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Abstract: Bacterial transformation and gene transfection can be understood as being the results
of introducing specific genetic material into cells, resulting in gene expression, and adding a new
genetic trait to the host cell. Many studies have been carried out to investigate different types of
lipids and cationic polymers as promising nonviral vectors for DNA transfer. The present study
aimed to carry out a systematic review on the use of biopolymeric materials as nonviral vectors. The
methodology was carried out based on searches of scientific articles and applications for patents
published or deposited from 2006 to 2020 in different databases for patents (EPO, USPTO, and INPI)
and articles (Scopus, Web of Science, and Scielo). The results showed that there are some deposits of
patents regarding the use of chitosan as a gene carrier. The 16 analyzed articles allowed us to infer
that the use of biopolymers as nonviral vectors is limited due to the low diversity of biopolymers
used for these purposes. It was also observed that the use of different materials as nonviral vectors is
based on chemical structure modifications of the material, mainly by the addition of cationic groups.
Thus, the use of biopolymers as nonviral vectors is still limited to only a few polysaccharide types,
emphasizing the need for further studies involving the use of different biopolymers in processes of
gene transfer.
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1. Introduction

Gene therapy can be defined as treating human disease by transferring genetic ma-
terial through a vector into specific patient cells. Advances in molecular biology and
biotechnology, as well as the conclusion of the Human Genome Project have led to the
identification of numerous disease-causing genes. The main purpose of gene therapy is
to administer genes to increase the synthesis of naturally occurring proteins, change the
expression of existing genes, or produce cytotoxic proteins or activating enzymes—for
example, to kill tumor cells or inhibit the proliferation of endothelial cells in the tumor
(inhibition of tumor angiogenesis) [1].

The main limiting factor of gene therapy is the rate of gene transfection. In other
words, the difficulty of inserting new genes in the cells of intact organisms so that these
molecules are incorporated by the cells and can perform their functions efficiently. For
some small animals and plants, genes have been introduced in a small number of cells
involved in the early embryonic development stage, resulting in the replication of the gene
of interest in many or all cells of the adult organism that has been modified [2].

The DNA to be transferred must escape the processes that affect the disposition of
macromolecules. These processes include the interaction with blood components, vascular
endothelial cells, and absorption by the phagocytic mononuclear system [3]. In addition,
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DNA degradation by nucleases is also a potential obstacle to delivering the gene to the
target cell. The two main types of vectors used in gene therapy are based on systems for
delivery viral [4,5] or nonviral genes [1–3].

Viral vectors are the most widely used gene delivery system due to the natural activity
of viruses that, efficiently, can enter the new target cell, navigate to the cell nucleus,
transport their genome from one host cell to another, and start expressing its genome [2,6].
However, the use of viruses in gene therapy could be limited by several factors, such
as safety issues raised after the death of a patient during a clinical trial of gene therapy
using viral vectors, and the low amount of DNA sequences that can be inserted into the
virus genome [7,8]. These factors limit large-scale application, and potential problems
for patients such as toxicity, immune and inflammatory responses can be observed. The
limitations of viral vectors, particularly concerning safety issues, have led to the assessment
and development of alternative vectors based on nonviral systems [2].

Regarding the prokaryotic cells, the ability to introduce plasmid DNA molecules into
bacterial cells and the subsequent expression of this genetic material in the transformed
cell have significantly influenced the development of molecular biology [9].

In some prokaryotic systems, genetic transformation can occur naturally through
homologous recombination of free DNA, transduction, and conjugation. However, these
natural processes are often unfavorable due to the slow diffusion of hydrophilic DNA entry
through the hydrophobic lipid bilayer membrane and the slight electrostatic repulsion be-
tween the anionic DNA and the anionic groups of the bilayer membrane. In addition, DNA
can undergo hydrolysis or be degraded by any enzymatic process during its transformation
course [10,11].

The process of gene transfection consists of introducing specific genes in mammalian
and human cells with different purposes, such as the genetic modification of animals or
the treatment of inherited diseases. The two perspectives have in common the need to
insert modified or corrected information in the cells of the organism to be transformed.
Gene transfection covers the field of gene therapy, which can be defined as the treatment of
human disease by transferring genetic material using a vector for specific patient cells [1,12].

