, subtle variations in the assembly protocol substantially
change the physicochemical characteristics of the polyplexes
and could potentially become critical in more complex in vivo
scenarios.

4.6.3. Protein corona

Yet another important feature of the NP surface is the protein
corona formed in a physiological medium. In the case of lipid
nanoparticles, the protein (or, more broadly, biomolecular)
corona transformed from a secondary colloidal and biological
issue into a central concept used to interpret the behaviour of
LNPs in vivo. Whereas Francia et al.?®® noted in their review of
2020 that the number of direct studies of the corona effects for
LNPs is moderate, in the subsequent years this topic rapidly
became a mechanistic issue. It was shown that the adsorption of
ApoE (apolipoprotein E is a blood plasma protein involved in
the lipid transport and recognition of lipoprotein particles by
cellular receptors) is not only related to the liver tropism of
LNPs, but is also able to rearrange their internal organization
and composition.?%

This reasoning was followed most consistently in the studies
of Siegwart’s research team.?®’-?°® Using the SORT-LNP
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models,q the authors demonstrated that a change in the chemical
structure of the supplemental lipid changes the composition of
the protein corona and thus influences the organ specificity of the
delivery.??7 In particular, Dilliard et al.2% described a corona for
lung-tropic systems that had a lower contribution of ApoE and a
higher contribution of vitronectin and other proteins compared to
those of conventional liver-tropic four-component LNPs 2%

The subsequent studies have shown that not only
apolipoproteins such as ApoE, but also high-density lipoproteins
may be functionally significant components of the corona, and
the research area has reached a new methodological level, owing
to the emergence of special approaches for isolation and analysis
of the corona directly on LNPs.?%” In contemporary studies, the
corona is considered not merely as a factor of cellular uptake,
but also as a factor of effective delivery: it may enhance binding
of particles to cells, but simultaneously reduce the efficiency of
mRNA release and expression.3?° The protein corona should be
regarded as a separate design tool, as it alters not a single
parameter, but the whole identity of the carrier, including size,
aggregation behaviour, effective surface charge, stability in salt
solutions, and, finally, the expression level of the delivered NA.

Evidently, corona effects are equally important for
polyplexes. Using the classic PEI-pDNA model, Zhu et al.3"
showed that the adsorption of BSA and serum proteins modifies
the hydrodynamic size, (-potential, morphology, and salt
sensitivity of PEI polyplexes. The next study of the same
research group3%? additionally demonstrated that the BSA
corona effect cannot be adequately described by only the
reporter signal averaged over the cell population, since corona
changes both the expression kinetics and heterogeneity at a
single cell level. In the case of PEI systems, albumin has a dual
behaviour: it can shield excess cations, but for certain
incorporation routes, it increases the cellular uptake and
transfection. Syga et al.’"> demonstrated that even the order of
albumin introduction into the complex plays a crucial role for
the L-PEI-pDNA particles, while Carrabino et al.3% attributed
the enhancement of PEI-mediated gene delivery in models of
respiratory epithelium to facilitation of cellular uptake for
albumin-containing complexes.

It is worth noting that the corona of polymer carriers can
already be programmed. Zhang et al3%° reported retinol-
conjugated PEI that selectively accumulated retinol-binding
protein in the corona, thus directing ASO-loaded particles to the
hepatic stellate cells and reducing the type I collagen expression
in two models of hepatic fibrosis in mice, induced by CCly- and
bile duct ligation. Proteomic evidence indicates that this effect
appreciably depends on the hydrophilic—lipophilic balance of
the polymeric carrier. For example, Hartl et al.,3°° who compared
bPEI and polyamidoamine NM,, ,—CP, 5, found compositional
differences between the dense inner corona, first of all, higher
amount of HABP2 in NM, ,—CPj 3 polyplexes and decrease in
ApoB' at comparable albumin, transferrin, and ApoE levels.

9 SORT-LNP (selective organ targeting lipid nanoparticles) is an
approach designed for LNP retargeting after intravenous
administration. A fifth component, SORT molecule, is added to the
conventional four-component LNP formulation; the chemical nature
of this molecule changes the composition of the adsorbed protein
corona and thus it can switch the predominant mRNA delivery from
liver to other organs, including lungs and spleen.

"HABP2 (hyaluronan-binding protein 2) is a serine protease of blood
plasma capable of binding hyaluronic acid; ApoB (apolipoprotein B)
is the protein component of blood lipoprotein particles, first of all,
low-density lipoproteins, which are involved in the receptor-mediated
lipid transport.

Structure of NM, ,—CPg¢
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The authors revealed different sets of functionally significant
proteins that may potentially influence the direction and
efficiency of transfection.

Finally, as illustrated by new polymer-based mRNA delivery
systems, it is clear that the formation of a useful protein corona
can be deliberately stimulated, while the formation of an
undesirable one can be suppressed. For example, in 2025, while
studying fluorinated PAMAM, Fan et al.3%7 showed that mRNA
polyplexes form a serum albumin layer, which facilitates the
uptake through receptor-mediated endocytosis. Meanwhile, in
another publication of the same year,3%® the F-PEI-mRNA -
heparin ternary polyplex with an mRNA:heparin ratio of 1:1
retained 89% encapsulation efficiency and stable small size
(average diameter of ~40.5 nm) for more than three weeks in a
serum medium. The authors attributed this fact to inhibition of
excessive adsorption and prevention of large aggregation of
serum proteins. Altogether, these results indicate that in the
context of polymeric delivery systems, the protein corona is not
a secondary artifact but rather a tunable module that can either
hinder NA delivery due to destabilization of polyplexes and
unproductive cellular interactions, or, conversely, facilitate the
selective uptake of NAs by cells in particular organs.

