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Gene therapy through intracellular delivery of a functional gene or a gene-silencing element is a promising
approach to treat critical diseases. Elucidation of the genetic basis of human diseases with complete
sequencing of human genome revealed many vital genes as possible targets in gene therapy programs. RNA
interference (RNAi), a powerful tool in functional genomics to selectively silence messenger RNA (mRNA)
expression, can be harnessed to rapidly develop novel drugs against any disease target. The ability of
synthetic small interfering RNA (siRNA) to effectively silence genes in vitro and in vivo, has made them
particularly well suited as a drug therapeutic. However, since naked siRNA is unable to passively diffuse
through cellular membranes, delivery of siRNA remains the major hurdle to fully exploit the potential of
siRNA technology. Here pH-sensitive carbonate apatite has been developed to efficiently deliver siRNA into
the mammalian cells by virtue of its high affinity interactions with the siRNA and the desirable size of the
resulting siRNA/apatite complex for effective cellular endocytosis. Moreover, following internalization by
cells, siRNA was found to be escaped from the endosomes in a time-dependent manner and finally, more
efficiently silenced reporter genes at a low dose than commercially available lipofectamine. Knockdown of
cyclin B1 gene with only 10 nM of siRNA delivered by carbonate apatite resulted in the significant death of
cancer cells, suggesting that the new method of siRNA delivery is highly promising for pre-clinical and
clinical cancer therapy.
medium; DLS, dynamic light
P, green fluorescence protein;
hRNA, short hairpin RNA.
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1. Introduction

Genes encode proteins through messenger RNA (mRNA) to carry
out the major functions of a biological system and a disorder either
acquired or genetic is usually associated with the suppression or the
overexpression of certain genes. Regulation of the gene expression
particularly through the delivery of exogenous gene(s) or gene-
silencing element(s) could assist in restoring the regular physiological
functions for treatment of a genetic or an acquired disease. RNA
interference (RNAi) being one of themechanisms to selectively silence
mRNA expression can be harnessed to rapidly develop novel drugs
against target genes [1–6]. There are two basic ways of implementing
RNAi for selective gene inhibition: 1) cytoplasmic delivery of short
interfering RNA (siRNA) and 2) nuclear delivery of gene expression
plasmid to express a short hairpin RNA (shRNA) [7]. Silencing by
synthetic siRNA, an RNA duplex of 21–23 nucleotides, is more
advantageous than shRNA partly due to the difficulty of constructing
shRNA expression systems prior to the selection and verification of the
active sequences [7] and the requirement of the expression system to
cross the nuclear membrane for shRNA expression [8]. The ability of
siRNA to potently, but reversibly, silence genes in vivo has made them
a highly promising drug therapeutic with several different clinical
trials ongoing and more poised to enter the clinic in the future [2,5].
However, due to the strong anionic phosphate backbone with
consequential electrostatic repulsion from the anionic cell membrane,
siRNA is unable to passively diffuse across the membrane [9]. For the
intracellular delivery of siRNA, both viral or non-viral vectors have
been investigated. Although the viral vectors are highly efficient, they
are limited to shRNA delivery and remain highly immunogenic and
carcinogenic. On the other hand, the non-viral systems are promising
alternatives for siRNA delivery since they are relatively safe and cost-
effective. Being usually polycationic, they are able to form complexes
with anionic nucleic acid, protecting it from nuclease attack and
facilitating cellular uptake through electrostatic interactions with
negatively charged plasmamembrane or through specific interactions
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between the ligand attached to the complex and the receptor on cell
membrane [8]. Among the non-viral vectors, both polyplexes as well
as lipoplexes have been found efficient for siRNA delivery with
significant gene-silencing effect both in vitro and in vivo [10–38].
However, synthetic non-viral systems are inefficient and an increase in
performance is often associated with an increase in cytotoxicity [39].
The major obstacle for siRNA delivery in the non-viral route is the
degradation of a significant portion of the internalized siRNA by
lysosomal nucleases [40]. The endosomal escape of siRNA is, therefore,
a crucial step in successful gene silencing.

We have recently developed an efficient delivery system based on
some fascinating properties of carbonate apatite-ability of preventing
crystal growth for generation of nanoscale particles as needed for
efficient endocytosis and fast dissolution kinetics in endosomal acidic
compartments to facilitate the release of delivered therapeutics from
the particles and endosomes [41–50]. Here, we show that pH-sensitive
carbonate apatite particles havinghigh affinity interactionswith siRNAs,
mediate efficient endocytosis and subsequent endosomal escape of
the siRNAs, leading to the silencing of reporter gene expression more
effectively than commercially available lipofectamine. Moreover, nano-
particle-assisted delivery of validated siRNA against cyclin B1 results in
significant inhibition of cancer cell growth.