The genetic material commonly used in the gene transfer techniques, such as the
physical methods of electroporation, biobalistics, microinjection, thermal shock, and the
chemical method that uses calcium chloride parallel with the thermal shock technique,
needs to be manipulated outside the cell before being inserted. Consequently, for an
efficient transfer of the target gene to the interior of the cell, it is necessary to use suitable
transfer vehicles that protect the DNA against cellular barriers on their way to the nucleus.
Cloning vectors are the main tool used for the in vitro incorporation of the target gene into
living cells [13,14].

Among the various cloning vectors available for use in the transformation and trans-
fection processes, plasmids are most frequently used. Plasmids are circular DNA molecules,
ranging in size from 5000 to 400,000 base pairs (bp), found in bacteria or yeast cells. Some
important characteristics are required for a plasmid to be an efficient vector: it must be
small and easy to manipulate and replicate; have genes that confer resistance to one or
more antibiotics for selection of transformed cells; and contain restriction sites strategically
located for the insertion of the DNA of interest [14].

Soni et al. [12] report that many DNA transfer vectors have been developed and cite
methods used by other authors involving the encapsulation of DNA in cationic surfactant,
the use of copolymer vesicles, viral capsids, protein superstructures, lipid assemblies,
polymeric nanocapsules, and structure mesoporous. Although all these techniques are
simple and used for the transformation of many species, there are still some limitations
to be overcome, such as the difficulty of transferring a copy of the genetic material in a
single transformation event, the use of expensive equipment, the segmentation random
intracellular and DNA damage due to its unmodified forms.

Many studies have been carried out to investigate different types of lipids and cationic
polymers as promising nonviral vectors for DNA transfer [15,16]. These cationic materials
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spontaneously form interpolielectrolytic complexes with negatively charged nucleic acids,
called lipoplexes and polyplexes, respectively. Among the cationic polysaccharides, cationic
dextrans, cationic celluloses, cationic guar, and chitosan have stood out, which are already
widely used both in the cosmetics industry and topical drug administration systems [13].

Among natural polymers, cellulose is the most abundant biopolymer in nature, and
its cationic derivatives have numerous advantages over different biopolymers, such as
biodegradability, recyclability, reproducibility, profitability, and availability in a wide va-
riety of ways. However, the poor solubility of cellulose and its low reactivity makes it
challenging to carry out studies with cellulose for biological applications, including studies
of bacterial transformation and gene transfection. Thus, the cellulose-derived modification
represents a strategy to overcome these limitations, preserving the advantageous charac-
teristics of the biopolymer. Cationic cellulose derivatives are commercial products on a
large scale, having many useful characteristics, such as hydrophilicity, biodegradability,
and antibacterial properties [17].

In order to choose the best vector that can allow transfection and transformation
with high efficiency and quality, it is required to understand the processes involved in the
preparation of the vector and the way it interacts with the genetic material. Thus, modified
natural biopolymers through quaternization reaction can be tested as synthetic vectors
based on their affinity to form a positively charged nanostructure with DNA and allow a
higher amount of DNA to get inside the cells (Figure 1).
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Figure 1. Scheme illustrating what is expected to occur during the transformation or transfection pro-
cesses without the use of quaternized biopolymers (a) and within the use of quaternized biopolymers
as vectors (b). pGEM® plasmid.

Therefore, the present study aimed at presenting a systematic review of articles
and patents on the use of biopolymeric materials as nonviral vectors published and/or
deposited between 2006 and 2020.

2. Materials and Methods

The prospective review was carried out in August 2020 and was based on an extensive
search in different electronic databases.

The prospection of scientific articles was carried out through bibliographical and
systematic research in articles. The databases used were Scopus, Web of Science, and Scielo.
The search for articles was carried out using the keywords biopolymer, polysaccharide,
carbohydrate, gene delivery, and nonviral vector, used separately and in different combi-
nations. To specify the search in the databases, the words were searched for comprising
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the “Title”, in the time interval from 2006 to 2020, and, exclusively, publications of regular
articles. Review articles and book chapters were left out of the search.

The prospection of patents was carried out in the free online databases European
Patent Bank—European Patent Office (EPO), American Bank of Trademarks and Patents—
United States Patent and Trademark Office (USPTO) and National Institute of Industrial
Property (INPI) in Brazil. The search was carried out using the same keywords used,
comprising only “Title” in the same time interval. It was used as exclusion criterions:
duplicate patents and the ones that do not have the descriptors in the description of use in
the patent document.

3. Results
3.1. Scientific Prospecting

The prospection of articles related to the topic, by using the keywords allowed to
determine the database with the largest number of articles published in the area. The result
is shown in Table 1.

Table 1. Number of articles published in the Scopus, Web of Science and Scielo databases by
time interval.

