Published on 06 2020. Downloaded on 16.10.2025 19:35:20.

Biomaterials

Science

7 ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Biomater. Sci., 2020, 8,
2939

Received 3rd January 2020,
Accepted 1st April 2020

DOI: 10.1039/d0bm00015a

rsc.li/biomaterials-science

Delivery of dual miRNA through CD44-targeted
mesoporous silica hanoparticles for enhanced and
effective triple-negative breast cancer therapy+t

Manisha Ahir,® Priyanka Upadhyay,® Avijit Ghosh,® Sushmita Sarker,?
Saurav Bhattacharya,® Payal Gupta,” Swatilekha Ghosh,® Sreya Chattopadhyay® and
Arghya Adhikary (= *@

The development of new therapeutic strategies to target triple-negative breast cancer (TNBC) is in much
demand to overcome the roadblocks associated with the existing treatment procedures. In this regard,
therapies targeting the CD44 receptor have drawn attention for more than a decade. MicroRNAs
(MiRNAs) modulate post-transcriptional gene regulation and thus, the correction of specific miRNA
alterations using miRNA mimics or antagomiRs is an emerging strategy to normalize the genetic regu-
lation in the tumor microenvironment. It has been acknowledged that miR-34a is downregulated and
miR-10b is upregulated in TNBC, which promotes tumorigenesis and metastatic dissemination. However,
there are a few barriers related to miRNA delivery. Herein, we have introduced tailored mesoporous silica
nanoparticles (MSNs) for the co-delivery of miR-34a-mimic and antisense-miR-10b. MSN was functiona-
lized with a cationic basic side chain and then loaded with the dual combination to overexpress miR-34a
and downregulate miR-10b simultaneously. Finally, the loaded MSNs were coated with an hyaluronic
acid-appended PEG-PLGA polymer for specific targeting. The cellular uptake, release profile, and sub-
sequent effect in TNBC cells were evaluated. In vitro and in vivo studies demonstrated high specificity in
TNBC tumor targeting, leading to efficient tumor growth inhibition as well as the retardation of meta-
stasis, which affirmed the clinical application potential of the system.

1. Introduction

Triple-negative breast cancer (TNBC) accounts for about
10-20% of all the diverse subtypes of breast cancers and has
been negatively tested for the estrogen receptor (ER—), the pro-
gesterone receptor (PR—), and the human epidermal develop-
ment factor receptor 2 (HER2-)." The survival rate of patients
experiencing TNBC is less due to the lack of commercially
available targeted therapies.>” Hence, designing a new thera-
peutic approach for TNBC might be useful for improved treat-
ment. Small non-coding endogenous RNA molecules, known
as microRNAs, regulate genes and are situated at the introns
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of protein-coding genes, the introns of non-coding genes, or
the exons of non-coding genes.”” An investigation by Ferracin
et al. revealed that there are some signature microRNAs that
control human breast cancer® and their deregulation is associ-
ated with diverse processes, including their roles as oncogenes
(oncomiRs) or tumor silencers adding to tumorigenesis;” fur-
thermore, they play a role in the modulation of cancer pro-
perties, such as cell death, metastasis, and stemness.®’
Thinking about these classes of microRNAs, Weinberg’s group
showed that in breast cancer, miR-10b assumes an exception-
ally critical role by starting the tumor attack by focusing on the
homeobox D10 (HOXD-10) gene.'® In order to come up
with an alternative option, a prerequisite approach could be
by using miRNA mimics or antagomirs."* It is hypothesized
that we could make some alterations to these specific miRNA
that could lead to gene regulatory network normalization
and thus could reverse the phenotype in cancerous cells.
Similarly, studies have also provided insights into another cat-
egory of microRNA that plays a significant role in the suppres-
sion of cancer. One such tumor suppressor microRNA is
miR-34a, whose expression analysis verified that the miR-34a/c
expression is significantly decreased in metastatic breast

Biomater. Sci,, 2020, 8,2939-2954 | 2939


www.rsc.li/biomaterials-science
http://orcid.org/0000-0002-7950-6527
http://crossmark.crossref.org/dialog/?doi=10.1039/d0bm00015a&domain=pdf&date_stamp=2020-05-13
https://doi.org/10.1039/d0bm00015a
https://pubs.rsc.org/en/journals/journal/BM
https://pubs.rsc.org/en/journals/journal/BM?issueid=BM008010

Published on 06 2020. Downloaded on 16.10.2025 19:35:20.

Paper

cancer cells and human primary breast tumors with lymph
node metastases.'”'> Despite significant potential, there
remain some serious difficulties associated with the systemic
delivery of miRNAs to tumors due to their poor cellular
uptake, low stability, and rapid clearance from the systemic cir-
culation."® The lack of a targeted delivery vehicle for the pro-
tected delivery of miRNAs is also a significant drawback in
miRNAs-mediated therapy.'* Porous silica nanoparticles
contain a highly ordered porosity that provides a high surface
area, large pore volume, favorable biocompatibility, thermal
stability, and easy surface modification, making them suitable
for the simultaneous delivery of bioactive compounds or small
nucleotides.”>™” In research, MSN was chosen as a carrier for
the easy encapsulation of miRNA by simple physical diffusion
methods. The MSN core was further surface modified by
attachment of a basic side chain cationic spacer. Furthermore,
MSN can be coated with cationic polymers, including PEI, PEI-
cyclodextrin, and PDMAEMA, for cellular entrance. However
they lack cancer cells specificity.' !

On the other hand, poly(lactic-co-glycolic acid) copolymer
(PLGA) is commonly used for hosting several FDA-
approved therapeutics, owing to its biodegradability and
biocompatibility.”*>* PEG-PLGA can act as a steric layer to
protect the miRNAs against blood enzymes, to prevent the
aggregation of cationic nanoparticles, to enhance blood safety,
and to prevent an adverse immune response to the nano-
particles. Hence we hypothesized that PEG-PLGA coating on
the MSN surface can allow it to act as a protective and
improved delivery system.?>° There are a few delivery frame-
works that have reported this type of shielding effect of the
nucleic acids from degradation.>® Several miRNAs, such as
miR-29b, miR-10b, and miR-155, have previously been deli-
vered using different nanoparticles and have shown efficacy
against different types of cancer.’**> On the other hand, CD44
is a cell attachment layer glycoprotein overexpressed on the
surface of TNBC cells, in contrast with normal cells. CD44 has
been shown to be elevated in multiple diseases, including
cancer, making it a potential diagnostic biomarker and an
ideal receptor for targeted drug-delivery systems. Therefore,
hyaluronic acid (HA), a polysaccharide, was supplied with a
PLGA polymer coating at the tumor micro environment due to
its high affinity toward CD44.%*3*

Keeping all this in mind, efforts have been devoted to the
synthesis of HA-adorned PLGA-coated miRNA (anti-miR-10b
and miR-34a mimic)-loaded-mesoporous silica nanoparticles
(MSN) and toward the determination of its anti-tumorigenic
effect against TNBC. Remarkably, we found that, upon surface
modification (basic cationic side chain), MSN was able to load
dual miRNAs with enhanced efficiency. Strongly cationic par-
ticles are known to interact more favorably with cell mem-
branes, thereby enhancing their intracellular uptake. Once
decorated, these nanoparticles can get easily internalized
inside the cells; thereby the respective microRNAs are able to
terminate cancer cells by causing cell death. Additionally, our
strategy successfully restricted the migration of TNBC cells. We
validated our findings in BALB/c mice model and studied the
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biodistribution of nanoparticles as well. Our results are prom-
ising and we hope that the development of such alternative
therapeutic strategies for TNBC treatment may lead to clinical
translation, which might improve the survival rates of patients
worldwide by restricting cancer relapse and metastasis.

