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Gene therapy can be defined as incorporation of genetic
material, that is, DNA or RNA, in the cellular gene regulation
system, either to correct the expression of a malfunctioning
gene or to modulate the cellular functions through expression
of the newly incorporated gene. Nucleic acids (NAs) to
correct/block malfunctioning genes have great therapeutic
potential; however, their application is limited by their low
cellular uptake, short half-life in vivo, rapid clearance, and
quick enzymatic degradation. To circumvent this issue and
achieve efficient and targeted gene delivery, numerous vectors
have been developed, broadly categorized as viral and
nonviral vectors. The viral vectors owing to their naturally
evolved transduction properties were initially proposed as
potential carriers due to site specificity, but their large clinical
application is hindered because of immunogenicity and
pathogenicity. These limitations and the advances in the
field of nanotechnology have given rise to the development
of nanoparticle-DNA delivery systems. Various delivery
systems have been developed, each with their own inherent
advantages and disadvantages. Modifications of delivery
systems, using molecules such as PEG to increase residence
time, and the use of cell-targeting peptides have greatly contributed to the efficacy of these delivery systems. Despite the
advancements in this research field, there are still challenges
and questions to overcome. These include the fate of the
nanomaterials in vivo, their long-term side-effects on gene
expression and toxicity as well as the conventional methods
of ADMETox. Properly designed preclinical and clinical

studies need to be undertaken to ensure the development
of efficient and safe nanoparticle-DNA formulations. The
need for more fundamental research into the understanding
of gene function and gene delivery mechanisms inherently
limits the development of successful nanoparticle-DNA
formulations and so must also continue to evolve.
The discovery of gene therapy with potential advantages
over existing biochemical technologies has proven to be an
indispensable tool for elucidating molecular pathways and
phenotype/genotype relationships. Because of various limitations attached to the stability of DNA in biological milieu,
several parameters are to be taken care of, for the therapeutic
success of gene therapy, such as (i) DNA protection, (ii)
high transfection efficacy, (iii) reduced toxicity and absence
of nonspecific effects, (iv) high potency even at dosage of
DNAs, (v) adaptation to various treatment regimens as well as
diseases, and (vi) efficient vectors to bypass intracellular and
extracellular barriers to reach their target tissue/organ.
In spite of much research being carried out with the aim
to design different types of vectors for DNA delivery, safe
and efficient delivery of DNA into target cells or organs still
remains a big challenge. The DNA delivery is a multistep process where a series of extra- and intracellular barriers have to
be bypassed for successful application and could be achieved
with efficient vectors. For a vector to be an efficient delivery
vehicle, it should consist of three different functional moieties: (i) a cationic polymer or lipid component to condense
DNA and form complexes, which facilitates their endosomal
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escape after cellular uptake and facilitates effective unpacking
of the complexes in the cytoplasmic compartment; (ii) a
hydrophilic component, such as PEG, to impart solubility and
stability to the complexes in the biological environment; (iii)
a ligand that is specific for the target cell/tissue for enhanced
target ability to impart more efficient cellular uptake by
receptor-mediated endocytosis. Further, differences in angiogenesis and metastasis between cancerous and normal cells
can be exploited to engineer nanoparticle-DNA complexes
to be employed to target tumour cells and, henceforth, for
designing target-specific vectors. With nanoparticle-DNA
complexes gaining successful applications, polymeric nanoparticles are rapidly emerging as DNA delivery systems both
in vitro and in vivo. A review of the literature suggests that
polymeric nanoparticles can be used to deliver functional
DNA to the target cells. Various tumour models have also
been used to conduct studies with nanoparticles to deliver
DNA for antitumour treatments. A large number of successful animal model studies, including systemic delivery to
nonhuman primates, provide excitement and enthusiasm for
upcoming research in the field but still a number of hurdles
and concerns must be overridden before DNA delivery could
be harnessed as a new therapeutic modality.
For nanoparticles to be designated as an ideal DNA carrier system, the nanoparticles must possess long circulation
time, low immunogenicity, good biocompatibility, selective
targeting, and efficient penetration to barriers such as the
vascular endothelium and the blood brain barrier, selfregulating release without clinical side effects. The successful implication of DNA complexes in clinical applications
requires exhaustive details pertaining to efficacy and pharmacokinetics of DNA-vector systems. There is still a huge
amount of effort required in preparation of better polymers
and in the development of better ways of encapsulating or
complexing DNA with them. In this era of developing genetic
therapeutics, there is a call for the collaborative work by academicians and industry groups in order to develop methods
for preparation of more stable polymeric nanoparticles/DNA
complexes and robust analytical methods to characterize
formulations during formation and storage.
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Many viral and nonviral systems have been developed to aid delivery of biologically active molecules into cells. Among these, cellpenetrating peptides (CPPs) have received increasing attention in the past two decades for biomedical applications. In this review,
we focus on opportunities and challenges associated with CPP delivery of nucleic acids and nanomaterials. We first describe the
nature of versatile CPPs and their interactions with various types of cargoes. We then discuss in vivo and in vitro delivery of nucleic
acids and nanomaterials by CPPs. Studies on the mechanisms of cellular entry and limitations in the methods used are detailed.

1. Introduction
1.1. Cell-Penetrating Peptides. The plasma membrane plays
essential roles in selective permeability, osmotic balance,
compartmentalization, and cellular uptake. Small polar molecules such as ions, amino acids, and sugars enter cells through
specific carriers and channels in the membrane. Larger
macromolecules, such as proteins, DNAs, and RNAs, are generally unable to use this mode of entry. Consequently, delivery tools have been developed to facilitate cellular uptake
of large molecules for basic research and biomedical applications (Figure 1). These include mechanical and electrical
transfection techniques such as microinjection, bioballistics, hydrodynamic force, ultrasonic nebulization, electroporation, chemical/biochemical methods such as calcium
phosphate coprecipitation, membrane fusion catalyzed by
artificial lipids, peptides/proteins, dendrimers, adenovirusassociated virus vectors, and lentiviral vectors [1]. Some of
these methods are suitable for in vitro or in vivo use, while
others are suitable for both. These delivery methods can
also be categorized as involving viral or nonviral carrier
systems. Due to safety reasons, nonviral delivery methods
such as peptide- and lipid-based systems have received
more attention over the past 20 years than viral methods.

Advantages of nonviral systems are ease and flexibility of
assembly, minimal toxicity, and low levels of immunogenicity
and insertional mutagenesis.
Among nonviral delivery methods, cell-penetrating peptides (CPPs) have become increasingly popular. The first CPP
was discovered by two independent groups and is comprised
of a protein transduction domain (PTD) derived from the
transactivator of transcription (Tat) of the human immunodeficiency virus type 1 (HIV-1) [2, 3]. This domain contains
eleven amino acids (YGRKKRRQRRR) that are responsible
for cellular entry of Tat [4]. Later, a variety of CPPs are derived
from natural, chimeric, and synthetic sources (Table 1) [5, 6].
In general, CPPs are (1) less than 30 amino acids, (2) rich in
arginine and lysine, (3) positively charged or amphipathic, (4)
easy to prepare, and (5) nontoxic [7].
In general, the efficiency of a CPP in mediating cellular
uptake is a function of its total electric charge and amino
acid sequence insofar as these properties determine its 3D structures and potential interactions with membranes
molecules [8–10]. In particular, secondary amphipathicity is
a critical determinant of cellular uptake [9, 11–13]. Data bases
and predictive simulation models are available for identifying
biomimetic cell-penetrating peptides based upon an array of
protein characteristics [14–16].
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Figure 1: Cell-penetrating peptides as a tool to deliver biologically active molecules.

Table 1: A variety of cell-penetrating peptides mentioned in this paper.
CPP
Viral or natural CPPs
HIV Tat
HIV Rev
FHV coat
HSV-1 protein VP22
Penetratin
EB1 (penetratin analog)
MPG
Polyarginines
PR9
SR9
IR9
HR9
Engineered CPPs
Transportan
CADY
C6
C6M1
PF20 (and variants, see [9])
NAP
Steryl-NAP
POD

Amino acid sequence

References

YGRKKRRQRRR
TRQARRNRRRRWRERQR
RRRRNRTRRNRRRVR
DAATATRGRSAASRPTERPRAPARSASRPRRPVD
RQIKIWFQNRRMKWKK
LIRLWSHLIHIWFQNRRLKWKKK
GALFLGFLGAAGSTMGAWSQPKKKRKV

[31–35]
[35]
[35]
[34]
[31, 33, 36, 37]
[31]
[31, 34, 38–40]

FFLIPKGRRRRRRRRR
RRRRRRRRR
GLFEAIEGFIENGWEGMIDGWYGRRRRRRRRR
CHHHHHRRRRRRRRRHHHHHC

[41–44]
[31, 34, 41, 42, 45]
[46–48]
[41–44, 46]

CLIKKALAALAKLNIKLLYGASNLTWG
GLWRALWRLLRSLWRLLWRA
RLLRLLLRLWRRLLRLLR
RLWRLLWRLWRRLWRLLR
LLKLLKKLLKLLKKLLKLL
KALKLKLALALLAKLKLA
Stearyl-KALKLKLALALLAKLKLA
GGG[ARKKAAKA]4

[31, 36]
[31, 49]
[13]
[13]
[9]
[9]
[9]
[25]
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Figure 2: Reaction scheme for linking CPPs to cargoes. The cargoes can be linked to the CPPs through a covalent linkage method such as (a)
bissulfosuccinimidyl suberate, (b) carbodiimide, or (c) Sulfo-SMCC with a cysteine-modified CPP, or through a noncovalent method such
as (d) biotin-streptavidin interaction.

1.2. Versatile CPPs and Their Interactions with Cargoes. CPPs
have been used as carriers of DNA, RNA, protein, nanomaterials, and pharmaceuticals. Association between CPP
and cargo can be either covalent or noncovalent. Covalent
interactions have been achieved by sulfosuccinimidyl suberate linkage, carbodiimide conjugation, and thiol-amine coupling. Noncovalent interactions include biotin-streptavidin
interactions, electrostatic interactions, and metal-affinity
interactions [18–20] (Figure 2). Covalent strategies have been
used to conjugate antibody fragments, drugs, and fluorescent
labels. Covalent linking ensures strong association between

CPP and cargo and high transduction efficiency. However,
the covalent-linking procedure may be labor-intensive, timeconsuming, and costly. The yield of the CPP-cargo covalent
complex also decreases during separation from the unbound
CPPs and cargoes. Further, to achieve covalent linking,
cargoes are chemically modified, which may compromise
functionality. Schwarze et al. first demonstrated the delivery
of CPP-fusion proteins into various tissues in mice [21].
Subsequently, others showed that CPPs can carry covalently
linked nucleic acids and nanomaterials into cells of a variety
cell lines [22–24]. Johnson et al. used the cell-penetrating

4
peptide POD (peptide for ocular delivery) to deliver PODGFP fusion protein to retina, cornea, and skin [25]. Chang
et al. first described a CPP-mediated covalent protein transduction in plants [26].
The advantages of noncovalent binding between CPP and
cargo are ease of use, ease of production, versatility with
respect to cargo composition, and preservation of cargo functionality [27]. Noncovalent strategies have been used to
deliver siRNA, plasmids, and splice correcting oligonucleotides. Noncovalent bonding was applied to the delivery of green
fluorescent protein (GFP), collagen and insulin, into mouse
skin tissues [28, 29]. We and others have successfully used the
noncovalent delivery in several representative organisms of
prokaryotes and unicellular yeasts, including cyanobacteria,
bacteria, archaea, algae, fungi, and yeasts. However, noncovalent delivery was not successful in multicellular fungi and
green algae [30].

2. CPPs Delivery of Nucleic Acids
2.1. siRNA Delivery. RNA interference (RNAi) is an evolutionarily conserved mechanism of gene expression regulation
in animals and plants [84]. Endogenous pre-microRNAs
(pre-miRNAs) are synthesized and processed in the nucleus
and then transported to cytoplasm. The pre-miRNA is shortened and processed in the cytoplasm by an RNAse III enzyme
(Dicer) to become mature microRNA. A multienzyme complex that includes argonaute 2 and the RNA-induced silencing
complex (RISC) binds to the microRNA and eliminates one
strand. This activated complex then binds to an mRNA
strand that possesses a complementary sequence, thereby
inactivating its expression [85–87]. Utilizing this principle,
synthetic RNA molecules (small interfering RNA, siRNA) of
20–25 base pairs in length have been developed to manipulate
the expression of specific genes (Figure 3). This technique
represents a new treatment modality in cancer, infectious diseases, and genetic disorders. Currently there are more than 20
siRNAs undergoing clinical trials in various stages [88]. The
biggest challenge of this technique is delivery of siRNA across
the cytoplasmic membrane. Carriers are needed to overcome
this barrier and CPPs represent an obvious attractive means
for siRNA internalization.
The CPPs transportan, penetratin, amphipathic peptides,
and polyarginine have been extensively used to covalently
or noncovalently deliver siRNA into animal and plant cells
[31–33, 36–40, 45, 49, 89, 90]. Target gene products of
siRNAs include Luciferase, SOD1, EGFP, p38 MAP kinase,
CDK9, VEGF, p53, and Oct-3/4. Stable noncovalent CPP and
siRNA complexes can be formed by CPP/siRNA electrostatic
interactions. Alternately, CPPs can be covalently linked to
siRNA duplexes through disulfide bond formation in which
CPPs containing N-terminal cysteines are conjugated to
siRNA molecules with a 5 -thiol modified siRNA sense strand
[31, 34]. It is critical to purify the CPP/siRNA complex in
order to investigate transduction efficiency of the covalent
CPP-siRNA complexes. Otherwise, it is difficult to discern
the contribution of noncovalent CPP-siRNA complexes to the
transduction response.
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Potential drawbacks of direct conjugation of cationic
CPPs with anionic siRNAs are charge neutralization, inactivation of the CPP, and aggregation/precipitation, which may
limit siRNA entry into the cells [33, 91, 92]. Eguchi and
Dowdy invented an elegant design that fused a Tat PTD with
a double-stranded RNA-binding domain (dsRBD) [93]. This
design allowed siRNA to bind to dsRBD while leaving PTD
to induce cellular uptake in primary and transformed cells.
This tactic was applied in a mouse model of glioblastoma
to deliver two siRNAs for simultaneous silencing of EGFR
and Akt2. The result was selective destruction of tumor cells
and improved longevity of cancerous mice [94]. Clearly, CPPmediated siRNA delivery has a promising future in disease
treatment.
2.2. DNA Delivery. The delivery of functional exogenous
DNA into organisms is important for transgenic research and
gene therapy. Most studies have focused on CPP-mediated
delivery into mammalian cells, although our research team
has demonstrated that CPPs can deliver biologically active
molecules into a variety of species, including rotifers [46],
cyanobacteria [95], insects [41], plants [96], and paramecium [42]. Internalization of CPP-mediated DNA transduction involves a combination of pathways including classical
endocytosis, caveolin- and clathrin-dependent endocytosis,
macropinocytosis, and direct membrane penetration [46, 96,
97]. Various strategies have been developed to enhance transduction efficiency. For instance, stearylation of arginine-rich
CPPs drastically increases transduction efficiency of plasmid
DNA [35, 98], while hemagglutinin-2 (HA2) analogues or
chemicals such as chloroquine and polyethylenimine (PEI)
enhance transduction efficiency by catalyzing cargo release
from endosomes (see Section 4.3).
There have been attempts to deliver biologically active
molecules into the nucleus [99]. Molecules can enter the
nucleus from the cytoplasm by either passive diffusion or
active transport mechanisms. Small molecules less than
10 nm in diameter or 50–60 kDa in size can diffuse directly
through nuclear pore complexes. Most protein molecules
are transported by energy-dependent transport mechanisms
initiated by nuclear localization signals (NLS). These signals
are recognized by importin family proteins that mediate the
transport across the nuclear envelope with the participation
of Ran proteins [100]. An N-stearylated NLS was found to
improve CPP-mediated transfection activity by overcoming
cell membrane and nuclear pore barriers [98]. In contrast,
we have found that constructs with NLS tag interact with the
HA2 sequence thereby limiting delivery. The detailed reason
of this NLS interference remained to be elucidated [78].
In addition to penetrating cytoplasmic membrane and
nucleus, we demonstrated that a CPP-piggyBac transposase
(CPP-PBase) plasmid system could accomplish both protein
transduction and transposition [101]. The system was able to
synchronously deliver covalently linked PBase and noncovalently linked cis plasmid into human cells. This one-plasmid
“transposoduction” has tremendous potential for safe and
efficient cell line transformation, gene therapy, and functional
genomics.

BioMed Research International

5

shRNA
RISC

Dicer (dsRBD)

NH H N NH
NH
H N NH
N
H
2
2
NH
2
2 H2 N
OH NH
NH
NH
NH
H O
H O
H O
H O
H O
N
N
N
N
OH
N
N
N N N
N
N
H O
H O
H O
H O
H O
H O
NH O NH
NH
2
NH2 H N NH
H2 N NH
2

CPP (HIV Tat)

siRNAbound
RISC

mRNA

(a)

(b)

(c)

(d)

(e)

Figure 3: Simplified conceptual diagram (not drawn proportionally in size) of exogenous siRNA-mediated gene silencing. (a) The siRNA
(usually small hairpin RNA, shRNA) can be modified to covalently interact with CPPs and then be transported through the cell membrane.
(b) shRNA binds to the double-strand RNA binding domain (dsRBD) of the enzyme Dicer and then is processed. (c) The processed RNA is
incorporated into the RNA-induced silencing complex (RISC). The passenger strand RNA is degraded. (d) The guide strand RNA along with
the RISC binds to a complementary sequence of a targeted mRNA. (e) The targeted mRNA is degraded and translation disrupted.

3. CPPs Delivery of Nanomaterials
The improved sensitivity, resolution, and versatility of fluorescent microscopy and the discovery of fluorescent proteins
have revolutionized imaging in basic science and biomedical
applications [102, 103]. These fluorescent proteins have been
extensively used for visualizing and tracking molecules in
dynamic cellular processes. They may also be useful in disease
diagnosis and therapeutic planning. Recently Nguyen et al.
advanced the possibility of utilizing fluorescent proteins
to improve surgical precision [104]. However, the broad
emission spectra of current organic fluorophores impede
multiplex imaging, while photobleaching limits their use in
long-term imaging [105, 106]. Furthermore, cell autofluorescence in the visible spectrum and a need of probes that emit
in the near-infrared (NIR) region drive the need to develop
new imaging probes.
Nanomaterials are materials that have at least one dimension in the range of 1–100 nm. The development of nanomaterials has revolutionized many industries such as computing
and semiconductor, optics, energy, and cosmetics [107]. Semiconductor nanocrystals (a.k.a. quantum dots, QDs) possess

high optical extinction coefficient, a narrow range of emission
wavelength, exceptional resistance to photo- and chemical
degradation, and high quantum yield [108, 109]. These
properties make QDs particularly attractive for long-term
observation of molecules in live cells and multiplex imaging,
as well as tumor targeting and diagnostics in vivo. However,
inorganic QDs are not permeable to cytoplasmic membrane
and agglomerate easily. Thus, surface modifications of QDs,
such as complexing with polyethylene glycol, are required
to achieve stable suspension (Figure 4(a)). Even so, QDs are
poorly taken up by cells (Figure 4(b)). Josephson et al. first
reported increased uptake of iron oxide nanoparticles covalently conjugated with Tat-PTD [110]. These Tat-iron oxide
nanoparticle complexes were internalized into lymphocytes
and yielded magnetic labeling of cells. This technology opens
up the possibility for simultaneous diagnosis and treatment
of diseases (i.e., theranostics) when drugs are included in the
imaging system.
Stroh et al. successfully labeled primary bone marrow
cells with Tat-QD micelles ex vivo and observed the recruitment of the labeled bone marrow-derived precursor cells to
the tumor vasculature [111]. This methodology may advance
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Figure 4: (a) Synthesis of water-soluble carboxylated CdSe/ZnS quantum dots. Upon addition of ZnS as a shell to protect Cd core, the
surface was modified with 1, 2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethyleneglycol)-2000] (DSPE-PEG 2000) and
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000] (PEG-2 PE). The amount and ratio of PEG2-PE
and DSPE-PEG(200) determine suspension stability in water. (b) Fluorescence of CdSe/ZnS quantum dot in live cells with (left) and without
(right) nona-arginine after a 1-hour exposure [17].

our understanding of stem cell proliferation and differentiation. Many other studies have investigated CPP-mediated
delivery of QDs into living cells for basic science and biomedical application purposes [17, 24, 43, 44, 46–48, 112–117]. In
general, cellular uptake of the CPP/QD complexes includes
classical endocytosis, macropinocytosis, and direct membrane penetration. Factors that influence uptake efficiency of
CPP/QD complexes include the size and the overall surface
charge of the complexes. For instance, our data suggest that
electropositive charges of CPP/QD complexes (measured as
zeta-potential) increase higher transduction efficiency [118].
Although Cd-based QDs at nontoxic levels can be useful
in research applications [119], they are not ideal agents

for therapeutic purposes. Biocompatible, fluorescent nanodiamonds represent an attractive alternative. Defect center
(color center) of nanodiamonds can be created by irradiation with a high power laser beam followed by thermal
annealing at 800∘ C [120]. Nanodiamonds thus have been
modified producing strong and stable fluorescence with no
photoblinking (within 1 ms) and no photobleaching [121].
We found that histidine-modified arginine-rich CPP (HR9)
can facilitate the cellular uptake of these fluorescent nanodiamonds (Figure 5). Collectively, a combined use of CPPs
and nanoscaled materials (with or without fluorescence)
may greatly enhance payload and efficiency for imaging and
therapeutic uses.

BioMed Research International

7

Table 2: Examples of cellular uptake markers and organelle markers for green fluorescent CdSe/ZnS quantum dots in live cell imaging.
Marker
FM4-64
Alexa Fluor 568-Transferrin
Alexa Fluor 568-Cholera toxin B
Texas red-Neural Dextran 70
TMR-Dextran
Lyso Tracker Red DND 99
EEA1-Alexa Fluor 568
Lamp-1-Alexa Fluor 568
Mito Tracker Deep 633
Hoechst 33342

Function
Endocytosis marker
Clathrin-dependent endocytosis marker
Caveolae-dependent endocytosis marker
Macropinocytosis marker
Early endosome marker
Lysosome marker
Early endosome marker
Late endosome marker
Mitochondria marker
Nuclei marker

Figure 5: HR9 CPP facilitates cellular uptake of green fluorescent
nanodiamonds.

4. Mechanisms of CPP-Mediated
Cellular Uptake
4.1. Complementary Methods to Study Mechanisms of Cellular Uptake. Fixed cell imaging was utilized to study CPPmediated cellular uptake. However, the fixation procedure
introduced artifacts and yielded inaccurate data. Live cell
imaging has supplanted fixed cell imaging and become a
powerful tool to study dynamic cellular process in CPPmediated uptake. Coupled with cellular uptake markers
and organelle markers, the subcellular localization of the
CPP/cargo complex can be identified (Table 2). Figure 6
presents a comprehensive workflow of experiments on cellular uptake, intracellular uptake, and subcellular localization.
There are some discrepancies among publications regarding
the identity of CPP uptake mechanisms due to the limited
use of cellular process inhibitors. Although pharmacological
inhibitors (Table 3) can be used to inhibit internalization
processes, these inhibitors are not completely specific and
may suppress more than one cellular uptake pathway. For
instance, cytochalasin D (CytoD) and N-ethylmaleimide

Color (Ex/Em)
Red (506/750)
Red (580/630)
Red (580/630)
Red (595/615)
Red (555/580)
Red (577/590)
Red (580/630)
Red (578/603)
Red (640/662)
Blue (352/461)

Incubation time
15 min
5 min
10 min
30 min
5 min
10 min
5 min
5 min
10 min
30 min

Conc.
2 𝜇M
25 𝜇g/mL
5 𝜇g/mL
5 𝜇M
10 mg/mL
0.5 𝜇M
10 𝜇g/mL
10 𝜇g/mL
1 𝜇M
5 𝜇M

(NEM) inhibit both clathrin- and caveolin-mediated pathways. CytoD also inhibits macropinocytosis. This makes it
difficult to evaluate the contributions of different pathways to
transduction and complicates the analysis of CPP-mediated
uptake mechanisms. To overcome this problem, we suggested
that RNAi be used as a complementary method to thoroughly
elucidate CPP-mediated uptake mechanism. For instance, in
our study with CPP-mediated cellular uptake of CdSe/ZnS
quantum dots, pharmacological inhibitors reduced cellular
uptake of the noncovalent CPP/QD complex. However,
uptake efficiency of the CPP/QD complex was not reduced by
siRNAs introduced to knockdown clathrin HC and caveolin
1 (Figure 7). It is also worth noting that although the effective
dose of an inhibitor may be specified by commercial vendors
or literature, a pilot study should be conducted to optimize
the concentration of an inhibitor for a specific cell line since
too high concentration of an inhibitor may be toxic to cells
and compromise cellular processes.
4.2. Diverse Cellular Uptake Routes. Understanding the
mechanisms underlying CPP-mediated cellular uptake and
subcellular localization of the carrier system is needed to
improve transduction efficiency and cargo functionality. Our
understanding of uptake is still incomplete. Proposed routes
of entry include direct membrane penetration and various
types of endocytic pathways. Empirical modeling evidence
from several studies supports a direct membrane penetration.
Initially CPPs bind to the phosphate groups of the phospholipids on the bilayer surface. As the concentrations of CPPs
on cell surface increase, the lipid molecules rearrange. Side
chains of arginines translocate through the distal layer and
form a water pore. Finally, a few CPPs diffuse through the
pore, followed by pore closure [122–125].
Most studies of CPP-mediated cellular uptake of nucleic
acids and QDs have focused on endocytosis. Endocytosis
is an active process whereby cells internalize extracellular
material through cytoplasmic membranes. This process is
required by certain cells to obtain essential nutrition and
excrete cellular waste. At least 10 different types of endocytic
pathways involving various molecules have been delineated
[126]. Studies of cellular uptake of CPP/cargo complexes have
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Figure 6: Diagram illustrating a comprehensive workflow of experiments designed to characterize the cellular uptake, intracellular uptake,
and subcellular localization of CPPs and their cargoes.

