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ABSTRACT: Gene therapy has the therapeutic potential to address a multitude of health
problems, and it also has utility in different domains of science. However, its applications are
plagued due to the absence of a suitable, safe, efficient, selective, and universal vector, which could
help in delivering the desired nucleic acid cargo to the site of action. Though viral vectors are
efficient, they pose various health risks. Different types of synthetic agents have been tried as
nucleic acid vectors by researchers but with limited success. Gemini amphiphiles (GAs) are a class
of synthetic surfactants having biscationic heads with attached hydrophilic and lipophilic groups.
Herein, we synthesized two classes of GAs differing in the chemical nature and length of the
linkers, head groups, and lipophilic chains. The resulting compounds were evaluated for their
efficiency to transfect A549 and HeLa cell lines with a β-galactosidase reporter plasmid. A 3-
oxypentyl linker, a monohydroxyethyl head group, and a tetradecyl moiety as the lipophilic chain
offered the best transfection efficiency (compound 10BIII). Dioleoylphosphatidylethanolamine
(DOPE) as the helper lipid improved the transfection efficacy of the GAs in the absence of serum.
In the presence of serum, DOPE and cholesterol, as the helper lipids, improved the transfection
efficacy of the resulting formulations. The synthesized GAs showed concentration-dependent toxicity in the MTT assay.
Biodistribution studies using 99mTc-labeled lipoplexes indicated that the lipoplexes got concentrated in some vital organs such as the
spleen, liver, and lungs.

1. INTRODUCTION

Gene therapy has the potential to address hematological1,2 and
cardiovascular disorders,3,4 neurological disorders,5−8 can-
cers,9,10 and genetic disorders. Advancements in this field
have led to the approval of several nucleic acid tools11

including small interfering RNAs,12−14 antisense oligonucleo-
tides,15−21 and aptamers22 by the Food and Drug admin-
istration (FDA). The very recent approval given in this field
was mRNA-based vaccines against COVID-19.23,24 Many
diseases are caused by inheritance of defective or lack of
particular genes. Initially, it was thought that such diseases
could be treated by replacing the defective or missing gene
with a normal copy of the gene through gene therapy. Later on,
it was realized that many diseases are caused by dysregulation
in expression of certain normal genes. Therefore, it was
thought that such diseases could also be treated by implanting
normally expressing genes from outside by gene therapy.
Researchers have corrected defective or abnormal genes with
normal genes through selectively controlling the expression of
defective genes or their replacement.25

The two basic requirements of gene therapy are (i) a
suitable therapeutic gene/nucleic acid that could be expressed
at the target site26 and (ii) a delivery system that is safe and
effective for the delivery of the therapeutic gene(s) to the
targeted tissue or organ.27 In theory, it seems to be very simple

and straightforward, but it poses enormous problems when put
to practical applications. The major problem in gene therapy is
safe delivery of the desired gene(s) into the targeted tissue,
where it could show its expression. Since 1989 when the first
clinical trial in human gene therapy was performed,
innumerable clinical trials have been carried out/approved,
but the core issue of finding a suitable and efficient system for
delivering the gene at the target site has not been fully resolved
as yet.28 The development of vectors capable of addressing all
the issues related to gene delivery could make gene therapy a
general method of treatment for many diseases. Because gene
delivery is a multistep process in which an appropriate property
of the carrier would be needed to carry forward each step at
the molecular level, rationally designed multifunctional vectors
could overcome various extra- and intracellular barriers.29 A
wide spectrum of gene delivery systems has been developed in
order to overcome these barriers involving different aspects of
ligand conjugation chemistry, DNA condensation technology,
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and molecular biology. Therefore, for successful gene therapy,
a safe, selective, and efficient vector, an appropriate delivery
technique, and a suitable nucleic acid cargo are the
prerequisites.
Naked DNA being a hydrophilic, polyanionic, long, and

slender molecule having micrometer dimensions encounters a
number of barriers when administered all alone, restricting its
cell permeability.30 Colloidal instability, RES uptake, and
difficulty in organ and cellular targeting are the other major
problems posing a big challenge to the delivery of naked
nucleic acids.31 Naked nucleic acid gets degraded by serum
nucleases when administered intravenously. This degradation
can be partially resolved by combining the nucleic acid with a
cationic lipid/polymer/inorganic material capable of complex-
ing with it or entrapping it by ionic interactions. A number of
carriers/vectors have been developed to address the afore-
mentioned problems associated with the delivery of naked
nucleic acids. Therefore, suitable delivery systems are required
to fulfill the delivery requirements of nucleic acids. Use of
viruses for gene delivery could induce a measurable effect even
with the introduction of a single viral particle, but there are
certain limitations such as the possibility of oncogenicity,
mutagenicity, immunogenicity, resistant to transfect the non-
dividing cells, rejection by the host cells, or limited DNA
cargo-carrying capacity while using viral vectors.32−35 Due to
these problems, there is a dire need for the development of
non-viral systems for the delivery of genetic materials to the
host.

Unlike small molecules, DNA cannot diffuse easily into the
nucleus from the cytoplasm. Therefore, a carrier system plays a
vital role not only in the endocytosis of the DNA cargo but
also in its intracellular trafficking and transcription of the
genetic material in the nucleus. The carrier can either condense
with DNA or encapsulate DNA into its polymeric matrix.
Cationic polymers used as carriers form complexes with DNA
due to charge−charge interactions to offer polyplexes.36

Normally, these carrier systems containing a hydrophilic
head and a hydrophobic tail exhibit surface-active properties.
These carrier systems are used for multifarious applications
including their use in gene delivery systems.37 The cationic
lipid carriers help the negatively charged DNA in penetration
through the cell membrane, protect the bound DNA cargo
against deoxyribonuclease (DNase) degradation, and in
transfecting the cells with the nucleic acid material. Trans-
fection efficacy of a carrier is governed by its overall structure
and the presence of positive charge on its surface. A carrier
molecule should possess optimal hydrophobicity as well as
hydrophilicity. Therefore, a carrier molecule can have
variations in the chemical nature and length of the spacer,
the lipophilic hydrocarbon chain, and the hydrophilic head
group. Therefore, the use of modular structures of the carriers/
vectors is an ideal concept in the design of nucleic acid carriers.
For a carrier having a modular structure, changes in its
transfection efficiency can easily be studied by varying the
chain length of the hydrophobic group, the size and type of
linkers, or the type of head groups, and suitable changes in the

Figure 1. General structure of the designed GAs (Series-III and IV).
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modular structure of the carrier could easily be effected as per
the need.
Gemini amphiphiles (GAs) are a class of positively charged

divalent synthetic surfactants designed for the delivery of
nucleic acids. GAs have two cationic heads having a lipophilic
chain attached to each one of them, and the two cationic heads
are joined together through a linker/spacer. These GAs form
liposomes when formulated all alone or along with helper
lipids above their transition temperatures. When combined
with DNA, they cause condensation and size reduction of the
DNA molecules offering small particulate structures (i.e.,
lipoplexes), which protect the DNA from degradation by
DNases. GAs as synthetic carriers are of interest for the
delivery of genetic materials due to their unique physicochem-
ical properties. GAs,38 in particular, and polymeric agents,39 in
general, have been reviewed recently.
Transfection efficacy is a function of many factors such as

the structure of the GAs having different hydrophobic groups,
head groups, and spacers,40,41 use of different types of helper
lipids to prepare liposomes, the ratio of the GA to DNA

concentration (i.e., the N/P ratio), size and zeta potential of
the lipoplexes, and the type of cell lines used for their in vitro
evaluation. Serine-based cationic gemini surfactants with
different alkyl chain lengths, and amine/amide or ester groups
as spacers/linkers offered good binding to the DNA molecules
with efficient in vitro transfection property and high cell
viability. However, the nature of the spacers linking the two
head groups markedly influenced the DNA release from the
polyplexes, with spacers having ester groups being the least
efficient.42 Gemini surfactants having hexadecyl tails and
hydroxyethylated head groups abridged with longer carbon-
chain spacers yielded the maximum transfection efficacy.43

Earlier, we reported44 two series of GAs (Series-I and Series-
II) in which the spacers between the two cationic heads were
C4 and C6 chain hydrocarbons (Figure 1). In this paper, we
report two more series of GAs (Series-III and Series-IV), in
which the chemical nature of the spacer was changed from a
hydrocarbon to aromatic system and a hydrophilic chain with a
slight variation in the interonium distance between the two

Scheme 1. Synthesis of the Final Compounds (9AI, 9BI−9BIV, 9CI−9CIV, 10AI, 10BI−10BIV and 10CIII, and 10CIV)

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c03667
ACS Omega 2021, 6, 33370−33388

33372

https://pubs.acs.org/doi/10.1021/acsomega.1c03667?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03667?fig=sch1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03667?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


cationic centers while maintaining the head groups and the
lipophilic tails.
In our previous report, we have reported42 that moving from

the (CH2)4 to (CH2)6 spacer caused a marked decrease in
transfection efficacies of all of the GA formulations. Two major
changes were carried out in the spacers in this report. In one
series (Series-III), an aromatic ring was introduced in place of
a straight chain hydrocarbon with interonium distance in
between a tetramethylene and hexamethylene, while in the
other one (Series-IV) a polar oxygen function was introduced
along with a carbon chain length in between (CH2)4 and
(CH2)6. The basic idea behind these modifications was to see
the impact of these changes in the spacers on the transfection
efficacies of the resulting GAs. Attaching two hydroxyethyl
groups to the hydrophilic head in place of one also caused a
slight decrease in the transfection efficacies, while the order of
the lipophilic hydrocarbon chain was C14 ≈ C16 > C18 > C12
with tetradecyl and hexadecyl chains offering the best results.44

Considering the outcome of these reports,42,44 the head groups
and the hydrophilic chains were retained as such in the newly
synthesized GAs with one difference, that is, the number of
synthesized GAs having only dimethyl or di(2-hydroxyethyl)
head groups, and C12 or C18 lipophilic tails were reduced as
these were found not to offer GAs having good transfection
efficacy in our earlier report.44

It was planned to evaluate the effects of changes in the ratio
of the GA to nucleic acid, and the effects of other additives on
the transfection efficacy of the synthesized GAs and cell
toxicity of the synthesized GAs. Impacts of various formulation
parameters like incorporation of helper lipids such as
dioleoylphosphatidylethanolamine (DOPE) or cholesterol in
the formulation on the transfection efficacy of the GAs was also
planned to be studied.

