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Introduction

Intracellular delivery of genetic materials (i.e., plasmid DNA,
siRNA or oligonucleotides) and anticancer drugs (e.g., doxoru-
bicin) has become one of the most pursued areas to treat vari-
ous complex diseases that have been considered incurable until
now. Gene therapy could be performed by supplementing the
aberrant gene with a functional one [1] or by the delivery of a
suicide gene [2] or via transfer of genes for the synthesis of new
therapeutic proteins [3]. For example, small interfering RNAs
(siRNAs) have the potential to use as therapeutic agents for the
treatment of various diseases including cancer, genetic disorders
and viral infections [4,5]. They are usually 19 to 21 nucleotides
in length, negatively charged, and therefore, they can’t pass
through the cytoplasmic membrane through simple diffusion
[6]. Furthermore, siRNAs are susceptible to RNase degradation
in the systemic circulation as well as in the interstitial spaces [7].
PEGylation of siRNA/cationic liposome complexes increase the
stability of the complexes in the systemic circulation through
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nanoparticles. ) Nanomed. 2018; 2: 1008.

Abstract

Due to the limitations of viral vectors with regard to the
cytotoxicity and immunogenicity, nonviral vectors, espe-
cially cationic liposomes, have been thoroughly investigated
for gene therapy both in vitro and in vivo. In this review, the
influence of structure-activity relationship of various amino
acid-based cationic lipids with respect to in vitro gene de-
livery efficiencies has been discussed. Cationic lipids have
been extensively investigated to explore the parameters
responsible for influencing the gene delivery efficiencies so
that lipid structures for efficient gene delivery can be de-
signed for both in vitro and in vivo applications. The mor-
phology and the physicochemical properties of the cationic
lipid assemblies are influenced by different parts of the cat-
ionic lipids such as the ionization states and the structure of
the hydrophilic head group, nature and length of the spac-
ers between the hydrophilic head group and the hydropho-
bic moiety, and type and length of the hydrophobic alkyl
chains.

the reduced adsorption of opsonins and increase the amount
of delivered siRNA in the target tissue [8]. Although cationic li-
posomes form aggregates with nonspecific proteins present in
the serum, many research groups have used various cationic
lipids such as DOTAP, DOTMA, DDAB, and molecularly targeted
cationic lipids (MTCL) to prepare siRNA/cationic liposome com-
plexes through electrostatic interactions and have successfully
delivered siRNA in vitro as well as in vivo [8,9]. A commercially
available cationic lipid formulation (i.e., Lipofectamine) is usu-
ally used for the delivery of siRNA [10,11].

Over the last few decades, many research groups have ex-
ploited different strategies to deliver both the genetic materials
and anticancer drugs in vitro as well as in vivo. Intracellular de-
livery vehicles can be broadly classified into two groups such as
viral and nonviral vectors. Among the viral vectors, Adenovirus,
Adeno-associated Virus (AAV) and retrovirus are the most com-
mon viruses used to deliver genetic materials to different type
of cancer cells. Viral vectors have several limitations like exces-
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sive immune response, insertional mutagenesis [12], limited
loading capacity [13], broad tropism [14], germ cell altercations
[15], inherent difficulties in pharmaceutical processing and
scale-up, and the possibility of the reversion of an engineered
virus to the wild type [16]. Viral vectors, therefore, are not safe
in clinical application, despite their easy entry into susceptible
cells due to the presence of a protein envelope on their surface
that helps them to specifically bind to the surface polysaccha-
rides (e.g., heparin sulfate) and receptor proteins of the target
cells. In contrast, nonviral vectors are less toxic, cost effective
and can be used for targeted delivery to specific cells [14]. Fur-
thermore, nonviral vectors have several other advantages such
as lack of specificimmune responses, ability to deliver large size
DNA, ease of handling and preparation techniques, and well
defined physical and chemical compositions [17-20], and high
purities. Important nonviral vectors such as liposomes [21-25],
PEGylated cationic cerosomes [26], micelles [27,28], dendrim-
ers [29,30], cationic polymers [31-33], polypeptides [34], gold
nanoparticles [35], iron oxide nanoparticles [36], modified silica
nanoparticles [12,37,38] as well as physical methods such as
electroporation have been exploited to deliver genetic materi-
als to various cells in vitro. However, the Achilles’ heel of these
nonviral vectors is their relatively low transfection efficiency
and short duration of gene expression [17,39]. Therefore, re-
searchers have been focusing on the design and synthesis of
new nanoparticles with high transfection efficiency that can be
comparable with the viral vectors. Among all the nonviral vec-
tors, cationic liposomes prepared upon hydration of cationic lip-
ids that are not biological lipid analogs, have the potential to be
used as an intracellular delivery vehicle with biodegradability
and associated low cytotoxicity.

In this review, the authors explained the chemical composi-
tion of different cationic lipids, physicochemical properties of
the cationic liposomes that influence the efficiency of in vitro
gene delivery, and cytotoxicity associated with the cationic lip-
ids mediated gene delivery.

Cationic lipids

In 1987, Felgner et al. first introduced cationic lipids as the
gene delivery vehicle [21]. Lipids are amphiphilic in nature and
contain a non-polar (i.e., hydrophobic) part and a polar (i.e., hy-
drophilic) head group. Furthermore, the cationic lipids used as
intracellular delivery vehicle also contain a linker to tether the
hydrophobic and hydrophilic moieties [40-42] and a spacer be-
tween the hydrophilic and hydrophobic moieties [43,44] (Figure
1).

The cationic head group interacts with the negatively charged
biomacromolecules such as DNA, RNA, proteins and ultimately
with the negatively charged cell membranes. The hydrophobic
tails influence the assembling state and stability as well as the
release profile of the entrapped molecules from the liposome.
The spacer modulates the hydrophilic/hydrophobic balance of
the assemblies. The linker acts as a scaffold part in cationic lipid
and tether the hydrophilic head group and the multiple hydro-
phobic tails. In aqueous systems, lipid molecules assemble to
form a closed bilayer structure (Figure 1) to protect their non-
polar groups from the aqueous environment while keeping
contact with the aqueous phase through the polar head group
[45].