Published Articles from 2006 to 2020

Database Scopus Web of
Science ScieloKeywords

biopolymer 2.247 1.838 31
polysaccharide 13.179 11.203 44
carbohydrate 11.589 10.493 92
gene delivery 4.152 3.843 2

nonviral vector 204 182 1
biopolymer and gene delivery 2 1 0

biopolymer and nonviral vector 0 0 0
polysaccharide and gene delivery 12 11 0

polysaccharide and nonviral vector 1 0 0
carbohydrate and gene delivery 7 7 0

carbohydrate and nonviral vector 0 0 0
biopolymer and gene delivery and nonviral vector 0 0 0
polysaccharide and gene delivery and nonviral

vector 0 0 0

carbohydrate and gene delivery and nonviral
vector 0 0 0

TOTAL 31.393 27.578 170

Table 1 shows that the database with the largest number of articles published in the
area is Scopus, which presented a higher publication number of articles than the other
analyzed databases.

After prospecting the articles in the three databases, 15 articles were selected from
all articles contained in their titles, the words “gene delivery” and/or “nonviral vector”.
The articles were chosen based on the material used and the application of the biopolymer.
Then, the selected articles were analyzed to verify (1) annual evolution, (2) worldwide
distribution, and (3) discussion of the articles.

3.1.1. Annual Evolution

The study of the annual evolution of publications in the range from 2006 to 2020 was
carried out, as shown in Figure 2.

From the results presented in the graphic, it is possible to observe that using different
materials as nonviral vectors is a new area and has been increasingly studied since 2015
according to the number of publications on the content. Among the 16 articles analyzed in
this study, it was not chosen articles published from 2017 to 2020; however, from the graph,
it was possible to observe a pattern of increasing publications on the topic from 2015.
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Figure 2. Annual evolution of published articles on the topic from 2006 to 2020.

3.1.2. Worldwide Distribution

Regarding the countries that have published the most articles on the topic in recent
years, Figure 3 shows the worldwide distributions of articles published. The countries with
more publications are China (with four published articles), followed by Japan, Iran and
South Korea (all with two published articles), while the other countries presented only
one publication.

Polysaccharides 2021, 2, FOR PEER REVIEW 6 
 

 

 

Figure 3. Worldwide distribution of published articles on the topic from 2006 to 2020. 

The result obtained can be attributed to the fact that the four countries with the larg-

est number of publications are references in the area of scientific and technological devel-

opment (S&T), research, and qualified education [18]. 

3.1.3. Discussion of Articles 

The 15 articles describe the effect of different materials used as nonviral vectors in 

different types of cells in the processes of gene transfection and bacterial transformation, 

as well as the factors that influence this process, such as the type of material, cytotoxicity, 

and the rates of transfection and transformation. 

Table 2 presents the main factors evaluated in the articles about to the efficiency of 

gene transfection and bacterial transformation by different biopolymers and polysaccha-

rides derivates: chitosan [19], dextran [20,21], quaternized cellulose [22] and quaternized 

chitosan [23]. 

Table 2. Evaluation parameters used in the prospecting articles. 

Material Type Cytotoxicity Nonviral Vector Efficiency References 

Chitosan-Polyethyleneimine/DNA na-

noparticles 

Low Significantly enhanced 

(p < 0.05) 

[19] 

Aldehyde and ε-poly (L-lysine) dextran 

hydrogel 

Low Significantly enhanced (p < 0.05) [20] 

Dextran-MMA cationic polysaccharide 

(methyl methacrylate ester) conjugated 

to the copolymer (2-diethylaminoethyl-

dextran-methylmethacrylate) 

Low Significantly enhanced 

(p < 0.05) 

[21] 

Quaternized cellulose Low Significantly enhanced 

(p < 0.05) 

[22] 

Quaternized chitosan High Not significantly enhanced 

(p > 0.05) 

[23] 

Other types of substances were used as nonviral vectors such as: plasmid DNA 

nanostructures with ionic liquid [11], pegylated polyethyleneimine nanoparticles conju-

gated with folate and galactose [24], cationic liposomes modified with polyallylamine [25], 

Figure 3. Worldwide distribution of published articles on the topic from 2006 to 2020.

The result obtained can be attributed to the fact that the four countries with the
largest number of publications are references in the area of scientific and technological
development (S&T), research, and qualified education [18].

3.1.3. Discussion of Articles

The 15 articles describe the effect of different materials used as nonviral vectors in
different types of cells in the processes of gene transfection and bacterial transformation, as
well as the factors that influence this process, such as the type of material, cytotoxicity, and
the rates of transfection and transformation.