2. RESULTS AND DISCUSSION
2.1. Chemistry. Two main series of GAs were synthesized

with variations in the type and size of spacers/linkers. In one
series, the two cationic heads were joined by a p-xylyl linker
(Series-III), while in the second series a polar linker 3-
oxypentyl (Series-IV) with a different chain length was used. In
each main series, compounds belonging to three subseries were
prepared by varying the polarity of the cationic heads by
replacing one or both of the methyl groups of dimethylamine
(A-Type) by a monohydroxyethyl (B-Type) or a di-
(hydroxyethyl) (C-Type) group. The lipophilic chains in
each subseries were varied from the original C16H33 (I) to
C12H25 (II)/C14H29 (III) or C18H37 (IV) hydrocarbons to
obtain the final compounds (9AI, 9BI−9BIV, 9CI−9CIV,
10AI, 10BI−10BIV and 10CIII, and 10CIV).
For the synthesis of the final compounds, the tertiary amines

(1, 5I−5IV, or 6I−6IV) were reacted either with p-
dibromoxylene (7) or with di(2-bromoethyl)ether (8) to
obtain the desired GAs [9AI−10CIV]. All of the tertiary
amines except for hexadecyldimethylamine (1) were prepared
by reacting the desired secondary amines (2 or 3) with suitable
bromo derivatives (4I−4IV) of the hydrocarbons of the
required chain lengths (I−IV) as depicted in Scheme 1.
Compounds of three subseries (Types-A, -B, and -C) were
prepared, with differences in the structures of the head groups
in each series (Series-III and Series-IV). The synthesized
compounds are in conformity to their assigned structures. The
structures of the synthesized compounds were confirmed on
the basis of their elemental analyses and proton NMR (PMR)

spectroscopy data. In compounds of Series-III, the four
aromatic protons appeared at δ 7.4−7.8. Protons of the
hydrocarbon chains offered characteristic signals for the
terminal methyl groups at around δ 0.85. Three additional
characteristic signals could also be identified for the hydro-
carbon chains; one for the methylene attached to the
quaternary nitrogen atoms, second for the adjoining methylene
group of the hydrocarbon chains, and the third for the
remaining methylene groups, which appeared as a broad signal
at δ 1.25−1.85. The chemical shift values for the methylene
attached to the quaternary nitrogen and the adjoining
methylene of the hydrocarbon chain varied depending on the
nature of the head groups and the spacer. Methylenes of the p-
xylyl group appeared at δ 5.26 in compound (9AI) but in
monohydroxyethyl and di(hydroxyethyl) derivatives (9BI-
9BIV and 10CI−10CIV), this signal got bifurcated and
appeared at different values of chemical shifts. The position of
the hydroxyl protons in the subseries (Types-B and -C) also
did not appear at a fixed δ value. Signals appearing for the
methylenes of the diethyleneoxy group present as a spacer (in
Series-IV) and of the hydroxyethyl/di(hydroxyethyl) groups
(Series-III and Series-IV) could not be assigned unambigu-
ously on the basis of the existing data. However, the
integration values for the total number of protons in all the
synthesized compounds matched exactly with the stipulated
structures. Elemental analyses of the synthesized compounds
confirmed the final structures.

2.2. Formulation Aspects of the Synthesized GAs.
2.2.1. Critical Micelle Concentration Determination of the
GAs. In order to evaluate the surfactant properties of the
synthesized GAs, their critical micelle concentration (cmc) was
determined using conductometry.45 This method is based on
the fact that conductance of the amphiphiles changes at
different rates below and above the cmc. This difference in
aggregation behavior is controlled by co-operativity of both
inter- and intramolecular interactions of GAs, besides their
interactions with solvents. At low concentrations, the
amphiphiles dissociate and ionize completely. At concen-
trations below cmc, their conductance increases linearly, while
above the cmc the amphiphile molecules start associating with
one another to generate micelles. This leads to a change in the
rate of increase in the conductance above cmc. The cmc values
were obtained by using break points in concentration versus
specific conductance plots. A representative plot for cmc
determination is shown in Figure S1 and the results are
compiled in Table 1S.
The surface-active properties of the synthesized GAs were

observed to be much superior in comparison to their
monomeric counterparts. For instance, 10BIV, 10BI, and
10CIV showed cmc values of 1.0 × 10−6, 1.3 × 10−6, and 1.3 ×
10−6 M, respectively. These cmc values were found to be 1000-
fold lower than that of the monomeric surfactant, CTAB (1.3
× 10−3 M).46 Comparison of the cmc values of GAs showed
that as the polarity of the head group increased due to the
incorporation of hydroxyethyl groups, the cmc values of the
GAs decreased. The results obtained are suggestive of much
better surfactant properties of the GAs having polar head
groups compared to the GAs having non-polar head groups.

2.2.2. Liposomal Formulations of the Synthesized GAs. All
the synthesized GAs were formulated as liposomes either alone
[Plain Formulation] or with DOPE as a helper lipid in molar
ratios (GA/DOPE) of 1:1 [Formulation (a)], 1:2 [For-
mulation (b)], and 1:3 [Formulation (c)]. Effective fusogenic
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properties at the endosomal stage possessed by DOPE were
instrumental in using DOPE as the helper lipid.47 The pH of
the solution was maintained at 7.4 using a buffer system
containing 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) (20 mM). HEPES does not cause any hindrance in
offering DNA lipoplexes because it is non-ionic in nature. A
blend of solvents (chloroform/methanol, 1:1) was used to
dissolve the GAs with or without the helper lipid. Cholesterol
was also used as a helper lipid along with DOPE in some other
formulations [formulations (d and e); compositions of
formulations (d and e) are defined in later sections] to
improve the formulation characteristics for some studies.
Almost all GAs exhibited a bimodular size distribution (two

peaks in their size distribution report). The results reported
here are the average size (Z-average) for all the analysis. The
results of plain formulations of 9AI, 9BI, and 9CI are shown in
Table 1. All these formulations showed positive zeta potential

(ZP) due to the presence of quaternary nitrogens in their
structures, which is a necessary requirement for complexation
with anionic plasmid DNA (pDNA). Relatively higher values
of the polydispersibility index (PDI) were obtained due to the
bimodular size distribution in the formulations. It may be due
to free GA molecules along with their aggregates. The results
showed that as the polarity of the head group increased in the
GAs from 9AI to 9BI to 9CI, the Z-average (Zav) increased
from 326 to 370 to 400 nm, while the hydrophobic chain
length was kept constant. This may be due to an increasing
propensity of the head group to hydrate with increasing
number of hydroxyethylated groups.
The method of preparation also had a significant effect on

Zav of the formulations. For instance, formulation of 9BI
showed Zav and PDI of 725 nm and 0.802, respectively, before
sonication. DOPE incorporation into the formulation also
caused an increase in Zav.
2.2.3. Formulation of Lipoplexes with the Reporter DNA

and Their Characterization. pDNA was incorporated using
different N/P ratios (0.25 to 6) of the GA to obtain lipoplexes.
The N/P ratio is defined by the ratio of nitrogen contents (of
the GA) to the phosphorus contents (of pDNA). The quantity
of the pDNA was kept constant and the quantity of the GA
was varied while formulating the lipoplexes. pDNA dilutions
and the volume of the cationic liposomal formulations were
kept constant in the lipoplex formulations. The particle size of
the prepared lipoplexes was found to depend on the incubation
time after mixing of the GA formulation and pDNA.
Lipoplexes of the pDNA were also prepared using the standard
transfection reagents such as 1,2-dioleoyl-3-trimethylammo-
nium-propane (DOTAP)−DOPE, *DCC−DOPE, or Lip-
ofectamine for the purpose of performing comparative studies
(*DCC: 3-[N-(N′,N′-dimethylaminoethane)carbamoyl]-
cholesterol hydrochloride).
The Zav and ZP values were also determined for the

lipoplexes of formulations that showed the best results under
transfection studies (e.g., 10BIIIa given in Table 2 as a
representative one). The blank (without pDNA) formulation

of 10BIIIa showed Zav and ZP of 214 nm and 29.6 mV,
respectively. However, its lipoplex with pDNA showed
different values for Zav and ZP depending upon the N/P
ratio. At the lowest N/P ratio (0.25), the polyplex showed Zav
and ZP of 486 nm and −14.9 mV, respectively. With increasing
N/P, the size of lipoplexes first decreased and then increased;
while an increase in the N/P ratio (from 0.25 to 4.0) caused an
increase in the ZP (−14.9 to 16.9 mV).
Transmission electron microscopy (TEM) photograph of

the lipoplex of 10BIIIa at its optimized N/P ratio is shown in
Figure 2. The results obtained in the TEM study were in
consonance with those obtained with DLS.

2.3. Agarose Gel Retardation Assay for pDNA
Complexation. Complex formation between the positively
charged GA and the negatively charged pDNA was verified by
agarose gel retardation assay. Ionic interactions between the
two oppositely charged species would offer a neutral complex,
which would not move on the electrophoretic gel under the
influence of the applied voltage and would reside inside the
well. However, the uncomplexed pDNA would migrate away
from the well under the influence of the applied voltage.48

A representative gel electrophoretic pattern for lipoplex
formulation of GA (10BIIIa) has been shown in Figure 3.
Lane 1 shows plain pDNA (without complexing with GA),
which has migrated out of the well with the application of
external voltage. However, pDNA in other lanes gets retarded
depending on the degree of the N/P ratio. With an increase in
the N/P ratio from 0.25 to 3.0, there is a higher retention of
pDNA with increasing value of N/P. All GAs showed ∼60%

Table 1. Size and Zeta Potential of Plain Liposomes

liposomal plain formulation size Zav, nm (PDI) zeta potential (mV)

9AI 326 (0.532) 30.1
9BI 370 (0.698) 48.9
9CI 400 (0.483) 46.4

Table 2. Size and Zeta Potential of the 10BIIIa Lipoplex

formulation
N/P
ratio

size, Zav in nm
(PDI)

zeta potential in
mV

10BIIIa blank liposomes 214 (0.461) 29.6
Lipoplex of 10BIIIawith
pDNA

0.25 486 (0.725) −14.9

0.5 477 (0.313) −9.08
1.0 318 (0.348) −2.98
1.5 241 (0.266) 1.16
2.0 222 (0.287) 2.91
2.5 278 (0.315) 3.36
3.0 290 (0.385) 6.83
3.5 293 (0.291) 15.0
4.0 345 (0.387) 16.9

Figure 2. TEM image of the 10BIIIa lipoplex at its optimized N/P
ratio (N/P2); scale bar is equivalent to 240 nm.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c03667
ACS Omega 2021, 6, 33370−33388

33374

https://pubs.acs.org/doi/10.1021/acsomega.1c03667?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03667?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03667?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03667?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03667?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


retardation at a N/P ratio of 0.5. At a N/P ratio of 1.0 and
higher, 100% pDNA retention has been observed in the wells
for all the GAs. Even at a 0.25 N/P ratio, a substantial amount
of pDNA got retained in the well. Head group polarity, nature
of linker, or the hydrophobic chain length of the GAs were
found to be inert in influencing the migration of pDNA in this
study as all the GAs showed almost similar retardation patterns
at similar N/P ratios.
2.4. DNase I Digestion Study. The pDNA digestion

study was used to evaluate the pDNA-protecting ability of the
synthesized GAs against DNases. A nucleic acid vector used in
the delivery system should provide protection to the genetic
cargo against the invading DNases. The results obtained in the
study showed that GAs in the N/P ratio of 1 or more than 1
caused complete protection of the pDNA against the action of
DNase I. Representative graph for the GA formulation
(10BIIIa) is shown in Figure 4. pDNA is shown in Lane 1,

which was not given DNase I treatment. In Lane 2, complete
degradation of pDNA has taken place at a N/P ratio of 0.5.
However, at N/P 1, approx. 90% of pDNA could be protected
by the GA formulation. Full protection of pDNA against
DNase I was observed at a N/P ratio of 1 and higher. Changes
in the structures of the head group, linker, or hydrophobic
chain of the GAs did not show any impact in this study also.
2.5. Circular Dichroism Study of pDNA Condensation.