4.7. Thermal sensitivity

One tool for improving the performance of polymeric NA
carriers is to design thermosensitive colloidal systems formed
by an amphiphilic polymer and NA. The design of the
corresponding copolymers plays a key role in the development
of such systems, as particularly the ratio of lipophilic,
hydrophilic, and (poly)cationic moieties, together with the
hydration characteristics of all structural segments of the
macromolecule determine the structure and relative stability of
the associates upon variation of the temperature. The colloidal
behaviour of amphiphilic polymers in aqueous solutions is
described by two parameters. The first one is the critical
micellization temperature (CMT), or Krafft point, characteristic
of ionogenic surfactants, that is, the temperature above which
the solubility of an ionic surfactant is sufficient for micelle
formation. Below this temperature, the crystalline phase
predominates. The second parameter is the lower critical
solution temperature (LCST), a more general parameter
applicable to two-phase solutions and typical of various
amphiphilic copolymers. This is the temperature above which
the polymer solution undergoes phase separation due to
dehydration and chain collapse; for amphiphilic block
copolymers, this may be accompanied by micelle formation.
The foundations for the use of thermosensitive (thermo-
responsive) polymers for NA delivery were laid in 2000 by
Kurisawa et al.3% The main idea of this study was to find a
balance between the stability of the NA —polymer complex in an
external environment and its dissociation within the cell by
using an external physical signal, that is, temperature. The
authors synthesized a thermo-responsive cationic copolymer
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P(NIPAAm-co-DMAEMA-co-BMA) (NIPAAm is N-isopropyl-
acrylamide), the plasmid complex of which was tightly held
above LCST and partially dissociated at lower temperature.
Using the COS-1 model (African green monkey kidney cells)
with the pCMV-lacZ plasmid, the authors showed that a short-
term cooling of this copolymer after incubation at 37°C increased
the gene expression, which is not the case for conventional
PDMAEMA. Thus, gene expression can be controlled through
the temperature-dependent formation and degradation of the
polyplex, that is, not merely DNA delivery, but also the instant
of DNA release can be tuned.

A review by Bikram and West3!% published in 2008 put
forward a more general concept: temperature is a very convenient
external trigger for controlled drug release. This is due to the
fact that systems of this type can be tuned for the physiological
range, utilized for local hyperthermia, and administered almost
non-invasively, e.g., as solutions that are converted into a gel or
change the structure in the body. The behaviour of PNIPAAm,
the main object of this review, and related materials was shown
to be determined by LCST and the balance between the
hydrophilic and hydrophobic segments. By varying these
parameters, it was possible to produce hydrogels, micelles,
liposomes, and other carriers that switch on or off the release of
the cargo in response to changes in temperature. The limitations
of the method are related to moderate mechanical properties of
PNIPAAm hydrogels and potential issues with the long-term
biocompatibility of the degradation products of this polymer.
The review proposes the following evolutionary path for the
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development of thermosensitive carriers: from simple
PNIPAAm systems and more complex platforms: thermo-
responsive PEG analogues, biodegradable thermogels, elastin-
like polypeptides and liposomes, and combined systems in
which the effect of temperature is accompanied by a change in
pH or irradiation for more precise control of the release. To date,
thermo-responsive polymers have carved out their own niche of
smart NA carriers.3!! 314

Apart from the sharp and visible solution = associate
transitions, temperature variations may also accompany less
pronounced morphological changes in thermosensitive colloidal
particles. For example, changes of this type at physiological
temperatures (~37°C) were reported by Ma et al.'® for micellar
siRNA polyplexes and mixtures of cationic AB diblock and
ABA triblock copolymers, as well as a polyanionic component,
homopolyanion (Scheme 26). The latter counterbalanced the
total charge thus providing the compatibility of cationic
copolymers with a flexible chain and rigid siRNA 315

The following values were used as variable parameters
characterizing the component ratios:

— fui 1S the molar ratio of the number of positive charges in
the ABA polymer to the total number of positive charges,

— fmirna 18 the molar ratio of the number of negative charges
in siRNA to the total number of negative charges.

At the optimal ratios f;,; = fmirna > 0.5 and a balanced charge,
micelles with a diameter (d) of ~70 nm formed hierarchical
coacervate microparticles (¢ >200 nm). In combination, they
formed a cross-linked network of cylindrical micellar domains

Scheme 26
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(see Scheme 26) capable of releasing siRNA at 37°C and at a
constant rate for a long period of time (~10 days), primarily as
PIC structures. The kinetics of NA release was nonuniform: in
the early stage, small polyplexes (up to the uPIC level) were
mainly released into the solution; the release of full-sized
micelles was delayed for ~72 h. In cellular assays, the coacervate
formulation provided a higher siRNA accumulation compared
to conventional micelles of the same composition and induced a
statistically significant reduction of the expression of the target
gene. The cytotoxicity measured against CT26-Luc cells at
concentrations of up to 7.5 mM after 24 h was virtually absent.
However, after 72 h, a concentration of 2.4 mM was already
found to be toxic (a 90% decrease in cell viability compared to
the control). The results of the experiments on NA delivery into
cells are ambiguous due to their short duration, which was 3
days. It was shown that a coacervate can be used for the gradual
release of siRNA-carrying polyplexes; however, further research
is needed to improve the efficiency of polymer-based delivery
systems of this type.

