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ABSTRACT
TRAIL (tumour necrosis factor-related apoptosis-inducing ligand) gene therapy is considered as one of
the promising approaches for cancer treatment. Polyamidoamine (PAMAM) is one of the most exten-
sively applied polymeric vector in gene delivery. In the current study, PAMAM (G4 and G5) dendrimers
were modified with alkyl-carboxylate chain, PEG and cholesteryl chloroformate in order to enhance
transfection efficiency through overcoming extracellular and intracellular barriers while reducing
PAMAM cytotoxicity. Gene delivery efficiency of synthetized vectors was evaluated by both GFP (green
fluorescent protein) reporter gene and TRAIL plasmid in colon cancer cells, in vitro and in vivo. The
obtained results demonstrated that PAMAM G4-alkyl-PEG (3%)-Chol (5%)-TRAIL complexes at C/P ratio
4 could significantly increase cell death (29.45%) in comparison with unmodified PAMAM vector
(15.5%). Moreover, in vivo study in C26 tumor-bearing BALB/c mice suggested that the prepared non-
toxic safe vector could inhibit the tumor growth. This study represented the potent vehicle based on
cholesterol-grafted PAMAM dendrimers with alkyl-PEG modification for efficient gene delivery in vitro
and in vivo.
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Introduction

One of the most important characteristics of cancer cells is
their ability to escape apoptosis, a programmed cell death
process for removing abnormal cells. TRAIL (tumor necrosis
factor-related apoptosis-inducing ligand) gene therapy is one
of the promising approaches for cancer treatment. TRIAL has
the ability to induce cancer cell apoptosis, after interacting
with its receptors (DR4 and/or DR5)[1]. In this regard, recom-
binant TRAIL (rTRAIL) protein and agonistic antibodies against
TRAIL receptors have been developed for clinical trials.
However, the application of these agents have been associ-
ated with some problems such as unfavourable side effects
in normal cells and stimulation of immune response.
Therefore, novel strategies are required to target TRAIL recep-
tors [2]. Recently, TRAIL gene transfer offers the potential to
improve stability, prolong half-life in plasma, specifically
deliver to target sites and overcome TRAIL resistance.
Furthermore, effective gene therapy depends on appropriate
nanoparticles with efficient and safe characteristics. While
viral vectors show highly transfection efficiency, they lead to
excessive immune responses [3]. Numerous non-viral nano-
carriers including liposomes, albumin NPs, inorganic nanoma-
terials, polymeric NPs and stem cells are now being
developed for TRAIL gene delivery [4, 5].

Polyamidoamine (PAMAM) dendrimers are considered as
one of the most efficient non-viral carriers due to their highly
branched, three-dimensional structure, well-defined nano-
structures, relatively low toxicity and high loading capacity.
They also contain internal cavity for macromolecules encap-
sulation and free functional groups on their surface for fur-
ther modifications [6–9].

Nevertheless, the extreme positive charge of terminal end
groups have extensively shown toxic effects which depends
on PAMAM dendrimers generation [10–12].

In this regard, various modification agents have been used
to improve the physicochemical and biological properties of
PAMAM dendrimers to overcome intra- and extracellular bar-
riers for efficient gene transfer into cancer cells while reduc-
ing cytotoxicity [13–17]. For instance, the conjugation of
hydrophobic moieties such as cholesterols, fatty acids and
alkyl chains, polyethylene glycol (PEG), acetyl group or sac-
charide moiety to the surface amino groups of PAMAM den-
drimers was implemented in order to enhance cellular
penetration, membrane interaction and transfection efficiency
of PAMAM to cancer cells [18–20].

In this study, we investigated a novel approach to modify
PAMAM dendrimers (G4 and G5) with cholesteryl chlorofor-
mate, PEG and 10-bromodecanoic. It was hypothesized that
the modification of PAMAM with hydrophobic agents could
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enhance hydrophobicity and consequently its transfection
efficiency while reducing the cytotoxicity of high generations
PAMAM. These derivatives were also conjugated to the PEG
in order to promote lipophilicity–hydrophilicity balance and
surface flexibility which play a crucial role in enhancing gene
transfection efficiency of non-viral vectors. The TRAIL gene
delivery efficiency and cytotoxicity of synthetized vectors
were evaluated in colon cancer cells, in vitro and in vivo.