For obtaining high transfection efficacy, the nucleic acid cargo
must remain undamaged.49,50 Simberg et al. demonstrated that
the formation of the compact form of DNA (i.e., ψ-DNA) is
necessary for efficient gene delivery.51 A compact form of DNA
helps in its penetration into the cell. Complexation of the DNA

with the vector should lead to the formation of a compact
polyplex structure due to the reduction in the size of the DNA
that helps not only in its penetration into the cell but also
protects it against nuclease degradation.
Circular dichroism (CD) spectroscopy provides an insight

into the conformational changes that take place in the structure
of the double stranded DNA. Cationic surfactants bind to the
native B-form of DNA and convert it into the ψ-form, which
has a less number of base pairs (9.33/turn) in comparison to
the original 10 base pairs/turn.52 The native B-form of DNA
shows a positive band at 277 nm and a negative band at 245
nm in the CD spectrum in HEPES buffer. A shift of the
positive peak to higher values with complete flattening, and an
increased intensity of the negative band are indicative of
condensation of DNA from the native B-phase to the ψ-
phase.53 Combining pDNA with GA liposomal formulation
causes a change in the original B-form of the pDNA to ψ-form.
GAs were observed to be effective in converting the B-form of
DNA to the ψ−form as seen by comparing the results obtained
in these experiments (Figure S2). Molecular structures of the
GAs and the nature of DNA both are responsible for effective
compaction of the DNA. Using equivalent amounts of GAs
under the same experimental conditions, monohydroxyethy-
lated GAs (B-type) showed more effective condensation of the
pDNA compared to the remaining dimethylated (A-type) or
di(hydroxyethyl)ated (C-type) GAs.

2.6. Transfection Studies Using the β-Gal Reporter
Plasmid. 2.6.1. Transfection Studies in the Absence of
Serum [Fetal Bovine Serum]. The transfection efficacy of each
GA either alone or with DOPE as a helper lipid in the
lipoplexes was evaluated in two cell lines (A549 and HeLa,
cultured in DMEM) at N/P ratios of 0.5, 1, 2, 3, 4, and 6 using
β-Gal reporter plasmid. The transfection efficacy of the GA
formulations (either GA alone or GA along with the helper
lipid) is directly indicated by the quantum of β-galactosidase
protein expressed in the cells. The results (Figures S3 to S18)
so obtained showed that all the formulations composed of GAs
along with the helper lipid DOPE exhibited higher β-Gal
expression than the formulations containing the GAs all alone.
This could be because of early release of the lipoplex
containing the DNA cargo at the endosomal stage inside the
cells.54 A N/P ratio of 0.5 was not found to be effective in
transfection of the genetic material and a high N/P ratio of 6
also did not offer any advantage over the lower ratios. GAs

Figure 3. N/P complexation behavior of the synthesized GA (10BIIIa) under gel electrophoresis. Lane 1 (pDNA all alone), and lanes 2 to 8
[pDNA with GA (N/P 0.25 to 3.0)].

Figure 4. DNase digestion study to evaluate pDNA protection by
various ratios of the GA (10BIIIa) present in the lipoplex.
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(9BI, 9CIII, and 10CIII) offered optimum results at a N/P
ratio of 1:1, GAs (9BII, 9BIII, 9CI, 10BI, 10BII, and 10BIV)
yielded optimum efficacy at a N/P ratio of 2, GAs (9BIV,
9CII, 9CIV, and 10AI) gave optimum efficacy at a N/P ratio
of 3, while GAs (9AI and 10CIV) gave optimum results at a
N/P ratio of 4 in both the cell lines. GA (10BIII) was an
exception in which a N/P ratio of 3 was found to offer the best
results in A549 and a N/P ratio of 2 yielded the best results in
HeLa cell lines. The order of transfection efficacy of the GA
formulations alone, and GA formulations containing the helper
lipid DOPE in the ratios [1:1 (a), 1:2 (b) or 1:3 (c)] at their
optimum N/P ratios was found to be 10BIIIa > 10CIIIb >
10BIa > 10AIa > 9CIIIa > 9AIa > 9CIa > 9BIb > 9BIIIa >
10BIVa > 9BIVa > 10CIVa > 10BIIb > 9CIIb > 9CIVa >
9BIIa in A549, and 10BIIIa > 10BIa > 10CIIIb > 9BIb >
9BIIIa > 10AIa > 9CIa > 9CIIIa > 9AIa > 10BIIb > 10BIVa
> 10CIVa∼9BIVa > 9CIVa > 9CIIb > 9BIIa in HeLa cancer
cell lines (Table 3).
In our earlier study,44 it was observed that the tetra-

methylene hydrocarbon chain as the spacer offered a higher
transfection efficacy than the hexamethylene chain. In the
current study, it was found out that the polar linker
diethyleneoxy (10BIIIa and 10CIIIb) offered better results
than the more rigid p-xylenyl linker (9BIb, 9CIa, or 9CIIIa) in
both the series in both of the cancer cell lines. It may be noted
that diethyleneoxy is not only more polar than the simple
hydrocarbon chain (whether CH4 or CH6) but it also has an
intermediate length between CH4 and CH6. That means, the
chain length equivalent to C5 with a higher polarity than the
hydrocarbons is responsible for offering a higher transfection
efficacy than the rest of the linkers. The best transfection
efficacy was shown by the GA formulation (10BIIIa), which
was even better than that shown by the standard formulations
(Lipofectamine, DCC−DOPE, or DOTAP−DOPE), and
also by the earlier reported44 best GA (5d) having the same
structural features as 10BIII except for the spacer. Among the
head groups, mixed-type results were obtained for mono-
hydroxyethyl and di(hydroxyethyl) head groups, both of which
offered a higher transfection efficacy than the dimethyl head
group. GAs with monohydroxyethyl groups offered slightly
better results than the GAs having di(hydroxyethyl) head
groups. These observations were in tune with our earlier
observations.44 Tetradecyl (9CIIIa, 10BIIIa, and 10CIIIb)
and hexadecyl (9AIa, 9BIb, 9CIa, and 10AIa) lipophilic chains
offered better transfection than the remaining two lipophilic

chains (i.e., dodecyl and octadecyl). The impact of tetradecyl
and hexadecyl lipophilic chains on transfection efficacy was
observed to be higher than that of dodecyl and octadecyl
chains in our report44 also. Overall, much higher transfection
was observed in HeLa cell lines than in A549 cell lines for all
the reported GAs. A higher transfection susceptibility of HeLa
cells than A549 cells could be the reason for this observation.
Moreover, a decrease in the N/P ratio from 4 to 1 or 2 to

achieve the highest transfection efficacy indicated that a smaller
molar concentration of hydroxyethylated GAs is needed to
exhibit the best transfection results compared to the non-
hydroxyethylated GAs. Figures 5 and 6 show the compiled

results of GA formulations exhibiting good β-Gal expression in
both the cell lines vis-a-̀vis the expression shown by the naked
pDNA and the commercially available transfection reagents
(i.e., DOTAP−DOPE, DCC−DOPE, or Lipofectamine lip-
osomes). It can be seen that the naked pDNA without
inclusion of any vector exhibited a very low level of expression
of 0.077 and 0.04 mU in HeLa and A549 cell lines,
respectively.

2.6.2. Effect of Serum on the Transfection Efficacy of GAs.
It is known that serum decreases the transfection efficacies of

Table 3. Highest Transfection Efficacies of the GA Formulations [GA with DOPE in Optimum Ratios of 1:1 (a), 1:2 (b), or
1:3 (c)] in the Absence of Serum

series-III series-IV

GA formulation (optimum N/P ratio)
β-galactosidase activity
(mean ± S.D.) (mU) GA formulation (optimum N/P ratio)

β-galactosidase activity (mean ± S.D.)
(mU)

A549 cell line HeLa cell line A549 cell line HeLa cell line

9AIa (4) 1.18 ± 0.05 1.55 ± 0.13 10AIa (3) 1.70 ± 0.12 1.88 ± 0.11
9BIb (1) 1.11 ± 0.20 2.03 ± 0.46 10BIa (2) 1.90 ± 0.26 3.21 ± 0.53
9BIIa (2) 0.62 ± 0.14 0.74 ± 0.12 10BIIb (2) 0.95 ± 0.21 1.23 ± 0.25
9BIIIa (2) 1.06 ± 0.20 1.97 ± 0.38 10BIIIa 2.12±0.31 (3*) 3.58±0.28 (2*)
9BIVa (3) 1.02 ± 0.17 1.12 ± 0.14 10BIVa (2) 1.05 ± 0.09 1.22 ± 0.19
9CIa (2) 1.15 ± 0.25 1.72 ± 0.16 10CIIIb (1) 2.06 ± 0.10 2.19 ± 0.29
9CIIb (3) 0.94 ± 0.23 1.04 ± 0.13 10CIVa (4) 0.99 ± 0.16 1.12 ± 0.14
9CIIIa (1) 1.33 ± 0.24 1.63 ± 0.31 DOTAP−DOPE 1.37 ± 0.12 1.94 ± 0.38
9CIVa (3) 0.85 ± 0.13 1.10 ± 0.13 DCC−DOPE 1.68 ± 0.24 2.47 ± 0.31
*optimum N/P ratio lipofectamine 2.07 ± 0.35 3.12 ± 0.35

Figure 5. Comparative transfection efficacies of the best GA
formulations in the A549 cell line at their optimized N/P ratios.
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the gene delivery vectors. Therefore, it was decided to check
the impact of serum [additional 10% fetal bovine serum (FBS)
in DMEM] on the transfection efficacies of the GA
formulations offering the best results in DMEM in both the
cell lines. A common decline in transfection efficacies was
observed in both the cell lines for all the chosen formulations
(Table 4). The standard formulations (DCC−DOPE and
DOTAP−DOPE) used in the study also exhibited a declining
trend in their transfection efficacy in the presence of serum.
The GA formulation (10BIIIa) offered the highest transfection
efficacy in the presence of serum also. The order of
transfection efficacy was more or less maintained as was
observed in the absence of serum. The order of transfection
efficacy in the A549 cell line was 10BIIIa > 10BIa > 10CIIIb >
9CIIIa > 9BIb > 9BIIIa > 9CIa (Figure 7), while in the HeLa
cell line the order was 10BIIIa > 10BIa > 10CIIIb > 9BIb >
9BIIIa > 9CIa > 9CIIIa (Figure 8).
2.6.3. Transfection Efficacies of GAs in the Presence

of Cholesterol. Cholesterol is reported to confer serum
compatibility to the vectors used for delivery of genes.55

Keeping this report in mind, it was planned to incorporate
cholesterol in the lipoplex formulations of the synthesized GAs
and evaluate their transfection efficacies in the absence and in
the presence of serum (10% FBS). Cholesterol was
incorporated into the formulations in two different ratios

[GA/DOPE/cholesterol in the ratio of 1:1:1 Formulation (d),
and 1:1:0.5 Formulation (e)].
In the A459 cell line, 10BId and 10BIIId showed the

highest β-Gal expression of 2.06 and 2.43 mU, respectively, at

Figure 6. Comparative transfection efficacies of the best GA
formulations in the HeLa cell line at their optimized N/P ratios.

