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Abstract: In order to further improve the transfection efficiency of hydroxyapatite nanoparticle (HAp), arginine functionalized
hydroxyapatite (HAp/Arg) was synthesized by hydrothermal synthesis. The morphology, crystallite size and zeta potential of the
HAp/Arg were characterized by transmission electron microscopy (TEM), atomic force microscopy (AFM) and zeta potential
analyzer. The loading and protecting properties of HAp/Arg to DNA were tested by electrophoresis. Its cytotoxicity was also
measured in Hela cells and HAEC cells by MTT and LDH, and its transfection efficiency was examined by fluorescence microscope
and flow cytometry. The results reveal that HAp/Arg is short rod-like and nano single crystal, the mean diameter is 50—90 nm and
zeta potential is 35.8 mV at pH 7.4. HAp/Arg to DNA can be condensed by electrostatic effect and protect DNA against degradation
in DNase I, and shows high transfection efficiency without cytotoxicity. These results suggest that HAp/Arg can be a promising

alternative as a novel gene delivery system.
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1 Introduction

Hydroxyapatite [Ca;o(OH),(POy,)s] is an inorganic
compound with composition similar to that of the
mammalian bone and dentin mineral compartment. In
recent years, hydroxyapatite nanoparticles (HAp) have
attracted considerable attention as new candidates of
nonviral vectors for gene therapy due to its excellent
properties: 1) biodegradability and biocompatibility,
2) protection of DNA from degradation, 3) ease of
synthesis and surface modification to strong interaction
with their payload, 4) capability of targeted delivery to
specific organs or cells and 5) other bioactivity such as
inhibition to some cancer cells growth [1—4]. In our
previous studies, HAp can transfer a therapeutic gene
and a reporter gene in vitro and in vivo [5—7]. However,
the relatively low efficiency of gene delivery is one of
major concerns for popularizing the HAp in clinic trials.

Recently, researches have revealed that arginine
with guanidyl group can facilitate the cellular uptake of
covalently conjugated particles, even though the uptake

mechanism is still controversial [8,9]. And our previous
studies also indicated that the hydrophilic arginine with
guanidyl group —(CH,);NHC(NH,)" modified HAp
could enhance gene delivery efficiency [10,11]. Under
the experimental conditions, provided that the pH value
of the reaction fluid is consistently lower than the
isoelectric point 0.76 of arginine, the arginine will have
positive zeta potentials during the whole process.
Positively charged HAp nanoparticles allow higher
extent of internalization, apparently as a result of the
ionic interactions established between positively charged
particles and negatively charged cell membranes [12,13].
Moreover, positively charged nanoparticles were
reported to be able to escape from lysosomes after being
internalized and exhibit perinuclear localization, whereas
the negatively and neutrally charged nanoparticles prefer
to colocalize with lysosomes [14—17].

In this study, the preparation, physicochemical
characterization, and the cytotoxicity of arginine
functionalized HAp prepared via hydrothermal treatment
were introduced. It demonstrated that positively
charged HAp/Arg nanoparticles can improve transfection
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efficiency for non-viral vectors by simply mixing with
the plasmid DNA pEGFP-N; via electrostatic
self-assembly. The transfection efficiency of the
HAp/Arg nanoparticles was evaluated as follows: 1) to
determine if the positively charged HAp can improve the
negatively charged HAp transfection; 2) to compare the
transfection effects of HAp/Arg with lipofectamine 2000
in Hela cell lines.

2 Experimental

2.1 Hydrothermal synthesis

Pure HAp and arginine functionalized HAp were
synthesized according to an established method [18,19].
Typically, a calcium phosphate precipitate was produced
at pH 9.5 and room temperature by the addition of
aqueous ammonium phosphate to a solution containing
calcium nitrate and an amino acid at a Ca>":PO,*": amino
acid (arginine) molar ratio of 3:1:6. After the calcium,
phosphate and terbium solution was stirred evenly, the
solution was transferred into an autoclave. Then the
reaction was continued under the set solution
temperature until completion. At the end of the
experiment, the solids were collected by centrifugation
(10000 r/min) and filtration and then were washed
thoroughly using ethanol and deionized water. The
product was dried overnight at vacuum condition.

