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ARTICLE INFO ABSTRACT

Keywords: Inorganic nanoparticles have attracted much attentions in gene delivery because of their desirable characteristics
Halloysite nanotubes including low toxicity, well-controlled characteristics, high gene delivery efficiency, and multi-functionalities.
P°1Y§thyleneimine Here, natural occurred halloysite nanotubes (HNTs) were developed as a novel non-viral gene vector. To increase
Grafting the efficiency of endocytosis, HNTs were firstly shortened into an appropriate size (~200 nm). Then poly-
?;Zi?:;g:lmy 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 PEIL. 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 HelLa 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
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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 Fe304 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 (HNTSs), with a  formula of
Al,Si,05(0H)4nH,0, 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 pm [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-HNTSs) 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.

A
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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 MQ-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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of HNTs. Afterwards, the mixture was reacted for 24 h under stirring at
80 °C. The product of amide groups grafted HNTs (HNTs-NH,) was
washed by ultrapure water and anhydrous ethanol alternately, each for
three times, and then dried by freezer dryer. 1 g succinic anhydride and
0.5 g HNTs-NH,, were reacted in 50 mL N,N-dimethylformamide (DMF)
with stirring and ultrasonic treatment at room temperature for 24 h.
The carboxyl grafted HNTs (HNTs-COOH) were washed by anhydrous
ethanol and ultrapure water alternately. 0.2 g HNTs-COOH and 0.67 g
EDC were added into 20 mL ultrapure water, then stirred and ultrasonic
treated for 10 min. 0.4 g NHS and 0.5 g PEI were added into the mix-
ture. After 24 h, PEI-g-HNTs were obtained by centrifuging, washed by
anhydrous ethanol and ultrapure water alternately, each for five times,
and dried by freezer dryer.

2.4. Characterization of PEI-g-HNTs

2.4.1. Scanning electron microscope (SEM)

A certain amount of raw HNTs and short HNTs were dispersed in
ultrapure water under stirring and ultrasonic treatment. Then the dis-
persion was dropped and dried on glass sheet substrate. The samples
were observed by SEM (Ultra-55, Carl Zeiss Jena Ltd., Germany) at an
accelerating voltage of 5 kV.

2.4.2. Transmission electron microscopy (TEM)

The dilute HNTs and PEI-g-HNTs ethanol dispersions were dropped
and dried on carbon film supported copper grid. The samples were
observed using TEM (JEM-2100F, JEOL Ltd., Japan) under an accel-
erating voltage of 100 kV.

2.4.3. Dynamic light scattering (DLS)

The size of raw HNTs and short HNTs was tested by a Nano-ZS in-
strument (Malvern Instruments Ltd., UK). The size of PEI-g-HNTs/
PDNA complexes (N/P = 20) was measured at the pH of 5.4, 7.4, 9.
Meanwhile, the size of PEI-g-HNTs/pDNA complexes dispersed in ul-
trapure water solution at N/P ratios of 5, 10, 20, 40 was compared.
HNTs aqueous dispesion with concentration of 0.05 wt% was measured.

2.4.4. Atomic force microscopy (AFM)

Morphology of the HNTs and PEI-g-HNTs was observed with a
multimode atomic force microscopy instrument (Bioscope Catylyst
Nanoscope-V, broker, Instruments Ltd., USA) which mounted on an
inverted optical microscope (IX51, Olympus, Tokyo, Japan). The
images were captured with Tap150-Al-G silicon AFM probes (budgets
sensors) in ScanAsyst mode (k = 5 N/m, scanning speed was 1 Hz, re-
sonance frequency 150 kHz in air). The experiment was performed at
room temperature. Nanoscope analysis soft was used to analyze the
diameters of HNTs and PEI-g-HNTs.

2.4.5. Qualitative analysis of the amine groups

Qualitative analysis of amine group on the PEI-g-HNTs was carried
out by ninhydrin colorimetric assay [43]. Samples were diluted in ul-
trapure water, then mixed with equal volume of ninhydrin solution
(500 mL of 0.2% w/v in 0.1 M buffer phosphate, pH = 9), and the
mixture was heated in a boiling water bath for 20 min. Samples were
cooled to room temperature and then centrifuged. The absorbance of
supernatants was measured at 570 nm on a UV-visible spectro-
photometer (UV-2550, Shimadzu Instrument Ltd., Suzhou, China).

2.4.6. UV-Vis spectra

The UV-Vis spectra of HNTs, pDNA and PEI-g-HNTs/pDNA com-
plexes (N/P = 20) were measured by UV-visible spectrophotometer
(UV-2550, Shimadzu Instrument Ltd., Suzhou, China).

2.4.7. X-ray diffraction (XRD)
XRD analysis was tested with X-ray diffractometer (MiniFlex-600,
Rigaku Corporation, Japan).