Table 4. Comparative Transfection Efficacies of GA Formulations in the Absence and Presence of Serum

β-galactosidase activity (mean ± S.D.) (mU)

in the absence of serum in the presence of serum

GA formulation A549 cell line HeLa cell line A549 cell line HeLa cell line

9Bib 1.11 ± 0.20 2.03 ± 0.46 0.78 ± 0.10 1.48 ± 0.16
9BIIIa 1.06 ± 0.20 1.97 ± 0.38 0.77 ± 0.11 1.27 ± 0.13
9CIa 1.15 ± 0.25 1.72 ± 0.16 0.73 ± 0.10 1.24 ± 0.15
9CIIIa 1.33 ± 0.24 1.63 ± 0.31 1.03 ± 0.14 1.23 ± 0.13
10BIa 1.90 ± 0.26 3.21 ± 0.53 1.57 ± 0.10 2.48 ± 0.19
10BIIIa 2.12±0.31 3.58±0.28 1.62±0.11 2.62±0.15
10CIIIb 2.06 ± 0.10 2.19 ± 0.29 1.25 ± 0.14 1.56 ± 0.18
DOTAP−DOPE 1.37 ± 0.12 1.94 ± 0.38 0.92 ± 0.25 1.38 ± 0.15
DCC−DOPE 1.68 ± 0.24 2.47 ± 0.31 1.11 ± 0.22 1.58 ± 0.15

Figure 7. Comparative transfection efficacies of the best GA
formulations in the A549 cell line in the presence of 10% FBS.

Figure 8. Comparative transfection efficacies of the best GA
formulations in the HeLa cell line in the presence of 10% FBS.
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N/P ratios of 2 and 3 in the absence of serum (Table 5, and
Figures 9 and 10). However, in the presence of 10% serum,

these formulations showed 1.57 and 2.14 mU β-Gal expression
at these N/P ratios. In the HeLa cell line, 10BIe and 10BIIIe
showed the highest β-Gal expression of 3.38 and 3.70 mU,
respectively, at N/P ratios of 2 and 3 in the absence of serum,
while these formulations exhibited the expressions of 2.81 and

2.77 mU, respectively, of β-Gal in the presence of 10% serum
at a N/P ratio of 2.

2.7. Fluorescence-Assisted Cell Sorting Studies.
Determining β-galactosidase activity as a measure of trans-
fection efficacy of the synthesized GAs is a good indicator of
the effectiveness of the DNA-carrying capacity of a delivery
system, but to know the number of transfected cells by the
vector is also an important criterion to assess its efficiency.
This aim was fulfilled by performing fluorescence-assisted cell
sorting (FACS) studies. GA formulations showing promising
results in β-Gal expression were chosen for FACS studies,

Table 5. Effect of Cholesterol on the Transfection Efficacy of the Selected GA Formulations

transfection efficacy (mean ± S.D.) (mU)

in the absence of serum in the presence of serum

GA formulation A549 HeLa A549 HeLa

10BI without cholesterol
10BIa [GA + DOPE (1:1) + pDNA] 1.90 ± 0.26 3.21 ± 0.53 1.57 ± 0.10 2.48 ± 0.19
with cholesterol (Chol)
10BId [GA + DOPE + Chol (1:1:1) + pDNA] 2.06±0.23 3.29±0.31 1.57±0.28 2.93±0.25
10BIe [GA + DOPE + Chol (1:1:0.5) + pDNA] 1.90 ± 0.24 3.38 ± 0.31 1.47 ± 0.25 2.81 ± 0.26

10BIII without cholesterol
10BIIIa [GA + DOPE (1:1) + pDNA] 2.12 ± 0.31 3.58 ± 0.28 1.62 ± 0.11 2.62 ± 0.15
with cholesterol (Chol)
10BIIId [GA + DOPE + Chol (1:1:1) + pDNA] 2.43±0.32 3.61±0.28 2.14±0.23 3.09±0.27
10BIIIe [GA + DOPE + Chol (1:1:0.5) + pDNA] 2.20 ± 0.32 3.70 ± 0.24 2.04 ± 0.31 2.77 ± 0.23

Figure 9. Transfection efficacies of 10Bid (10BI/DOPE/cholesterol;
1:1:1) and 10BIe(10BI/DOPE/cholesterol; 1:1:0.5) in (A) A549
and (B) HeLa cell lines in the absence and the presence of serum
(10% FFBS).

Figure 10. Transfection efficacies of 10BIIId (10BIII/DOPE/
cholesterol; 1:1:1) and 10BIIIe (10BIII/DOPE/cholesterol;
1:1:0.5) in (A) A549 and (B) HeLa cell lines in the absence and
presence of serum (10% FBS).
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using the expression of green fluorescence plasmid (GFP) by
the transfected cells in a 24-well format. The fluorescence of
GFP was observed and captured under a fluorescence
microscope. The fluorescence images of GFP plasmid for the
formulations (10BIa, 10BId, 10BIIIa, and 10BIIId) are
shown in Figures 11 and 12 in A549 and HeLa cells,

respectively, in the absence of serum. Figures 13 and 14 show
the percent of cells transfected with GFP plasmid using these
formulations in comparison to the plain GFP plasmid
(negative control) and standard formulations (DOTAP/
DOPE, DCC/DOPE, or Lipofectamine 2000 liposomes) in
A549 and HeLa cells, respectively, in the absence of serum. It
was found out that formulations containing cholesterol along
with the helper lipid DOPE (10BId and 10BIIId) caused a
higher number of transfected cells in comparison to the
formulations without cholesterol (10BIa and 10BIIIa). This
was a common observation for both the cell lines A549 and
HeLa in the absence of serum. The order of efficacy for the
formulations in the absence of serum was 10BIIId > 10bId >
10BIIIa > 10BIa in the A549 cell line and 10BIIId > 10BIIIa

> 10BId > 10BIa in the HeLa cell line. In the absence of
serum formulation, (10BIIId) offered even better results than
the standard Lipofectamine formulation in both the cell lines
(Table 6).
The percentage of transfected cells by the optimized GA

formulations at their optimized N/P ratios in A549 and HeLa
cells, respectively, in the presence of serum is shown in Figures
15 and 16. Both of the cholesterol-containing formulations
(10BId and 10BIIId) showed a significant increase in the
percentage of transfected cells in comparison to the DOTAP/
DOPE or DCC/DOPE liposomal formulations in both of the
cell lines. Cholesterol-containing GA formulations (10BId and
10BIIId) yielded a higher percentage of transfected cells in
comparison to the cholesterol-deficient formulations (10BIa
and 10BIIIa) in the presence of serum in both of the cell lines.
The order of efficacy in the presence of serum was found to be
10BIIId > 10BId > 10BIIIa > 10BIa in both the cell lines.
These results indicated that incorporation of cholesterol
improved serum compatibility of the lipoplexes.

Figure 11. Fluorescence images of GFP expression in A549 cells in
the absence of serum: (A) 10BIIIa, (B) 10BIIId, (C) 10BIa, and (D)
10BId at their optimum N/P ratios.

Figure 12. Fluorescence images of GFP expression in HeLa cells in
the absence of serum: (A) 10BIIIa, (B) 10BIIId, (C) 10BIa, and (D)
10BId at their optimum N/P ratios.

Figure 13. FACS studies of optimized formulations (at optimum N/P
ratios) using GFP plasmid in A549 cells in the absence of serum.

Figure 14. FACS studies of optimized formulations (at optimum N/P
ratios) using GFP plasmid in HeLa cells in the absence of serum.
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2.8. Intracellular Trafficking of the Lipoplexes Using
Confocal Microscopy. The GA formulation (10BIIId),
which offered the best results in the in vitro transfection and
FACS studies was chosen for the study of intracellular
trafficking of the lipoplexes using confocal microscopy. The
nuclear staining dye 4′,6′-diamidino-2-phenylindole (DAPI)

was used to tag the lipoplexes by incubating them with the dye
overnight. Cells of both the cell lines (A549 and HeLA) were
incubated with the dye-tagged lipoplexes in a 6-well format,
and they were harvested at 10, 20, and 30 min after incubation
and fixed. Representative images of the incubated HeLa cell
lines are shown in Figure 17. The first row of Figure 17 shows
the control group of cells without any lipoplex treatment. The
phase contrast images of the cells are shown in the first two
images of each row. The third image is a merged one showing
the blue-stained nucleus and morphology of the cells. The
second row (Figure 17) shows lipoplexes (green-colored dots)
entering in the cytoplasm of the cells after 10 min of
incubation. The third row (Figure 17) shows the accumulation
of the lipoplexes (green-colored dots) inside the nuclei of the
cells after 20 min of incubation. The fourth row (Figure 17)
shows further accumulation of the lipoplexes (green-colored
dots) inside the nuclei of the cells after 30 min of incubation.