2.2 Physicochemical characterization

HAp/Arg nanoparticle samples were characterized
by a transmission electron microscope (TEM, JEOL,
Japan) to analyze the nanoparticle crystalline appearance
and particle size. The zeta potential of HAp nanoparticles
both with and without arginine functionalization was
measured with a Zetasizer 3000HSa (lasetHeeNe (633
nm)) from Malvern Instruments. Complexes between
HAp/Arg and DNA were prepared in distilled water by
gently mixing pEGFP-N, (0.1 pg) with HAp solution at
different N/P ratios. The DNA condensation ability of
the HAp/Arg copolymer was confirmed by
electrophoresis. The protection and release of DNA in
complexes were measured by electrophoresis, too. The
morphology and microstructure of HAp/Arg and
HAp/Arg-DNA complexes were observed by atomic
force microscopy (AFM, PICOPLUS, USA). Prior to the
experiments, the solution was diluted in an aqueous
solution containing 0.01 mol/L NaCl and adjusted to the
desired pH.

2.3 Cell line and cell culture

During this study, the Hela cells (Human cervical
carcinoma cell line) and HAEC cells (Human Aortic
Endothelial Cells) were cultured in Dulbecco’s Modified
Eagle medium (DMEM) with the addition of 10% fetal

bovine serum (FBS), 100 U/mL penicillin, and 100
pg/mL streptomycin. The cells were maintained in a
humidified incubator set to 37 °C under 5% CO,
atmosphere. Upon 80%—90% confluency, the cells were
passaged every 3 or 4 d. To passage cells, the cell culture
flasks were washed with phosphate-buffered saline three
times and trypsin was added to detach cells from the
bottom of the flasks.

2.4 MTT assay

The effect of concentration of HAp/Arg on
cytotoxicity evaluation in Hela cells and HUVEC cells
was studied using MTT colorimetric assay. In brief, both
cell lines (Hela and HAEC) at a density of 10° cell/well
were seeded in 96-well plates and were cultured for 24 h
at 37 °C in a 5% CO, incubator. Four different
concentrations of HAp/Arg nanoparticles in the medium
(0, 20, 100, 200 pg/mL) were added to the wells. After
the cells were exposed to HAp/Arg nanoparticles for 4,
24, 48, or 72 h, respectively, 10 pL of MTT reagent was
added to each well and was further incubated for 4 h.
Formazan crystals formed after 4 h in each well were
dissolved in 150 pL of detergent and the plates were read
immediately in a microplate reader (BIO-RAD
microplate Reader—550) at 570 nm. The protocol of this
assay followed manufacturer’s instructions. Untreated
Hela and HUVEC cells were taken as controls with
100% viability. The cell viability percent was calculated
by using the following relation: Cellular viability=OD
treated cells/OD control cells x100.

2.5 LDH assay

Quantitative cytotoxicity/cytolysis was assayed
using a cytoplasm enzyme lactate dehydrogenase (LDH)
cytotoxicity detection kit (Sigma Aldrich). This assay
was based on the measurement of the release of LDH
from damaged cells into the supernatant. LDH activity
was determined in an enzymatic test as kit Manual. Cells
(Hela and HAEC) cultured in a flat-bottomed 96-well
polystyrene coated plate were treated with increasing
concentrations of HAp/Arg nanoparticles (0, 20, 100,
200 pg/mL). After the cells were exposed to HAp/Arg
nanoparticles for 4, 24, 48, or 72 h, respectively, culture
supernatant was collected and incubated with reaction
mixture. The LDH catalyzed conversion results in the
reduction of the tetrazolium salt to formazan, which can
be read at about 500 nm absorbance. These data were
measured in LDH activity as a percentage of the control.
Any significant increase in LDH levels would indicate
cellular disruption or death due to the treatment.

