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Introduction: Dysregulated calcium homeostasis and consequentially aberrant Ca** signalling could enhance survival, proliferation
and metastasis in various cancers. Despite rapid development in exploring the ion channel functions in relation to cancer, most of the
mechanisms accounting for the impact of ion channel modulators have yet to be fully clarified. Although harnessing small interfering
RNA (siRNA) to specifically silence gene expression has the potential to be a pivotal approach, its success in therapeutic intervention
is dependent on an efficient delivery system. Nanoparticles have the capacity to strongly bind siRNAs. They remain in the circulation
and eventually deliver the siRNA payload to the target organ. Afterward, they interact with the cell surface and enter the cell via
endocytosis. Finally, they help escape the endo-lysosomal degradation system prior to unload the siRNAs into cytosol. Carbonate
apatite (CA) nanocrystals primarily is composed of Ca®*, carbonate and phosphate. CA possesses both anion and cation binding
domains to target negatively charged siRNA molecules.

Methods: Hybrid CA was synthesized by complexing CA NPs with a hydrophilic polysaccharide — hyaluronic acid (HA). The average
diameter of the composite particles was determined using Zetasizer and FE-SEM and their zeta potential values were also measured.
Results and Discussion: The stronger binding affinity and cellular uptake of a fluorescent siRNA were observed for HA-CA NPs as
compared to plain CA NPs. Hybrid CA was electrostatically bound individually and combined with three different siRNAs to silence
expression of calcium ion channel and transporter genes, TRPC6, TRPMS8 and SLC41A41 in a human breast cancer cell line (MCF-7)
and evaluate their potential for treating breast cancer. Hybrid NPs carrying TRPC6, TRPMS8 and SLC41A1 siRNAs could significantly
enhance cytotoxicity both in vitro and in vivo. The resultant composite CA influenced biodistribution of the delivered siRNA,
facilitating reduced off target distribution and enhanced breast tumor targetability.

Keywords: carbonate apatite, nanoparticles, siRNA, breast cancer, cytotoxicity, hyaluronic acid, calcium ion channel, transporter
genes, TRPC6, TRPMS, SLC41A1

Introduction
Gene therapy generally influences expression of gene in living organisms by delivering either exogenous DNA or RNA
for treating different types of cancer diseases. RNA interference (RNA1) is a gene therapy tool. Many studies suggested
that this tool has therapeutic potential when either used alone or in conjunction with other treatments.'~

Over the past two decades, there was faster development in evolving the ion channel functions in connection with
cancer, but most of their mechanisms on growth, development and prognosis of cancer cells have yet to be fully clarified.
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Calcium (Ca) channels have great importance as Ca®" is a messenger regulating signalling pathways and also important in
cellular processes.> ® The cell membrane contains many membrane proteins to control numerous cell signal-transduction
pathways and maintain chemical, electrical and mechanical homeostasis of the cell. The constant maintenance of the
concentrations of the major inorganic cations and anions is a critical function carried out by the plasma membrane.*®’
Recent studies®™ found an association between cancer development/progression and the level of the expression of the
magnesium (Mg) transporter genes. Upward regulation of Mg transporters might be connected with carcinogenesis and
anticancer drug resistance, therefore these genes might be crucial biomarkers for contributing the development and progres-
sion of different type cancer diseases. Ca or Mg ion channels showed either underexpressed or overexpressed in many cancer
diseases including breast cancer. These channels might have led to increased efflux of drug, decreased influx of drug,
eventually stopping apoptosis and ultimately facilitating tumorigenesis to a greater extent.”

Ca ion channels in many cases play the role for switching on and off intracellular signalling pathways, making them
potential drug targets. They are also mostly expressed on the cell surface. For this reason, these ion channel targeting drugs
have some advantages as they do not need to enter the cell. Considering it, members of the transient receptor potential (TRP)
channel family, in many recent studies have been proposed as potential biomarkers and/or drug targets in cancer therapy.®

Among the TRP channels, TRPM?7, is a widely researched a Ca and Mg ion channel on its upstream characteristics in
malignancy,'® but inadequate data was found for another ion channel, TRPMS8.'"'* Many studies have accumulated
results of TRPMS expression in cancer cells especially prostate, lung and colorectal cancer, whereas, a very few studies
were conducted in breast cancer.'”"'” Chodon et al showed, for the first time, that TRPMS protein was overexpressed in
human breast adenocarcinomas and this overexpression was specifically correlated with ERa (intracellular estrogen
receptor). Moreover, in MCF-7 cancer cell line, the expression of TRPMS was regulated by estrogen. Either expression
silencing of ER or deprivation of E2 (17-f- estradiol) might have led to decrease in TRPMSE mRNA expression, thereby
suggesting a hormonal regulation in breast cancer.'®

In the MCF-7 cancer cell line, TRPC6 was expressed to a greater extent compared to the nearby nontumor cells. TRP
channels are seen in the overexpressed stages in breast cancer patients, thereby maintaining both the increased
proliferation rate and the enhancing cell survival and providing resistance to apoptosis.''