2. Materials and methods

2.1. Reagents

Plasmid pGL3 (Promega) containing a luciferase gene under SV40
promoter and pEGFP-N2 (CLONTECH Laboratories, Inc.) containing
green fluorescence protein gene under CMV were propagated in the
bacterial strain XL-1 Blue (as described in Molecular Cloning) and
purified by QIAGEN plasmid kits. LysoTracker™ Red DND-99, MTT (3-
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) and
DMEM were purchased from Molecular Probes, Sigma and Gibco BRL,
respectively. The lipofectamine 2000 transfection reagent was obtained
from Invitrogen™ corporation, California, USA. Luciferase GL3 siRNA
(Target sequence 5′-AACTTACGCTGAGTACTTCGA-3′ ), GFP-22 siRNA
(Target sequence 5′-CGGCAAGCTGACCCTGAAGTTCAT-3′), siRNA
against cyclin B1 (Target sequence 5′-AACACTTATACTAAGCACCAA-3′)
and all Stars Neg. siRNA Fluorescein were purchased from QIAGEN.
siRNAs were delivered in the lyophilized form and upon delivery the
siRNAs were diluted to obtain a 20 μM solution using RNAse-free water
provided by Qiagen. The siRNA solutionwas then allocated intomultiple
reaction tubes for storage as repeated thawing might affect siRNA's
silencing efficiency. The siRNAswere stored at−20 °C as recommended
by Qiagen.

2.2. Cell culture

HeLa cells were cultured in 75-cm2
flasks in Dulbecco's modified

Eagle's medium (DMEM, Gibco BRL) supplemented with 10% fetal
bovine serum (FBS), 50 μg penicillin ml–1, 50 μg streptomycin ml–1
and 100 μg neomycin ml–1 at 37 °C in a humidified 5% CO2-containing
atmosphere.

2.3. Formation of siRNA/carbonate apatite particles and transfection of
cells

Cells fromtheexponentially growthphasewere seededat 50,000 cells
per well into 24-well plates the day before transfection. 3–6 μl of 1 M
CaCl2 was mixed with 100 pM–100 nM of siRNA in 1 ml of fresh serum-
free HCO3

− (44 mM)-buffered DMEM medium (pH 7.5), followed by
incubation at 37 °C for 30 min for complete generation of siRNA/
carbonate apatite particles. Medium with generated siRNA-containing
particles was addedwith 10% FBS to the rinsed cells. After 4 h incubation,
the mediumwas generally replaced with serum-supplemented medium
and the cells were cultured up to 24–72 h depending on the assay. In
some experiments, siRNA/apatite particles were continuously incubated
with the cells for 48 h. siRNA/lipofectamine formulation and transfection
were done according to the procedure provided by Invitrogen.
2.4. Particle size measurements

Thedistribution of particle sizewasmeasured using FPAR-1000fiber-
optics particle analyzer (Otsuka Electronics, Osaka, Japan) equippedwith
a 660 nm diode laser. The measurement was carried out by a scattering
angle of 90° at 25 °C. The size distribution was obtained by CONTIN
method.
2.5. Observation of siRNA/apatite complexes with transmission electron
microscope (TEM)

siRNA/apatite complexes preparedwith 100 nMof siRNA and 5 mM
of CaCl2were observedunderH-7500 transmission electronmicroscope
(Hitachi, Tokyo, Japan) at an acceleration voltage of 80 kV. After loading
of the particles on the copper grid with collodion membrane, the grid
was dried in the air.
2.6. Determination of siRNA loading efficiency

The amount of fluorescein-labeled siRNA adsorbed onto apatite
nanoparticles was determined from the fluorescence intensity of
the pellet obtained after centrifugation of siRNA/apatite complexes.
Following generation of siRNA/apatite particles as described above,
using 5 mM Ca2+ and 1–200 nM of fluorescein siRNA and centrifuga-
tion at 15,000 rpm for 3 min, the resulting pellet was washed 3 times
with the same medium and dissolved in 100 μl of 10 mM EDTA-PBS.
The whole dissolved particle solution was taken to an assay plate and
quantified for the fluorescence intensity by a fluorescence microplate
reader. Free fluorescein-labeled siRNA (1 pM to 200 nM) in PBS was
quantified and plotted to make the calibration curve. siRNA loading
was quantified with the help of the calibration curve.
2.7. Estimation of the dissolution of carbonate apatite particles in acidic
solution

