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Abstract
A new era of medical technology in cancer treatment is a directly specific modifica-
tion of gene expression in tumor cells by nucleic acid delivery. Currently, the main 
challenge to achieving this goal is to find a non-toxic, safe, and effective strategy for 
gene transfer to cancer cells. Synthetic composites based on cationic polymers have 
historically been favored in bioengineering due to their ability to mimic bimolecular 
structures. Among them, polyethylenimines (PEIs) with superior properties such as 
a wide range of molecular weight and a flexible structure may propel the develop-
ment of functional combinations in the biomedical and biomaterial fields. Here, in 
this review, we will focus on the recent progressions in the formulation optimiza-
tion of PEI-based polyplex in gene delivery to treat cancer. Also, the effect of PEI’s 
intrinsic characteristics such as structure, molecular weight, and positive charges 
which influence the gene delivery efficiency will be discussed.
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Abbreviations
CPAM  Cationic polyacrylamides
CMC  Cell membrane complex
CPPS  Cell-penetrating peptides
CRT   Chimeric antigen receptor
EGF  Epidermal growth factor
GA  Glycyrrhetinic acid
GL  Glycyrrhizic acid
HA  Hyaluronic acid
PEG  Polyethylene
LPEIS  Linear Peis
KH  Lysine—Histidine
MnO2  Manganese dioxide
NLS  Nuclear localization signal peptide
EPM  PEI matrix
PDNA  Plasmid DNA
PTRAIL  Plasmid tumor necrosis factor-related apoptosis-inducing ligand
PDDA  Poly(dimethyldiallylammonium chloride)
PAE  Polyamide epichiorobydrin
PEI  Polyethyleneimine

Introduction

Oligonucleotide-based therapy is a promising novel approach to overcome some 
limitations of traditional cancer treatment methods (Dunbar et al. 2018). Since can-
cer remains one of the leading cause of death worldwide, discovering non-toxic and 
efficient treatment options have attracted a lot of attention (Zaimy et al. 2017; Shi 
et al. 2022). Today’s advances in cancer gene therapy have led to several approved 
products on the global market for therapeutic usages including oncolytic viruses and 
Chimeric antigen receptor (CRT) t-cells as ex vivo genetically modified cell thera-
peutics (Dunbar et al. 2018; Zaimy et al. 2017). However, specific modification of 
gene expression in tumor cells is the ambition of nucleic acid therapies whether by 
delivering anti-tumor and immune-stimulatory genes with plasmid DNA (pDNA) 
or downregulation of gene expression-promoting cancer progression by degradation 
of messenger RNA. In general, there are three approaches to gene transfer, namely 
viral carriers, non-viral carriers, and methods based on physical means (Zaimy et al. 
2017). Although viral vectors are significantly more efficient, their use has been 
challenged because of a high degree of manufacturing complexity, high costs, the 
limited size of loading genes, and safety concerns (Dunbar et al. 2018).

Physical methods of gene delivery such as microinjection, electroporation, needle 
injection, and gene gun, which are highly efficient in transferring genes through the 
passage of extracellular and intracellular barriers, have limited use due to low cell 
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viability and the cell senescence risk (Anguela and High 2019). Therefore, there has 
always been an attempt to find new non-viral strategies based on natural and syn-
thetic substances to replace them (Anguela and High 2019; Mani et al. 2023). Non-
viral nucleic acid vectors which have been frequently investigated in recent years are 
lipid/polymeric-based systems and inorganic materials-based systems (Dunbar et al. 
2018).

Polymers that are large compounds with numerous repeated units, can be broadly 
categorized into natural (such as chitosan and peptides) or synthetic polymers (such 
as polyethyleneimine (PEI)) (Freund 2014; Karami Fath et al. 2022a, 2022b). It has 
been a long time since polymeric materials act as a strong driving force in various 
industries (Chen et al. 2020). The outstanding and flexible mechanical properties of 
polymer materials have led to their wide use in the design and manufacture of bio-
medical products in various fields such as artificial organs, implants, dental materi-
als, and drug delivery (Mani et al. 2023).