Hossainy ef al.3'® chose poly[ethoxydi(ethylene glycol)
acrylate] (PDEGEA) with LCST = 13—15°C as a polymeric
carrier. At low temperatures, PDEGEA was hydrated and was
stable in aqueous solution; a temperature rise led to a decrease in
hydrophilicity and initiated the formation of polymersomes
(Scheme 27). At ~4°C, solutions were prepared for a series of
RAFT copolymers with a thermosensitive PDEGEA 130 block in
combination with either neutral poly(2-hydroxyethyl acrylate)
(PHEATYO) or cationic poly[2-(trimethylammonio)ethyl acrylate]
(PTMAEA25) blocks in various ratios; micelle-forming
copolymers were tested for NA delivery. The lengths of the
neutral and cationic hydrophilic blocks were selected relying on
the results of earlier studies 3! on the stability of similar colloidal
systems. The developed polymersomes demonstrated more
pronounced suppression of mRNA targets (~60% for siVEGF-A
and ~50% for siBcl-2) compared to Lipofectamine 2000. In a
subcutancous xenograft model of MCF-7 (human breast
adenocarcinoma), the intratumorally administered polymersomes
retarded the tumour growth and increased the survival of
laboratory animals (mice) to a larger extent.

This work is an example of a well-planned comparative
study: the efficiency of polymersomes was evaluated not only in
relation to free siRNA and unloaded carrier, but also in
comparison with LNP formulations similar to the clinically used
Alnylam systems. Thirty five days after inoculation of MCF-7
tumour cells and a series of intratumoral injections at the same
siRNA dose, the average tumour volume was approximately
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500-580 mm® for LNP carriers and approximately
300-330 mm?® for polymersomes containing either siVEGF-A
or siBcl-2.

5. Current approaches to the development
of polymeric NA delivery systems

The most recent advances in the development of innovative
polymeric carriers can be illustrated by particular examples of
polymers of various classes that have been introduced in recent
years, in comparison with popular low-molecular-weight
transfection reagents.

5.1. Poly(pB-amino esters)

Bo et al 38 performed a comparison of PBAE with commercial
polymeric (jetPEI) and lipid (Lipofectamine 3000) carriers.
Star-shaped poly(amino esters) (SPAE) were found to be
generally superior to both reagents. All eight SPAE-DNA
polyplexes exhibited higher transfection efficiency in
experiments with HeLa cells at a 40:1 ratio (w/w); the best
results were obtained for SPAE-4 and SPAE-3 samples (96.1
and 90.4% GFP-positive cells, respectively). In the case of
difficult-to-transfect human HaCaT normal skin cells
(keratinocytes) and NHF cells (fibroblasts), the SPAE-4 delivery
vector provided 20 and 16% GFP+ cells, respectively, which
was ~2 times superior to the performance of Lipofectamine
3000. Similar results were obtained for HepG2 and HCC-LM3
cells (human hepatocellular carcinoma) and A2780 cells (human
endometrioid ovarian carcinoma). Thus, the superiority of new-
generation polymeric carriers over both the classic lipid-based
formulation and the basic polymeric carrier was demonstrated in
relation to a wide range of cell lines. The viability of HeLa cells
after transfection with SPAE was > 86% for mass ratios ranging
from 20:1 to 60: 1, thus exceeding that observed for jetPEI.

A direct comparison of the PEG-PBAE polymeric carrier
with a lipid system similar to the Comirnaty platform (the base
of the COVID-19 vaccine developed by Pfizer and BioNTech)
demonstrated an obvious advantage of the former for targeted
delivery of mRNA to the brain.?!° For similar sizes (~65—70 nm),
the polymer nanoparticles were more uniform: PDI was
0.19£0.04, compared with 0.39+£0.03 for LNPs. The former
had a nearly neutral surface charge, which resulted in a
fundamentally different pharmacokinetics: in four hours after
intravenous administration, approximately 30% of the dose
remained in the blood stream for PEG-PBAE-mRNA, but only

2
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1% for the LNP system. Furthermore, following focused
ultrasound (FUS)-mediated opening of the blood—brain barrier
(BBB), only the PEG-PBAE-mRNA system ensured truly
effective reporter expression in the treated brain region:
luciferase activity was approximately 6—8 times higher than that
observed in the lipid system. In other words, in this study, the
advantage of the new polymeric reagent over the commercial
lipid carrier was provided by a combination of prolonged
circulation of the polyplexes, low retention in the liver, and the
ability to effectively deliver mRNA to the brain parenchyma.
Despite clinical validation for other routes of administration, the
use of LNPs for this purpose proved to be ineffective.

It is noteworthy that competition between high- and low-
molecular-weight delivery systems does not always mean
complete abandoning of one system and switching to another
one. Cao et al.3?* demonstrated the beneficial effect of combining
polymer and lipid carriers within a five-component transfecting
system (five-element nanoparticles, FNPs). The authors showed
that the addition of the PBAE polymer to the basic lipid system
crucially increased the functional efficiency of mRNA delivery
to lungs. The best five-component formulation administered
intravenously (i.v.) in a dose of 0.3 mg kg provided a luciferase
signal in lungs approximately two orders of magnitude higher
than that obtained with the basic formulation: 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP) with  LNPs.
Approximately the same difference in the efficiency of five- and
four-component systems was also observed in ex vivo
experiments. In addition, according to the confocal microscopy
data, at the cellular level, the uptake of the mRNA molecule
chemically conjugated with the Cyanine 5 fluorescence dye
(Cy5—mRNA) complexed with the best FNP was detected 6—8
times more often than for DOTAP—LNPs. In other words, in
this study, PBAE as a part of FNP acted not only as an additional
stabilizer, but also as a key element that, in combination with
DOTAP, gave a clear-cut synergistic gain of the NA delivery to
lungs compared to the basic purely lipid DOTAP—LNP carrier.