Table 2 presents the main factors evaluated in the articles about to the efficiency of
gene transfection and bacterial transformation by different biopolymers and polysaccha-
rides derivates: chitosan [19], dextran [20,21], quaternized cellulose [22] and quaternized
chitosan [23].
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Table 2. Evaluation parameters used in the prospecting articles.

Material Type Cytotoxicity Nonviral Vector Efficiency References

Chitosan-Polyethyleneimine/DNA
nanoparticles Low Significantly enhanced

(p < 0.05) [19]

Aldehyde and ε-poly (L-lysine) dextran
hydrogel Low Significantly enhanced (p < 0.05) [20]

Dextran-MMA cationic polysaccharide (methyl
methacrylate ester) conjugated to the copolymer

(2-diethylaminoethyl-dextran-
methylmethacrylate)

Low Significantly enhanced
(p < 0.05) [21]

Quaternized cellulose Low Significantly enhanced
(p < 0.05) [22]

Quaternized chitosan High Not significantly enhanced
(p > 0.05) [23]

Other types of substances were used as nonviral vectors such as: plasmid DNA
nanostructures with ionic liquid [11], pegylated polyethyleneimine nanoparticles conju-
gated with folate and galactose [24], cationic liposomes modified with polyallylamine [25],
biodegradable polylactic acid-polyethylene glycol-poly (L-lysine) copolymer [26], cro-
tamine [27], poly (oligo-D-arginine) [28], poly (lactic acid-co-glycolic acid) scaffolds [29],
polyethyleneimine/pDNA nanocomplexes with anionic hyaluronic acid [30], fourth generation
cationic phosphorus (P4) containing dendrimers [31], and monosylated polyethyleneimine [32].
All the materials tested on these studies showed low cytotoxicity and enhanced signif-
icantly the efficiency (p < 0.05). The criteria used to evaluate the transfection efficiency
was the “p value”: p < 0.05 was considered “significantly enhanced” and p > 0.05 “not
significantly enhanced”.

3.2. Technological Prospecting

The analysis of patent filings by base revealed that EPO, in comparison with the
USPTO and INPI bases, was the base that received the most deposits related to the studied
subject in the investigated time interval. The keywords used in the research showed
different results when compared to those obtained for articles, and the data found are
shown in Table 3.

Table 3. Total patents deposited on EPO, USPTO and INPI databases between 2006 and 2020.

Keywords EPO USPTO INPI

biopolymer 1.110 165 39
polysaccharide 7.695 387 112
carbohydrate 2.462 255 84
gene delivery 670 82 2

nonviral vector 35 0 1
biopolymer and gene delivery 0 0 0

biopolymer and nonviral vector 0 0 0
polysaccharide and gene delivery 2 0 0

polysaccharide and nonviral vector 1 0 0
carbohydrate and gene delivery 0 0 0

carbohydrate and nonviral vector 0 0 0
biopolymer and gene delivery and nonviral vector 0 0 0

polysaccharide and gene delivery and nonviral vector 0 0 0
carbohydrate and gene delivery and nonviral vector 0 0 0

TOTAL 11.975 889 238

4. Discussion

The analysis of the chosen articles (Table 2) allows us to identify that the principle of
using different materials as nonviral vectors for the transfer of genes into target cells consists
of modifying the chemical structure of the material, mainly the addition of cationic groups.
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Polyethyleneimine (PEI) is one of the most successful and efficient nonviral gene
transfer systems that have been reported to date. In four of the fifteen articles [19,24,30,32],
PEI was used as the main polymer modified and used as a vector of gene transport.

In the study of Ghiamkazemi et al. [24], polyethyleneimine (PEI) is described as
highly cytotoxic in many cell lines due to its high surface load, non-biodegradability, and
non-biocompatibility. To improve the biodegradability of PEI, the authors synthesized
a copolymer of PEI with polyethylene glycol conjugated with folic acid and galactose.
The synthesized copolymer proved to be non-cytotoxic and with a high rate of gene
transfection [24].