Polymeric micelles, with a core–shell structure, consisting of self-assembly of 
amphiphilic copolymers, are considered potential non-viral gene carriers instead of 
viral vectors (Dunbar et al. 2018). Cationic polymers are the most commonly used 
type of polymers for nucleic acid delivery (Anguela and High 2019). Polyplexes 
refer to overall positive charge complexes formed by strong electrostatic interactions 
between cationic polymers and polyanionic nucleic acids across cell membranes 
without damaging the cells and delivering genetic material to the target site both 
cell cytoplasm or nucleus (Chen et al. 2020). Polybrene, polylysine, cationic poly-
acrylamides (CPAM), poly(dimethyldiallylammonium chloride) (PDDA), polyam-
ide epichlorohydrin (PAE), chitosan, and polyethyleneimines (PEIs) are common 
polycations that have frequently been applied in pharmaceutical and biological stud-
ies (Wang et al. 2020; Roca et al. 2022; Karpisheh et al. 2021). Outside the medical 
area, cationic polymers, as chelating agents to target heavy metals widely applied in 
plentiful applications including the paper industry, wastewater treatment, (Jahan and 
Zhang 2021) and petrochemical (Zhao et al. 2019). PEI-based polyplexes are well-
known cationic polymers that are studied for in vitro and in vivo delivery of DNA, 
siRNA, and mRNA in different diseases (Adachi et al. 2021). In this review, we will 
review the properties of PEI and some of its formulation optimization for cancer 
gene therapy (Scheme 1).

PEIs: Structure and Properties

PEIs are a well-defined group of the most extended and vastly developed polyplex 
(Höbel and Aigner 2010). As a cationic polymer, PEIs were introduced as the gold 
standard for non-viral gene transfection with high-gene transfection efficiency (Wu 
et al. 2019). In addition, gene delivery, the attractive structural features of PEIs, and 
their physical and chemical properties are the reasons for their wide uses in other 
industries such as the paper industry and water purification (Virgen-Ortiz et  al. 
2017; Shen et al. 2017). Today, one of the broad applications of PEI is a functional 
coating due to its strong tendency to neutralize and complex with negative and metal 
ions (Zou et  al. 2019). Having high compatibility and processability on different 



21

1 3

Biochemical Genetics (2023) 62:18–39 

substrates such as carbon, metals, resins, or textiles, PEIs have expanded their use in 
making highly innovative products (Wu et al. 2019). In 1995 by Boussif et al., PEI 
was the first reported as a non-viral cell transfection reagent that can be considered 
the first attempt to use polymer in vivo (Vermeulen et al. 2018). In recent years, PEI 
and modified PEI-derived biomaterials with different sizes and molecular weights, 
branching degrees, ionic strengths, and different zeta potentials have been used in 
gene delivery (Höbel and Aigner 2010).

PEIs are made of repeating units of amine groups and two aliphatic carbons. It 
has been investigated that the physicochemical, and also biological, properties of 
PEI-based construct are closely related to the level of polymerization, branching as 
well as charge density (Xun et al. 2018). For instance, PEI’s high aqueous solubil-
ity depends on the rate of repeating ethylimine units (Singh et al. 2018). Based on 
their topology, PEIs are divided into two main types including linear and branched 
(Fig. 1) (Xu et al. 2018). The polymer synthesis method determines the ratio of dif-
ferent amino groups in the final structure which affects the physicochemical proper-
ties (Xun et al. 2018). Linear PEIs (LPEIs) have only primary and secondary amine 
groups in the terminal and the polymer backbone. The LPEIs’ melting point is about 
73–75  °C with the solid state at room temperature. On the other hand, branched 
PEIs (BPEIs) due to having three different types of amino groups (primary, sec-
ondary, and tertiary) are viscous liquids, without regard to their molecular weight 
(Zou et al. 2019). Despite LPEI homopolymers which are prepared by cationic ring-
opening polymerization of cyclic imino-ethers followed by acid- or base-catalyzed 

Scheme 1  Schematic diagram 
of the chemical structures of 
linear and branched PEI
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hydrolysis, BPEI can be prepared by chemical polymerization of ethyleneimine 
in the presence of both hydrochloric acid and sulfuric acid (Zhang et al. 2022). In 
addition, using different catalysts for the synthesis of broad molecular weight of 
BPEI (300–750,000 Da), and conducting an intramolecular dehydration reaction of 
ethanolamine with metal-based catalysts to prepare purified products on an indus-
trial scale are other BPEI synthesis methods (Wang et  al. 2020; Zou et  al. 2019). 
Although both linear and branched structures are used for gene transfer, by compari-
son, the transfection efficiency of the liner PEI/DNA complex is much higher than 
the branched PEI/DNA complex, which is probably due to the large size of the liner 
PEI/DNA complex. This is because these large complexes precipitate more than 
small branched PEI/DNA complexes interacting more with the cell surface(Wang 
et al. 2020).