226
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2.4.8. ¢&-Potential analysis

Zeta potential of PEI-g-HNTs/pDNA complexes (N/P = 20) was
measured at the pH of 5.4, 7.4, 9. Meanwhile, Zeta potential of PEI-g-
HNTs/pDNA complexes dispersed in ultrapure water solution at N/P
ratios of 5, 10, 20, 40 was compared. Zeta potential of the HNTs, PEI,
and PEI-g-HNTs aqueous dispersion was measured using a Nano-ZS
instrument (Malvern Instruments Ltd., England). The concentration of
the dispersions was 5 x 10~ % wt%.

2.4.9. Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of the HNTs samples were tested using Thermo
FTIR (Nicolet iS50, Thermo Fisher Scientific Ltd., USA). Before mea-
surement, the samples were pelleted with potassium bromide. Twenty-
two consecutive scanning were taken and stored their average. Spectra
were taken from 4000 to 400 cm ™~ ** The resolution of the wavenumber

was 2cm” L

2.4.10. Thermogravimetric analysis (TGA)

TGA was handled with TGA instrument (TG209F3-ASC, Netzsch
Ltd., Germany) from 30 °C to 700 °C at a heating rate of 10 °C/min
under N, atmosphere. This experiment was used to compare the weight
loss behavior of HNTs and PEI-g-HNTs, which could be used to calcu-
late the grafting percent. The percentage of grafting of PEI on PEI-g-
HNTs was calculated by the following equation.

Grafting (%) = m/M x 100%

where m (g) is the weight of organics grafted on HNTs, M (g) is the
weight of PEI-g-HNTs [25].

2.4.11. X-ray photoelectron spectroscopy (XPS)

XPS analysis was conducted by XPS instrument (ESCALAB250Xi,
Thermo Fisher Scientific Ltd., USA). The atoms of Al, Si, C, N, and O
were detected.

2.4.12. Barrett-Joyner-Halenda (BJH) methods

BJH pore analysis was implemented by automated surface area and
pore size analyzer (TriStar II-3020, Micromeritics Instrument
Corporation, USA). The adsorption and desorption curves were ob-
tained simultaneously.

2.5. Cells and cell culture conditions

Human cervical epithelial adenocarcinoma cells (HeLa), and 293T
cells were cultured in DMEM supplemented with 10% fetal bovine
serum (FBS), 1% antibiotic/antimicrobial at 37 °C under 5% CO, hu-
midified atmosphere. The cells were purchased from the Laboratory
Animal Center of Sun Yat-Sen University.

2.6. Biocompatibility of PEI-g-HNTs/pDNA

2.6.1. AO/EB staining assay

HeLa and 293T cells (1 x 10* cells/well) were seeded in 96-well
plate for 24 h to allow attachment, then a series of N/P ratios of PEI/
pDNA and PEI-g-HNTs/pDNA complexes (5, 10, 20, 40) containing
0.2 ug pDNA per well were added for 24 h. The cells were stained by
acridine orange/ethidium bromide (AO/EB) double fluorescent dyes
and observed with fluorescence microscope (XDY-2, Guangzhou Liss
Optical Instrument Ltd., China) [44].

2.6.2. Cell counting kit-8 (CCK-8) assays

HeLa and 293T cells (1 x 10* cells/well) were seeded in a 96-well
plates and cultured at 37 °C in 5% CO, for 24 h, and subsequently
treated with the polyplexes containing 0.2 pg pDNA per well at various
N/P ratios (5, 10, 20, 40) for another 24 h. The measurements of each
ratio were conducted in four parallel groups. Afterwards, cells were
washed with PBS twice and then replaced with 100 pL fresh medium.
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Finally, 10 uL CCK-8 reagents were added into each well and incubated
for another 4 h. The absorbance at 450 nm was recorded by a micro-
plate reader. Cell viability was the ratio of absorbance of the sample
and the control group.

2.6.3. Hemocompatibility assays

2 mL fresh rabbit blood was added into 10 mL PBS solutions, then
the supernatant liquid was abandoned after centrifuging the mixture
solution for 3 times. The red blood cells (RBCs) were collected and
added into 3 mL PBS solution (RBCs suspension). PEI and PEI-g-HNTs
were mixed with 0.2 ug pDNA (N/P = 20) by a vortex mixer and then
incubated for 30 min at room temperature, then the total volume of
complexes were adjusted with PBS to 500 pL, respectively. PEI and PEI-
g-HNTs PBS solution were added into 50 pL RBCs suspension.
Equivalent ultrapure water and PBS solution were added as the positive
control group and the negative control group, respectively. All the
samples were incubated at 37 °C for 1 h then centrifuged at 1000 rpm
for 5 min. Additionally, supernatant liquid of PEI-g-HNTs group was
centrifuged at 15000 rpm for 5 min to eliminate the effect of PEI-g-
HNTs. The absorbance at 570 nm of supernatant liquid was measured
with microplate reader. The hemolysis rate was calculated as follows
equation.

sample absorbance — negative control
positive control — negative control

X 100%

Hemolysis rate (%) =

2.7. Gel electrophoresis

Agarose gel electrophoresis retardation assay was applied to ex-
amine the pDNA loading ability of PEI and PEI-g-HNTs. A constant
amount of 0.2 ug pDNA was used. The PEI/pDNA and PEI-g-HNTs/
PDNA complexes (N/P = 0, 1, 2, 5, 10, 20 and 40) were loaded onto a
0.6 g agarose gel which was dissolved in 60 mL TAE buffer (40 mM
Tris-acetate, 1 mM EDTA) containing 3 puL Ethidium Bromide and
electrophoresed at 100 V for 30 min. Then pDNA was then visualized
using an UV transilluminator (CUV-10, Qin Xiang Scientific Instrument
Co., Ltd. Shanghai).