Material and methods

Material

PAMAM dendrimers solution of generation 4 (10% wt) and 5
(5% wt) in methyl alcohol, 10-bromodecanoic acid, N-hydrox-
ysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) were obtained from Sigma-
Aldrich (Schnelldor, Germany). Heterofunctional poly(ethylene
glycol) (NH2–PEG–COOH) (MW=3500) was purchased from
Jenkem (Plano, TX). Fetal bovine serum (FBS) and RPMI-1640
medium were obtained from Gibco (Darmstadt, Germany).
Dialyses were carried out by using Spectra/Por dialysis mem-
branes (Spectrum Laboratories, Houston, TX). 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
was purchased from Promega Corporation (Madison, WI).
Plasmid green fluorescent protein (GFP) and tumor necrosis
factor-a-related apoptosis-inducing ligand (TRAIL) plasmid
was purchased from OriGene (Maryland, USA).

Synthesis and characterization of alkylcarboxylate-
grafted PAMAMs

The conjugation of alkylcarboxylate to PAMAM dendrimer was
carried out according to the previously reported method [21].
Briefly, 10-bromodecanoic acid was dissolved in chloroform
and the resultant solution was added dropwise to PAMAMs.
The reaction was allowed to proceed at room temperature for
24 h. Then, the solvent was removed and the residue was dis-
solved in distilled water and dialysed (8–12 kDa cutoff dialysis
membrane) against distilled water in order to purify the final
product. The purified final product was lyophilized and stored
at �20 �C. The degree of alkylcarboxylate grafting of PAMAM
derivatives was determined by quantification of free primary
amine groups, which was evaluated via conjugation with 2,4,6-
trinitrobenzene sulphonic acid (TNBS) according to the previ-
ously established method [21]. Briefly, TNBS solution (15mg/
mL) was added to different concentration of PAMAM deriva-
tives diluted in borate buffer (0.1 M, pH 9.2) and then the UV
absorbance of the samples was recorded at 410 nm.

Conjugation of PEG to alkylcarboxylate

PEG was conjugated to alkyl chains, as previously described
[21]. Briefly, in order to activate carboxylic groups of alkylcar-
boxylates, 10-bromodecanoic acid in chloroform was incu-
bated with EDC and NHS at room temperature. Then, COOH-
PEG-NH2 was added and further stirred overnight. At the final
stage, the solvent was removed by a rotary evaporator and
the final products were dissolved in distilled water. The prod-
ucts were dialysed (2 kDa cutoff dialysis membrane) against
distilled water and lyophilized.

Conjugation of alkyl-PEG and cholesteryl chloroformate
with PAMAM and alkyl-PMAM

Either cholesteryl chloroformate or alkyl-PEG was conjugated
to PAMAM or alkyl-PAMAM as described previously with
some modifications [22, 23]. For grafting of 5 and 3% of pri-
mary amines of PAMAMs with either cholesterol or alkyl-
PEG,10mg of PAMAM or alkyl-PAMAM dissolved in 3ml
chloroform and cholesteryl chloroformate (0.6mg) and/or
alkyl-PEG (4.97mg) in 1ml chloroform was slowly added to
PAMAM solutions over 5–10min. The resultant solution was
stirred overnight at room temperature. After removing the
solvent under reduced pressure, the final material was dis-
solved in 20ml ethyl acetate and then the product was pre-
cipitated by slowly adding 20ml n-hexane. The final product
was washed twice with a 20ml mixture of ethyl acetate/n-
hexane (1/1; v/v). After decanting the liquid, the material was
dried by purging nitrogen gas for 10–15min. The material
was dissolved in 10ml distilled water and then it was filtered
through 0.2 lm filter paper. The final product was obtained
by lyophilization.

The synthesized polymers were represented in Table 1.
The synthesized vectors were characterized by 1H-NMR in
chloroform using a Bruker Avance-III 300 to analyse the sub-
stituted degree of amines.