PEIs: as a Gene Carrier

In general, non-viral vectors based on cationic materials consider a great candidate 
for gene delivery in favor of their capacity to self-assembling with the DNA, trans-
ferring the high amount of nucleic acid and scalable production (Pandey and Sawant 
2016). Among cationic polymers, PEIs complex with the nucleic acid molecules via 
electrostatic interactions and simplify their cytosolic delivery to the target cells via 
their positive core–shell structure (Xun et al. 2018). In addition to having high cati-
onic charge density, other unique properties such as dynamic structure and flexible 
branching chains promote their widespread use for gene delivery (Wang et al. 2020). 
However, PEI is one of the most popular cationic polymers that have been exten-
sively explored as a gene carrier for in vitro and in vivo applications, its toxicity, 
and biocompatibility are concerns for using it in gene therapy protocols (Li et  al. 
2022). Nevertheless, improving the practical properties that affected the biocompat-
ibility and biodegradability of PEIs can be remedied by their precise modifications. 
In the PEI structure, having three types of amine groups including primary, second-
ary, and tertiary allow conjugate with functional groups such as hyaluronic acid, 
dextran, and polyethylene glycol to remove their toxicity (Park et  al. 2022). Even 
they can be targeted to specific organs and cellular sites through targeting ligand 
attachment (Masoumzadeh 2021). Branched PEI with a molecular weight of 25 kDa 
(PEI25k) has been considered one of the gold standards of polymer-based gene vec-
tors (Masoumzadeh 2021). These manipulations have led to the rise of several avail-
able commercial PEI-based polymers to use for gene delivery such as ExGen500 
(Jahan and Zhang 2021) and jetPEI (Zhao et  al. 2019). Meleshko and colleagues 
combined pDNA with linear PEI at the low molecular weight (8 kDa) to deliver vac-
cines. This marks the initial use of PEI as a carrier for an idiotypic DNA vaccine in 
human phase I clinical trials, which has been sanctioned by the regional regulatory 
authorities of the State Committee on Science and Technology of the Republic of 
Belarus (Meleshko et al. 2017). Table 1 presents the details of the clinical studies of 
PEI-based gene delivery systems for treating different cancer.

In general, the functional mechanism of PEIs, as gene transfer agents, lies in their 
chemical structure. For example, the charge density and molecular weight of PEI 
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crucially influence the properties and structure of PEIs used as gene carriers and 
affect both transfection efficiency and blood circulation time (Zakeri et  al. 2018). 
Numerous primary and secondary amine groups on PEI reach their pKa value of 
nearly 11 which leads to playing as an alkaline polymer electrolyte in aqueous solu-
tions (Wang et al. 2020). The mechanism is an ionic interaction between the high 
cationic charge of PEI and the anionic charge of DNA, which condenses DNA 
strands into nanosized particles and delivers targeted genetic material across the 
nucleus (Saeed et al. 2022). In fact, PEIs strong positive surface enhance the inter-
action with the negatively charged cell membrane facilitating endocytosis-medi-
ated absorption and also increasing the stability of gene by protecting them against 
enzymatic degradation (Kriplani and Guarve 2022). In addition, the strong buffer-
ing capacity of PEI (buffering range from 5.1 to 7.4), which is directly related to 
the number and types of amino groups on the PEIs chain, enables it to bind a large 
number of protons (Wang et al. 2020). So, PEIs act as a “proton sponge” effect and 
lead to increase transport of protons into lysosomes (Faizullin et al. 2022). Increased 
influx of protons by V-ATPase pump leads to osmotic swelling and rupture of the 
endocytic vesicle that releases genetic material into the cytosol and evades from 
nuclease digestive enzymes (Kriplani and Guarve 2022). So, through inhibition of 
the lysosomal lysis, the buffering capacity of PEIs increases their transfection effi-
ciency (Vermeulen et  al. 2018). In summary, unique properties of PEI including 
high nucleic acid condensing ability, proton sponge effect, escape from endosomes, 
and nuclear localization capability led to the emergence of PEIs-based gene deliv-
ery systems to condense fragile biological materials into nano-scale particles in 
order to transport them in a more stable and integrated structure (Wang et al. 2020; 
Masoumzadeh 2021).

Although numerous inherited properties have given unique advantages to PEI. 
Some of these can be an obstacle to its application in biomaterials engineering 
(Adachi et al. 2021). For example, PEI faces the quandary toxicity related to high 
molecular weight, as well as its excessive cationic activity leading to unwanted 
interactions with the cell membrane and blood components, and immune response 
which follows the fast opsonization and low half-life of the polyplex (Long et  al. 
2017). Furthermore, the high cationic charge of PEI affects the size scale of poly-
plex (Wu et al. 2021).

In fact, the composition and degree of lining or branching structure molecular 
weight, size, and zeta potential of polyplexes are the main factors that identified the 
transfection ability of PEI-based delivery systems (Gao et al. 2015). The gold stand-
ard of non-viral gene delivery (25  kDa branched PEI) has high transfection effi-
ciency and cytotoxicity at the same time (Wu et al. 2021). PEI with low molecular 
weight (MW < 2000) is an alternative with less toxicity, but due to low transfection 
efficiency, gene vectors are not fulfilled (Xun et al. 2018).