The overall molecular structure of cationic lipids is impor-
tant to determine the assembling morphology upon hydration
and controls their complexation ability with genetic materials

and transfection efficiency. Until now, many cationic lipids (Fig-
ure 2) have been studied as cationic liposomes for gene deliv-
ery vehicle such as DOTMA [21], DOTAP [46], DOSPA or DOGS
[47], DC-Chol [48], SAINT-2 [49], DORIE [50], DMRIE [51], and
a-tocopherol [52].

Many cationic lipids don’t attain stable assembling states
upon hydration. Therefore, several helper lipids such as DOPE,
DOPC, DPPC, and cholesterol have been widely mixed with
cationic lipids in order to make stable assemblies. This review
mainly focuses on the structure-activity relationship of cationic
lipids and does not comment on any roles of helper lipids in the
gene delivery efficiency.

Hydrophobic moiety

Hydrophobic (nonpolar) parts of amphiphiles play a crucial
role for the formation of bilayer vesicles (liposomes) that even-
tually interact with the host cell membranes and have been in-
vestigated quite extensively. The structural variations of the hy-
drophobic domain such as length, specificity of chemical bonds,
the orientation of the hydrocarbon chains [52], as well as the
asymmetry and type of the hydrophobic domain can influence
the transfection efficiency. Different alkyl chain lengths (i.e.,
carbon number 12 to 18), and steroid derivatives have been
used as the hydrophobic part of the liposome-forming cationic
lipids.

Cationic lipids with two alkyl chains in the hydrophobic moi-
ety have been the most efficient structure for plasmid DNA de-
livery. However, cationic lipids with one, three or four (in case
of cationic gemini lipids) alkyl chains have also been reported
[53]. Pinnaduwage et al. [54] found that the transfection effi-
ciency of a cationic lipid CTAB (cetyltrimethylammoniumbro-
mide) with single alkyl chain was lesser than that of DOTMA, a
double tailed cationic lipid. It was also reported that the trans-
fection efficiency of the lipid with one alkyl chain was inferior
to that of the di- or tri alkyl chains counterparts [55]. Further-
more, the cationic lipids with three alkyl chains usually show
the lower transfection efficiency than lipids having two alkyl
chains [55]. The reasons for the lower transfection efficiency of
the lipids with one and three alkyl chains are their tendency to
form micelles and different molecular assembly, respectively, in
aqueous medium and therefore known as surfactants and have
higher toxicity.

The saturation level and the length of the alkyl chain also play
an important role in determining the physicochemical proper-
ties of liposomes and their transfection efficiency. Obika et al.
reported that the transfection activity was increased, when an
unsaturated bond was introduced in a long alkyl chain [56]. The
presence of the unsaturated bond in the hydrophobic chain of
lipid provides the larger aliphatic cross-sectional area due to cis-
bonding, the increased fluidity of bilayer membrane and there-
by stimulates the fusogenic ability of cationic liposomes with
the cell membranes [22] that in turn increases the transfection
efficiency. On the contrary, alkyl chain saturation results in the
increased stiffness of phospholipid bilayers [57,58]. Fletcher et
al. [59] demonstrated that the replacement of a double bond
with a triple bond in the alkyl chains of DOTAP influenced both
the structural and functional properties (i.e., transfection ef-
ficiency) of liposomes and lipoplexes. They also reported that
shifting of the triple bond location towards the end of the alkyl
chains increased the stability of the lipoplexes at physiological
temperatures. It was anticipated that alkyl chains with triple
bonds exhibit reduced kinks compared to cis-double bonds and
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provide more rigid liposomal bilayers. Hoekstra et al. [60,61] re-
vealed that the unsaturated alkyl chains enhanced the transfec-
tion properties of the pyridinium-based amphiphiles due to the
more dynamic packing features in terms of chain orientation in
a bilayer. It is also possible that the alkyl chains having double
bonds facilitated the permeation of the cellular membranes, an
usual property of amphiphiles that are able to perform intracel-
lular gene delivery. The transfection efficiency is also influenced
by the length of the alkyl chains. Obata et al. [62] demonstrated
that the transfection efficiency of amino acid-based cationic as-
semblies was influenced by the length of alkyl chains. The de-
gree of plasmid DNA delivery efficiency with regard to the length
of alkyl chains was dimyristyl (di-C14:0) > di-palmityl (di-C16:0)
> disteryl (di-C18:0). Felgner et al. also reported the synthesis
and evaluation of a novel homologous series of hydroxyethyl
quaternary ammonium derivatives with different alkyl chain
substitutions. The order of transfection efficiency was dimyri-
styl (di-C14:0) > dioleoyl (di-C18:1) > di-palmityl (di-C16:0) > dis-
teryl (di-C18:0). Similarly, Folch et al. [63] found that the trans-
fection efficiency of a series of phospholipids depend on the
length of hydrophobic alkyl chains and followed the order: C14
(myristyl) > C16 (palmityl) > C18 (stearyl). Furthermore, cationic
lipids with C12 alkyl chains are also highly efficient in in vitro
plasmid DNA delivery. However, these liposomes are highly un-
stable and more amount of lipid is required to form lipoplexes.
Hence, cationic lipid polymorphism and liposomal membrane
integrity affect the DNA binding affinity of cationic liposomes
[64]. The superior transfection efficiency of lipids with shorter
alkyl chains is due to the reduced rigidity and increased fluidity
of the membrane bilayer that resulted in the lower phase tran-
sition temperature when compared to their longer alkyl chains
counterparts. Thus, they bring about a greater transfer of lipids
between the lipid membranes and their mixing. This results in
the disruption of endosomes followed by the release of DNA
into the cytosol [65].

The in vitro activities of asymmetric lipids are usually supe-
rior to their symmetric analogues. The intermembrane mixing
is enhanced by the asymmetry of the hydrophobic moiety of a
lipid and the rate of the plasmid DNA association is low with the
symmetry which results in the greater DNA delivery efficiencies
of asymmetric lipids.