SLC41A41 was recently identified as a Na“/Mg”" exchanger and established to be linked to a TRP subfamily (such as
TRPM?7) that increased calcium flickers and cell adhesion.'® %

Ideal nanoparticles (NPs) loaded with siRNA can remain in the circulation, may be able to deliver the siRNA to the
targeted organ, interact with the cell surface, enter the cell and finally, facilitate in freeing the endosome as well as
lysosome system to release the siRNAs within the cytoplasm® 2> Hydrophilic polymers are recently used to increase the
solubility and prolong the half-life of inorganic nanoparticles in the plasma. After administration, NPs immediately
encounter a dramatic challenge in biological environment. This biological environment consists of various biomolecules
that create “protein corona” as a result. Protein corona has roles in nanotoxicology, macrophage recognition, opsonization
and cellular internalization of NPs.?%%’

CD44, a cell-surface multifunctional and multistructural molecule, is involved in cell proliferation, differentiation,
migration, as well as angiogenesis.”* *! As per comparison with normal cells, expression of CD44 was high in many
cancer cells. Many studies recognized it as an effective therapeutic target in cancer therapy.®> >° Hyaluronic acid (HA),
a polysaccharide compound, serves as a major component of the extracellular matrix. Having its affinity to specifically
target CD44 receptors, HA was widely used with drug nanocarriers in many studies to increase the delivery of the
respected drug in CD44-overexpressed tumor cells.”” HA-modified nanoparticles were used in many recent studies, such
as CD44-targeted siRNA delivery to treat bladder cancer,’®’
targeted treatment of tumors to overcome multidrug resistance, codelivery of miR34a and anticancer drug doxorubicin in

codelivery of silver and liposomes for treating cancer,”

resistant breast cancer,” loading an HSP90 inhibitor for subcutaneous and orthotropic colon cancer therapy,*' targeted
delivery of cabazitaxel to CD44-overexpressing glioblastoma cells,** oligosaccharide-CD44v6-targeting oxaliplatin for
colorectal cancer,*® codelivery of docetaxel for breast cancer treatment,** codelivery of olaparib-PEI - PLGA for targeted
therapy of breast cancer,® as redox-responsive agent for targeted photodynamic therapy/chemotherapy against breast
cancer,*® loading copper ion and disulfiram for esophageal cancer,”’ targeted delivery of microRNA-125b in pancreatic

cancer*® and selective transport of curcumin in breast and other cancer cells.**>2
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Figure | Molecular mechanism for generation of carbonate apatite hybrid nanoparticle complex with siRNA .38

CA particles has got some advantageous points like simplicity to fabricate (Figure 1), biodegradability property and
versatility nature compared to the organic counterparts. The fascinating pH sensitive feature and having the core constituents
of Ca®", phosphate and bicarbonate which are naturally available in the body, make CA highly biodegradable in nature and
potentially safe to be used clinically. In addition, the heterogeneous surface charge distribution enabled it to be a versatile
carrier of various chemotherapeutic drugs and genetic materials which bind to it via electrostatic interactions.”> > In contrast,
an insignificant number of studies have been carried out to date on the roles of Ca ion channels and transporter genes in cellular
growth and proliferation of breast cancer. Our previous study conducted a protein analysis by Western blot. The MCF-7 cells
were treated with six CA-siRNA complexes. The knockdown of TRPC6 or a cocktail of siRNAs targeting TRPC6, TRPMS,
and SLC41A1 delivered into MCF-7 cells with plain CA NPs exhibited the greatest cytotoxicity effects.’

Materials and Methods

Materials

The materials purchased from Sigma-Aldrich (St Louis, MO, USA) were calcium chloride dihydrate, sodium bicarbonate,
Dulbecco’s modified eagle medium (DMEM), potassium phosphate monobasic (KH,PO,), dimethyl sulphoxide (DMSO) and
thiazolyl blue tetrazolium bromide (MTT). DMEM powder, fetal bovine serum (FBS), trypsin-ethylenediamine tetraacetate
(trypsin-EDTA), penicillin-streptomycin were obtained from Gibco BRL (CA, USA) and hyaluronic acid (HA) (mol wt.
8000-15,000) from Sigma-Aldrich (St Louis, MO, USA). The AF 488 negative siRNA and experimental siRNAs (Table 1)

Table | Genes Targeted by Specific siRNAs from Qiagen

siRNA (Batch Number) | Targeted Gene (Symbol) | Official Name

Hs_TRPCé_| TRPCé Transient receptor potential cation channel, subfamily C, member 6
FlexiTube siRNA
(S100066129)

Hs_TRPM8_| TRPM8 Transient receptor potential cation channel, subfamily M, member 8
FlexiTube siRNA
(S100135744)

Hs_SLC41AI_5 SLC41AI Solute carrier family 41 (magnesium transporter), member |
FlexiTube siRNA
(S103242932)
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were bought from QIAGEN (Valencia, CA, USA). Murine breast cancer cell line, 4T1 and human breast cancer cell line,
MCF-7 was purchased from ATCC.

Development of CA NPs and Particle Size Measurement

CA NPs were prepared following previously established protocols.* 44 mM, 88 mM and 176 mM of the sodium
bicarbonate were separately mixed with the DMEM powder containing endogenous inorganic phosphate (Pi) in miliQ
water (pH adjusted to 7.4) This freshly prepared medium (200 pL) was mixed with the different concentrations of
exogenous calcium chloride (5,10, 15, 20, 25, 30, 35, 40, 45, and 50 mM), followed by the incubation for at least 30 min
at 37°C and afterward medium was added to make the total volume of 1 mL. Then 10% FBS was added to each sample
for preventing any kind of aggregation. The concentrations of the inorganic phosphate (Pi) as well as the carbonate ions
used to prepare nanoparticles remained fixed at a pH of 7.4. To get the expected particle size range of NPs, the above
fabrication step was repeated without 10% FBS to analyze the turbidity of the NPs. At a fixed wavelength of 320 nm
using a spectrophotometer, (UV 1800 Spectrophotometer, Shimadzu), the absorbance was measured then immediately
after the aforementioned 30 min incubation. To measure the average size of the NPs, the Zetasizer (Nano ZS, Malvern)
was used. Before this step, 10% FBS as per protocol was added to the 1 mL of fabricated NPs and the particles were kept
on ice. This was to stop particle formation and aggregation. On the Zetasizer, a refractive index of 1.325 was used. Data
analysis was carried out using Zetasizer software 6.20 and all measurements were performed in triplicate.