2.6 In vitro transfection assays
The transfection efficiency of the DNA plasmid
pEGFP-N; was evaluated in Hela cells. According to the
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optimum binding mass ratio of DNA to nanoparticles as
above, HAp/Arg-DNA complexes were prepared. In
short, the DNA plasmid pEGFP-N; was diluted in
serum-free DMEM medium to get a final concentration
of 1 pg/mL. 200 pL diluted DNA solution was added to
1 uL HAp/Arg solution (1 pg/pulL) and was mixed
immediately by vigorous pipetting, and then was
incubated for 30 min at room temperature to form
HAp/Arg-DNA complexes. 8 h prior to transfection,
Hela cells were seeded at a density of 2x10° cell/well in
12-well plates. The cells were grown as adherent cultures
in a humidified atmosphere at 37 °C and 5% CO, in
DMEM medium containing 10% fetal bovine serum, and
grown to 70%—80% confluence. And then the cells were
washed twice with phosphate-buffered saline and the
medium was replaced with fresh serum-free medium.
The freshly prepared 200 pL/well HAp/Arg-DNA
complex solutions were added to the 12-well cell culture
plate. After mixing, the cells were incubated for a further
6 h at 37 °C and 5% CO,, and then the medium was
removed and replaced with fresh serum-containing
medium. Meanwhile, the DNA pEGFP-N; plasmid
liposomes were prepared and to transfect Hela cells as a
control. After 48 h post-transfection, the cells were
rinsed with phosphate-buffered saline, and examined by
the fluorescence microscope and flow cytometry to
determine the green fluorescence protein (GPF)
expression.

2.7 Statistical analysis

All of the measurements were performed in
triplicate. Data were presented as the mean + standard
deviation. A one-way analysis of variance (ANOVA)
(SPSS13.0) test was performed to determine significant
differences among treatment groups. P<0.05 was
considered to be statistically significant.

3 Results and discussion

3.1 Characterization of HAp/Arg

HAp/Arg prepared by hydrothermal synthesis has
hexagonal and monoclinic structures, and has the
preferential growth habit with rod-like and needle-like
morphology  during the synthesis process. A
representative TEM image of HAp with superficial
modification with arginine is shown in Fig. 1(a).
HAp/Arg appears to be rod-like or needle-like shape with
one-dimensional (1D) size of 50—100 nm with an
average value (mean£=SD) of 73.09+£27.32 nm and with
excellent dispersivity even over two weeks at 4 °C.
Figure 1(b) shows electron diffraction pattern of
HAp/Arg corresponding to the selected area in Fig. 1(a).
The diffraction pattern of rectangular area in TEM image
of HAp/Arg also showed that the single hydroxyapatite

(a)

5 I/nm

Fig. 1 TEM image (a) and SAED pattern (b) of HAp/Arg

particle synthesized was short rod-like and nano single
crystal.

Zeta potential measurement (Table 1) showed that
the unmodified HAps were shorter than the modified
ones in average sizes. And it showed that the unmodified
HAp was negatively charged at pH 7.4, whereas all of
arginine modified HAps were positively charged at this
pH value. Such results illustrated that cationic aminated
functional groups of arginine could increase the zeta
potential value of HAp, as a result of absorption of
amino acid residue on the HAp surface. To confirm this
opinion, arginine was extracted from HAP aqueous
solution and titrated to further analyze how hydrothermal
crystalline behavior of HAp is affected by arginine as
well as the underlying mechanism of surface electronic
charge status of HAp. The data are consistent with a
binding model in which the amino acid a-carboxylate
is preferentially bound to the HAp crystal such that the

Table 1 Particle sizes and zeta potential of nanoparticles tested
at pH=7.4 (n=5)

Particle Size/nm Zeta potential/mV
Pure Hap 50+6.1 —13.0+£3.0
HAp/Arg 79+12 35.8+2.8

HAp/Arg-DNA 101£15 9.0+4.1
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positively charged amino groups exposed at the
crystal/solvent interface dominate the surface charge
unless compensated by an additional side chain
carboxylate [20,21].

It’s known that hydrophilic and negatively charged
DNA molecules prevent them from entering the cell
membrane. Therefore, to conceal the net negative charge
of DNA, condensation of DNA molecules with cationic
HAp/Arg is prerequisite for HAp/Arg-DNA complexes
binding to and transpassing the cell membrane. The
capability of complex formation between HAp/Arg and
DNA was observed by the retardation of the DNA in gel
electrophoresis, as shown in Fig. 2. In addition, HAp/Arg
protected DNA against degradation by forming
HAp/Arg-DNA complex, whereas the naked DNA was
completely degraded by the enzyme DNase I (Fig. 3). As

Fig. 2 Representative agarose gel electrophoresis result of
HAp/Arg-DNA complexes (pEGFP-N| control) at different N/P
ratios: (1) DNA marker; (2) DNA; (3—6) N/P ratios of 5, 10, 15
and 20, respectively

Fig. 3 Protection and release assay of DNA (DNA was released
by adding 1% SDS to HAp/Arg-DNA complexes at N/P ratio of
20): (1) DNA marker; (2) Plasmid DNA (pEGFP-N; control);
(3) HAp/Arg-DNA complexes treated without DNase I; (4,5)
Plasmid DNA treated with DNase I[; (6) HAp/Arg-DNA
complexes treated with SDS

shown in Fig. 4, AFM analysis further showed that the
naked DNA was irregular and incompact shape (size of
about 800 nm), but the complexes were spherical and
compact shape (size of about 100 nm). Such results
indicated that the size of HAp/Arg-DNA complexes
decreased because of the condensation between negative
DNA and cationic HAp/Arg.

