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A B S T R A C T

Inorganic nanoparticles have attracted much attentions in gene delivery because of their desirable characteristics
including low toxicity, well-controlled characteristics, high gene delivery efficiency, and multi-functionalities.
Here, natural occurred halloysite nanotubes (HNTs) were developed as a novel non-viral gene vector. To increase
the efficiency of endocytosis, HNTs were firstly shortened into an appropriate size (~200 nm). Then poly-
ethyleneimine (PEI) was grafted onto HNTs to bind green fluorescence protein (GFP) labeled pDNA. The
structure and physical-chemical properties of PEI grafted HNTs (PEI-g-HNTs) were characterized by various
methods. PEI-g-HNTs show lower cytotoxicity than PEI. PEI-g-HNTs are positively charged and can bind DNA
tightly at designed N/P ratio from 5:1 to 40:1. PEI-g-HNTs/pDNA complexes show much higher transfection
efficiency towards both 293T and HeLa cells compared with PEI/pDNA complexes at the equivalent N/P ratio.
The transfection efficiencies of PEI-g-HNTs/pDNA complex towards HeLa cell can reach to 44.4% at N/P ratio of
20. PEI-g-HNTs/pDNA complexes possess a higher GFP protein expression than PEI/pDNA from simple western
immunoblots. So, PEI-g-HNTs are potential gene vectors with good biocompatibility and high transfection ef-
ficiency, which have promising applications in cancer gene therapy.

1. Introduction

Gene therapy is the therapeutic delivery of nucleic acid into a pa-
tient's cells as a drug to treat disease [1]. The effect of gene therapy
largely depends on an appropriate gene delivery vector, which can
carry and protect foreign genetic materials into cells where the gene can
be replicated and/or expressed [2]. Although viral vectors are able to
deliver nucleic acids into cell lines efficiently [3], they have strong
immunogenicity, inflammatory reactions, toxicity limit and many other
adverse effects [4], Non-viral vectors especially inorganic nanoparticles
are attracting many attentions because of their lower immunogenic
characteristic, good biosafety, and easy preparation [5]. Inorganic na-
noparticles, including carbon nanotubes, magnetic nanoparticles, gra-
phene oxide (GO), calcium phosphate and calcium carbonate nano-
particles, metal nanoparticles, have been developed into novel gene
vectors that offer enhanced transfection efficacy and many other uses
with minimized toxicity [6–17]. They can be chemically synthesized
with the control of shape, size, and chemical properties, as well as
composition [1]. Given the large size and the negative charge of nucleic
acid, chemical modification of inorganic nanoparticles with functional
groups or polymers is generally needed. Positively charged functional
groups (usually the amide groups) or polymers, such as amino silane,
polyethyleneimine (PEI), polyamidoamine (PAMAM), chitosan, are
usually be employed to treat the nanoparticles before binding with

DNA. For instance, PEI grafted GO exhibited enhanced chemotherapy
efficacy towards HeLa cells by sequential delivery of anticancer drugs
and siRNA [18]. Protamine functionalized carbon nanotubes (CNTs)
could also increase the DNA internalization towards MCF-7 cell [19].
PEI functionalized CNTs/siRNA complex could cross the cell membrane
efficiently and induce apoptosis and suppression in proliferation of
tumor cells both in vitro and in vivo [20]. Oligonucleotide-modified gold
nanoparticles exhibited high cellular uptake and protected nucleic acid
from the degradation, and were nontoxic to the cells, which could be
used as a tunable gene knockdown system [21]. PEI coated magnetic
nanoparticles showed high transfection efficiency even towards the
hard-to-transfect cells like Jurkat cells [22]. Multi-modal transfection
agent based on Fe3O4 were also used for stem cell gene delivery, and
the transfection efficiency reached to 22.3% which was significantly
higher than that of PEI (12.1%) [23]. However, it is still a big challenge
to select a natural nanoparticle with high transfection efficiency and
good biocompatibility [24].

Halloysite nanotubes (HNTs), with a formula of
Al2Si2O5(OH)4·nH2O, are novel 1D natural inorganic clay nanotubes
[25]. HNTs with the characteristics of tubular nanostructure (~50 nm
in outer diameter, 10–15 nm in lumen) [26,27], high stability in bio-
logical liquid, easy modification, low cost, good biocompatibility [28]
and proper mechanical property. Therefore, HNTs show an active vi-
tality in biomedical applications [29–31] and gene therapy research
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[32,33] in recent years. HNTs possess two types of hydroxyl groups in
its inside and outsider, which can be used as active sites for functio-
nalization [34]. Diverse drugs can be loaded into the inner tubular
structure and/or the layer spaces of HNTs [25] through chemical
modification and vacuum process [35,36]. For gene delivery, HNTs
were firstly grafted with gaminopropyltriethoxysilane and delivered the
antisense oligonucleotides towards HeLa cells [32]. Recently, a progress
in capture of tumor cells based on HNTs rough surfaces and chitosan
grafted HNTs (HNTs-g-CS) as a drug delivery of curcumin or adria-
mycin for enhancing anticancer efficacy were achieved [25,37]. All the
existing studies indicate that HNTs are potential materials for antic-
ancer drug delivery in cancer therapy.