2. Materials and methods
2.1 Chemicals

Tetraethyl orthosilicate (TEOS), cetyltrimethylammonium
bromide (CTAB) diethanolamine (DEA), aminopropyl-tri-
ethoxysilane (APTES), poly(p,i-lactide-co-glycolide) (PLGA M,,
24 000-38 000), 2,2-(ethylenedioxy)bis(ethylamine) [mol. wt
148.20], hyaluronic acid sodium salt mol. wt 8000-15 000, 2,2’
(ethylenedioxy)bis(ethylamine)-N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS), and absolute ethanol were purchased from Sigma-
Aldrich (Germany). The dialysis membrane (MWCO 2000 Da,
12 000 Da) was purchased from Himedia (Mumbai, India).

2.2 Synthesis of cationic amine-functionalized mesoporous
silica nanoparticle (MSN-NMe;)'T~

First, 40 mg of amine-functionalized mesoporous silica nano-
particles (MSN-NH,) were sonicated in a probe sonicator and
then stirred in dichloromethane at 1000 rpm to obtain a white
suspension of MSN-NH,. Then, 1 mL of methyl iodide (excess
CH;I) was added to the reaction mixture. Then, the above solu-
tion was stirred for 48 h at 500 rpm in an argon atmosphere.
The fractionation of MSN may be accomplished using centrifu-
gal filter fractionation or sequential centrifugal filtration.
Sequential centrifugal filtration can remove unreacted meso-
porous silica nanoparticles.

Silica nanoparticles have a high dispersibility in water or
ethanol solvent. In the case of silane containing long carbon
chains, the made silica NPs have a higher dispersibility due to
the existence of long carbon chains. Therefore, the dispersibil-
ity of MSN-NH, is greater than that of free MSN. On the other
hand, the cationic nature of the amine functionalization
reduces its dispersibility. Hence, sequential centrifugal fil-
tration may remove unreacted amine-functionalized meso-
porous silica nanoparticles.

2.3 Preparation of MSN-loaded miRNAs

About 50 mg (MSN-NMe;)'T~ was added into 5 mL DEPC water
solution containing miRNAs (5 ug mL™") and stirred for 2 h at
4 °C. The obtained MSNs-miRNAs were then collected by cen-
trifugation and washed with deionized water.

2.4 Preparation of the HA-PEG-PLGA triblock copolymer

First, 400 mg of HA sodium salt was dissolved in Millipore
water (20 ml), and dialyzed against a dilute HCI solution (pH
~3.5) using a dialysis tube of MWCO 2 kDa (Sigma, USA), for
12 h each, followed by Ilyophilization. To prepare the
HA-PEG-PLGA conjugate, the COOH groups of HA were acti-
vated by treating with EDC and NHS for 2 h in DMSO. Then,
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PLGA-PEG-NH, copolymer was added to the activated HA and
stirred overnight to obtain nanoparticles decorated with HA.
After completion of the reaction, the reactant was purified by
successive dialysis (MWCO 12 000 Da) against an excess of 0.1
M NaCl, 25% (v/v) ethanol solution, and then deionized water.
The solution was then lyophilized and stored at —20 °C until
further use. The product was characterized by "H NMR.

2.5 Preparation of MSN-miRNAs @HA-PLGA by the W1/0/W2
double emulsion method

HA-PEG-PLGA copolymer was dissolved in dichloromethane-
DMSO and sonicated for 5 min to obtain a clear solution. MSN
or micro-RNA-loaded MSN was dispersed in 1 mL DEPC/
water. These two solutions were mixed by injection and
sonicated for 2 min at 100 W to form a microemulsion. Then,
the microemulsion was added into 2% PVA DEPC/water by
sparing and sonicated in a probe sonicator for 10 min.
After the organic solvents were removed in a vacuum, the
composite nanoparticles were obtained by repeated centrifu-
gation and washing with DEPC/water. Custom RNA oligos
1.0 pmol, HPLC purified grade, namely hsa-miR-34a-5p
(5-UGGCAGUGUCUUAGCUGGUUGU-3") and anti-sequence
miR-10b-5p (5'-CACAAAUUCGGUUCUACAGGGUA-3'), were syn-
thesized and purchased from Metabion.

2.6 Physicochemical characterization of the nanoparticles

The size and morphology of the nanoparticles were observed
by dynamic light scattering (DLS), transmission electron
microscopy (TEM) (JEM-2100HR-TEM, JEOL, Japan), and field
emission scanning electron microscopy (FESEM) (JSM-7600F,
JEOL, Japan). Fourier-transform infrared spectroscopy (FTIR,
JASCO, Japan) was used to determine the chemical properties
of the NPs. For "H NMR analysis, the synthesized NPs were dis-
solved in D,O, and analyzed by a 300 MHz NMR spectrometer
(Bruker AC 400 superconducting system, Switzerland).
Thermogravimetric analysis (TGA) of the synthesized nano-
particles was done on a TG/DTA analyzer (Perkin Elmer, USA)

under a nitrogen atmosphere at a heating rate of 20 °C min™".

2.7 Cell culture and PBMC isolation

Human mammary carcinoma cell lines (MDAMB-231 and
MDAMB-468) were acquired from the National Centre for Cell
Science (NCCS, Pune, India). These specific cell lines were
maintained in Dulbecco’s modified eagle medium (DMEM)
consisting of 100 mL L™" of fetal bovine serum (FBS) at 5%
CO,. The 4T1 murine mammary carcinoma cells were a kind
gift from Prof. P. C. Sen’s lab and maintained in RPMI with
10% FBS. A layer of human peripheral blood mononuclear
cells (PMBC) was isolated and cultured in RPMI-1640 with
10% FBS.

2.8 Invitro controlled release of miRNAs from the NPs

To examine the release of miR-34a from the NPs, the NPs were
suspended in 2 ml of deionized water and fixed in two particu-
lar dialysis tubes with a sub-atomic weight cut-off of 50 000 Da
for miR-34a. Two separate sets were used for the dual miRNA
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NPs and HA-Dual miRNA NPs, respectively. The dialysis tubes
were then drenched in a 10 ml PBS cushion dialysis arrange-
ment at 37 °C under direct shaking utilizing a water-washing
consistent temperature vibrator.