Fig. 4 AFM images of naked DNA at PBS buffer (0.2 umx
0.2 pm) (a) and HAp/Arg-DNA complexes with N/P ratio of 20
(2 pm>2 pm) (b)

3.2 Effect of HAp/Arg on cell

cytotoxicity

Cell viability and cytotoxicity are also important
parameters for evaluating biocompability of gene carrier
that can ensure biosafety during clinical trials, therefore
the MTT assay and the LDH leakage assay were
performed. The MTT assay is a cell viability assay often
used to determine cytotoxicity following exposure to
toxic substances. MTT (3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide) is a water soluble
tetrazolium salt, which is converted to an insoluble
purple formazan by cleavage of the tetrazolium ring by
succinate dehydrogenase within the mitochondria. The
formazan product is impermeable to the cell membranes
and therefore it accumulates in healthy cells.

The effects of varying concentration of HAp/Arg

viability and
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and exposure time on cell viability were evaluated using
a model cancer cell line (Hela cells) and a model normal
cell line (HAEC cells). The results indicated that
HAp/Arg did not affect cell viability or exert detectable
cytotoxicity in the context of changes of concentration
and exposure time. The cells exposed to nanoparticles
survived well similar to the controls (Fig. 5), even at the
highest 200 pg/mL concentration, suggesting that
biocompatible HAp/Arg is a remarkably safe gene
transporter system.

The MTT assay is mainly based on the enzymatic
conversion of MTT in the mitochondria whereas the
LDH leakage assay is based on the release of the enzyme
into the culture medium after cell membrane damage.
Lactate dehydrogenase is of medical significance and is
found extensively in body tissues, such as blood cells
and heart muscle. The loss of intracellular LDH and its
release into the culture medium are an indicator of
irreversible cell death due to cell membrane damage.
Reliability, speed and simple evaluation are some of the
characteristics of this assay [22].

In this work, we evaluated the level of extracellular
LDH released from damaged cells for evaluating the
cytotoxicity of HAp/Arg. Tables 2 and 3 show the LDH
released effect of different concentrations of HAp/Arg
nanoparticles in the Hela and HAEC cells during the
exposure time of 4—72 h. The results show that there is
no significant difference for LDH concentration between
each test group and control. As shown, in Hela and
HAEC cells no any cytotoxicity following exposure to
HAp/Arg is observed when the LDH leakage assay is
employed.

3.3 Transfection efficiency of HAp/Arg in vitro
To a certain extent, surface modification can
dramatically change some properties of nanoparticles,
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Fig. 5 Effects of concentration of HAp/Arg nanoparticles and
exposure time on Hela (a) and HAEC (b) cell viability (There is
no statistically significant difference between test groups and
control groups, P>0.05)

such as hydrophilicity or hydrophobicity, surface
charge. What’s more, it can realize other new functions
including targeting, membrane permeability, long-
circulation in vivo, and so on. In order to enable the
direct use of nanoparticles in biomedical applications,

Table 2 Effect of HAp/Arg nanoparticles on LDH concentration (U/L) in Hela cells (n=6)

Concentration of

LDH concentration/(U-L™")

Group -1
HAp/Arg/(ugmL ) 24 h 48 h 72 h
Control 0 23.67+0.29 50.39+0.98 62.71+£1.21 73.68+1.53
Low dose 25 24.09£1.53 51.60+0.44 62.67+0.50 74.17£3.01
Medium dose 50 25.27+0.18 52.62+0.31 64.79+2.51 73.42+2.18
High dose 200 24.98+0.35 53.07+0.68 64.09+2.11 73.97+2.03

Compared with group control, P>0.05

Table 3 Effect of HAp/Arg nanoparticles on LDH concentration (U/L) in HAEC cells (n=6)