Regarding the use of biopolymers to modify PEI, [19] chitosan was used as a PEI
modifying agent. The authors synthesized chitosan nanoparticles with PEI called chitosan-
graft-polyethylenimine (CP) and tested this nonviral vector’s efficiency in the transfection
process. The CP/DNA nanoparticles’ transfection efficiency was affected by the weight
ratio of CP: DNA (w/w). The average cell viability after treatment with CP/DNA nanopar-
ticles was over 90%. The authors [19] also compared the transfection efficiency of CP/DNA
nanoparticles with that of grafting chitosan CS/DNA nanoparticles, naked pDNA, PEI
(25 kDa)/DNA nanoparticles, and Lipofectamine TM 2000. The results showed that the
CP/DNA complex was similar to that of the Lipofectamine TM 2000, indicating that the
biopolymers work similarly to the commercial assays available for transfection [19].

Another requirement to achieve successful transfection is that the bound pDNA
must release from complexes: the unpacking of DNA from the polymeric vector is an
important and crucial step in the transfection mediated by polymers [26]. Thus, the
nonviral vector should chemically interact with the pDNA to form the nanoparticle, but
this chemical interaction should be weak enough to release the pDNA in the nucleus to
achieve the transfection process aiming. In their study, [19] found the chitosan copolymer
binding capability is neither strong nor weak, which may be beneficial for improving
transfection efficiency.

The transfection efficiency regards the transport of the pDNA into the nucleus of the
target cells. This delivery should be trafficked in order to ensure that the pDNA reaches the
cells’ nucleus. To investigate the cellular entry path, [19] used the Cy3-labeled pDNA (red
marker) and CP/DNA was simultaneously added to both chondrocytes and synoviocytes
cells, LysoTracker Green DND-26 was added to label lysosomes, and cells were fixed with
PFA at specified intervals. The authors [19] observed that CP was able to carry pDNA
inside cells (cytoplasm) within 30 min to 1 h after the addition of nanoparticles to the cells.
Further, pDNA could be observed inside the nucleus 2 h post addition of complexes, and a
greater pDNA mount could be detected in the nucleus after 4 h. Thus, the author concluded
that CP vectors could efficiently carry the desired gene inside both target cells [19].

Analyzing the cytotoxicity and transfection efficiency of chitosan [19], the authors
observed the average cell viability after the treatment with CP/DNA nanoparticles was
over 90%, which was much higher than that of PEI (25 kDa)/DNA nanoparticles. The
transfection efficiency of the CP/DNA nanoparticles was dependent on the weight ratio of
CP:DNA (w/w). The transfection efficiency of CP/DNA nanoparticles was similar with
that of the Lipofectamine™ 2000, and significantly higher than that of CS/DNA and PEI
(25 kDa)/DNA nanoparticles [19].

Two special types of materials used as vectors for gene transfer were observed: in the
study carried out by Togo et al. [20], who developed a biodegradable hydrogel composed of
20% w/w dextran aldehyde and 10% w/w ε-poly (L-lysine) (ald-dex/PLL); and in the study
carried out by Perisic et al. [29], who tested biodegradable poly (lactic acid-co-glycolic acid)
(PLGA) scaffolds, clinically used as transient transporters for genetically modified cells. In
both studies, a high rate of gene transfection was observed with the use of these materials.

The effect of quaternized cellulose (QC) in gene transfection in 293T cells was analyzed
by Song et al. [22]. The authors observed that the cytotoxicity rates were relatively low
compared to the PEI and the transfection rates were high. Both the cytotoxicity and
the transfection efficiency of the QC/DNA nanostructures increased with the degree of
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substitution (GS) of the QCs. Regarding the binding capability of polycations to pDNA,
the authors [22] stated that the polycations could condense pDNA into compact structures
and reduces the electrostatic repulsion between DNA and cell surface by neutralizing the
negative charge, which facilitates the uptake of the complex to negatively charged cell
membrane constituents and, therefore, to a higher rate of uptake. In the study [22], the
quaternized cellulose binding capacity was investigated by agarose gel electrophoresis,
which allows estimating the particle size and the formation of nanocomplex between the
pDNA and the biopolymer. The authors found QCs with a strong binding ability and a
higher DS value, which induced higher positive charge density [22].