focused on three pathways: clathrin-mediated endocytosis,
caveolin-dependent endocytosis, and macropinocytosis [17,
34, 43, 44, 97, 127, 128]. Future studies should consider other
endocytic pathways: CLIC/GEEC, IL2R𝛽, Arf6-dependent,
flotillin-dependent, circular dorsal ruffles, and entosis.
In endocytosis, CPP/cargo complexes might initially
interact with heparan sulfate proteoglycans (a pool of anionic
charge on the cell surface). However, Gump et al. recently
revised the role of glycosaminoglycans in Tat PTD-mediated
induction of macropinocytosis [129]. They found that transduction occurs efficiently in the absence of glycosaminoglycans and sialic acid and that the removal of cell surface
proteins totally abolishes transduction. They suggested that
additional cell surface protein(s) are necessary for Tat PTD
transduction. More studies are needed to identify these
proteins are and appreciate their roles in CPP membrane
transduction.
Collectively, current data suggest that the routes of the
cellular uptake for CPP/cargo complexes are diverse, reflecting the varied chemical and physical natures of the CPPs and
cargoes: entry may simultaneously involve multiple routes.
4.3. Release from Lysosomal Entrapment. A particular problem associated with most of the CPP delivery systems is
entrapment in lysosome, which may lead to cargo degradation and, thus, loss of intended functionality. Multiple strategies have been developed to circumvent this problem. One
method is to add to the CPP a section of the hemagglutinin

(HA) sequence from the human influenza virus (Table 4). HA
is composed of two subunits: hemagglutinin-1 responsible
for binding to cells and hemagglutinin-2 (HA2) responsible
for lysosomal escape [130]. The N-terminal domain of the
HA2 subunit possesses 23 amino acids in a hydrophobic
region referred to as fusion peptide [131]. This fusion peptide
domain is buried inside the HA trimer in its resting conformation. Upon acidification in the lysosome, an irreversible
conformational change of HA2 occurs, exposing the fusion
peptide and allowing it to insert into lysosomal membranes.
Subsequently a fusion pore is in the membrane is formed,
leading to transport of lysosomal contents into the cytosol.
The sequence of CPP-HA2 can be chemically synthesized
or the HA2 sequence can be inserted into a CPP-containing
plasmid. The advantages of using a peptide synthesizer
to produce a CPP-HA2 sequence are high purity, ease of
programming the sequence, and flexibility of residue modification as well as molecular conjugation. Disadvantages
include limited length of the sequence, loss of yield during
purification process, and possible loss of native configuration.
The advantages of using a CPP-HA2 plasmid are low cost,
time saving for production, and the flexibility to include other
desired functional sequences such as imaging molecules.
Disadvantages are low purity and considerable time and
labor investments. In addition to HA2 and its analogues, the
sequences of CPPs can be modified for lysosomal escape.
Collectively, these HA2 analogues and sequence variations
of CPPs exhibit different degrees of enhanced transduction
efficiency, ranging from 0.2- to 7000-fold (Table 4). Factors

Ammonium chloride

Chloroquine

Dextran sulfate
DMSO/ethanol
Oleic acid/limonene/PEG

5-(N-Ethyl-N-isopropyl)-amiloride (EIPA)

Wortmannin

Nystatin

Filipin

Methyl-𝛽-cyclodetritrin (M𝛽CD)

N-Ethylmaleimide (NEM)

Cytochalasin D (CytD)

Latrunculin A

Nocodazole

Okadaic acid

Sodium azide/sodium fluoride/antimycin A

Valinomycin/nigericin

Fusicoccin

Potassium depletion

Hypertonic medium

Inhibitor
Low temperature

Mechanism
Inhibit energy-dependent endocytosis
Inhibit clathrin-dependent endocytosis
(Dissociate clathrin lattice)
Inhibit clathrin-dependent endocytosis
(Dissociate clathrin lattice)
Endocytosis inhibitor
(H+ -ATPase activator)
Inhibit energy-dependent endocytosis
(Na+ /K+ ATPase modulator; K+ selective ionophore)
Inhibit energy-dependent endocytosis
(All metabolic inhibitors)
Endocytosis and autophagy inhibitor
Inhibit clathrin-dependent endocytosis
(Cause microtubule depolymerization)
Inhibit micropinocytosis
(F-actin depolymerization inhibitor)
Inhibit macropinocytosis, clathrin- and caveolae-dependent endocytosis
(Inhibit F-actin rearrangement)
Inhibit clathrin- and caveolin-dependent endocytosis
(Inhibit endosomal fusion, energy metabolism)
Inhibit clathrin- and caveolae-dependent endocytosis
(Deplete or sequester cholesterol)
Inhibit caveolae-dependent endocytosis
(Inhibit lipid raft; cholesterol binding)
Inhibit caveolae-dependent endocytosis
(Inhibit lipid raft; sequester cholesterol)
Inhibit receptor-mediated endocytosis
(Inhibit PI-3 kinase)
Inhibit micropinocytosis
(Inhibit Na+ /H+ exchanger)
Inhibit binding of CPP to cell membrane
Direct membrane translocation enhancer
All direct membrane translocation enhancers
Lysosomotropic agent
(Cause vesicular lysis)
Inhibit the fusion of lysosomes with endosomes

Table 3: Pharmacological and physical inhibitors of cellular uptake process.

[52, 53]
[17]
[4, 26]
[17, 54]
[55]
[56–58]

2 𝜇M
(0.15%/15 mM/2 𝜇g/mL)
1.5 𝜇M
10–25 𝜇M
15 𝜇M
1–30 𝜇M

[67, 68]

100 & 25 𝜇M

[67, 69]

[66]
[43]
[28, 43]

5 𝜇g/mL
10%/1%
5%

10 mM

[65]

100 𝜇M

[63]

5 𝜇g/mL

[64]

[63]

5 𝜇g/mL

100 nM

[62]

2 mM

[59–61]

[51]

10 𝜇M

0.1–3 mM

[50]

[17, 50]

Ref.
[17]

50% DMEM w/1 mM ouabain

0.2–0.45 M sucrose

Working condition
4∘ C
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Figure 7: Comparisons of clathrin- and caveolin-dependent cellular uptake pathways using pharmacological inhibitors and RNAi technique
[17].

influencing efficiency include the nature of CPPs and HA2,
types of cargoes, and sequence orientation of CPP and HA2.
In addition to fusogenic amino acid sequences, chemicals
such as chloroquine and polycationic polyethylenimine (PEI)
are commonly used to promote lysosomal escape. Chloroquine, a weak base, can enter the cell and accumulate in
vesicular compartments following protonation. At low concentrations, chloroquine inhibits endosome acidification and
maturation by preventing the accumulation of free protons.
As its concentration increases, it starts to accumulate counterions to protons (e.g., chloride ion) in endosomes, leading to
endosomal swelling and rupture [132, 133]. Endosomal release
by chloroquine enhances of transduction efficiency [78, 134,
135]. The secondary and tertiary amines of low molecular
weight PEI can be protonated in the acidic environment of
the endosome, leading to endosomal swelling and rupture.
PEI has been used to deliver DNA plasmids with improved
transduction efficiency [81, 136–139]. The drawback of the PEI
polymer is that it is not biodegradable and is highly charged.
Thus interaction of this polymer with genetic materials in the
cell nucleus might alter gene expression [140–142].

5. Conclusions
CPPs are capable of carrying nucleic acids and nanomaterials into cells. CPPs can interact with cargoes in covalent or noncovalent manners. Complementary tools such
as pharmacological inhibitors and siRNA are being used
to decipher mechanisms of cellular uptake. Depending on
the physiochemical natures of the CPP/cargo complex, the
mechanism of cellular entry may include classical endocytosis, macropinocytosis, clathrin- and caveolon-dependent
pathways, and direct membrane penetration. A variety of
chemical and molecular methods have been introduced to
overcome lysosomal entrapment in order to achieve higher
functional yields. As studies continue to advance our understanding about CPPs, this delivery modality will find considerable usage in clinical setting and basic science research.

Abbreviations
CPP: Cell-penetrating peptide
CDK9: Cyclin-dependent kinase 9
dsRBD: Double-stranded RNA binding domain

N.A. = not available.

Sequence variations in CPPs
10H
HR9
PasR8
PR9
GALA

Name
HA2 analogues

mCherry
Luciferase
FP

CPP-HA2
GALA-INF
HA2-CPP

23
23
11

CHHHHHRKKRRQRRRRHHHHHC
CHHHHHRRRRRRRRRHHHHHC
FFLIPKGRRRRRRRRGC
FFLIPKGRRRRRRRRR
WEAALAEALAEALAEHLAEALAEALEALAA
22
21
17
16
30

C-5H-Tat-5H-C
C-5H-R9-5H-C
Pas-CPP
Pas-CPP
GALA-EGFP

EGFR
siRNA

EGFR
siRNA/LF/diNF-7

20
23

GLFGAIAGFIENGQWGMIDG
GLFEAIEGFIENGWEGMIDGWYG
GLFEAIEGFIENGWEGMIDGWYGC
GLFEAIEGFIENGWEGMIDGWYGC
(dimeric)
GLFEAIEGFIENGWEGMIDGWYG
GLFEAIEGFIENGWEGMIDGWYG
GLLEALAELLE

Luciferase
DNAs, FPs, QDs
Alexa 488
DNAs, FPs, QDs
FITC

>98%
87%
N.A.
99%
N.A.

N.A.
N.A.
>95%

N.A.

N.A.
>90%

>7000x
20x
18x
47.5x
68x

80–90x
>1000x
2x

>2x

N.A.
3x

22%

>90%
NT

48

25

N.A.

N.A.

𝛽-gal, ARC

5x
2–6x
0.5–1x

Efficiency
N.A.
N.A.
N.A.

Purity

p53
No cargo
PM10

Cargo

FP
Shepherdin

Structural order
pHA2-p53-R9
pTat-Cre, pTat-HA2
HA2-Tat
pTat-HA-hARC or
pTat-HA-𝛽-gal
HA2-NT
(NT = neurotensin)
HA2-Tat
HA2-Tat

23
20
23

a.a. #

GLFEAIAEFIEGGWEGLIEGCAKKK

pTat-HA-hARC or pTat-HA-𝛽-gal

GLFEAIEGFIENGWEGMIDGWYG
GDIMGEWGNEIFGAIAGFLG
GLFEAIEGFIENGWEGMIDGWYG

Amino acid sequence

Table 4: HA2 analogues and other sequence variations in CPPs to overcome lysosomal entrapment.
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MAP kinase:
NLS:
POD:
PTD:
PEI:
QD:
RISC:
RNAi:
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siRNA:
SOD1:
VEGF:
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Green fluorescent protein
Enhanced green fluorescent protein
Hemagglutinin
Mitogen-activated protein kinase
Nuclear Localization Signal
Peptide for ocular delivery
Protein transduction domain
Polyethylenimine
Quantum dot
RNA-induced silencing complex
RNA interference
Ribonuclease
Small interfering RNA
Superoxide dismutase 1
Vascular endothelial growth factor.
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Advancement in the gene delivery system have resulted in clinical successes in gene therapy for patients with several genetic diseases,
such as immunodeficiency diseases, X-linked adrenoleukodystrophy (X-ALD) blindness, thalassemia, and many more. Among
various delivery systems, liposomal mediated gene delivery route is offering great promises for gene therapy. This review is an
attempt to depict a portrait about the polymer based liposomal gene delivery systems and their future applications. Herein, we
have discussed in detail the characteristics of liposome, importance of polymer for liposome formulation, gene delivery, and future
direction of liposome based gene delivery as a whole.

1. Introduction
The gene therapy has shown great promise for the potential
cure of several genetic disorders and appears to possess
enormous therapeutic potential. Although this news might
seem fresh and innovative, the transfer of genetic materials
into living cells has been tested around the decades. In
1966, Tatum [1] predicted that the transfection techniques
for mammalian cells will be advertised as part of the future
medicine. After over 30 years of research, the field of gene
therapy is offering an acceptable treatment protocol for the
cure for human diseases.
Studying the basic structure of genes into cells of different
origins has been a major practice in cellular biology investigation. In addition to being a powerful research implement,
gene transfer is a novel idea for gene therapy and is a
molecular therapeutic approach for curing inherited and

several other diseases [2, 3]. Diseases developed because of a
genetic constituent can theoretically be corrected by genetic
refinement based on the addition of needed genes. Among
the genetic diseases, muscular dystrophy, cystic fibrosis, and
familial hypercholesteremia have been studied so far. As for
cancer, most of the mutations acquired are not inherited but
are a result of cumulative effect of various external factors.
Therefore, it is a great challenge in the area of gene therapy
to correct these mutations and to repair the gene. A gene
itself is not able to enter into a cell as it is a large portion
of DNA that is bound by several anionic charges. A wide
range of artificial techniques has been developed and utilized
time to time for in vitro gene transfer. Some techniques of
gene transfer are membrane perturbation by chemicals (i.e.,
organic solvents and detergents), direct DNA microinjection,
physical methods (i.e., mechanical or osmotic method and
electric shocks), and liposomes.
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Intent of gene delivery approaches is to introduce genetic
material into patients’ cells. Subsequent successful gene
transfer in these cells will produce a therapeutic protein
that will counter the cause of disease. However, the safety
apprehensions and the difficulties related to production
on large scale are the drawbacks that are associated with
recombinant viral vectors [4] which has prompted the search
for efficient, nonimmunogenic, and easy to prepare nonviral
vector systems. The effectiveness of amounts of drugs is often
restricted by their potential to reach the site of therapeutic
effect. In many cases, the majority of drugs allocate all
over the body with its physicochemical and biochemical
properties while only a minor amount of a controlled dose
reaches the targeted area. Therefore, emerging drug delivery
system enhances the pharmaceutical effect of drugs while
reducing its toxicity in vivo which is a challenging task.
Lipid molecules of biomembranes interacting with water
molecules can control the transport phenomena and protein
functions with anisotropic flow ability. For formulating lipidbased drug carrier systems, a consistent and repeatable exploration of their size, as well as size allocation, is of paramount
importance for the nanocarrier’s in-vitro characteristics for
example, drug loading capacity, aggregation, sedimentation,
and so forth [5, 6]. A considerable attention has been paid
for liposomal drug delivery systems owing to their specific
attractions, that is, (1) fruitful encapsulation of together
tiny and large molecules (e.g., antigens) with a wide range
of hydrophobic levels and pKa values, (2) prolonging and
target release of therapeutic molecule/agent by alteration of
liposome surface, and (3) minimization of clinical drug dose
and reducing toxicity effects [7, 8].
Improvements in lipofection technique by surface modifications with polyethylene glycol (PEG) have facilitated
the safety from degradation in vivo. Surface amendment of
drug delivery systems with PEG has encountered increasing
interest to enhance biocompatibility [9], increase in systemic
circulation times [10], and change in their biodistribution
[11]. For example, nanoparticles [12], liposomes [13], and also
adenoviruses [14] have been “PEGylated” mainly to obtain
long-circulating particulate delivery systems, based on the
“stealth” effect. In the year 2002, Bhadra et al. [15] reviewed
the PEGylation methodology. PEGylation of polycations for
the purpose of gene delivery has been realized to block and
graft copolymers [16, 17]. PEG offers numerous attractive
potential as a liposomal covering and is obtainable in wide
variety of molecular weights. Due to lack of toxicity, it is
excreted easily by the kidneys and also eases for application
purpose [18]. Modifications of liposomal surfaces with PEG
are achieved either by its physical adsorption onto the
liposomal surface or its covalent attachment onto premade
liposomes [19].
The primary objective of this review article is to describe
the polymer based liposomal gene delivery system and its
potential applications. To achieve this objective, we have illustrated the topics in several headings such as characteristics of
liposome, importance of polymer for liposome formulation,
gene delivery, and future direction of liposome-based gene
delivery.
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2. Characteristics of Liposome
Innovative studies using liposomes were first performed by
Bangham et al. roughly 50 years ago. [20–22]. From these
studies, it was recognized that phospholipids in aqueous
systems are made up of closed bilayer structures. Liposomes
have passed through several practical applications to become
pharmaceutical carrier of choice from just another exotic
object of biophysical research. The real breakthroughs in
this area were established during the past 20 years, which
witnessed approval of many liposomal drugs as well as
the presence of different unique biomedical products in
pharmaceutical sector. Presently, several types of liposomes
are available for gene delivery system. Therefore, the development of the technologies for the liposome delivery systems
is an exciting area having both, clinical and economic values.
2.1. Liposomes Can Be Produced by the Self-Assembly. In general, liposomes are formed by the self-assembly of dissolved
lipid molecules. Lipid molecules contain a hydrophilic head
group and hydrophobic tails. These lipid molecules form an
association which yields entropically favorable states of lower
free energy and in some cases appear to form bimolecular
lipid leaflets. Such leaflets are categorized by hydrophobic
hydrocarbon tails facing each other to avoid water molecules
and hydrophilic head groups pointing outward to associate
with water molecules [23]. At this an argument exists that
the bilayer formation is still energetically unfavorable as the
hydrophobic portion of the molecules is still in contact with
water. This difficulty has been solved by forming a vesicle
with closed edges through the curvature of developing bilayer
membrane upon itself [24]. Therefore, the free-energy-driven
self-assembly is steady and has been exploited as powerful
machinery for liposomes for a particular given system [25].
2.2. Liposomes Are Spherical, Self-Assembling Vesicles with
One or Several Lipid Bilayers. Liposomes are spherical, selfassembling vesicles formed by one or several lipid bilayers
leaving an aqueous core inside. The lipid bilayers are composed of amphiphilic lipids, derived from or based on the
structure of biological membrane lipids. The hydrophobic
part of the lipid is designed of two hydrocarbon chains, which
naturally vary from 8 to 18 carbons in length, and it can
be either saturated or nonsaturated. A membrane with a gel
phase (L𝛽 ) is made by long and saturated acyl chains resulting
in increased stability and rigidity of the liposomes. On the
other hand, the use of short and/or unsaturated acyl chains
results in more fluid, liquid crystalline (L𝛼 ) bilayer structure.
Experimentally, this gel-liquid crystal (LC) phase transition
is well observed by changing temperature [26, 27]. Addition
of cholesterol into the lipid bilayer minimizes the effects
of membrane permeability and improves the mechanical
strength of the liposomes. Surface charge of the liposome can
be affected strongly by varying the hydrophilic head group
of the lipid which are either zwitterionic [e.g., phosphatidylcholine (PC) and phosphatidylethanolamine (PE)], negatively charged [e.g., phosphatidylglycerol (PG)], or positively
charged [e.g., 3-trimethylammonium-propane (TAP)] [8]. In
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the water, amphiphilic lipids tend to form bilayer structure
as they are poorly soluble in water with a critical micelle
concentration (CMC).
2.3. Hydrophobic Drug Molecules Can Be Entrapped Easily
through the Lipid Bilayer of Liposomes. Hydrophobic drug
molecules can be entrapped passively in the lipid bilayer
through the preparation of liposomes. Such drug molecules
are encapsulated in the aqueous core of the liposome or the
aqueous phase between bilayers (in the case of multilamellar
vesicles) using passive loading methods, such as reverse phase
evaporation [28], dehydration-rehydration method [29], or
active loading involving pH-gradient across the liposome
membrane [30, 31]. Remote filling of doxorubicin into preformed liposomes by means of ammonium sulfate gradient as
a driving force results in the efficient and stable entrapment of
the drug [32]. Some liposomal cancer drugs that are currently
employed clinically utilise remote loading such as Caelyx
and Myocet loaded with doxorubicin and Daunoxome with
daunorubicin.
2.4. Liposome Delivery System Can Be Developed into a Variety
of Sizes. Liposomes may exhibit a variety of sizes and morphologies contrary for the assembling of lipids or lipid blends
suspended in an aqueous medium [33]. The unilamellar
vesicle is a common morphology which is analogous to the
eukaryotic cellular membrane. This vehicle is characterized
by a single bilayer membrane that encapsulates an internal
aqueous solution, therefore, separating it from the external
(bulk) solution [34]. Both anionic phospholipid and cationic
amine head groups are responsible for forming single-walled
vesicles. Vesicle sizes are covered in the range of nanometer
to micrometer. Spontaneously formed multilamellar vesicles
(MLV) are very heterogeneous in lamellarity and size, ranging
from 500 nm to 5 𝜇m. More sophisticated, small unilamellar
vesicles (SUV, <100 nm) and large unilamellar vesicles (LUV,
100–800 nm) can be prepared by sonication or extrusion
[27, 33, 35].
Giant or gigantic vesicles also comprise additional morphologies such as (i) multilamellar, which consists of many
concentric bilayers, (ii) oligolamellar, which consists of only
two concentric bilayers, and (iii) multivesicular, which consists of various smaller unilamellar vesicles inside of one
giant one. With the exception of multilamellar vesicles, other
morphologies are very difficult to obtain without highly
controlled processes of creation [33]. Giant vesicles also have
the merit of attention owing to their large sizes, ranging from
1 𝜇m to more than 100 𝜇m [33]. These large vesicles have been
extensively studied and well characterized so far, partially due
to ease of observation [36].
2.5. Liposome Assemblies. A number of assemblies have
been recognized [37–42] during the compaction of polynucleotides into liposomal associations. Each of such structures
is created in the utmost energetically favorable conformation,
relying on the features of the definite lipids used in the
system [43]. Here the structure-packing parameter can be
used to recommend the possible shape of the amphiphile,
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which in turn depends on the ratio of size variables. The
main drawbacks pertaining to the use of liposomes are the
swift elimination from the blood and trapping of the lipid
assemblies by the cells of the reticuloendothelial system,
predominantly in the liver. A number of improvements are
being tried to reduce this shortcomings of liposomes.
2.6. Liposome and Surface-Attached Ligands. It has been
proposed that the use of targeted liposomes with surfaceattached ligands, capable of recognizing and binding to
cells of interest, may help in increasing liposomal drug
accumulation in the desired tissues and organs. For example,
immunoglobulins (Ig) of the IgG class and their fragments
are extensively used in targeting moieties that can be attached
to liposomes. Nothing has been found to affect the liposomal
integrity or the antibody properties that are bound covalently
to the liposome surface or by the hydrophobic interaction
with the liposomal membrane after alteration with hydrophobic residues [44]. Nevertheless, despite improvements in the
targeting efficacy, major proportion of immune-liposomes
is found accumulated in the liver as a consequence of
inadequate time for the communication between the target
and targeted liposomes. Hence, a better target accumulation
can only be achieved if liposomes are maintained for long
circulation time in blood stream.
Different methods have been recommended for achieving
long circulation of liposomes in vivo, including coating of the
liposomal surface with inert, biocompatible polymers, such as
PEG. PEG forms a protective layer over the liposomal surface
and slows down the liposome recognition by opsonins [45,
46]. Long-circulating liposomes are being scrutinized in
detail and are extensively used in biomedical in vitro and
in vivo studies also leading their way into clinical practices
[47, 48]. A significant role of protecting polymers is because
of their flexibility which permits comparatively small number
of surface-grafted polymers to create an impermeable layer
above the liposome surface [49, 50]. Long-circulating liposomes exhibit dose-independent, nonsaturable, log-linear
kinetics and increased bioavailability [51].
2.7. Liposome and Gene Delivery. The challenges being faced
for the development of various techniques for liposomal
gene delivery systems are not unlike compared to those that
are being faced for liposomal drug delivery systems. The
therapeutic listing of the conservative or gene-based drugs
(e.g., plasmid DNA or RNA transcripts) are enhanced by
delivering more biologically active drug to target cells or
tissues, to circumvent drug-related toxicities. By means of
gene-based drugs, the delivery into suitable cells denotes only
a part of the problem. A number of intracellular barriers are
present in many cell types that can inhibit the biologic activity
of gene-based drugs [52, 53]. It is not very obvious what role,
if any, liposomes will play in overcoming these intracellular
barriers.
2.8. Liposome and DNA Delivery. The liposome based DNA
delivery was recognized as early as late 1970s [54]. On the
other hand, gene-based drugs have presented interesting
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challenges for systemic delivery systems. The gene-based
drugs are highly susceptible to degradation by the nucleases
present in plasma. Although liposomes have the potential
to encapsulate gene-based drugs and prevent inactivation by
nucleases, but methods used to encapsulate plasmid DNA
efficiently are not well defined, small liposomes or lipidic
DNA particles have only been appreciated. The usefulness of
gene-based drugs is absolutely dependent on gaining entry
into the target cell cytosol in an intact form. Consequently, for
effectiveness of liposomes, they must act as integrate agents
that endorse intracellular delivery. With a few exceptions
(e.g., skeletal muscle [55, 56] such as hepatocytes [57, 58]),
naked plasmid DNA alone is not taken up very efficiently
by most of the cell types in vivo. For certain gene therapy
approaches, such as those involving the delivery of suicide
genes, systemic gene delivery systems must have the potential
to deliver gene-based drugs selectively to specific target cells.
Drug loading capacity are achieved either actively (i.e.,
after liposome formation) or passively (i.e., the drug is encapsulated during liposome formation). Hydrophobic drugs are
directly incorporated into liposomes through vesicle formation. The magnitude of uptake and retention is controlled
by lipid-drug interactions. Trapping efficiency of 100% is
frequently attainable but totally relies on the solubility of the
drug in the liposome membrane. During vesicle formation,
the passive encapsulation of water-soluble drugs depends on
the capability of liposomes to hold aqueous buffer containing
a drug suspension easily. Trapping efficiency is restricted
(usually less than 30%) by the trapped volume confined in
the liposomes and drug solubility. Additional method to
enhance the passive encapsulation of water-soluble drugs is
to give an amphipathic nature to the drugs by conjugating
or complexing the drugs to lipids [59, 60]. Instead, watersoluble drugs that have ionizable amine functions are actively
entrapped by employing pH gradients [61], which results in
trapping efficiencies approaching 100%.
Cationic liposomes (lipoplexes) are the most frequently
used in nonviral gene transfer systems. Nevertheless, in
contact with negatively charged DNA, lipid molecules form
electrostatic complexes with DNA. In the meantime, the pioneering work of Felgner and Ringold [62] introduced cationic
DOTMA/DOPE liposomes and numerous other cationic
lipids that have been designated. Selected lipids have monovalent head groups, for example, DOTMA [62] and DOTAP
[63], and some others, like DOGS and DPPES [64], include
multivalent head groups. Cationic lipids may also include
a neutral fusogenic lipid, dioleoylphosphatidylethanolamine
(DOPE). Complexes of cationic lipids with genes are heterogeneous [65, 66] and susceptible to changes in the surrounding solution [67]. Cationic liposomes have been studied
in vitro, in vivo, and even in clinical trials [68], but the
main difficulty that remains to be resolved is low transfection
efficiency for in vivo applications. Although the endosomal
buffering capacity has not been proven directly, but due to
the pK a values of their secondary and tertiary amines, it
is widely believed [64, 69–72] that polyethyleneimines and
dendrimers, as well as DOGS lipid, may buffer endosomes.
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3. Importance of Polymer for
Liposome Formulation
3.1. PEG-Liposomes and Their Uses in Different Diseases. Kim
and his coworkers revealed that PEGylated lipoplexes yield
amplified transfection efficiencies in the occurrence of serum
as compared to liposomal transfection methods. The PEGylated lipoplexes presented enhanced stabilities and longer
passage times in the blood. It is supposed that the PEG forms
a steric barrier surrounding lipoplexes, which stifles clearance
due to compact macrophagocytes uptake [19], and may
permit the liposome to overcome accumulation problems
over mutually repulsive interactions between PEG molecules
[73]. These characteristics facilitate higher transfection efficiencies, increased bioavailability, due to larger available
concentrations, and improved tissue distribution [74]. These
particles are sometimes denoted as “stealth liposomes,” since
they can decrease immune responses and improve circulation
time associated with PEG-modified liposomes. By means
of cellular targeting, such liposomes lack specificity. Shi
et al. [75] developed the technique to inhibit the endocytosis
through PEGylation of the lipoplexes that was dependent
upon the mole fraction of PEG on the liposome. It has unique
functional groups that are combined with the lipoplexes.
PEG on the liposome is a proper complex, which separates
DNA packing upon incorporation into the cell. Based on
these findings, a need has arisen for the formation of
PEG-containing liposomes, whereby the attached PEG is
detached following endocytosis via a hydrolysable connecting molecule. Thus, current researches on PEG-liposomes
are focused on joining the PEG in a removable fashion to
facilitate liposome capture by the cells. The PEG coating
is separated during the performance of some pathological
conditions (decreased pH in tumours). It has been found
that the enhanced permeability and retention (EPR) cause
PEG-liposomes accumulation at the target site [76]. A new
detachable PEG conjugates have been described by Zalipsky
et al. [77], wherein the detachment process mainly depends
on the mild thiolysis of the dithiobenzylurethane, linked
between PEG and amino-containing substrates.
The delivery of the anticancer agent doxorubicin in PEG
liposomes has been found for treatment of solid tumours
with breast-carcinoma metastases patients, and it resulted in a
subsequent improvement in survival [78–80]. The similar set
of indications was targeted by a combination therapy comprising liposomal doxorubicin and paclitaxel [81] as well as
Caelyx (Schering-Plough) (doxorubicin in PEG liposomes)
and carboplatin [82]. For patients, the Caelyx is in Phase II
clinical trials with squamous cell cancer of the head and neck
[83] and ovarian cancer [84]. Clinical research revealed that
the effect of doxorubicin in PEG liposomes is very impressive
against unresectable hepatocellular carcinoma [85], cutaneous T-cell lymphoma [86], and sarcoma [87]. Liposomal
lurtotecan was presented to be effective in patients with
topotecan-resistant ovarian cancer [88]. Additional signs
targeted by liposomal formulations include amphotericin B
for the treatment of visceral leishmaniasis [89] and liposomal
bupivacaine long-acting analgesia [90].
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3.2. PEG Co-Polymers and Its Assembly. Among various
strategies to provide elements with stealth-shielding, incorporate surface modification with poly(acrylamide), poly
(vinyl alcohol), and polysaccharides as well as surface modification with PEG and PEG copolymers was found to
be the most effective methods. Wide-spread use of those
elements was noted in these references [91–93]. PEG has
a universal assembly of HO–(CH2 CH2 O)n –CH2 CH2 –OH,
surrounding a polyether backbone that is chemically inactive,
with terminal hydroxyl groups that can be triggered for
conjugation to diverse types of polymers and drugs. Amphiphilic block copolymers like poloxamers and poloxamines,
comprising hydrophilic PEG (or PEO), and hydrophobic
PPO [poly(propylene oxide)] are additional forms of PEG
products. These molecules are frequently employed for
modification by surface adsorption or entrapment [91, 93].
The hydrophobic block of PPO anchors onto or entangles
within the surface of hydrophobic nanoparticles matrices.
The poloxamers are commercially available such as Pluronics
from BASF Corporation that are a-b-a type triblock copolymers (PEO–PPO–PEO); poloxamines (or Tetronics) are
tetrablock copolymers of PEO–PPO joined by an ethylenediamine bridge ((PEO–PPO)2 –x–(PPO–PEO)2 ) [94–96]. The
equilibrium among hydrophilic and lipophilic segment of
these copolymers can be adjusted through variations of the
molecular weight of “a” and “b” blocks. As an example,
Pluronic F-108 NF, a poloxamer 338 molecule, has a bulkier
middle block. It has longer side arms containing a = 122
and b = 56. These side arms can be compared to Pluronic
F-68 NF, containing poloxamer 188 possessing longer side
arms with a = 76 and b = 30. This dissimilarity can impart
a significant modification property such as in the physicochemical properties of the triblock copolymer that control its
applicability. An instance of surface modification helps in the
variation of poloxamers. In this case, variation of a : b ratios
is important and can be prejudiced for biodistribution of
PCL nanoparticles. For example, it was observed that 74% of
Pluronic F-68 NF and modified nanoparticles gather within
the liver after 1 hour of administration. Whereas only 67% of
Pluronic F-108 NF altered nanoparticles accumulated in the
liver. Moreover, modified nanoparticles are less toxic compared to unmodified (83%) nanoparticles as PEG surfaceshielding helps to avoid recognition by the RES system [97].
3.3. Polymeric Nanoparticles and PEG Chains. Surface modification of the polymeric nanoparticles can also be achieved
through covalent bonding by grafting of PEG chains against
the nanoparticle surface, and likewise through the use of
copolymers, according to which PEG is covalently linked to
another polymer type. However, PEG modification can also
be achieved by noncovalent bonding of surface adsorption
or entrapment into the nanoparticle matrix [91]. Some of
examples regarding PEG modification by covalent and noncovalent bonding are presented elsewhere [98]. PEG offers an
important advantage for the nontoxic and nonimmunogenic
gene transfer which is internally used in humans. It proves the
evidence for inactive ingredients for oral as well as parenteral