200 ml of siRNA/apatite complex suspension was prepared from
DMEM containing 100 nM of fluorescein-labeled siRNA and 6 mM of
exogenously added CaCl2. The pH of the suspension was decreased by
adding 1 N HCl and 1 ml of the suspension at each pH was taken.
Optical density at 320 nm of the collected sample was measured with
SmartSpec™ 3000 spectrophotometer (Bio-Rad).
2.8. Cellular uptake and intracellular siRNA measurement in HeLa cell
line

siRNA/apatite and siRNA/lipfectamine 2000 particles were pre-
pared in the presence of florescein siRNA (100 nM) and were added
onto the HeLa cells with or without (in case of Lipofectamine 2000)
10% serum and kept for 4 h in the incubator for cellular internalization.
Extracellular particles were removed by EDTA prior to observation of
the cells by a fluorescence microscope (Olympus-IX71). For quantita-
tive analysis, HeLa cells were lysed using the lysis buffer (NP40)
following 4 h incubation of siRNA/apatite and siRNA/lipofectamine
2000 particle suspensions with the cells and the intracellular
fluorescein intensity was determined using a microplate reader (DTX
880, Multimode Detector by BECKMAN COULTER). Controls were the
intensities for the delivery of free fluorescein siRNA and the cells
without any particle.



Fig. 1. Binding affinity of siRNA to apatite particles. Particles were prepared by addition of
different concentrations offluorescein siRNAs (1–200 nM) and 5 mMCa 2+ to bicarbonate
(44 mM)-buffered DMEM medium (pH-7.5), followed by incubation at 37 °C for 30 min.
The generatedparticleswere centrifuged at 15,000 rpm for 10 min and the resulting pellet
waswashedwith the samemedium. Following dissolutionof thepelletwith10 mMEDTA-
PBS in 100 μl, the total volumeof thedissolvedparticle solutionwas taken to an assay plate
to quantify theflorescence intensity by a spectrophotometer. Thefluorescence intensity of
free fluorescein siRNA (1 nM to 200 nM) in PBS was quantified and plotted to make the
calibration curve for subsequent quantitation of siRNA loading into the particles.
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2.9. Intracellular localization of siRNAs with apatite nanoparticles

For confocal microscopic analysis of intracellular localization of
siRNA, HeLa cells were seeded at 15,000 cells per cm2 on 0.1% (w/v)
collagen-coated glass coverslips (24×24 mm) on the day before
intracellular delivery. Fluorescein siRNA/apatite nanoparticles were
added onto HeLa cells in the same manner as mentioned above. After
adding into the cells and removal of residual complexes at 1, 2 or 4 h,
Fig. 2. Morphology and size determination of siRNA/apatite complexes by (A, B) dynamic li
formed by mixing 5 mM Ca 2+ in DMEM along with 100 nM of siRNA, followed by incubati
endosomes and lysosomeswere stainedwith LysoTracker™ Red DND-
99 (Molecular Probes) according to the manufacturer's protocol and
the cells were fixed with formaldehyde solution. Additionally, nuclei
were stained with 4′, 6-diamino-2-phenylindole (DAPI) and observed
with A1 confocal laser scanning microscope (Nikon, Tokyo, Japan).
2.10. Gene silencing

HeLa cells expressing GFP and luciferase were generated by
transfection with plasmid DNA encoding GFP and luciferase using the
apatite and the lipofectamine 2000 according to the manufacturer's
instructions. Briefly, cells were seeded on a 24-well tissue culture
plate at a density of 0.5×105 cells per well and incubated overnight in
DMEM. On the day of transfection, the medium was removed and
replaced with fresh media without serum. Apatite/luciferase plasmid
or lipofectamine/luciferase plasmid complexes were added onto the
cells in eachwell and incubated for 4 h. Mediawere then removed and
the cells were washed with PBS, followed by replenishing fresh media
containing serum. The cells were incubated for 24 h at 37 °C under
CO2 atmosphere. In the next day, 1 ml of apatite or lipofectamine
suspensions prepared with 10–100 nM of luciferase siRNA (as
described before) were added to each well and incubated at 37 °C
under a 5% CO2 atmosphere for 24 h. Luciferase gene expression was
monitored by using a commercial kit (Promega) and photon counting
(TD-20/20 Luminometer, USA). Each transfection experiment was
done in triplicate and transfection efficiency was expressed as mean
light units per mg of cell protein.
ght scattering and (C) transmission electron microscopy. Apatite-siRNA particles were
on at 37 °C for 30 min and addition of FBS (10%). Scale bar, 500 nm.