The main limiting factor of PEIs for gene transfer is their cytotoxicity by nature, 
which is directly related to the molecular weight, surface charge, and branched or 
liner structure of PEIs (Wang et  al. 2022). Several studies have shown that lower 
molecular weight significantly reduces the level of cytotoxicity compared to higher 
molecular weight constructs (Cheraghi et al. 2017). A study showed that the PEI/
nucleic acid complex is far less toxic than free PEI (Babaei et  al. 2017). Also, 



26 Biochemical Genetics (2023) 62:18–39

1 3

liposomal membrane degradation, and most likely cell membrane, were reported 
to be more severe by bPEI than lPEI (Xu et al. 2019). Comparing the cytotoxicity 
of the same concentrations of PE I800Da, PEI 25kD, and linear PEI 20kD showed 
branched PEIs are the most toxic group and the main reason is the high density of 
methylene charge in the branched PEIs structure (Freund 2014). Apoptotic-medi-
ated cell death after intracellular stress and mitochondrial changes, as a result of 
the swelling and rupture of the endosome containing the polymer, is introduced as 
the main cell death pathway via PEIs (Mulenos et  al. 2020). Also, mitochondrial 
depolarization, which activates caspase 9, was introduced as another pathway of PEI 
polyplex-induced cytotoxicity (Vaidyanathan et  al. 2016). Also, a previous study 
showed that the toxicity of PEI can be up to necrosis depending on its molecular 
weight. When PEI is used as a robust mucosal adjuvant, it stimulates the produc-
tion of pro-inflammatory cytokine and humoral immune responses (Monnery et al. 
2017). Also, some adverse cellular responses such as stress response, oncogenic 
mutations, and apoptosis or necrosis have been reported when PEI is used in bio-
medicine or implants (Xun et al. 2018). Another study reported that high molecular 
weight and dispensable charged groups of PEIs make them collected in cells and 
lead to cell cytotoxicity (Monnery et al. 2017). Despite PEI being proven as an effec-
tive gene delivery system based on cationic polymers, it is not biodegradable and 
cannot be destroyed through biological catalysis (Wang et al. 2022). The reason for 
the critical importance of biodegradability in gene therapy is the need for frequent 
administration, as long-term exposure leads to accumulation and toxicity (Monnery 
et al. 2017). Another study showed that having a large number of positive charges 
greatly increases the possibility of unwanted connections and their aggregation with 
negatively charged molecules, thus, reducing the transfer efficiency (Berg et  al. 
2021). Also, non-specific interaction of the abundant cationic charges of PEIs can 
cause some undesirable results such as bio-aggregation (Wang et al. 2022). Accord-
ing to what aforementioned, although PEIs are considered one of the gold standard 
materials for gene delivery, they need optimization before in vivo application.

Formulation Optimization of PEI/ Nucleic Acid Complexes for Gene 
Delivery

Although PEIs have unique properties as gene carriers, in many cases, their engi-
neering and modifying are necessary to provide desired properties such as biodeg-
radability and biocompatibility (Cho et al. 2022). Because their molecular weight is 
directly related to toxicity, some PEIs derivatives with lower molecular weight have 
been reported to reduce the toxicity profile, but in most cases, these have also lim-
ited transfection efficiency (Mani et al. 2023). So, such applied strategies that may 
affect the crucial factors involved in gene delivery, such as binding capability toward 
DNA, uptake, and endosomal escape, should be balanced between transfection effi-
cacy and eliminate their undesirable features (Yang et al. 2022a). For example, thi-
olated crosslinked PEIs retain prominent cell transfection, but the particle size of 
polyplex increases to about (> 1000  nm) (Ma et  al. 2017). This large-sized poly-
plex not only has more difficulty entering cells, but if they are not quickly degraded 



27

1 3

Biochemical Genetics (2023) 62:18–39 

inside the cell, they can damage the cell through the large amounts of the positive 
charge they carry (Prabha et al. 2016). As a therapeutic delivery, the optimal size is 
proposed between 20 and 200 nm, which is large enough to prevent filtration and 
small enough to be absorbed through the cell membrane (Prabha et  al. 2016). To 
overcome such a troublesome issue, recently several hybrid structures consisting of 
PEI with other functional groups have been evaluated. Increasing efficiency and bio-
compatibility, and decreasing toxicity have been reported as the results of various 
formulation optimization of PEI/ nucleic acid complexes which have been designed 
for the treatment of various cancers (Zakeri et al. 2018). Some of the most important 
functional groups that have been used to modify PEIs-based carriers are discussed 
below. Table 2 presents the details of some optimized combinations of PEI-based 
nucleic acid carriers to treat different cancer.