2.9 Fluorescent labeling of miRNA and microscopic analysis

First, 2 mM Cy5 was tagged to microRNA-34a and FAM label-
ing reagent to anti-micro-10b and incubated at room tempera-
ture (21 °C + 1 °C) for 2 h. The labeled RNA molecules were
purified by standard procedures. The Cy5-labeled as well as
FAM-labeled RNA molecules were aliquoted as 10 pM and
stored at —80 °C before the experiments. To obtain the cellular
uptake images of RNA-nanoparticles, we used an Invitrogen
fluorescent microscope. A 20x NA objective was used. The FAM
and Cy5 fluorophores were excited by 488 nm and 633 nm
lasers simultaneously. The emission band of 493-628 nm for
the FAM-labeled miRNA channel and 638-759 nm bands for
the Cy5-labeled miRNA channel were recorded simultaneously
to detect the specific localization of miRNA within the cells.

2.10 MTT assay

In order to determine the toxic effects of MSN loaded with
microRNAs on PBMC cells, they were harvested, counted, and
transferred to 96-well plates and incubated for 24 h prior to
the addition of the nanoparticles. The MSN loaded with
microRNAs was applied in various concentrations, and the
treated cells were incubated for another 24 h. An MTT study
was performed to determine the cellular viability by measuring
the reading at 575 nm.

2.11 Determination of cellular apoptosis by Annexin V

To determine the presence of apoptosis and necrosis, cell
death was analyzed by Annexin V and PI staining as per the kit
protocol (BD Biosciences) and further analyzed using a flow
cytometer (BD Biosciences, San Diego, CA, USA).

2.12 Measurement of intracellular ROS production

First, 2 pL of H,DCFDA working solution was used at a concen-
tration of 2 pM. The cell suspensions were incubated for
20 min at 37 °C. After that, FACS analyses of the samples were
carried out using FACSVerse at 488 nm excitation and 520 nm
emission using the FACSuite software.

2.13 JC-1 staining mitochondrial membrane potential

MDAMB-231 cells were treated with the nanoparticles in a six-
well plate. The mitochondrial membrane potential was moni-
tored using a fluorescent cationic dye JC-1 mitochondrial
membrane potential detection kit (Biotium, Hayward, CA,
USA). The samples were then observed under a fluorescence
microscope (EVOS FL, Invitrogen).

2.14 Immunostaining assay

The cells were fixed with 3.7% formaldehyde and permeabi-
lized with 0.1% Triton X-100. Cells were then incubated with
anti-cytochrome-c (Santa Cruz Biotechnologies, USA), followed
by RITC-conjugated secondary antibody (Sigma-Aldrich,

Biomater. Sci,, 2020, 8, 2939-2954 | 2941


https://doi.org/10.1039/d0bm00015a

Published on 06 2020. Downloaded on 16.10.2025 19:35:20.

Paper

Germany). The nucleus was stained with DAPI (Invitrogen,
Carlsbad, CA, USA). The samples were mounted on clean glass
slides using Prolong Gold Antifade Reagent (Invitrogen,
Carlsbad, CA, USA) and visualized under both fluorescence
microscopes (EVOS FL, Invitrogen and BD Pathway 855).

2.15 RNA isolation and quantitative real-time PCR study

Total RNAs were isolated from cells using miRVANA kit
(Invitrogen, Carlsbad, CA, USA). The integrity and purity of total
RNAs and small RNAs were verified by an ND1000 spectrophoto-
meter (Thermo Scientific). Also, 1 pg of total RNA was reverse-
transcribed using the transcriptor first strand cDNA synthesis
kit and oligo (dT)18 primer (Biobharti, India). In the case of
miRNA detection, the miR-specific stem-loop primers were used
along with the same cDNA synthesis kit. qRT-PCR was per-
formed with a 50 pg sample using Light cycler 96 (Roche) and
SYBR green ready mix (Roche) and specific primers (Tables S1
and S271). snRNA U6 and 18S rRNA were used as internal con-
trols for miRNA and mRNA quantification, respectively. Gene
and miRNA expression was defined from the threshold cycle
(Cq), and the relative expression levels were calculated by using
the 27291 method after normalization with reference to the
expression of housekeeping genes (18S rRNA or U6).*

2.16 Western blot analysis

After appropriate treatment, the cells were harvested to prepare
a whole cell lysate using RIPA buffer (Sigma-Aldrich, Germany)
with a protease inhibitor mixture. Protein estimation was done
using a bicinchoninic acid (BCA) assay kit (Merck, Germany).
An equal amount of proteins was separated by SDS-PAGE and
transferred onto a PVDF membrane (Millipore) and then incu-
bated with primary antibodies, like anti-Bcl-2, Bax, HOXD-10,
RhoC, Cyt C, and p-actin (Santa Cruz Biotechnologies, USA)
and ALP-conjugated secondary antibodies. The blots were
developed with NBT/BCIP (1:1). The results are expressed as
the fold change relative to the control after normalization to
p-actin.

2.17 Mammosphere formation assay and CD44+/CD24—
staining

First, 1 x 10° cells per mL were seeded on ultralow attachment
plates (Corning, NY, USA) in serum-free DMEM/F12 media
supplemented with 10 ng mL™" b-FGF, 20 ng mL~" EGF, 1x ITS
(insulin + transferrin + selenium), and 1x B27. The nano-
particles were administered during mammosphere seeding on
day 1 and MFE was calculated on day 6 by counting under an
EVOS FL Invitrogen microscope at 40x magnification. In paral-
lel identical sets, mammospheres were cultured and treated
with the nanoparticles on day 5. On day 6, human CD44-FITC
(5 pL) and CD24-PE (5 pL), (BD Biosciences) labeled cells were
then washed in PBS to eliminate any unbound antibody, and
data were acquired using a BD FACS Verse flow cytometer.>®

2.18 Cell migration study

Cell migration was determined by means of a unidirectional
wound healing assay. For this assay, 0.5-2.5 pul tips were used
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to scratch the monolayer of cells to form a unidirectional
wound in cells grown to confluency in 12-well plates. The cul-
tures were incubated at 37 °C and photographed immediately
and monitored with a phase-contrast microscope. The experi-
ments were performed in triplicate and were counted double-
blind by at least two investigators. Also, a migration assay was
done using cell culture inserts (BD Biosciences, Sparks, MD,
USA). After treatment, the cells in the insert were washed with
PBS, fixed with 3.7% formaldehyde, and then permeabilized
using methanol and stained with Giemsa stain for 30 min.
Cells present in the lower part of the inserts were determined
by counting the cells in five microscopic fields per well, and
the extent of migration was expressed as an average number of
cells per microscopic field.

2.19 Tumor regression in an ex ovo model

To detect the migration of human cancer cells through the
CAM layer of a chick embryo, we performed a semi-quantitative
chorioallantoic membrane (CAM) assay following the defined
protocol.>”*® On days 10 and 12, the chick embryos were admi-
nistered with the nanoparticles intravenously at a dosage of
15 pg mL™", while the control set was left untreated. On day
16, to examine the migrated human cells through the CAM
layer of chick tissue, the embryos were sacrificed and primer
specific RT PCR was performed for the human Alu sequences
against chick GAPDH as the internal control. Also the relative
expressions of Bcl-2, HoxD-10 mRNAs, and miR-34a, miR-10b
were estimated by real-time PCR, while intracellular metastasis
was checked in tumor tissue isolated from the control and
treated set.