image of Fig.�1
image of Fig.�2
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In case of GFP plasmid cotransfection, 2 μg of plasmid DNA and
100 pM–100 nM of GFP siRNA were used to prepare the DNA/siRNA
complexes of apatite and lipofectamine, that were subsequently
added onto the cells with either 10% FBS (for apatite complexes) or no
FBS (for lipofectamine complexes) for 4 h incubation. The media was
replaced by fresh DMEM with 10% FBS and incubated for 72 h.

In case of HeLa cells stably expressing GFP, the apatite/GFP siRNA
or the lipofectamine/GFP siRNA particle suspensions produced in the
same way as described above, were added to the cells and incubated
for 72 h. The cells were lysed using the lysis buffer (NP40) and the
intracellular fluorescein intensity was determined using a microplate
reader (DTX 880, Multimode Detector by BECKMAN COULTER). In
case of cyclin B1 siRNA delivery, apatite nanoparticles with cyclin B1
siRNA were incubated with HeLa cells continuously for 48 h and the
cellular toxicity level was assessed by 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay.

2.11. Cell viability assessment with MTT assay

Following incubation of siRNA/apatite or siRNA/lipofectamine
complexes either with stable GFP clone of HeLa for 72 h or in
cotransfection conditions for 4 h at first and after removal of the
complexes, incubation of HeLa cells for another 72 h, 30 μl of MTT
solution (5 mg/ml) was added to each well and incubated for 4 h at
37 °C. 0.5 ml of DMSO was added after removal of media. After
resolving crystals and incubating for 5 min at 37 °C, absorbance was
measured in a micro plate reader at 570 nm with a reference
wavelength of 630 nm. Cell viabilities were normalized to the
absorbance of non-treated cells. MTT assay was also performed in a
similar way after 48 h consecutive incubation of HeLa cells with cyclin
B1 siRNA/apatite complexes.

3. Results and discussion

3.1. Assessment of binding affinity of siRNA to carbonate apatite

Since siRNA is negatively charged due to its phosphate backbone
while the carbonate apatite particles are positively charged due to the
presence of calcium ions in the apatite structure, it was presumed that
siRNAwould bind to the apatite by ionic interactions. To estimate how
much of the initially added siRNAs were actually associated with the
apatite, the particles prepared with different concentrations of
fluorescein siRNA (1 to 200 nM) were centrifuged and the resulting
pellet was washed with the same medium and dissolved with 10 mM
EDTA-PBS for quantification of the florescence intensity by a spec-
trophotometer. The fluorescence intensity of free fluorescein siRNA
(1 nM to 200 nM) in PBS was quantified and plotted to make the
calibration curve for subsequent quantitation of siRNA loading into the
particles. As shown in Fig. 1, the binding affinity of siRNA to the apatite
particles is increased almost proportionately with increasing concen-
Fig. 3.Optical density of the suspension of carbonate apatite particles and siRNA/apatite
complexes against pH value.
trations of the available siRNA (1 to 100 nM) in the medium. A
maximum binding of 50% was achieved when the initial siRNA
concentration was 100 nM. No further increase in the % of siRNA
binding was observed by increasing siRNA concentration to 200 nM,
suggesting that the anion-binding sites (Ca2+-rich domains) are
saturated by complexation with siRNA molecules.
3.2. Size determination of apatite-siRNA complexes by dynamic light
scattering