Modification of NPs with HA

Nanoparticles were formulated using 15 mM Ca®" to 200 pL of DMEM buffered with 44 mM sodium bicarbonate (pH
adjusted to 7.4), following the protocol described above (Development of CA NPs and particle size measurement
section). The particles were subjected to further incubation for 10 min more in the presence of different concentrations
(125 pM-1nM) of HA. The medium was added to make the total volume of 1 mL.

Characterization of Formulated NPs by Using Fourier Transform Infrared (FTIR)
Spectroscopy and Photo Thermal-infrared Spectroscopy (PT-IR)

FTIR spectroscopy was carried on by a Varian 640-IR over the wavenumber range 4000400 cm™ ' as per protocol. The
data extracted were analyzed by the Varian Resolution Pro 640 software (Agilent, Santa Clara, CA, USA). Both plain and
hybrid HA-CA NPs were formulated by using 15 mM Ca*" in DMEM buffered with 44 mM bicarbonate following the
same protocol described above (Development of CA NPs and particle size measurement section). The samples were
centrifuged twice at 3200 rpm for 30 min. Then the supernatants were discarded. In the next step, small amounts of
autoclaved Milli-Q water were added to the pellets. This centrifuge was conducted at 3200 rpm speed for 30 min to
achieve the desired level of separation of the NPs without doing any harm to the particles. The pellets (that were
precipitated) were kept at —20°C for 30 min and lyophilized as per protocol (Labconco, Kansas City, MO, USA) before
performing the acquisition of IR spectra.

The hybrid nanoparticles were also prepared by using 15 mM Ca>" in DMEM buffered with 44 mM sodium
bicarbonate and 500 pmol HA following the same protocol described above (Modification of NPs with HA section).
The fabricated hybrid HA-NPs were centrifuged at 4000 rpm for 20 min and the precipitated pellets were lyophilized as
per protocol by using a freeze dryer (Labconco, Kansas City, MO, USA).

Characterization of Formulated NPs by Dynamic Light Scattering (DLS)

Both plain and hybrid nanoparticles were prepared by using 15 mM Ca”" in DMEM buffered with 44 mM concentration
of the sodium bicarbonate in presence or absence of 500 pmol HA following the same protocol described above. The
suspension was then as per protocol incubated at 37°C for 30 min, followed by mixing with 10% FBS. The formulations
were then stored in the 4°C ice chiller during measurement. The DLS of NPs was then measured in 5.50 mm position at
a refractive index (RI) of 1.330 and viscosity 0.8872 at 25°C by a Malvern Nano Zetasizer.
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Characterization of Formulated Hybrid NPs by Field Emission Scanning Electron

Microscope (FE-SEM)

The particles of prepared samples were visualized through FE-SEM (HitachiS-4700 FE-SEM, Japan) at 10-15 kV.
Nanoparticles were then centrifuged at 15,000 RPM for 10 min, followed by discarding the supernatant and resuspension
of the resultant pellet with Milli-Q water. Salt particle suspensions were stored on ice until performing microscopic
observation. One microliter of each sample was taken to place on carbon sample holder (tape coated) and dried at room
temperature as per protocol, then followed by platinum sputtering of the dried samples for 30 s.

Optical Profilometry Study of Plain and Hybrid Nanoparticles

Plain and hybrid nanoparticles were formulated by using 15 mM Ca?" in DMEM buffered with 44 mM sodium
bicarbonate in presence or absence of 500 pmol HA following the same protocol described above. The formulated
NPs as per protocol were then centrifuged at 4000 rpm for 20 min and the collected precipitated pellets were lyophilized
by using a freeze dryer (Labconco, Kansas City, MO, USA). Then the particle distribution was analyzed using the Zeta-
20 that measures and quantifies surface roughness.

Binding Affinity Study of siRNA with Hybrid CA Nanoparticles

Particles with nanosize dimensions were tested based on their binding capabilities with fluorescence-labeled siRNA by
fluorescence microscopy and with the help of a fluorescence plate reader. Subsequently, fluorescence-labeled siRNA/nanopar-
ticles have been incubated with the MCF-7 cell lines for 1-4 h prior to observation by a fluorescence microscope. Thus, particles
having high degree affinity to the siRNA molecules and the capacity for cellular level endocytosis have been selected for
subsequent studies. Plain CA and hybrid CA NPs were formulated by using 15 mM Ca®>" in DMEM buffered with 44 mM
concentration of sodium bicarbonate in presence or presence of 500 pmol HA following the same protocol described in the above
sections. 10 nM of the All Stars Negative siRNA (AF 488) (QIAGEN) was allowed to interact with plain and hybrid CA NPs at
37°C for 30 min. The prepared CA-siRNA complexes were then undergone to centrifuge at 13,000 rpm for 15 min as per
protocol. The resulting pellets were then dissolved with 20 mM of EDTA in PBS. One hundred microliters of each sample was
placed into a 96-well OptiPlate (Nunc) and the fluorescence intensity was determined by the 2030 multilabel reader VICTOR™
X5 (Perkin Elmer) and then analyzed using Perkin Elmer 2030 manager software with Aex = 490 nm and Aem = 535 nm.

Cellular Uptake Study of Fluorescence Labeled siRNA Bound to CAs and Hybrid CAs
For observing the cellular uptake property, 10 nM of the AF 488 neg. siRNA was conjugated with both NPs and hybrid
NPs. NPs were formulated with 3 mM concentration of Ca salt as described above. After 30 min incubation at 37°C, 10%
FBS-supplemented DMEM was then added to the suspension of NPs to stop their aggregation tendency if exists. MCF-7
cells were then protocol wise treated with these NPs-bound siRNA. After 4 h, the cells were washed with 5 mM EDTA in
PBS to remove extracellular NPs and NP-bound siRNAs and observed under a fluorescent microscope (Olympus DP73).