Among the steroid compounds used as the hydrophobic
moiety for cationic lipids include cholesterol [48], vitamin D
[66], bile acids [67], antibiotic [68], cholestane and litocholic
acid [69]. In 1991, Huang et al. [48] pioneered the synthesis
and evaluation of the cholesterol-based cationic lipid, 3-B-[N-
(N’,N’-dimethylaminoethane)-carbamoyl] cholesterol (DC-Chol)
in A431 human epidermoid carcinoma cells, YPT minipig prima-
ry endothelial cells, L929 mouse fibroblast cells, and A549 hu-
man lung carcinoma cells.The low cytotoxicity of DC-cholesterol
made it the first cationic lipid subjected to clinical trials [45].
Kedika et al. [70] reported the synthesis and evaluation of a se-
ries of serum compatible novel tocopherol based monocationic
lipids. They demonstrated that these tocopherol based lipids
had 4-fold higher transfection efficiency than that of the com-
mercial formulation ‘Lipofect’ and can be targeted to liver.

Linker

The linker acts as a scaffold in the cationic lipids and teth-
ers the hydrophobic moieties and the hydrophilic head group.
The most frequently used linkers are ether or ester bonds, car-
bamates, amides, glycerol, and amino acids (e.g., aspartate and
glutamate). Many lipids have been nomenclated according to

the linker present in a particular lipid. For example, lipids having
glycerol as the linker are known as glycerol-based lipids and the
lipids having amino acids (e.g., aspartate and glutamate) as the
linker are known as amino acid-based lipids. Type, length and
orientation are the important properties of the linker that influ-
ence both the physicochemical properties and the gene deliv-
ery efficiency of cationic liposomes. Felgner et al. [22] revealed
that the ester linkage of DOTAP was easily metabolizable and
that might be responsible for the lower cytotoxicity when com-
pared to its lipid counterpart DOTMA having ether bond. Ghosh
et al. [40,41] reported that the nature of linkage between the
cholesteryl backbone and the cationic head group controlled
the gene transfection efficiency. They demonstrated that the
presence of an ether linkage showed the superior gene trans-
fection efficiency than that of the ester and urethane linkages.
Because the presence of ether linkage makes these compounds
hydrolytically stable and their aqueous suspensions are known
to have long shelf lives. However, many reports including ours
[43,44,62,64,71,72] have been published demonstrating the
excellent transfection efficiency and very low cytotoxicity us-
ing cationic lipids comprised of alkyl chains that are tethered to
different amino acids (e.g., lysine and arginine) as the cationic
head group through ester linkage. The advantages of cationic
lipids bearing ester linkage are their sensitivity to endosomal
acidic pH and hydrolysis by the cellular esterase. Kim et al. [71]
reported the synthesis of two different cationic lipids comprised
of a core of lysine, two C-14 hydrocarbon chains and either as-
partate or glutamate as the linker that held the two alkyl chains
through ester bond formation. They demonstrated that the
cationic lipid with glutamate as the linker showed better gene
delivery efficiency both in vitro and in vivo when compared to
their aspartate linker containing counterpart. The presence of
one more carbon in the core backbone structure of the gluta-
mate containing lipid may influence the structure/conformation
of the lipoplexes and brings about the increased exposure of
the lipoplexes’ positively charged groups. Hence, the interac-
tion between the resulting positively charged and stable lipo-
plexes and the negatively charged cell surface would be more
effective and will bring about a better intracellular uptake of
plasmid DNA.

In the same line, Obika et al. [56] explained that the qua-
ternary ammonium group of the cationic triglycerides having a
short linker was embedded in the bilayer of liposomes. Conse-
quently, the interaction between the positively charged head
group of the liposomes and the negatively charged plasmid DNA
and/or the cell membrane would be interrupted. Therefore, cat-
ionic lipids with a longer linker are recommended for better ef-
ficiency of plasmid delivery. Apart from the type and length, the
orientation of the linker influences the physicochemical prop-
erties as well as the gene delivery efficiency of cationic lipids.
Rajesh et al. [73] reported that a minor structural variation such
as any changes in the orientation of the linker profoundly influ-
enced DNA binding ability, membrane rigidity, membrane fus-
ibility, cellular uptake, and gene delivery efficiency of cationic
liposomes.