The size of siRNA/apatite complex is important as it affects its
cellular uptake through endocytosis. Endocytosis of a large complex is
usually less efficient than that of a small one [47]. Therefore, the size
distribution of siRNA/apatite complexes wasmeasured using dynamic
light scattering (DLS). The average diameter of the particles was
estimated at 274.6 nm. As shown in Fig. 2A and B, the relatively small-
Fig. 4. Cellular uptake and intracellular siRNA measurement in HeLa cell line (A) siRNA/
apatite particles were prepared (as described in the legend to Fig. 2) in the presence of
fluorescein siRNA (100 nM) and added onto the HeLa cells in the presence of 10%
serum-supplemented and serum deprived medium in case of siRNA/apatite and siRNA/
lipofetamine 2000 respectively. The cells with the particles were incubated for 4 h for
cellular internalization. Extracellular particles were removed by EDTA prior to
observation of the cells by a fluorescence microscope. Pictures in the first column
and those in the second column were taken under visible and fluorescent light,
respectively. Scale bar, 200 μm. (B) HeLa cells were transfected in the same with
fluorescein siRNA as described above and extracellular particles were removed by EDTA
prior to cell lysis and detection of fluorescein intensity in a microplate reader. Control
was the intensity for the delivery of free fluorescein siRNA to the cell (without any
particle). Data represent mean value±SE (n=3).

image of Fig.�3
image of Fig.�4
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size particles constitute themajority of the total particles and accounts
for the maximum amount of the whole particle weight. This suggests
that the majority of the siRNA/apatite complexes would be able to be
efficiently endocytosed by cells [47]. Themorphological observation of
siRNA/apatite complexes by transmission electron microscopy (TEM)
revealed that the particles are compact and spherical shapes with
particle sizes being less than 300 nm (Fig. 2C).

3.3. Dissolution study of apatite-siRNA complexes in acidic condition

Following cellular uptake of siRNA/apatite complexes, the release
of the siRNA from the apatite carrier is essentially required for binding
with specific mRNA in cytoplasm for the silencing purpose. Particles
that can rapidly be dissolved in endosomal acidic pH should be
capable of releasing associated siRNA following endocytosis. Fig. 3
shows the optical density of siRNA/apatite complexes and apatite
particles themselves as an indicator of particle existence with lower
turbidity indicating higher dissolution due to the existence of fewer
no. of particles. These results indicate that the optical density of
siRNA/apatite complexes and apatite themselves rapidly decreased
with a decrease of pH, suggesting that the siRNA/apatite complexes
were almost completely dissolved in the condition below pH 7.0,
which might contribute to the destabilization of endosomes following
endocytosis of siRNA/apatite complexes, resulting in the release of
siRNA to the cytoplasm [45–47].

3.4. Cellular uptake and intracellular siRNA measurement in HeLa cell
line

To investigate whether the siRNA/apatite complexes could effec-
tively be internalized by cells, 100 nMof thefluorescein siRNAwas used
Fig. 5. Endosomal escape of fluorescein siRNAs following endocytosis by apatite particles.
described in the legend to Fig. 2) for 1 to 4 h. After the delivery and removal of residual comp
with LysoTracker™ Red DND-99 and nuclei were stained with DAPI. The cells were observe
to separately prepare siRNA/apatite and siRNA/lipofectamine com-
plexes which were subsequently incubated with HeLa cells. Following
4 h incubation and removal of the extracellular particles by EDTA,
cellular fluorescence was observed by a fluorescence microscope. For
quantitative assay, cells were lysed after 4 h incubation and the
fluorescence intensity of the cell lysate was estimated by a plate reader.
As shown in Fig. 4A,while labelled siRNAuptake by the cellswas low for
commonly used lipofectamine, carbonate apatite particles enhanced
cellular siRNA delivery to a significant extent probably due to the strong
affinity of siRNA to the apatite particles and the small sizes of the
resulting complexes leading to the efficient endocytosis. The quantita-
tive assay indicates that cellular uptake of siRNA is at least 3 times
more efficient for carbonate apatite than for the liposome formulation
(Fig. 4B).

3.5. Endosomal escapes of siRNA carried by apatite nanoparticles

Efficient delivery of siRNA to the cytosol of target cells depends on
both the translocation of the non-viral vectors through the plasma
membrane and their subsequent escape from endosomal/lysosomal
compartments [51,52]. Endocytosis, the vesicularuptake of extracellular
macromolecules, has been established as the main mechanism for
the internalization of non-viral vectors into the cells [53–55]. However,
after endocytosis, the internalized molecules tend to be trapped in
intracellular vesicles and eventually fusewith lysosomeswhere they are
degraded [56]. It is, therefore, important for a delivery system to avoid
the fate of lysosomal degradation by facilitating release of the
internalized siRNA into the cytoplasm. A confocal microscopic analysis
was performed on HeLa cells after the delivery of fluorescein siRNA/
apatite complexes and observed the cellular localization of siRNA in
a time-dependent manner from 1 to 4 h. Endosomes/lysosomes were
HeLa cells were incubated with the prepared fluorescein siRNA/apatite complexes (as
lexes, the cells were fixed with formaldehyde. Endosomes and lysosomes were stained
d by confocal laser scanning microscope. Scale bar, 10 μm.