2.8. In vitro transfection

293T cells were seeded in DMEM supplemented with 10% FBS and
1% antibiotic/antimicrobial at a density of 8 X 10* cells/well in a 6-
well plate for 24 h at 37 °C, under 5% CO, humidified atmosphere. PEI
or PEI-g-HNTs were mixed with 1 ug pDNA (N/P = 20), 12.4 uL CaCl,,
and 84.6 L ultrapure water by a vortex mixer and incubated for 30 min
at room temperature. Afterwards, 100 pL 2 x HBS (11.92 g/L Heprs-
NaOH, 0.75 g/L KCl, 16.36 g/L NaCl, 2.16 g/L dextrose, and 0.21 g/L
Na,HPO,) was added to form a homogeneous solution. 293T cells were
incubated with the transfection solution for 8 h at 37 °C under 5% CO,
atmosphere. Then the transfection solution was removed and then
washed with PBS thoroughly, and the cells were cultured with DMEM
culture media for an additional 72 h. The transfection efficiency was
then quantified by flow cytometry (FACS Gallios, Beckman, USA).

HeLa cells were transferred to 96-well plate at a density of
1 x 10° cells/well. EK transfer buffer (60 uL) was added as a buffer
solution. Then PEI and PEI-g-HNTs mixed with pDNA (0.2 pg per well)
at different N/P ratio (5, 10, 20, 40) were added into the cell culture
plates and incubated for 30 min. Afterwards, the HeLa cells were
treated with electric transfection instrument (X-Porator H1, Yida
Biological Technology Co., Ltd. China) with 200 V voltage and then
cultured with DMEM in 24-well plate for 72 h. The transfection effi-
ciency was then quantified by flow cytometry (FACS Gallios, Beckman,
USA).
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2.9. Simple western blot analysis

The simple western immunoblots were performed to measure the
GFP protein expression level in cells after transfection [45]. In simple
western immunoblots analysis, western blot analysis was performed
using a capillary-based automated system. The simple western im-
munoblots were performed using the Wes 12-230 kDa Master Kit with
Split Buffer (PS-MK16) according to the manufacturer's standard in-
struction. GFP mouse monoclonal antibody (Affinity, TO005) was used
as the primary antibody at a dilution proportion of 1:50 and the sec-
ondary antibodies from ProteinSimple were used neat. In brief, trans-
fected cells were washed with PBS, and then re-suspended in 80 mL of
lysis buffer, the supernatant was collected by centrifugation for 5 min at
6000 r/min. For obtaining standard curve, 100 g albumin from bovine
serum (BSA) was dissolved into NaCl (150 mmol/L) solution, and
coomassie brilliant blue (CBB, C-250) was added into ethyl alcohol
(95%). Then 100 mL phosphoric acid (85% w/v) was added into the
solution and diluted to 1000 mL. The samples were then boiled in
Biotinylated Ladder (16 uL ultrapure water, 2 pL loading buffer, and
2 uL DTT) for 10 min. The Wes 12-230 kDa Master Kit with split buffer
was loaded into the wells. The sample plates were centrifuged for 5 min
at speed of 3000 rpm. Finally, the specimens were tested by protein
simple western detector (WS-2494, ProteinSimple, California, USA).
Separation gel, spacer gel, and samples were absorbed for 300s, 15s
and 9 s, respectively. Electrophoresis was handled at 375 V for 25 min.
Primary antibodies and second antibodies were incubated for 30 min.
The luminous fluid was exposure reacted for 5-480s. The Compass
software (ProteinSimple, version 2.7.1) was used to analyze GFP pro-
tein expression values quantitatively.

2.10. Statistical analysis

The significance of statistical analysis was assessed using SPSS
Statistics 17.0. All graphical data are shown as mean # s.d.
Significance levels were set at *p < 0.05, **p < 0.01, and p < 0.05
was considered statistically significant in the analysis.