5.2. Polyethylenimines

Ye et al*!' compared PEI modified with cyclic disulfides
(CDn-PEI, where 7 is the number of disulfide bridges) with the
commercial Lipofectamine carrier.
AllCDn-PEI-mRNA complexeshad similar physicochemical
characteristics:  approximately 50—-70nm size, positive
C-potential, and encapsulation efficiency of > 95%. However,
the CD17-PEI agent based on PEI1800 with 17 disulfide groups
proved to be most effective for transfection. The transfection
efficiency of HEK293T cells with the use of CD17-PEI was
~97% (for the polymer dose of 12.3 pg mL™1); the polymer did
not exhibit a noticeable cytotoxicity in concentrations of
6.15-18.45 pgmLL Tt was particularly important that the
advantage of the new polymer was enhanced in difficult-to-
transfect immune cells. For a set of cells comprising L.929, LLC,
4T1, MC38, RMI1, BI6F10, US87, HEK293T, DC24,
RAW264.7, and Jurkat,® the CD17-PEI carrier was superior to
Lipofectamine almost in all cases, and for the DC2.4, RAW264.7,
and Jurkat cells, it provided an almost fourfold increase in the

SCell lines: L929 are mouse fibroblasts, LLC are Lewis lung
carcinoma cells, 4T 1 are mouse mammary carcinoma cells, MC38 are
mouse colon adenocarcinoma cells, RM1 are mouse prostate cancer
cells, B16F10 are mouse melanoma cells, U-87 are glioblastoma
cells, DC2.4 are mouse dendritic cells, Jurkat are human leukemic
T-lymphocytes.

Structure of CDn-PEI
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transfection, which was particularly highlighted as an important
benefit for antigen-presenting cells. A qualitative mechanistic
difference was also found between the behaviours of CD17-PEI
and Lipofectamine. Thus, treatment of CDI17-PEI with
bafilomycin Al (an inhibitor of vacuolar H*-ATPase) resulted
in the suppression of transfection, whereas in the case of
Lipofectamine, there was hardly any effect. This indicates that
endosomal escape mediated by the proton sponge effect is
implemented for the new polymer. In addition, the CD17-PEI—
mRNA complex retained the size, {-potential, and transfection
activity when stored for up to 28 days at 4°C and remained
active after incubation in a fetal bovine serum (FBS) with a
concentration of 10 and 30%.

Lin et al3? described phospholipidated and alkylated
polymers (PAP), the synthesis of which is depicted in Scheme 28.
The representatives of this system, CP-EPn—xPO,! showed an
obvious advantage simultaneously at several levels when directly
compared with commercial lipid systems. For example, in
in vitro experiments, optimized PAP polyplexes provided a
7500-fold increase in expression compared to non-modified
parent polycations. For the best-performing samples, the mRNA
translation levels were approximately an order of magnitude
higher than those for commercial LNPs, DLin-MC3-DMA and
SM-102. In addition, in the presence of serum, the BP1-EP4-
0.5PO carrier maintained high activity at 10, 30, and even 50%
FBS concentrations, whereas the Dlin-MC3-DMA LNPs rapidly
lost the efficiency with increasing serum concentration. This
advantage became even more significant in in vivo experiments:
PAP provided a 30—500 times higher mRNA expression in
spleen than the non-modified polymers. The most effective
carriers, BP1-EP4-0.5PO and PA-EP8-0.33PO, exhibited
expression selectivity in the range of 10 2~ 10% In the B16-OVA
melanoma model, the intravenous administration of mRNA
encoding ovalbumin (OVA) with the PA-EP8-0.33PO carrier
induced a faster and more pronounced antitumour response
compared to that of SM-102 LNPs. The difference in the tumour
volume relative to the control was already noticeable by the 17th
day, whereas no such effect was observed for SM-102 LNPs. In
addition, the proportion of CD8+ T-cells in the tumour

t CP means cationic polymer, which included branched and linear PEI
and zero-generation PAMAM; EPrn is an alkyl-substituted oxirane
with n carbon atoms; PO is 2-nonyloxy-1,3,2-dioxaphospholane
2-oxide; x is the molar ratio of PO and active amino groups in the CP-
EPn carrier.
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I: Alkyl modification

11: Phospholipidation Scheme 28
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microenvironment increased from 6% in the control group to
46% in the group receiving the PA-EP8-0.33PO carrier, and NK
cell infiltration also increased, which is consistent with the more
pronounced effect of the PAP-based vaccine.

5.3. Polyamidoamines

Long et al3? carried out screening of a library of thiourea-
modified poly(L-lysine) derivatives (PLL-T) for the efficiency
of fLuc—mRNA delivery into HEK293T cells; selected
candidate materials were then assessed in relation to macrophage-
like RAW264.7 cells.

The PLL-1A1B(T) polymer was among the most effective
candidates: it produced an approximately 10*-fold increase in
the luciferase signal compared to the pristine non-modified
PLL and surpassed the commercial Lipofectamine
MessengerMAX reagent (LPMM) in both HEK293T and
RAW264.7 cells. It was established that, under operating
conditions, the selected polymer maintains an acceptable
cell viability of more than 80% up to a concentration of
20 mg mL-!. The authors concluded that owing to cooperative
hydrogen bonds and electrostatic, and hydrophobic interactions,
PLL-1A1B(T) ensures a more stable mRNA packing and
finally surpasses LPMM, which is a commercial gold standard,
in epithelial and immune cells.