In addition, the treated cells were washed with 5 mM EDTA in PBS and lysed before fluorescence intensity was
measured for the lysate in 2030 multilabel reader VICTOR™ X5 (Perkin Elmer) and analyzed with integrated Perkin
Elmer 2030 manager software using 490 nm and 535 nm wavelengths. Samples were then blank corrected using
untreated samples. The experiment was then conducted in duplicate and expressed as mean £SD. Statistical analysis
was undertaken in different treatment groups.

Cell Culture and Seeding Study

MCE-7 and 4T1 cells were grown in 25 cm? culture flask in DMEM with 10% FBS in a humidified atmosphere containing 5%
CO; at 37°C. As per protocol, exponentially growing breast cancer cells were trypsinized, followed by mixing with fresh
medium. The cell suspension was then centrifuged for 5 min and the supernatant was removed. Fresh medium was added to
resuspend the pellets and the cells were counted by using a hemocytometer. Appropriate dilutions were done by properly using
medium to produce a cell suspension with concentration 5.0x10? cells/mL. One milliliter of the prepared cell suspension was
then added into each of the wells in a 24-well plate and incubated overnight at 37°C and 5% COs,.
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In vitro Cytotoxicity Study of CA NPs and siRNA-loaded Hybrid CA NPs

MCF-7 cells with a density of 5x10* cells/well were seeded in a 24-well plate and each well contained 1 mL of DMEM (high
glucose) supplemented with 10% FBS and a 1% penicillin-streptomycin solution. After the incubation at 37°C in a 5% CO,
humid environment for 24 h, triplicate wells were treated within CA NPs formulated with different concentrations of Ca**
described in the above section. The treated MCF-7 cells were incubated for 48 h. The untreated cells were served as a blank
control. The number of living cells was determined by MTT assay with 3-(4,5-dimethyl-thiazole-2-yl)-2,5-diphenyltetrazo-
lium bromide. Microscopic images were also observed after 48 h of treatment. MTT assay was conducted at 48 h to ascertain
the cell viability. A 48-h incubation period might be able to allow the cells in vitro to undergo desired multiple rounds of cell
division with a view to providing a clearer picture of their growth and viability.

The fraction of the viable MCF-7 breast cancer cells after treatment with the NPs carrying the siRNAs against different ion
channels and transporters was done by performing MTT assay. In short, 50 uL of MTT (5 mg/mL in PBS) was then added into
each of the wells, by incubation at 37°C and 5% CO, for 4 h. After the incubation as per protocol, the medium containing MTT
was aspirated and the purple formazan crystals at the bottom of each well were dissolved by mixing with 300 uL of DMSO
solution. Then the absorbance of the resulting formazan solution was carried on spectrophotometrically at wavelength 595 nm
using microplate reader Dynex Opsys MR, (Dynex Technologies, VA, USA) with reference to 630 nm. Each experiment was
performed in triplicate and the data were plotted as mean £SD of three independent experiments.

In vivo Distribution Study of Modified CA Nanoparticles

Female Balb/c mice (6- to 8-weeks old) of 15-20 g of body weights (obtained from the university animal facility) were
maintained under 12 h light:12 h dark cycles and provided with ab libitum feeding and water. All the experiments conducted
were carried out as per the protocol approved by MONASH Animal Ethics Committee (MARP/2016/126). The guideline
for handling animals which is based on Australian Animal Welfare Standards and Guidelines and follows the relevant
Victorian and federal government legislation of Australia. Approximately, 1x10° 4T1 cells (in 100 pL PBS) were injected
subcutaneously on the mammary pad. For conducting the biodistribution study, mice were administered with fluorescent
(F)-siRNA (AF488) (1 mM) either free form or nanoparticle-bound form (prepared as discussed above section) through tail
vein injection using 30 G needle after the tumor volume reached 13.20 + 2.51 mm® on day 12. For the synthesis of CA
particles, exogenous calcium salt was added at 15 mM to 200 uL. of DMEM before incubation at 37°C for 30 min. For the
modification of CA particles’ surface, the formulated particles were subjected to further incubation for 10 min in the
presence of 1 uL hyaluronic acid (HA).

All mice were sacrificed as per protocol by cervical dislocation following 4 and 24 h of treatment and various organs (brain,
liver, kidney, liver, lung and spleen) as well as tumor were harvested immediately and washed twice with 1x chilled PBS. Then
1 mL prepared chilled lysis buffer per 500 gm of tissue mass was then added to the Eppendorf tube. The collected organs and
tumors were then frozen at —80°C until further analysis was done following homogenization (Eppendorf, Germany). The
homogenized lysate was centrifuged at 10,000 rpm for at least 15 min at 4°C. One hundred microliters of the centrifuged
supernatant was then added to a 96-well black optiplate to measure the intensity of the fluorescence of AF 488-labeled siRNA
with an excitation wavelength of 485 nm and an emission wavelength of 535 nm with the help of a 2030 multilabel reader
Victor™ X5 (Perkin Elmer, USA).

4T l-induced Mouse Model of Breast Cancer and Antitumor Activity of siRNA-Loaded
CA NPs

These experiments were conducted as per the protocol described in the above section. For the in vivo antitumor activity study,
when the volume of the developed tumor reached at the level of an average of 39 mm® at approximately day 9 10, mice were then
grouped on a random basis such as four mice per group. Then they were treated IV (intravenously) (tail-vein) at the right or left
caudal vein. Then the second dose was administered 3 days after the first dose. The length and width of tumor outgrowth were
determined by using the Vernier caliper in mm scale over a period of 24 days. The data subsequently was produced as mean
+SEM of the tumor volumes of each group. The volume of the tumor was calculated using on the formula mentioned below:
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Tumor Volume (mm3) =1/>(length x width2).