Concentration of

LDH concentration/(U-L™")

Group

HAp/Arg/(ug'mL™") 4h 24h 48 h 72h
Control 0 32.17+1.37 59.07+0.55 67.29+1.33 77.68+3.08
Low dose 25 33.64+0.48 58.79+0.84 68.07+0.19 78.1442.33
Medium dose 50 32.39+2.59 58.92+0.56 67.28+1.41 79.01+1.98
High dose 200 35.31+1.08 59.17+1.78 69.61+2.88 79.37+2.14

Compared with group control, P>0.05
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the nanoparticles have been further functionalized by
conjugating them with functional groups. These groups
such as endothelial growth factors (EGF), Arg-Gly-Asp
(RGD), folic acid, transferring, permit specific
recognition of cell types and target the nanoparticles to a
specific tissue or cell type by binding to a cell surface
receptor. Although some above mentioned functionalities
have been utilized in the gene carrier research, the
transfection efficiency of nanoparticles is still
unsatisfied [23,24].

In this study, arginine functionalized HAp can bind
plasmid pEGFP-N,; efficiently and form compact
HAp/Arg-DNA complex. To test the transfection
efficiency of the HAp/Arg nanoparticles, the Hela cells
were treated with the plasmid pEGFP-N; and
nanoparticles for 48 h and then analyzed by microscope
to determine the transfection efficiency. Meanwhile, the
plasmid pEGFP-N; transfection was carried out using
lipofectamine 2000 as positive control according to the
manufacturer’s protocol. Non-transfected cells were used
as negative control of fluorescence expression. After 48 h
incubation, high transfection efficiencies were achieved
with both the nanoparticles (approximately 45%
of cells expressed GFP fluorescence, Fig. 6(b)) and
lipofectamine 2000 approaches (approximately 50%,
Fig. 6(a)), indicating that the HAp/Arg nanoparticle is
just as efficient as a carrier for DNA delivery as
lipofectamine 2000. In addition, in order to increase the

transfection efficiency, multiple conditions were
modified, including DNA plasmid concentration,
HAp/Arg solution volume, cellular density, and

incubation time; however, neither of the transfection
conditions increased the transfection percentage beyond
50% (data not shown). However, little fluorescence
(below 10%) could not be observed in the Hela cells
transfected by pure HAp/DNA complex (Fig. 6(c)).
Actually, in recent years much more interest has
been concentrated on arginine functionalized non-viral
delivery system, such as lipidosome, chitosan [25-27].
The studies found that its transfection efficiency was
increased drastically after being arginine modified, and at
the same time, its cytotoxicity of the gene carrier itself
can be reduced, too. Therefore, this study shows that
arginine functionalizing HAp nanoparticles can
effectively increase the HAp nanoparticles mediated
transfection efficiency of plasmid DNA, which is
consistent with the literature reported arginine role.

4 Conclusions

1) Arginine functionalized HAp samples were
successfully synthesized via hydrothermal method. All
test samples were found to be short rod and nano single
crystal particles. The average sizes of HAp/Arg powders

Fig. 6 Fluorescence characteristic in Hela cells transfected by
cationic liposome (a), HAp/Arg-DNA complex (b) and pure
HAp/DNA complex (c)

are in the range of 50—90 nm, and their zeta potential is
about 35.8 mV at pH 7.4.

2) The synthesized HAp/Arg had excellent
physicochemical properties. HAp/Arg-DNA complex
can be formed by electrostatic self-assembly. The formed
complex is compact with size of approximately 101 nm
and slight positive surface charge (around +9.0 mV).
MTT and LDH study revealed that HAp/Arg had
promising biocompatibility.

3) In vitro transfection assay results showed that
HAp/Arg can protect DNA against degradation in DNase
I and have high transfection efficiency in Hela cells. It
suggests that the HAp/Arg nanoparticles can be a
promising alternative as a novel gene delivery system.
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FEOIRFE R Guim k. SR HI% 10 HAp/Arg RiAREIYA), BRI, R4 50~90 nm; 7F pH=7.4 B,
HAp/Arg MR TFHATIIME R 35.8 mV, 1 HZE DNA § N4 TE B HAp/Arg-DNA S5, [ 6454511
DNA 0 5 (AR5 1 F R Yeid vk, IR TE B tE . R 2 REB HAE 1) HAp w A — P Rk R 45 5 384k
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