Preparation of the plasmid

The GFP and TRAIL plasmids were amplified in selective Luria-
Bertani (LB) medium following transformation into Escherichia
coli strain DH5a. According to the manufacturer’s instructions,
the amplified plasmids were purified using the Qiagen Endofree
Mega Plasmid Kit (QIAGEN, Hilden, Germany). In addition, the
concentration and purity of the plasmid preparations were
determined by UV spectrophotometer at 260 and 280 nm.

Agarose gel retardation assay

The binding affinity of vectors to plasmid DNA was examined
in C/P ratio (carrier to plasmid, w/w) of 2, 4 and 6 utilizing agar-
ose gel electrophoresis. Different amount of vectors (0.4, 0.8
and 1.6 mg) in HBG (5% glucose, 20mM HEPES) were added to
a desired amount of plasmid (0.2 mg) and left for 20min at
room temperature to form complexes. The gel retardation
assay was conducted using a 1% agarose gel containing

Table 1. Abbreviated list of the synthesized PAMAM derivatives.

Formulations Abbreviation of synthesized vectors

F1-G4/G5 PAMAM
F2-G4/G5 PAMAM-alkyl (10%)
F3-G4/G5 PAMAM-alkyl (7%)-alkyl-PEG (3%)
F4-G4/G5 PAMAM-Chol (5%)
F5-G4/G5 PAMAM-alkyl-PEG (3%)-Chol (5%)
F6-G4/G5 PAMAM-alkyl (7%)-Chol (5%)
F7-G4/G5 PAMAM-alkyl (7%)-alkyl-PEG (3%)-Chol (5%)
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1lg mL�1 EtBr and keep running for 60min at 80mV in TAE
buffer. Subsequently, the bands were imaged under UV light.

Particle size and zeta potential measurements

Polyplexes with C/P 4 were prepared by adding of carriers
(20lg) to pDNA (5lg) in deionized water and incubated for
20min at room temperature. Particle size and zeta potential
of the optimal modified vectors were measured using
dynamic light scattering (DLS) and laser Doppler velocimetry
(LDV), respectively by a Malvern Nano ZS instrument and DTS
software (Malvern Instruments, Malvern, UK) and the results
are reported as mean± standard deviation (SD).

Atomic force microscopy measurement

The size and morphology of F5-G4/DNA polyoplex with the
highest gene transfection efficiency were also characterized,
at C/P 4 by atomic force microscopy (JPK NanoWizard II
Instrument, Berlin, Germany). The polyplex was deposited
onto the centre of a freshly split untreated disk, then dried at
room temperature before imaging. The images were
recorded in air at room temperature and a scan speed of
1Hz, and the phase image and topology were used to deter-
mine the morphology and particle size.

Evaluation of transfection efficiency of
synthetized vectors

C-26 colon carcinoma cells obtained from the (ATCC, CRL-
2638) were cultured in RPMI medium 1640 supplemented
with 10% FBS, streptomycin at 100mg/mL, and penicillin at
100 units/mL and incubated at 37 �C, 5% CO2. One day prior
to the transfection, cells were seeded in 96-well plates at a
density of 1� 104 cells/well and incubated for 24 h. When
cells reached 60–90% confluency, polyplexes with C/P ratio
ranging from 1 to 4 were prepared (equivalent of 200 ng
plasmid/well) and added into each well. After 4 h, the
medium was replaced with fresh complete media. Finally,
after 48 h, expression of GFP in cells was investigated using a
JULI digital fluorescence microscope and flow cytometry
(Partec, Nuremberg, Germany). The results are reported as
mean± SD, n¼ 3.

Cytotoxicity assay of modified vectors

For cytotoxicity of modified vectors/GFP or TRAIL plasmid
complexes, the cells were treated using the method similar
to that described in the previous section. After 48 h of incu-
bation, 20 lL of a MTT (5mg/mL) was added to each well for
3 h. The medium was then removed and DMSO (150lL) was
added to each well. The absorbance was measured at
570 nm using a plate reader (Tecan Group Ltd. M€annedorf,
Switzerland). The percentage of relative cell viability was cal-
culated relative treatment to control cells (untreated C26
cells), and taken as 100% cell viability.