Spacer

Bhattacharya et al. [74-77] are the pioneer in introducing
spacers of different nature and length to the cationic gemini
lipids that typically possess two cationic lipid monomers com-
prised of two polar head groups and four long aliphatic chains,
linked by either a rigid or flexible spacer between the cationic
head groups (Figure 3).
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Furthermore, each cationic gemini lipid monomer can also
have cholesterol or thiocholesterol moieties as the hydrophobic
tails attached to the hydrophilic cationic head group either via
ether or disulfide linkage [78,79]. The nature of the spacer could
be hydrophobic flexible (e.g., -(CH,).-), hydrophobic rigid (e.g.,
-C,H,-) or hydrophilic flexible (e.g., -CH,CH,-O-CH,CH,-) (79).
The nature and length of the spacer and their hydrophobicity
influence the assembling structure and transfection properties
of gemini amphiphiles [79]. They also demonstrated that (i)
membrane properties of the gemini amphiphiles can be modu-
lated by the spacer chain length of the ion-paired amphiphiles
[76], (ii) the size and morphology of vesicles, and the degree
of hydration of the gemini amphiphiles depend strongly on the
length of the spacer [80], (iii) the length and conformation of
the spacer influence the thermal properties such as phase tran-
sition temperature (T), enthalpy (AH), and entropy (AS) of the
cationic gemini ampbhiphiles [76,80], and (iv) the transfection ef-
ficiencies of the cationic gemini amphiphiles are serum compat-
ible [78,81]. Luciani et al. [82] reported that gemini amphiphiles
with long spacers get more hydrated which influence the orga-
nization of the corresponding liposomes. They also found that
a small variation of the lipid hydration level influences plasmid
DNA conformation in the lipoplexes. Obata et al. [44] for the first
time demonstrated that the spacers of amino acid-based cat-
ionic lipid influence the physicochemical properties of cationic
liposomes and evaluated the gene delivery efficiency of the pD-
NA-encapsulating liposomes in the COS-1 cell line. They synthe-
sized a series of amino acid-based cationic lipids with lysine as
the head group and 1,5-dihexadecyl-L-glutamate (i.e., Glu,C )
as the hydrophobic moieties. A hydrocarbon chain composed
of 0, 3,5, 7, or 11 carbons was used as a hydrophobic spacer or
an oxyethylene chain (10 carbons and 3 oxygen molecules) was
investigated as a hydrophilic spacer. They concluded that the
cationic lipids with hydrophobic spacers showed the higher fu-
sogenic potential and, in turn, the higher transfection efficiency
in general when compared to their hydrophilic spacer counter-
parts and the cationic lipid with a 7-hydrocarbon chain spacer
was the best in particular. The superior transfection efficiency
of the liposomes with hydrophobic spacers is due to the expo-
sure of the hydrophobic spacer unit to the hydrophilic moiety
of the lipids and thereby enhances the fusogenic potential to
a biomembrane through hydrophobic interaction [83]. There-
fore, the cationic lipids with a large hydrophobic spacer showed
a higher fusogenic potential. On the contrary, the hydrophilic
nature of the oxyethylene spacer brought about a lower fuso-
genic potential due to hydrophilic repulsion with the endosomal
membrane [44]. They have also reported the synthesis and char-
acterization of a series of amino acid-based cationic lipids with
lysine as the cationic head group, different hydrocarbon chain
spacers (i.e., 0, 3,5, or 7), and 1,5-ditetradecyl-L-glutamate (i.e.,
Glu,C,,) as the hydrophobic moieties. They also evaluated the
transfection efficiencies of the cationic assemblies in the COS-7
cell line. The length of the hydrocarbon chain spacer influences
the size and the morphology of the lipid assemblies. The cation-
ic lipid with no hydrocarbon chain spacer formed highly unsta-
ble cationic assemblies and the size of the cationic assemblies
increased as the spacer length increased from 3 to 5. The cat-
ionic lipid with a 3-hydrocarbon chain spacer showed the best
transfection efficiency to COS-7 cells. Furthermore, the cationic
lipid with a 7-hydrocarbon chain spacer form either tube-like
or rod-like structures rather than the usual vesicular structure
[43]. Indeed, other reports also explained that the cationic li-
pid assemblies prepared from amino acid based cationic lipids
formed vesicles, fibers, or ribbons, depending on small structur-

al variations [62,84,85]. There is no significant influence of the
spacer length on the phase transition temperature of the lipid
assemblies [43]. However, some previous reports demonstrat-
ed that the spacer of cationic gemini amphiphiles significantly
influence the phase transition temperature of their assemblies
[76,80]. It is possible because of the orientation of the spacer in
the lipid molecule. If a spacer is added between the hydrophilic
head group and the hydrophobic moiety of a lipid, the orienta-
tion of the spacer would be vertical to the membrane. There-
fore, the spacer’s orientation significantly influences the loca-
tion of the hydrophilic head group. However, if a spacer acts
as a cross linker between the cationic head groups of the lipid
monomers, it will influence the lateral molecular packing of the
membrane structure rather than the location of the hydrophilic
head group. Consequently, the spacer’s role in molecular pack-
ing of the cationic assemblies would be different because of the
structural differences of the lipids.

Hydrophilic moiety

Hydrophilic (i.e.,polar) moiety of the lipid amphiphiles
determines the surface charge of the resultant liposomes. For
example, lipids with phosphatidyl ethanolamine (i.e., DOPE)
and phosphatidyl choline (i.e., DOPC and DPPC) have a zwitter
ionic head group are neutral lipids and the lipids with cationic
head groups (e.g., amino acids, and ammonium groups) are
known as cationic lipids. In case of amino acid based cationic
lipids, the hydrophilic amino acids (e.g., lysine, arginine etc.) as
well as their counterions (i.e., HCI- or TFA-counterion) influence
the zeta potential of the cationic lipids. It has been reported
that cationic lipids with TFA-counterion in the cationic head
group (i.e., either lysine or arginine) shows higher zeta potential
when compared to the presence of HCl-counterion [43,86].
Furthermore, the hydrophilic moiety (i.e., head group) of lipid
is influenced by the aqueous environment and the positively
charged head group interacts directly with the negatively
charged plasmid DNA through electrostatic interaction. Lipids
possessing a quaternary ammonium group [i.e., -N* (CH,),] such
as DOTAP and DOTMA showed the relatively lower transfection
efficiency due to the steric hindrance at the nitrogen atom [45].
Steric hindrance deters plasmid DNA from the usual electrostatic
interaction with the positively charged quaternary ammonium
group to form the lipoplexes and thereby result in the lower
transfection efficiency.

The trimethyl ammonium group of DOTAP and DOTMA has
been modified by substituting one of its methyl group with a
-hydroxyethyl group to synthesize 1,2-dioleoyloxypropyl-3-
N,N’-dimethyl-N’-hydroxyethylammonium bromide (DORIE)
and 1,2-dimyristoyloxypropyl-3-N,N’-dimethyl-N’-hydroxyeth-
ylammonium bromide (DMRIE), respectively [22]. Behr et al.
[47] synthesized a series of lipospermines such as DOGS and
DPPES having multiple positive charges in the head group and
evaluated their gene delivery efficiency. They successfully deliv-
ered plasmid DNA to various cell lines with transient and stable
expression and low cytotoxicity.

The hydroxyl group enhances the electrostatic interaction of
plasmid DNA with lipids and consequently improves the affin-
ity of the resulting lipoplexes with the cellular membranes. This
leads to their superior transfection efficiency over DOTAP and
DOTMA both in vitro and in vivo [22]. Banerjee et al. [87] syn-
thesized a series of non-glycerol-based cationic lipids with one
or two hydroxyethyl groups directly linked to the quaternary
ammonium head group. They reported that the lipid with two
hydroxyethyl groups had better transfection efficiency than that
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of the lipid with one hydroxyethyl group. The enhanced trans-
fection efficiencies are due to the improved interactions of the
functionalized cationic lipids or the lipoplexes with the cell sur-
face of biological membranes via hydrogen bonding [22,87,88].