2.20 Invivo study

Female BALB/c mice were procured from registered animal dis-
tributor Chittaranjan National Cancer Institute (CNCI; 37,
S. P. Mukherjee Road, Kolkata-700026, India), (Reg no.: 175/
99/CPCSEA) and allowed to acclimatize in the laboratory
environment of the animal house of the Department of
Physiology, University of Calcutta, Kolkata, according to the
institutional guideline of the Animal Ethical Committee
(IAEC) (Ethical Clearance no. IAEC-V/P/SC-05/2019 dated
07.08.2019). To perform the in vivo experiment, all the animals
were divided into three groups, where each group consisted of
four mice (n = 4): group I, untreated control possessing 4T1
induced tumor in mammary fat pads; group II, dual miRNA
NPs-treated set (25 mg per kg bodyweight dosage); group III,
HA-Dual miRNA NPs-treated set (15 mg per kg bodyweight
dosage). On every alternative day of treatment, the tumor
volume was measured as well as the tumor weight following
sacrifice of the mice.

2.21 In vivo biodistribution profile of the nanoparticles by
ICP-AES

Inductively coupled plasma atomic emission spectroscopy
(ICP-AES) is a type of emission spectroscopy that is used to
perform elemental analysis and is also used for detection of
the presence of any silica. Dual miRNA NPs and HA-Dual
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miRNA NPs were injected intra-peritoneally at a dose of 25 mg
kg™' and 15 mg per kg of bodyweight each, respectively. This
was followed by dissection of the animals at 24 h and 10 days
post-injection and the organs and tumors were expunged.
Tumor samples were prepared as per the protocol described in
Ahir et al®° Then, analyses of the pre-injection solutions,
organs, and tumor samples for the presence of silica were
carried out at S.G.S Pvt. Ltd, Kolkata, India.

2.22  Invivo toxicity assessment of the nanoparticles

BALB/c animals treated with both dual miRNA NPs (25 mg
kg™ of bodyweight) and HA-Dual miRNA NPs (15 mg kg™ of
bodyweight) were used to study the following parameters.

2.23 Estimation of the serum specific toxicity markers (AST,
ALT, ALP, LDH)

Blood of the anaesthesia-induced mice was collected followed
by incubation at 4 °C for 1 h at a 45° angle. To estimate certain
serum specific toxicity markers, AST (aspartate transaminase),
ALT (alanine transaminase), ALP (alkaline phosphatase), LDH
(lactate dehydrogenase), and clear serum, excluding the blood
clot, was collected by centrifugation at 2000 rpm for 10 min at
4 °C and further the serum was diagnosed using a commer-
cially available diagnostic kit procured from Span Diagnostics,
following the manufacturer’s protocol.

2.24 Analysis of the oxidative stress-based biochemical
parameters

In hepatic PMS, the activity of superoxide dismutase (SOD)
enzyme was measured by a spectrophotometer and is
expressed here as the units mg™" of protein. The activity of cat-
alase (CAT) enzyme was assayed using the spectrophotometer
at a wavelength of 240 nm as per claimed in previously
described protocols.*>*° In hepatic PMS, the level of lipid per-
oxidation was estimated by measuring the concentration of
malonaldehyde (MDA).*!

2.25 Statistics study

All of the experiments were performed at least in triplicate.
The data are presented as the mean + SD. The statistical sig-
nificance was analyzed by one-way analysis of variance
(ANOVA). The differences were considered to be statistically sig-
nificant when the p values were less than 0.05 (p < 0.05).

3. Results and discussion

3.1 Synthesis and characterization of the hyaluronic acid-
coated MSN

Porous MSN was synthesized and functionalized by adding a
side chain -NH, group. After quaternization of the amine func-
tional group, the resulting MSN could effectively bind miRNA
to them. Further, the PLGA-HA coating enhanced the stability,
sustained and targeted the release of miRNAs at the desired
site of action, ie., CD44 marker enriched cancer cells. A
dynamic light scattering study determined that the average
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hydrodynamic diameter was in the range of 300-400 nm
(Fig. 1A). The zeta potential was determined to be —24.20 +
3.76 mV (Table S41).”” SEM and TEM analyses showed the
presence of pores within the MSN and the size was found to lie
within 80-120 nm. The size of cationic-MSNs was 110-130 nm.
TEM analysis also showed a prominent coating of PLGA over
the MSN, which was quite visible in the magnified view.
However, after coating with HA-PEG-PLGA the size increased to
180-220 nm. The reaction scheme is explained as shown in
Fig. 1C and S1.7

To further study the modification of nanoparticles, FTIR
and 'H NMR spectra studies were also performed (Fig. S2
and S31). The FTIR spectrum of MSN showed a strong spec-
trum signal around 1100 cm™" (corresponding to the Si-O
spectrum). It was evident from the results that MSN-NH,
exhibited a positive group at around 1600 cm™" due to the
presence of an NH, group. Interestingly, cationic MSN also
exhibited positive functional groups. The thermal stability and
coating amount of polymer were analyzed by TGA and DTGA
(first derivative) curves and our data clearly showed multiple
weight loss steps for HA-PEG-PLGA, as shown and explained in
Fig. S4.7 We also calculated the loading of microRNAs in all
the sets and measured the absorption spectra at 260 nm and
chose the following values for our experimental studies. The
present delivery system showed a high loading efficiency
toward negatively charged miRNAs (Table 1). We performed a
comparative study, which demonstrated that among the
different modifications of mesoporous silica nanoparticles,
the cationic group showed the highest binding with the
microRNAs (Table 1). Initially it was found that the loading of
dual miRNAs to MSN was very poor. Among the different func-
tionalized MSNs, the neutral surface-functionalized meso-
porous silica nanoparticles (MSN-CH,-CH,-CHj3) exhibited less
binding of microRNAs. Anionic-functionalized mesoporous
silica nanoparticles (MSN-SO;H) exhibited almost no binding
to microRNAs because of the presence of a negatively charged
surface. Finally, MSNs functionalized with elongated basic cat-
ionic side chains had a significant loading of miRNAs. The
miRNAs electrostatically adsorb onto the positively charged
nanoparticles. The presence of a cationic group enhances the
electrostatic interactions between anionic microRNAs and cat-
ionic surface-functionalized mesoporous silica nanoparticles
(MSN-NCH;)'T™ and increases the binding of microRNAs to it,
thus giving a maximum concentration reading of 578.01 ng
pL™". The concentration readings corresponding to the incor-
poration of microRNAs are demonstrated in Table S3.7

3.2 Invitro release kinetics, cellular uptake, and cytotoxicity
of miRNA through nanoparticles

To evaluate the stability of the miRNAs-loaded NPs in a real
biological system, a competitive release profiling of miRNAs
from each of the NPs were carried out at different pHs.
Compared to the fast in vitro release of loaded miRNAs from
MSN NPs, the HA-coated NPs exhibited a sustained release at
PH 7.4 and 5.6, respectively. The accumulative miRNA release
in the dual miRNA MSN was around 35% at 12 h, 50% at
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Fig. 1 Characterization of different nanoparticles: (A) DLS, (B) SEM, and TEM images of MSN, MSN cation, and PLGA MSN cation, respectively. (C)
Scheme depicting the reaction synthesis protocol. (D) In vitro release of miRNA at pH 7.4 and 5.6, respectively.