3. Results and discussions
3.1. Characterization of short HNTs

Raw HNTs were firstly purified with standing for 24 h, and then the
precipitate was abandoned. The suspension was centrifuged and freeze-
dried. Subsequently, the purified HNTs were dispersed in PVP solution
followed by sonication and centrifugation treatment. Fig. 2A shows
SEM images of raw HNTs and short HNTs. Raw HNTs show diverse
morphology with different length and diameter. The length of most of
the nanotubes is longer than 200 nm. In contrast, the short HNTs
emerge a smaller size especially the tube length. From the TEM mor-
phology images (Fig. 2B), a difference in size is also distinguished. It
can be seen that the typical tubular structure of HNTs with empty
lumen is kept upon the shortening process. Short HNTs are all below
553 nm from the TEM images. Fig. 2C shows the particle size dis-
tribution of raw HNTs and short HNTs determined by DLS. The size of
raw HNTs ranges from 78 nm to 1484 nm and short HNTs ranges from
45 nm to 553 nm. The hydrodynamic diameter (R}) of short HNTs is
226.2 nm, while it is 365.6 nm of raw HNTs. The size below 200 nm of
short HNTs occupies a proportion of 71.2% but that of the raw HNTs
only occupies the proportion 37.2%. All these results indicate the suc-
cessful reduction in size of HNTs by the sonication. In the shortening
process, PVP acts the role of stabling the HNTs in the suspension due to
the hydrogen bonding interactions between HNTs and PVP and pro-
vides the proper viscosity for the scission of tubes. In the presence of
PVP, ultrasound as powerful energy can break the tube for getting short
length. The size of short HNTs is proper for entering cells for drug or
gene delivery [29,40,46]. No difference can be found in the FTIR
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Fig. 2. SEM images (A), TEM images (B), and
particle size distribution by DLS (C) of raw
HNTs and short HNTs.

Short HNTs

Average size: 226.2+15.6 nm I

Raw HNTs
8+ 8
Average size: 365.6217.4 nm
E £
2 S
¢>J 4 E 4
24 24
0 T 0
0.1 1 10 100 1000 10000 0.1
Size, nm

spectra for short HNTs and raw HNTs (Fig. S1), which means the
shortening procedures do not change the chemical bonds of HNTs.

3.2. Synthesis and characterization of PEI-g-HNTs

The synthesis procedures for PEI-g-HNTs are shown in Fig. 3A.
Firstly, HNTs-NH, were prepared by reacting the HNTs with APTES.
Then, succinic anhydride was reacted with HNTs-NH, to produce HNTs-
COOH. Finally, PEI-g-HNTs were obtained via condensation reactions
between carboxyl groups in HNTs-COOH and amino groups in PEI using
EDC/NHS as catalyzer. PEI10K was used for the nanotube modification
owing to its strong binding to nucleic acids, effective uptake by cells,
and the excellent proton sponge effect that triggers the endosomal re-
lease of DNA. Generally, cytotoxicity and transfection efficiency of PEl/
DNA complex is depend on the molecular weight of PEIL PEI with a high
molecular weight (such as 25 kDa) shows high transfection efficiency
but it appears to be rather toxic towards cells compared to that with low
molecular weight [47].

Fig. 3B shows TEM images of HNTs and PEI-g-HNTs. HNTs show
tubular structure with empty lumen. PEI-g-HNTs also show tubular
morphology with slightly different from short HNTs, and the typical
empty lumen structure is reserved. So, the grafting processes do not
harm the tubular structure and the dimension. As expected, PEI-g-HNTs
show a layer of polymer around tubes outer surface, which is consistent
with previous studies [48,49]. As shown in Fig. S2, if mixing PEI with
HNTSs via adsorption process, the free PEI or PEI escaped from HNTs

228

1000 10000

Slze, nm

would form small irregular shape, which will decrease the DNA loading
efficacy and increase cytotoxicity. Fig. 3C shows AFM images of short
HNTs and PEI-g-HNTs. A smooth and regular tube wall can be seen in
the short HNTs image. In contrast, the surface of PEI-g-HNTs was
coated with a thick layer PEIL. For further studying the diameter
changes, a diameter analysis was carried out on the AFM images of
HNTs and PEI-g-HNTs (Fig. 3D). The diameter of fifty HNTs and PEI-g-
HNTs from AFM images was analyzed. The results show that the mean
diameter of HNTs is 42.38 nm while the value rises to 44.49 nm for the
PEI-g-HNTs. So the calculated thickness of PEI layer round HNTs is
~2.11 nm. The morphology characterizations confirm the successful
grafting of PEI on HNTs.

Fig. 4A show the UV spectrum of ninhydrin treated with different
HNTs samples which illustrate the quantitative analysis of amine
groups on HNTs surfaces. When treated with ninhydrin colorimetric
assay, short HNTs show no color change and no absorbance peak at
570 nm, suggesting no amine groups in unmodified HNTs. The solution
color of PEI treated ninhydrin solution turns into purple, while PEI-g-
HNTs treated ninhydrin solution appears a slight purple color. The in-
tensity of the absorbance peak at 570 nm is proportional to the amine
density on the surfaces. The curve of PEI-g-HNTs treated ninhydrin
solution lies between the curve of HNTs and PEI. This indicates amine
groups are grafted onto HNTs. Fig. 4B compares the XRD pattern of PEI-
g-HNTs and HNTs. After grafted with PEI, the typical (001) plane dif-
fraction peak of HNTs at 12° slightly decreases, which suggests the
shielding effect on the layer spacing of HNTs by the PEI
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Fig. 3. Schematic illustration of the synthetic
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stretching peak and O—H deformation of inner hydroxyl groups of
HNTs, respectively [20]. PEI-g-HNTs show characteristics absorptions
of both HNTs and PEI. For example, bend vibrations of C—N bond in
acylamide appear at around 1452 cm™ Land 1554 cm~ ! [50], and the
peak at 1292 cm ™! is attributed to C—N stretching vibration of the
amine group. The peaks at 3300 cm ™~ ! and 2935 cm ™~ ! are ascribed to
the N—H stretching vibration of the amine group and the C—H
stretching vibration of PEI.