Sub-G1 apoptosis assay using flow cytometry

The effect of synthetized vector containing TRAIL plasmid on
induction of apoptosis was evaluated as described previously
[24, 25]. Briefly, C26 cells were seeded in 24-well plates at a
density of 4� 104 cells/well and incubated for 24 h.
Polyplexes with C/P ratio 2 and 4 were prepared and added
into each well (equivalent of 800 ng TRAIL plasmid/well).
After 4 h, the medium was replaced with fresh complete
media. After 48 h, the TRAIL-gene transfected C26 cells were
washed with PBS, trypsinized, centrifuged (10min, 5000 rpm),
and the hypotonic PI solution (50 lg/ml PI in 0.1% sodium
citrate, 0.1% Triton X-100 and 100lg/ml RNAase A) was
added to the palette cells and then kept on ice for 2 h. Then,
PI solution was removed and cells were resuspended in PBS.
The FL2 fluoresence was analysed using WINMDI 2.9 software
(J. Trotter 1993-2000) provided with the system.

In vivo studies

All animal studies were done with the approval of the
Institutional Ethical Committee and Research Advisory
Committee of Mashhad University of Medical Sciences.

Five to six-week-old female BALB/c mice (18–20 g) were
used to evaluate the in vivo therapeutic efficacy of vector F5-
G4 containing plasmid TRAIL in comparison with control.
Therefore, a C26 cell suspension (35� 104 cells per mouse in
100 mL serum-free RPMI-1640 medium) was prepared and
subcutaneously injected into the right flank of the BALB/c
mice. When the tumor volume reached 50mm3, they were
randomly separated into three groups (four mice in each
group) and received 0.2ml of free F5-G4 and F5-G4/TRAIL
(equivalent TRAIL concentration: 20 mg/mouse and vector
80 mg/mouse), three times for 2 weeks via vein injection. The
injection of NaCl 0.9% solution (0.2ml) was utilized as a
negative control. Body weight and tumor volume were meas-
ured for 30 days based on the following formula:

Tumor volume ¼ height � length � widthð Þ � 0:5mm3:

In vivo toxicity
At the experimental endpoint, the mice were sacrificed by
the overdose of ether inhalation anesthesia and their tissues
including liver, lung, heart, kidney and spleen were fixed in a
10% neutral-buffered formalin solution. After that, the fixed
organs were embedded in paraffin and cut at 3 mm thick. To
perform the histological examinations, the sectioned organs
were stained with hematoxylin and eosin (HE) and images
were captured at 10� magnifications using an
optical microscope.

Statistical analysis

Data are reported three times as the mean± standard devi-
ation. The data were analysed statistically employing one-
way analysis of variance using GraphPad PRISMVR 6 software
and p values �.05 indicate statistically significant differences.
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Results

Synthesis and characterization of modified
PAMAM dendrimers

In this study, a library of modified PAMAMA G4 and G5 was
prepared through adding cholesteryl chloroformate, PEG and
10-bromodecanoic in different percentages onto the PAMAM
in order to increase transfection efficiency while reducing
cytotoxicity (Scheme 1). PAMAM G4 and G5 were modified
by 10-bromodecanoic acid. The degrees of substitution were
assayed with TNBS, and the results showed that 8.2 and 7.2%
of primary amines of PAMAM G4 and G5 were substituted
with alkylcarboxylate chains, respectively.

The ability of PAMAM derivatives to condense plasmid
DNA was evaluated by gel electrophoretic analysis at differ-
ent C/P ratios. The results showed that most modified
PAMAM G4 could condense DNA at higher C/P ratio com-
pared to unmodified vector (Figure 1(A)). All G5 derivatives
were condensed DNA at C/P of 2:1 (Figure 1(B)).The struc-
ture of PAMAM G5 derivative conjugated with alkyl-PEG and
cholesterol (F5-G5) was confirmed by 1H-NMR analysis
(chloroform) (Figure 2). The multiple proton peaks in the
range of 2.36–3.1 ppm were assigned to PAMAM which was
shown as peak (a) (–CH2–CH2–). Peak (b) (1.43 ppm) corre-
sponded to (–CH2–CO–) in the alkylcarboxylate chain. The
characteristic chemical shift at 3.6 ppm [peak (c)] was
assigned to the methylene protons in PEG and a chemical
shift at 5.2–5.45 ppm [peak (d)] was attributed to (–C¼C–)
in cholesteryl chloroformate. The percentage of grafting of
cholesterol onto PAMAM G5 was calculated to be approxi-
mately 6.5 by integrating the ratio of areas under peaks at

2.8 ppm (–CH2–NH2– in PAMAM) and 5.2 ppm (–C¼C– in
cholesterol).