5
applications which is approved by the USFDA [99]. An
extensive range of molecular weights of PEG is available up
to several million daltons (Da). It is not biodegradable and
influences its elimination from the body. Yamaoka et al. [100]
discovered that molecular weight of PEG up to 20 kDa is
initially excreted through the renal system. Finally, the PEG
chains show higher molecular weight transition from urinary
to fecal excretion.
3.4. Molecular Weight, Size, Shape, and Other Parameters of
PEG Chains and Application as Delivery System. Depending
on the increase in variations of molecular weight, defined by
the number of repeating units, PEG chains can be produced
in two conformations, as either linear or branched chains
[101]. The defensive performance of PEG is usually due to
the development of thick, hydrophilic cloud of long flexible
chains on the colloidal surface that reduces the hydrophobic
interactions with the RES. The tethered and chemically
anchored PEG chains can undergo spatial conformations.
Consequently, it is avoiding the opsonization of particles via
the macrophages of the RES and thus favors accumulation
in liver and spleen. Therefore, PEG surface modification
enriches the circulation time of the colloidal particles in the
blood [92, 102, 103].
The method of steric hindrance by the PEG modified
surface has been thoroughly inspected [93]. A structured
shell is formed by the water molecules through hydrogen
bonding to the ether oxygen molecules of PEG. The protein
interactions are repelled by the strongly bound water that
forms a hydrated film around the particle [104]. Additionally,
PEG surface modification also increases the hydrodynamic
size of the particle and reduces its clearance. This process is
dependent on the molecular size as well as particle volume
[105]. Eventually, these assistants are greatly increasing circulation half-life of the particles [91, 102, 106]. The technology
of PEG modification is readily in use, for example many
PEG-modified nanocarrier products have been developed for
tumor targeting which have been noted elsewhere [98].
The molecular weight, size, and shape of the PEG segment
and the kind of linkage used to connect it to the entity of
interest define the significances of PEGylation in relation
to protein adsorption and pharmacokinetic properties like
volume distribution, circulation half-life, and renal clearance.
The required amount of PEG on the colloidal surface can
be adjusted by altering the molecular weight and molar
ratio (e.g., grafting efficiency) of PEG integration, when
formulated into colloidal particles. Longer PEG chains offer
better steric influence around the colloidal entity and the
related phenomenon have been seen when the grafting
density is increased in regard to the PEG chain length.
Longer PEG chains may also collapse against the nanoparticle
surface to provide a hydrophilic shield [107]. But, stericshielding enhances therapeutics circulation time. It is not
astonishing that colloidal particles modified with 6.5 mol%
PEG that usually have a longer circulation time (half-life of
170 min) than particles changed with 2.5 mol% PEG (half-life
of 80 min).
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Remarkably, branched derivatives of PEG usually have
an increased half-life over unbranched PEG chains. But, at 7
or greater mol% surface modification, both unbranched and
branched derivatives show a similar steric effect. There exist
many reports to support the pharmacokinetic enhancements
that have been observed with the use of PEG-modified
nanocarriers over unmodified nanocarriers. For example,
gelatin nanoparticles which are modified by PEG chains show
increased circulating half-life from 3 to 15 h over unmodified
gelatin nanoparticles, evidenced by a three-fold reduction
in total body clearance [108]. Nanocarriers with prolonged
circulation time and 29 to 38 h of half-life are considerably
required to enrich tumor tissue, a significant enhancement
of therapeutic efficacy. Likewise, a PLGA nanocarrier with
PEG-modification also improves the circulation time. Only
5% of unchanged particles remains in circulation within
5 min of administration; nonetheless as much as 25% of PEG
of molecular weight of 5 kDa continues circulation [103].
Remarkably, PLGA particles that had been modified with
20 kDa molecular weight of PEG were reserved up to 50%
of the circulation within first 5 minutes. This observation
supports the increasing stealth properties and decreasing
clearance for longer PEG chains.
Some nanomaterials such as fractured dendrimer and
polyethyleneimine were also used through in vivo study and
are shown to be active in brain and carotid artery [109,
110]. The gene relocation by polyplexes and lipoplexes is
less efficient in vivo than in vitro. In vitro effects are not
predicted well in case of in vivo gene transfer [111, 112]
because of the different biological barriers in vivo, factors
that are not present in vitro cell culture systems. The complex
formation of cationic vehicle and DNA may interact with the
extracellular matrix materials after local gene administration
(e.g., in arterial walls, vitreous of the eye, joints, dermis,
extracellular matrix in tumor, etc.) and such communication
may hinder the gene transfer to the targeted cells.
Extracellular matrices comprise sulfated proteoglycans
that consist of a core protein covalently linked to one or
more sulfated or carboxylic glycosaminoglycans (GAGs)
[113]. Negatively charged GAGs, such as hyaluronic acid and
chondroitin sulfates, are long unbranched polysaccharides
with repeated sulphated or carboxylic disaccharide units
[112, 113]. Extracellular polyanionic GAGs might bind the
positively charged DNA complexes and, thus, disturb their
mobility in tissue, as well as interaction with target cells.
Previously, Xu and Szoka [114] presented some polyanions (heparin and dextran sulfate) that release DNA from
DOTAP liposome by binding to the cationic lipids. Various polyplexes and lipoplexes are complexed with DNA
differently and also their mechanisms and efficiencies in
gene transfer are not alike [52, 62, 115–117]. Consequently,
it has been demonstrated that the interactions between
various DNA complexes and GAGs are far from identical.
Additionally, inhibitory effects on transfection of cells are not
dependent on DNA release or its relaxation in the complex.
Nonviral gene delivery schemes, for instance, cationic
liposomes [118] or synthetic gene carriers, such as poly-Llysine (PLL) [119–121], can overcome immunogenicity produced by viral vectors in vitro. However, in vivo applications
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of such gene delivery schemes are greatly destitute due
to poor biocompatibility and rapid degradation [122]. The
Lipofectin protocol is also one of the best dependable tools
in this category [123]; nevertheless it also associated with
high cytotoxicity [121]. To overcome these problems, PLL
has been modified by covalently attaching compounds, like
tyrosinamide triantennary oligosaccharide [124], asialoglycoprotein [118, 125–127], N-glutarylphosphatidylethanolamine
[128], transferrin [120, 129], fusogenic peptide [129], antibody
[130], lactose [131, 132], or mannose [133], for the use as a gene
delivery vector. The terplex gene delivery system, consisting
of plasmid DNA, low density lipoprotein, and stearyl-PLL,
has been reported to improve the transfection efficiency [134].
Wolfert et al. [135] and Kabanov et al. [136] developed the AB type block polycations as carriers for oligonucleotide and
gene delivery. For these carriers, one hydrophilic polymer
region, for example, PEG, is combined with PLL. This block
copolymer forms a complex with DNA, maintaining a low
cytotoxicity comparable to the cation alone but with high
solubility. It also increases the transfection efficiency in cells,
for example, in 293 cells (human primary embryonal kidney
cells). Such results are strongly motivating to develop a
new series of polymer carriers, like methoxy PEG-grafted
PLL (PEG-g-PLL) carriers, named comb-shaped PEG-g-PLL
copolymers. Choi et al. [137] found that the comb-shaped
polymer had a 5- to 30-fold increase in transfection efficiency
compared to PLL on Hep G2 cells. They also found that
plasmid DNA/PEG-g-PLL complexes enter the cells through
an endocytosis mechanism.

4. Gene Delivery
4.1. Gene Delivery as a Whole. Cationic polymers play a
crucial role for the development of gene transfer agents due
to their extraordinarily good potential to condense DNA
[138]. The polycation-induced DNA condensation is usually
expected to be an entropy-driven process [139]. The complex
formation of high M W polycations with DNA is thermodynamically preferred over the complexation with low M W
cations. The change of the entropy during complex formation
is much higher if new counterion of the DNA is large and
releases a huge number of low M W counterions. As a result,
the development of liposome-based gene delivery systems
uses polycations to condense the DNA. This polymer/DNA
complex is encapsulated by a liposome formulation leading
to a liposome entrapped polycation condensed DNA [140]. A
comparable approach was to incorporate the polymer/DNA
complexes in biodegradable nanospheres and microspheres
for controlled release of the complex [141]. Lipid molecules
are the conserved entities for the formation of liposome
which has a head group and hydrophobic hydrocarbon tail
regions, linked through a backbone linker of glycerol [142].
Cationic lipids generally interact with a positive charge
through one or more amines which are present in the
polar head group. The presence of positively charged amines
enables binding with anions, for example, those seen in DNA.
Thus, accumulations of energetic contribution by forces like
Van der Waals and electrostatic binding lead to the creation
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of liposome and also partially dictate the shapes attained by
them [43]. Due to the polyanionic nature of DNA, cationic
and neutral lipids are usually used for gene delivery even if
the application of anionic liposomes has been fairly limited to
the delivery of additional therapeutic macromolecules [143].
A large amount of effort has been made to deliver
complexes composed of nucleic acid and liposome to target
cells, organs, and/or tissues accurately with different delivery
system (Figure 1). Ligands (having affinity to cell surface
receptors) are usually attached to PEG and then to the
cationic or anionic carriers. Owing to shielding the positive
charge of cationic complexes by means of PEG, the delivery to
a specific cell surface receptor is accomplished. Nevertheless,
gene expression is usually lower in the target cell than
using the nonspecific delivery of the cationic complex. PEG
is unable to “deshield” upon contact with the target cell
surface although PEGylation shields the positive charge on
cationic complexes. Therefore, the PEGylated complexes are
not capable of utilizing critical charge interactions for optimal
transfection into cells. This loss of positive charge on the
surface causes transfection of fewer cells. First the halflife of complexes was increased by the use of PEGylation
for the circulation and also to circumvent uptake in the
lung. Conversely, this technology also abolishes the ability
to transfect efficiently to the cells. The transfer of PEGylated
complexes into cells occurs predominantly through the endocytic pathway. Subsequent deprivation of the DNA has been
observed in lysosomes. It is considered that maintenance
of sufficient positive charge on the surface of complexes is
necessary to drive cell entry by direct fusion. Templeton
[144] produced targeted delivery of the complexes without
the use of PEG and even tried to maintain the overall positive
charge. It was achieved either through ionic interactions or
covalent attachments of Fab fragments, monoclonal antibodies, proteins, partial proteins, peptide mimetics, peptides,
small molecules, and drugs to the surface of the complexes
after mixing. These ligands obviously enhanced the entry
of complexes into the cell either by direct fusion or by
competently binding to the targeted cell surface receptors.
Novel approaches of adding ligands to the complexes for
targeted delivery may further increase the gene expression
levels in the targeted cells after transfection. For this reason,
Templeton [144] designed targeted liposomal delivery systems that could predominantly enter cells by direct fusion
rather than endocytic pathway.
4.2. Gene Delivery through Liposome: Basis and Status. The
reported lipid-polymer hybrid systems include DNA precondensed with polycations followed by coating with cationic
liposomes [145, 146], anionic liposomes [147], or amphiphilic
polymers with or without helper lipids [148]. Linear polyL-lysine, protamine, histone, and various synthetic polypeptides have been used as the DNA condensation component;
the polyplexes formed are then coated with a lipid layer. DNA
is better protected in these lipid-wrapping polyplexes. In vitro
[145, 146], the 3-part structure seems to be more efficient
in transfection than lipid-DNA complexes and is true even
for in vivo efficiency [149]. An extensive reorganization of
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the lipid membranes takes place following the initial contact
when anionic complexes and DOPE-rich liposomes are
added to DNA polycation complexes which results in lipidpolymer-DNA complexes with anionic lipid coatings [147].
This method overcomes the surface charge issue associated
with cationic lipid-polymer-DNA complexes. The receptormediated targeting is made possible by reducing cytotoxicity
of the complexes without interfering with nonspecific chargecharge interaction. A parallel approach also resulted in a
functional complex that can be used for targeted gene delivery using amphipathic peptide derivatives as DNA packing
agents and a bulk of neutral helper lipid to prepare DNA
complexes by the detergent dialysis method [150]. Lately,
numerous aspects related to lipid composition, the presence
of shielding PEG-lipid conjugates, and the nature of chemical
bonding that contributes to the biodegradability of the PEGlipid conjugates in cells have been thoroughly studied [151,
152]. Such ideas are significantly not the same from the
original lipid-DNA and/or polymer-DNA complexes and
certainly deserve further exploration, particularly in the area
of in vivo targeted gene delivery.
Human telomeric DNA is composed of typical thousands
of TTAGGG repeats completed with 100–200 nucleotides at
3 -end overhang [153]. These DNA sequences in vitro can
form four-stranded helical structures called G-quadruplexes,
[154–157] assembled from the stacking of multiple G3G3G3G
tetrads [158]. G-quadruplexes at telomeres have been noticed
in vivo [159], and their presence in living cells can be
regulated by a number of proteins [159, 160]. Intramolecular
G-quadruplexes created by human telomeric DNA sequences
are promising anticancer targets [161, 162], because the formation of such structures by the telomeric 3 -end overhang
inhibits the activity of telomerase [163, 164], an enzyme
essential for the proliferation of most human cancer cells
[165]. Biological macromolecules in living cells function in
a crowded intracellular environment [166–168]. Molecular
crowding may perhaps affect the structure, stability, and
activity of biomolecules [166–168]. Many groups used circular
dichroism (CD) spectra to interpret structural alterations of
G-quadruplexes under molecular crowding situations [169–
175]. Miyoshi et al. [170] reported that molecular crowding
simulated by PEG induces conformational development of
an Oxytricha telomeric sequence from an antiparallel to a
parallel-stranded G-quadruplex. Similarly, PEG was shown
to induce conformational development in a human telomeric sequence [171, 174], and it has been recommended
that 40% (w/v) PEG bring conformational switch of this
sequence from an antiparallel to a parallel-stranded Gquadruplex [174]. Under some circumstance, such as under
molecular crowding, the role of hydration on G-quadruplexes
was discussed in the work of Miyoshi et al. [172], using
different carbohydrate cosolutes, and of Vorlı́čková et al.
[173], using ethanol cosolute. A recent work by Miller et al.
[176] showed that 50% (v/v) of acetonitrile could induce
conformational development in a human telomeric sequence
and hydration is necessary for determining the shape of Gquadruplex. However, the G-quadruplex conformation made
in this condition [176] was not identical to the parallel form
observed in the crystalline state [177]. Heddi and Phan [178]
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Figure 1: Structure of liposome and schematic representation of the polymer modified liposomal gene delivery; (a) structure of liposome
and its different phases: (i) gel phase and (ii) liquid crystalline phase; (b) schematic representation of the polymer modified liposomal gene
vehicle preparation and release process after the delivery in the cell.

found that different G-quadruplex shape may change into a
propeller-shaped G-quadruplex. Study reported conversion
of four different G-quadruplex conformations to a propellertype parallel-stranded G-quadruplex in potassium- (K+ -)
containing crowded solution, due to depletion of water. They
also observed complex level of arrangement in extremely
water-depleted condition, solutions containing high levels of
PEG concentration.
Liang et al. [179] prepared cationic polymeric liposomes
(CPLs), with lipid bilayer structure having high thermal
stability provided by polymeric surfactants of quaternized
(carboxymethyl) chitosan attached to different carbon chains
(namely, dodecyl, tetradecyl, hexadecyl, and octadecyl).

The gene delivery can be achieved through tetradecylquaternized (carboxymethyl) chitosan (TQCMC) CPLs, having a suitable size of about 184 nm, 𝜁 potentials of about
27 mV, and productivity for synthesis of TQCMC with weight
yield of 13.1%, in different cancer cell lines. It is resolved
that the CPLs are favorable gene delivery schemes that
might be used to target different cancers. The transfection
of internalized polyplexes depends on the cell type and the
kind of polymer used. It has been reported that the clathrincoated pit pathway is the main route of transfection for
linear polyethylenimine (PEI) polyplexes [180]. Branched
PEI polyplexes appear to facilitate transfection via both
the clathrin-dependent and lipid-raft-dependent pathways.
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However, both pathways are involved in HeLa cells, with the
former being more pronounced [180]. In A549 and HeLa
cells, [181] PEI polyplexes are internalized by both pathways,
but polyplexes taken up by clathrin-mediated endocytosis
are degraded in lysosomes, while those entering cells via
caveolae are successful in transfection [181]. van der Aa
et al. [182] showed that in COS-7 cells, blocking caveolaemediated uptake causes an almost complete inhibition of PEI
and pDMAEMA polyplex-mediated gene expression, while
internalization proceeds by both the clathrin and caveolaemediated pathways. However, the use of a specific inhibitor of
fluid-phase endocytosis designated that this route is involved
in internalization of PEI-25-DNA complexes and transfection
in CHO-K1 and HeLa cells [183]. Hatakeyama et al. [184]
recently found a multifunctional envelope-type nanodevice
(MEND) to be used as a novel nonviral gene delivery system.
The modification of PEG, that is, PEGylation, is an appropriate method for attaining a longer passage time for the transfer
of MEND to a tumor through the improved permeability and
retention (EPR) effect. PEGylation helps to strongly inhibit
cellular uptake and endosomal escape which could otherwise
result in significant loss of activity of the delivery system. This
study described the developments and the applications of
MEND and various strategies based on the control of both the
pharmacokinetics and cell trafficking, basically intracellular
trafficking during the cellular uptake process and endosomal
discharge which occurred to overcome the PEG dilemma.
In response to the intracellular environment and the tumor
microenvironment, the separation of PEG from carriers was
achieved to improve cellular uptake and endosomal escape.
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been observed that the polymer structure has a strong effect
on the shape of the lipid/DNA complexes. The transfection
of polyplexes within the cell is influenced by the cell type
and the kind of polymer used. Biological macromolecules in
living cells, function in a crowded intracellular environment
and such crowding, might affect the structure, stability,
and activity of biomolecules. Cationic polymer plays a key
role in the development of gene transfer agents because of
their well-defined potential to condense DNA. Large and
diffusive complexes with positive surface charge are made
using polymers with many short PEG blocks. Such polymers,
using a long PEG blocks, can self-assemble into small and
compact condensates of lower surface charge. However,
a high positive 𝜁-potential of the complexes can cause a
robust erythrocyte aggregation and haemolysis. Cytotoxicity
monitored with fibroblasts has a function of the degree of
PEGylation independent of the molecular weight of the PEG.
Appropriate in vitro gene expression is realized with the
polymer that created large complexes with a large surface
charge and a low toxicity profile, as it is found for the polymer
with several PEG blocks.
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5. Future Direction
The field gene therapy is making excellent progress. Many
gene therapies are showing very significant result and are
in clinical trials. Some instances of gene therapies are in
the management of haemophilia B and lipoprotein lipase
scarcity [185, 186]. However, there are some hazards associated with the polymer mediated liposomal gene delivery
vectors and thus future researches focused on making safer
gene delivery system are required. More advanced polymer
mediated liposomal gene delivery vectors are required for
site specific deliveries. So that, it can be utilized for specific
diseases, through definite routes as well as for exact tissues.
Still, some studies are needed to improve the efficacy of the
polymer mediated liposomal gene delivery system for clinical
applications. Parallel to this, a newer polymer mediated
liposomal gene delivery system is required for reducing
observed drug toxicities. Finally, a cost effective and cheaper
gene therapy can help maximize not only the people from the
developed countries but also the people from the developing
world.

6. Conclusion
A wide variety of gene delivery systems has already been
technologically advanced, and many such systems are in the
growing phases for the therapy of genetic diseases [187]. It has
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Existing nonviral gene delivery systems to lungs are inefficient and associated with dose limiting toxicity in mammalian cells.
Therefore, carbonate apatite (CO3 Ap) nanoparticles were examined as an alternative strategy for effective gene delivery to the
lungs. This study aimed to (1) assess the gene delivery efficiency of CO3 Ap in vitro and in mouse lungs, (2) evaluate the cytotoxicity
effect of CO3 Ap/pDNA in vitro, and (3) characterize the CO3 Ap/pDNA complex formulations. A significantly high level of reporter
gene expression was detected from the lung cell line transfected with CO3 Ap/pDNA complex prepared in both serum and serumfree medium. Cytotoxicity analysis revealed that the percentage of the viable cells treated with CO3 Ap to be almost similar to the
untreated cells. Characterization analyses showed that the CO3 Ap/pDNA complexes are in a nanometer range with aggregated
spherical structures and tended to be more negatively charged. In the lung of mice, highest level of transgene expression was
observed when CO3 Ap (8 𝜇L) was complexed with 40 𝜇g of pDNA at day 1 after administration. Although massive reduction of
gene expression was seen beyond day 1 post administration, the level of expression remained significant throughout the study
period.