Statistical Analysis

Results are produced as mean =£SD. Dunnett’s test for 2-way ANOVA was performed using GraphPad Prism 7 to compare
treatment groups (CA-loaded single siRNA and multiple siRNAs) and control group (untreated) in in vitro and in vivo
biodistribution studies. Values were significant at p=0.01-0.05, very significant at p=0.001-0.01, extremely significant at
p=0.0001-0.001, and extremely significant at p<0.0001.

Results and Discussion
Fabrication and Characterization of CA NPs by Enhancing Carbonate Substitution in
the Apatite Structure

The diameter of NPs is an important determinant for their success of the endocytosis with bound siRNA. The growth in

size of the CA NPs as a result of super saturation was carried out with varying concentrations™ >’

of calcium chloride,
while the concentrations of other components- inorganic phosphate and carbonate were kept constant. Plain CA NPs

were formulated using the protocol discussed in the methods section. As shown in Supplementary Figure 1, particle

formation was enhanced with increasing Ca®" concentration, as represented by high turbidity. However, when we added
DMEM buffered with 176 mM of bicarbonate to form the NPs, a tremendous drop in turbidity was observed. This could
happen by higher incorporation of more carbonate ions into the crystal lattice as well as to minimize charges through
interaction between Ca®" and excess bicarbonate/carbonate ions temporally. Thereby it might cause slowing down of the
reaction rate for the generation of particles and reducing particle size even with increasing calcium ion concentration.
The size distribution of the nanocrystals formed was observed with respect to the percentage of the particles falling within 10
nm range and the variation in sizes for 90% (majority) of the particles (Supplementary Figures 2 and 3) by increasing the
concentration of Ca®" in DMEM of high bicarbonate (176 mM). The turbidity and particle size analysis (Supplementary
Figures 4 and 5) showed that in the DMEM prepared with high concentrations of bicarbonate (176 mM) and inorganic phosphate

(1.5 mM), an increased level of turbidity was observed with increased particle sizes and then decreased, with increasing calcium
concentration. The turbidity measurement (Supplementary Figure 4) of CA NPs was done at 320 nm with a UV spectro-

photometer. The increasing turbidity indicates higher particle formation with concomitant increase in size and/or number of the
particles, with only exception observed in case of 176 mM bicarbonate. The bicarbonate at 176 mM might have stopped the
formation of even smaller crystals. Supplementary Figure 5 demonstrated that Ca®" affected particle formation. Higher

concentration of Ca*" (Supplementary Figure 4) increased the turbidity, reflecting the higher particle formation accompanied

by increased size and/or the number of the generated particles. Since calcium is a major constituent of CA, an increase in Ca”"
concentration triggered more particle formation. The surface properties of CA having Ca*" and PO,> -rich domains can enhance

binding facility of either anionic or cationic macromolecules to the particles by electrostatic interactions.”’

Optical Microscopic Observation of NPs

The particles were used for the characterization not only by UV-VIS spectrophotometry but also by optical image
analysis. The increasing concentration of any of the reactants results to increased particles’ generation, and eventual self-
aggregation for forming larger sized particles. There was the presence of high concentration of NaCl and glucose in
DMEM and important to determine their functions in growing particles and stabilizing particles’ size. The images
(Supplementary Figure 6) of the particles formulated in various concentrations of Ca”" demonstrated that the aggregated

particles formed with lower concentrations of Ca®" were enormously low, while the number of the particles gradually
increased with higher concentrations of Ca**. When the concentration of Ca®" reached 35-45 mM, the NPs aggregated
significantly, indicating that the high number of particles could lead to potential cytotoxicity.’

Characterization of NPs by Fourier Transform-Infrared Spectroscopy (FT-IR)
The spectrum of CA NPs was determined by Varian FT-IR by using the Varian Resolution Pro 640 software (Agilent,
Santa Clara, CA, USA) as per protocol to determine the peaks of carbonate and inorganic phosphate.
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The FT-IR spectra (Supplementary Figure 7) generally demonstrated the formation of CA particles by identifying
carbonate in the apatite material, as evident from the peaks between 1410 and 1540 cm ™' and at approximately 880 cm ',
as well as phosphate in the apatite, as shown by the peaks at 1000-1100 and 550-650 cm™'. The formation of CA with
different concentrations of bicarbonate salt was ensured by FT-IR. The FT-IR spectra of carbonate and phosphate were
obtained. The spectra displayed peaks at 1410-1540 cm ' and 880 cm ' for CO52~ and 1000-1100 cm ' and 550

650 cm ' for PO,’~. The overall vibration pattern suggests that CA was formed successfully.

Characterization Study of NPs by Dynamic Light Scattering (DLS)

A Zetasizer was used to investigate the poly dispersing index (PDI) values of the NPs. The PDI values were determined
for the dispersion and the homogeneity study of the particles. As shown in Table 2, the PDI values of NPs were less than
0.5, giving ideas about the homogeneous level of the distribution of particles. Particle size distribution study is expressed
by number and volume and usually might have indicated variably sized particles.

Observing the lower PDI value of NPs suggests that particles have less tendency to become agglomerated with the
formation of smaller and at the same time uniform distribution of particles. Many studies discussed that relatively small
size particle distribution might show favorable pharmacokinetic profiles and could have the ability to enter into the target
cancer cells more efficiently via the mechanism endocytosis.”” The greater variation of SD resulted from the PDI values
of the particles formulated with 176 mM bicarbonate salt might indicate their greater tendency to agglomerate forming
big crystals. For all subsequent studies, 44 mM and 88 mM bicarbonate salts were used for particle fabrication.