TGA curves of HNTs and PEI-g-HNTs are shown in Fig. 4E. PEI-g-
HNTs have a weight loss of 21.94% from 30 to 700 °C, but HNTs only
have 17.46% weight loss. The grafting ratio of PEI to HNTs is calculated
to be 5.43%. Fig. 4F shows the XPS analysis of HNTs and PEI-g-HNTs.
The intensity of N1, peak and C1; in the PEI-g-HNTs sample is obviously
higher than that of HNTs. The atomic content of HNTs and PEI-g-HNTs
(Fig. 4G) also suggests a significant increase of C and N content, which
reflects the successful grafting of PEI on HNTs. It should be noticed that
a few PVP can be adhered to the surface of HNTs (0.67% nitrogen
content and 1.63% carbon content from XPS result) due to their strong
interactions (mainly hydrogen bonding). However, little PVP cannot
harm the tubular microstructures of HNTs and has little effect on the
following cell experiment. Fig. 4H shows the nitrogen adsorption-des-
orption curves of HNTs and PEI-g-HNTs. At the same relative pressure,
the value of desorption and adsorption value of PEI-g-HNTs is less than
that of HNTs. That ascribes to that the grafted PEI on HNTs causes
shielding effect which results in the slightly decreased adsorption
ability of HNTs [41]. Fig. 41 shows BJH pore analysis of HNTs and PEI-
g-HNTs. The peak at 3 nm is attributed to surface defects of HNTs [51],
but the peak disappears after PEI grafting. Simultaneously, the total
pore volume of PEI-g-HNTs is lower than that of HNTs. The pore ana-
lysis results also support the successful grafting of PEI on HNTs. These
experiments were performed to demonstrae the composition in bulk
and PEI grafting can be occured both inside and outside of the tubes.
Especially, for the BJH pore analysis, it is clear that the part of PEI can
be filled into the lumen of the tubes. Also, the TEM and AFM images of
PEI-g-HNTs in Fig. 3 also demonstrate that the PEI layers are located
both inside and outside of the tubes. However, it is generally considered
that the location of PEI has little effect on the following gene loading
and delivery experiment. In total, all the characterizations suggest the
prepared PEI-g-HNTs can be used to bind DNA for cell transfection and
drug delivery.

3.3. Biocompatibility and of characterization PEI-g-HNTs/pDNA complexes

Previous studies have shown the excellent cytocompatibility of
HNTs, so they can be used to bind DNA as novel nanocarriers. Although
pH value has a significant influence on the strutral stability of HNTs in
corrosive environments. However, the intravesicular pH drops along
the endocytic pathway, from pH 6.0-6.5 in early endosomes to
pH 4.5-5.5 in late endosomes and lysosomes. Previous research has
indicated < 1% of AI>* and Si** of HNTs are dissolved even at a low
pH of 2.38 after 50 days [52]. Therefore, the amount of leached metal
ions of HNTs at the present cell culture condition is few and the in-
fluence of the metal ions on cells can be ignored.

AO/EB live/dead staining assay was carried out to confirm the cy-
totoxicity of PEI-g-HNTs/pDNA. AO can enter the live cells and staining
the cell nucleus in a visible bright green color, while EB can enable the
dead and late apoptosis cells shining with an orange color. The mor-
phology of 293T cells (Fig. 5A) and HeLa cells (Fig. 5B) treated with
PEI/pDNA and PEI-g-HNTs/pDNA complexes with different N/P ratios
were observed using a fluorescence microscope. One can see that some
293T cells treated with PEI begin to show an orange color at the N/P
ratio of 5, which indicates part of the cells is in apoptotic state. And the
orange color of cells gradually becomes deep with the increase of N/P
ratio, which suggests that, the cytotoxicity was gradually increased
with the increase of N/P ratio. But there are not so many orange cells
emerged for the PEI-g-HNTs group. At the N/P ratio of 40, almost no
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green cells emerge in the PEI/pDNA group, while most 293T cells are
stained with green in the PEI-g-HNTSs group, in the PEI-g-HNTSs group. A
similar phenomenon is happened to HeLa cells. At the N/P ratio of 20,
cells treated with PEI/pDNA start to show discernible deep color. With
the increase of N/P ratio, the cells were stained with deep color in-
creased obviously. In contrast, the PEI-g-HNTs/pDNA groups show less
cytotoxicity with the same N/P ratio even with high N/P ratio. At the
N/P ratio of 20 and 40, HeLa cells only exhibit a slight red fluorescence
signal. So, PEI-g-HNTs/pDNA have lower cell cytotoxicity than PEI/
PDNA at the same N/P ratio.