Particle size and zeta potential analysis

The ability of the polyplexes to condense pDNA into nano-
sized particles is an important property which effects cell
uptake efficiency. The DLS results showed that all modified
and unmodified PAMAMs at C/P 4 had the average size
<180 nm with a positive zeta potential (Table 2).

Atomic force microscopy measurement

The particle size of poleplex F5-G4/plasmid complexes at C/P
ratio 4 was further characterized by AFM analysis (Figure 3).
The AFM images revealed that the complexes were spherical
and nano-sized. The size of nanoparticles was 142.9 nm. In
overall, all results were in good agreement with the particle
sizes obtained by DLS analysis.

Transfection efficiency using GFP as reporter gene

The expression of the GFP plasmid in C26 cells was assayed
using fluorescent microscopy and flow cytometry (Figure 4)
to demonstrate the transfection efficiency of the synthetized
NPs. As shown in Figure 5, F5-G4 and F6-G5 were more effi-
cient at delivering reporter genes to C26 compared to other
vectors and significantly increased the transfection efficiency
in vitro (p<.001).

Scheme 1. Schematic of synthesis route of modified PAMAM dendrimers.

S506 E. PISHAVAR ET AL.



Figure 1. Agarose gel retardation test to assay the ability of PAMAM G4 (A) and G5 (B) derivatives to condense plasmid DNA.

Figure 2. 1H-NMR analysis of PAMAM G5-alkyl-PEG (3%)-Chol (5%) conjugate.

Table 2. Particle size and zeta potential of PAMAM dendrimers and their
derivatives at C/P 4.

Carrier Particle size (nm± SD) Zeta potential (mV± SD)

F1-G4 74.72 ± 5.20 19.06 ± 6.83
F2-G4 154.4 ± 10.2 9.65 ± 5.5
F3-G4 146.3 ± 6.2 29.4 ± 7.5
F4-G4 177.1 ± 25.61 24.8 ± 10.5
F5-G4 155 ± 12.2 28 ± 5.3
F6-G4 140 ± 7.3 36 ± 4.2
F7-G4 89.7 ± 20.3 37.1 ± 7.2
F1-G5 98 ± 8.2 23 ± 10.2
F2-G5 93.5 ± 12.3 24 ± 8.5
F3-G5 111.6 ± 6.5 32.3 ± 5.9
F4-G5 175.9 ± 20.5 47.3 ± 12.5
F5-G5 163 ± 7.2 33 ± 13.5
F6-G5 91.2 ± 25.4 48.8 ± 9.2
F7-G5 164.7 ± 5.3 30.6 ± 6.8 Figure 3. Atomic force microscopy (AFM) micrographs of PAMAM G4-alkyl-PEG

(3%)-Chol (5%) at C/P¼ 4.
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Cytotoxicity assay

MTT colorimetric method was utilized to measure the cell
survival following the treatment of C26 cells with the vector/
GFP complexes after 48 h. None of the synthetized PAMAM
derivatives exhibited significant cytotoxicity at the all studied
C/P ratios (data not shown). In the cells treated with F5-G4-
TRAIL and F5-G5-TRAIL polyplexes at C/P ratio of 4, 24.14 and
20.1% cell death was observed, respectively (Figure 5(A,B)).
Propidium iodide (PI) staining, as high-affinity DNA binding
fluorochrome, was used to evaluate the apoptosis induction
ability (Sub-G1 assay) of the synthesized vector containing
TRAIL plasmid [25]. As shown in Figure 4(C), the treated cells
with polyplex F5-G4-TRAIL at C/P 4 for 48 h exhibited higher

sub-G1 population (29.45%) in comparison with G4 poly-
plexes (15.5%).