2.9. Cytotoxicity Studies of GA Formulations by the
MTT Assay. A good gene delivery vector should possess not
only a high degree of transfection efficacy but should also be
non-toxic to the cells at the same time. Cytotoxicity is an
important parameter for selecting a suitable delivery carrier for
the nucleic acid cargo in gene delivery. Formulations
containing GAs (9AI, 9BI, 9BIII, 9CI, 9CIII, 10AI, 10BI,
10BIII, and 10CIII), which exhibited good transfection
efficacy of the reporter gene (pDNA), were evaluated for cell
toxicity/viability using the MTT assay under conditions
identical to those maintained in their transfection studies
using different N/P ratios. The results are shown in Figures
S19 to S27.
The viability of untreated cells was taken as 100%. All of the

GA formulations evaluated by the MTT assay showed N/P
ratio-dependent cell viability. An increase in the N/P ratio in
the lipoplex formulations from 0.5 to 6 led to an increase in
their toxicity because formulations having higher N/P ratios
had higher net quantities of the positively charged GAs. A
comparison was made by evaluating the standard formulations
of DOTAP−DOPE and DCC−DOPE also in both the cell
lines (Figures 18 and 19). It can be seen that cell viabilities for
the selected GA formulations were more or less matching the
viabilities of the standard formulations at their optimum N/P
ratios. DOTAP−DOPE and DCC−DOPE standard formula-
tions exhibited 83.38 and 89.2%, and 82.6 and 87.2% cell
viabilities in A549 and HeLa cell lines, respectively. No
significant difference in the toxicity of GA formulations could
be seen except for formulation (9CIa), which proved to be a
bit more toxic than the rest, for both the cell lines in the MTT
assay.

Table 6. Transfection Efficacy of the Selected Formulations Using FACS

transfection efficacy (% transfected cells) (mean ± S.D.)

in absence of serum in presence of serum

Formulation A549 HeLa A549 HeLa

10BIa 13.1 ± 0.25 16.5 ± 0.43 7.3 ± 0.43 9.8 ± 0.36
10Bid 14.43 ± 0.41 17.95 ± 0.10 9.1 ± 0.35 12.6 ± 0.39
10BIIIa 14.41 ± 0.25 18.78 ± 0.13 8.49 ± 0.31 10.71 ± 0.37
10BIIId 16.18±0.44 21.0±0.49 11.13±0.39 15.57±0.33
DCC−DOPE 11.5 ± 0.35 12.8 ± 0.17 7.8 ± 0.13 9.7 ± 0.38
DOTAP−DOPE 9.8 ± 0.51 11.0 ± 0.37 7.4 ± 0.24 7.8 ± 0.41
Lipofectamine 15.94 ± 0.55 19.32 ± 0.29 ND ND

Figure 15. FACS studies of the optimized formulations (at optimum
N/P ratios) using GFP plasmid in A549 cells in the presence of
serum.

Figure 16. FACS studies of optimized formulations (at optimum N/P
ratios) using GFP plasmid in HeLa cells in the presence of serum.
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2.10. Biodistribution Studies. After subjecting the GA
formulations to different tests to check their transfection
efficacy and cellular toxicity, it became clear that one (10BIII)

of the synthesized GAs has the potential to be used as an
efficient delivery carrier for nucleic acid cargos when

Figure 17. Confocal images of pDNA uptake in HeLa cells. First row, the control group; second row, after 10 min incubation; third row, after 20
min incubation; and fourth row, after 30 min of incubation period.

Figure 18. Percent cell viabilities of the major GA formulations and
the standard formulations at their optimum N/P ratios in A549 cell
lines.

Figure 19. Percent cell viabilities of the major GA formulations and
the standard formulations at their optimum N/P ratios in HeLa cell
lines.
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formulated in combination with helper lipids such as DOPE
and cholesterol. Another important criterion for gene delivery
is to know the fate of the lipoplexes, that is, how are the
lipoplexes getting distributed in the body when administered
by parenteral route? To get an answer for this question, it was
planned to study the biodistribution of the lipoplex
formulation of the chosen GA (i.e., 10BIIId). For this
purpose, the lipoplexes were tagged with technetium-99m
(99mTc). The purpose of radiolabeling of the lipoplexes was to
assess their distribution pattern in various organs in the animal
model after their intravenous administration. 99mTc has been
the most commonly used radionuclide to radiolabel various
drug delivery carriers because of its wide availability, low cost,
favorable imaging properties, and a half-life of 6 h.56 The
biodistribution study was performed by administrating the
99mTc-labeled lipoplexes through the tail vein. The complexes
of lipoplexes and 99mTc were prepared by a direct radiolabeling
technique as discussed in the Experimental Section. The
radiolabeled lipoplex formulation equivalent to 15 μg of pDNA
was injected into the tail vein of rats and the organs were
harvested at fixed time intervals of 1, 6, and 24 h. Percent
radioactivity was determined in the harvested organs at the
given time intervals as shown in Figure 20. In the first 1 h, the

lipoplexes accumulated in the liver, spleen, lungs, and kidneys
in that order, but at 6 h and later, a higher amount of
radioactivity was observed in the spleen than in the liver. Of
course, radioactivity decreased at 24 h in almost all organs, but
it was still very high in two vital organs, that is, the spleen and
the liver.

3. CONCLUSIONS
Two main series of GAs differing in the chemical nature of the
linkers have been synthesized. One series has a p-xylyl linker
(Series-III, compounds bearing number 9), while the other one
has a more hydrophilic 3-oxypentyl chain (Series-IV,
compounds bearing number 10) joining the two cationic
heads. The head group polarity was changed from dimethyl
(subseries-A) to hydroxyethylmethyl (subseries-B) and di-
(hydroxyethyl) (subseries-C). In both series of compounds,
the lipophilic chain was varied from hexadecyl (I) to dodecyl
(II), tetradecyl (III), and octadecyl (III) moieties. All the GAs
offered very low cmc values suggesting very good surface-active
properties of the synthesized GAs. The GAs were used in

different N/P ratios with pDNA in the lipoplex formulations.
The agarose gel retardation assay and CD studies of the
lipoplexes indicated tight binding of the GAs with pDNA, and
the GAs caused condensation of the pDNA making it a
compact structure, ideal for penetration into the target cells.
DNase I digestion studies indicated that all the GAs at 1 or
higher N/P ratios protected the pDNA from the enzyme
degradation. All the GAs either all alone or along with helper
lipid DOPE, in the form of lipoplexes, were evaluated for their
potential application as vectors for delivery of pDNA for
transfecting A549 and HeLa cell lines using β-galactosidase
plasmid as the nucleic acid load. In the transfection studies,
GAs of Series-IV (compounds no. 10) having the dieth-
yleneoxy linker, the monohydroxyethyl head group (subseries-
B), and the hexadecyl or tetradecyl lipophilic moieties offered
the best results. The highest transfection efficiency was shown
by the GA formulation (10BIIIa), which was even higher than
that of the standard Lipofectamine formulation. The presence
of serum in the medium decreased the transfection efficiency
of the GA formulations but inclusion of cholesterol in the
formulations (Formulations d and e) improved the trans-
fection efficacy even in the presence of serum. Use of GFP in
the FACS studies also indicated a higher number of transfected
cells by the GA (10BIII) in the form of formulation (10BIIId)
containing cholesterol than the standard Lipofectamine
formulation. Confocal microscopy also showed accumulation
of the lipoplexes of 10BIII in the cytoplasm of A549 and HeLa
cells. A higher level of transfection tendency was observed in
HeLa cells than in A549 cells in studies with all of the GAs. All
the synthesized GAs showed dose-dependent toxicity in the
MTT assay. The survival percentage varied from 80 to 90% for
the GAs at their optimum N/P ratios in the lipoplexes.
Biodistribution studies in rats using the 99mTc-labeled lipoplex
(10BIIId) indicated that the lipoplexes were preferentially
taken up by organs such as the liver, spleen, lungs, and kidneys.
Overall, the GA (10BIII) offered much better results than the
GAs from Series-I and Series-II earlier reported by us, and even
better results than the standard transfection agents such as
DOPE−DOTAP, DCC−DOTAP, or Lipofectamine. The
newly reported GA (10BIII) exhibiting the best results
among the compounds from the current Series-III and -IV
and from our earlier reported compounds of two series (Series-
I and -II) has the potential to be deployed as a synthetic carrier
for transfecting cells with the desired nucleic acid load for gene
therapy to combat various genetic disorders.

4. EXPERIMENTAL SECTION
4.1. Materials. Amines such as diethanolamine, N-

methylethanolamine, N-hexadecyl-N,N-dimethylamine, and
reagents such as dibromobutane, o-nitrophenol-β-galactopyr-
anoside (ONPG), Dulbecco’s modified Eagle’s medium
(DMEM), diethylenetriaminepentaacetic acid, stannous chlor-
ide dihydrate (SnCl2·H2O), DAPI, and enzyme-like β-
galactosidase (140 U/mg) were procured from Sigma-Aldrich.
Trypsin−EDTA, FBS, phosphate buffered saline (PBS),
antibiotic cocktail (penicillin−streptomycin−amphotericin-B),
3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide
(MTT), and Nonidet P-40 (NP-40) were purchased from
Hi-Media, Mumbai. Molybdenum-99 as the precursor of 99mTc
was obtained from Center for Radiopharmaceutical Division
(Northern Region), Board of Radiation and Isotope
Technology (BRIT, Delhi, India). 99mTc as sodium pertechne-
tate was separated from molybdenum-99 using the solvent

Figure 20. Accumulation of 99mTc-labeled lipoplexes (10BIIId) in
various organs of rat at various time intervals.
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extraction method. Silica gel instant thin-layer chromatography
(TLC) plates (ITLC-SG) were purchased from Gelman
Science Inc.
A549 and HeLa cell lines were obtained from the National

Centre for Cell Sciences (NCCS), Pune, India, and the cells
were cultured in DMEM along with FBS (10%) containing the
antibiotic cocktail penicillin−streptomycin−amphotericin-B
(1%) in a CO2 incubator at 37 °C.
pDNAs of β-galactosidase (i.e., CMV.SPORT-βgal), and of