Hydrophobic and Hydrophilic Modification of PEI

Some of the formulation optimizations of PEI/nucleic acid have been made through 
grafting hydrophobic and hydrophilic biocompatible polymers whether physical or 
chemical binding (Lv et al. 2017a). Hydrophilic blocks including dextran, cyclodex-
trin, hyaluronic acid, chitosan, and polycarbonate are the most known candidates 
for modifying PEI to improve their biocompatibility and biodegradability (Hu et al. 
2018). As well as, hyaluronic acid (HA) or polyethylene (PEG), dextran, cyclodex-
trins, and chitosan were widely used to reduce surface charge-dependent cytotoxic-
ity (Wang et al. 2020).

PEGylation is a strategy to increase the blood circulation time of the PEI complex 
(Li et al. 2020). Assembling PEIs with bio-detachable anionic groups like PEG, rely-
ing on PEI’s numerous functional amine groups, reduces aggregation and clearance, 
and also improves stability and biocompatibility through inhibiting PEI interactions 
with serum components. (Wang et al. 2022). The properties of PEG–PEI conjugates 
are closely related to the molecular weight of PEG and the degree of PEGylation. 
In other words, PEG density and chain length affect biocompatibility and biological 
performance (Li et  al. 2020). Despite improving the circulation time, PEGylation 
can decrease the transfection efficiency by reducing the non-specific interactions 
between the polyplex and cells (Zhao et al. 2017). Modification of the periphery of 
PEI with PEG leads to decrease in the surface charge density of the polymers and 
disturbs cellular uptake, intracellular trafficking, and endosomal escape (Fang et al. 
2017). This phenomenon, which is called “the PEG problem,” leads to a decrease in 
gene expression (Cho et al. 2022) In a study, a concentrated PEI-lipid hybrid made 
of C15 epoxide-terminated lipids and PEI (0.6  kDa), which was formulated into 
nanoparticles using PEG-lipids, systematically delivered siRNA to lung endothe-
lial and silenced the target genes at very low doses (Ulkoski et  al. 2019). Also, a 
study carried out by Wang and his group presented PEG-grafted branched PEIs as 
a nano-scaled cationic carrier for treating retinoblastoma which can condense the 
genes effectively (Wang et al. 2022). In vitro experiments of the retinoblastoma cell 
line indicated that PEI-g-PEG-based non-viral gene vectors significantly decrease 
the cytotoxicity-related PEI, and also have clear endocytosis effects. As well as the 
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expression of encoded functional proteins in the treated retinoblastoma cells shows 
effective gene transfection (Wang et al. 2022).

Chitosan is a non-toxic linear cationic polysaccharide that is one of the most pop-
ular polymers for grafting in PEI (Javan et al. 2018). One of the significant advan-
tages of chitosan is the quick dissociation of polymer and nucleic acid polyplexes 
upon cellular internalization. Also, the PEI-chitosan complex leads to more efficient 
gene transfection by providing a stronger combination related to PEI while minimiz-
ing the negative impact of charge density. However, some research showed that the 
use of chitosan limits transfection efficiency, but the positive impacts such as low 
toxicity, biodegradability, and biocompatibility of the composition of chitosan/PEI, 
are the main reasons for its popularity. For example, PEIs/DNA coated with glycol 
chitosan exhibited significantly lower cytotoxicity compared to commercial trans-
fection reagents, such as jetPRIME and Lipofectamine 2000 (Cheng et  al. 2022). 
Chitosan nanoparticles grafted by histidine and PEI were used for gene delivery into 
the breast cancer cells (MCF-7). The results demonstrated that cell uptake of the 
nanoparticle-containing chitosan NPs significantly (p < 0.05) increased to nanoparti-
cles without chitosan.

Dextran is another typical example of a biodegradable natural polysaccharide that 
is explored for gene delivery applications (Chen et al. 2020). It can reduce the tox-
icity of PEI and increase the stability of  the PEI/ DNA complex  in the presence 
of serum. Significant efficient transportation and low cytotoxicity of the dextran-
grafted PEIs coated with iron oxide nanoparticles were reported by Gong et al., as 
the result of miRNA transfer into osteosarcoma (OS) cells and OS-bearing nude 
mice (Gong et al. 2020). Cyclodextrins, a family of cyclic oligosaccharides, are a 
successful hydrophilic polymer for gene delivery. Cyclodextrins in different forms 
(α-, β-, or γ-) are used in combination with PEIs to improve their gene delivery effi-
ciency (Plesselova et al. 2021).