Zhang et al3* compared polymeric carriers based on
modified polyaspartamide (PDA) with two lipid systems,
LPMM in vitro and SM102 LNPs in vivo. After the primary
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screening, three polymers, P-PDA, P-PDA-I, and P-PDA-BI,
exhibited a noticeable luciferase activity in HEK293T cells.

An invitro experiment using difficult-to-transfect DC2.4
cells (immortalized line of mouse dendritic cells) showed an
approximately four times higher transfection of P-PDA
compared to LPMM. In in vivo experiments involving the i.v.
administration of Luc—-mRNA in a dose of 0.25 mg kg, the
difference from the commercial lipid system became even more
pronounced. All three polymer complexes provided predominant
expression in the lungs, with no detectable expression in the
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liver or spleen; the proportion of the total luciferase
bioluminescence signal corresponding to the lungs was 85 to
95%. Conversely, the use of SM102 LNPs resulted in Luc
expression mainly in the liver and in the spleen, with 75% of the
whole luminescence signal being due to the liver. Thus, the new
polymer not merely surpassed the commercial lipid carrier in
DC2.4 transfection, but also crucially changed the organ
selectivity of systemic mRNA administration, thus largely
switching expression from the liver, which is characteristic of
SM102 LNPs, to the lungs.

Like poly(B-amino esters), polyamidoamines are successfully
employed in combination with lipid carriers. Norimatsu et al.3%5
compared basic anionic LNPs (aLNPs) with LNPs additionally
coated with the PAsp(EDA) polycation [PAsp(EDA)-LNP].
This modification barely changed the size and packing of
mRNA, but sharply improved its intracellular integrity and thus
provided long-term protein expression. The starting aLNPs had
a size of 149 nm, PDI = 0.16, and (-potential of —12.6 mV. After
the addition of PAsp(EDA) to N:P=0.5, the size and PDI
remained virtually the same, but the charge increased to +10 mV.
This system preserved the invariable size, PDI, {-potential, and
encapsulation for 7 days at 4°C. In experiments involving DC2.4
and HeLa cells, the PAsp(EDA)-LNP carrier was somewhat
superior to the basic system: after 48 h, the signal increased
approximately twofold for the former and approximately
1.5-fold for the latter. Mechanistically, this is not related to
improved uptake or endosomal escape, but rather to the
stabilization of mRNA within the cell: after removal of
extracellular particles, the intracellular mRNA content in the
aL NP group decreased to ~40% as early as within 1 h, while in
the PAsp(EDA)-LNP group, it remained at about 60% after 3 h.
Thus, according to this study, the main advantage of the new
polymer over the lipid control is that PAsp(EDA), being
associated with mRNA after endosomal escape, considerably
inhibits its degradation and thus ensures longer and higher levels
of protein expression for the lipid system.

5.4. Comparison of the polymeric delivery systems

To conclude this Section, Table 3 summarizes data on the
application of modern NA delivery systems, demonstrating their
comparative efficiency.

A review by Friesen and Blakney’® devoted to the recent
trends in the development of polymeric RNA delivery agents
postulates the possible combination of all necessary functions
within a single molecule to be the major advantage of polymers
over conventional multicomponent reagents for lipofection. The
fruitful idea of a rational approach to the development of
polymeric NA delivery systems, considered in the review by
Porello et al.,’® is based on the design of the non-cationic
segment of block copolymers, in particular with incorporation
of receptors,328 in a way similar to the selection of components
and their ratios in conventional formulations for lipofection.
Another promising direction is the use of non-cationic polymers
capable of reversible NA binding.’#32° A traditional and,
perhaps, the only fundamental advantage of multicomponent
reagents for lipofection lies in the reproducibility of composition
and the relative ease of the control over composition during
production using standard analytical methods.

Achieving high reproducibility of the polymer composition,
microstructure, and topology is a practical challenge of a higher
order, requiring the highest experimental level and non-trivial
solutions in the design of monomers, polymers, and
polymerization catalysts.

6. Conclusion

In the beginning, we would like to draw attention to the gap
between the enormous amount of data on polymeric NA delivery
systems accumulated to date" and partially covered in this
review and actually a zero level of adaptation of polymeric NA
delivery systems approved by regulatory authorities for clinical
use. This is the case, but this is not indicative of some flaw of
polyplexes: an equally large gap between the development of
the scientific basis for lipid-based transfection agents and
clinical approval of these agents was bridged only recently and
only under pressure of circumstances, namely, the COVID-19
pandemic. In our opinion, this gap points to an impending shift
toward personalized medicine based on gene therapy and mRNA
vaccination. The relevant scientific basis has already been
formed as a result of investigations of both lipid and
macromolecular gene delivery systems. A comparison of the
most important performance characteristics of LNPs and
polyplexes is given in Table 4.

Polymeric NA delivery systems can be described as a flexible
platform for gene therapy offering a wide range of degrees of
freedom, ranging from a variety of chemical architectures and
post-modifications to fine-tuning of the response to pH,
temperature, and redox conditions. If polyplexes and lipid
nanoparticles are viewed as two pathways to the same goal, that
is, safe, reproducible, and targeted delivery of NAs in vivo
(Fig. 28), it is necessary to state that LNP production processes
and characterization methods have been developed much more
thoroughly, largely owing to the design and mass use of lipid
mRNA vaccines. The relative retardation of polymers is not an
indication of their imperfection. On the contrary, it rather
illustrates the untapped potential of polymeric NA carriers. The
progress of LNPs provides researchers that work on polymeric
transfection agents with a roadmap and a set of best practices
that may and should be adapted for polymer-based delivery to
accelerate switching from a variety of concepts to reproducible
clinical solutions.