Cytotoxicity is one of the most common problems with the transfection assay. A
major requirement of the polymeric vectors for use in gene therapy is the absence of
cytotoxicity. In their study, Song et al. [22] investigated the cytotoxicity of quaternized
cellulose in 293T cells by MTT assay, and the 25 kDa PEI was used as the control. The
results demonstrated that the cytotoxicity of QCs increased gradually with an increase in
the concentrations and DS values due to a higher amount of cationic cellulose damaging
the cellular membranes. However, the QCs exhibited much lower cytotoxicity than PEI, the
most popular “gold standard” of cationic polymer transfection. The transfection efficiency
of QC/DNA complexes was evaluated in 293T cells, and the plasmid pGL-3 DNA was used
as the luciferase reporter gene [22]. Song et al. [22] found that the trends of transfection
efficiency for the quaternized cellulose complexes was depended on the DS value of QCs,
which was attributed to the positively charged surface, allowing an optimal binding of QC
with the DNA complexes to cellular membranes. The transfection efficiency was relatively
lower than that of PEI; QCs increased the transfection efficiency markedly compared with
the naked DNA values (up to 1058-fold). Considering the much lower cytotoxicity than
PEI, the authors concluded that QCs could be considered promising nonviral gene carriers
in vitro [22].

Regarding the use of materials to increase the efficiency of bacterial transformation,
two articles were found [11,33]. These studies investigated the effect of nanostructures
of ionic liquid [11] and quaternized chitosan with plasmid DNA on the efficiency of
bacterial transformation [23]. The authors observed a low rate of cytotoxicity and a high
transformation efficiency rate for the ionic liquid [11]. As for the quaternized chitosan, it
was observed an inhibitory effect of the material regarding the bacterial growth, with high
cytotoxicity and low transformation efficiency [23].

The results presented in Table 3 show the numbers of filed patents in the databases
searched. From these results, it was observed that using the most general words: “biopoly-
mer”, “polysaccharide” and “carbohydrate”, a large number of deposits were found in all
databases, with the largest number of patents filed containing the word “polysaccharide”.
As more words were added, the number of deposits decreased significantly. This trend
can be attributed to the fact that the patents with these words in their titles had the most
diverse purposes, and with the specification of the research, the deposits become limited.

For the terms “gene delivery” and “nonviral vector”, the number of patent registra-
tions was determined. It was possible to verify that most of the patents contained the term
“gene delivery” in the titles, which is a term that covers different types of studies.

It was observed that with the combination of the keywords, no results were found
in any of the search bases, except for the terms “polysaccharide and gene delivery” (two
deposits) and polysaccharide and nonviral vector (one deposit).

The results showed that there are filed patents regarding the use of the chitosan
biopolymer as a nonviral vector for gene transport.

The Chinese patents filed by Oskuee et al. [25] and Li et al. [34] present two inventions
that provide methods for the preparation of nonviral polyethyleneimine gene vectors
conjugated with chitosan. The vectors showed good biocompatibility and high efficiency
of gene transfection, being excellent vectors for gene transfection and perspectives for a
wide range of applications. The authors [34] reported that the agarose gel retardation assay,
dynamic light scattering, and scanning electron microscopy experiments revealed that in
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the characterization of the obtained product, CHI-g-PEI had a good ability to condense
plasmid DNA into spherical nanoparticles in the size range of 200–300 nm. Besides, in the
simulated physiological environment, the polymer/pDNA complexes are relatively stable,
meanwhile; an efficient release of pDNA was detected in the presence of 25 mM DTT,
mimicking the intracellular reductive environment. Therefore, the authors concluded that
the bioreducible chitosan-graft-polyethyleneimine CHI-g-PEI copolymer, thus obtained,
can be used as a promising nonviral gene carrier due to its excellent properties [34].

Another Chinese patent filed by Chen et al. [35] describes a microenvironment double-
response chitosan gene carrier and the preparation method and application of the mate-
rial. The vector is a polymer obtained from the combination of polyethyleneimine and
polyethylene glycol with macromolecular chitosan (SRCS) to obtain a pH-sensitive polymer
SRCS-g-PEI-g-PEG. The polymer showed good biocompatibility and high efficiency of
gene transfection. The authors described that compared with modifying chitosan (CS), the
synthesized CS-g-PEI copolymers showed higher pDNA-binding affinity, which increased
with the grafting degree (GD) as shown in Agarose gel electrophoresis. The CS-g-PEI
copolymer with a medium GD of 4.5% conferred the best gene transfection, with the effi-
ciency 44 times of CS and 38 times of PEI-1.8 in HEp-2 cells. The cytotoxicity of CS-g-PEI
was tested and found nearly as low as that of CS and much lower than that of PEI [35].

5. Conclusions

Regarding the data presented in this review, it can be stated that the use of biopolymers
as nonviral vectors is a recent approach. In addition, the number of studies on the topic is
limited with a low diversity of biopolymers or polysaccharides derivatives used for these
purposes. Therefore, these results highlight the need for further studies involving different
biopolymers as nonviral vectors to deliver genes into bacterial and eukaryotic cells.
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