1. Introduction
Current understanding of genetic approaches in the treatment of lung genetic diseases reveals that enhancing the
transportation of gene into the airway cells is a critical step
for improving lung gene therapy [1]. The physical barriers
to the airway gene transfer and enzymatic activities in the
lung that may render the gene transfer ineffective have to be
overcome. Although widely used, cationic lipids are generally
found to be ineffective in gene delivery to the mammalian
cells [2], especially in the presence of serum [3]. In addition,

only a few have impressive activity in vivo [4]. Alteration
of lipoplex structure in term of size, surface charge, and
lipid composition occurs when it is being exposed to a large
amount of DNA, proteins, and/or polysaccharides in blood,
mucus, epithelial lining, or even tissue matrix [5]. In some
cases, pulmonary hypotension, induction of inflammatory
cytokines, and tissue infiltration of neutrophils have been
reported following aerosolisation of lipid formulations into
the lungs [6].
Lately, nonviral gene delivery system in the form of
nanoparticle has emerged as an exciting alternative to
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the conventional nonviral systems for gene therapy of many
genetic diseases [7]. Dextran spermine (D-SPM) nanoparticles were found to facilitate gene delivery and subsequent
protein expression in the mouse lung [8]. The expression
efficiency from D-SPM/pDNA was mostly dependent on the
weight-mixing ratio of D-SPM to pDNA, amount of pDNA
used, and time-point after administration. Unfortunately,
encapsulated pDNA protection conferred by the nanoparticle
against degradation by nucleases was minimal and its safety
profile in lungs is questionable [9]. To this end, nanoparticles
in form of polymers have been regarded as the new promising
DNA carrier for pulmonary system [10]. Gold nanoparticles
prepared by combining three different leaf powders of T.
nucifera, C. japonicum, and N. indicum were also evaluated
on 3T3-L1 cell line. Particles absorption was remarkable but
the cells exhibited some dose dependent cytotoxicity [11].
It has been reported that nucleic acid complexed with
biofunctional carbonate apatite (CO3 Ap) nanoparticles have
remarkable properties capable of mediating high level of gene
delivery in vitro. These are due to the biodegradability, strong
affinity for DNA, and biocompatibility of the CO3 Ap [12].
Previous studies showed that these particles possess high
dissolution rate in endosomal acidic pH, leading to the rapid
release of the bound DNA for high levels of protein expression
in various cell lines [13]. Moreover, because of their nanosize
dimensions and sensitivity to low pH, they can be quickly
degraded when taken up by the cells in their acidic vesicles,
without any indication of toxicity. These unique properties
hold the promise for their applications in the mammalian
cells.
Studies on CO3 Ap nanoparticles mediated gene delivery to HeLa cells demonstrated significant reporter gene
expression compared to lipofection and calcium phosphate
coprecipitation [13]. Outstanding expression efficiency was
observed in NIH 3T3 cells, which resulted in over 50times higher expression when compared to the existing
conventional methods. Transgene expression was also significantly higher in mouse primary hepatocytes [14]. Efficient
reporter gene expression from pEGFP-N2 in embryonic
teratocarcinoma stem cells utilizing CO3 Ap nanoparticles
as the gene carrier system has been reported [15]. The
study also suggested that the addition of specific membrane
protein such as fibronectin to the surface of CO3 Ap complex
could enhance the delivery and consequently improved gene
expression in the cells. In addition, in vivo gene delivery
efficiency of the modified carrier system was evaluated using
mice bearing A549 tumors [16]. These developments provide
an exciting hope for the use of the CO3 Ap gene delivery
system in stem-cell-based therapy.
Although CO3 Ap nanoparticles have been proven to be
effective in the delivery of genes into various cell types in vitro,
no study has been performed to elucidate their efficiency in
the lung to date. Here, we assessed the transfection efficiency
of the CO3 Ap nanoparticles/plasmid DNA (pDNA) complex
in the lung cell line and mouse lungs. The in vitro analysis
was performed to properly understand the gene delivery,
expression efficiency, toxicity profiles, and the physical characteristics of the complex formulations. The subsequent study
assessed the most optimal conditions for gene expression
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in the mouse lungs. It was hypothesized that CO3 Ap is an
efficient gene delivery system to the lung cell lines and can
be subsequently used for gene transfer to the mouse lung.

2. Material and Methods
2.1. CO3 Ap/pDNA Complex Formulations for Transfection.
To generate the CO3 Ap particles, 1 mL of serum-free 44 mM
HCO3 − -buffered DMEM (Gibco BRL, CA, USA) (pH 7.4)
containing 0.905 mM NaH2 PO4 ⋅2H2 O solution with 24 mM
D-glucose, 54 mM NaCl, was mixed with 1 to 12 𝜇L of
1 M CaCl2 solution (Calbiochem, Japan) in a 1.5 mL centrifuge tube prior to incubation at 37∘ C for 30 min. For
simplification, the CO3 Ap particle prepared with 1 to 12 𝜇L
of CaCl2 solution will be described as CO3 Ap (1 𝜇L) to
CO3 Ap (12 𝜇L) hereafter. To produce CO3 Ap/pDNA complex
formulation, 2 𝜇g of plasmid DNA (pDNA) pCIKLux (kindly
donated by the Gene Medicine Research Group, University of
Oxford) with firefly luciferase gene was immediately added
to the particle preparation medium following the addition
of CaCl2 , with incubation at 37∘ C for 30 min. The complex
formulations were finally made by the addition of 10% fetal
bovine serum (FBS) (Gibco BRL, USA). Another set of
CO3 Ap/pDNA complex was prepared with FBS excluded at
the final stage of the formulation protocol.
2.2. In Vitro Transfection. Human nonsmall carcinoma lung
cell line (H1299) was seeded at a seeding density of 50,000
cells in 24 well plates a day before transfection. On the day of
transfection, the growth medium was removed and replaced
with various formulations of CO3 Ap/pDNA complexes. After
4 hr, the transfection medium was replaced with 1 mL serum
medium and the cells were incubated for 48 hr.
Branched 25 kDa PEI (Sigma-Aldrich, MO, USA) was
used as a positive control. The PEI/pDNA was prepared at
10 : 1 N : P ratio, with 9 𝜇g of pDNA. The total of 420 𝜇L of
the mixture complexes in Opti-MEM (Invitrogen) was added
to each well and incubated for 24 hr. The media were then
replaced with fresh complete media and the cells were further
incubated for another 24 hr.
2.3. Cytotoxicity Study of the CO3 Ap/pDNA Complex Formulations on the Cells. 3-(4,5-Dimethylthiazol-2-yl)-2,5diphenyl tetrazolium bromide (MTT) 5 mg/mL was used to
evaluate the level of cytotoxicity of CO3 Ap/pDNA complex
formulations on H1299 cell line. Prior to the analysis, the
cells were seeded at a seeding density of 1.0 × 104 cells in
96-well plate with serum supplemented DMEM medium and
incubated for 20 hr. The growth medium was replaced with
either CO3 Ap (4 𝜇L)/pDNA, CO3 Ap (5 𝜇L)/pDNA, CO3 Ap
(6 𝜇L)/pDNA, or CO3 Ap (7 𝜇L)/pDNA complexes. After 4 hr
of incubation, the complex formulation medium was replaced
with a complete growth medium. Following 16 hr of incubation, 20 𝜇L of MTT was added to each well. The cells were
then incubated for another 4 hr. Then, 100 𝜇L of dimethyl
sulfoxide (DMSO) (Sigma-Aldrich, MO, USA) was added to
the MTT treated cells. PEI/pDNA was used as a control. Cell
viability was observed using an ELISA reader (ASYS Hitech,
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GmbH, Austria) at a wavelength of 570 nm and analyzed
by a MikroWin 2000 software (ASYS Hitech, GmbH, Austria). Wavelength of 690 nm was used as a reference filter.
Untreated cells were taken as control with 100% viability. The
(%) of relative cell viability was compared to control cells
and was calculated by [absorbance]sample /[absorbance]control ×
100%.
2.4. Size Determination of CO3 Ap/pDNA Complex. The mean
particle size of CO3 Ap/pDNA formulations was measured
using a size analyzer (Nanophox, Sympatec, Germany). Complex formulations of CO3 Ap (4 𝜇L)/pDNA, CO3 Ap (5 𝜇L)/
pDNA, CO3 Ap (6 𝜇L)/pDNA, and CO3 Ap (7 𝜇L)/pDNA
with 2 𝜇g of pDNA prepared in medium with 10% of FBS
were prepared. The formulations were then dispersed in
2 mL nuclease-free water, making a total volume of 3 mL of
particle suspension. Each sample was immediately loaded in
an UV-Transparent Spectrophotometry Cuvettes (BrandTech
Scientific, USA). Size determinations were performed at 25∘ C
in triplicates in unweighted sample analysis.
2.5. Morphological Analysis of CO3 Ap/pDNA. Freshly prepared CO3 Ap/pDNA complexes in medium with serum that
showed evidence of significant gene expression in the lung
cell line were prepared. Pelleted complexes were dissolved in
1 mL nuclease-free water, centrifuged at 14000 rpm for 10 min
at 4∘ C, and then it dispersed in 900 of 𝜇L nuclease-free water.
Fifty 𝜇L of the suspended pellets was placed on an SEM stage
and left to dry at 50∘ C for 10 min. The morphological appearance of the complexes was observed by a high resolution field
emission scanning electron microscope (FESEM) (Jeol JSM7600F, Japan).
2.6. CO3 Ap/pDNA Surface Charges Determination. Complexes of CO3 Ap (4 𝜇L)/pDNA to CO3 Ap (9 𝜇L)/pDNA were
prepared with 2 𝜇g of pDNA in 1 mL of freshly prepared
serum-free DMEM (Gibco BRL, USA). After incubation
for 30 min at 37∘ C, 10% FBS was added to the respective
complexes. The mixtures were pipetted into UV-Transparent
Spectrophotometry Cuvettes (BrandTech Scientific, USA).
Relative charge intensity values were obtained by Zeta-Sizer
(Malvern, Germany) and the results are presented as mean
value of the resultant charges obtained.
2.7. Comparative Gel Retardation Assay. CO3 Ap/pDNA retardation capacity following agarose gel electrophoresis in
comparison to PEI/pDNA and Lipofectamine/pDNA was
assessed. CO3 Ap (8 𝜇L) was mixed with 3 𝜇g of pCIKLux in
100 𝜇L serum-free DMEM. The Lipofectamine/pDNA complex was prepared at a ratio of 5 : 1 following the protocol suggested by the manufacturer (Invitrogen, USA). PEI/pDNA
complex was prepared as described earlier. The degree of
complex retardation was determined on 0.8% agarose gel
electrophoresis at 75 V for 30 min. The DNA band was visualized under Gel documentation system (G:BOX BioImaging
System) (Syngene, USA) and the image was analyzed using a
Genesnap software (Syngene, USA).
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2.8. DNase I Protection Assay. Complexes of CO3 Ap (3 𝜇L)/
pDNA to CO3 Ap (8 𝜇L)/pDNA were prepared with 2 𝜇g
of pDNA in 1 mL freshly prepared complex solution. The
complexes were incubated with 1 Unit of DNase I (Thermo
scientific, Fermentas, USA) at 37∘ C for 3 min in a final
volume of 10 𝜇L, as suggested by the manufacturer. The
digestion was halted by the addition of stop solution. The
integrity of pDNA released from the complex was assessed
in 0.8% agarose gel electrophoresis. The degree of pDNA
protection by CO3 Ap encapsulation was compared with the
naked pDNA in complex solution and PEI/pDNA complex
formulation.
2.9. Animals. BALB/c mice were maintained in individually ventilated cages (IVC) (Rair Isosystem, Laboratory
Product Inc., USA) and fed with standard chow and water
ad libitum. The mice were allowed to acclimatize for at
least 7 days prior to the experiment. Approval for the experimental procedure was obtained from the Animal Care
and Use Committee (ACUC) of the Faculty of Medicine and
Health Sciences, Universiti Putra Malaysia, with the approval
number UPM/FPSK/PADS/BR-UUH/00427. All the experiments were carried out in accordance to the guidelines for
animal experimentations of Universiti Putra Malaysia.
2.10. In Vivo Gene Delivery. General preparation of CO3 Ap/
pDNA complexes for in vitro experimentation has been described previously. However, in this study, the CO3 Ap
particles were made with 6 𝜇L to 10 𝜇L of 1 M CaCl2 and
complexed with 10 𝜇g of endotoxin free pCIKLux, to a total
dosing volume of 100 𝜇L. As for the increasing pDNA study,
the amount of pDNA was sequentially increased from 10
to 100 𝜇g, with constant amount of CO3 Ap made from
8 𝜇L CaCl2 , in an approximate volume of 100 𝜇L serum-free
medium. For the control group, PEI/pDNA was prepared
as previously described, with the modification of 20 𝜇g of
pDNA used, to a total volume of 100 𝜇L in a prewarmed OptiMEM (Gibco, USA). The complexes were incubated at room
temperature for 20 min.
Female BALB/c mice (6–8 weeks old) were anesthetized
in a fume hood using 100% isoflurane (Nicholas Piramal
(I), Ltd., UK) inhalation until a balanced state of anaesthesia was achieved. One hundred 𝜇L of the complexes was
administered into the mouse lung via the nasal route. While
the untreated group was not subjected to any treatment,
another group of mice was instilled with 10 𝜇g of naked
pDNA in 100 𝜇L of buffered DMEM solution. Six mice per
group (𝑛 = 6) were used to assess the gene delivery potential
of CO3 Ap to the mouse lung. The mice were sacrificed 48 hr
after administration (unless stated otherwise) by cervical
dislocation and their trachea and lungs were harvested and
immersed in 200 𝜇L of 1x reporter lysis buffer (Promega, WI,
USA). The samples were stored in a −80∘ C freezer. After
thawing, tissues were homogenized using Ultra-Turrax (IKA,
Staufen, Germany) and the lysates were then passed through
a QIAshredder column (Qiagen).
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2.11. Reporter Gene Activity. The luciferase activity for both
in vitro and in vivo samples was measured using a luciferase
assay kit (Promega) on a GloMax 20/20 luminometer (Promega), following the manufacturer’s protocol. The relative
light units (RLUs) were normalized against protein concentration in the cell extracts, which was quantified using a BioRad DC Protein Assay (Bio-Rad Laboratories, CA, USA). The
expression efficiency is presented as mean RLU per milligram
of cell protein (RLU/mg protein).
2.12. Statistical Analysis. Distribution-free, nonparametric
Mann-Whitney 𝑈 test was utilized to compare two unpaired
groups of variables, while one-way ANOVA test was applied
to compare multiple groups. The error bars on graph data
represent standard error of the mean (SEM) for all data sets.
Data are presented as value ± SEM and considered to be
statistically significant if 𝑃 values are < 0.05. Analysis was
performed using SPSS for Windows, Version 17.0.

3. Results
3.1. Gene Expression Efficiency. CO3 Ap particles were formulated from 1 to 12 𝜇L of CaCl2 (henceforth described as
CO3 Ap (1 𝜇L)–CO3 Ap (12 𝜇L) for simplification) and then
mixed with 2 𝜇g of pDNA to produce various formulations
of CO3 Ap/pDNA. The complexes were prepared in medium
supplemented with or without serum.
H1299 was successfully transfected with the various formulations of CO3 Ap/pDNA. Luciferase expression was observed to increase from CO3 Ap (1 𝜇L)/pDNA and reached
significantly high at CO3 Ap (4 𝜇L)/pDNA, CO3 Ap (5 𝜇L)/
pDNA, and CO3 Ap (6 𝜇L)/pDNA (1.25 × 109 , 3.34 × 1010 and
2.68 × 1011 RLU/mg, resp.) when compared to PEI/pDNA
(9.8 × 107 RLU/mg) and the untreated (2.44 × 105 RLU/mg)
groups, at 48 hr after transfection (Figure 1(a)). A decline in
gene expression was observed at CO3 Ap (12 𝜇L)/pDNA. To
investigate the role of serum protein in particle formation, we
performed transfection using a test group in which the serum
protein was excluded in the complex formulation. The results
showed evidence of overall decline in gene expression to
about 30% RLU/mg protein (Figure 1(b)) compared to transfections using a CO3 Ap complex formulation in medium
with serum (Figure 1(a)). However, the difference was not
significant.
In the following study, the complex was prepared in
100 𝜇L medium without serum and then topped up to 1 mL
with DMEM without serum for transfection purposes. The
transfection medium was replaced with DMEM supplemented with 10% serum 4 hr after transfection. Reporter
gene expression was observed 48 hr after transfection and the
result showed that the reporter gene expression was significantly higher than the control groups when 8 𝜇L of 1 M CaCl2
was used to prepare the CO3 Ap [CO3 Ap (8 𝜇L)/pDNA]
(Figure 1(c)). Nevertheless, the results also showed an overall
decrease in gene expression compared to transfection using
1 mL of the complex media in both serum (Figure 1(a)) and
without serum (Figure 1(b)).
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3.2. Cytotoxicity Analysis. Tetrazolium assay was performed
to assess the cytotoxicity of the CO3 Ap/pDNA complex formulation in the lung cells. The relative cell viability percentage
was compared to the untreated cells, which were considered
as the control with 100% viability. The results showed no
significant difference between the CO3 Ap/pDNA treated
groups, with about 80% viable cells, when compared to the
untreated group. Mild cytotoxicity was observed following
MTT assay on CO3 Ap/pDNA transfected H1299 (Figure 2).
However, the viable cell density in the PEI/pDNA group was
significantly lower than the untreated and CO3 Ap treated
groups, with less than 50% viable cells.
3.3. Characteristics of CO3 Ap/pDNA Complexes. The formulations of CO3 Ap/pDNA that gave significant transgene
expression were prepared and evaluated for their physical
characteristics. CO3 Ap formulated with 4–9 𝜇L CaCl2 and
complexed with 2 𝜇g pDNA was prepared as described previously. The complexes were subjected to size determination
by Nanophox (Sympatec, Germany). The result showed that
the particle size distribution in the formulations was not
homogenous. CO3 Ap (4 𝜇L)/pDNA, CO3 Ap (5 𝜇L)/pDNA,
CO3 Ap (6 𝜇L)/pDNA, and CO3 Ap (7 𝜇L)/pDNA presented
an average size of 66.5 ± 0.2, 73.6 ± 49.1, 136.1 ± 9.1, and
244.8 ± 98.4 nm, respectively, (Figure 3(c)). The size increase
was proportional to the increasing amount of CaCl2 used to
prepare the CO3 Ap for CO3 Ap/pDNA complex generation
(𝑃 < 0.05). All of the CO3 Ap/pDNA complexes were in the
nanosize range despite the fact that the size distribution of the
formulation solution was not uniform.
Next, the morphology of CO3 Ap (6 𝜇L)/pDNA and
CO3 Ap (8 𝜇L)/pDNA complexes was analyzed using FESEM.
It was observed that the complexes exhibit aggregated spherical shape, which increased in size proportionate to the
increasing amount of CaCl2 used to prepare the CO3 Ap particle (Figures 3(a) and 3(b)). CO3 Ap (6 𝜇L)/pDNA exhibited
much smaller particle size than CO3 Ap (8 𝜇L)/pDNA under
the same formulation condition. In both formulations, the
particles were all in nanosize with an individual particle
complex size of 100–150 nm for CO3 Ap (6 𝜇L)/pDNA and
300–400 nm for CO3 Ap (8 𝜇L)/pDNA. The findings are in
concordance with the Nanophox readings showing the size
of 136.1 ± 9.1 nm for CO3 Ap (6 𝜇L) and 244.8 ± 98.4 nm for
CO3 Ap (7 𝜇L).
Surface charges of the formulated particles ranging
from (CO3 Ap (4 𝜇L)/pDNA) to (CO3 Ap (9 𝜇L)/pDNA) were
observed using Zeta Sizer. The Zeta potentials measurement
of the resulting complexes revealed that the particles possessed slightly negative surface charge (Table 1). The table also
shows that as the particles size increases (by increasing the
volume of CaCl2 used to prepare CO3 Ap) the surface charge
density also decreases.
3.4. Gel Retardation and DNase Protection Assays. Here, the
surface charges condensation behavior of CO3 Ap (8 𝜇L)/
pDNA was compared with the conventional carrier systems (25 kDa PEI solution and Lipofectamine 2000 complexes) through their retardation capacity in agarose gel
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Figure 1: Lung cells were transfected with various formulations of CO3 Ap/pDNA, carrying constant amount of pDNA (2 𝜇g). (a) Transfection
efficiency of CO3 Ap/pDNA complexes prepared in 1 mL DMEM supplemented with 10% serum protein. (b) Transfection efficiency of
CO3 Ap/pDNA complexes prepared in 1 mL serum-free DMEM. (c) Transfection efficiency of CO3 Ap/pDNA complexes prepared in 100 𝜇L
serum-free DMEM. Luciferase expression was measured as RLU/mg protein at 48 hr after transfection. The error bar represents standard
error of the mean (SEM) for all data sets. The result is considered to be statistically significant if 𝑃 values were <0.05. Data are presented as
mean ± S.E.M of experiments conducted in triplicate.

electrophoresis. CO3 Ap (8 𝜇L)/pDNA showed a clear band
within the agarose gel whereas lipofectamine and PEI showed
band in the well, implying greater retardation capacity
compared to the CO3 Ap (8 𝜇L)/pDNA (Figure 4). No difference in the band intensity between the pDNA encapsulated CO3 Ap (8 𝜇L)/pDNA and the linearized pDNA was
observed.
Next, an assessment of the protection level offered by
CO3 Ap to the encapsulated pDNA at various formulations
was performed. CO3 Ap (4 𝜇L)/pDNA to CO3 Ap (8 𝜇L)/
pDNA formulations encapsulating 2 𝜇g of pDNA were subjected to DNase I treatment. Figure 4 shows that the CO3 Ap/
pDNA was able to migrate within the agarose gel, hence, it
was expected to see a band of pDNA in the gel after DNase

I treatment if the pDNA was effectively protected by the
CO3 Ap encapsulation. In this current study, the presence of
a clear band of approximate molecular weight of 5632 bp in
the gel indicated that the pDNA was preserved from being
degraded.
Clear bands were observed in the lane containing pDNA
without the DNase treatment, indicating the presence of the
pDNA (Figure 5). The absence of pDNA band in the DNase
I treated CO3 Ap (4 𝜇L)/pDNA and CO3 Ap (5 𝜇L)/pDNA
lanes showed that the pDNA was completely degraded by
the DNase I enzyme. A faint band of pDNA was seen
in the DNase I treated CO3 Ap (6 𝜇L)/pDNA and CO3 Ap
(7 𝜇L)/pDNA lanes compared to CO3 Ap (4 𝜇L)/pDNA and
CO3 Ap (5 𝜇L)/pDNA DNase I treated groups. This shows
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Figure 2: MTT Assay on CO3 Ap/pDNA transfected cells. Lung
cells were transfected with formulations of CO3 Ap for 4 hr followed by tetrazolium assay. No significant difference between
the CO3 Ap/pDNA treated groups and the untreated group was
observed. The error bar represents standard error of the mean (SEM)
for all data sets. The result is considered to be statistically significant
if 𝑃 values were <0.05. Data are presented as mean ± S.E.M of
experiments conducted in triplicate.

that CO3 Ap (6 𝜇L) and CO3 Ap (7 𝜇L) offered minimal pDNA
protection from the effect of DNase I. A defined band was
observed in the CO3 Ap (8 𝜇L)/pDNA lane, indicating that the
DNA was sufficiently protected against degradation. Unprotected free pDNA in DNase treated group was completely
digested by DNase I treatment, hence no pDNA band was
observed in the gel documentation system.
3.5. In Vivo Gene Delivery Analysis. As demonstrated in the
in vitro studies, the level of transgene expression mediated
by CO3 Ap/pDNA complex formulations was promising in
the lung cell lines. The cytotoxicity analysis also revealed
that the formulations were considerably nontoxic. Therefore, we further investigated the gene delivery potential
of the complex in the lung of BALB/c mice. Surprisingly,
the reporter gene expression levels in mouse lungs from
CO3 Ap (6 𝜇L)/pDNA to CO3 Ap (8 𝜇L)/pDNA complexes,
formulated with 10 𝜇g of pDNA, at 48 hr after delivery were
not impressive (Figure 6(a)). CO3 Ap (8 𝜇L)/pDNA showed a
trend of higher gene expression compared to other CO3 Ap
treated groups with an average RLU/mg protein of 127.04
± 5.72, but the increase was not statistically significant.
The levels of reporter gene expression from mice treated
with all formulations of CO3 Ap/pDNA were substantially
inferior to PEI/pDNA treated group (279.4 ± 30.96 RLU/mg
protein). In addition, the reporter gene expression from the
CO3 Ap/pDNA treated experimental groups did not present
significant difference when compared to the untreated and
naked pDNA treated groups.

Albeit not being statistically significant, 10 𝜇g of the
pDNA complexed in CO3 Ap (8 𝜇L)/pDNA was able to
present a trend of higher reporter gene expression at 48 hr
after administration in mouse lungs. Therefore, we performed
another experiment by increasing the amount of the pDNA
up to 100 𝜇g, in 20 𝜇g increment, in the CO3 Ap (8 𝜇L)/pDNA
complex formulation. The purpose of this study was to determine the optimal amount of pDNA that can be encapsulated
in CO3 Ap (8 𝜇L)/pDNA formulation to present significant
gene expression in the mouse lung. The result in Figure 6(b)
shows that there was a remarkable increase in the reporter
gene expression in the mouse lungs following the increasing
amount of the pDNA used in the formulation. Significantly
high levels of gene expression were observed from CO3 Ap
(8 𝜇L)/pDNA complexed with 20 𝜇g to 80 𝜇g of pDNA with
RLU/mg value from 8078.0 ± 5.5 × 102 when compared to
PEI/pDNA treated group (1.07 × 103 ± 1.49 × 102 RLU/mg)
and untreated group (66.1 ± 7.5 RLU/mg) (𝑃 < 0.05).
However, increasing the amount of the pDNA to 100 𝜇g in
CO3 Ap (8 𝜇L)/pDNA did not improve the level of reporter
gene expression.
Time point experiment was performed to determine the
period when the level of luciferase gene expression was
at its highest in the mouse lung. Mice were instilled with
CO3 Ap (8 𝜇L)/pDNA complex formulation, with the amount
of pDNA kept at 40 𝜇g. The mice were sacrificed and the lungs
and trachea were harvested for luciferase gene expression
analysis at 1, 2, 4, and 7 days after administration. The result
showed that the luciferase gene expression peaked at day
1 after administration, with significant luciferase activity of
4.3 × 104 ± 1.09 × 103 RLU/mg when compared to the other
time points (Day 2: 1.4 × 104 ± 4.99 × 103 RLU/mg, Day
4: 7.20 × 103 ± 9.4 × 102 RLU/mg, and Day 7: 6.2 × 103 ±
1.0 × 103 RLU/mg) and to the untreated and naked pDNA
treated groups (51.3 ± 13.5 RLU/mg and 49.0 ± 5.5 RLU/mg,
resp.) (𝑃 < 0.05) (Figure 6(c)). A remarkable decline in
the luciferase activity was observed from day 2 onwards.
However, significantly higher gene expression was observed
at all time points analyzed when compared to the control
groups.