The coming years are expected to be a period of rapid
convergence of approaches. The following trends will become
the new standard for polymeric carriers:

(1) high-throughput design based on machine learning and
systematic structure—property—function relationships;

(2) in-depth study of the biointerface, first of all, protein
corona and cellular trajectories of particles;

(3) scalable particle assembly and quality control at a level
comparable to that of LNPs, including the development of
microfluidic mixing and standardization of formulation
protocols;

(4) early attention to the CMC logic (CMC is chemistry,
manufacturing and controls) in the development of
pharmaceuticals needed to maintain the reproducibility and
translational applicability of the results on going from
laboratory protocols to preclinical models. Against this
backdrop, especially promising are hybrid polymer—lipid
systems in which the polymer core may provide enhanced
stability and engineering controllability, while the lipid
component may offer delivery efficiency and biocompatible
mechanisms of interaction with the body, thus potentially

U We mean data on the efficiency of NA binding, the efficiency of
polyplex internalization by various cells, and influence of the size,
charge, and rigidity of the carrier on this process, as well as data on
the mechanisms of degradation of various polymers and NA release
under various conditions.
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Table 3. Comparative efficiency of current polymeric nucleic acid delivery systems.

T]:I}g)e ot Carrier Model Experimental conditions Outcome Refs
mRNA PEG-PBAE  FUS-treated brain In vivo, C57BL/6 mice, i.v.+FUS-opening of 6—8 times superior to 319
parenchyma BBB; 0.5 mg kg! of Luc—mRNA; four-component LNPs
PEG-PBAE:mRNA = 60:1 (w/w); assessed after
24 h from Luc in the FUS-treated brain region
FNP ICR laboratory mice In vivo, i.v. to mice, 0.3 mg kg~! of mRNA; 300 times superior to 320
(DOTAP + PBAE) :mRNA =20:1 (w/w); four-component LNPs
analysis after 6 h based on BLI/IVIS in the lungs
CD-PEI Cell lines: HEK293T, L929, In vitro, 0.5 pg of mRNA per cell, N:P=10or  Surpasses Lipofectamine in 321
LLC, 4T1, MC38, RM1, ~6:1 (w/w); transfection for 4 h+expression for efficiency by < 4 times
B16F10, U87, DC2.4, 16 h; assessment of the proportion (%)
RAW264.7, and Jurkat of GFP + cells by flow cytometry
PAP IGROV cells,* C57Bl/6 In vitro: fLuc—mRNA, 25 ng per well, Surpasses SM-102 LNPs 322
and Ai9 laboratory mice PAP:mRNA =20:1 (w/w), 24 h, in vitro by an order of
luminescence measurement in relative units. magnitude; suppress the
In vivo: OVA-mRNA, 0.5 mg kg™! (i.v.) growth of melanoma
ondays 11, 14, and 17, PAP: mRNA =20:1 in vivo, while SM-102
(wW/w) LNPs only retard the
growth
PLL-1A1B(T) Cell lines: HEK293T and 1In vitro, 0.2 ng of mRNA per well, Surpasses LPMM for 323
RAW264.7 PLL:mRNA =10:1 (w/w); 24 h, luminescence = RAW264.7 by an order of
measurement in relative units magnitude and is
comparable for HEK293T
P-PDA Cell lines: HEK293T and In vitro: 200 ng of mRNA per well, Comparable in efficiency 324
DC2.4, C57BL/6 laboratory P-PDA-M:mRNA =20:1 (w/w), 24 h, with oLPMM for HEK293T
mice luminescence measurement in relative units and is 4 times superior for
In vivo: i.v., Luc—mRNA 0.25 mg kg, DC2.4; ~90% of the total
P-PDA-M:mRNA =20:1 (w/w), 24 h BLI luciferase signal was in
the lungs in in vivo
experiment vs. 75% in the
liver for SM-102 LNPs
miRNA PONI-Guan Cell line: RAW264.7 IIn vitro, 50 nM of miRNA, Surpasses commercial 110
guanidinium : phosphate = 30:1, 48 h, the RNAIMAX by 25%
suppression of eGFP expression was assessed by
the decrease in normalized fluorescence intensity
pDNA  SPAE Cell lines: HeLa, HepG2, In vitro, 0.5 ng of DNA per well; 2-9 times superior to 318
HCC-LM3, A2780, HaCaT, SPAE-4:DNA =40:1 (w/w); evaluation of the  Lipofectamine 3000
NHF fraction (%) of GFP + cells by flow cytometry
after 48 h
pDNA  PBAE Cell line: Jurkat In vitro, 1 pg of pPDNA per well, 4 times superior to 326
PBAE:DNA =20:1 (w/w) (~20 pg of the Lipofectamine 2000
polymer per well; 100 puL of Opti-MEM,§ (without preliminary
transfection for 3 h+expression for 48 h; treatment with polybrene)
evaluation of the proportion (%) of GFP +
cells by flow cytometry
pDNA  HPAE Cell lines: A375, A2058, Invitro, 0.5 pg of pDNA per well, Approximately two times 327
(hyper- and SK-MEL-21 HPAE-2:DNA = 10:1 (w/w) (~5 pg of the superior to jetPRIME
branched polymer per well; 100 pg of serum-free DMEM),
PAE) transfection for 4 h + expression for 48 h;

assessment of the proportion of GFP + cells and
the median intensity of GFP fluorescence by flow
cytometry or gluc luminescent activity

T BLI (bioluminescence imaging) is a method for recording the light produced in the luciferase reaction: if the delivered Luc—mRNA has been
successfully translated to the luciferase protein, then the introduction of the luciferin substrate is followed by light emission by the tissue; IVIS
(in vivo imaging system) is an instrument platform for recording this bioluminescence or fluorescence signals in living animals or in isolated
organs. ¥ IGROV1 is a human ovarian carcinoma cell line. $ DMEM is a standard culture medium for mammalian cells typically used with the
addition of serum; Opti-MEM is a low-protein culture medium, often used in transfection experiments to prepare complexes of nucleic acids
with carriers and for short-term incubation of cells under conditions of reduced influence of serum components. 1 A375, A2058, and SK-MEL-2
are widely used human melanoma cells; A375 and A2058 are usually regarded as models of BRAF mutant melanoma, while SK-MEL-2 serves
as a model of NRAS-mutant/BRAF-wild type melanoma.
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Table 4. Performance characteristics of polyplexes and lipid nanoparticles.