However, the commercially available HNTs are usually in-
homogeneous with a length from 100 nm to 2 μm [38]. Long nanotubes
usually lead to more potent inducers of cell injury and inflammation
[30]. Previous findings suggested that nanoparticle with diameter<
200nm may be the suitable candidate to serve as a carrier for drug
delivery due to their relatively high endocytosis compared with large
nanoparticles [39]. Also, nanoparticles with small particle size are safer
in biological applications. For example, length of the CNTs around
220 nm could phagocytosed by cells more readily and showed relatively
low cytotoxity than that beyond 220 nm [40]. So, it is important to
prepare homogeneous HNTs with a short length such as below 200 nm.
On the other hand, the negative charges of HNTs limit their applications
in gene delivery since the nucleic acid is also negatively charged.
Functionalized HNTs can be achieved via electrostatic layer-by-layer
assembling of cationic PEI, which can effectively deliver siRNA into
cancer cells and noninvasively image the process simultaneously [33].
However, the dissociation of PEI layer of HNTs may quickly occur
during operation process due to the water-soluble character of PEI,
which will decrease the gene transfection efficacy in vitro and in vivo.

Here, PEI grafted short HNTs (PEI-g-HNTs) as a non-viral vector
were developed for loading and intracellular delivery of DNA. Firstly,
the ultrasonic treatment was used to cut the long HNTs into short na-
notubes accordingly to the reference [38]. Then PEI was chemically
grafted onto HNTs to change the surface potential into positive charges.
PEI-g-HNTs was characterized with morphological and chemical ana-
lysis, and all the results suggested the successful synthesis of PEI-g-
HNTs. Fig. 1 shows the preparation and cell uptake process of PEI-g-
HNTs as vehicles of GFP labeled DNA. Excitingly, PEI-g-HNTs showed
low cytotoxicity and dramatically increased transfection efficiency
compared with PEI at established N/P ratios.

2. Experimental

2.1. Materials

Halloysite nanotubes (HNTs) were purchased from Guangzhou
Runwo Materials Technology Co., Ltd., China. HNTs were purified ac-
cording to the reference to remove the impurities [41]. Polyvinyl pyr-
rolidone (PVP K30), polyethylenimine (PEI 10 kDa), succinic anhydride
(SA) 3-aminopropyltriethoxy silane (APTES), N-(3-dimethylamino-
propyl)-N′-ethylcarbodiimide (EDC), and N-hydroxysuccinimide (NHS)
were purchased from Aladdin. All other chemicals were used as pur-
chased (Aladdin) without further purification. Green fluorescent pro-
tein labeled DNA (GFP-pDNA) was obtained from Prof. Ma Dong group
in Jinan University. Ultrapure water from a Milli-Q water (re-
sistivity > 18.2 MΩ·cm)) system was used in all experiments.

2.2. Shortening of HNTs

HNTs were shortened according to the previous study with slight
modification [38]. The typical procedures was given below. Purified
HNTs (1 g) were suspended in 50 mL of 3 wt% PVP solution by stirring
for 30 min. The homogeneous suspension was sonicated for 30 min at
550 W using an ultrasonic cell disruptor (Scientz-II D, Ningbo Scientz
Biotechnology Ltd., China). Then the HNTs suspension was centrifuged
at 5000 rpm for 45 min using an ultracentrifuge (YNX-4000, Thermo
Fisher Scientific Ltd., USA). The supernatant was transferred into an-
other 50 mL centrifuge tube and centrifuged again at 16000 rpm for
5 min. The resulting precipitate was gathered and washed by ultrapure
water and anhydrous ethanol alternately, each for three times. Finally,
the short HNTs with length ~200 nm were obtained by freeze-drying at
−56 °C. The HNTs used in the following experiment were all short
HNTs.

2.3. Synthesis of PEI-g-HNTs

PEI-g-HNTs were synthesized according to the previous study with
modification [42]. Firstly, the surface hydroxyl groups of HNTs were
transferred into amide groups by reacting with APTES. Acetic acid was
added into 150 mL ethyl alcohol (95%) to adjust the pH to 4. After-
wards, 20 g KH-550 was added into the solution under stirring at 40 °C.
2 g HNTs were added into the solution by stirring for 30 min and ul-
trasonically treated for another 30 min to obtain good dispersion state

Fig. 1. Schematic illustration of the processes of preparation and
structure of PEI-g-HNTs/pDNA complex and its delivery of the
pDNA to the cells.
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