Majeti et al. [89] delineated the superior lung transfection
efficiency of the cyclic head group containing cationic lipid
when compared to their open head analogs. The superiority of
the cyclic head lipids may be related to the faster rate of subse-
quent serum-induced disintegration. Furthermore, the covalent
grafting of the Tris-base component of Tris-buffer in the head
group region of cationic lipid was shown to impart excellent se-
rum compatibility in the presence of up to 90 % serum and high
transfection efficiency [90]. The high transfection efficiency
might be due to the favorable interactions between the three
hydroxyl groups of the Tris-lipid and cell surface components.
Bajaj et al. [91] reported that the gene transfer efficiencies de-
pend on the nature of the head group and cholesterol based
cationic lipid bearing 4-N,N’- Dimethylaminopyridine (DMAP)
showed the highest transfection efficiency in the presence of
serum.

A novel series of nonglycerol based cationic lipids with in-
creasing hydrophobic tails and different amino acids such as
serine, alanine and R-alanine as the head group functionalities
have been synthesized and evaluated in terms of gene delivery
efficiency to different cell lines in vitro [92]. It was found that
the plasmid delivery efficiency of cationic lipids can be modu-
lated significantly through little structural variations in both the
polar head group and nonpolar tail moieties of the lipid. The
synthesis and relative in vitro transfection efficiencies of a series
of mono-, di-, and tri-lysinated cationic lipids with different al-
kyl chains have also been reported [93]. Liposome formulations
prepared from the lipid bearing myristyl tail and single lysine as
the head group and DOPE as colipid showed higher gene deliv-
ery efficiency when compared to other lipid formulations such
as Lipofectamine. The presence of multiple positive charges in
the head group functionalities didn’t influence the compact-
ness and hydrodynamic size of the lipoplexes, the transfection
efficiency and the cytotoxicity of the cationic amphiphiles.

The gene delivery efficiency of the amino acid-based cati-
onic liposomes with arginine as the cationic head group have
better transfection efficiency than that of their lysine head
group counterparts to neuronal cells such as SH-SY5Y and PC-12
cells as well as Hela cells [86]. Arginine head group containing
cationic liposomes have also higher plasmid DNA delivery ef-
ficiency to primary cultured neurons when compared to that of
the lysine head group containing cationic liposomes as well as
Lipofectamine™2000 [94]. The superior transfection efficiency
of arginine-based liposomes is due to the guanidino group of
arginine that provides strong capability to condense negatively
charged DNA. The pK value of the guanidine group and the
side chain of lysine is 12.48 and 10.53, respectively. Therefore,
cationic liposomes with arginine as the cationic head group pos-
sess stronger positive charges when compared to their lysine
head group counterpart at physiological pH 7.4. Moreover,
the guanidinium group remains protonated over a wide range
of pH, forms hydrogen bonds with purine and pyrimidine nu-
cleobases, and also has a crucial role in various DNA binding
proteins like histones and protamines. It is also capable of form-
ing zwitterionic hydrogen bonds with phosphate ions [28,95].
Furthermore,the formation of hydrogen bonds between the
guanidino moiety of arginine and the phosphates, sulphates,
carboxylate groups of the cell membrane components might be

influenced synergistically [96]. The transfection biology of novel
non-cholesterol based cationic lipids with a single guanidinium
head group and C14 to C18 aliphatic hydrocarbon as the tail
have also been reported [96]. Vigneronet al [28] reported the
synthesis of Bis-Guanidinium-Tren-Cholesterol (BGTC), a cho-
lesterol derivative bearing two guanidinium groups. They dem-
onstrated that BGTC can be used as an efficient transfection
reagent into a variety of mammalian cell lines when used as a
micellar solution as well as liposomal formulation in combina-
tion with the helper lipid DOPE.

The conjugation of an endosome-disrupting histidine moiety
in the hydrophilic region of cationic amphiphiles increases their
plasmid DNA delivery efficiency [97]. Later on it has been re-
ported that the correlation between the in vitro gene delivery
efficiency and the presence of the number of histidine moieties
in the hydrophilic regions of histidinylated cationic amphiphiles
is not linear [98]. The medium used in the formation of lipo-
plexes between the histidinylated cationic amphiphiles and the
plasmid DNA significantly influences the transfection efficien-
cies as well as the serum compatibilities. However, amino
acid-based cationic lipids bearing histidine as the head group
functionalities formed tube-like structures albeit lysine and
arginine as the head groups formed unilamellar vesicles [62].
The order of transfection efficiency was as follows: lysine > argi-
nine > histidine.Heyes et al. [99] also reported the synthesis of
cationic lipids with lysine, arginine, histidine and tryptophan as
the head group. The transfection efficiency was the highest for
lysine/arginine derivatives. Recently, cholesterol based cationic
lipids bearing amino acids (e.g., lysine or histidine) as the cat-
ionic head groups have been used as the efficient gene delivery
vehicles [100]. Furthermore, amino acid based cationic lipids
with a-tocopherol as the hydrophobic tail and glycine, histidine-
glycine, or lysine-glycine as the cationic head group were used
as gene delivery vehicles [52]. It has also been reported that
amino acid based cationic lipids with dipeptide (i.e., lysine-gly-
cine) as the hydrophilic head group perform better as a gene
delivery agent when compared to that of only amino acids such
as glycine [52].