Characterization of NPs by Field Emission Scanning Electron Microscope (FE-SEM)
FE-SEM (Hitachi S-4700) was used to observe the morphology and actual size of the particles. From the images shown
in Figure 2a and b, NPs formulated with 44 mM bicarbonate showed the spherical type shape having a rough surface and
a homogeneous distribution pattern. The average diameter observed for the particles was within the range of 85-190 nm,
demonstrating less tendency to self-aggregation. Conversely, NPs formed with 88 mM bicarbonate were found higher in
number and smaller in size distribution (15-150 nm). It could be assumed that the smaller particle size was the effects of
high concentration of bicarbonate salt in slowing down the reaction, preventing self-aggregation but leading to hetero-
geneous particles distribution. The homogeneous, smaller and rough surface NPs formed with 44 mM bicarbonate were
likely to describe better ability to bind with the drug and less affinity to bind with the protein in systemic circulation.

pH Sensitivity Studies of CA NPs

The efficiency in many cases of inorganic CA NPs-mediated siRNA drug therapy might depend largely on in time release
of siRNA from the carrier. CA NPs-siRNA complexes after internalization into the targeted cell via the mechanism
endocytosis might help the siRNA (payload) to escape from endosomes and thus, avoid lysosomal degradation. NPs
could be dissolved in acidic endosomes and then they might be able to release the payload from the NPs. The dissolution
of nanoparticles could also lead to accumulation of ions (Ca**, PO,°>  and CO;>"). Then they might further develop
osmotic pressure across the membrane of the endosome. It might result in the breakdown of the endosome and there by
cause releasing the therapeutics into the cytosol. As shown in Figure 3, decreasing the absorbance of different NPs
formulations was observed with decreasing the pH. At the pH of 6.5, the NPs were noticed almost degraded when the

Table 2 Comparison the Effects of Different Concentration
of Exogenous Bicarbonate Salt in Fixed Exogenous Ca Salt on
PDI Values

Bicarbonate Salt Concentration | PDI Values | SD

44 mM bicarbonate salt 0.6 0.06
88 mM bicarbonate salt 0.5 0.05
176 mM bicarbonate salt 0.5 0.23
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[44 mM bicarbonated DMEM media] [88 mM bicarbonated DMEM media)

Particle size [111-174 nm] CA*2 [15 mM] Particle size [ 119 -150 nm)

b

[44 mM bicarbonated DMEM media) [88 mM bicarbonated DMEM media)

CA*2 [15 mM]

Particle size [85-190 nm) Particle size [ 15 -25 nm)])
Figure 2 NPs by Field Emission Scanning Electron Microscope (FE-SEM). Photos were captured at |00 magnification. Bar indicates 500 nm —| pm scale (a) and 200 nm (b).

absorbance value was below 0.1 nm. The release was observed at pH 6.5 with a view to creating a simulated pH
condition of the biological environment. The absorbance to express the release was determined as it could accurately
quantify the concentration of the nanoparticles in the suspension. The result suggests that CA NPs were not stable at all
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release profile
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Figure 3 pH-dependent release of CA NPs at pH 6.5-6.8 particles were fully degraded with an absorbance value <0.1, indicating the dissolution of CA NPs at acidic pH.
This study proves the pH sensitivity of carbonate apatite nanoparticles (CA NPs).

and almost degraded in the acidic pH. Thus it might indicate that the dissolution of the particles may happen in the acidic
environment of the endosomes and then they could facilitate early release of siRNA.

Binding Affinity Study of siRNA to CA NPs

The MCF-7 cells were incubated with fluorescence-labeled siRNA/NPs complexes for 1-4 h prior to observation by
a fluorescence microscope as shown in Figure 4a and b. Negative charges abundant on the backbone of the phosphate of
siRNA could bind very efficiently with the CA NPs through ionic interactions as CA NPs have cationic Ca”" rich
domains.” With 15 mM concentration of Ca** used to formulated NPs, siRNA binding to them reached to a plateau level,
indicating that the binding of siRNA to the NPs became saturated under a fixed siRNA concentration, while the particle

120
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1
0 | | | | | | [} ‘
0 5 15 % » 4 0 5 15 % £ 45

Different concentration of caicium salit for particie generation (mM) Different concentration of calcium salt for particle generation (mM)

8
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8
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% Cell Viability
8

% Cell Viability

¥
-]

=Control = Carbonate apatite (CA) sControl = Carbonate apatite (CA)

Figure 4 Binding affinity studies of siRNA with CA nanoparticles. (a) represents 44 mM bicarbonated DMEM media with different concentration of Ca salt and (b) 88 mM
bicarbonated DMEM media with different concentration of Ca salt.
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size was still decreasing with a rise in Ca®" concentration. The particles might have aggregation tendency with higher
concentration of Ca** and these aggregated particles would provide limited siRNA binding sites as the surface area of the

particles decreases with aggregation.”>’

Cellular Uptake Study of Fluorescence-labeled siRNA Bound to CA NPs
For observing the cellular uptake under a fluorescent microscope (Olympus DP73), 10 nM of the AF 488 negative siRNA was
conjugated with plain NPs and then the cells were treated with these complexes for 4 and 8 h (Supplementary Figures 8, 9 and 10).