4. Discussion
Nucleic acid delivery to lung cell lines and in animal model
by nonviral approach for gene expression analysis has been
challenging. A nonsmall cell lung carcinoma cell line (H1299)
and BALB/c mice as the animal model were utilized in this
study. Inbred BALB/c mouse strain was employed because it
is more receptive to lung gene delivery when compared to
other mouse model, such as the SCID mouse [17]. Therefore,
it serves as a useful tool for assessment of gene delivery and
also a model of choice for investigating transgene expression
for future lung gene therapy.
Successful gene delivery and expression were obtained
following transfection of H1299 cell lines with CO3 Ap/pDNA
complex formulations with or without serum. However, a
trend of overall decline in gene expression was observed
when the cells were transfected with the CO3 Ap/pDNA
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Figure 3: Morphological appearance and size of CO3 Ap/pDNA complexes. Formulated CO3 Ap complexes using various amount of CaCl2
with 2 𝜇g of pDNA were subjected to FESEM and Nanophox analyses. Complex formulation by (a) CO3 Ap (6 𝜇L)/pDNA shows much
smaller aggregated particles when compared to (b) CO3 Ap (8 𝜇L)/pDNA with individual particle size of about 150 nm. Scale: (×100 000)
(c) CO3 Ap/pDNA size analysis. The complex size was found to be proportional to the increasing amount of CaCl2 used to prepare the
CO3 Ap/pDNA formulations. The error bar represents standard error of the mean (SEM) for all data sets. Data are presented as mean ± S.E.M
of experiments conducted in triplicate.

formulations without serum protein when compared to
formulations with serum protein. There could be two reasons
for this observation. One, it has been reported earlier that
CO3 Ap particle prepared in serum protein resulted in the
formation of microscopically visible particles that moved in
a brownian fashion in the solution [18]. This finding suggests
that serum adsorption on the particles complex surface could
facilitate effective interaction of the particles with cell surface
membrane, thereby enhancing cellular uptake of the complex

formulation and hence increases gene expression. Second, the
presence of serum protein may regulate particles formation,
perhaps in regulating the particle size or in the stability of
the particle, which are known to play a major role in gene
delivery efficiency since large particles are phagocytosed less
efficiently than the small particles [19].
As demonstrated in the in vitro transfection result, 1–
3 𝜇L of CaCl2 in the CO3 Ap formulations in both serum
(Figure 1(a)) and serum-free medium (Figure 1(b)) did not
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Table 1: Surface charges of various formulations of CO3 Ap/pDNA
complexes determined by Malvern charge analyzer. The charge
densities became more negative with the increasing amount of CaCl2
in CO3 Ap/pDNA complex formulations.
Sample

CO3 Ap/pDNA complexes prepared with
different volumes of CaCl2

Charge
(mV)

4 𝜇L
5 𝜇L
6 𝜇L
9 𝜇L

0.25
−0.64
−12.06
−17.0

1
2
3
4

1

2

3

4

5

300 ng pDNA
6
7

8

6 kb

Figure 4: Comparative retardation assay of CO3 Ap/pDNA, Lipofectamine/pDNA, and PEI/pDNA. Lane1: 1 kb DNA ladder, Lane
2: 1 𝜇g uncut pDNA, Lane 3: DMEM, Lane 4: CO3 Ap, Lane 5:
pDNA in DMEM solution, Lane 6: CO3 Ap (8 𝜇L)/pDNA; Lane
7: Lipofectamine/pDNA; and Lane 8: PEI/pDNA. The respective
formulations were run on 0.8% agarose gel for 45 min at 75 V.

present significant gene expression when compared to the
controls. This could be explained by the fact that negligible
amount of particles was formed, which was insufficient to
mediate gene delivery. However, significant gene expression
was observed when higher volume of CaCl2 was used
in the CO3 Ap formulation complex prepared with serum
(Figure 1(a)) or without serum (Figure 1(b)). In general, this
study has shown that the amount of CaCl2 used to formulate
the particles is important in determining the efficacy of
CO3 Ap as a gene delivery vector. A similar observation
was reported by Chowdhury and Akaike (2007), where
the CO3 Ap particle formation is solemnly dependent on
the addition of the optimal volume of CaCl2 solution [13].
To mimic the optimal amount of CO3 Ap/pDNA a mouse
lung can accommodate for subsequent in vivo study, we
formulated the complex formulation in 100 𝜇L amount of
solution and then topped up to the required amount for
transfection purpose. Reporter gene expression was found
to be significantly higher than the controls, as the amount
of CaCl2 used in the formulation increased (Figure 1(c)).
Similar to the results shown in Figures 1(a) and 1(b), the gene
expression did not improve after the optimal amount of CaCl2
was used to prepare the particles. However, the overall gene
expression levels in this study were not as impressive as that of
earlier findings, with highest RLU/mg value recorded at 108 .
In contrast to the result obtained in the 100 𝜇L formulation,
transfection efficiency was comparatively high when the
cells were transfected with the formulations prepared with

1

2

3

4

DNase I treated
5
6

7

8

6 kb

Figure 5: Agarose gel electrophoresis of CO3 Ap/pDNA complexes at different concentrations of CO3 Ap following DNase I
treatment. Lane 1: 1 kb DNA ladder; Lane 2: 1 𝜇g super coiled
pDNA; Lane 3: Naked pDNA; Lane 4: CO3 Ap (4 𝜇L)/pDNA; Lane
5: CO3 Ap (5 𝜇L)/pDNA; Lane 6: CO3 Ap (6𝜇L)/pDNA; Lane 7:
CO3 Ap (7 𝜇L)/pDNA; and Lane 8: CO3 Ap (8 𝜇L)/pDNA. All the
formulations were prepared in serum-free media and the respective
formulations were run on 0.8% agarose gel for 45 min at 75 V.

or without serum in 1 mL transfection medium. This may
indicate that the particle complexes were quite numerous and
more aggregated in reduced volume and subsequently affects
gene delivery efficiency.
The optimal formulations of CO3 Ap that showed evidence of significant gene expression were used for the in
vitro cytotoxicity analysis. CO3 Ap/pDNA delivery into the
lung cells indicated that the complex was less toxic (Figure 2).
Viable cell densities in all the CO3 Ap treated groups were
90% when compared to the untreated cell with 100% viability,
with no statistical difference. Increasing concentration of
CaCl2 in the complex formulation could lead to the formation
of aggregates (Figures 3(a) and 1(b)). However, it appears
that the aggregations of the CO3 Ap particles did not have a
significant effect on the cell viability. CO3 Ap is one of the
components of body hard tissues such as bone and teeth,
with remarkable biodegradability [12]. Due to this feature,
the particles can be easily excreted out from the cells without
compromising the viability of the cells tested. In contrast,
the viability of PEI/pDNA treated cells was significantly
lower than the untreated group with less than 50% viable
cells. PEI was reported to exhibit impressive gene delivery
property but causes significant cell death [20], possibly due
to the aggregation of mass cationic polymer on the outer
cell membrane [21]. This impairs the vital function of the
cell’s membrane by affecting the cytoskeletal structures which
eventually leads to the induction of membrane damage and
necrosis of the cells [22].
Glycoprotein, being one of the major components of
the serous mucus, may cause aggregation of CO3 Ap and
consequently affects gene delivery efficiency. To test this
phenomenon, we replicated the situation in vitro by generating the particles and performing transfection in medium
with serum. The formulated CO3 Ap nanoparticle complexes
showed numerous particles of different sizes, with overall
spherical or grape-like features with smooth surface in
an aggregated form on field emission scanning electron
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Figure 6: BALB/c mice lung and trachea luciferase reporter gene expression analysis. (a) Gene delivery efficiency of various formulations of
CO3 Ap with constant amount of pDNA (10 𝜇g). (b) Increasing pDNA study using 10–100 𝜇g of pDNA with constant amount of CO3 Ap (8 𝜇l).
(c) Time point experiment utilizing 40 𝜇g of pDNA with constant amount CO3 Ap (8 𝜇L). Luciferase expression was measured as RLU/mg
protein. The error bar represents standard error of the mean (SEM) for all data sets. The result is considered to be statistically significant if 𝑃
values were <0.05. Data are presented as mean ± S.E.M from 6 animals.

microscope (FESEM) (Figures 3(a)-3(b)). Zink formulated
nanoparticles also exhibited similar structure under FESEM
[23], but with much smaller size compared to CO3 Ap.
The aggregates were quite numerous and increased as the
amount of CaCl2 used for particle formulation was increased.
Although particle aggregations occurred, they did not affect
the efficiency in gene delivery. However, particle formulation
using CaCl2 of more than 6 𝜇L might form relatively larger
particles in serum which were difficult to be phagocytosed
than the smaller particles [24]. This might lead to the lower
gene expression observed.
In general, the results showed that the aggregation and
the particle size increase with the corresponding increase
of CaCl2 used in the complex formulations. This agrees
with the earlier findings that a higher number of particles
with corresponding size increments were observed when
excess CaCl2 was added in the complex formulation [13]. The
particles formed aggregates with the serum protein but did
not affect transfection efficiency [18]. It has been suggested

that in vitro transfection by gene delivery agent should not
be performed in medium with serum as this may impede the
rapture and release of the pDNA in the cytosol of the cell
which eventually reduces gene expression [25]. However, this
study showed that promising gene expression in vitro from
CO3 Ap/pDNA was obtained even when the transfection was
performed in medium with serum. This implies that the
formulations can be used for effective gene delivery in the
settings with existing serum protein such as in mouse lungs.
Correlating to the transfection results in Figures 1(a)–1(c),
it was shown that negligible gene expression was obtained
when 1–3 𝜇L of CaCl2 was used to prepare the complex. This
could probably be due to the insufficient amount of particles
generated that was not adequate to form stable complexes for
effective transfection. Highest gene expression was detected
from CO3 Ap formulations prepared with 6 𝜇L CaCl2 for
transfection in medium with serum (Figure 1(a)) and 8 𝜇L
CaCl2 for transfection in serum-free medium (Figures 1(b)
and 1(c)). It is speculated that the particle size was relatively
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sufficient to generate stable particle complexes efficient for
transfection of lung cells. Particles with small size, which
are estimated around 250 nm in this study, have a greater
number of molecules on their surface rather than inside [17],
thereby creating a large surface area to volume ratio [18]. This
will eventually enable mass uptake of the particles into the
cells since large surface area provides an avenue for increase
in dissolution velocity. In addition, studies have shown that
pulmonary epithelial cells are able to uptake materials at a
particle size range of 500 nm 10 times more than 1 𝜇m and 100
times more than 2 or 3 𝜇m [19]. The smaller size gene carrier
was found to be capable of escaping the clearance effect of the
reticuloendothelial system, although it has longer retention
time in the system circulation [20].
Gene delivery mediated by the nonviral systems to mammalian cell is mostly facilitated by strong ionic interactions
with the cell membrane [26]. It involves mainly electrostatic
interactions between the positively charged carrier complexes
and the negatively charged cell surface membrane. It was
found that all the CO3 Ap/pDNA complexes possess negatively charged surface. The negative charge (Table 1) and the
particle size (Figure 3(c)) increase as the amount of CaCl2
used to prepare the CO3 Ap increased, in the CO3 Ap/pDNA
formulations. It is speculated that the expansion of the
particle size is a consequence of the increase in the negative
charge. Earlier studies demonstrated that increment of CaCl2
in the CO3 Ap formulation accelerates chemical reaction to
promote particle formation. This reduces the ionization and
the stability of the complex formulation [12]. Perhaps the
molecules repel each other when they are heavily anionic.
This may lead to the expansion of the complexes resulting in
the increasing size seen in the study. Although the particles
possess negative surface charges, they could still mediate gene
expression in the lung cells. This is because the particles
have a cationic Ca+ domain, which electrostatically react
with the negative phosphate backbone of the pDNA to
form a stable complex for efficient gene delivery into the
cell.
Transgene degradation by intracellular nuclease activities
is another major concern in lung gene delivery. To mimic the
conducting airway system environment having a variety of
nuclease activities, CO3 Ap/pDNA complexes prepared with
different concentrations of CaCl2 were treated with DNase
I. This aimed to evaluate the level of pDNA protection by
CO3 Ap. The protection level conferred by the formulations
to the pDNA was minimal, especially when lower concentrations of CaCl2 were used to prepare the CO3 Ap (Figure 4).
This is not surprising because lower concentrations of CaCl2
may form insufficient amount of particles that can effectively
condens the pDNA. This limits the pDNA encapsulation
capacity, exposing the pDNA to nuclease’s action. Slow mobility of the encapsulated pDNA in the cytoplasm can make
it susceptible to the Ca2+ sensitive cytoplasmic nucleases.
This can restrict the half-life of pDNA in the cytoplasm [27].
However, here we have shown that the CO3 Ap particles under
the right conditions were able to protect the pDNA from the
activity of nucleases. This should provide chances of longer
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retention period and allows mass uptake of the pDNA by the
cells.
Effective encapsulation property of pDNA by gene carrier
systems is another important requirement for a successful
nonviral carrier system. Cellular uptake of pDNA into the
cell in the form of vesicles is strongly susceptible to lysosomal
degradation, if the pDNA is not being encapsulated efficiently
by the gene carrier system. Therefore, the assessment of the
encapsulation efficiency of pDNA by CO3 Ap was evaluated
using the gel retardation assay. Comparative electrophoretic
mobility analysis of the released pDNA on agarose gel
electrophoresis revealed that pDNA complexed with CO3 Ap
has a weaker retardation capacity compared to PEI and
Lipofectamine, as the CO3 Ap/pDNA complex ran within the
gel while PEI and Lipofectamine did not migrate from the
well of the agarose gel (Figure 5).
Clear band of pDNA was observed in the CO3 Ap/pDNA
lane (Figure 5). There are three possibilities for this observation. First, the CO3 Ap particles might have released the
pDNA during the electrophoretic mobility and the band
observed was an unbound pDNA. This suggests that there
was only a minimal encapsulation of the pDNA by the
CO3 Ap. Although it may not provide effective protection
against lysosomal degradation, minimal encapsulation may
be beneficial to the gene delivery system, as it requires little
energy for effective release of the pDNA in the cytosol.
Second, molecules move through the agarose gel matrix at
different rates, which is greatly influenced by the mass to
charge ratio. Therefore, the CO3 Ap particle, which is in
nanosize (Figure 2), migrates throughout the matrix pores
of the agarose gel easily compared to a microsized particle.
More importantly, the surface charge of the CO3 Ap/DNA
could be another factor that can make it possible for the
complex formulation to migrate within the gel. The ability of
molecules to move within the gel is highly dependent on their
surface charges. In the particle surface charge analysis, it has
been revealed that the CO3 Ap/pDNA complexes possessed
negative surface charges and the charge density reduced with
the increasing amount of CaCl2 used in the preparation of the
CO3 Ap particle (Table 1).
Although CO3 Ap shows minimal encapsulation of pDNA
(Figure 4), the CO3 Ap formulations tested in this study could
still adequately encapsulate the pDNA for effective transfection. If the pDNA was not encapsulated, the CO3 Ap/pDNA
groups in the in vitro transfection studies would have generated similar gene expression values as the naked pDNA group
(Figures 1(a)–1(c)). However, the CO3 Ap/pDNA groups
showed significantly higher gene expression values compared
to the naked pDNA group. In addition, the pDNA in the
CO3 Ap/pDNA group was preserved in a supercoiled form
when subjected to DNase I. This serves as an added advantage
as supercoiled plasmid performs better in transfection since
this form of pDNA can reach the perinuclear region more
efficiently [28].
The assessment for the most optimal conditions for
gene delivery to the mouse lungs was performed, following
the successful in vitro study. The first in vivo study evaluated the amount of CaCl2 used in CO3 Ap/pDNA complex
formulations that would give the highest gene expression.
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CO3 Ap/pDNA prepared with 6 to 10 𝜇L CaCl2 was tested
as this range showed promising gene expression in the in
vitro study. The amount of pDNA was kept to 10 𝜇g as this
concentration was shown to be effective in other in vivo
studies [8]. Unfortunately, insignificant gene expression was
observed in all CO3 Ap/pDNA treated groups when compared to the untreated and naked pDNA groups (Figure 6(a)).
Nevertheless, a trend of higher gene expression was seen
from the CO3 Ap (8 𝜇L) pDNA treated mice. PEI/pDNA
treated mice group, which served as the positive control for
gene delivery, showed the highest level of gene expression.
However it has to be noted that 20 𝜇g of pDNA was used in the
PEI/pDNA formulation as this is the most optimal condition
for PEI/pDNA mediated gene delivery to the mouse lung
[29].
Studies by Pringle et al. [30] demonstrated successful
gene expression from the delivery of 80 𝜇g of pDNA by
Genzyme Lipid GL67A to the mouse lung. Since CO3 Ap
nanoparticles have an inherent advantage of submicronic
nature, we speculated that it might provide a large surface
area for adequate packaging capacity of pDNA. This led us
to perform an increasing pDNA study in the formulation
complex to determine the most optimal level of pDNA
concentration that can generate an optimal level of gene
expression in the mouse lung. Plasmid DNA concentrations
in the range of 10 to 100 𝜇g were complexed with CO3 Ap and
analyzed in this study. CO3 Ap prepared with 8 𝜇L of CaCl2
[CO3 Ap (8 𝜇L)] was used as it showed a trend of higher gene
expression in the earlier study (Figure 6(b)). Remarkable
gene expression was observed following the instillation of
CO3 Ap (8 𝜇L) complexed with 20 to 80 𝜇g when compared to the untreated and naked pDNA delivery groups
(Figure 6(b)). Highest value of gene expression was achieved
from the mouse group delivered with CO3 Ap (8 𝜇L) complexed with 40 𝜇g pDNA [CO3 Ap (8 𝜇L)/40 𝜇g pDNA], even
significantly higher than the positive control (PEI/pDNA).
However, a massive decline in gene expression was observed
when the amount of pDNA in the formulation was increased
to 100 𝜇g. It is speculated that this formulation generates
excessive amounts of unbound pDNA in the solution that
can inhibit the available bound pDNA from cellular entry
and release. A time point study was employed to determine
the period when the level of gene expression was at its
highest, by using CO3 Ap (8 𝜇L) complexed with 40 𝜇g pDNA
formulation. Generally, transgene expression mediated by
nonviral gene delivery in mouse lung is transient [17], with
significant expression that only lasted for 2 days. By day 7
after delivery, the gene expression would drop to the baseline
level. Based on this prior knowledge, 7-day period of time
point analysis of reporter gene expression was chosen for this
study. It was expected that the highest gene expression to
be detected would be at day 2 after instillation, as has been
noted by several studies using GL67 as the gene carrier [31].
However, our results show that the highest gene expression
was detected at day 1 after delivery (Figure 6(c)). Although
a massive decline in gene expression was observed in the
subsequent days, the RLU/mg values were all significantly
higher than the controls.
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Highest gene expression was observed at day 1 after
delivery perhaps due to the CO3 Ap pDNA release profile,
which could be faster than PEI or GL67. Early release of
pDNA would lead to faster protein translation, hence early
detection of gene expression. The immediate release of the
pDNA could be attributed to the chemical structure of
CO3 Ap, which is highly sensitive to the huge influx of H+ ion
into the vesicle, thus making it swell and break the existing
Van der Waals bonds between the CO3 Ap matrix and the
pDNA. The massive drop in gene expression seen after day
1 after delivery could probably be due to the pDNA being
progressively exposed to the degradation by the lysosomal
enzyme.
As mentioned, the gene expression from nonviral vectors generally reached an insignificant value by day 7 after
delivery in mouse lungs [32]. However, the significantly high
gene expression detected throughout the study time points
signifies that the duration of gene expression mediated by the
CO3 Ap/pDNA was prolonged.

5. Conclusion
This study demonstrates that CO3 Ap nanoparticles possess
effective gene delivery property to the lung cell line and
mouse airways. These findings suggest that CO3 Ap exhibits
attractive property well suited for gene delivery into the
lung. Its noncytotoxic property and simplicity in formulation
makes CO3 Ap a simple and flexible gene carrier system to the
lung cells. This study suggests CO3 Ap/pDNA as an innovative
and a novel approach for nonviral gene delivery and has
future potential for lung gene therapy application.
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Proteins and genes of therapeutic interests in conjunction with different delivery systems are growing towards new heights. “Next
generation delivery systems” may provide more efficient platform for delivery of proteins and genes. In the present review, snapshots
about the benefits of proteins or gene therapy, general procedures for therapeutic protein or gene delivery system, and different next
generation delivery system such as liposome, PEGylation, HESylation, and nanoparticle based delivery have been depicted with
their detailed explanation.

1. Introduction
Over the last few years, numerous therapeutic proteins and
peptides have been approved for clinical usage. Till date,
more than 135 different therapeutic proteins and genes have
been approved by US-FDA for clinical use, and various
therapeutic proteins are in the process of development [1,
2]. It was a landmark discovery in the medical science
when insulin was purified from bovine and porcine pancreas
and was utilized as a life-saving injection for patients with
type I diabetes mellitus (T1DM) in 1922 [3]. At that time,
some issues were associated with this insulin treatment such
as availability of animal pancreases especially bovine and
porcine pancreases, immunogenicity of animal insulin to
some patients, and cost of the protein [4]. It was noted
that about 5% of all patients were having insulin allergy
[5]. The problem was solved through recombinant DNA
technology, which helped in the production of recombinant
insulin using E. coli expression system [6, 7]. Insulin was the
first commercially available recombinant therapeutic protein,

approved by the US-FDA in 1982, and presently is the most
significant treatment for T1DM [8, 9]. Presently, with the help
of biotechnology and recombinant DNA technology, several
recombinant therapeutic proteins are being developed and
marketed as biopharmaceutical, and the sales value of these
recombinant proteins has gained the highest level of market
share in pharmaceutical sector [10, 11].
With the beginning of recombinant DNA technology,
the idea was to use nucleic acids to cure diseased cells,
especially in cells where gene is deleted or mutated. For
this mode of therapeutic application, in 1972, Friedmann
and Roblin gave the term “gene therapy” [12]. After this
report, there have been many debates on pros and cons of
gene therapy technology [13]. However, slowly, due to novel
advantages of gene therapy, it is entering into the mainstream
of treatment. More than 1800 gene therapy clinical trials
have been completed throughout the world and many are
continuing [14]. Therefore, developing efficient gene delivery
technology is one of the significant areas for pharmaceutical
industry in current era [15].
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Presently, pharmaceutical delivery system (PDS) or drug
delivery system (DDT) is very important for the pharmaceutical industry. Many pharmacological properties of
traditional molecules can be improved with the help of DDS
[16, 17]. The effectiveness and marketability of the drug
molecules depend on the mode of DDS. Pharmaceutical
industries are prone to generate new DDS which can impart
novel properties to existing as well as newly discovered
products. New DDS will be more efficient and safer compared to the existing one [18]. Presently, many existing drug
molecule/marketed drugs use new delivery systems and are
of great interest for doctors or medical professionals [19, 20].
It has been noted that market value, competitiveness, and
patent life may boost up for an existing drug candidate
molecule if we use a new DDS. Therefore, the existing drug
candidate molecules may offer a new opportunity to increase
the market price and competitiveness in the pharmaceutical
market [21]. Conversely, patent expiry is one of the major
alarms for the pharmaceutical industry. A new DDS can
provide a new marketability to an existing drug molecule.
Therefore, the development of novel delivery systems is at
high priority for the pharmaceutical companies to capture
global market. Pharmaceutical market is projected to have a
growth with compound annual growth rate of approximately
5% [22]. Biopharmaceuticals (especially therapeutic proteins
and gene therapy) are one of the fastest growing areas of
the pharmaceutical business. The first generation therapeutic
protein based drugs are currently passing through a number
of difficulties and needs for improvement. The therapeutic
protein delivery system (TPDS) offers longer circulation
time for the therapeutic protein in the patient’s body and
enhanced pharmacokinetics (PK) and pharmacodynamics
(PD) properties and is now extremely valuable from the
commercial point of view [23]. One the other hand, the
efficient gene delivery system can improve the means for
delivering genes during gene therapy and thus can contribute
toward more successful clinical outcomes [24].
In this paper, we have tried to highlight next generation
delivery systems and benefits of proteins therapy or gene
therapy. Efforts have been made to summarize general procedures for therapeutic protein or gene delivery system and
different next generation delivery systems, namely, liposome,
PEGylation, HESylation, and nanoparticle based delivery
along with their detailed description.

2. Why Proteins Therapy or Gene Therapy?
Over the last few years, biopharmaceuticals especially therapeutic proteins have received great attention. As per the
research and markets report by “Global Protein Therapeutics
Market Forecast to 2015,” the global market for biopharmaceuticals is growing and is likely to reach the target of $143.4
by 2016. Among the biopharmaceuticals, therapeutic proteins
and genes delivery have gained the maximum percentage of
market share [25].
It has been found that protein therapeutics has some
advantages over small-molecule drug molecules, which may
be summarized as follows. (i) Therapeutic proteins can
provide efficient replacement treatment when gene is deleted
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or mutated. This treatment can help us without any gene
therapy. (ii) Proteins perform very scrupulous and multifarious functions which are explicit and exclusive. It is
very difficult to imitate this distinctive possessed function
of enzymes by simple chemicals. (iii) It has been noted that
the effect of proteins is extremely specific. So, there is very
little chance for the hindrance of normal biological processes
with the therapeutic proteins that cause unsympathetic effect.
(iv) Biologically, our body creates many kinds of proteins
which can be used as therapeutics. Since these proteins
are produced from our body itself, they are well tolerated.
Therefore, the chance of failure is fewer during the clinical
trials. (v) The regulatory approval time of therapeutic proteins
is faster than that of small-molecule drugs. The regulatory
authority in USA, US-FDA, approves a therapeutic protein
compared to small-molecule drugs in the short span of time.
From financial point of view, these benefits make therapeutic
protein attractive to the pharmaceutical industry [1, 26].
Gene therapy may provide novel treatments for diseases
having no effective conventional treatment. Gene therapy can
be the ultimate solution for genetic disorders, as it can help
to replace deleted or mutated gene for correcting genetic
disorders. This possibility of amending genetic disorder is
gaining importance and researches are trying to deliver genes
to the affected cells. Major factor affecting efficacy for gene
therapy is gene delivery system. The refinements to the
delivery system may increase security as well as the long-term
expression of the gene of interest and reduce the chance of
mutagenesis of the particular gene. After gene replacement
therapy, the patient needs not receive the treatment of protein
based therapeutics regularly, making it one of the desired
lines of treatment [27, 28].