Characteristics

Polymeric NA carriers

Lipid nanoparticles

Reproducibility of the
synthesis

Highly dependent on the polymer type: PEI and simple
PBAE are accessible and easy to handle, but M, B, and
degree of substitution, as well as terminal groups and
residual monomers can considerably affect the activity.
The most reproducible results were obtained with
copolymers produced via ROP and RAFT radical
polymerization

The components are usually low-molecular-weight and
analytically controllable; however, ionizable lipids often
require a multistep synthesis and strict control of
impurities

Formulation Polyplexes are sensitive to weight ratios and N : P, pH, The formulation technique is more standardized: fast
reproducibility ionic strength, order of reactant mixing, concentration, mixing of an aqueous phase of NAs with an ethanolic
and incubation time; without controlled mixing, phase of lipids, including microfluidic mixing, gives well
batch-to-batch variability in size and PDI is possible controllable particles upon optimization of TFR, FRR,
pH, and composition33°
Scalability Dependent on the complexity of synthesis: PEL, PLL, The most commercially mature nonviral platform for

and other homopolymers are easily scalable, but the
scalability of complex architectures may be compro-
mised by difficulties in purification, polydispersity,
and composition control. The clinical base is still
limited

NA: experience in the industrial production of
COVID-19 mRNA vaccines and the Onpattro drug
confirms the process scalability under GMP conditions,
although the process remains sensitive to mixing and
sterile filtration parameters

Storage stability

Dry polymers are often stable; polyplexes can be stable,
but for each system it is necessary to separately confirm
the retention of size and PDI, NA binding, and

Storage remains a bottleneck for mRNA-loaded LNPs:
for example, Spikevax requires freezing at temperatures
from —50 to —15°C and cannot be refrozen after thawing.

transfection activity after storage or freeze-drying

For siRNA-loaded LNPs, milder conditions are possible:
Onpattro is stored at 2—8°C; it does not freeze and
allows short-term (up to 14 days) storage at room
temperature.33!

Toxicity

free polymer

The main risks are charge-mediated cytotoxicity,
membrane damage, aggregation with proteins, and the
accumulation of chemically inert polycations; toxicity
decreases with introduction of hydrolyzable bonds or
shielding blocks and with a decrease in the excess of

Dependent on the ionizable lipid, dose, administration
route, and organ distribution; for clinical LNPs, the
therapeutic window has been established, but infusion
reactions are possible, and premedication may be
necessary, as for Onpattro.33?

Immunogenicity and
inflammatory activation

The polymer itself is not an antigen in the classical
sense, but its cationic surface, residual impurities,
CpG-containing DNA, and aggregation with serum
proteins can enhance the innate immune response

The innate immunity can be activated through the lipid
composition, PEG lipids, complement, and NA itself; this
is desirable to some extent for vaccines; for protein
replacement therapy or genome editing, it is a potential
limiting factor

Note. TFR (total flow rate) is the sum of the aqueous and organic phase flow rates; FRR (flow-rate ratio) is the ratio of these flow rates; these
parameters affect the local ethanol concentration, LNP self-assembly, particle size, PDI, and NA encapsulation efficiency; GMP is good
manufacturing practice, that is, a regulated system for the industrial production of pharmaceuticals that ensures process reproducibility, quality

control, sterility, and traceability for each product batch.

expanding both the routes of administration and the storage
conditions of the pharmaceuticals.

Thus, the key current trend in polyfection is not only the
emergence of new classes of delivery agents (such as PBAE,
CART, and others, which tend to consist of a single component,
although they are also undoubtedly important and interesting),
but also the use of tools that have already been refined for LNPs.
Even well-known platforms (such as PEI) are experiencing a
resurgence in this context: for an appropriate formulation,
biointerface control, and standardization of the assembly, they
can occupy their own niche along with new materials. For
example, in July 2025, phase 3 clinical trials were started for a
DNA vaccine based on a pDNA polyplex and PEG-PEI
copolymer modified with cholesterol for epithelial ovarian
cancer.’?? In the very near future, as best practices of lipid
delivery are transferred to polymer systems, the role of polymer
carriers in biomedical technologies will steadily increase.

This review was prepared with financial support of the
Russian Science Foundation (Project No. 21-73-30010P).
The authors declare no competing interest.

7. List of abbreviations and symbols

The following abbreviations and symbols are used in the review:

d — particle diameter,

Dy, — dispersity,

fusi — molar ratio of the number of positive charges in an
ABA-type polymer to the total number of positive charges,

Jmirna — molar ratio of the number of negative charges in
siRNA to the total number of negative charges,

I, — persistence length,

M — molecular weight,

M, — number-average molecular weight,

nyin — Hill coefficient,

R, — radius of gyration (of a colloidal particle),

¥ — pseudouridine,

m'¥Y — N'l-methylpseudouridine,

AIBN — azobis(isobutyronitrile),

AMA — alkyl methacrylate,

ASO — antisense oligonucleotide,

ATRP — atom transfer radical polymerization,

AUC — analytical ultracentrifugation,
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Figure 28. Schematic picture of LNP and polyplex benefits and pathways of clinical development.