Aberle et al. [101] reported the influence of counterions on
the gene delivery efficiency of quaternary trimethylammonium
cytofectin, DOTAP and the lipids with iodine as the counterion
showed the best transfection efficiency among the halogens.
Sarker et al. [43] reported the design, synthesis and charac-
terization of a series of lysine-based cationic lipids with 1,5-
ditetradecyl-L-glutamate as the hydrophobic moiety, 3-hydro-
carbon chain as the spacer, and lysine as the hydrophilic moiety
with different ionization states such as NH, (a), -NH,*Cl(b),or
-NH,*TFA (c). They demonstrated that the ionization states of
the lysine head group influenced the size and morphology, zeta
potential, phase transition temperature as well as the trans-
fection efficiency of the amino acid-based cationic assemblies
[43]. However, cationic lipid b formed a micellar structure and
didn’t show any distinct phase transition temperature. This is
presumably due to the presence of highly hydrophilic -NH_*CI
in the lysine head group that results in the bigger head group
volume and formation of a micellar structure. By contrast, a and
¢ formed multilamellar vesicular structures and c had the high-
est zeta potential. Furthermore, the ionization state of cationic
head group influenced the phase transition temperature (T),
AH, and AS of the cationic assemblies. Thus, difference in the
ionization states in the hydrophilic head group of amino acid-
based cationic assemblies influences their molecular assembly
as well as their packing states.
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We have summarized the hydrophobic moieties and the ami-
no acids used as the hydrophilic moiety to prepare amino acid
based cationic lipids in Table 1.

Intracellular delivery of plasmid DNA

The intracellular delivery of plasmid DNA can be performed
through either simple complex formation between plasmid DNA
and cationic liposomes or encapsulation of plasmid DNA within
the hydrophilic core of the liposomes comprised of mixed lipid
formulations [43,44,108,109]. Caracciolo et al. [110] reported
the distinct advantages of the encapsulation strategy such as:
(i) encapsulation requires a lower amount of cationic lipid to
condense plasmid DNA and the lesser amount of cationic lipid
contributes to lower cytotoxicity; (ii) particles for encapsulation
have the higher fusogenic potential when compared to the lipo-
plexes. This phenomenon could be due to the greater interac-
tion between the cationic liposomal lipids and the anionic lipids
of cell membranes because of the absence of DNA in the lipo-
somal membrane and to the less number of lipid membranes to
be removed. Hence, the encapsulation of plasmid DNA in the
lipid envelope has a distinct advantage for releasing DNA in the
cytosol; (iii) the encapsulation of plasmid DNA with lipid mem-
brane or insertion in the lipid bilayer membranes help to block
the usual interaction between the negatively charged plasmid
DNA and the positively charged serum proteins during the in
vivo applications. Furthermore, encapsulation strategy helps to
protect plasmid DNA from the attack of endogenous nucleases
[44,110]. Recently, Kobuta et al. have reported that encapsulat-
ed siRNA within lipid nanoparticles (LNPs) also showed higher
stability and cell uptake efficiency as well as low cytotoxicity
including reduced release of cytokines (i.e., TNF-a and IL-1pB)
[111]. However, the encapsulation of plasmid DNA in the aque-
ous core of liposome is a very tedious process and the encap-
sulation efficiency is also very low. On the other hand, the lipo-
plexes are formed by very simple strategy such as electrostatic
interaction between the positively charged cationic liposomes
and the negatively charged plasmid DNA added to the liposome
dispersion. In the absence of serum, the positively charged li-
poplexes bind electrostatically with the negatively charged sul-
phated groups of mammalian cell surface proteoglycans [110].
Then the lipoplexes can be taken up inside the cell either via an
endocytosis process or a membrane fusion process (Figure 5).

Lipoplexes can also interact with a specific cell surface re-
ceptor provided the surface of liposomes contains any ligands
and go through the receptor-mediated endocytosis. Lipoplexes
usually follow either clathrin-mediated or caveolin-mediated
endocytic pathways. The postulated events of the dissociation
of plasmid DNA from lipoplexes can be described as follows: (i)
the dissociation of DNA from the lipoplexes through the neu-
tralization of the positively charged cationic lipids with the
anionic lipids of cell membranes; (ii) phase change/evolution
of the lipoplex lipids (conversion from lamellar to hexagonal
phases) upon interaction with the cellular lipids is decisive for
transfection process; (iii) fusion of lipoplexes with endosomal
membranes facilitates DNA release from endosomes into cyto-
plasm, and promotes DNA expression. It was reported that the
superior transfection efficiency of liposomes strictly correlated
with their ability to escape from endosomes and the endosomal
rupture resulted in the extraordinary homogeneous distribu-
tion of unbound plasmid DNA throughout the cytoplasm and in
the nucleus [112]. Xu et al. [65] also proposed that the cationic
lipoplexes are taken up by the cells via endocytosis and bring
about the destabilization of the endosomal membrane which

stimulates flip-flop of the anionic lipids (i.e., phosphatidyl ser-
ine (PS)) of the cytoplasm facing monolayer. Then the unstable
endosomal membrane diffuses laterally with the lipoplexes and
forms a neutral ion pair between PS and the cationic lipids. This
results in the dissociation of plasmid DNA from the lipoplexes
and the release of DNA into the cell cytoplasm. This mechanism
is supported by the superior transfection efficiency of the cation-
ic liposomes containing DOPE as the helper lipid. The increased
transfection efficiency is attributed to DOPE’s potential to pro-
mote the formation of an inverted hexagonal phase (H ) than
lamellar phase (La) [113,114]. It was also reported that plas-
mid DNA delivered to neuroblastoma cells (i.e., SH-SY5Y cells)
by the amino acid-based cationic liposomes having arginine as
the head group was released from the early endosomes [115].
Furthermore, the cationic liposomes had the higher ability to
destabilize the endosomal membrane when compared to cati-
onic polymers (e.g., PEl) to release plasmid DNA prior to fuse
with the endosome/lysosome. Thus, the plasmid DNA escapes
the lysosomal degradation and bring about the increased trans-
fection efficiency [116]. Finally, the released plasmid DNA got
transported to the cell nucleus through nuclear pore complex
(NPC) followed by transcription and gene expression.

