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Abstract

The synthesis and application of mesoporous silica nanoparticles (MSN) and mesoporous silica nanorods (MSNR) for drug
delivery were described. MSN or MSNR were obtained by adjusting the amount of added cosolvent to the sol-gel solution.
Therefore, the addition of ethanol (EtOH) has contributed to the control of the particle shape and to the structure of the
mesoporosity. MSN and MSNR particles were then loaded with doxorubicin and incubated with MCF-7 breast cancer cells.
MSN and MSNR particles were efficient in killing cancer cells but their behavior in drug delivery was altered on account of
the difference in their morphology. MSN showed a burst release of doxorubicin in cells whereas MSNR showed a sustained
delivery of the anti-cancer drug.

Introduction

Mesoporous silica nanoparticles referred to as MSN have attracted considerable attention
for biological applications, particularly those in the field of drug delivery that was extensively
reviewed the last decade.'®? Indeed MSN exhibited key features such as tunable porosity from MCM-
41 and MCM-48 type systems to radial porosity, very high specific surface area, tunable particle size,
high drug loading capacities and biocompatibility which make them highly suitable for drug carriers.

Since the pioneering work of Chung-Yuan Mou’s®' and Victor Lin’s group, 323

mesoporous silica
nanorods (MSNR) of MCM-41 and SBA-15% types were synthesized and used as nanocarriers, 3638 for
photodynamic therapy combined with drug delivery, *° or to encapsulate MRI contrast agents. *° The
control of the shape of MSNR was achieved through a fine control of the pH3! or using a structure co-
directing agent such as perfluoro-octanoic acid®*” most often associated with a cationic surfactant
such as cetyltrimethylammonium bromide. However co-surfactant systems were not required when
co-condensation routes were applied since the organosilane precursors strongly influences the final
particle morphology.3®**' Furthermore, it was also highlighted that the size and shape of MSN
affected their uptake in cancer cells, 343742 with rods being more efficient than spheres®’. However,
this effect was also related to the cell line3? and the nature of the nanocarrier (we recently reported
that periodic mesoporous organosilica nanospheres were more endocytosed than nanorods).*
Moreover, MSNR were shown to overcome multidrug resistance in cancer cells.3® In the present
paper, it was first investigated another route to control the MSN morphology. In this way, the
influence of ethanol (EtOH) as co-solvent was studied for the synthesis of MSN type nanoparticles,
and it was demonstrated that the very small amount of EtOH determined the shape of the
nanomaterial. Besides, it was previously established that high molar ratio of EtOH/H,O were
successful to control the pore structure and also the pore diameter.**4¢ Spheroidal or rod-like MSN
were then loaded with doxorubicin (DOX) and incubated with MCF-7 cancer cells. A kinetic study
revealed notable differences in the behavior of MSN particles with different shape.



Material and methods

Chemicals

Trimethyloctadecylammonium bromide (CisTAB, 98%), tetraethyl orthosilicate (TEQS, 99.8%),
ethanol (EtOH, 99.8%), ammonium nitrate (NHsNOs, 98%) and Doxorubicin hydrochloride (DOX) were
purchased from Sigma-Aldrich. Standard solutions of sodium hydroxide (2M NaOH) were purchased
from CARLO ERBA. All the solvents were used without further purification.

Synthesis of mesoporous silica nanoparticles

In a typical synthesis, 100 mg of the surfactant C;sTAB used as the porosity template, 50 mL of
ultrapure water (18 MQ cm) and EtOH (1 mL for MSN, 5 mL for MSNR) were stirred at 323 K for 20
minutes at 750 rpm in a 100 mL round bottomed flask. Then, a silica precursor TEOS (575 pL) and
sodium hydroxide (350 pL, 2M) were added. The condensation process was conducted for 2 hours at
323 K. Then, the solution was cooled to room temperature while stirring to prevent the aggregation
of the NPs, and collected by centrifugation for 15 minutes at 5200 g. The sample was then extracted
twice with an alcoholic solution of NH4NOs (6 g.L) in order to remove the surfactant from the
porosity and washed three times with ethanol, water, and ethanol. Each extraction involved a
sonication step of 30 minutes at 323 K. Finally, the as-prepared material was dried under vacuum for
few hours.

Materials characterizations

TEM pictures were recorded with a JEOL 1200 EX microscope. For this purpose, the particles were
dispersed in ethanol and then dropped onto copper grids coated with porous carbon films.

The specific surface area and the pore structure parameters were determined from the
measurements of nitrogen adsorption-desorption at 77 K on a Micromeritics ASAP 2020 V3.00 H unit.
The pore volume and pore diameter were calculated by the Barrett-Joyner-Halenda (BJH) method.
Prior to the sorption experiment, the sample (about 50 mg) was evacuated under vacuum at 393 K
for 12 h. Small-angle powder X-ray diffraction (sa-XRD) measurements were performed with a
PANalytical X'Pert MPD (Philips 1710) diffractometer. The XRD patterns were collected using a Cu Ka
(A =0.15418 nm) radiation; the 206 diffraction angles in the range from 1° to 7° was recorded at a rate
of 0.5 deg min. Dynamic light scattering analyses were performed in ethanol using a Cordouan
Technologies DL 135 Particle size analyzer instrument. The size distributions were displayed in
intensity mode. UV-Vis absorption spectra were recorded on a Hewlett-Packard 8453
Spectrophotometer.