Furthermore, CCK-8 assay was carried out to evaluate the in vitro
cytotoxicity using 293T cells (Fig. 5C) and HelLa (Fig. 5D) cells. Before
plotting, all the absorbance value results were normalized. It also can
be seen that PEI/pDNA have a stronger toxicity than PEI-g-HNTs/pDNA
at the same N/P ratio. For the 293T cells, the cell viability is decreased
in both PEI/pDNA group and PEI-g-HNTs/pDNA group with the in-
crease in N/P ratio. Especially, markedly decreased toxicity is noticed
for the PEI-g-HNTs/pDNA group compared with PEI/pDNA group at N/
P ratio of 40. The toxicity of PEI/pDNA increases with the increase of
N/P ratio, while the relative cell viability of PEI-g-HNTs/pDNA group is
still higher than 80% for all the N/P ratio. While for HelLa cells, the
relative cell viability is slightly higher than 293T cells, which suggests
HeLa cells have a stronger survivability. Similar to 293T cells group,
cytotoxicity is gradually enhanced with the increase of N/P ratio. When
the N/P ratio ranges from 5 to 40, the relative cell viability of both of
PEI/pDNA group and PEI-g-HNTs group are gradually decreased. But
the relative cell viability of PEI-g-HNTs/pDNA group still maintains a
high level of 84.3%, while 75.2% in PEI/pDNA group at the N/P ratio of
40. Previous studies have reported that polycations such as PEI can bind
with plasma membranes, which consequently induces cytotoxicity
[53,54]. The nanoparticles can immobilize the macromolecular chains,
which leads to the decrease in the cytotoxicity of cationic polymer since
lowered density of cationic residues [55,56]. For example, PEI im-
mobilized on GO sheets exhibited decreased cytotoxicity towards HeLa
cells [47]. Hence, the decreased cytotoxicity of PEI-g-HNTs in the
present work can also be ascribed to the decreased polymer cationic
density on the HNTs surfaces.

As the PEI-g-HNTs/pDNA complexes are expected to deliver gene
through intravenous injection in clinical. So, the blood compatibility of
PEI-g-HNTs/pDNA was assessed by hemolysis analysis. If the hemolysis
rate is below 5%, medical materials are considered as nonhemolysis
according to national biological safety. Fig. 6A shows the hemolysis
rate of PEI/pDNA and PEI-g-HNTs/pDNA at the N/P ratio of 20. The
hemolysis rate of PEI/pDNA is 0.89%, while PEI-g-HNTs/pDNA shows
hemolysis rate value of 1.79%. Although the hemolysis rate of PEI-g-
HNTs/pDNA group is little higher than that of PEI/pDNA due to the
effect of HNTs, PEI-g-HNTs can be used as a nanocarrier for drugs in
vivo experiment for further study [57].

Zeta potential plays an important role in the cellular uptake of
complexes. Zeta potentials of the complexes at different N/P ratios were
then measured. As shown in Fig. 6C, the zeta potentials of PEI-g-HNTs/
PDNA complexes increased from 12.2 mV to 19.3 mV with the increase
of N/P ratio, which demonstrates that the ability of complexes binding
DNA is enhanced with the increase of N/P ratio. To evaluate the effect
of pH value on the stability of PEI-g-HNTs/pDNA complexes in the
aqueous solution, zeta potentials of PEI-g-HNTs/pDNA complexes (N/
P = 20) at the pH of 5.4, 7.4, 9 were also measured. Fig. 6E shows that
zeta potentials of PEI-g-HNTs/pDNA maintain a stable value (~17 mV)
with pH value increased from 5.4 to 9. Particle size is also a key factor
affecting the cellular uptake rate of complexes. Fig. 6F reveals the size
of PEI-g-HNTs/pDNA complexes (N/P = 20) at different pH value.
With the changing of pH, the size of complexes is stable (~233 nm).
The results illustrate the PEI-g-HNTs/pDNA complexes have a good
stability in weak acid or weak base conditions. The diameters of the
complexes at different N/P ratios were also compared. As shown in
Fig. 6D, after binding with plasmid DNA, the size of the PEI-g-HNTs/
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pDNA complexes slightly increases compared with PEI-g-HNTs
(~226 nm).And the particle sizes of all the complexes slightly decreases
with the increase of N/P ratio, which is related to the enhanced DNA
condensation ability upon increase in N/P ratio. Furthermore, it can be
seen from spectroscopic analysis that the characteristic absorbance
peak of pDNA at 260 nm is still exist in PEI-g-HNTs/pDNA spectrum
(Fig. S4), which suggests pDNA is bound with PEI-g-HNTs tightly.
Fig. 5G shows the TEM images of PEI-g-HNTs/pDNA complexes at
different N/P ratios. There is no obvious differences in morphology
change with PEI-g-HNTs, which suggests the pDNA can be compacted
into PEI-g-HNTs at various N/P ratios.
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3.4. In vitro transfection