Table 1 Percentage incorporation of RNAs in mesoporous silica cation

Absorbance Concentration Encapsulation
Sample (Az60/280) (ng pL™) of miRNAs” (%)
MSN cation 1.94 53.80 £ 0.01
MSN cation + 10b 1.95 578.01 £ 0.01 90%
MSN cation + 34a 1.90 502.85 £ 0.02 89%
Dual miRNA NPs 1.90 511.35 £ 0.02 —
HA-Dual miRNA NPs  1.77 339.85 £ 0.01 84%
HA-PEG-PLGA 1.08 19.994 £ 0.02 —

“Effects of the parameters on the encapsulating efficiencies of
miRNAs. Results are the mean + SD (n = 3).

24 h, and stayed for up to 48 h only at pH 5.6. A similar
release pattern was also observed at pH 7.4. From the figure
of cumulative release (Fig. 1D), it could also be observed that
only the HA-coated MSN loaded with miRNAs followed a
somewhat better pattern corresponding to the non-coated
MSN with dual miRNAs, but not much significant controlled
release was observed at both pH 5.6 and 7.4. On the other
hand, in the case of HA-targeted PEG-PLGA-coated NPs
(HA-Dual miRNA NPs) a more sustained release of miRNA
was observed. In the case of HA-Dual miRNA NPs, after 12 h
(pH 5.6), only 10% of the miRNAs were released from the
NPs, which ultimately went up to 30% after 48 h. A similar
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release profile was observed at pH 7.4. Within the tumor and
lysosomal microenvironment, acidic conditions prevail, so
our HA-coating study would enhance tumor therapy within
the system. Hence, we can state that with the shielding effect
of the HA coating, the release of miRNA from the HA-Dual
miRNA NPs was even slower than that from the dual miRNA
NPs (Fig. 1D).

FAM (carboxyfluorescein)-tagged antimiR-10b and Cy5-
tagged miR-34a were used to confirm intracellular internaliz-
ation in MDAMB-231 and MDAMB-468. As compared to free
miRNAs, those loaded with MSN showed better internalization
within cells. The merged image gives a detailed view of
accumulation of both the miRNAs inside the cells when deli-
vered with MSN in both cell lines. Interestingly, enhanced
internalization was observed in the HA-Dual miRNA NPs-
treated sets due to the overexpression of CD44 in TNBC
cells*>* (Fig. 2A & B upper panel). To confirm the findings,
we performed flow cytometry in both MDAMB-231 and
MDAMB-468 cells and found that HA-Dual miRNA NPs-treated
cells exhibited the highest fluorescence intensity in contrast to
non-targeted nanoparticles, whereas the dual miRNA NPs sets
showed the least fluorescence intensity (Fig. 2A & B lower
panel).

Next, to investigate the effect of the miRNA-loaded nano-
particles on cell viability in MDAMB-231 and MDAMB-468

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Internalization of RNA nanoparticles and cytotoxic effect. FAM (carboxyfluorescein)-tagged antimiR-10b and Cy5-tagged miR-34a were
used to confirm intracellular internalization in (A) MDAMB-231 and MDAMB-468 (B). Cellular entrapment of miRNAs was determined by flow cyto-
metry in MDAMB-231(A, lower panel) and MDAMB-468 (B, lower panel). (C) Cell viability assay for comparative study of dual miRNA NPs and
HA-Dual miRNA NPs in PBMC (C, upper panel) and HEK-293T (C, lower panel) cells. (D) Cell death analysis in untreated and variously treated sets of
MDAMB-231 cells (D, left panel) and MDAMB-468 (D, right panel) cells. (E) Apoptosis assay in the control and HA-Dual miRNA NPs-treated
MDAMB-231 cells and (F) MDAMB-468 cells. The corresponding results are represented in the bar graphs (E & F, right panels).

cells, an MTT assay was performed. Cells treated with HA-Dual
miRNA NPs exhibited a significant percentage of cell death,
which was found to be higher than for dual miRNA NPs
(Fig. 2D). Contrastingly, a lower percentage of cell death was
observed in MSN + miR34/MSN + antimiR-10b-treated cells.
Furthermore, as no significant cell death was recorded in both
cases of our nanoparticles for PBMC and HEK293T (Fig. 2C), it
was concluded that our nanoparticles showed toxicity toward

This journal is © The Royal Society of Chemistry 2020

cancer cells but left the normal cells. Treatment with nano-
particles in both the cell lines depicted a condensation of the
nuclei and DNA fragmentation, which are morphological
changes considered to be features of early apoptosis (Fig. S57).
Next, we validated the results and found that HA-Dual miRNA
NPs were able to cause an increase in apoptosis as compared
to the non-targeted ones and control sets in both MDAMB-231
and MDAMB-468 cells (Fig. 2E).
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3.3 Elucidation of the cytotoxic effect of nanoparticles on
MDAMB-231 cells

In order to estimate ROS generation in cells treated with nano-
particles, a DCFH-DA fluorescence assay was performed. We
observed that the miR-34a + MSN loaded sets showed a high
amount of ROS generation than MSN + antimiR-10b treated
sets, whereas the maximum intensity was shown by HA-Dual
miRNA NPs-treated cells. In parallel and identical sets, the
cells were pre-treated with NAC and an observable decrease in
fluorescence in all the sets was observed (Fig. 3A). Moreover to
check whether mitochondrial depolarization plays any role or
not, MDAMB-231 cells were treated with the predicted treat-
ments and stained with JC-1 dye. We observed that the red to
green fluorescence ratio decreased subsequently from the
control to the single-loaded MSN to dual miRNA NPs, with a
minimum intensity in the HA-Dual miRNA NPs-treated cells
(Fig. 3B). Additionally, we also checked for the expression of
cytochrome C (Cyt C), a prominent marker of apoptosis.
Immunofluorescence imaging highlighted an increased
expression of Cyt C in the cytosol (Fig. 3C), which was further
validated from our western blotting data (Fig. 3D).