GFP were gifted by IICT, Hyderabad, India. pDNAs for both
the proteins were transformed into E. coli DH5α using the
Transform Aid bacterial transformation kit and purified and
isolated with the Qiagen plasmid purification kit. The A260/
A280 ratio (determined by UV absorption spectrophotometer)
and gel electrophoresis were used for ascertaining the purity of
pDNA.
4.2. Chemical Synthesis. The purity of the solvents and

reagents was checked before use and purified using conven-
tional methods wherever required. Progress and completion of
the reactions, and purity of the reaction products were checked
by TLC using silica gel GF (Merck) and suitable solvents as
the mobile phase, and visualizing under UV light or by
exposure to iodine vapors. Melting points were measured on a
silicone oil bath-type melting point apparatus, Veegomake,
Mumbai, and were uncorrected. IR spectra were recorded on a
Bruker FT-IR spectrometer, model alpha, using the KBr disc
method or on ATR in the case of liquid samples. CDCl3 or
DMSO-d6 was used as the solvent for obtaining the PMR
spectra on a Bruker 300 MHz spectrometer. Peaks are reported
in δ ppm in comparison to TMS. Elemental analyses were
performed using a Thermo Fisher FLASH 2000 elemental
analyzer. All of the GAs offered the results within ±0.4% of the
theoretically calculated values of carbon, hydrogen, and
nitrogen elements.
4.3. Synthesis and Characterization of GAs. 4.3.1. Prep-

aration of Tertiary Amines. The tertiary amines N-hexadecyl-
N-methylethanolamine (5I), N-dodecyl-N-methylethanol-
amine (5II), N-methyl-N-tetradecylethanolamine (5III), N-
methyl-N-octadecylethanolamine (5IV), N,N-di(2-hydroxyeth-
y l)-N -hexadecy lamine (6I) , N -dodecyl -N ,N -d i(2-
hydroxyethyl)amine (6II), and N,N-di(2-hydroxyethyl)-N-
tetradecylamine (6III) were prepared as reported earlier.44

4.3.1.1. Method-A. N,N-Di(2-hydroxyethyl)-N-octadecyl-
amine (6IV): the title compound was prepared from
diethanolamine (3) (4.23 mL, 44 mmol), 1-bromooctadecane
(4IV) (13.65 mL, 40 mmol), and anhydrous sodium carbonate
(2.32 g, 22 mmol) in dry ethanol. The reaction mixture was
refluxed under anhydrous conditions for 12−14 h, cooled to
room temperature, filtered, and ethanol was recovered under
vacuum resulting in a white crude product. The white crude
product so obtained was dissolved in dichloromethane/diethyl
ether and washed with brine four to five times. The organic
layer was separated, dried over anhydrous sodium sulfate, and
recovered to obtain the desired tertiary amine (6IV) as a
yellowish colored waxy solid (13 g, 90%) (mp 60−62 °C).
TLC: Rf 0.7 (10% MeOH in CHCl3). IR: 3377, 1150, 1043
cm−1.
4.3.1.2. Method-B: Preparation of the Targeted GAs. 1,4-

Di[(n-hexadecyldimethylammonium)methyl]benzene dibro-
mide (9AI): the title compound was prepared from N-
hexadecyl-N,N-dimethylamine (1) (2.96 mL, 8.8 mmol) and
dibromo-p-xylene (7) (1.04 g, 4.0 mmol) in dry acetone. The
reaction mixture was taken in a sealed tube and heated at ∼80

°C for 2−3 days resulting in a white precipitate. After
removing the solvent, the obtained residue was washed with
diethyl ether. The crude so obtained was recrystallized three to
four times using a mixture of methanol and ethyl acetate to
afford the title product (9AI) as a white solid (2.2 g, 70%) (mp
237−39 °C). TLC: 0.5 (10% MeOH in CHCl3). IR: 3126,
1097 cm−1. PMR: δ 0.87 (t, 6H), 1.25−1.36 (bm, 52H), 1.67−
1.85 (bm, 4H), 3.22 (s, 12H), 3.55 (t, 4H), 5.36 (s, 4H), 7.80
(s, 4H). Anal. calcd for C44H86N2Br2, C, 65.81; H, 10.80; N,
3.49; found, C, 65.58; H, 11.12; N, 3.32%.
1,4-Di{[n-hexadecyl(2-hydroxyethyl)methylammonium]-

methyl}benzene dibromide (9BI): the title compound was
prepared from N-hexadecyl-N-methylethanolamine (5I) (2.64
g, 8.8 mmol) and dibromo-p-xylene(7) (1.04 g, 4.0 mmol)
following Method-B to afford the product (9BI) as a white
solid (2.0 g, 60%) (mp 217−19 °C). TLC/Rf 0.35 (10%
MeOH in CHCl3). IR: 3310, 2997, 1099, 1048 cm−1. PMR: δ
0.85 (t, 6H), 1.22 (bm, 52H), 1.77−2.08 (m, 4H), 2.96 (s,
6H), 3.30 (bt, 8H), 3.88 (t, 4H), 4.63 (t, 4H), 5.35 (br s, 2H),
7.67 (s, 4H). Anal. calcd for C46H90N2O2Br2, C, 64.02; H,
10.51; N, 3.25; found, C, 63.83; H, 10.73; N, 3.47%.
1,4-Di{[n-dodecyl(2-hydroxyethyl)methylammonium]-

methyl}benzene dibromide (9BII): the title compound was
prepared from N-dodecyl-N-methylethanolamine (5II) (2.16
g, 8.8 mmol) and dibromo-p-xylene (7) (1.04 g, 4.0 mmol) as
per Method-B to obtain a precipitate, which was washed with
diethylether. The crude product so obtained was recrystallized
three to four times using a mixture of methanol and
ethylacetate to afford the title product (9BII) as a white
solid (1.8 g, 64%) (mp 216−18 °C). TLC: Rf 0.3 (10% MeOH
in CHCl3). IR: 3311, 1472, 1099, 1038 cm−1. PMR: δ 0.59 (t,
6H), 0.99 (bm, 36H), 1.53 (m, 4H), 2.72 (s, 6H), 3.076 (t,
4H), 3.173−3.214 (t, 4H), 3.649 (t, 4H), 4.404 (t, 4H), 5.121
(br s, 2H), 7.431 (s, 4H). Anal. calcd for C38H74N2O2Br2, C,
60.79; H, 9.93; N, 3.73; found, C, 60.62; H, 10.11; N, 3.95%.
1,4-Di{[(2-hydroxyethyl)methyl-n-tetradecylammonium]-

methyl}benzene dibromide (9BIII): the title compound was
prepared from N-tetradecyl-N-methyl-2-hydroxyethylamine
(5III) (2.40 g, 8.8 mmol) and dibromo-p-xylene (7) (1.04 g,
4.0 mmol) following the method described for synthesis of
compound (7aI) to afford the product (9BIII) as a white solid
(2.1 g, 67%) (mp 217−19 °C). TLC/Rf 0.3 (10% MeOH in
CHCl3). IR: 3312, 2994, 1102, 1050 cm−1. PMR: δ 0.88 (t,
6H), 1.25−1.35 (bm, 44H), 1.81 (m, 4H), 3.20 (s, 6H), 3.42
(t, 4H), 3.58 (bm, 8H), 4.14 (t, 4H), 5.08 (br s, 2H), 7.77 (s,
4H). Anal. calcd for C42H82N2O2Br2, C, 62.52; H, 10.24; N,
3.47; found, C, 62.39; H, 10.53; N, 3.25%.
1,4-Di{[(2-hydroxyethyl)methyl-n-octadecylammonium]-

methyl}benzene dibromide (9BIV): the title compound was
prepared from N-methyl-N-octadecylethanolamine (5IV)
(2.88 g, 8.8 mmol) and dibromo-p-xylene (7) (1.04 g, 4.0
mmol) following Method-B to afford the product (9BIV) as a
white solid (2.3 g, 66%) (mp 218−20 °C). TLC/Rf 0.4 (10%
MeOH in CHCl3). IR: 3312, 2997, 1099, 1049 cm−1. PMR: δ
0.85 (t, 6H), 1.25−1.37 (bm, 60H), 1.67 (m, 4H), 3.20 (s,
6H), 3.58−3.60 (bt, 8H), 4.09 (t, 4H), 4.90 (t, 4H), 5.30 (br s,
2H), 7.8 (s, 4H). Anal. calcd for C50H98N2O2Br2, C, 65.34; H,
10.75; N, 3.05; found, C, 62.16; H, 10.96; N, 2.88%.
1,4-Di{[n-hexadecyldi(2-dihydroxyethyl)ammonium]-

methyl}benzene dibromide (9CI): the title compound was
prepared from N,N-di(2-hydroxyethyl)-N-hexadecylamine
(6I) (2.92 g, 8.8 mmol) and dibromo-p-xylene (7) (1.04 g,
4.0 mmol) following Method-B to afford the desired
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compound (9CI) as a white solid (2.5 g, 62%) (mp 210−12
°C).TLC/Rf 0.3 (10% MeOH in CHCl3). IR: 3384, 3108,
1096, 1049 cm−1. PMR: δ 0.83 (t, 6H), 1.22 (bm, 52H), 1.81
(m, 4H), 3.20 (t, 4H), 3.31 (bt, 8H), 3.92 (t, 8H), 4.72 (s,
4H), 5.38 (br s, 4H), 7.67 (s, 4H). Anal. calcd for
C48H94N2O4Br2, C, 62.46; H, 10.26; N, 3.03; found, C,
62.19; H, 10.53; N, 2.76%.
1,4-Di{[n-dodecyldi(2-dihydroxyethyl)ammonium]methyl}-

benzene dibromide (9CII): the title compound was prepared
from N-dodecyl-N,N-di(2-hydroxyethyl)amine (6II) (2.4 g,
8.8 mmol) and dibromo-p-xylene (7) (1.04 g, 4.0 mmol) using
Method-B to obtain a crude product. The crude so obtained
was recrystallized three to four times using a mixture of
methanol and ethyl acetate to afford the product (9CII) as a
white solid (1.9 g, 65%) (208−10 °C). TLC: 0.25 (10%
MeOH in CHCl3). IR: 3409, 3114, 1099, 1046 cm−1. PMR: δ
0.924 (t, 6H), 1.319 (bm, 36H), 1.877 (m, 4H), 3.301 (t, 4H),
3.402−3.444 (bt, 4H), 4.005 (bt, 8H), 4.813 (s, 4H), 5.466
(br s, 4H), 7.762 (s, 4H). Anal. calcd for C40H78N2O4Br2, C,
59.25; H, 9.70; N, 3.45; found, C, 59.04; H, 9.97; N, 3.09%.
1,4-Di{[di(2-dihydroxyethyl)-n-tetradecyl-ammonium]-

methyl}benzene dibromide (9CIII): the title compound was
prepared from N,N-di(2-hydroxyethyl)-N-tetradecylamine
(6III) (2.64 g, 8.8 mmol) and dibromo-p-xylene (7) (1.04 g,
4.0 mmol) following Method-B to afford the desired product
(9CIII) as a white solid (2.2 g, 66%) (mp 207−09 °C). TLC/
Rf 0.3 (10% MeOH in CHCl3). IR: 3388, 3109, 1099, 1047
cm−1. PMR: δ 0.85 (t, 6H), 1.25 (bm, 44H), 1.80 (m, 4H),
3.39 (t, 8H), 3.92 (bt, 8H), 4.74 (bt, 8H), 5.36 (br s, 4H), 7.69
(s, 4H). Anal. calcd for C44H86N2O4Br2, C, 60.96; H, 10.00; N,
3.23; found, C, 60.62; H, 10.32; N, 3.07%.
1,4-Di{[di(2-hydroxyethyl)-n-octadecylammonium]-