Cellular uptake of siRNA, is a critical step to regulate as a whole silencing efficacy. It is extensively influenced by the
binding affinity of the siRNA for NPs and the size of the particles. The smaller sized particles might have more cellular
internalization in comparison to the larger sized ones. The MCF-7 cells were then treated with different formulations of
CA NPs for 8 h before discarding the extracellular particles using EDTA and eventual fluorescence microscope
observation. After 4 h of treatment, (as shown in Supplementary Figures 8, 9, and 10) NPs formulated with 88 mM
bicarbonate were not able to show any significant signal of the fluorescence. Alternatively, cells treated with NPs formed

with 44 mM bicarbonate showed significant fluorescence signal after 4 h. However, after 8§ h of treatment, NPs
formulated with 88 mM bicarbonate, coupled with siRNA conferred more significant fluorescence signal, indicating
their successful internalization into the cells in the extended period of time (Figure 5). The results concluded that CA NPs
formed in 44 mM bicarbonate buffer were more efficiently taken up by the cells via endocytosis than CA NPs formed
with 88 mM bicarbonate after 4 h. The formulation with heterogeneous particles size distribution assumed to have
adherence mainly to the cell membrane rather than going into the cells. This property of the particles might indicate that
particle size and their distribution really matters to dramatically influence the cellular uptake.”””->® Because of the
efficient cellular uptake shown by the CA NPs developed with 44 mM bicarbonate salt, for the next studies involving the
hybrid NPs, 44 mM bicarbonate salt was used.

Development of Hybrid CA NPs with Hyaluronic Acid (HA) and Particle Size
Measurement

Inorganic nanoparticles have been used in many ways to overcome the shortcomings of organic carriers in gene silencing
study. They have some unique physicochemical properties. The biocompatibility and flexibility characteristics of
inorganic nanoparticles could become more functionalized by using different ligands and also using coating materials

100000
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10000 l
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NPs
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Intensity of fluorescent labelled siRNA
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Figure 5 Fluorescence intensity of intracellular components. Values are represented for duplicate samples compared to NPs treatment.
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on the particles’ surface, such as organic polymers HA. HA might have controlled more efficiently release kinetics of the
particles and also show better compatibility with other potential therapeutic agents.sgf61

Plain and hybrid CA NPs were formulated by using the protocol discussed in the method section. To ensure that the
nanoparticle (NP) fabricated in this study successfully delivers the siRNA through endocytosis, the particle diameter is
one the important determinants. The turbidity and particle size distribution of the hybrid HA-CA nanoparticles formed
were observed (Figures 6 and 7). Dose-dependent HA might play a role in reducing particle size with fixed concentra-
tions of bicarbonate and calcium ions. Particle size of surface modified CA NPs with HA could be largely dose
dependent. The poly dispersity index (PDI) and zeta potentials values were also shown in Figures 8 and 9. The PDI
values (<0.5) are considered for stable nanoparticles formation. The lowest concentrations of HA could result increased
particles’ aggregation due to the low electrostatic repulsion having PDI value with big error bars. NPs containing 500
pmol HA might have stable PDI making them stable due to having stronger electrostatic repulsion barrier.

Characterization of NPs by Photo Thermal-Infrared Spectroscopy (PT-IR)
The PT-IR spectra® in the Figure 10 has demonstrated the formation of hybrid carbonate apatite particles by identifying
carbonate in the apatite material, as evident from the peaks between 1410 and 1540 cm ™' and at approximately 880 cm ™'
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(320nm Absorbance)
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Control NoHA 125 pmol 250 pmol 500 pmol 750 pmol 1 nmol

Different Concentration of Exogenous Hyaluronic acid (HA)

Figure 6 Turbidity measurement of hybrid CA NPs by enhancing hyaluronic acid (HA). The data are presented as mean +SD of triplicates.
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Figure 7 Measurement of particle size of hybrid CA NPs by enhancing HA. Particles were analyzed by Zetasizer to measure average size. The data are displayed as mean
1SD of triplicate experiments.
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Figure 8 Determination of PDI values. The data are displayed as mean +SD of triplicate experiments.
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Figure 9 Determination of Zeta Potentials (mV) The data are displayed as mean *SD of triplicate experiments.

and phosphate in the apatite, as shown by the peaks at 1000-1100 cm ',%* as well as 1600-1650 cm ™' for O-H, C=0,
N-H present in hyaluronic acid.®” The broad and strong peaks at 1600-1650 cm™ ', confirmed the existence of the
numerous carboxyl and hydroxyl groups in HA.

Optical Profilometry Study of Plain and Hybrid CA NPs

It is extremely difficult to incorporate and disperse NPs, especially for a high percentage mainly due to the strong
tendency of inorganic NP aggregation. The purpose of profilometry is to get the idea about the surface morphology (step
heights/surface roughness/particles dispersion) of nanoparticles.

As shown in Figure 11, there was a significant enhancement of uniform particle formation upon addition of HA to CA
NPs. Being polyanionic in nature, HA molecule might have efficiently interacted with Ca*"-rich domains of CA NPs and
induced repulsion among the neighboring particles through its multi-anionic charges present on the particle surface,
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Figure 10 The spectra displayed peaks at 1410—1540 cm ™' and 880 cm™' for CO327, 1000-1100 cm™' for PO*" and 1600-1650 cm™' for O-H, C=0, N-H present in
hyaluronic acid (HA).
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Figure |1 Profilometry study to determine surface morphology (step heights/surface roughness) of nanoparticle.

thereby both stabilizing the particles and preventing their self-aggregation. Increasing the dose of HA resulted in
unprecedented uniform distribution of the particles, supporting its potential role in repelling the surrounding particles.

Cytotoxic Effects of Hybrid CA Carrying siRNAs Targeting TRPC6, TRPMS, and

SLC41AIl Genes of MCF-7 Cells
MCF-7 cells were treated with hybrid HA-CA NPs carrying single and multiple siRNAs targeting TRPC6, TRPMS, and
SLC41A1 genes for a consecutive period of 2 days. HA-CAs were formulated with 44 mM bicarbonate, 15 mM Ca®" and
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500 pM HA in the presence or absence of the siRNA(s). MCF-7 cells were treated with (i) media (untreated) (ii) NPs
(iii) NPs+ siRNA complexes.