TNBC cells are found to express significantly higher
miR-10b and in contrast less miR-34a. Several reports support
that the overexpression of miR-10b in non-metastatic breast
cancer cells enables them to acquire invasive and metastatic
behaviors. The miR-10b induced by Twist proceeds to inhibit
translation of the messenger RNA encoding homeobox D10,
resulting in an increased expression of the well-characterized
pro-metastatic gene RHOC.** In addition miR-34a is capable of
regulating the proliferation, apoptosis, invasion, and
migration of tumor cells by targeting multiple genes, indicat-
ing its important benefit in gene therapy. Different reports
support the fact that the tumor suppressor miR-34a regulates
Bel-2 and plays a significant role in causing apoptotic cell
death in the MDAMB-231 cell line.'>*>

Once inside the cells, we explicated the effect of HA-Dual
miRNA NPs on the intracellular mir-10b and mir-34a status
using RT-PCR. It was found that the expression levels of miR-10b
decreased and miR-34a increased upon HA-Dual miRNA NPs
treatment. These results for the change in expression of miRNAs
were in accordance with our study with specific miRNA 34a
mimics and miR-10b inhibitors in MDAMB-231 cells (Fig. S67).
We also observed that in the HA-Dual miRNA NPs-treatment
sets, the expression of Bcl-2 and RhoC had declined, whereas
the expression of HOXD10 was increased with respect to the
control sets at both the mRNA and protein levels (Fig. 3E & F).
Our findings suggested that HA-Dual miRNA NPs regulated the
expression of the above-mentioned miRNA, and suppressed its
direct target and in turn deactivated the metastatic gene and
activated the apoptotic genes leading to the suppression of
TNBC cell invasion, metastasis, and inducing apoptosis.

3.4 Validation of the anti-cancer effect in mouse mammary
carcinoma cells, 4T1

To further establish our findings in mouse mammary carci-
noma, 4T1 cells were treated with different nanoparticles.
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Assessment of the percentage cell death showed a maximum
cell death with HA-Dual miRNA NPs (Fig. 4A). The flow cyt-
ometer results indicated that the HA-Dual miRNA NPs could
induce approximately 60% apoptosis in 4T1 cells at 24 h
(Fig. 4B). Experiments were further extended in the presence
and absence of NAC and there was an observable increase in
ROS generation via the increase in DCFDA fluorescence after
HA-Dual miRNA NPs treatment (ICs, dose) for 4T1 after 24 h
(Fig. 4C). Next we investigated the changes in the mRNA
expression level of Bax, Bcl-2, RhoC, and HOXD-10 using
qRT-PCR analysis. Interestingly, we observed that the
expressions of Bcl-2 and RhoC decreased, whereas the
expression levels of Bax and HOXD10 increased upon treat-
ment with HA-Dual miRNA NPs (Fig. 4D). These findings were
further reinstated through western blot analysis (Fig. 4E),
which also revealed similar observations.

3.5 HA-Dual miRNA NPs retarded cell migration and reduced
stemness in TNBC cells

A bidirectional wound healing assay in the human and murine
TNBC cell lines, MDAMB-231 and 4T1, respectively, revealed
that HA-Dual miRNA NPs attenuated cell migration more pro-
minently compared to dual miRNA as well as single miRNA
loaded sets (Fig. 5A and S77). Transwell migration assay also
validated the fact that cells treated with HA-Dual miRNA NPs
were found to migrate and invade significantly less, thus
proving the importance of targeted dual miRNA delivery
through nanoparticles (Fig. 5B, left and right panels). Next, the
number of lamellipodia formation in MDAMB-231 and 4T1
cells was monitored under SEM and was found to decrease
after HA-Dual miRNA treatment with an observable structural
deformation (Fig. S87). Next, in order to examine the effect of
our synthesized nanoparticles on stemness in MDAMB-231
cells, we calculated the MFE% upon treatment, which showed
a substantial decline in the numbers of mammospheres (dia-
meter >100 pm) formed in HA-Dual miRNA NPs sets (Fig. 5C,
upper panel). Further, we performed flow cytometry to check
its effect on the CD44"/24~ breast cancer subpopulation. The
results indicated that though the non-targeted miRNA-loaded
MSN could decrease the CD44'/24~ breast cancer subpopu-
lation, the HA-Dual miRNA NPs could drastically reduce this
percentage from 54.1% to 1.18% (Fig. 5C, lower panel). This
may be an indication that cancer relapse due to the stem cell
formation may also be controlled through these targeted dual
miRNA loaded nanoparticles.

3.6 Validation of the anti-cancer effect of HA-Dual miRNA
NPs in an ex ovo model

Chick embryo was used as an ex ovo xenograft model for
studies of tumor regression as well as a metastasis assay.
We inoculated MDAMB-231 (1 x 10°) cells onto CAM in the
8-day-old chick embryos in order to carry out a study into
tumor formation, for a developed tumor within 15 days.
Along with this, a dose of 0.1 ml (15 pg mL™") of HA-Dual
miRNA NPs was given to the chick embryo. On day 16, we
observed a formation of a whitish tumor, which indicated

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0bm00015a

Published on 06 2020. Downloaded on 16.10.2025 19:35:20.

View Article Online

Biomaterials Science Paper

A B MSN+ MSN+ Dual miRNA HA-Dual
Control Anti-miR-10b miR-34a Np miRNA Np

Control MSN+miR-34a c
Q
MSN+Anti-miR-10b [l Dual miRNA Np o
o
[l HA-Dual miRNA Np -
16000 3]
Q
2 14000
i
st
2 S 12000
Q E dekk -c
[0] - []
@ g 10000 3
2 8000 pd 877
g9 w B Q
(3] u.— I ki
S 40004 T kgt
EQ T
- 2000
8 )
0 ]
Without NAC With NAC 3
MSN+ MSN+ Dual miRNA HA-Dual
c Control Anti-miR-10b miR-34a miRNA Np D

DAPI
HA-Dual
miRNA Np

°
=
€
[=]
o

Np
B-actin
Cytc ! :

(9]
4
o
IIJ
100}k
ssion
[
o O

&} o
g ! : 3 251 I
(8] - c
‘© 2.0
B ©1s]
5 50
O 1.0
g £ I
© =%
= > o 0.0
o 3 @
> QO N
1<) & L
(O
&
E F M Control ' HA-Dual miRNA Np
A M Control © HA-Dual miRNA Np A 507 5.0
10.0 1.51 4.0 4.04
< | 80 1.0 52 2| 301 el 3.0
Z| 60 0.751 B ag 21| 20 2.0
% 40 I os{ I § %% g— 1.0 i 10{ M L
c 2.0 0.251 c 0.0 0.04
° . S i i
2| 0ol 0.0- Bax 2 Bax Bcl-2
o Bax Bcl-2 — 9]
g [ 100 1.5 ———y 5 | 10.07 10.04
& Bcl-2 | . 2
o | 80 1.01 o | 801 8.0
= >
& | 40 L 0.54 & | 404 L 4.0
575 G351 afy Targets for miR-34a Target for miR-10b 501 S0 I
0 0.0 0.0 0.0-
HoxD10 RhoC HoxD10 RhoC