Modification of low-molecular-weight PEIs (600 KDa) with linear biodegradable 
polyesters is another effective strategy to ameliorate the degradable ability of PEI 
polymers (Thomas et al. 2019). In addition to improving the biocompatibility, the 
results of the studies showed that this new combined PEI complex also reduced the 
cytotoxicity of PEI polymer and increased the transfection efficiency several times 
compared to 25  kDa PEI (Steinman et  al. 2019; Lv et  al. 2017b). Novel carriers 
composed of PEI 600 conjugated with amino alcohol esters, diglycidyl adipate, 
diglycidyl succinate, and diglycidyl oxalate are some other promising biodegradable 
non-viral gene delivery systems (Lv et al. 2017b). In vitro, experimental results such 
as agarose gel retardation and MTT assays showed that facilitating the release of 
DNA and reducing the cytotoxicity of these new vectors compared to the gold stand-
ard PEI (25 kDa) has led to an effective increase in transfection efficiency (Liu et al. 
2017).

In addition to hydrophilic modification, having all three types of amine groups 
(primary, secondary, and tertiary) make PEIs suitable polymers for applying hydro-
phobic modifications to improve their biological activities (Linsha Mali et al. 2021). 
Linear alkyl chains of fatty acids including acetate, butanoate, hexanoate, myristate, 
and butyric anhydrides are the most commonly used hydrophobic modifying groups 
to PEIs (Linsha Mali et  al. 2021). Other hydrophobic molecules that have been 
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used for PEI modification are cyclic hydrophobic molecules (such as cholesteryl 
chloroformate, and dexamethasone mesylate) and Pluronic conjugates ions with 
PEO–PPO–PEO Poloxamers (Rey-Rico and Cucchiarini 2018). Also, aliphatic lipid 
and alkane chains have been recommended to increase colloidal stability and bio-
compatibility (Ewe et al. 2017).

In general, hydrophobic modification of polyplex can influence the gene transfec-
tion efficiency by several mechanisms such as increasing the amount of the encapsu-
lated genetic materials, enhancing uptake by the cell membrane, decreasing toxicity, 
alleviating inhibition associated with serum, and facilitating polycation/DNA com-
plex dissociation. In addition, the efficiency of hydrophobically modified PEI was 
affected by various factors including the degree of substitution and position of the 
alkyl group and the chain length (Xue et al. 2021a). For example, 57% acetylation 
of primary amines in the PEI structure increases gene transfection efficiency while 
more acetylation led to reducing in transfection efficiency (Masoumzadeh 2021). 
Acylation keeps hidden the free amine groups of PEI reducing the natural PEI steric 
hindrance. Also, the conjugation of acetate, butanoate, and hexanoate to PEI with 
a degree of substitution of 25% creates maximum transfection efficiency (Pandey 
and Sawant 2016). A siRNA LMW PEI-based vector conjugated with PEIs, cho-
lesterol, and PEG was specifically uptake through the caveolae-mediated pathway 
and promoted cellular uptake due to Caveolin/cholesterol complexes in the plasma 
membrane (Zhang et al. 2020). Similarly, cholesterol modification boosts the siRNA 
delivery efficacy of PIE-based CXCR4 antagonists (Wu et  al. 2018). In a study, 
fluorination was used to reduce the cytotoxicity of PEI, and improve the nucleic acid 
delivery potency by increasing the hydrophobicity and lipophobicity of PEI (Xue 
et  al. 2021b). In another study, coated magnetic nanocarriers with heptafluorobu-
tyric-PEI-PEG were used as siRNA deliver for knockdown CXCR4 expression in 
cancer cells. Finally, a significant decrease in cytotoxicity and an increase in trans-
fection efficiency by up to 90% were reported as the result (Adachi et  al. 2021). 
Also, to limit the toxicity profile formation, the hybrid construction of low-molecu-
lar-weight PEI (0.8–1.8 kDa) with biodegradable cross-linking such as ester, imine, 
or disulfide bonds has been suggested. These designed contractions can significantly 
reduce toxicity while maintaining gene transfer efficiency compared to the gold 
standard version of PEI (25 kDa) (Ullah et al. 2020).

Peis‑Proteins Optimized Formulation

Significant biocompatibility and biodegradability features of proteins make them a 
great functional group to modify PEIs-based non-viral gene delivery (Heifetz et al. 
2016). Among them, gelatin and albumin are the most famous protein carriers that 
are used in two forms alone or in combination with other polymers such as PEI 
(Chamundeeswari et al. 2019). These biodegradable polymers, proteins, have a large 
folded structure with a natural origin that is able to improve some certain biologi-
cal activities of PEI-mediated polyplex such as biodegradability, stability, and even 
targeting (Chamundeeswari et  al. 2019). For example, PEI-coated-serum albumin 
nanoparticles lead to increase circulation half-lives and high gene capacity (Setua 
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2020). In another study, PEI-coated-serum albumin nanoparticles lead to increase 
circulation half-lives and high gene capacity (Setua 2020). Also, coating the PEI/
DNA complex with anionic gelatin, for targeted gene transfer to matrix metallo-
proteinase-secreting cancer cells, not only improved the stability of nanoparticles 
by reducing the interaction with erythrocytes due to the decreased surface positive 
charge, but also gene transfection improved by increasing the interaction between 
the polyplex and surface cell (Ge et al. 2012).