In the case of simple membrane fusion, lipoplexes fuse to the
random sites in the plasma membrane and release plasmid DNA
to cytosol, that eventually reach the nucleus through previously
mentioned mechanism. However, in the presence of serum,
serum proteins interact with the positively charged lipoplexes.
To this end, two phenomena are possible: first, serum proteins
attach on the positively charged lipoplexes and result in the
aggregationofthelipoplexparticles; second, serum proteins bind
to the lipoplexes and bring about the negative zeta potential and
stabilize particle size due to the electrostatic repulsion among
the lipoplex particles. In the latter case, the lipoplex particles
are highly stable. However, the cellular uptake mechanism of
these negatively charged lipoplexes in the presence of serum
is still unknown. We assume that the exposed positive charges
of the negatively charged lipoplexes would interact with the
negatively charged cell membrane, albeit the net zeta potential
of the lipoplexes is negative. The zeta potential of the lipoplexes
has been reported as a critical factor for their stability,
interaction with the cell surface, prevention of interaction with
the cell surface as well as the protection of plasmid DNA from
nuclease degradation in vivo [117]. Lipoplexes with positive
charge show elevated gene delivery efficiency because of
the electrostatic interaction with the sulphated membrane-
associated proteoglycans [118]. Sulphated proteoglycans are
highly negatively charged components of cell membrane and
composed of a group of proteins covalently linked to one or
more polysulfated glycosaminoglycan (GAGs) polysaccharides
[119]. By contrast, lipoplexes with negative potential show
lower transfection efficiency due to weak interaction with the
cell surface GAGs, since very few positive charges are exposed
on the lipoplexes even though the net zeta potential is negative
[86]. It has also been reported that cellular uptake rate and
amount are positively correlated with the surface charge of the
nanoparticles [120].

The intracellular delivery of plasmid DNA is presumably influ-
enced by the size and zeta potential of lipoplexes [117,121,122].
In fact, lipoplexes enter into cells by endocytic pathways such as
clathrin- and caveolae-mediated endocytosis and they are de-
pendent on the particle size [123,124]. The lipoplexes of 250
nm in size were taken up via clathrin-mediated endocytosis,
whereas the lipoplexes of 500 nm were taken up via caveolae-
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mediated endocytosis [116]. Albanese et al. [125] reported that
the cell and mediator types may play a significant role in the
cellular uptake efficiency. For example, the cellular uptake effi-
ciency of aggregated nanoparticles for HeLa and A549 cells was
reduced by 25% when compared to the single and monodis-
perse nanoparticles. However, the uptake of large aggregates
was 2-fold more for MDA-MB 435 cells.

The gene delivery efficiency depends on the morphology of
the cationic assemblies such as vesicular, micellar, rod/tube-like
structures [43,62]. It was also reported that rod/tube shaped
liposomes did not show any transfection efficiency. When lipo-
plexes formed from the cationic liposomes are exposed to acid-
ic conditions, they disassemble significantly and release DNA
that result in the higher transfection efficiency. On the contrary,
the morphology of micellar aggregates is unresponsive to pH
change that result in the lower conversion of lamellar to hex-
agonal phase and the inefficient release of the plasmid DNA
from the early endosomes, thereby low transfection efficiency
[126].

If the lipoplexes go through the lysosomal pathway, plasmid
DNA may get degraded while reaching the lysosomes by nucle-
ases. Hence, for efficient transfection, plasmid DNA needs to be
released to the cytosol from the early endosomes [127]. The
pH of early endosomes is slightly acidic (i.e., pH 6.0-6.5) that
results in the release of plasmid DNA from the endosomes. The
endosomal release of plasmid DNA may be due to: i) the fu-
sion of lipoplexes with the endosomal membrane, ii) flip-flop
movements of the negatively charged phospholipid from the
cytoplasmic-facing monolayer of the endosomal membrane to
the inner monolayer induce the formation of a neutral charge
ion pair with a positively charged group of the cationic lipid, iii)
osmotic rupture of the endosomes [128]. The ability of trans-
fection reagents to switch over to the inverted hexagonal phase
from the lamellar phase in the acidic endosomal environment
facilitated the endosomal release and escape of DNA. Lipids in
the vesicular structure have preference for hexagonal phase
than micellar structure.

Cytotoxicity

The cytotoxicity of cationic liposomes is significantly lower
than that of viral vectors. However, cationic liposomes have
some cytotoxicity both in vitro and in vivo. For example, cationic
liposomes after a certain concentration range bring about vari-
ous changes of the exposed cells such as cell shrinking, reduced
number of mitoses and vacuolization of the cytoplasm [126].
Important proteins like protein kinase C may also be inhibited
by cationic liposomes [129]. Other toxic effects include induc-
tion of hemolysis [130], induction of fusion between erythro-
cytes [131], enhanced superoxide production by neutrophils
[132], decreased production of 1gG and IgM by human periph-
eral blood mononuclear cells [133], and down regulation of ni-
tric oxide and tumor necrosis factor a synthesis [134]. Positively
charged liposomes have also been noted to cause complement
activation via the alternative pathway [135] and induction
of acute systemic inflammatory reactions. The cytotoxicity of
cationic lipid assemblies could be attributed to the hydrophilic
head groups, nature of the linker, and the hydrophobic tails. The
quaternary amine head group is more toxic than their tertiary
amine counterparts [129] because of the steric hindrance. The
replacement of the linear amine head group with a heterocyclic
ring such as pyridinium, guanidine or imidazole spread the posi-
tive charge of the cationic head and thereby reduces toxicity
significantly. We have demonstrated that amino acid-based cat-

ionic liposomes with primary amine group containing cationic
head group have very low cytotoxicity [43,62]. Such low cyto-
toxicity of amine derivatives might be due to the absence of
steric hindrance that gives plasmid DNA an easy access to the
cationic head group.