Fig. 3 In vitro therapeutic effects of the nanoparticles on MDAMB-231. (A) MDAMB-231 cells were treated with MSN + anti-miR-10b, MSN +
miR-34a, dual miRNA NPs, and HA-Dual miRNA NPs with or without NAC pre-incubation and were assessed by a flow cytometer for ROS generation
in comparison with an untreated control set by measuring the DCF-fluorescence intensity, with the data presented in the form of bar graphs. (B)
Fluorescence microscopic images of the MDAMB-231 cells stained with JC-1 dye for detecting the changes in mitochondrial membrane potential
due to all the treated cells. (C) Immunofluorescence images of cytochrome c-FITC (green) and DAPI (blue) staining in all the nanoparticles-treated
sets. (D) Western blot assay showing Cyt C release. -Actin for cytosol and CoxIV for mitochondria was kept as the loading control. (E) Relative
expression of mMRNA of Bax, Bcl2, HOXD-10, and RhoC were analyzed in HA-Dual miRNA NPs-treated MDAMB-231 cells with respect to the control
set. (F) Western blot analysis of Bax and Bcl-2, (targets of miR-34aNPs), as well as HOXD-10 and RhoC, (target of miR-10b) in the control and
HA-Dual miRNA NPs-treated MDAMB-231 cells. The corresponding protein expressions of Bax, Bcl,, HOXD-10, and RhoC in the control and
HA-Dual miRNA NPs-treated MDAMB-231 cells were produced in bar-graph patterns (F, right panels). f-Actin was used as a loading control. Values
are the mean + SEM of three independent experiments in each case or representative of a typical experiment. **P < 0.01, and ***P < 0.001.
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Fig. 4 In vitro therapeutic effects of the nanoparticles on 4T1. (A) Line diagram showing cell death in variously treated cells. (B) Quadratic represen-
tation of apoptotic cell death in differentially treated sets with respect to the control cell. Corresponding data are produced as bar graphs (B, right
lower panel). (C) Untreated and differently treated sets without or with the pre-incubation of NAC were analyzed for DCFDA fluorescence through
FACS verse. The corresponding findings are represented in the form of bar graphs (C, right panel). (D) Relative expressions of mRNA of Bax, Bcl-2,
HOXD-10, and RhoC were analyzed in HA-Dual miRNA NPs-treated cells with respect to the control set. (E) Immunoblot analysis of Bax and Bcl-2
(E, left panel) along with HOXD-10 and RhoC (E, middle panel), in the control and HA-Dual miRNA NPs-treated cells. The corresponding proteins
expressions in the control and HA-Dual miRNA NPs-treated cells are presented by bar graphs (E, right panel). f-Actin was used as a loading control.
Values are the mean + SEM of three independent experiments in each case or representative of a typical experiment. **P < 0.01, and ***P < 0.001.

the presence of MDAMB-231 cells. Tumor regression in the
case of the HA-Dual miRNA NPs-treated set was distinctly
observable on day 16 in contrast to the untreated sets
(Fig. 6A). To further validate our mechanism of action, we
examined the expression of our desired microRNAs and
mRNAs in the tumors with an ex ovo model and observed
that the levels of miR-34a and HOXD10 were increased and
those of miR-10b, Bcl-2, and Rho C were decreased in the

2948 | Biomater. Sci., 2020, 8, 2939-2954

HA-Dual miRNA NPs-treated sets as compared to the control
sets (Fig. 6B and C).

Additionally, to investigate the multi-organ metastasis,
MDAMB-231 (1 x 10° cells) was intravenously injected in the
8-day-old chick embryos, followed by the harvesting of
different organs, like the liver and lungs from the chick
embryo on day 14. The untreated control chick embryos died
at day 14, perhaps due to the toxicity imparted by TNBC cells

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 HA-Dual miRNA NPs and dual miRNA inhibited migration and mammosphere formation in MDAMB-231 and 4T1 cells in vitro. (A) Bar diagram
representation of the percentage of migration in MDAMB-231 cells (A, left panel) and 4T1 cells (A, right panel) at 0 and 16 h upon treatment with the
aforementioned sets. (B) Phase-contrast images depicting the rate of migration as well as invasion in MDAMB-231 cells (B, left, top panel) and in 4T1
cells (B, left, bottom panel) upon treatment with different nanoparticles. Bar diagram representation of the percentage of invasion in MDAMB-231
cells as well as in 4T1 cells at 0 and 16 h upon treatment with the aforementioned treatments (B, right panel). (C) Bar graph representation of the
percentage of mammosphere formation efficiency in MDAMB-231 cells (C, left, upper panel) and phase contrast images of MDAMB-231 mammo-
spheres of the control and differently treated sets (C, right, upper panel). Flow cytometer analysis (C, right, lower panel) and bar-graph representa-
tion (C, left, lower panel) of the expression of CD24/CD44 cell surface markers over MDA-MB 231 cells in a corresponding set of experiments.
Values are the mean + SEM of three independent experiments in each case or representative of a typical experiment. **P < 0.05.

upon tumor formation. The homogenized liver and lung were
studied to detect the presence of MDAMB-231 cells through
Alu PCR. Our study revealed that the HA-Dual miRNA NPs-
treated sets had a significantly low expression of human Alu
sequences as compared to a very high expression of Alu
sequences in the untreated control sets, pointing sharply
toward an anti-migratory role of HA-Dual miRNA NPs in TNBC
cells in the ex ovo xenograft model (Fig. 6D).

This journal is © The Royal Society of Chemistry 2020

3.7 Invivo sensitivity, biodistribution, and toxicity induced
by HA-Dual miRNA NPs

To investigate whether our desired miRNAs could suppress the
tumor growth in an in vivo model, tumor-bearing BALB/c mice
were treated with different nanoparticles in separate sets. As
shown in Fig. 7A, the treatment with dual miRNA NPs did not
show a significant inhibition of the tumor size, while HA-Dual

Biomater. Sci,, 2020, 8,2939-2954 | 2949
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Fig. 6 Ex ovo tumor-suppressive effect of HA-Dual miRNA NPs. (A) Ex ovo model showing tumor regression due to HA-Dual miRNA NPs treatment
at 8 and 16 days of chick embryo growth. (B) Graphical representation miR-34a and miR-10b expression and (C) Bcl-2, HOXD-10, and RhoC mRNA
expression in the control and treated sets. (D) Graphical representation of the human-specific Alu PCR technique, revealing a high expression of
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behavior. Values are the mean + SEM of three independent experiments in each case or are representative of a typical experiment.