In vivo experiments

To confirm the antitumor efficacy of F5-G4-TRAIL complexes, in
vivo studies were carried out using C26 colon adenocarcinoma
subcutaneous model in BALB/c mice. Tumor volume and body
weight loss were evaluated every 2 days up to 30 days after
administration. Obtained results demonstrated that the treat-
ment with F5-G4-TRAIL significantly decreased tumor growth
rate in comparison with PBS-treated mice (p>.001) (Figure
6(A)). In another word, F5-G4-TRAIL exhibited lower toxicity

Figure 4. Expression of GFP in C26 cells transfected with PAMAMs derivatives polyplexes.
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based on survival rate and body weight loss while improving
antitumor efficacy in terms of reduction in tumor growth rate.

Totally, one of four animals in the saline-treated group died
and four of four mice in F5-G4-treated and F5-G4-TRAIL-treated
group survived during 30 days of experiment (Figure 6(C)).

In vivo toxicity

To determine the pathological influence and the toxicity of
F5-G4 and F5-G4-TRAIL in mice, H&E staining of tissue section
of major organs (heart, liver, spleen, lung and kidney) were
done and optical microscope images were prepared (Figure
7). Compared to the control group without treatment, F5-G4-
TRAIL treatment did not produce significant alterations in the
morphologies of major organs.

Discussion

Despite advances in the development of new chemothera-
peutic drugs and improvements in radiation therapy, colon
cancer is one of the major causes of mortality and morbidity
in the world [26, 27]. TRAIL gene therapy is a promising strat-
egy for cancer therapy due to induce apoptosis in a broad
spectrum of human cancer cell lines without adverse effect
on normal tissues [28–30]. Upregulation of DR4 (TRAIL-R1)
and DR5 (TRAIL-R2) as TRAIL receptors sensitizes human can-
cer cell lines to TRAIL-induced apoptosis [31]. In recent stud-
ies, TRAIL gene therapy has been used for colorectal cancer
treatment [3, 32]. Since TRAIL is rapidly cleared from the
blood stream through the kidneys, therefore, different nano-
carriers have been developed to improve half-life and trans-
fection efficiency of TRAIL plasmid including inorganic
nanomaterials, liposomes, polymeric nanoparticles, albumin
and stem cells [4]. Pan et al. [32] modified polyethylenimine
(PEI) polymer with mannose as ligand for colon cancer cells
overexpressed mannose receptors and cell penetration pep-
tide (CPP). This vector could effectively transfect TRAIL plas-
mid and induce apoptosis in human colon cancer cell line
(HCT116) and inhibit tumor growth in the mice bearing xeno-
graft HCT116 tumors with minimal systemic toxicity. In
another study, FL (tyrosine kinase receptor-3 ligand) and
TRAIL gene-carrying cationic nanoliposomes were prepared
and its tumoricidal activities were assessed in mouse colon
cancer in Lovo cells. The group treated with plasmid contain-
ing FL and TRAIL showed the slowest tumor growth; how-
ever, the FL or TRAIL groups could also significantly reduce
the tumor size compared to control group [3].

In the current study, PAMAM dendrimers were modified by
alkylcarboxylate chain, PEG and cholesteryl chloroformate in
order to improve PAMA hydrophobicity and flexibility proper-
ties for efficient gene delivery. Then, the efficiency of the syn-
thetized vectors for the delivery of TRAIL plasmid was
evaluated in mouse colon cancer cell line, in vitro and in vivo.
Mouse TRAIL R2, also called DR5, TRICK 2, TNFRSF10B, and
MKDR5 shares 43 and 49% sequence homology with human
TRAIL-R1 and TRAIL-R2, respectively [24]. The ability of den-
drimers to condense DNA is an essential requirement for suc-
cessful gene delivery. Gene electrophoresis results in this study
showed that modified PAMAM G4 could condense DNA at
higher C/P ratio compared to synthetized PAMAM G4 due to
number of amine groups on the surface. On the other hand, all
vectors showed sizes <180 nm with positive charge. It was
demonstrated that nanoparticles with <200 nm in size had
more uptake and retention in tumor due to the promotion of
the enhanced permeability and retention (EPR) effect in tumor
tissue [33–35]. In the current study, the optimum levels of
modification of PAMAM G4 was found to be 3 and 5% substitu-
tion of primary amines with alkyl-PEG and cholesterol, respect-
ively. This carrier showed significant (p<.001) increase in EGFP
reporter gene expression compared to unmodified PAMAM G4
at C/P ratios of 4. In the modified PAMAM G5 derivatives, F3-G5
at C/P 4 and F5-G5 at C/P 2 showed a remarkable increase in
transfection activity with low cytotoxicity compared with con-
trol PAMAM G5 (p<.001). In cell treated with TRAIL plasmid,

Figure 5. Comparison of the cytotoxicity of polyplexes prepared from (A)
PAMAM G4 and (B) PAMAM G5 derivatives containing TRAIL gene and (C) com-
parison of induction of apoptosis by PAMAM G4-alkyl-PEG (3%)-Chol (5%)/TRAIL
C26 cells.