3. General Strategies for Therapeutic Protein
or Gene Delivery System
Other than the above benefits, some limitations have been
noted of therapeutic proteins and genes. The main disadvantage is the stability associated with these proteins
or genes which is often not proper. The half-life is also
limited. Immunogenicity is another problem for therapeutic
protein or genes. For the therapeutic proteins, it has also
been observed that light sensitivity, moisture, temperature,
and so forth, hamper their stability. Many strategies have
been undertaken to improve these limitations. Among them,
two strategies are frequently being employed: one is the
change in the therapeutic protein (development through
the alteration in protein configuration or covalent add-on)
itself and through development in the formulation [29, 30].
Proteins are generally conjugated with natural or synthetic
polymers (PEGylation, HESylation, and polysialylation) to
alter structure of therapeutic proteins [31, 32]. Conversely,
different drug formulation systems are also being used to
overcome the existing limitations of therapeutic proteins.
These formulation systems are polymeric microspheres, polymeric nanoparticles, liposomes, and so forth [33].
For gene delivery, viral vectors and nonviral vectors
are usually used. Major viral based gene delivery systems
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Figure 1: Diagrammatic representation of lipid bilayer used for
encapsulating therapeutic proteins and genes for their delivery.

are adeno-associated viral vectors [34]; retroviral/lentiviral
vectors [35] and nonviral based delivery systems are cationic
liposome [36] and PEGylated system [37].
3.1. Liposome for Therapeutic Protein or Gene Delivery System.
The efficiency of a number of drugs is often limited by their
potential to reach the site of therapeutic effect. In most cases,
only a small amount of a controlled dose reaches the target
site, while the majority of the drug allocates throughout
the rest of the body in accordance with its physic-chemical
and biochemical properties. Therefore, it is very challenging
task to enhance the pharmaceutical effect of drugs while
reducing its toxicity in vivo. These objectives can only be
achieved through next generation delivery system. Lipid
molecules of biomembranes interacting with water molecules
can control the transport phenomena and protein functions
with anisotropic flow experience. After the discovery in 1965,
liposomes were used for delivery of peptide and protein
drugs [38–41]. For the development of liposome-based drug
delivery system, a consistent size distribution is necessary
to produce the nanocarrier’s in vitro features (e.g., drug
loading capacity, aggregation, sedimentation, etc. [42, 43]).
Considerable attention has been paid for liposomal drug
delivery systems due to their specific attributes, such as (i)
successful encapsulation of molecules where both tiny and
large molecules are present and the molecules are having a
wide range of hydrophobic levels and pKa values; (ii) prolonging and target release of therapeutic agents by modification of
liposome surface; and (iii) minimization of clinical drug dose
and reducing toxicity results [44, 45].
A number of experimental reports have been successfully
published on the medical use of liposomes, consisting of the
lipid bilayer membrane, as a drug carrier for the purpose of
the reduction of drug toxicity or targeting of drugs to specific
cells [46–49] (Figure 1). Clearly, it is not probable to deal with
all relevant issues, so emphasis will be made to address some
key topics, including successes and main challenge and limits
of liposomes in protein and peptide delivery.
3.2. Liposome Preparation. The main objective for the use of
liposome as drug carriers is to target specific tissues such
as tumours and also to reduce toxic side effects in sensitive
organs such as liver, heart, and kidneys. Additionally, it is

possible to extend the therapeutic index of liposomal carriers
over that of the corresponding conventional formulations by
optimizing the lipid composition, liposomal size, membrane
fluidity, surface charge, steric stabilization, and so forth.
The amphiphilic molecules used for liposomal preparations are based on the structure of biological membranes
lipids [57–63]. For liposome synthesis two hydrocarbon
chains are usually esterified to a glycerol backbone. These
hydrophobic chains are further connected to a hydrophilic
head group containing either a phosphate or some carbohydrate units. These lipid head groups are either zwitterionic (phosphatidylcholine, phosphatidylethanolamine,
sphingomyelin), negatively charged lipids (phosphatidic
acid, phosphatidyl glycerol, phosphatidyl serine, phosphatidyl inositol, cardiolipin, substituted glycolipids such as
monosialoganglioside), or entirely uncharged lipids (unsubstituted glycolipids). Examples of cationic amphiphiles are
DOTAP, DODAC, DC-Chol, DMRIE, DOTMA, DOSPA,
DOGS, and many others.
Amphiphilic lipid monomers are weakly soluble in water
having low critical micelle concentration (CMC), depending
on the hydrocarbon chain length. These single-chain lipids
(lysolipids, free unsaturated acyl chains, detergents, etc.)
spontaneously assemble into micelles which further act as
membrane lipids and tend to form bilayers. Figure 1 illustrates
the bilayer structures which form closed vesicles, that is,
liposomes. One can distinguish between multilamellar and
unilamellar vesicles which can be varied from minute vesicles
(size, <100 nm), large vesicles (size, 100–500 nm), or huge
vesicles (size, ≥1 𝜇m). Some isolated lipids or lipid mixtures
may prefer nonbilayer morphologies such as hexagonal and
cubic phases.
Therapeutic genes and proteins can be (i) encapsulated
within the liposome and (ii) chemically conjugated to the surface groups. With the help of liposome, passive encapsulation
can be achieved by incubating genes, protein, or peptide at
or somewhat lower than the phase transition temperature,
used for the preparation of liposome. Vigorous loading of
therapeutic genes and proteins, termed as triggered loading,
can also be achieved by increasing temperature in presence
of ethanolic buffer and mild swirling for a particular period.
This simple process is somewhat fast and is used to attain
higher encapsulation efficiency [64]. Usually proteins are
required to exist in aqueous core position. On the other hand,
uncovered hydrophobic regions of protein may work together
with the lipid membrane. However, the interaction between
proteins and lipids are normally to maintain the bioactivity of
proteins [65].
Initially, conjugation of proteins with the liposomes
was explored by means of glutaraldehyde or 1-ethyl-3(3-dimethylaminopropyl) carbodiimide (EDC); afterwards
researchers are also working on selective bi-functional coupling agents [66, 67]. These reactions encouraged the development of liposome into additional advanced forms and
include (i) immunoliposomes, conjugated to antibodies or
antibody fragments [68, 69], (ii) stealth liposomes connected
with PEG, provides protective coat for evading recognition by
opsonins and slowing down clearance [70–72], (iii) extended
flowing immunoliposomes coated together with protecting
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polymer and also with antibodies [71, 73], and (iv) the
next generation of liposomes which permit alteration to the
exterior surface through a number of compounds that are
either alone or in concert including stimuli sensitive lipids,
polymers, cell penetrating peptides, and diagnostic agents
[72, 73].
For the treatment of liver tumours or metastases, investigators are continuing to use galactosylated liposome for
targeted delivery of drugs to liver [74]. The capability of these
galactosylated liposomes led to their use in gene delivery
systems to deliver in targeted cells [75]. The presence of
lipid that is able to form nonbilayer structures, such as
dioleoylphosphatidyl ethanolamine (DOPE), can endorse
destabilization of the bilayer, inducing fusion events. DOPE
has been particularly beneficial for cationic liposomes complex formation with plasmid DNA for gene delivery [76, 77].
3.3. Liposomes Acting as Carriers of Protein and Gene Therapy.
Biologically active complexes of genes and proteins, for example, small interfering RNA (siRNA), cytokines, enzymes,
peptide hormones, and others, are the choice of drugs which
could be very useful for the treatment of various diseases.
The incorporation of these therapeutic moieties/drugs in
liposomal membranes offers several advantages such as high
drug incorporation efficiency; stable confinement of drugs in
the liposome; prevention of drugs against metabolic degeneration; and long-term therapeutic stage. The supportive
effects provided by liposomes have been employed to a
wide range of proteins and genes. Superoxide dismutase
(SOD), a cytotoxic agent used during phagocytosis, is an
enzyme which protects from the effects of superoxide anion.
Liposomal encapsulation of SOD has been found to increase
its performance, extend circulation, and reduced membrane
peroxidation in different areas of brain [78, 79]. Spraydried powder formulations of the active SOD in liposomes
mixed with disaccharides have also been described [80].
The potential ability of liposome-encapsulated enzymes to
enter the cytoplasm or lysosomes of live cells is of crucial
importance for the treatment of congenital diseases produced
by the abnormal behaviour of some intracellular enzymes
[81]. Gaspar et al. reported that survival of animals with
asparagine dependent tumours associated with free enzymes
is increased by the application of liposome-encapsulated
asparaginase [82]. In addition, such liposomal encapsulated
asparaginase also avoids the formation of anti-asparaginase
antibodies. In another study, enhanced thrombolytic activity
was observed by tissue plasminogen activator encapsulated
in liposomes, as compared to native enzyme, when employed
for thrombolytic treatment in rabbits with jugular vein
thrombosis [83]. An interesting approach applying liposome liposomes encapsulated enzymes is antibody-directed
enzyme prodrug therapy (ADEPT), based on the on-site
activation of chemically modified inactive anticancer and
antiviral prodrugs into active therapeutic agents [84]. To
achieve the specific production of active cytotoxic molecules
from inactive drugs in the areas of tumour cells, a conjugate
drug was developed using tumour-specific antibody along
with an enzyme responsible for the conversion of inactive
drug into the active form. For enhancing the enzymatic
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activity of obligatory enzyme in tumour cells, moderately
than just “straight” antibody-enzyme conjugates, a unique
liposome, namely, immunoliposomes, is loaded with the
essential enzyme [85].
In spite of intensive efforts intended for designing a
number of different cationic lipids [86–88], gene expression
can only be detected after local administration instead of
systemic injection, along with the evident toxic side effects of
cationic lipids [89, 90]. Cationic lipid-DNA complexes face
supplementary issues due to their large size and high surface
charge combining together to result in fast elimination from
the circulation. However, large numbers of theories are
emerging from huge and quickly rising literature in the
arena of delivering nucleic acids which are (i) positively
charged cationic lipids, which is considered necessary for
the effective relationship of nucleic acids with lipids [91], (ii)
liposomes with positive charge results in their fast clearance
by the mononuclear phagocyte system (MPS) and not specific
cell binding [92], (iii) the circulatory half-life of liposome
mediated delivery of nucleic acids that can be increased
by modifying surface charge to near neutrality either by
coating the cationic liposomes (CCLs) [93] or by using of
ionizable lipids [94–97], (iv) for particular binding and internalization, the targeted ligands being mandatory [98, 99],
and (v) efficient endosomal release following internalization
being needed for therapeutic activity [100], which can be
provided by ionizable cationic lipids with optimized bilayer
destabilizing capacities and pKa [97, 101].

4. PEGylation Carriers of
Therapeutic Proteins and Genes
PEGylation is a process through which polyethylene glycol
(PEG) chains are conjugated to proteins (therapeutic proteins), peptides, or any molecules. In 1990, US-FDA approved
the first PEGylated therapeutic protein and its brand name is
Adagen (pegadamase), marketed by a USA pharma company
(Enzon Pharmaceuticals) for the cure of Severe Combined
Immunodeficiency Disease (SCID) [102]. After that, USFDA approved about seven therapeutic proteins [103]. Till
date, several therapeutics (approximately 80 polypeptide
medicines) are marketed in USA and approximately 350 are
undergoing clinical trials. Among them, many are PEGylated
therapeutic protein [104]. Through the PEGylation process,
the molecular mass of therapeutic proteins is increased.
Therefore, it guards the therapeutic protein from the proteolytic enzymes and thereby degradation of the proteins. It has
been noted that PEGylation process improves pharmacokinetics of the therapeutic protein.
4.1. Procedure of PEGylation. PEG is hydrophilic, safe, nonimmunogenic polymers. These polymers are chemically inert
repetitive units of ethylene oxide. In the toxic point of
view, this molecule is generally accepted as safer molecule
[103]. PEG reagents are commercially available as linear
or branched configurations with different lengths, shapes,
and chemistries and molecular weights. It is commercially
available from some companies from Asia, particularly such
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Figure 2: Schematic diagram representing systemic delivery of therapeutic proteins or genes following conjugation with polyethylene glycol
molecules. Here, structural formulae for linear PEG and branched mPEG are also displayed.

as NOF corporation (Japan); SunBio (South Korea); Reddy’s
Lab (India), and JenKem (China). Some other important
companies are Chirotech Technology Limited (UK), Creative
PEGWorks (USA), and so forth [104].
It is compulsory to activate the PEG moiety to conjugate it
with therapeutic proteins. For the reaction with PEG moiety,
different chemical groups in the amino acid of therapeutic
protein side chains such as NH2, –NH–, –COOH, –OH,
–SH groups and disulfide (–S–S–) bonds can be exploited.
Therefore, in this process, reaction occurs between the amino
acid of therapeutic protein and suitably activated PEGylation
reagents. It has been shown that the reactive amino acids
that often participate during this conjugation process are
arginine, aspartic acid, histidine, lysine, cysteine, glutamic
acid, threonine, tyrosine, and serine. Other than that, Nterminal amino group and the C-terminal carboxylic acid are
also found to be involved with these reactions [105].
Several PEGylated therapeutic proteins have been
reported till date, which includes Peginterferon 𝛼2b
(PegIntron), PEGylation of IFN-𝛼2a as a preliminary therapy
for the chronic hepatitis C [106, 107], and mono-PEGylated
TNF-𝛼 for antitumor treatment [108] (Figure 2).
Some PEGylated gene therapy has also been performed.
Adenosine deaminase-deficiency (ADA-SCID) is a kind of
immunodeficiency. ADA is involved in the purine salvage
pathway and absence of this enzyme leads to build-up
of intracellular and extracellular substrates (adenosine or
deoxyadenosine) leading to adverse effects on the functions
of different cell types. In case of immune cells it leads to severe
lymphopenia with abnormal development of T, B, and natural
killer (NK) cells. In order to cure this immune disorder,
PEGylated adenosine deaminase gene has been transferred to
T lymphocytes [109, 110]. Gene therapy for ADA-SCID shows
great promise in the treatment of this disease. Using this
delivery system, approximately 30 patients with ADA-SCID
have been treated worldwide [111, 112]. It has been reported
that immune function has been regained without the support
of enzyme replacement therapy [113]. Moreover, there were

no adverse events reported related to the PEG gene transfer
technology [114, 115].
4.2. Advantage of PEGylation Procedure. This process augments the solubility of therapeutic proteins. It provides solubility to different solvents such as water and various organic
solvents. It has been witnessed that the PEGylated therapeutic
protein enhances property for site specific performance. It has
also been found to enhance PD, PK properties of the protein.
Conversely, this procedure diminishes immunogenicity [116].

5. HESylation
HESylation utilizes a hydroxyethyl starch derivative for conjugation to proteins (therapeutic proteins) or drug molecules
to increase its size. HESylation name has been derived from
“HES” which corresponds to a part of hydroxyethyl starch
derivative. HES are natural polymers present in starch along
with amylopectin fibers. HES are produced from natural
maize starch. Therefore, they are highly biocompatible and
biodegradable and are clinically approved as plasma volume
expanders (PVEs). These attributes make it an attractive
hydrophilic polymer for half-life extension (HLE) technologies [117, 118]. HESylation delivery system provides extended
circulation half-life to the therapeutic molecules. It has
been observed that it increases the stability of therapeutic
protein and amplifies biological activity. A European pharma
company (Fresenius Kabi, www.fresenius-kabi.com) is regularly applying HESylation delivery system to a variety of
proteins (e.g., Erythropoietin (EPO) and Granulocyte-colony
stimulating factor (G-CSH)) [26, 119].

6. Nanoparticle Based Delivery
Nanoparticle based delivery of therapeutic proteins and genes
is believed to the significant area of drug delivery (Figure 3).
For delivery of therapeutic protein or drug, a number of
protein-nanoparticle based deliver systems are being used
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Table 1: Next generation therapeutic proteins or genes and their delivery system which are in the market or in clinical trial.

Brand name of
Therapeutic protein/gene
therapeutic protein/gene
Therapeutic protein
Oncaspar
(pegylated formulation of L-asparaginase;
Pegaspargase)
Therapeutic protein
PEG-INTRON
(pegylated formulation of IFN-a2B;
Peginterferon alfa-2b)
Therapeutic protein
PEGASYS
(pegylated formulation of IFN-a2A;
Peginterferon alfa-2A)
Therapeutic protein
(pegylated formulation of
Granulocyte-colony
Neulasta
stimulating factor (GCSF) and
monomethoxypolyethylene glycol;
Pegfilgrastim)
Therapeutic protein
(pegylated formulation of Erythropoietin
Mircera
(EPO); Epoetin beta-methoxy
polyethylene glycol)
—
Therapeutic gene
(No brand name
(RNAi therapeutics delivery of
available)
ALN-PCS02 using SNALP liposome)

Glybera

Therapeutic gene
(alipogene tiparvovec used
adeno-associated virus serotype 1 (AAV1)
viral vector delivery)

such as albumin [120], gelatin [121], and legumin [122].
Conversely, many natural polymers and their derivatives like
chitosan, dextran, and starch nanoparticles have also been
tried to deliver different proteins and genes.
It has been recently documented that dendrimers
[123] biodegradable polymeric nanoparticles [124] and gold
nanoparticles [125] have been used for gene therapy.
Researchers are usually exploiting two techniques for nucleic
acids delivery, that is, encapsulation or conjugation. For
nucleic acids like plasmid DNA, RNA, and siRNA, encapsulation methods are usually preferred to deliver nucleic acids
with nanoparticles [126]. However, sometimes these nucleic
acids are also being conjugated with the nanoparticle for
delivery [127–130]. One of the methods to link nucleic acids to
a nanoparticle is to modify the surface of the nanoparticle and
to provide a positive charge. Positive charge on nanoparticle
would favour easy binding of negatively charged DNA. However, this method is used for liposome and other polymermediated gene transfer [131]. Recently, some researchers
have generated polycationic amphiphilic cyclodextrin-based
nanoparticles [132] and it has been employed for gene delivery of interleukin-12 (IL-12). For siRNA therapeutic delivery,
one group of researchers used arginine-engrafted biodegradable polymer as delivery system [133]. This delivery system
improved accumulation of carrier-siRNA complexes in the
tumour tissue. However, there is vital need for the production

Indication

Remark

References

Leukaemia

USFDA-approved in
1994

[50]

Hepatitis C as well as
malignancies

USFDA-approved in
January 2000

[51]

Hepatitis C

USFDA-approved in
January 2001

[52]

Neutropenia

USFDA-approved in
January 2002

[53]

Anemia associated with
kidney disease

USFDA-approved in
January 2007

[54]

Hypercholesterolemia

Clinical trial

[55]

Familial lipoprotein lipase
deficiency (LPLD, synonym:
type I hyperlipidaemia).

First gene-therapy
medicine and
approved by all 27
European Union
member states

[56]

Tumor cell
Silica particle
Antibody
Antigen

Figure 3: Schematic diagram depicting targeted delivery of antibody labelled silica nanoparticle to the tumour cell antigen.

of a common platform for nanoparticle based delivery systems which can be customized only to deliver different kinds
of nucleic acids such as DNA, RNA, and siRNA without any
side effect to the patients.
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7. Future Prospects
Delivery systems for proteins and genes have taken more
than 25 years to emerge as a feasible pharmaceutical tool
and several therapeutic proteins and genes are marketed
already (Table 1). Liposomes, PEGylation, HESylation, and
nanoparticle based delivery are now established as the processes of choice for improving the PK and PD of protein
and gene based therapeutic pharmaceuticals. During the
development of next generation delivery system some points
should be considered, which are as follows: (i) simplicity of
the drug and its delivery system: the drug should be easy for
manufacturing, quality control, handling and comparatively
low-cost. (ii) Safety problems should be minimal. No extra
chemical entities should be used which may affect structural
stability. (iii) Oral delivery is still a challenge for therapeutic
proteins and genes due to their resistance to proteolysis.
Further, researches should be more inclined toward this
mode of delivery.

[4]
[5]

[6]

[7]

[8]

[9]

8. Concluding Remarks

[10]

In the age of molecular medicine, a number of protein
and gene deliveries have been developed while exploring
liposomes, PEGylation, HESylation, and nanoparticle based
methods. Past two decades have witnessed the accessibility
of commercially available therapeutic products of protein
and gene with the different kinds of delivery system. The
next generation state-of-the-art gene based and protein based
therapies may also improve effectiveness or reduce toxicities.
Recent progress in the past two decades, in the field of protein
and gene delivery, shows promise and provides bright hopeful
future to the patients.
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The availability of fluorescent dyes and the advances in the optical systems for in vivo imaging have stimulated an increasing
interest in developing new methodologies to study and quantify the biodistribution of labeled agents. However, despite these great
achievements, we are facing significant challenges in determining if the observed fluorescence does correspond to the quantity of
the dye in the tissues. In fact, although the far-red and near-infrared lights can propagate through several centimetres of tissue, they
diffuse within a few millimetres as consequence of the elastic scattering of photons. In addition, when dye-labeled oligonucleotides
form stable complex with cationic carriers, a large change in the fluorescence intensity of the dye is observed. Therefore, the
measured fluorescence intensity is altered by the tissue heterogeneity and by the fluctuation of dye intensity. Hence, in this study a
quantification strategy for fluorescence-labeled oligonucleotides was developed to solve these disadvantageous effects. Our results
proved that upon efficient homogenization and dilution with chaotropic agents, such as guanidinium thiocyanate, it is possible
to achieve a complete fluorescence intensity recovery. Furthermore, we demonstrated that this method has the advantage of good
sensitivity and reproducibility, as well as easy handling of the tissue samples.

1. Introduction
Antisense oligonucleotides (ODNs) are very attractive tools
for genetic-based therapies and treatments in modern
medicine [1–4]. However, the cellular uptake of ODNs is poor
due to their negatively charged backbone, degradation by
nucleases, and uptake by nontarget cells. In response to these
problems, cationic polymers and lipids, which spontaneously
form complexes with the negatively charged ODNs, have
been designed as delivery carriers. Complexes of ODNs and
cationic polymers are internalized by endocytosis; then, an
efficient route progresses with the endosomal escape, dissociation of complexes, and diffusion of ODNs in the cytoplasm
and/or nucleus [5]. Actually, the main issues in developing
appropriate delivery carriers are related with the knowledge
on complexes incorporation, targeting, biodistribution, and
localization within the organs and cells. Therefore, substantial
efforts have been made to develop techniques capable of
tracking the labeled ODNs pathway in vivo and to quantify
the concentration in the tissues. Traditionally, tissue analysis
was carried out using radiolabeled compounds [6], which

are very accurate and sensitive, but currently their use has
been limited because the safety issues are associated with
radioactivity. Thus, alternative methods have been developed
for quantification by optical absorption [7], fluorescence
spectroscopy [8], and chromatography [9]. In particular, very
useful method appears to be the optical imaging, which
relies on the detection of photons produced by bioluminescence or fluorescence [10, 11]. Developments in fluorophore
chemistries have resulted in a series of fluorophores with
emissions extending from ultraviolet to near-infrared spectrum [12, 13]. In particular, near-infrared wavelengths are
advantageous because tissue absorption and autofluorescence
are minimized at these wavelengths. However, even in this
range, it remains difficult to carry out an in-depth analysis
of organs. In fact, only areas near the surface can be reliably
detected [14–17]. In addition, although the fibrous and solid
tissue samples are often homogenized prior to these analyses
[18, 19] the determination of the fluorophores concentration
is limited by the interplay of absorbers and scatterers in
the tissue samples, which render tissue optically turbid.
Thus, the observed fluorescence from biologic tissue is often
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significantly distorted and cannot be simply interpreted [20–
25]. To overcome these problems, the fluorophores concentrations can be determined by fitting the tissue spectra to
mathematical models [26], but accuracy and reliability can be
achieved only when the effects of scattering and absorption
are compensated by apposite correction techniques.
Furthermore, although it is well known that when
the labeled ODNs bind cationic polymers its fluorescence
is quenched [27, 28], these intensity changes have been
neglected in almost all the presented analysis of data collected
in in vivo experiments.
In this study, we proved the existence of fluorescence
distortions due to the scattering/absorption of tissue samples and to the change in fluorescence emission of the
fluorophores after complex formation. Moreover, we presented a method which avoids any misinterpretation of
the fluorescence data and quantifies the concentration of
the ODNs delivered by our liver specific carrier based
on cationic diblock glycopolymer composed of galactosyl
oxyethyl methacrylate (GAMA) and the primary aminecontaining dimethylamino ethyl methacrylate (DMAEMA).