methyl}benzene dibromide (9CIV): the title compound was
prepared from N,N-di(2-hydroxyethyl)-N-octadecylamine
(6IV) (3.16 g, 8.8 mmol) and dibromo-p-xylene (7) (1.04 g,
4.0 mmol) following Method-B to afford the desired
compound (9CIV) as a white solid (2.6 g, 69%) (mp 224−
26 °C). TLC/Rf 0.5 (10% MeOH in CHCl3). IR: 3313, 1096,
1049 cm−1. PMR: δ 0.85 (t, 6H), 1.23 (bm, 60H), 1.78 (m,
4H), 3.12−3.33 (bm, 16H), 3.91−4.64 (bt, 8H), 7.67 (br s,
4H). Anal. calcd for C52H102N2O4Br2, C, 63.78; H, 10.50; N,
2.86; found, C, 63.51; H, 10.85; N, 2.71%.
2,2′-Di(n-hexadecyldimethylammoniumethyl)ether dibro-

mide (10AI): the title compound was prepared from N-
hexadecyl-N,N-dimethylamine (1) (2.96 mL, 8.8 mmol) and
2,2′-dibromodiethyl ether (8) (0.51 mL, 4.0 mmol) following
Method-B to afford a white solid compound (10AI) (2.0 g,
67%), (mp 243−45 °C). TLC: 0.4 (10% MeOH in CHCl3).
IR: 1139, 1082, 973 cm−1. PMR: δ 0.88 (t, 6H), 1.25−1.35
(bm, 52H), 1.72 (bm, 4H), 3.44 (s, 12H), 3.58−3.63 (t, 4H),
4.07 (br s, 4H), 4.33 (br s, 4H). Anal. calcd for C40H86N2OBr2,
C, 62.32; H, 11.24; N, 3.63; found, C, 62.09; H, 11.57; N,
3.38%.
2 , 2 ′ - D i [ n - h e x a d e c y l ( 2 - h y d r o x y e t h y l ) -

methylammoniumethyl]ether dibromide (10BI): the title
compound was prepared from N-hexadecyl-N-methylethanol-
amine (5I) (2.64 g, 8.8 mmol) and 2,2′-dibromodiethyl ether
(8) (0.51 mL, 4.0 mmol) following Method-B to afford the
product (10BI) as a white solid (2.2 g, 66%) (mp 227−29
°C). TLC/Rf 0.35 (10% MeOH in CHCl3). IR: 3322, 1132,
1082, 1049 cm−1. PMR: δ 0.88 (t, 6H), 1.25−1.34 (bm, 52H),
1.71 (m, 4H), 2.08 (t, 4H), 3.39 (s, 6H), 3.62 (t, 4H), 3.81 (t,
4H), 4.09 (t, 4H), 4.25 (t, 4H), 4.98 (br s, 2H). Anal. calcd for

C42H90N2O3Br2, C, 60.71; H, 10.92; N, 3.37; found, C, 60.49;
H, 11.26; N, 3.08%.
2,2′-Di[n-dodecyl(2-hydroxyethyl)methylammoniumethyl]-

ether dibromide (10BII): the title compound was prepared
from N-dodecyl-N-methylethanolamine (5II) (2.16 g, 8.8
mmol) and 2,2′-dibromodiethylether (8) (0.51 mL, 4.0 mmol)
following Method-B to afford the desired product (10BII) as a
white solid (1.6 g, 58%) (mp 215−18 °C).TLC/Rf 0.3 (10%
MeOH in CHCl3). IR: 3334, 1129, 1082, 1049 cm−1. PMR: δ
0.85 (t, 6H), 1.25−1.34 (bm, 36H), 1.72 (m, 4H), 3.39 (s,
6H), 3.63 (t, 4H), 3.81 (t, 4H), 3.97 (t, 4H), 4.10 (t, 4H), 4.25
(t, 4H), 4.95 (br s, 2H). Anal. calcd for C34H74N2O3Br2, C,
56.81; H, 10.38; N, 3.90; found, C, 56.53; H, 10.67; N, 3.61%.
2,2′-Di[(2-hydroxyethyl)methyl-n-tetradecylammonium-

ethyl]ether dibromide (10BIII): the title compound was
prepared from N-methyl-N-tetradecylethanolamine (5III)
(2.40 g, 8.8 mmol) and 2,2′-dibromodiethyl ether (8) (0.51
mL, 4.0 mmol) following Method-B to afford the quaternary
product (10BIII) as a white solid (1.8 g, 60%) (mp 234−36
°C).TLC/Rf 0.3 (10% MeOH in CHCl3). IR: 3290, 1132,
1082, 1049 cm−1. PMR: δ 0.85 (t, 6H), 1.25−1.34 (bm, 44H),
1.71−2.07 (m, 4H), 3.39 (s, 6H), 3.63 (t, 4H), 3.81 (t, 4H),
3.98 (t, 4H), 4.10 (t, 4H), 4.25 (t, 4H), 4.97 (br s, 2H). Anal.
calcd for C38H82N2O3Br2, C, 58.90; H, 10.67; N, 3.62; found,
C, 58.68; H, 10.92; N, 3.44%.
2,2′-Di[(2-hydroxyethyl)methyl-n-octadecylammonium-

ethyl]ether dibromide (10BIV): the title compound was
prepared from N-methyl-N-octadecylethanolamine (5IV)
(2.88 g, 8.8 mmol) and 2,2′-dibromodiethyl ether (8) (0.51
mL, 4.0 mmol) following Method-B to afford (10BIV) as a
white solid (2.0 g, 56%) (mp 224−26 °C). TLC/Rf 0.4 (10%
MeOH in CHCl3). IR: 3323, 1132, 1082, 1049 cm−1. PMR: δ
0.85 (t, 6H), 1.25−1.35 (bm, 60H), 1.71 (m, 4H), 1.99 (t,
4H), 3.39 (s, 6H), 3.63 (t, 4H), 3.81 (t, 4H), 4.10 (t, 4H),
4.26 (t, 4H), 4.95 (br s, 2H). Anal. calcd for C46H98N2O3Br2,
C, 62.28; H, 11.14; N, 3.16; found, C, 61.81; H, 11.46; N,
2.87%.
2,2′-Di[di(2-dihydroxyethyl)-n-tetradecylammoniumethyl]-

ether dibromide (10CIII): the title compound was prepared
from N,N-di(2-hydroxyethyl)-N-tetradecylamine (6III) (2.64
g, 8.8 mmol) and 2,2′-dibromodiethylether (8) (0.51 mL, 4.0
mmol) following Method-B to afford the desired product
(10CIII) as a white solid (2.1 g, 62%) (mp 218−20). TLC:
0.3 (10% MeOH in CHCl3). IR: 3300, 1103, 1076, 978 cm−1.
PMR: δ 0.85 (t, 6H), 1.22 (bm, 44H), 1.71 (bt, 4H), 3.59 (t,
4H), 3.78−3.91 (bm, 12H), 4.08−4.17 (bm, 12H), 4.82 (br s,
4H). Anal. calcd for C40H86N2O5Br2, C, 57.54; H, 10.38; N,
3.36; found, C, 57.25; H, 10.77; N, 3.02%.
2,2′-Di[di(2-dihydroxyethyl)-n-octadecylammoniumethyl]-

ether dibromide (10CIV): the title compound was prepared
from N,N-di(2-hydroxyethyl)-N-octadecylamine (6IV) (3.16
g, 8.8 mmol) and 2,2′-dibromodiethylether (8) (0.51 mL, 4.0
mmol) following Method-B to afford the desired compound
(10CIV) as a white solid (2.1 g, 56%) (mp 226−28 °C). TLC:
0.5 (10% MeOH in CHCl3). IR: 3300, 1105, 1074, 978 cm−1.
PMR: δ 0.85 (t, 6H), 1.23−1.65 (bm, 60H), 3.27−3.37 (bt,
8H), 3.49 (t, 8H), 3.64 (bm, 4H), 3.80 (bm, 12H), 5.28 (br s,
4H). Anal. calcd for C48H102N2O5Br2, C, 60.87; H, 10.85; N,
2.96; found, C, 60.53; H, 11.22; N, 2.68%.

4.4. CMC Determination. Aqueous solutions of the GAs
were prepared in the range of 10−3 to 10−6 mmol for all GAs.
Specific conductance of these solutions was determined using a
digital conductometer (Equiptronics, model 306, Mumbai)

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c03667
ACS Omega 2021, 6, 33370−33388

33384

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03667?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


with a cell constant of 1.01 S cm−1 at 30 ± 0.2 °C. Specific
conductance was plotted against the concentration of the GA
solutions. Inflexion point indicated the formation of micelles in
the solutions offering the cmc of the GAs.57

4.5. Preparation of GA Liposomal Formulations.
Formulations were prepared using each GA alone and in
combination with helper lipid DOPE. Both GA and DOPE in
molar ratios of 1:1 (Formulation a), 1:2 (Formulation b), and
1:3 (Formulation c) were dissolved in a solvent mixture
(chloroform/methanol, 1:1) in glass vials in such a way that
the total lipid contents remained constant. A nitrogen stream
was passed over the solution to remove the organic solvents.
For removal of residual amounts of solvent, the samples were
further maintained overnight under high vacuum. HEPES
buffer (20 mM, pH 7.4) was used for hydrating the dry film
and the resulting mixture was incubated at about 70 °C for 30
min. After incubation, the hot mixture was subjected to many
cycles of vigorous vortexing and cooling in a cold bath and
again heating to about 70 °C to ensure proper hydration of the
film. The suspension so obtained was finally sonicated for 3
min and filtered two to three times through a polycarbonate
filter (0.22 μm). DOTAP−DOPE and DCC−DOPE for-
mulations as the standard liposomal formulations were also
prepared in the same way. Some formulations containing
cholesterol as a helper lipid along with DOPE were also
prepared so that the final formulations contained GA/DOPE/
cholesterol58 in molar ratios of 1:1:1 (Formulation d) and
1:1:0.5 (Formulation e).
4.6. Lipoplex Preparation Using the Reporter pDNA.