The transfection efficiency largely depends on the appropriate sta-
bility of nanoparticle/DNA complexes. The ability of the PEI-g-HNTs for
binding pDNA was evaluated using gel electrophoresis retardation
assay. As shown in Fig. 6B, PEI can entirely bind pDNA at the N/P ratio
of equal to or higher than 2, indicating a strong binding ability of PEI to
DNA. The PEI-g-HNTs can retard completely the electrophoretic mo-
bility of pDNA when the N/P ratio is equal to or higher than 5. The
difference is related to the much higher surface positive charge of PEI
(+44.2mV) compared with PEI-g-HNTs (+ 26.9 mV). From the gel
electrophoresis result, both PEI and PEI-g-HNTs show good pDNA
binding abilities at N/P ratios from 5 to 40 which are used to design the
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Fig. 6. Hemocompatibility of PEI/pDNA and PEI-g-HNTs/pDNA, ultrapure water (positive control), and PBS solution (negative control) (A); agarose gel electrophoresis retardation assay
of pDNA complexed with PEI/pDNA and PEI-g-HNTs/pDNA at different N/P ratios, O represents naked pDNA (B); zeta potential (C) and mean particle size (D) of PEI-g-HNTs/pDNA

complexes at various N/P ratios; zeta potential (E) and mean particle size (F) of PEI-g-HNTs/pDNA complexes (N/P =

complexes at different N/P ratios (G).

20) at pH of 5.4, 7.4, 9;TEM images of PEI-g-HNTs/pDNA
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following experiments.

Fig. 7A shows the in vitro transfection photographs of PEI-g-HNTs/
PDNA complex at the N/P ratio of 20. It can be seen the cells in the
control group do not show any green fluoresce. For PEI/pDNA and PEI-
g-HNTs/pDNA complexes group, many cells display green fluoresce,
which suggests the GFP expression via gene transfection. PEI/pDNA
complex could enter the cells after disassembly from HNTs if the PEI
was only physically adsorbed on HNTs surfaces. However, the PEI was
covalently grafted onto the HNTs in the present work, so the dissocia-
tion of PEI from HNTs was not easy. The fluorescence images of the
transfection suggest the internalization of the PEI-g-HNTs/pDNA com-
plex into cells and the PEI-g-HNTs can be used as nanovector of gene.
The transfection efficiency and fluoresce intensity are further quantified
by flow cytometry. As shown in Fig. 7C, PEI/pDNA complex shows a
transfection efficiency of 41.6% after 72 h, while the PEI-g-HNTs/pDNA
complex shows transfection efficiency of 46.8%. This suggests that the
PEI-g-HNTs can effectively protect and delivery pDNA into cells as well
as PEI. PEI-g-HNTs have proper nanoscale size (~200 nm) with unique
needle-like morphology and positively charged surface, so they can be
enter cell via endocytosis or penetrating the plasma membrane directly
[20,33]. Simultaneously, the mean fluorescence intensity of PEI-g-
HNTs/pDNA treated cells is 28.6% higher than that of PEI/pDNA
treated cells. The low transfection efficacy and fluorescence intensity of
PEI group may be attributed to the cytotoxicity as illustrate above. To
further verify the transfection ability of PEI-g-HNTs/pDNA into 293T
cells, the GFP expression quantity under the N/P ratio of 20 was ana-
lyzed by simple western immunoblots assay. As shown in Fig. 7B and D,
PEI/pDNA group suffers a 32% reduction of GFP expression level than
PEI-g-HNTs/pDNA group in 293T cells. The transfected 293T cells re-
serve its fission ability and show stable transfection for 72 h (Fig. S3).
As a result, PEI-g-HNTs with low cytotoxicity and high transfection
efficiency are promising candidate of non-viral gene vectors for gene
therapy.
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In order to study the possibility of PEI-g-HNTs as non-viral gene
vectors for cancer therapy, the gene transfection efficiencies and GFP
expression of PEI-g-HNTs/pDNA complex towards HeLa cells were
analyzed. The HeLa cells cannot be transfected by the complex using
the calcium phosphate transfection method. So electroporation trans-
fection method was used to compare transfection effect of PEI-g-HNTs/
pDNA and PEI/pDNA to Hela cells at different N/P ratios. Fig. 8A
shows the in vitro transfection fluorescence photographs of the two
groups. It is clear that PEI-g-HNTs/pDNA complex shows a higher gene
transfection efficacy than that of PEI/pDNA complex at the same N/P
ratio. The transfection efficiency results (Fig. 8C) indicate that with the
increase of N/P ratios (5 to 20), both the transfection efficiencies of PEI-
g-HNTs/ pDNA complexes and PEI/pDNA complexes increase, but they
are declined at N/P ratio of 40. The highest transfection efficiency is
achieved at N/P ratio of 20 for both groups. The transfection effi-
ciencies of PEI-g-HNTs/pDNA complex are reached to 44.4% at N/
P = 20, while PEI/pDNA complex is only 36.6%. The transfection ef-
ficiencies of PEI-g-HNTs group are much higher than that of PEI group
at all the designed N/P ratios. It is meaningful to compare the trans-
fection efficiency to HeLa cells of the present work with previous re-
ported gene carriers. The transfection efficiency using gold nanorods as
a carrier of EGFP DNA was below 20% for HeLa cells [58]. Polyethylene
glycol and polyethylenimine dual-functionalized graphene oxide could
effectively transfect HeLa cells and showed maximum ~33.5% trans-
fection efficiencies at N/P ratio = 10 [59]. Fe@carbon nanoparticles
coated with LP-2000 lipid molecules showed ~75% gene transfection
efficiencies in HeLa cells [60]. So, if the surface characters of HNTs can
be further optimally designed, much higher transfection efficiency
could be expected. Mean fluorescence intensity analyzed by flow cy-
tometry (Fig. 8D) also shows the same trend. PEI-g-HNTs/pDNA com-
plex possesses a higher value than that of PEI/pDNA complex at the
same N/P ratio. With the increase of concentration N/P ratio, the mean
fluorescence intensity of both PEI-g-HNTs/ pDNA complex and PEI/
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Fig. 8. The images of HeLa cells of pDNA loaded PEI and PEI-g-HNTs (N/P ratio = 5, 10, 20, 40) under fluorescence filed (scale bars = 50 um) (A); GFP transfection efficiency (C), mean
fluorescence intensity (D) of PEI/pDNA and PEI-g-HNTs/pDNA complex determined by flow cytometer at 72 h; representative GFP protein expression in HeLa cells treated by PEI/pDNA
and PEI-g-HNTs/pDNA complex determined by simple western immunoblots (B); quantitative analysis of GFP protein expression as the ratio of area of GFP to area of GAPDH from simple
western immunoblots results (E); fluorescent images of HeLa cells transfected with PEI-g-HNTs/pDNA complex (N/P = 20) after 24, 48, 72, and 96 h (F). Data are shown as means + s.d.