Recently, some smart polymeric gene delivery systems have been designed by 
modifying the PEI chain with some Cell-Penetrating Peptides (CPPs) such as lysine-
histidine63 (KH), Tat peptide sequence64, and polylysine (He et al. 2020). CPPs are 
short amphipathic peptides (containing 5–30 amino acid residues) with an inherent 
ability to cross the cell membrane through passive diffuse or endocytosis for deliver-
ing their cargo into cells (Torres-Vanegas et al. 2021). Since 1999, the incorpora-
tion of CPPs into NPs for targeted drug delivery and imaging has been the subject 
of many studies. For instance, Pan and colleagues constructed a mannosylated car-
rier containing low-molecular-weight PEI and CPP (Man-PEI5k–CPP) to deliver 
plasmid tumor necrosis factor-related apoptosis-inducing ligand (pTRAIL) to tar-
get colon overexpressed mannose receptors colorectal cancer cells. Co-targeting 
(tumor-targeting ligand and the CPP) of the Man-PEI5k–CPP/pTRAIL significantly 
increased the transfection efficiency and inhibition efficacy on HCT116 in vitro and 
in vivo (Pan et al. 2017). Another strategy for the modification of PEIs to prosper 
polymer-based gene delivery is amino acid modification. Although few studies have 
evaluated amino acid-modified PEI, results showed the success of these biomole-
cules through increasing transfection efficiency, and maintaining minimal toxicity. 
Lysine–histidine (KH) peptides, 6-bromohexanoic acid (alkyl), and various heter-
ocyclic amines, glycolic acid, histidine, piperazine-2-carboxylic acid dihydrochlo-
ride, piperazine, pyridine, and imidazole rings were conjugated to the low molecular 
weight of PEI (10Kd and 25Kd) (Pandey and Sawant 2016; Zakeri et al. 2018). For 
example, PEG-modified l-arginine oligo(-alkylaminosiloxane) grafted with PEI to 
facilitate cellular uptake mediated by arginine and improve siRNA delivery transfec-
tion through ionic interactions between its positive charge and negative on the cell 
surface (Lu et al. 2019).

Recently, cell membrane complex (CMC) modulates adverse reactions and their 
side effects of a cationic polymer by shielding their positive charge, and also increas-
ing gene transfection efficiency by imparting bioactive molecules that are necessary 
to specific cell behaviors (Chugh et al. 2021). In a study carried out by Fang et al., 
a novel gene-carrier system consisting of disulfide-crosslinked LMW-PEI and man-
ganese dioxide (MnO2) nanosheets, and nuclear localization signal peptide (NLS) 
was designed. Also, the melanoma cell membrane was used to coat the nano-gene-
carrier system. As a result, they reported that disulfide-crosslinked LMW-PEI led 
to increasing transfection efficiency and decreased toxicity, and also cancer cell 
membrane coating induced homologous targeting to gene carriers, and also pro-
moted immune escape abilities (Fang et al. 2022). In another study by Liu et al., an 
extracellular matrix was used to coat the formulated PEI/DNA complexes for cancer 
gene therapy. Compared with PEI/DNA complexes, these tumor-targeted core–shell 
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structures showed lower cytotoxicity, homologous targeting, and high transfection 
efficiency (Liu et al. 2021a).