BBB — blood—brain barrier,

Boc — tert-butoxycarbonyl,

bPEI — branched polyethylenimine,

BSA — bovine serum albumin,

CART — charge-altering releasable transporters,
CAR-T — chimeric antigen receptor T-cells,

Cat — catalyst,

Cbz — benzyloxycarbonyl,

CD — cyclic disulfides,

CL — caprolactone,

CME — clathrin-mediated endocytosis,

CMT — critical micellization temperature,

CNS — central nervous system,

CPP — cell-penetrating peptides,

CRISPR — clustered regularly interspaced short palindromic

repeats,

CvME — caveolae-mediated endocytosis,

Daba — diaminobutanoic acid,

Dapa — diaminopropanoic acid,

DBU — 1,8-diazabicyclo[5.4.0]Jundec-7-ene,

DC-Chol — 3-[N-(N',N'-dimethylaminoethyl)carbamoyl]-

cholesterol,

DCM — dichloromethane,

DEAE-dextran — diethylaminoethyl dextran,

DEAEMA — 2-(diethylamino)ethyl methacrylate,
DIPAEMA — 2-(diisopropylamino)ethyl methacrylate,
DKP — diketopiperazines,

DLS — dynamic light scattering,

DMAEMA — 2-(dimethylamino)ethyl methacrylate,
DMAP — 4-dimethylaminopyridine,

DOPC — 1,2-dioleoyl-sn-glycero-3-phosphocholine,
DOPE — 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine,
DOPG — 1,2-dioleoyl-sn-glycero-3-phosphoglycerol,
DOTAP — 1,2-dioleoyl-3-trimethylammonium-propane,
DOTMA — N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethyl-

ammonium,

FBS — fetal bovine serum,

FDA — US Food and Drug Administration,
FUS — focused ultrasound,

GalNAc — N-acetylgalactosamine,

GFP — green fluorescent protein,

HAp — hydroxyapatite,

Hex — n-hexyl,

i.v. — intravenous administration,

LCST — lower critical solution temperature,
LNP — lipid nanoparticle,

LPS — lipopolysaccharide,

Luc — luciferase,

mPEG — methoxypolyethylene glycol,
mRNA — messenger RNA,

NA — nucleic acid,

NLS — nuclear localization signals,

NP — nanoparticle,

bp — base pair,

nt — nucleotide,

OVA — ovalbumin,

pABOL — poly(cystamine bisacrylamide-co-1,4-amino-

butanol),

PAGA — poly[o-(4-aminobutyl)-L-glycolic acid],
PAMAM — polyamidoamine,

PAP — phospholipidated and alkylated polymers,
PBAE — poly(B-amino esters),

PBA — poly(n-butyl acrylate),

PBE — polybenzyl ethers,

PDA — polyaspartamide,

PDI — polydispersity index,

pDNA — plasmid DNA,

PDEGEA — poly[ethoxy di(ethylene glycol) acrylate],
PDGFR — platelet-derived growth factor receptor,
PEG — polyethylene glycol,

PEI — polyethylenimine,

PGA — poly(a-glutamic acid),
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PGBA — poly(glycidyl butylamine),

PIC micelles — polyion complex micelles,

PLL — poly(L-lysine),

PNIPAAmM — poly(N-isopropylacrylamide),

PONI-Guan —  poly(oxanorbornene)imides
guanidino groups in the side chains

PPI — poly(propylene imine),

RAFT — reversible addition — fragmentation chain-transfer,

RGD peptide — arginine—glycine—aspartic acid peptide
(integrin-recognition motif of cell membranes),

RISC — RNA-induced silencing complex,

RLU — relative luminescence units,

ROMP — ring-opening metathesis polymerization,

ROP — ring-opening polymerization,

ROTEP — ring-opening transesterification polymerization,

rt — room temperature,

SANS — small-angle neutron scattering,

SAXS — small-angle X-ray scattering,

saRNA — self-amplifying RNA,

siRNA — small interfering RNA,

sSRNA — single-stranded RNA,

TBD — 1,5,7-triazabicyclo[4.4.0]dec-5-ene,

TBS — tert-butyldimethylsilyl,

TEA — triethylamine,

TEM — transmission electron microscopy,

TFA — trifluoroacetic acid,

TNF-0 — tumour necrosis factor alpha,

Trt — trityl,

T(U) — (thio)urea,

uPIC — unit polyion complexes,

VEGF — vascular endothelial growth factor,

Cell lines:

A2780 — human ovarian endometrioid adenocarcinoma
cells,

B16 (B16F10) — mouse melanoma cells,

DC2.4 — mouse dendritic cells,

HCC-LM3 — human hepatocellular carcinoma cells,

HEK293 — human embryonic kidney cells,

HEK293T — HEK293-derived cells stably expressing the
SV40 large T antigen,

HepG2 — human hepatocellular carcinoma cells,

Jurkat — human leukemic T lymphocytes,

L1929 — mouse fibroblasts,

LLC (LL/2) — Lewis lung carcinoma cells,

MC38 — mouse colon adenocarcinoma cells,

MCF-7 — human breast adenocarcinoma cells

RAW264.7 — mouse macrophage cells transformed by
Abelson murine leukemia virus,

RM1 — mouse prostate cancer cells,

4T1 — mouse breast carcinoma cells,

U-87 (U-87MG) — human glioblastoma cells.

bearing
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