image of Fig.�5
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stained with LysoTracker™ Red. As shown in Fig. 5, most of the
fluorescein siRNAs were co-localized in stained endosomes and/or
lysosomes after 1 h incubation of HeLa cells with siRNA/apatite
complexes. However, interestingly after 2 h,most of the siRNAs escaped
the endocytic vesicles and following 4 h, only a few dots of fluorescein
siRNAs were still associated with the stained endo-lysosomes suggest-
ing that the endosomal escape of siRNAwas almost completed after 4 h
incubation (Fig. 5). Following 4 h incubation, a homogeneous fluores-
cence distribution was observed throughout the cytosol in many cells
which suggested that most of the intracellularly delivered siRNA
escaped endo-lysosomes (data not shown). As mentioned previously
in the dissolution study of siRNA/apatite complexes (Fig. 3), the high
dissolution rate of carbonate apatite particles might contribute to
thedestabilization of endosomes releasingsiRNA to the cytoplasm, since
v-ATPase-driven excessive proton transfer into the endosomes to
dissolve the particles could cause passive chloride influx and create
osmotic pressure across the endosomal membrane, leading to endo-
some swelling and rupture [45–47].

3.6. Estimation of gene-silencing efficacy

The final effect of siRNA on silencing gene expression depends on
the integrity of the siRNA after release from the endosomes as well as
from the particles. In other words, the gene-silencing efficiency actually
reflects the effectiveness of a delivery system that carries and releases
siRNA into the cytosol. The siRNA delivery efficiency was first assessed
Fig. 6. Silencing of GFP and luciferase expression, respectively, by siGFP and anti-luciferase
HeLa cells (protocols have been provided in Materials and methods section). A) Flores
lipofectamine 2000 for 72 h. B) Comparison of gene-silencing efficiency (%) of siGFP com
estimated by quantitation of green fluorescence using a fluorescence spectrophotometer afte
C) Gene-silencing efficiency (%) of anti-luciferase siRNA formulations after 48 h. The level of
using a luminometer after lysis of the cells. Data represent mean value±SE (n=3).
by cotransfection of GFP gene and siRNA in HeLa cells. The anti-GFP
siRNAs were transfected at varied concentrations (from 100 pM to
100 nM) alongwith GFP plasmids using apatite and silencing efficiency
was compared with lipofectamine 2000. At 100 pmol siRNA concentra-
tion,more than 80% silencingwas achievedwith apatite particles, being
higher than that of lipofectamine 2000. With increasing siRNA con-
centration to 1 nM, the silencing efficiency for the apatite became
almost 100% whereas to achieve the similar level of efficacy,
lipofectamine required 10 time more concentration of the siRNA (i.e.,
10 nM) (Fig. 6A and B).

We also investigated the silencing effects on transiently expressed
reporter gene by sequentially transfecting HeLa cells with luciferase
gene to express the luciferase mRNA (and protein) and then, with
luciferase siRNA to cleave the expressed mRNA. With 10 and 100 nM
of siRNA concentrations, almost 72% and 80% silencing were achieved,
respectively, with carbonate apatite nanoparticles, that is highly
comparable with lipofectamine 2000 (Fig. 6C).

In HeLa cells stably expressing GFP, the knockdown efficiency of
apatite was much higher than lipofectamine in a variety of siRNA
concentrations. While at 100 pM siRNA concentration only 25% silencing
of luciferase expression was achieved, at 10 nM over 50% silencing was
observedwith carbonate apatite particles as shown in Fig. 7. These results
clearly suggest that GFP and luciferase knockdown achieved using
carbonate apatite was significantly higher than commercially available
Lipofectamine 2000 due to the higher uptake of siRNA, internalization
throughendocytosis and its subsequent escape fromtheendocytic vesicle.
siRNA when delivered at different concentrations by apatite and lipofectamine 2000 in
cence microscopic images of the cells treated with siGFP complexes of apatite and
plexes of apatite and lipofectamine 2000 after 72 h. The level of GFP expression was
r lysis of the cells following 72 h of incubation. Data represent mean value±SE (n=3).
luciferase expression was estimated by quantitation of photons (relative light unit, RLU)

image of Fig.�6


Fig. 7. Dose dependent silencing efficiency of siGFP (delivered by apatite and lipofectamine
2000, as described in Materials and methods section) in HeLa cells stably expressing GFP.