Drug loading in MSN and MSNR

MSNs (10.3 mg) were first dispersed in a mixture of water (1 mL) and doxorubicin (3.5 mg) within an
eppendorf tube. The dispersion was sonicated for 5 minutes in a bath at 318 K, and hydrochloric acid
(0.02M) was added to reach pH 5.5 in order to improve the DOX diffusion into the porosity. The
dispersion was then stirred overnight at room temperature.

Afterwards, the solution was neutralized with sodium hydroxide to trap the DOX at the pore surface.
Then, the NPs were collected by centrifugation for 12 minutes at 2600 g. The sample was washed
several times with water and dried under vacuum. The loading capacities of DOX were determined
from the UV-visible spectra of the supernatant fluid after each wash.

The loading capacity (wt %) was defined as [mass of loaded drug/ (mass of loaded drug + mass of
MSNs)]1*100.



Cell culture

Human breast cancer cells (MCF-7) were purchased from ATCC (American Type Culture Collection,
Manassas, VA). Cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM-F12)
supplemented with 10% foetal bovine serum and 50 ug mL? gentamycin. These cells were allowed to
grow in humidified atmosphere at 310 K under 5% CO,.

Drug delivery experiments

MCF-7 cells were seeded into 96-well plates at 2000 cells per well in 200 pL culture medium and
allowed to grow for 24 h. Increasing concentrations of MSNA or MSNR containing doxorubicin were
added in culture medium of MCF-7 cells. Three days after treatment, a MTT cell viability assay was
performed to compare the drug delivery potential of the various batches. Briefly, cells were
incubated for 4 h with 0.5 mg mL? of MTT (3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide; Promega) in media. The MTT/media solution was then removed and the precipitated
crystals were dissolved in EtOH/DMSO (v/v). The solution absorbance was read at 540 nm in a
microplate reader.

Results and discussion

The addition of EtOH as a co-solvent to the sol-gel system was found to significantly change
the morphology of MSN nanoparticles from spheroidal MSN (MSNA) to rod shaped MSN (MSNR) as
observed on TEM micrographs in Fig. 1. Spheroidal monodisperse MSN (MSNA) were achieved for an
added amount of 20uL of EtOH per mL of H,0. The nanoparticles size distributions were confirmed
through DLS analysis (Fig S.1) with a MSNA diameter centered on 300 nm and a narrow particle size
distribution of 200 to 400 nm (Fig S.1). On the other hand, the addition of 100uL of EtOH per mL of
H,0 has changed the particles shape into nanorods (MSNR) characterized by a lengthwise alignment
of the pores channels (Fig. 1) and a diameter lying in the range of 450-650 nm (Fig S.1). MSN with a
spherical shape, referred to as MSNB, were then obtained with a further increase of EtOH to 1 mL
per mL of H,0. However, MSNB particles exhibit a polydisperse size distribution as revealed on TEM
micrographs (Fig.1) and an average diameter of 650 nm (Fig. S.1).

Fig. 1. TEM images of MSNA (EtOH: 20puL mL%), MSNR (EtOH: 100puL mL?) and MSNB (EtOH: 1mL mL?)

Small-angle X-ray diffraction patterns (sa-XRD) are given in Fig 2. They exhibit a well-resolved
diffraction line 26 < 3° assigned to the (100) reflection associated with a 2D hexagonal symmetry with
a Pemm space group. Moreover MSNA and MSNR exhibit additional (110) and (200) reflections



characteristic of the MCM-41 hexagonal structure. However, the (110) and (200) reflections are
unresolved for MSNB and difficult to be observed on account of the alteration the porosity
arrangement. Indeed, it is observed on the TEM micrographs (Fig. 1) that the MSNB particles exhibit
a radial porosity. Such a particular pore arrangement severely affects the pore hexagonal array and
imposes some constraints that increase the disorder of the pore arrangement. These results
emphasize that not only the shape of the MSNs is related to the added co-solvent but the
organization of pores is changed also.

Fig. 2. Powder XRD patterns for MSNA, MSNR and MSNB samples

The nitrogen adsorption/desorption isotherms of the samples MSNA, MSNR and MSNB are
shown in Fig.3. The three isotherms are of type IV according to the IUPAC classification, which is
typical for mesoporous silica materials. All the samples exhibit a high specific surface area lying
between 875 and 980 m? g1. The distribution of the pore (Fig.3) is calculated from the desorption
branch of the isotherms using the BJH method. The BJH distributions are centred at 2.5 nm for MSNA
and MSNB and at 2.9 nm for MSNR. Moreover, the mesopore filling takes place over a narrow range
of relative pressures and the BJH distribution curves are scattered over relatively narrow areas in
agreement with the uniform textural properties of the achieved materials.