Ester bond is less toxic because of their easy hydrolysis by
esterase that results in the higher biodegradability. However,
ether bond is too stable to be biodegraded in the physiological
condition and thus cause toxicity, albeit their excellent trans-
fection efficiency [136]. Lipids with carbamate bonds also have
low cytotoxicity [137,138]. Because they are stable in the physi-
ological pH and get degraded in the endosomal pH that is acidic
and 1-2 lower than the physiological pH. The length of the linker
is also known to influence the cytotoxicity and the increased
length of the linker decreases cytotoxicity [139]. Composition
of the hydrophobic moiety influences the toxicity of the cationic
liposomes. Cationic lipids with steroid back bones such as de-
rivatives of cholesterol as the hydrophobic moiety inhibit Pro-
tein Kinase C (PKC) and therefore more toxic when compared
to their alkyl chains counterparts [129]. Micellar structures are
more toxic than the liposomal structures. Micellar structures
have higher membrane curvature that is responsible for the
lower fusion with the endosomal membrane and result in the
lower transfection efficiency. Therefore, efficiency of the fusion
with the endosomal membrane followed by the release of plas-
mid DNA from the endosomes is the key step for the elevated
transfection efficiency as well as low cytotoxicity. However, the
incorporation of DOPE with the cationic lipids increases toxicity
to immune effector cells such as macrophages albeit its endo-
somal membrane destabilization ability to release nucleic acids
into the cytoplasm [134]. The replacement of DOPE by Dipalmi-
toylphosphatidylcholine (DPPC) significantly reduces liposome
toxicity towards macrophages. Cationic liposomes inhibit Pro-
tein Kinase C (PKC), an important enzyme that is responsible for
the synthesis of Nitric Oxide (NO) and Tumor Necrosis Factor-a
(TNF-a). At higher concentrations, cationic liposomes are toxic
because of their higher affinity to interact with the cell mem-
brane as well as the endosomal membrane when compared to
the lipoplexes.

Conclusions and future perspectives

Cationic liposomes are the most potential alternative non-
viral vectors for the intracellular delivery of plasmid DNA or
oligonucleotides. The morphology and the transfection effi-
ciencies of cationic assemblies are influenced by the different
parts of the cationic lipids such as hydrophobic moieties, hy-
drophilic head groups, ionization state of the head groups, type
and length of the spacers and linker molecules. Until now, many
research groups have been trying to design and synthesize cat-
ionic lipids that can be used to deliver plasmid DNA both in vitro
and in vivo with low cytotoxicity. One typical example is a series
of amino acid-based cationic assemblies with lysine or arginine
as the hydrophilic head group having different ionization states,
glutamate as the backbone to hold two alkyl chains as the hy-
drophobic moieties, the hydrocarbon chain spacers between
the hydrophilic head group and the hydrophobic part showed
highly efficient gene delivering efficiency with low cytotoxicity.
Therefore, it would be worth to explore further on the cellular
uptake mechanism of the amino acid based cationic assemblies
and their drug (i.e., plasmid DNA, oligonucleotides and pro-
teins) delivery efficiency in vivo.

Journal of Nanomedicine



MedDocs Publishers

Figures
Counterions
Linker Head group .
S Hydration
Acyl chain

Amino acid-based
cationic lipid monomer

Amino acid-based cationic liposome

Important physicochemical properties

Size

Morphology

Zeta potential

Phase transition temperature

Figure 1: Schematic representation of amino acid-based cationic lipid monomer, cationic liposome and important physicochemical

properties.
— o Cr NH;*
T T LW Q N(CHy), §
NN~ H
DOTMA
= o) gl’ “H,N
N O%N(CHQS
HHY HN
DOTAP O
\
—\
—\
L +
. {
—\ /
\_\j N
9 /
N-C { HiC-N
N cl
a NH,*
/_/J DOGS
e N [
/ |
HO\/\Nt/ (6]
N ‘
N Br- Cl-
AN
CTAB
|
3, 7% HO\V/A\NL o)
N Cr \
CTAC PN Ck
H:N\
+)C—NH—
)/g
H,N
- [e)
N
:\/\V_L‘_n
H,N
BGTC

DPPES

Figure 2: Chemical structure of representative cationic lipids.

DORIE

DMRIE

\ /\/\/\/\/:/\/\/\/\
o {I*\/[O —
) g/\/[ OW\/\/_/\/\/\/\

DOSPA

Journal of Nanomedicine



MedDocs Publishers

()
. Head group
| Spacer
— Linker (i.e., Glutamate)
Amino acid-based cationic
lipid monomer ; Acyl chain

(b)

. Head group
— Spacer
Acyl chain

Cationic gemini lipid
monomer

Figure 3: Structural representation of amino acid-based cationic lipid (a), and cationic gemini amphiphiles (b).

0 0 0
N O O O-(CHCH;  THN O, O J-O-(CHjCHy  TRAHN O O =0-(CHy)sChy
C-N=(CHyy-C-N CN—(CHyyCN

.
C-N~(CHyyC-N
0~(CHy)iCHy 0—{CHy)yyCHy 0~(ChHphaCHy
0 0
HoN CITHN TRAMHN
(2) (b) (©)

Figure 4: Structure of amino acid-based cationic lipid 1,5-ditetradecyl-N-lysyl-L-glutamate with different ionization states in the

lysine head group (a) NH, (b)-NH,*Cl',and (c) -NH_*TFA".

Journal of Nanomedicine



MedDocs Publishers

XITR
NEA

a0V B
Plasmid DNA +.;} ;?, g,
FEyye
+ +
Cationic liposome
® Dynamin
e Clathrin
e Caveolin

1. Clathrin-mediated uptake
2. Caveolin-mediated uptake
3. Membrane fusion

Yy ———>

Early endosome

\

Endosomal release

Late endosome ——>» Lysosome

Nucleus

Figure 5: Postulated mechanism of intracellular plasmid DNA delivery through cationic liposomes.

Tables

Table 1: Hydrophobic moieties and amino acids present in the amino acid based cationic lipids.

Hydrophobic moieties Amino Acids Refs.
n-lauroyl amide Arginine [102,103]
n-tetradecyl alcohol Lysine, Arginine, Histidine [62]
n-hexadecyl alcohol Lysine, Arginine, Histidine [62]
n-octadecyl alcohol Lysine, Arginine, Histidine [62]
n-tetradecyl alcohol Lysine-HCI counterion or TFA-counterion [43]
n-tetradecyl alcohol Arginine-HCl counterion or TFA-counterion [43]
a-tocopherol Glycine, Histidine-glycine, Lysine-glycine [52]
Oleylamine Glutamic acid [104]
Myristyl alcohol Mono-, di-, tri- lysine [93]
n-hexadecylamine Histidine [97,98]
Cholesterol Lysine, histidine, arginine [105]
Alkyl chains such asoclc;le’ C14,C16, C18 and Arginine, histidine, lysine, tryptophan [106]
Dialkyl-B-alanine, dialkylglycine Lysine [107]
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