miRNA NPs treatment in mice could significantly decrease the graphed, and their volumes and weights were measured,
tumor size with respect to the control groups. At the end of the = respectively (Fig. 7B). In the tumor-bearing BALB/c mice, the
treatment, the tumors were excised from every mice, photo- treatment with HA-Dual miRNA NPs showed tumor targeting
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Fig. 7 In vivo tumor-suppressive effect of HA-Dual miRNA NPs. Photograph of 4T1 cells-induced tumors from (A) BALB/c mice and (B, upper
panel) excised tumors from the control, and those treated with dual miRNA NPs and HA-Dual miRNA NPs, respectively. Tumor volume and tumor
weight of the excised tumors from the control, and dual miRNA NPs- and HA-Dual miRNA NPs-treated sets were measured, analyzed, and are rep-
resented in the form of a bar graph and line diagram respectively (B, lower panel). (C) Images of the spleen excised from untreated and treated sets.
(D) Hematoxylin and eosin staining of tumors excised from the control, and dual miRNA NPs and HA-Dual miRNA NPs-treated sets, where images
were captured under a phase-contrast microscope. (E) Graphical representation of miRNA expressions of miR-34a and miR-10b (E, left panel) and
mRNA expressions of Bcl-2 and HOXD-10 protein (E, right panel) in the control and HA-Dual miRNA NPs-treated sets. p-Actin was used as an
internal loading control. (F) Western blot analysis depicting the changes in the expression levels of Bax, Bcl-2, HOXD-10, and RhoC in the control
and HA-Dual miRNA NPs-treated tumors (F, left panel), with the respective expression of proteins produced in the form of a bar graph (F, right
panel). (G) The photographs of the lungs from the normal, control, dual miRNA NPs- and HA-Dual miRNA NPs-treated sets showing the regener-
ation of nodules (G, left panel), with the number of lung nodes of the corresponding sets represented in the bar graph (G, right panel). Values are
the mean + SEM of three independent experiments in each case or representative of a typical experiment. **P < 0.01, and ***P < 0.001.
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and thus significantly hindered tumor progression over time.
Splenomegaly was recognized in the spleen of the tumour-
bearing control sets, which further restored its size after treat-
ment with our nanoparticles (Fig. 7C). In addition, H&E stain-
ing data of tumor sections clearly indicated that the HA-Dual
miRNA NPs showed no such higher infiltration and poorly
differentiated structures in comparison to the control sets,
thus causing no such damage (Fig. 7D). Next, through
gRT-PCR and western blot analysis of homogenized tumors of
different sets, we observed an increase in the expression levels
of miR-34a and Bcl-2 and decreased expression levels of
miR-10b and HOXD-10 as compared to the control group upon
treatment with HA-Dual miRNA NPs (Fig. 7E and F). Also, the
lungs were excised and photographed to study the presence of
metastatic nodules. We observed that, as compared to the
control groups, which showed significant nodule formation,
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the treatment sets showed less or no trace of nodules.
Comparatively, the HA-Dual miRNA NPs-treated sets showed
almost no presence of nodules as compared to a few nodules
in the dual miRNA NPs-treated sets (Fig. 7G).

Next, to check the biodistribution of our nanoparticles as
silicon (as Si) in various organs, we performed ICP-AES. The
tumor-bearing mice were injected with dual miRNA NPs and
HA-Dual miRNA NPs and then the organs were extracted and
digested to study the presence of silicon at two diverse times:
(i) 24 h and (ii) 10 days. In the dual miRNA NPs-treated sets,
the tumor, kidney, and spleen were found to show the pres-
ence of Si with the maximum accumulation in the liver at the
24 h time point, which remained till day 10 as well. However,
the concentration of Si was less in the liver with an increasing
concentration in other organs and the highest accumulation
in the tumor in the case of the HA-Dual miRNA NPs-treated
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Fig. 8 Assessment of the distribution and toxicity of the NPs. (A) Organ distribution analysis of the dual miRNA NPs and HA-Dual miRNA NPs at
24 h and 10 days by ICP-AES (B) Histological sections of the heart, lungs, liver, kidney, and spleen from the animals were stained with hematoxylin
and counter-stained with eosin and microscopically analyzed for histopathological examinations of tissue toxicity. Serum levels of (C) (i) LDH, (ii) ALT
(iii) AST, and (iv) ALP. Oxidative stress parameters: (D) (i) catalase activity, (i) TBARS, and (iii) SOD activity were measured and are represented graphi-
cally. Values are the mean + SEM of three independent experiments in each case or representative of a typical experiment. **P < 0.01, and ***P <

0.001.
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sets (Fig. 8A). Overall, these results indicate that the HA-Dual
miRNA NPs could be expected to be a highly efficient delivery
vehicle for achieving the targeted intracellular delivery of
miRNAs. Additionally, the in vivo biodistribution highlighted
that our HA-Dual miRNA NPs were able to show enhanced
tumor targeting and could be retained within the system for
up to 10 days. No significant problem related to renal clear-
ance was found. These findings highlighted the potency of our
nanoparticles to be used as a suitable delivery vehicle.

Furthermore, the toxicology parameters studies suggested a
less significant toxicity of HA-Dual miRNA NPs as compared to
the dual miRNA NPs and untreated sets. In addition to the
antitumor activity, the safety profiles of the HA-Dual miRNA
NPs were evaluated by studying the histology of the organs
through H&E staining. As shown in Fig. 8B, the dual miRNA
NPs group caused systemic toxicity as characterized by the
vacuolization in cardiomyocytes, changes in the morphology
of the bronchioles in the lungs and inflammatory cellular infil-
tration in the alveolar, and distorted hepato-architecture
within the liver followed by the distortion of renal morphology
(Fig. 8B), which might be related to the non-selected distri-
bution of miRNAs in the case of dual miRNA NPs. However, no
obvious organ toxicity was observed in the HA-Dual miRNA
NPs-treatment groups in comparison with that in the control
group. Further biochemical indices in liver function tests,
such as aspartate aminotransferases (AST), alanine amino-
transferases (ALT), and alkaline phosphatase (ALP) activity,
showed changes in the serum as a result of membrane
damage in the dual miRNA NPs-treated sets (Fig. 8C(i)(iii)).
These levels were somewhat similar to the control sets in the
case of the HA-Dual miRNA NPs. Along with it, the oxidative
stress parameters showed elevated amounts in different
organs in the case of the dual miRNA NPs (Fig. 8D(i)-(iii)).
These toxicities were decreased in the case of our targeted
delivery. Combining these results, it can be inferred that the
HA-Dual miRNA NPs were well-tolerated in vivo.

4. Conclusion

In this study, we reported a successful application of HA-Dual
miRNA NPs as a dual nanocarrier system to simultaneously
deliver anti-miR-10b and tumour suppressive miRNA-34a into
triple-negative breast cancer cells for the improved efficacy of
chemotherapy. We performed a comparative study, which
demonstrated that among the different modifications of meso-
porous silica nanoparticles, the cationic group showed the
highest binding with the microRNAs. Furthermore after
polymer coating, the release became more stable, which
further enhanced the stability of our nanoparticles inside the
cellular system. The furnished study shows how the modified
nanoparticle gets internalized within the system, depicting a
stable and sustained release of microRNAs, which further
leads to cancer cell death and plays a role in the retardation of
cell migration as well. The current research thus may provide
ideas for addressing the dilemma regarding stability within
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the system. The systemic delivery of miRNA loaded nano-
particles in animal trials demonstrated high specificity toward
the tumor and efficacy against its growth. This study provides
an insight into the possible therapeutic application of these
targeted nanoparticles in TNBC therapy.
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