Fig. 9. Cell viability assessment following 48 h incubation of cyclin B1 siRNA/apatite
complexes with HeLa cells. The preparation of cyclin B1 siRNA/apatite complexes was
described in Materials and methods section. The data represent mean value±SE (n=3).
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3.7. Cell viability assessment for siRNA complexes of apatite and
lipofectamine

MTT colorimetric assay was employed to estimate the extent of
toxicity caused by the siRNA complexes of apatite and lipofectamine
in both cotransfection and stable clone transfection conditions. The
siRNA/apatite nanoparticles showed almost no toxicity even after
72 h incubation with HeLa cells among which nearly 95% cells were
viable in both experimental conditions while only 52–60% cells were
viable following lipofectamine-mediated siRNA delivery, indicating
that carbonate apatite is highly biocompatible whereas lipofectamine
is extremely cytotoxic for siRNA delivery (Fig. 8).

3.8. Effect of cyclin B1 gene silencing on cell viability

In order to further evaluate the potential of carbonate apatite as a
valuable intracellular carrier of siRNAs, we aimed to silence cyclin B1
gene whose expression is essentially needed during the onset of
mitosis [57,58] and thus, knockdown of the gene might result in
apoptosis of cancer cells. The cyclin B1siRNA–apatite complexes were
made using different concentrations of pre-validated siRNA (0.2 to
50 nM) and used for transfection of HeLa cells for 48 h prior to the
assessment of cell viability by MTT assay. As shown in Fig. 9, the most
effective concentration of the siRNA for killing the cancer cells is
10 nM, where 54% of the cells were killed, followed by 50 nM which
killed 46%, 2 nM which killed 33% and 0.4 nM which killed 8% of the
cells. The concentration of siRNAs plays a significant role in affecting
the silencing efficiency of a particular gene. At high concentrations,
the silencing by siRNAsmight be less specific, leading to the undesired
silencing of genes. On the other hand, when the siRNA concentration
is too low, the siRNAs might not be enough to silence sufficient
amount of the genes. Therefore, when 50 nM is compared to 10 nM of
Fig. 8. Cell viability assessment for the siRNA complexes of apatite and lipofectamine.
HeLa cells were transfected with siRNA/apatite or siRNA/lipofectamine 2000 formula-
tions according to the protocol (for cotransfection and stable clone transfection) as
described in Materials and methods section and finally, cell viability was assessed by
MTT cell proliferation assay after 72 h. Data represent mean value±SE (n=3).
the siRNAs, the amount of cells died with 50 nM was lesser than with
10 nM. This might be due to the siRNA-mediated silencing of other
genes in addition to cyclin B1 gene, which might also prevent the
apoptosis or promote cell survival. At 10 nM, the siRNAs might be
more specific, therefore killing more cells whereas at very low
concentrations of the siRNAs (2 nM and 0.4 nM), the silencing rate of
cyclin B1 gene might be too low to affect the cell viability.

4. Conclusion

siRNA is highly specific for degradation of the corresponding
mRNA in a process where a single strand of the siRNA, complementary
to the target mRNA, is incorporated into an RNA-induced silencing
complex (RISC) that cleaves the target mRNA and the RISC is recycled
[59]. Although RNA interference is highly promising for treating
different diseases through the selective knockdown of the desirable
gene, the success of RNAi is highly dependent on the delivery of
exogenous dsRNA or siRNA. In the present study, we have established
the intracellular delivery of siRNA using pH-sensitive carbonate
apatite taking the advantages of endocytosis-mediated siRNA entry
and its subsequent escape from the endocytic vesicle in a time-
dependent manner which is a key issue for successful delivery. Our
highly engineered nanoparticle showed excellent siRNA complexation
with a desirable nano size level suitable for endocytosis. The RNAi effect
of carbonate apatite was higher and comparable to that of cytotoxic
Lipofectamine-2000. Furthermore, nanoparticle-facilitated delivery of
validated siRNA against cyclin B1 resulted in significant inhibition of
cancer cell growth. Thus as a powerful tool for intracellular siRNA
delivery, carbonate apatite may have pre-clinical and clinical potential
especially for cancer treatment.
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