As shown in Figure 12, compared to the control (untreated or NP-treated cells), a greater and robust decrease in MCF-7 cell
viability was observed. This decrease in cell viability was happened when siRNA targeting TRPC6 or a combination of
siRNAs targeting TRPC6, TRPMS, and SLC41A1 were delivered intracellularly with HA-CA NPs. Treatment with TRPC6
siRNA alone and in combination with two other siRNAs might significantly inhibit the pathways responsible for proliferation
and survival of the cancer cells, focusing probable cross-talk(s) of those mentioned pathways with TRPC6, TRPMS, and
SLC41A1.

Antitumor Effect of Single and Multiple siRNAs Loaded Plain and Hybrid CA NPs

A widely used 4T1-induced murine breast cancer model was used to determine the effect of plain and HA-blended hybrid

CA NPs carrying single and multiple siRNAs targeting TRPC6, TRPMS, and SLC41A41 genes, on tumor regression.

Treatments were administered twice within a 3-day interval through the tail vein, after the tumor volume reached 39 mm?
The results of the tumor growth curve (Figure 13) showed that tumors grew fast almost in the same fashion as the

control and NPs groups. In contrast, the growth of the tumor of the mice was treated with HA-CA NPs with single siRNA
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Figure 12 Effects of intracellular delivery of single and three COMBO *(multiple siRNAs targeting TRPC6é, TRPM8, and SLC41A[) genes using hybrid HA-CA NPs, on viability
of MCF-7 cells. HA-CAs were formed in 44 mM bicarbonated DMEM with 15 mM Ca®" and 500 pM HA in presence or absence of the siRNA(s). Fifty thousand MCF-7 cells
were seeded, treated the next day with empty HA-CA and siRNA(s)-loaded HA-CA NPs and incubated consecutively for 48 h. Subsequently, 50 pL of MTT was
incorporated into the treated cells, with media containing MTT aspirated after 4 h incubation and 300 uL. DMSO added subsequently. Spectrophotometric readings of viable
cells were taken at 595 nm wavelength with reference of 630 nm.
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Figure 13 Effects of IV (intravenous) administered nanoparticles and siRNA loaded nanoparticles on tumor regression. Tumor measurement by using a digital Vernier
calliper (values are significant *p<0.05, very significant **p<0.01, and highly significant **5<0.001).
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Figure 14 Effects of IV administered nanoparticles and siRNA loaded nanoparticles on total body weight.

or multiple siRNAs. This treatment showed a comparatively slower rate of the growth and at the end smaller tumor
volumes. These findings could demonstrate that hybrid NPs might have effectively reduced the growth of the
tumor. However, the rate of inhibition of the tumor growth for triple siRNA(s) combination was more prominent than
individual siRNA at the later stage, which could be explained by higher renal clearance and lower tumor accumulation of
the latter. Out of the six injectable formulations, no one showed any kind of detrimental influence on the body weight of
mouse (Figure 14). It might suggest that sSiRNA loaded nanoformulations might not have any acute toxic effects in mice
on the time scale of the experiment. The significant antitumor effects of hybrid HA-CA NPs carrying siRNAs against the
selective ion channel or transporter genes indicated that hybrid CA NPs could successfully protect the siRNA against the
nuclease attack. They also ensure favorable pharmacokinetic profiles, induce no remarkable cytotoxicity, facilitate

promising tumor uptake and last, but not the least, do rapid cytosolic release of the used siRNA(s).%%36°

Biodistribution Studies of Plain CA NPs and Hybrid HA-CA NPs

The biodistribution study as well as the tumor accumulation study of the siRNA were conducted by IV (intravenous)
injection of the AF-488-siRNA conjugated CA NPs into mice bearing subcutaneous 4T1 tumor. After 24 h of the
treatment, all the major organs and tumor were collected and the intensity level of the fluorescence was measured. The
significant differences in the biodistribution and tumor accumulation of the siRNA. Therese significant differences were
electrostatically connected with plain CA NPs and hybrid CA NPs were observed as shown in Figures 15 and 16.
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Figure 15 Biodistribution studies of plain CA NPs after 24 h.
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Figure 16 Biodistribution studies of hybrid HA- CA NPs after 24 h.

The plain CA NPs were accumulated to a significant extent, in major organs (brain and heart), RES organs (liver, spleen)
and urinary systems (Figure 15). Conversely, accumulation of hybrid HA-CA NPs was less in major organs compared to that
of plain CA NPs except lungs (Figure 16) which displayed a higher degree of the fluorescence signals. This could be explained
highlighting that smaller size distribution of the particles led faster renal clearance. This might be explained in a reverse way
by increasing the hydrodynamic diameter by coating the CA NPs with HA. The accumulation of nanoparticles in the
tumor cells largely depends on the physical and chemical properties of the particles. From the literature review it is established
that the EPR effects as well as the vascular pore cutoff size ranging from 200 nm to 1.2 um of tumors allow the nanoparticles to
accumulate in the tumor cells more efficiently.®>** We found that the both plain and hybrid CA NPS facilitated a significant
accumulation of the loaded siRNA in the tumor cells after 24 h of the treatment. There was a significant siRNA accumulation

for both formulations in the off-target organs, such as brain, heart and lungs 24 h after the intravenous administration.**%°

Conclusion

HA might have enhanced receptor (CD44)-mediated targeting of the siRNA-loaded hybrid NPs to the breast cancer cells.
The biodegradable nature of the carrier might help efficient release of the delivered siRNAs via rapid self-dissolution in
cellular acidic compartments (endosomes) following endocytosis. These findings thus suggest the potential applications
of plain and hybrid CA NPs in efficiently delivering therapeutic siRNAs in clinical settings while revealing the
tremendous prospect of targeting calcium ion channels and transporter genes in selectively killing breast cancer cells
through delivery of the target genes-specific siRNAs using the developed NPs.
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