2. Materials and Methods
2.1. Materials. Dimethylamino ethyl methacrylate stabilized with MEHQ (DMAEMA, Mw 157.21. TCI Europe
NV, Antwerp, Belgium) was used after purification. Glucosyl ureaethyl methacrylate (GUMA; Organic Chemical IND, LTD., Osaka, Japan) and galactosyl ureaethyl
methacrylate (GAMA; Organic Chemical IND, LTD.), N-Ndimethylformamide dehydrate (DMF; Wako, Osaka, Japan),
anhydrous dimethyl sulfoxide (DMSO; Wako, Osaka, Japan),
tetrahydrofuran (THF; Wako, Osaka, Japan), 2-2 -bipyridyl
(2-2 -bipyridine) (Bpy; Nacalai Tesque, Kyoto, Japan), copper
(I) bromide (CuBr, 99.9%; Wako, Osaka, Japan), copper
(I) chloride (CuCl, 99.9%; Wako, Osaka, Japan), ethyl 2bromoisobutyrate (TCI Europe NV, Antwerp, Belgium),
and methyl (±) 𝛼-bromophenylacetate (MBP, Fluka, Tokyo,
Japan) were also used without further purification.
2.2. Antisense Oligonucleotides. The chemically modified 14mer antisense phosphorothioate ODNs (proprotein convertase subtilisin kexin type 9 (PCSK9) antisense oligonucleotides) used in this study were synthesized by Gene Design
(Osaka, Japan). The sequence used was as follows: 5 CgTgggcagcagCC 3 ; uppercase C and T indicate chemically modified
2 ,4 -BNA/LNA that have a methylene bridge between the
O2 and C4 atoms; lowercase indicates DNA [29, 30].
The ODNs-NH2 was labelled according to the protocol of the producers with the Alexa Fluor carboxylic acid
succinimidyl ester (Alexa Fluor 750 and Alexa Fluor 594;
Invitrogen, Carlsbad, CA) [31]. The dye conjugation to the
ODNs was performed at pH 8.5 in 0.1 M sodium tetraborate
buffer. The dye was dissolved at 1 mg/mL in DMSO and
was immediately added to the ODNs solutions to obtain the
desired dye-to-ODNs molar ratios while stirring. The reaction mixture was incubated overnight at room temperature.
The conjugates were purified from unreacted dye by sizeexclusion chromatography using Illustra MicroSpin G-25

BioMed Research International
Columns (GE Healthcare UK Limited). Absence of unreacted
dye was assayed by thin-layer chromatography on silica gel
plates using methanol: ethyl acetate (60 : 40).
2.3. Cationic Diblock Copolymers. Atom transfer radical
polymerization (ATRP) has been employed for the polymerization of the two glycopolymers (pGa4 D47 and pGu4 D40 ) as
previously described by the authors [32]. At first, a macroinitiator (pGAMA or pGUMA) was synthesized by ATRP in
water and then used in a second ATRP reaction in DMF with
DMAEMA monomer. We performed a two-step reaction in
order to obtain a cationic diblock copolymer composed of a
longer chain of pDMAEMA and a shorter chain of pGAMA
(or pGUMA). We used the following nomenclature for the
diblock polymers: pGux Dy and pGax Dy , where 𝑥 is the
number of GAMA (pGax ) or GUMA (pGux ) monomeric
units and y is the number of the DMAEMA monomeric
units (Figure 1). The poly(dimethylamino ethyl methacrylate)
(pDMAEMA) was synthesized by ATRP in THF using ethyl
2-bromoisobutyrate as initiator.
The copolymers were characterized by gel permeation chromatography (GPC) (Supplementary Figures: S.
(1) in the Supplementary Material available online at
http://dx.doi.org/10.1155/2014/196837) and 1 HNMR measurements (Supplementary Figures S. (2), (3), and (4)). The GPC
measurement was performed in a Shimadzu GPC system
using a 0.5 M sodium acetate/0.5 M acetic acid buffer as
eluent and a TSK Gel GMPWXL column (Tosoh Bioscience,
Montgomeryville, PA) at room temperature and at a flow
rate of 0.5 mL/min. PEI standards (Mw 400–890,000; Tosoh
Bioscience, Montgomeryville, PA) were used for calibration.
1
HNMR spectra were recorded on a Varian 300 MHz Instrument (Varian Inc., Tokyo, Japan) in D2 O.
2.4. Preparation of Polyplexes. Copolymer/ODNs polyplexes
differing in charge ratio but having the same ODNs concentration (56 nM) were prepared as follows. The polyplexes were
prepared by adding different volumes of diblock polymer
stock solution (buffer at pH 7.4) to a fixed volume of ODNs
stock solution in one step. After addition of the polymer solution, the dispersion was vortexed for 10 sec. The polyplexes
were allowed to equilibrate for 30 min at room temperature
before use. The prepared polyplexes were electrophoresed
on 1% agarose gels at 100 V for 20 min. After incubation for
20 min at room temperature, 10 mg/mL ethidium bromide
solution was added and shortly incubated in the dark.
Fluorescence was quantified using a Molecular Imager Gel
Doc XR+ System (Bio Rad Laboratories, Inc.). In addition,
dynamic light scattering measurements were carried out on a
Malvern Zetasizer Nano ZS (Malvern, Worcestershire, UK)
at 25∘ C and at an angle of 173 degrees. The incident beam
was a HeNe laser beam (633 nm). Polystyrene nanospheres
(60 ± 6 nm; Duke Scientific Corp, Palo Alto, CA) were used
to verify the performance of the instrument. The particle
size and zeta potential of each dispersion were measured
three times. Furthermore, to examine the stability in acid
environments, the polyplexes were diluted in aqueous citric
acid/trisodium citrate buffer (pH 5.5). The polyplexes were
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Figure 1: Schematic representation of the synthesis of pGu4 D40 and pGa4 D47 .

incubated at room temperature for 24 hours and then were
electrophoresed on 1% agarose gel.
2.5. In Vivo Experiment
2.5.1. Fluorometry Measurement. Alexa 750-labeled ODNs
were used to prepare polyplexes (N/P = 12) in HEPESbuffered glucose solution (20 mM HEPES, 5% glucose w/v,
pH 7.4). 200 𝜇L of solution was administered to the C57/BL6
mice via the tail vein (6.3 𝜇g PCSK9 ODNs/mouse). After
3 and 48 hours mice were sacrificed and liver samples
were harvested. Each liver was immersed in 2 mL of LRT
solution (Lysis buffer solution, QuickGene RNA tissue kit SII,
Fujifilm Corp.) and then mechanically homogenized (Digital
Homogenizer and Tissue Grinder Glass Vessel with Teflon
Pestle Homogenizer). Subsequently, aliquots of the resulting
homogenate were diluted with additional LRT solution to
reduce the optical density (OD) of the sample below 0.1 and
stored for 24 hours. OD measurements were performed with
UV1800 spectrophotometer (Shimadzu, Japan). Fluorometry
measurements were performed in a scanning spectrofluorometer Thermo Scientific Varioskan Flash (Thermo Fisher
scientific) and CRi’s Maestro 500FL in vivo imaging system
(Cambridge Research & Instrumentation, Incorporated).
2.5.2. Confocal Microscopy Imaging. Alexa 594-labeled ODNs
were used to prepare polyplexes (N/P = 12) in HBG. 200 𝜇L
of solution was administered to the C57/BL6 mice via the
tail vein (14 𝜇g PCSK9-ODNs/mouse). After 3 and 24 hours,
mice were sacrificed and organs were embedded in Optimal
Cutting Temperature compound (Tissue-Tek CRYO-OCT
compound Fisher Scientific Inc.). Sections were cut and
analyzed with Olympus IX81 (Olympus, Tokyo, Japan). Image
sections were imported as 16 bit images and analyzed by NIH
Image J software.

2.6. Ethic Statements. All animal experiments were conducted in accordance with the Guidelines for Animal Experiments established by the Ministry of Health, Labour and Welfare of Japan and by the National Cerebral and Cardiovascular
Center Research Institute, Japan. The protocol was approved
by the Committee on the Ethics of Animal Experiments of
the National Cerebral and Cardiovascular Center Research
Institute (Permit Number: 10047).

3. Results and Discussion
Nowadays, it is of great interest to develop an efficient gene
delivery to the hepatocytes, because these cells are responsible
for the synthesis of a wide variety of proteins. Since hepatocytes possess a large number of asialoglycoprotein receptors,
specific targeting has been achieved by using ligand bearing
galactose units [33, 34]. For this reason, two diblock glycopolymers and a copolymer of DMAEMA were synthesized
by ATRP (Figure 1). The molecular weight of pDMAEMA
was estimated to be around 8000 g/mol as determined by
GPC and 1 HNMR and the total content of nitrogen was
6.3 𝜇mol/mg polymers. The two glycopolymers were synthesized by consecutive ATRP reactions, as previously described
[32]. The total content of nitrogen was 5.4 and 5.3 𝜇mol/mg
polymers, for pGa4 D47 and pGu4 D40 , respectively. The carrier ability to form stable polyplexes with ODNs at N/P
ratios greater than 1 was analyzed with gel retardation assay
(Figure 2(a)). The influence of sugar units on polyplexes formation was very weak. The binding strength of the polyplexes
at N/P ratio of 1 and 12 was also examined in response to
acidic pH (Figure 2(b)). After incubation for 24 hours at
pH 5.5, the polyplexes prepared at N/P ratio of 12 did show
large binding strength and ODNs were not released from the
polyplexes. Instead, in polyplexes prepared at N/P ratio of 1,
almost all the ODNs were released even at room temperature.
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However, it is important to notice the positive effect of the
acid pH on the binding strength of these polyplexes. In
fact, after 24 hours of incubation at pH 5.5, the quantity of
released ODNs decreased. Indeed, under acidic conditions
the increase in the positive charge of protonated pDMAEMA
blocks leads to a rise of the binding strength between carriers
(positive charge) and ODNs (negative charge). This effect is
higher for pDMAEMA (Figure 2(b)), which had shown the
larger binding strength also at lower N/P (Figure 2(a)).
The size and zeta potential of polyplexes of all the carriers
were examined at N/P ratios from 1 to 17 (Figures 2(c)
and 2(d)). The hydrodynamic diameter varied over a wide
range (100–3500 nm) at N/P ratios smaller than 6 in all the
copolymers (Figure 2(c)). At N/P ratio of 12, the diameter was
smaller than 200 nm (Figure 2(c)) and was slightly influenced
by the different sugar units.
In the in vivo experiments (Figure 3) N/P ratio of 12
was used. The images were collected by MAESTRO in vivo
imaging systems (Figures 3(a) and 3(b)) and by confocal
microscopy (Figures 3(c) and 3(d)). MAESTRO imaging
system allows unmixing the dye spectrum from the autofluorescence and performing quantitative image analysis
(Figure 3(a)). To avoid systematic errors, I previously determined the range of linearity of the detection system by
the variation of the light intensity via fluorophore concentration [35]. In addition, to avoid many method-inherent
problems connected with the comparison of fluorescence
intensities collected from different samples (e.g., instrumentspecific wavelength and polarization dependences), the internal relative fluorescence emission ratio between the liver
and kidneys was evaluated (Figure 3(b)). A time dependent
increase in the emission ratio was observed for glycopolymers
and pDMAEMA. Instead, free ODNs injection showed no
detectable change. However, it is not possible to explain such
a large increase in the emission ratio considering only the
different blood circulation time of ODNs and polyplexes.
Therefore, a more detailed analysis on the labeled ODNs
distribution was performed on cryosections by confocal
microscopy (Figure 3(c)). The higher fluorophore emission
is detected in the kidneys of mice treated with free ODNs.
This confirms previous work which reported that although
the ODNs are accumulated particularly in the liver, high
accumulation can be detected in the kidneys, their primary
route of elimination [36]. The total emission per animal
(Figure 3(d)) was determined by Image J software as the
sum of the partial area fraction associated with each organ
emission (Figure 3(c)). It is possible to observe that the higher
total emission is collected in animals treated with free ODNs
(Figure 3(d)). Since the total quantity of labeled ODNs is the
same in all the animals, this discrepancy can be explained
only assuming that the fluorescent dye emission changes
after complexation with the carrier. Therefore, to confirm our
hypothesis we decided to study the fluorescence stability of
the carrier-free labeled ODNs and polyplexes.
The emissions of samples containing the same quantity
of ODNs-labeled Alexa 750 were collected by MAESTRO
and reported in Figures 4(a), 4(b), and 4(c). An evident
fluorescence intensity reduction was observed in the polyplexes samples (Figure 4(a)). This is confirmed by the work
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of van Rompaey et al. [28], which reported that the presence
of several rhodamine labeled ODNs chains in one complex
can decrease the fluorescence emission on complexation
with pDMAEMA [28]. In addition, the authors of the paper
reported that the fluorescence emitted by labeled ODNs after
complexation at different N/P ratio has a minimum at low
N/P ratio and after the fluorescence increases again with the
increase of N/P ratio, as consequence of the decrease of ODNs
labeled molecules per complex, as confirmed by the emissions
of pGa4 D47 at N/P ratio of 12 and 48 and at N/P ratio of 24
reported in Figures 4(c) and 4(a).
Furthermore, we used absorption spectroscopy to look
for evidence of dye-ODNs-carrier interactions and to determine the possible reasons for this difference in fluorescence
emissions. In Figure 4(d) the Alexa 750, free labeled ODNs,
and labeled ODNs in the complex with pGa4 D47 spectra are
shown. The absence of change in the absorbance around
260 nm suggests that the presence of carrier does not perturb
the interaction of dye and ODNs. Instead, the increase in
the absorbance of the shoulder at 700 nm and the decrease
at 750 nm imply that the carrier interacts somehow with the
dyes. In particular, we observed a much prominent shoulder
peak at N/P ratio of 12 compared with N/P ratio of 24.
In our opinion, at N/P ratio of 12 the tightly compacted
structure of the polyplexes might lead to a larger fluorescence
quenching due to dye-dye interactions [27, 28, 37], which are
characterized by a decrease in the absorption band and an
increase in a nonfluorescent shifted band.
Therefore, the reorganization of the polyplexes is at the
origin of the curve of the fluorescence emission of the dye. At
the minimum of fluorescence, a large number of fluorescence
labeled molecules are entrapped in one polyplex, quenching
each other due to their close spatial proximity. These considerations might justify the discrepancy in the total emission
reported in Figure 3(d) and suggest that experimental fluorescence data are heavily affected by this quenching.
Finally, to define the fluorophore concentration inside
the organs it is necessary to reduce common processes,
such as absorption and scattering. In nonabsorbing media
the light can penetrate deep into the sample and can be
emitted isotropically; thus the fluorescence spectrum can
be expressed as a linear combination of the fluorescence
contributions of all N fluorophores in the sample. However,
in turbid media, such as biological tissue, the fluorescence
spectrum is not only dependent on the concentrations of
fluorophores. In fact, at microscopic level, tissue can be
considered as an absorbing bulk material with scatterers
randomly distributed [38]. As consequence, some parts of the
light will possibly go out after multiple scattering and some
will be absorbed. This absorbed light will be converted to
fluorescence and will continue to scatter in the media, where
it can either be reabsorbed or be emitted from the sample
surface. Thus, in absorbing media it is necessary to model the
effects of the fluorophores, absorbers, and scatterers [39, 40].
However, the optical properties of these groups depend on
used wavelengths, tissue types, and penetration depth of the
light in tissues. Therefore, homogenization and dilution of the
samples to achieve OD < 0.1 are necessary [25]. In fact, only
for very dilute solution the measured fluorescence intensity
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𝐼 is proportional to the fluorophore’s absorptance (fraction
of radiation absorbed at specific wavelength) and not to
absorbance (logarithmic ratio of the radiation falling upon
a material to the radiation transmitted through a material).
This ensured that the samples are uniformly excited during
fluorometry and the light is emitted almost isotropically. At
these conditions, the dye concentration [ODNs] in the tissue
can be calculated as follows:
1
(1)
[ODNs]liver = 𝐷1 𝐷2 ,
𝛼
where the last two factors account for the dilution of the
tissue samples, 𝐷1 mixing the solid sample with 2 mL LRT,
and 𝐷2 the final adjustment of the homogenized sample
to the OD required. The fluorometer responsivity (𝛼) was
determined by linear regression fits of the emitted signal
as a function of the known dye concentration in solution.
The response was linear over the concentration range tested,
with a correlation coefficient 𝑅2 > 0.99 (Figure 5 and S.5).
However, this method with double dilution steps cannot
affect the number of labelled ODNs that are present in one
polyplex, quenching each other due to their close spatial

proximity (Figure 4(a)). Therefore, we hypothesized that the
disruption of the polyplexes might determine a recovery of
the fluorescence intensity.
It is well known that chaotropic agents can disrupt
the structure of the macromolecules, such as proteins and
nucleic acids by interfering with noncovalent interactions
[41–43]. We think that guanidine thiocyanate can modify
the hydrophilic/hydrophobic balance [25] and compromise
the polyplex stability. This inevitably results in the polyplexes
disruption. For this reason, we added the LRT solution (main
component is guanidine thiocyanate) to the homogenized
samples till OD < 0.1 and proved that the complete intensity
recovery can be achieved in 24 hours (Figure 4(b)). In
particular, we do not observe any change in the fluorescence
intensity of the free labelled ODNs before or after 24 hours.
This might suggest that the change in the fluorescence emission is connected only with the dissolution of the polyplexes,
as previously hypothesized. Therefore, the liver samples were
first homogenized in LRT and then diluted with the same
solution till OD < 0.1 after 24 hours of incubation samples
were analyzed by MAESTRO and Varioskan.
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Figure 3: (a) Schematic representation of the experimental procedure. (b) Ratio of the total emission from liver and kidneys (𝑁 = 2, ∗ = 1).
(c) In vivo organ imaging using confocal microscope. Scale 100 𝜇m. ML = median lobe, RL = right lateral and caudal lobe, and LL = left lateral
lobe. The organs were obtained from mice at 3 hours after injection via tail vein. (d) Area fraction of antisense-Alexa 594 in mice sacrificed
after 3 hours.
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Figure 6: Quantification of the ODN accumulated in the liver by (a) MAESTRO and by (b) Varioskan. 𝑁 = 2, ∗ = 1.

The quantification results are reported in Figure 6. About
17% of the original ODNs injected could reach the liver.
Instead when pGa4 D47 was used as carrier about 32% of
the ODNs reach the liver within 3 hours. This carrier
could deliver almost double quantity ODNs with respect
to the injection of free ODNs. In addition, the quantity
of ODNs delivered by the carrier bearing the galactose
moieties is higher than the carrier bearing the glucose unit
(about 24%) and the pDMAEMA (about 24%) (Figure 6(a)).
Similar results were obtained when the fluorescence was
measured by Varioskan. The difference in the experimental
results is connected with the experimental errors. In fact,
comparing the pGa4 D47 /ODN, pGa4 D47 /pDMAEMA, and
pGa4 D47 /pGu4 D40 ratios obtained at 3 h and 48 h with the
two machines (data not shown), the range of errors is about
10–20%. Since it has been reported that if no polarizers are
employed, the measurement uncertainty is in the range of
ca. 20% [44], our method has a good degree of repeatability.
Moreover, it has the advantage of an adequate detection limit,
which depends on the fluorophores extinction coefficient,
quantum yield, and also the tissue pigmentation. In particular, we proved that this assessment and quantification method
is sensitive also in highly pigmented tissues, such as liver,
which required higher dilution to reach the OD < 0.1.

4. Conclusion
Despite the widespread use of fluorescence techniques to
quantify the accumulated labeled ODNs, many methodinherent problems (e.g., different absorption/scattering of
different tissues and change in the absorption/emission spectra of labelled ODNs bind to carriers) and their influence
on quality and reliability of measurements are still often
neglected. In this paper a quantification method, which
is independent from the tissues and fluorophores types,
was presented and analyzed. This method is based on (i)
a preliminary study of the fluorescence emission change
of labelled ODNs on complexation with carriers, (ii) dilution of the tissue samples to achieve OD < 0.1 at each

wavelength used, and (iii) a longer solubilisation time in
solvent containing chaotropic agents to completely recover
the original dye emission. This method has the advantages
of sensitivity and reproducibility. In particular, the detection
limit allows experiment with small tissue samples and low dye
concentrations; therefore it will be adequate for clinical and
preclinical studies.
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Previously, we demonstrated that 6-(N,N,N ,N -tetramethylguanidinium chloride)-hexanoyl-polyethylenimine (THP) polymers
exhibited significantly enhanced transfection efficiency and cell viability. Here, in the present study, we have synthesized a series of
N,N,N ,N -tetramethylguanidinium-polyethylenimine (TP1-TP5) polymers via a single-step reaction involving peripheral primary
amines of bPEI and varying amounts of 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU). These
polymers were found to interact efficiently with negatively charged pDNA and formed stable complexes in the size range of ∼240–
450 nm. Acid-base titration profiles revealed improved buffering capacity of TP polymers as compared to bPEI. Transfection and
cytotoxicity assays performed with TP/pDNA complexes on HEK293, CHO, and HeLa cells showed significantly higher transfection
efficiency and cell viability with one of the complexes, TP2/pDNA complex, exhibited the highest transfection efficiency (∼1.4–2.3fold) outcompeting native bPEI and the commercially available transfection reagent, Lipofectamine 2000. Compared to previously
reported THP polymers, the transfection efficiency of TP/pDNA complexes was found to be lower, as examined by flow cytometry.
These results highlight the importance of the hydrophobic C-6 linker in THP polymers in forming compact nanostructures with
pDNA, which might lead to efficient uptake and internalization of the complexes; however, the projected TP polymers offer an
advantage of their rapid and economical one-step synthesis.

1. Introduction
Gene therapy has shown promising results in the treatment
of both inherited and acquired genetic diseases; however,
lack of a safe and efficient nucleic acid delivery system
has hampered its widespread use [1–3]. Recently, nonviral
vector-based nucleic acid delivery has gained great interest
due to ease of its preparation, production, modification,
low immunogenicity, and capability to deliver high molecular weight DNA molecules [4–8]. Among the variety of
polymers, polyethylenimines (PEIs) are still considered as
gold standard as these polymers exhibit high transfection
efficiency. The prominent features of PEIs are intrinsic
proton sponge property and high charge density due to

the presence of 1∘ , 2∘ , and 3∘ amines (in ratio of 1 : 2 : 1), which
enable these to condense DNA into small sized positively
charged polyplexes that provide protection against enzymatic
degradation and effective cell uptake. The secondary and
tertiary amines provide buffering capacity for endolysosomal
escape by facilitating endosomal disruption after endocytosis.
High molecular weight bPEI (25 kDa) exhibits high transfection efficiency and is generally used as in vitro positive
benchmark of gene carriers [9, 10]. However, high charge
density (in particular, high density of primary amines) makes
it interact nonspecifically with blood components leading
to high cytotoxicity [11], which hinders its practical application in clinical gene therapy. To address these concerns,
various modifications have been incorporated selectively
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on primary amines. Of these, hydrophobic modifications
[12–18] have significantly improved cell viability and transfection efficiency by increasing pDNA condensation through
cooperative binding as well as enhancing lipophilic interactions with cell membrane that promote pDNA release for
transgene expression.
In our previous report [19], we tethered N,N,N ,N tetramethylguanidinium (TMG) groups on bPEI using a
lipophilic C-6 linker in a multistep reaction. The incorporation of C-6 linker by blocking primary amines led
to a decrease in zeta potential of the polyplexes although
it was taken care of, to an extent, by the highly basic
TMG groups. To overcome these concerns, we hypothesized that partial conversion of peripheral primary amines
of bPEI into tetrasubstituted guanidinium moieties would
result in the overall increase in the zeta potential and
buffering capacity, which, in turn, would improve the transfection efficacy and cell viability (by reducing the density of 1∘ amines) of the modified polymers. Therefore,
in order to preserve the charge density and incorporating
lipophilicity in bPEI, we synthesized a series of N,N,N ,N tetramethylguanidinium-polyethylenimine (TP) polymers in
a one-step reaction by treating bPEI with varying amounts
of 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU). Subsequently, these modified
polymers were subjected to physicochemical characterization
and found to condense pDNA into smaller sized particles,
which were efficiently taken up by the cells and delivered the
plasmid to its target without imparting cytotoxicity. The best
performing formulation (TP2/pDNA) among these modified
polymer complexes (in terms of transfection) was examined
for its ability to protect bound pDNA against nucleases.