Freshly prepared GA liposomal formulations were used for
preparing pDNA lipoplexes by vortexing them with pDNA in
DMEM in different N/P ratios (0.5 to 6.0). The N/P ratio is
defined as the ratio of nitrogen contents present in the GA to
phosphorous contents present in the pDNA. The quantity of
pDNA was kept constant and the quantity of the GA
formulation was changed to achieve the required N/P ratio.
However, the volume of the liposomal formulation and the
dilution of the pDNA were kept constant for lipoplex
preparation. In a typical setup, different amounts of the GA
formulations were used to obtain different N/P ratios in a
HEPES buffer (30 μL, pH 7.4) and these were treated with
pDNA (1 μg) and incubated for 30 min at room temperature
on a rotary shaker. The lipoplexes so obtained were used for
characterization and for other studies immediately after their
preparation.59

4.7. Size and Zeta Potential Determination of the
Liposomal and Polyplex Formulations. A Malvern
Zetasizer Nano (Malvern Instruments, UK) was used for the
determination of the particle size (z-average) and PDI of the
formulations.60 Photon correlation spectroscopy is a non-
invasive back-scatter technique on which the Zetasizer Nano
works at 4 mW using a helium−neon laser at 633 nm at a
temperature of 25 °C. Measurements were performed in
manual mode for 20 subruns of 10 s each. The size distribution
was calculated using Dispersion Technology Software (version
4.0, Malvern, Herrenberg, Germany). The measurement of
electrophoretic mobility (μm/s) was done using a small
volume disposable zeta cell, which was converted to zeta
potential using in-built software working on the principle of the
Helmholtz−Smoluchowski equation. The liposomes and
lipoplexes (0.2 mL) of GAs were diluted to 1.0 mL with
DMEM for the measurement of size and zeta potential.

For TEM, a drop of the lipoplex was applied to the copper
grid; excess of the preparation was removed with the help of a
filter paper and allowed to dry. An aqueous solution (2%) of
uranyl acetate was applied to the complex. Excess of the
solution was again removed with the help of a filter paper,
allowed to dry, and the grid was subjected to electron
microscopy.60

4.8. Agarose Gel Retardation Assay for pDNA
Complexation. In order to evaluate the DNA-binding ability
of the GAs, the gel retardation assay was used. For this
purpose, agarose gel (1%) prestained with ethidium bromide
(0.1%) was used. The reporter pDNA (300 ng) was complexed
with the GA liposomal formulations in different N/P ratios
(0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, and 6) in HEPES buffer (pH
7.4) in a total volume of 20 μL by incubation for 20−25 min at
room temperature. Loading buffer was prepared by mixing
bromophenol blue (0.25%) in aqueous solution of sucrose
(40%), and 4 L of the loading buffer was added in each well.
Electrophoresis was performed with Tris acetate buffer for 40
min at 80 V. The DNA bands were visualized using the gel
documentation unit.48

4.9. Evaluation of pDNA Protection in the Lipoplexes.
Lipoplexes having different N/P ratios of the GA/pDNA but
having a fix quantity of pDNA were incubated with DNase I
enzyme (1 μg/mL, 10 μL) at 37 °C for 20 min in the presence
of magnesium chloride (20 mM). After the given time, the
enzymatic reaction was stopped by adding EDTA (50 mM),
the mixture was further incubated for 10 min at 60 °C, the
aqueous layer was washed with a phenol/chloroform/isoamyl
alcohol (25:24:1 v/v) mixture, and centrifuged for 5 min at
10,000 rpm. The aqueous supernatant (25 μL) containing the
pDNA was applied on agarose gel (1%), which was prestained
with ethidium bromide, electrophoresed for 1 h at 100 V,48

and visualized under the gel documentation unit.
4.10. CD Study for pDNA Condensation. In order to

find out any conformational change, which could take place in
the pDNA after complexation with the GAs at different N/P
ratios, CD spectroscopy of the lipoplexes was carried out on a
JASCO-J815 instrument in the wavelength range of 320−200
nm. The sample was held in a quartz cuvette with a 0.2 cm cell
length, and scanning was performed at a speed of 50 nm/min
at a band width of 1 nm.61 The native form of pDNA without
complexation or in the absence of the GAs elicits a positive
band at 277 nm and a negative band at 245 nm indicating the
existence of B-form of the DNA.62

4.11. Transfection Studies Using the Reporter Gene.
4.11.1. Transfection Studies in the Absence of Serum. In
order to evaluate the transfection efficacy of the GAs,
formulations [i.e., lipoplexes formed with the pDNA (i.e., the
reporter gene pCMV.SPORT-β-gal) (300 ng) using the GAs all
alone or in combination with the helper lipid DOPE]
containing the GAs in different N/P ratios (1 to 6) were
used for transfecting two cell lines A549 and HeLa in modified
DMEM (containing 10% FBS).36,63−65 The method is
explicitly described in our earlier publication.44 The intensity
of the yellow color of formed p-nitrophenol was measured at
405 nm using an ELISA plate reader (BIorad, model 680XR,
Mumbai, India). The color intensity is directly proportional to
the transfection efficacy of the GA formulation.

4.11.2. Transfection of Cells in the Presence of Serum. To
check the transfection efficacy of the GA formulation in the
presence of serum, additional FBS (10%) was added in the
medium while inoculating the cells with the lipoplex
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formulations, maintaining the rest of the conditions the same
as reported in Section 4.11.1.
4.12. FACS Studies. FACS studies were performed as

reported earlier.44 Cells were seeded in DMEM growth
medium (1 mL) containing the antibiotic cocktail of
penicillin−streptomycin−amphotericin B (1%) and FBS
(10%) in 24-well plates containing 50,000 cells/well. After a
lag period of 18−24 h, lipoplex treatment was given to the cells
in plain DMEM (500 μL). The culture medium was removed
from the wells after 4 h of incubation with the lipoplexes, and
the wells were washed with PBS (pH 7.4). Fresh growth
medium (1 mL) was added to each well and the cells were
analyzed using the protocol for FACS in the absence of light to
avoid fluorescence quenching.66

Transfection was analyzed in wells after 48 h using a
fluorescence microscope (Nikon). Media were aspirated from
all the wells into microcentrifuge tubes. Each well was washed
with 100 μL of 1X PBS and aspirated into respective
microcentrifuge tubes. Each well was treated with Trypsin−
EDTA (250 μL) and incubated for 5−10 min at 37 °C.
Detachment of cells in each well was observed under a
microscope and complete media (100 μL) were added to each
well. The media were aspirated into microcentrifuge tubes
from each well and centrifuged to 8000 rpm at 4 °C for 10
min. Filtrates were discarded and pellets were resuspended in
1× PBS (500 μL), washed with PBS, and then centrifuged
again under aforementioned conditions. Filtrates were
discarded and 1× PBS (500 μL) was added to each
microcentrifuge tube. Paraformaldehyde (500 μL, 8%) was
added to each microcentrifuge tube and left for 5−10 min to
fix the cells and centrifuged under aforementioned conditions.
Supernatants were discarded and tubes were washed with 1×
PBS (500 μL) and centrifuged under same conditions to
remove paraformaldehyde completely. Filtrates were discarded
again and pellets were finally resuspended in 1× PBS (500 μL)
to obtain the samples ready for FACS reading. The presence of
GFP was detected by emission at a wavelength of 508 nm
using a flow cytometer (Guava Easycyte; Guava Technologies
Inc.). For each cell sample, 5000 events were collected.
4.13. Confocal Microscopy. For evaluating intracellular

trafficking of the lipoplexes obtained from the GA formulation
(10BIIId), confocal microscopy was performed as described
earlier.44 HeLa cells were cultured in 6-well plates (2 × 105
cells per well) in the growth media and transfected with the
lipoplex (of 10BIIId). After predetermined time intervals, each
well was washed with PBS (3 × 1 mL), the cells were fixed
with 4% paraformaldehyde solution (1 mL) for 10 min, and
the excess of paraformaldehyde was removed by washing with
PBS (3 × 1 mL). Finally, cells were treated with nuclear
staining dye DAPI (0.7 mL) for an hour and excess of the dye
was washed again with PBS (3 × 1 mL). Cells were viewed
under a confocal microscope (Zeiss, LSM-510 META,
Germany) at a 520 nm emission wave length and an excitation
wavelength of 488 nm.
4.14. MTT Assay for Cytotoxicity Evaluation. Cytotox-

icity tests for the GA formulations were performed using the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) reduction assay as reported in our earlier publica-
tion.44 The ratio of the number of cells to the quantity of GAs
present in the formulations was maintained the same in the
MTT assay in 96-well plates, as maintained in the assays
performed for evaluating the transfection efficacy of the GA
formulations. The cells were incubated with the formulations

for 4 h after which the media were removed, and the wells were
washed with 7.4 pH buffer solution and 200 μL of fresh culture
medium was added. After 48 h of incubation, the culture
medium was again removed and the wells were again washed
with the buffer solution. The cells were then incubated for 4 h
at 37 °C with MTT solution (50 μL) containing 1 mg/mL of
the MTT reagent in plain DMEM. After removal of the
DMEM, 100 μL of DMSO was added to each well to dissolve
the formazan crystals formed by reduction of the MTT reagent
by the living cells. Absorbance was determined at 570 nm on
an ELISA plate reader by fixing the reference at 650 nm and %
viability of the cells was determined by applying the given
formula67,68

% cell viability
absorbance of sample
absorbance of control

100= ×

4.15. In Vivo Animal Studies. 4.15.1. Optimization of
Radiolabeling Lipoplexes by the Direct Labeling Procedure.
The procedure adopted for performing radiolabeling of the GA
lipoplexes with 99mTc has been taken from our earlier
publication.44 Freshly prepared lipoplexes of the GAs with
the pDNA (15 μg) were treated with sodium pertechnetate
(99mTc), followed by treatment with stannous chloride (1 mg/
mL, 0.1 mL) in saline solution maintaining the pH 6.0−6.5
with the help of sodium bicarbonate buffer (0.5 M, pH 9.0) to
obtain a radioactivity level of 2.5 mCi/mL. Radiolabeling
efficiency of the labeling reagent and the purity level of the
labeled lipoplexes were checked using the ITLC technique.
The procedure was standardized by varying parameters such as
the concentration of the labeling reagent, concentration of the
reducing agent stannous chloride, pH of the medium, and
other related parameters to obtain stable radio-labeled
lipoplexes.

4.15.2. Biodistribution Studies. The method reported44

earlier was followed. Approval was obtained by the local IAEC,
Institute of Nuclear Medicine and Allied Science, New Delhi.
The radiolabeled (99mTc) lipoplex of the GA formulation
(10BIIId) was parenterally injected (0.2 mL per animal) into
Balb/C mice through tail vein. At different time intervals, the
blood sample was withdrawn by cardiac puncture and organs
were harvested by sacrificing the animals by cervical
dislocation. The tissues were washed with normal saline,
soaked free from fluid/saline by tissue paper, weighed, and the
radioactivity was measured using a well-type shielded γ-
scintillation counter (Electronics Corporation of India,
Mumbai make). Three animals were used for each time
point. The percentage of radioactivity present per gram of the
tissue was calculated using the equation69

% radioactivity/g of tissue
radioactivity count of the tissue

weight of the tissue total count injected
100=

×
×
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