(n=4).*%p < 0.05and **,p < 00.01.

PDNA complex increases. Also, the peak value of fluorescence intensity
is found at the N/P ratio of 20, which suggests the ratio is most proper
in the present system. Simple western immunoblots was carried out to
detect GFP protein expression level. As shown in Fig. 8B and Fig. 8E,
PEI/pDNA show less GFP expression at designed N/P ratios because of
its relatively low transfection efficiency than PEI-g-HNTs/ pDNA com-
plexes. Similar to the transfection efficiency results, the GFP protein
expression levels of PEI-g-HNTs/pDNA and PEI/pDNA are higher at the
N/P ratio of 20 than that at other N/P ratios.

Fig. 8F shows the fluorescent images of HeLa cells transfected with
PEI-g-HNTs/pDNA complex (N/P = 20) after 24, 48, 72, and 96 h.
After cells are transfected with complex from 24 to 72 h, more and more
green cells appear. This suggests the sustainable release of pDNA from
the complex occur with the contact time from 24 h to 72 h. The de-
creased green fluorescence at 96 h may be related to the death of the
transfected cells. The pDNA release mechanism from PEI-g-HNTs/pDNA

233

complex is proton sponge effect. When pH decreased from 7 to 5 in the
lysosome, the grafted PEI will protonate and increase its hydrodynamic
volume. This process causes the excessive amount of protons, which
triggers the passive influx of chloride ions into the endosome and re-
sults in osmotic bursting of the endosomes. At the same time, the de-
tachment of the negatively charged DNA from the nanoparticles com-
plexes occurs and then the DNA is transported into the nucleus [61].

All the results indicate that PEI-g-HNTs exhibit good biocompat-
ibility and high transfection efficiency, which shows promising appli-
cation as novel non-viral gene delivery vehicles for gene therapy.
Whether and how the PEI-g-HNTSs work in vivo gene transfection needs
further investigation. Also, the length of the short HNTs should be
further homogenized to increase endocytosis efficiency and decrease
the cytotoxicity, which will be reported in the future studies.
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4. Conclusions

A novel non-viral gene vector based on HNTs for loading and deli-
vering of pDNA has been developed. The ultrasonic treatment was used
to cut the long HNTs into short nanotubes with 71.2% tubes smaller
than 200 nm from DLS data. Then PEI was chemically grafted onto the
HNTs to change the surface potential into positive charges.
Morphological, physical, and chemical characterizations all confirm the
successful grafting of HNTs by PEL The in vitro cytotoxicity assays show
PEI-g-HNTs/pDNA are less toxic to cells than PEI/pDNA, and PEI-g-
HNTs/pDNA show a reasonable blood compatibility. The in vitro
transfection results demonstrate PEI-g-HNTs/pDNA complex exhibits
increased transfection efficiency and fluorescence intensity compares
with PEI/pDNA complex towards 293T and HeLa cells. The transfection
efficiencies of PEI-g-HNTs/pDNA complex towards HeLa cell can reach
to 44.4% at N/P ratio of 20. GFP protein expression levels of PEI-g-
HNTs/pDNA at the N/P ratio of 20 are higher than other N/P ratios. As
PEI-g-HNTs vectors exhibit effective intracellular transporting and high
transfection efficiency with low cytotoxicity, the prepared PEI-g-HNTs
show promising application in gene therapy towards many diseases
such as cancer.
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