ARTIFICIAL CELLS, NANOMEDICINE, AND BIOTECHNOLOGY S509



the results showed that F5-G4 formulation could significantly
induce apoptosis in colon cancer cells.

These results demonstrated that using cholesterol
together with alkyl-PEG could increase transfection efficiency
of PAMAMs more than other modified vectors which could
be contributed to the role of hydrophobic–hydrophilic bal-
ance of NPs for efficient transfection. Moreover, vectors con-
taining cholesteryl and alkyl chains are able to better interact
with the cell membranes and the endosomal membrane as
well. In another word, PEGylated PAMAM reduces the aggre-
gation of the polyplexes, lowers toxicity, increases circulation
time in the blood stream and thus also enhances the gene
delivery efficacy [36, 37].

In our previous study, modified PAMAM dendrimers with
PEG and alkylcarboxylate chain had also been used as an
appropriate nanoparticle for efficient delivery of GFP reporter
gene and Bcl-xL shRNA into cancer cells and mesenchymal
stem cells [8, 10, 38].

According to other reports, cholesterol-derived cationic
lipids and polymers may enhance gene transfection efficacy
including cholesterol-PEI conjugates, and Gemini-cholesterol
lipids [39, 40]. Oskuee et al. [41] showed that binding of chol-
esterol to specific serum ligands can raise the rate of poly-
plex entrance into the cell by ligand-mediated endocytosis.

Apart from the in vivo delivery option, a major problem
against gene therapy is the unwanted cytotoxicity of the vec-
tors. Our strategy was to construct a favourable polymer
PAMAM vector to overcome the disadvantages of the cyto-
toxicity and improve the transfection efficiency of PAMAM
dendrimer in in vivo applications [9, 42]. Based on our find-
ing, F5-G4 delivery of TRAIL DNA can be a promising thera-
peutic strategy for colorectal cancer.

The results showed that F5-G4 could effectively deliver
TRIL DNA to tumors following i.v. administration in tumor-
bearing mice and showed more anti-cancer potency com-
pared to control groups. Morphologies of major organs do

Figure 6. (A) Tumor growth inhibitory effect, (B) body weight (g) and (C) survival rate of C26 tumor-bearing mice treated with either free PAMAM G4-alkyl-PEG
(3%)-Chol (5%) or PAMAM G4-alkyl-PEG (3%)-Chol (5%)-TRAIL in comparison with saline-treated group in the subcutaneous mouse model of C26 (n¼ 4, error bars
represent standard deviation). Regimen was as follows: i.v. injection of 20 mg DNA/mouse, three times for 2 weeks.
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not seem to have considerable alterations in mice treated
with F5-G4-TRAIL. Therefore, this formulation may be a suit-
able candidate as gene delivery system in vitro and in vivo.

Conclusions

In the present study, G5 PAMAM and G4 PAMAM dendrimers
were modified by alkylcarboxylate-PEG and cholesterol which
resulted in the preparation of modified-PAMAM dendrimers
with outstanding properties comprising high transfection

efficiency, high cellular uptake and low cytotoxicity through
masking of amine groups of dendrimer while providing
favourable hydrophilic–hydrophobic balance. On the other
hand, in vivo investigations demonstrated that the prepared
modified PAMAM dendrimer significantly increased the thera-
peutic index of pTRAIL in comparison with unmodified
PAMAM. It could be concluded that the represented modifi-
cation resulted in the development of versatile TRAIL delivery
vector for cancer therapy.

Figure 7. H&E-stained tissue sections of major organs from mice, 30 days after treatment with normal saline (control), free F5-G4 and F5-G4-TRAIL.
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