The textural properties (high surface area and large pore volume) and the narrow particle
size distribution, especially for MSNA and MSNR, are well suited for the proposed application of
nanoencapsulation for drug delivery. Moreover MSNA and MSNR exhibit both a hexagonal
organization of the porosity which enables a precise comparison of their properties of drug release,
in contrast to MSNB sample exhibiting a high polydispersity of the particle size and a different
organization of the porosity. It was indeed reported that particle morphology and pore structure
affect the process of drug release.*’*
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Fig. 3 Adsorption-desorption isotherms of N at 77 K and BJH pore size distributions for MSNA, MSNR and MSNB samples



Effect of MSNs shape on drug delivery

Drug release was investigated to identify the effect of the particle morphology on the
effectiveness of the drug loading and delivery (Fig 4). MSNA and MSNR were loaded with DOX at 20
wt % and 30 wt %, respectively. This demonstrated the better encapsulation efficiency of MSNR.
Moreover, release experiments (Fig. 4) highlighted the stability at neutral pH of the encapsulated
DOX for both MSNA and MSNR. The DOX release was triggered lowering the pH of the solution as
already shown with hollow MSN.>° This implies that the release of the encapsulated DOX into MSN
can be effective following the internalisation of the loaded particles into the acidic compartments of
the cell.
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Fig. 4. Doxorubicin delivery triggered by pH lowering from 7.4 to 5.5 by the addition of HCI (2 M) as shown by the arrow. The release
profiles are plotted from the UV-visible spectra of the released drug over time.

Assay of cytotoxicity in cancer cell line MCF-7

Since the release of DOX was pH sensitive, MSNA and MSNR were then incubated with MCF-
7 cells for 72 h at various concentrations from 0 pg mL? to 200 ug mL! and the cytotoxicity of
nanoparticles was examined using the MTT cell viability assay (Fig 5A and B). Results showed that
empty MSNA were more toxic than MSNR. At low concentration below 5 pg mL?, MSNs exhibited no
cytotoxicity. MSNA and MSNR were then loaded with doxorubicin and compared for their cytotoxic
effects. From the results of MTT cell viability assay, we observed an important cytotoxicity at very
low concentration of nanoparticles. Indeed, about 80% of MCF-7 cells were killed with a loaded MSN
concentration of 5 ug mL? (Fig 5A and B).



120

+-MSN A

*MSN A-DOX

80

60

a0

Living MCF-7 cells (%)

20
17

[} ] 01 05 1 5 10 S0 100 150 200

B

Concentration (pg/mL)

~+-MSNR

I = MSNR-DOX
100

80
75

60

Living MCF-7 cells (%)

40

20

o o 01 05 1 S 10 S0 100 150 200
Concentration (ug/mL)

0O Empty

C B MSNA+ DOX
£ MSNR+ DOX
120
90
_ 100 87 4
= 76 74
% 8o
3
3 56 56
~ 60 42
&
= 40 25
-]
=
2 20
o
1 2 3

Days of treatment

Fig. 5. DOX delivery in MCF-7 cancer cells via MSNA and MSNR. Cytotoxic study of a range (from 0.1 to 200 pug mL-1) of empty or loaded
MSNA (A) or MSNR (B) incubated for 72 h with human breast cancer cells (MCF-7). Kinetic study of empty or full MSNA and MSNR (C)
incubated for 1 to 3 days at a concentration of 1 ug mL™. Values are means * standard deviation of 3 experiments.

In addition, kinetics studies were then performed at 1 ug mL? of MSNA and MSNR and the
behaviour of both nanomaterials was different (Fig 5C). MSNR showed a sustained release of DOX
over 72 h with a progressive cancer cell killing effect whereas MSNA showed a burst release of DOX
after 24 h-48 h with no improvement of the cancer cell killing effect after 48 h. Finally, since MSNA
and MSNR did not exhibit the same loading capacity of doxorubicin, they were incubated with MCF-7
cells for 72 h at equivalent concentrations of doxorubicin (Fig 6). The results showed that MSNA were
very active at low concentration (12.35 ng mL™? DOX equivalents) and increasing the concentration of
MSNA did not improve the results. In contrast, loaded MSNR was less toxic at low concentration but
increasing their concentration, the cancer cell killing effect was dramatically increased.
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Fig. 6.Cytotoxicity of MSNA and MSNR in MCF-7 cells after 72 h of incubation at equivalent concentrations of doxorubicin (ng.mL"1) and in comparison the
effect of equivalent amount of unloaded MSNs (blue bars).

Conclusions

The control of the shape of mesoporous silica nanoparticles was successfully achieved by
simply adjusting the amount of EtOH as a cosolvent during the sol-gel procedure. MSNR showed an
increased of the DOX loading capacity compared to MSNA with a spheroidal morphology. The
nanomaterials were used for DOX delivery in cancer cells and were both very efficient for cancer cell
killing at very low concentrations. However the behaviour of the materials in cancer cells was
different, MSNR showing a sustained release of DOX compared to MSNA. As a result, the formulation
of drug carrier with MSN of different shape and morphology may enhance the control of the kinetic
delivery with the possibility to associate burst and extended drug release.
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