Exosomes are cell-derived bilayer nan membrane vesicles, that have recently 
been considered as a potential gene carrier (Uddin et al. 2022; Karami Fath et al. 
2022c). The reason for choosing exosome, as an extracellular vesicle, for transfer-
ring therapeutic substances, especially nucleic acid, is due to its natural biological 
advantages. Some of these key features that make exosome better than other gene 
delivery systems include biodegradability, biocompatibility, no or low toxicity, low 
immunogenicity, ability to cross biological barriers, intrinsic cell tropism, ability 
to fuse with the cell membrane and escape from endosomes (Hosseini et al. 2022; 
Fayazi et al. 2021). In addition, unlike polyplexes, which bind very tightly to nucleic 
acid and have a weak release inside the cell, exosomes can effectively transport 
and release their cargo to the target cell through proteins and active groups on their 
surface (Jiang et  al. 2017). Therefore, the use of exosomes to improve the trans-
fection efficiency of PEI-based gene delivery system have been investigated in sev-
eral studies. For example, an exosomal-based delivery system consisting of bovine 
milk-derived exosomes and PEI was evaluated by Mungala et al. (Munagala et al. 
2021), to deliver KRAS siRNA and wild-type (WT) p53 pDNA. In  vitro experi-
ments showed that the exosomes and PEI matrix (EPM) were platforms able to 
protection of entrapped nucleic acid from enzymatic degradation, and also it was 
biocompatible with no adverse response (Munagala et al. 2021). In another study, 
exosome-PEG-PEI-maleimide was constructed and then loaded by siRNA. Also, 
the modified PD-L1 antibody was used to improve the targeting of tumor cells by 
the constructed gene carrier. As a result, the safety and toxicity associated with PEI 
were significantly reduced, as well as in vitro evaluations showed that the ability to 
detect tumor cells was greatly improved by the exosome-PEG-PEI-PD-L1 platform 
(Lin et al. 2022c).

Optimization Tumor Targeting PEI‑based Polyplex by Ligand

While modification of PEI is mostly applied to improve the physicochemical prop-
erties and biocompatibility of this polyplex, distinct targeting ligands are applied 
with the purpose of specific transfer of polymers to the desired cell or tissue (Pang 
et  al. 2019). Such modifications overcome much of the inefficiency of transfec-
tion due to the inability of the genetic material to enter the cell nucleus (Jiang et al. 
2019). Different types of molecules have been used as ligands for specific targeting. 
In many studies, various targeting ligands such as polypeptide (RGD peptide and 
NGR peptide), (Ahmed 2017) folic acid (Liu et al. 2021b), galactose, mannose, epi-
dermal growth factor (EGF) and some others have been used for functionalization 
cationic polymers improved receptor-mediated endocytosis (Lee et  al. 2015; Hari 
et al. 2022). For example, in a study carried out by Cao et al., folic acid was used 
for targeting and reducing the cytotoxicity of PEi-mediated nucleic acid transfer 
(Cao et al. 2020). The hydrophobic modification of the PEI/DNA polyplex by folic 
acid results in cell-specific uptake and high transfection efficiency of approximately 
100 fold than 1.8 K PEI-based polyplexes (Cao et  al. 2020). Targeted delivery to 
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hepatocellular carcinoma via highly expressed glycyrrhetinic acid (GA) receptors on 
their surface was enhanced by conjugating PEI with glycyrrhizic acid (GL) or gly-
cyrrhetinic acid (GA) PEI. These results confirmed that the PEI-GA-GL-mediated 
gene delivery increased GA receptor-mediated endocytosis, like the SV40 virus, 
via a caveola- and clathrin-independent pathway (Cao et al. 2019). Also, a modified 
polymyxin-PEI-nanoplexe was designed to enhance the targeted delivery of DNA 
cargo to megalin-expressing kidney cells. The result showed that targeting mega-
lin, as an endocytic multi-ligand receptor, by polymyxin-PEI nanoparticle improved 
both safety and transfection efficiency (Oroojalian et al. 2017). Also, the melanoma 
cell membrane (Fang et al. 2022) and extracellular matrix (Liu et al. 2021a) were 
used to coat gene carriers to target cancer cells. As mentioned above, both modifica-
tions significantly increased homotypic targeting and led to effective internalization 
and increase transfection efficiency. In general, Fig. 1 summarizes the optimization 
of the PEI/nucleic acid complex for gene delivery.

Conclusion

For 20 years, the use of cationic polymers in medical science, design, and forma-
tion of biodegradable polymers has been the main challenge in making use of poly-
mers as carriers and vectors. Polyethylenimine (PEI) is well known for its effective 
gene transfection caused by nanosized condensed complex with nucleic acids, acts 
as a proton sponge, escapes from endosomal vesicles, and has nuclear localization 
capability. However, intrinsic toxicity and non-biodegradable capability of PEI are 
the main challenges of this non-viral gene delivery system, but its modified deriva-
tives by natural and synthetic materials that are biodegradable or reduced in size 
within the renal filtration threshold for rapid renal clearance, will lead to satisfying 
the demands of modern bioengineering. Moreover, in order to attain gene delivery 
that is more precise and effective, it is recommended to alter the process by target-
ing ligands that can identify specific markers in the intended regions. This modifi-
cation will enable the delivery of encapsulated payloads through active targeting. 
In addition, incorporating special functionalized groups into the vectors to enhance 
their buffering capacity can help slow the acidification of endosomes, leading to 
increased cargo release and improved transfection efficiency. Overall, a combination 
of modifications to PEIs from various perspectives could be a preferred approach for 
future studies.
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