2. Experimental
2.1. Materials. Branched polyethylenimine (bPEI, 25 kDa), 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU), agarose, Tris, bromophenol
blue (BPB), ethidium bromide (EtBr), and high retention
dialysis tubing (12 kDa cut-off) were obtained from SigmaAldrich Chemical Co., USA. Bradford reagent was purchased from Bio-Rad Inc., USA. Lipofectamine 2000 was
procured from Invitrogen Inc., USA. All other chemicals
were of the highest purity and were procured locally. All
the experiments were carried out using MilliQ (deionized)
water, filtered through 0.22 𝜇m sterile filters (Millipore). For
in vitro transfection assays, mammalian cell lines, namely,
HeLa (human cervical adenocarcinoma), CHO (Chinese
hamster ovary), and HEK293 (human embryonic kidney)
cells, were maintained 16 h prior to the experiments as
monolayer cultures in Dulbecco’s modified Eagle’s culture
medium (DMEM) (GIBCO-BRL-Life Technologies, Web
Scientific Ltd., UK) supplemented with 10% heat inactivated
fetal bovine serum (FBS) (GIBCO-BRL-Life Technologies)
and 50 mg/mL gentamycin. Cultures were maintained at
37∘ C in a humidified 5% CO2 atmosphere. The transfection
experiments were carried out with the plasmid encoding
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enhanced green fluorescent protein (EGFP) gene (4.4 Kb)
under the cytomegalovirus (CMV) immediate early promoter. The purity of the plasmid was confirmed by agarose
gel electrophoresis and the ratio of UV absorbance at 260/280
in MilliQ water.
2.2. Instrumentation. All the new compounds were characterized by spectroscopic techniques. 1 H-NMR was recorded
in deuterated water on a Bruker Avance 400 MHz instrument
and chemical shifts are reported in ppm. Size and zeta
potential measurements were carried out on Zetasizer NanoZS (Malvern Instruments, UK). Green fluorescent protein
(GFP) in transfected cells was assayed (𝜆 ex : 488 nm; 𝜆 em :
509 nm) on NanoDrop ND-3300 spectrofluorometer (USA).
The uptake and intracellular trafficking of dual labeled modified polymer/DNA complex were monitored by confocal
microscopy (LSM 510 Meta Zeiss, Germany). Percent transfection efficiency was determined by flow cytometry (Guava
EasyCyte Plus System, USA).
2.3. Preparation of N,N,N ,N -TetramethylguanidiniumPolyethylenimine (TP) Polymers. In a solution of bPEI
(30 mg, dissolved in 5 mL dry DMF) and TEA (6.07 𝜇L,
2.5 equivalents), HBTU (6.62 mg, 0.17 mmol for 10% substitution) was added and the reaction mixture was stirred
for 12 h at ambient temperature. Then the reaction mixture
was poured in a dialysis bag (12 kDa cut-off) and dialyzed
against 1 M HCl solution for 24 h followed by against 1 M
NaCl (pH 8.5) solution for 24 h and deionized water for
48 h with intermittent change of respective solutions/water.
Subsequently, the dialyzed solution was lyophilized to obtain
TP1 as white solid in ∼78% yield. Similarly, other modified
polymers, namely, TP2, TP3, TP4, and TP5, were prepared
by varying the amounts of HBTU in 75–83% yield. These
modified polymers were then characterized by 1 H-NMR.
TP5: 1 H-NMR (D2 O) 𝛿 (ppm): 2.4–2.65 (m, −NCH2 −, PEI)
2.75 (br s, −NCH3 , TMG).
2.4. Determination of Degree of Substitution in TP Polymers. Degree of substitution of tetramethylguanidinium
moieties onto bPEI was determined by the standard 2,4,6trinitrobenzenesulfonic acid (TNBS) assay [20]. Briefly, to
an aqueous solution of a modified polymer (TP1, 100 𝜇L,
0.5 mg/mL) were added sodium hydrogen carbonate (1 mg)
and a solution of TNBS (50 𝜇L, 0.1% in water). After incubating the reaction mixture at 40∘ C for 2 h, aqueous solutions
of 10% sodium dodecyl sulphate (SDS, 50 𝜇L) and dilute
HCl (1 N, 25 𝜇L) were added. Absorbance at 335 nm was
recorded taking buffer of the same composition (without
sample) as a blank. Degree of modification onto the polymer
was calculated by drawing a standard curve using different
concentrations of bPEI. Similarly, the degree of substitution
of TMG groups onto other polymers (TP2–TP5) was determined.
2.5. Preparation and Physical Characterization of TP/pDNA
Complexes. bPEI/pDNA and TP/pDNA complexes were prepared by separately mixing aqueous solutions of bPEI and TP
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polymers (1 mg/mL) with pDNA (1 𝜇L, 0.3 𝜇g/𝜇L) at their best
working w/w ratio of 1.6 and 3.3, respectively, in water as well
as in 10% FBS. The resulting complexes were vortexed and
incubated for 30 min at ambient temperature prior to their
use in physicochemical studies (size, morphology, and zeta
potential).
Hydrodynamic diameter of bPEI/pDNA and TP/pDNA
complexes, in water and 10% FBS, was recorded in triplicate
by dynamic light scattering (DLS) using Zetasizer Nano-ZS.
The data analysis was carried out in automatic mode and measured sizes were presented as the average values of 20 runs.
Size and morphology of the TP2/pDNA complex (the best
working formulation in terms of transfection efficiency) were
also determined by high-resolution transmission electron
microscopy (HR-TEM, Tecnai G2 30U-twin 300kV electron
microscope). The sample, prepared at w/w ratio of 3.3 in
water, was deposited on carbon-coated copper grids with 1%
uranyl acetate negative staining and the image was captured
at an accelerating voltage of 200 kV.
Similarly, zeta potential of bPEI/pDNA and TP/pDNA
complexes, in water and 10% serum, was measured on
Zetasizer Nano-ZS. Thirty runs were carried out in triplicate
and the average values were estimated by Smoluchowski’s
approximation from electrophoretic mobility.
2.6. DNA Retardation Assay. Different amounts of TP polymers (1 mg/mL) were mixed with plasmid DNA (1 𝜇L,
0.3 𝜇g/𝜇L) to get final w/w ratio of 0.16, 0.33, 0.4, 0.5, 0.66,
and 0.83 in 5% dextrose solution (5 𝜇L). Final volume of the
samples was made up to 20 𝜇L with water, vortexed, and
incubated for 30 min at ambient temperature. Then, these
complexes were mixed with a tracking dye (xylene cyanol,
2 𝜇L), loaded on a 0.8% agarose gel and electrophoresed
with Tris-acetate (TAE) buffer at 100 V for 45 min. Having
stained the gel with ethidium bromide, it was visualized on
a UV transilluminator using a Gel Documentation System
(Syngene, UK) and imaged. Similarly, the assay was repeated
with bPEI/pDNA complexes, prepared at w/w ratio of 0.16,
0.3, and 0.5 in 5% dextrose solution.
2.7. Buffering Capacity. Buffering capacity of modified polymers (TP1 to TP5) was determined by using the standard
acid-base titration method [21]. The relative buffering capacity of polymers is usually estimated as amount of protons
required to change pH from 10.0 to 3.0. Briefly, TP1 polymer
(3 mg) was dissolved in 30 mL of 0.1 M NaCl and its pH
was adjusted to pH 10.0 with 0.1 N NaOH and then the
resulting solution was titrated with 0.1 N HCl by adding
small aliquots (50 𝜇L) until pH 3.0 was reached. A graph was
plotted between pH of the solution and the amount of 0.1 N
HCl required to bring the pH of the solution from 10.0 to 3.0.
2.8. In Vitro Transfection Assay. In order to evaluate the gene
carrying capacity of the TP polymers, transfection assay was
carried out in the absence and presence of serum on various
mammalian cell lines (HEK293, HeLa, and CHO cells) and
the results were compared with those obtained using pDNA
complexes of bPEI and the standard transfection reagent,
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Lipofectamine 2000. Briefly, HEK293 cells were seeded in
96-well plates at a density of 10,000 cells/well and cultured
with medium containing 10% FBS for 16 h. Then the medium
was aspirated, the cells were washed with phosphate buffer
saline (1x PBS, 2 × 200 𝜇L), and the pDNA complexes of
TP1 to TP5 were gently added, prepared at w/w ratio of
1.6, 2.6, 3.3, 5.0, and 6.6, bPEI at w/w ratio of 1.6, and
Lipofectamine, prepared following the protocol provided by
the manufacturer, onto the cells. Assay was carried out with
pDNA complexes diluted with serum-free as well as serum
containing DMEM. The plates were kept in an incubator
at 37∘ C under humidified 5% CO2 atmosphere. After 3 h of
incubation, transfection medium was replaced by fresh complete medium (100 𝜇L) and the cells were further incubated
for 36 h to allow gene expression. Likewise, the assay was
performed on HeLa and CHO cells. After 36 h of incubation,
the plates were visualized under Nikon Eclipse TE 2000S inverted microscope (Kanagawa, Japan) fitted with C-F1
epifluorescence filter (excitation, 488 nm; emission, 505 nm;
barrier filter, BA 520) and the images of the cells expressed
GFP were captured using Nikon Digital Imaging System. The
transfection assay was carried out thrice to generate statistical
data. Mock treated cells were used as blank.
2.9. Quantification of EGFP Expression. Estimation of
expressed green fluorescent protein (GFP) was quantitatively
carried out by measuring fluorescence at NanoDrop ND3300 spectrofluorometer. Transfection was carried out
as described above and after 36 h of incubation, cells
were washed with 1x PBS (2 × 100 𝜇L) and cell lysis
buffer was added (10 mM Tris, 1 mM EDTA, and 0.5%
SDS, pH 7.4, 100 𝜇L). The plate was kept in an incubator
for 30 min at 37∘ C and GFP content was determined in
2 𝜇L lysates spectrofluorometrically. The background and
autofluorescence were corrected in mock treated cells.
From each well, total protein content in the cell lysate
was determined by Bradford’s test taking bovine serum
albumin as a standard. After subtraction of background,
the fluorescence intensity was expressed in arbitrary units
(a.u.)/mg of protein along with the mean ± standard
deviation from triplicate samples.
2.10. Fluorescence-Activated Cell Sorting (FACS). To find out
transfection ability at individual cell level, HEK293 cells were
seeded at approximately 20,000 cells/well in a 24-well plate
and cultured for 16 h. TP1/pDNA, TP2/pDNA, TP3/pDNA
(w/w ratio of 2.6, 3.3, and 5.0), THP2/pDNA (w/w ratio of
5), bPEI/pDNA (w/w ratio of 1.6), and Lipofectamine/pDNA
(prepared following the manufacturer’s protocol) complexes
were prepared in DMEM and incubated at 37∘ C for 30 min.
After aspiration of medium and washing of the cells with
1x PBS (2 × 1 mL), these complexes were gently added to
respective wells and the plate was kept in an incubator at 37∘ C
for 3 h. Then it was replaced by a fresh DMEM containing
10% FBS. After 36 h of incubation, medium was removed
and cells were washed with 1x PBS (2 × 1 mL) followed
by trypsinization with 300 𝜇L of trypsin-EDTA solution for
5 min. Cells were pelleted by centrifugation at 8000 rpm for
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5.0 min at 4∘ C, washed with 1x PBS (2 × 1 mL), resuspended
in 1x PBS, and transferred to flow cytometry cuvettes for
analysis. The nontransfected cells were used as a negative
control and adjusted such that no more than 1% cells fall
above threshold fluorescence.
2.11. In Vitro Cytotoxicity Assay. In vitro cytotoxicity assay
of the pDNA complexes of TP polymers, bPEI, THP2, and
Lipofectamine was carried out on HEK293, HeLa, and CHO
cells by MTT assay. Transfection assay was performed in
serum-free conditions, as described above. After 36 h of
incubation in a humidified 5% CO2 atmosphere at 37∘ C,
the medium was aspirated and 100 𝜇L of MTT solution
(1 mg/mL in DMEM) added to each well followed by incubation at 37∘ C for 3 h. Then the solution was removed, cells
were washed with 1x PBS (2 × 100 𝜇L), and isopropanol
(200 𝜇L) containing 0.04 M HCl and 0.5% SDS was added
to each well. The plates were kept at ambient temperature
for 30 min and the intensity of the color was measured
spectrophotometrically at 540 nm after withdrawing aliquots
from each well. Untreated cells were used as control having
100% viability and MTT reagent without cells was taken as
blank to set autozero in the spectrophotometer. The relative
metabolic activity of the cells (%) was calculated from the
formula [absorbance]sample /[absorbance]control × 100, where
[absorbance]sample denotes the optical density of the aliquot
withdrawn from the well treated with the sample (polymer)
and [absorbance]control represents the optical density of the
aliquot from the well treated with PBS only [22].
2.12. DNA Release Assay. To assess the DNA binding ability
of TP2 polymer (the best system in the series in terms of
transfection efficiency) and the stability of the resulting DNA
complex, heparin release assay was carried out by gel electrophoresis and quantified the results densitometrically using
Gene Tools Software from Syngene [23]. Briefly, TP2/pDNA
and bPEI/pDNA complexes were prepared at their best w/w
ratio of 3.3 and 1.6, respectively. After incubating these
complexes for 30 min at ambient temperature, an aqueous
solution of heparin (1 U/𝜇L) was added in increasing amounts
(0–7.5 U) and the reaction mixture was incubated at ambient
temperature for 30 min. The samples were then loaded on a
0.8% agarose gel, electrophoresed at 100 V for 1 h, and stained
with ethidium bromide and the bands were visualized on a
UV transilluminator using Gel Documentation System. The
amount of DNA released from the complexes, after treatment
with heparin, was calculated by densitometry.
2.13. DNase I Protection Assay. In order to examine the
capability of the TP2 polymer to protect the condensed
pDNA from nucleases present in the cellular milieu, DNase
I protection assay was performed [24]. TP2/pDNA complex
(prepared at w/w ratio of 3.3) and native pDNA were
incubated at ambient temperature for 0.25, 0.5, 1, and 2 h with
DNase I (1 𝜇L, 1 U/𝜇L in a buffer containing 100 mM Tris,
25 mM MgCl2 , and 5 mM CaCl2 ). Similarly, these complexes
were incubated with 1x PBS at ambient temperature, which
served as controls. After completion of the exposure time,
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a solution of EDTA (1 𝜇L, 100 mM) was added to quench
the activity of DNase I and degraded by heating at 75∘ C for
10 min. To release the bound pDNA from the polymer/pDNA
complex, heparin (10 U, 1 U/𝜇L) was added and the complexes were incubated at ambient temperature for 30 min.
Subsequently, samples were analyzed as described in the DNA
release assay and the pDNA released from the complexes was
estimated densitometrically.
2.14. Confocal Laser-Scanning Microscopy (CLSM). To monitor the capability of TP2 to carry pDNA to the cytoplasmic and nuclear sites in the cells, confocal laser-scanning
microscopy was used. Briefly, TP2 (4 mg), dissolved in double
distilled (dd) water (1 mL), was allowed to react with 26 𝜇L of
tetramethylrhodamine isothiocyanate (TRITC) (1 mg), dissolved in 100 𝜇L of DMF, for overnight to block ∼1% of total
amines. The solution was then subjected to concentration
in vacuo and the residual unreacted/hydrolyzed TRITC was
removed by trituration with ethylacetate (3 × 1 mL). Plasmid
was labeled with YOYO-1 iodide. Briefly, plasmid DNA
(1 𝜇L, 0.3 𝜇g/𝜇L) was mixed with YOYO-1 iodide (2 𝜇L, 1 mM
solution in dimethylsulfoxide), stirred for 2 h at ambient temperature in dark, and stored at 4∘ C until used. HeLa cells were
seeded at ∼1.5 × 105 cells/well on circular glass coverslips in a
6-well plate and incubated for 16 h. Tetramethylrhodamine(TMR-) TP2/YOYO-1-pDNA complex (800 𝜇L) was added
to each well and left for incubation for 0.25, 0.5, 1, and 2 h.
Subsequently, the cells were subjected to washing with 1x PBS
(3 × 0.5 mL) followed by fixing with 4% paraformaldehyde
(PFA) for 10 min at 4∘ C. 4 ,6-Diamidino-2-phenylindole
(DAPI), a blue nuclear dye, was used to counterstain the fixed
cells and the coverslips were mounted over glass slides with
fluorescence-free mounting medium (UltraCruz, Santa Cruz
Biotechnology, USA). The images were captured using a Zeiss
LSM 510 inverted laser-scanning confocal microscope.

3. Results and Discussion
As reported in our previous report, a multistep synthesis protocol yielded 6-(N,N,N ,N -tetramethylguanidinium
chloride)-hexanoyl-PEI (THP) polymers, which exhibited
higher transfection efficiency and cell viability due to a
decrease in the density of primary amines [19]. These modified polymers also showed tendency to self-assemble to form
nanostructures. Further, to simplify the protocol, here, we
directly reacted more accessible primary amines of bPEI
with HBTU to obtain peripheral tetramethylguanidiniumPEI (TP) polymers. Varying the amounts of HBTU, a series of
modified polymers (TP1–TP5) were synthesized (Scheme 1)
in ∼75–83% yield. Extent of substitution of tetramethylguanidinium groups on bPEI was determined by estimating the density of primary amines by the standard 2,4,6trinitrobenzene sulphonic acid (TNBS) assay (Table 1) [20],
which was found to be ∼15–39% of the attempted substitution.
As tetramethylguanidinium (TMG) moiety has a hydrophobic shell of four methyl groups, the percent substitution was
found to decrease on increasing the concentration of HBTU
due to steric hindrances.
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Scheme 1: One-step synthesis of TP polymers.

Table 1: Determination of percent substitution on bPEI by TNBS
assay.
S. No.
1
2
3
4
5

Sample
TP1
TP2
TP3
TP4
TP5

Attempted (%)
10
30
50
70
100

Observed (%)
3.87
5.65
7.30
16.07
19.13

3.1. Physicochemical Studies of TP/pDNA Complexes. Modified polymers were examined for their ability to form
polyplexes with the help of DLS. Size and zeta potential of
TP/pDNA complexes were measured at their best w/w ratio
of 3.3 in water and 10% FBS. The size of the complexes
was found in the range of ∼240–450 nm (ca. 124–155 nm
in case of THP/pDNA complexes), while, in 10% FBS, it
decreased to ∼50–130 nm (Table 2). This decrease in size
might be attributed to the change of medium from water to
10% FBS, which led to restricted hydration of nanoparticles
and reduced tendency of aggregation as serum proteins
stabilized individual complex particle and inhibited particleparticle interaction [21, 25–27]. The morphology and size
of TP2/pDNA complex were also examined by transmission
electron microscopy (TEM) at w/w of 3.3; particles were
found to be spherical in shape with average size of ∼60 nm
(Figure 1) (ca. ∼26.6 nm in case of THP2/pDNA complex).
The difference in size measured by DLS and TEM was due to
measurement of hydrodynamic diameter in DLS, while TEM
measures size of the particles in dry state [14, 19].
It was envisaged that incorporation of tetramethylguanidinium moiety (pKa 15.2) [19, 28, 29] would increase the zeta
potential of polymers; however, down the series (TP1 to TP5),
it decreased. pDNA complexes of TP1 (+43.2 mV) and TP2
(+38.3 mV) showed higher zeta potential than bPEI/pDNA
complex (+27.8 mV), while TP3–TP5 complexes displayed
lower zeta potential than bPEI complexes. This trend could
be explained on the basis of shielding of primary amines by
bulky tetramethylguanidinium groups, which rendered them
inaccessible on the surface for measurements. These results
were fully supported by electrophoretic mobility shift assay

where TP1, TP2 retarded pDNA at lower concentration as
compared to bPEI, while TP3–TP5 required higher amounts
of polymers to retard the same amount of pDNA. Further,
all the TPs complexes showed negative zeta potential in the
presence of serum as reported in the literature [30].
3.2. Gel Retardation Assay for TP Polymers. To demonstrate
the ability of the modified polymers to bind pDNA, gel retardation assay was done. TP/pDNA complexes were prepared
at various w/w ratios and mobility of pDNA was observed
on an agarose gel. Figure 2 depicts pDNA migration under
the influence of electric current. bPEI retarded the complexed
pDNA at w/w ratio of 0.5, while the same amount of pDNA
was retarded by TP polymers at different w/w ratio; that is,
TP1 and TP2 retarded at 0.33 and 0.4, and both TP3, TP4
retarded at 0.66, while TP5 retarded at w/w ratio of 0.83.
These results were in accordance with DLS study as TP1,
TP2 showed higher zeta potential, which allowed them to
retard pDNA mobility at lower amounts than bPEI, while
TP3, TP4, and TP5 retarded the same amount of pDNA
at higher amounts. This behaviour of polymers might be
due to partial shielding of primary amines by bulky tetramethylguanidinium groups, which affected the accessibility of
functional groups to interact with pDNA [19, 25, 28].
3.3. Tetramethylguanidinium-Polyethylenimine Polymers
Exhibited Higher Buffering Capacity. Buffering capacity of
polymers was considered as an important parameter in the
class of nonviral gene delivery vectors, which determines the
release of vector-pDNA in the cytoplasm after endocytosis
of complex. After conjugation of tetramethylguanidinium
groups, buffering capacity of TP polymers increased as
compared to bPEI, due to high pKa value (∼15.2) of
tetramethylguanidinium moiety [28, 29]. It is quite evident
from Figure 3 that TP polymers required higher volume of
0.1 N HCl to bring pH from 10.0 to 3.0 compared to bPEI,
but, within TP polymers, a decrease in buffering capacity was
observed as modification of amine groups increased from
TP1 to TP5. This might be due to the steric hindrance caused
by bulky hydrophobic TMG moieties, which might have
prevented accessibility for protonation of the TP polymers
[19, 28].
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Figure 1: (a) TEM image and (b) size measurement (by DLS) of TP2/pDNA complex at w/w ratio of 3.3.
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Table 2: Size and zeta potential measurements of TP polymers and their pDNA complexes at w/w ratio of 3.3 in water and 10% FBS.
S. No. Samples
1
2
3
4
5
6

TP1
TP2
TP3
TP4
TP5
bPEI

Sample (in H2 O)
(+)
50.8 ± 2.5
42.9 ± 3.4
35.2 ± 2.1
34.4 ± 3.2
31.7 ± 2.8
40.2 ± 3.6

Zeta potential (in mV) ± SD
Average particle size (in nm) ± SD
DNA complex (in H2 O) DNA complex (in 10% FBS) DNA complex (in H O) DNA complex
2
(+)
(in 10% FBS)
−7.9 ± 0.4
244.1 ± 21.7
43.2 ± 3.4
48.3 ± 3.5
−9.1 ± 1.1
263.5 ± 26.5
38.3 ± 2.6
65.6 ± 5.2
−9.9 ± 1.3
341.3 ± 30.4
22.8 ± 2.1
79.6 ± 8.1
−12.4 ± 0.8
423.1 ± 35.8
20.6 ± 1.7
90.9 ± 7.8
−18.0 ± 1.8
448.2 ± 42.4
16.0 ± 1.2
130.0 ± 10.5
−16.7 ± 2.1
282.2 ± 26.2
27.8 ± 2.3
42.3 ± 7.5

3.4. TP/pDNA Complexes Showed Enhanced Transfection
Efficiency. The capability of TP polymers to carry pDNA
inside the cells was evaluated on HEK293, CHO, and HeLa
cells in the absence and presence of serum by quantitative
estimation of expressed GFP using NanoDrop spectrofluorometer. Complexes of TP polymers and bPEI were prepared
at different w/w ratios, while Lipofectamine/pDNA complex
was prepared following the manufacturer’s protocol. All the
complexes were incubated for 30 min and gently added on the
cells. After 36 h of incubation, all the cells showed fairly high
level of GFP gene expression and Figure 4(a) shows images
of GFP expression in HEK293 cells. Initially transfection
efficiency in both serum-free and serum containing assays
increased with increasing w/w ratio from 1.6 to 3.3 and after
attaining the maximum at w/w ratio of 3.3, it decreased.
Among all the TP polymers complexes, TP2/pDNA formulation, at w/w ratio of 3.3, exhibited the highest transfection
efficiency in all three cell lines (Figure 4(b)). In HEK293 cells,
TP2/pDNA complex exhibited ∼1.4–2.3-fold (in absence of
serum, Figure 4(b)) and ∼1.1–1.7-fold (in presence of serum,
Figure 4(c)) higher transfection efficiency than bPEI and
Lipofectamine complexes. In presence of serum, all the
formulations showed significant decrease in transfection
efficiency due to interaction of serum components with the
modified polymers (Figure 4(c)). Still, among all the formulations, TP2/pDNA complex displayed the highest transfection
efficiency in all three cell lines. The decrease in transfection
efficiency subsequent to hydrophobic modifications was also
reported by various research groups using cationic polymers
as gene delivery vectors (15, 17, 18, and 31). Higher transfection efficiency of TP/pDNA complexes might be due to
contribution from various factors, such as higher surface
charge (zeta potential) and buffering capacity, which might
have facilitated the release of complexes from the endosomes
to cytoplasm for nuclear translocation as well as higher cell
viability.
3.5. TP/pDNA Complexes Exhibited Higher Transfection.
Quantitative estimation of transfection in cells was carried
out on HEK293 cells by flow cytometry. Figure 5 depicts the
percent transfection of TP1, TP2, and TP3 complexes at w/w
ratio of 2.6, 3.3, and 5.0, as well as pDNA complexes of THP2
at w/w ratio of 5.0, bPEI at 1.6, and Lipofectamine as per
the manufacturer’s protocol. Nontransfected cells were used

as negative control. Among all TP/pDNA complexes, TP2
exhibited the highest percent transfection in cells at w/w ratio
of 3.3, that is, ∼33%. bPEI and Lipofectamine/pDNA complexes showed ∼24% and 14% transfected cells, respectively.
In our previous study [19], THP2/pDNA complex with C-6
linker showed ∼42% transfected HEK293 cells, which might
be attributed to smaller size of the complex that could be
uptaken and internalized better as compared to TP/pDNA
complexes. Other factors could be easy unpackaging of the
THP2/pDNA complex inside the cells resulting in higher
gene expression and influence of lipophilic C-6 linker allowing THP functional groups more accessibility for interaction
with the cell membranes facilitating the entry of the complex
inside the cells.
3.6. TP/pDNA Complexes Displayed High Cell Viability.
Cationic polymers induce cytotoxicity mainly due to excessive charge density imparted by primary amines. They aggregate on cell surface with the help of strong electrostatic
binding, which usually destabilize and ultimately impair the
function of cell membrane. Figure 6 shows the results of
MTT assay on HEK293, CHO, and HeLa cells for pDNA
complexes of TP polymers, bPEI, and Lipofectamine. All the
TP/pDNA formulations irrespective of percent substitution
exhibited significantly higher cell viability than bPEI and
Lipofectamine complexes in all the three cell lines as in
case of THP complexes [19]. The increase in cell viability
of the projected TP polymers might be explained on the
basis of partial conversion of primary amines to tetramethylguanidinium (delocalized cationic charge). Moreover,
the TMG group induces hydrophobicity (hinders nonspecific
interactions with the cell membrane) and steric hindrance
to the primary amines, which make them less accessible to
interact with cell membrane. Thus reducing the availability
of primary amines by converting them into substituted
guanidinium moieties considerably lowered the toxicity of
pDNA complexes.
3.7. TP2 Polymer Efficiently Releases pDNA. The unpackaging
of nucleic acids from vector/pDNA complex plays an important role in transfection efficiency. In principle, a cationic
vector should bind pDNA sufficiently enough to provide
protection against nucleases and loose enough to release it
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Figure 4: In vitro transfection assay. (a) Images of GFP expression after transfection with bPEI/pDNA and TP2/pDNA complexes in HEK293
cell at w/w ratio of 1.6 and 3.3, respectively. CHO, HEK293, and HeLa cells were transfected with pDNA complexes of TP polymers, bPEI,
and Lipofectamine (LA) in the absence (b) and presence (c) of serum. Cells were incubated with complexes for 3 h and the expression was
monitored after 36 h. The results represent the mean of three independent experiments performed in triplicate.
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in cytoplasm for nuclear translocation [31]. In the present
investigation, stability of TP2/pDNA complex (prepared at
w/w ratio of 3.3) was evaluated by DNA release assay
using heparin on an agarose gel and quantitative analysis of
DNA bands was carried out densitometrically [23]. Figure 7
shows that, on increasing heparin units, pDNA release also
increased. Addition of 8.0 U of heparin resulted in ∼90%
release of pDNA, while, with the same amount of heparin,
bPEI could release ∼60% of bound pDNA. These results
clearly suggested the capability of TP2 polymer to unpackage
the nucleic acid efficiently by disassembly of the complex
in comparison with bPEI, leading to higher transfection
efficiency by these modified polymers.
3.8. TP2 Provides Protection to pDNA against Enzymatic
Degradation. To evaluate the ability of TP2 polymer to provide protection to the bound pDNA against nucleases present
in the cellular milieu [32], DNase I assay was performed. The
results (Figure 8) showed that naked pDNA got completely
degraded within 15 min by 1 U of DNase I, while the pDNA
condensed with TP2 at w/w ratio of 3.3 was stable against
enzyme even after exposure for 2 h (∼90% of the pDNA was
intact, as measured by densitometry). It is inferred that TP
polymers are also capable of providing protection to bound
pDNA against DNase I enzyme, which is considered to be one
of the important requisites for efficient gene delivery.
3.9. Intracellular Trafficking of TP2/pDNA Complex. To monitor the internalization and intracellular localization of the
dual labeled TP2/pDNA complex (the best system in terms
of transfection efficiency) in HeLa cells, confocal microscopy
was used (Figure 9). TP2 was labeled with TMR and pDNA
with YOYO-1. The complex (TMR-TP2/YOYO-1-pDNA) was
prepared at the best w/w ratio of 3.3 and added onto the cells.
After 1 h of exposure, a significantly large number of particles

Figure 8: DNase I protection assay. TP2/pDNA complex, prepared
at its best working w/w ratio of 3.3, was treated with 1 U of DNase
I for 0.25, 0.5, 1.0, and 2.0 h. Complexes were treated with 20 U of
heparin to release the pDNA from complex, which was run on a 0.8%
agarose gel at 100 V for 45 min and stained with ethidium bromide.
Released DNA was quantified densitometrically.

entered the nucleus, which was stained with DAPI exhibiting
blue fluorescence to distinguish from green and red fluorescence shown by pDNA and vector system, respectively,
indicating the potential of TP2 to carry pDNA to the nucleus
of the cell (Figure 9). This could be explained on the basis
of charge-mediated and hydrophobic interactions between
tetramethylguanidinium groups TP and lipidic constituents
of the cell membranes, which facilitated the internalization
of the complex to the interiors of the cells.

4. Conclusions
In the present study, we have prepared a series of N,N, N ,N tetramethylguanidinium-polyethylenimine (TP) polymers
via a one-step reaction and these polymers were evaluated for
efficient delivery of DNA in vitro and the results were compared with previously reported 6-(N,N,N ,N -tetramethylguanidinium chloride)-hexanoyl-polyethylenimine (THP2)
polymer. The projected modifi-cation enhanced the buffering
capacity and charge density, which resulted in the improved
transfection efficiency and cell viability. However, on comparison with the previously reported modified THP2/pDNA
complex, the transfection efficiency decreased irrespective
of cell viability but offered an added advantage of their
easy preparation. From these results, it was inferred that TP
polymers are much superior to native bPEI and Lipofectamine in terms of transfection efficacy and cell viability and
can be used as efficient vectors for nucleic acids in future
applications.
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