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Abstract

Mesoporous silica nanoparticles (MSNPs), 100 nm in size, incorporating a Cy5 fluorophore
within the silica framework, were synthesized and loaded with the anti-cancer drug
temozolomide (TMZ), used in the treatment of gliomas. The surface of the particles was then
decorated, using electrostatic interactions, with a polyarginine-peptide nucleic acid (R8-PNA)
conjugate targeting the miR221 microRNA. The multi-functional nanosystem thus obtained
was rapidly internalized into glioma C6 or T98G cells. The anti-miR activity of the PNA was

retained, as measured by RT-PCR measurements. Induction of apoptosis was observed in
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temozolomide-resistant cell lines. TMZ-loaded MSNP showed an enhanced pro-apoptotic
effect, and the combined effect of TMZ and R8-PNA in MSNP showed the most effective

induction of apoptosis (70.9% of apoptotic cells) in the temozolomide-resistant T98G cell line.

1. Introduction

The administration of an efficient cancer therapy still remains a substantial goal, since the
traditional use of a single therapeutic strategy in many cases might not represent the optimal
way to provide a complete and effective cure. The combination of chemotherapeutic agents
has also been used to prevent drug resistance, but the ability of cancer cells to adapt and
develop new resistance pathways eventually leads to feeble results.!?! On the other hand, a
very interesting and promising strategy for an efficient cancer treatment relies on the
combination of two or more therapeutic approaches with diverse mechanisms, which can
synergistically cooperate to give an enhanced final therapeutic effect.*”] For this reason,
considerable efforts have been devoted to the development of strategies based on the
combination of traditional drug-based chemotherapy with the emergent RNA-interference-
based therapy (RNAi) and miRNA therapeutics, which allows for selectively targeting and
downstream regulating RNA targets involved in the tumor proliferation and in its drug
resistance. The advent of nanotechnology has indeed played a key role towards this aim,
leading to the design and fabrication of multi-structured nanomaterials tailored in such a way
to carry and to deliver the therapeutic components in a sustainable manner directly to the
cells.®13 The use of nano-carriers has been described for the simultaneous delivery of siRNA
or miRNA and anti-cancer drugs!'*! greatly enhancing the possibility to reduce drug resistance
in tumors.'"Y Among others, mesoporous silica nanoparticles (MSNPs) have been considered
as one of the most promising platforms for the realization of multifunctional delivery systems,
thanks to their large surface area with well-defined chemical properties, their controllable and

tunable porous structure for hosting guest molecules, and their excellent biocompatibility.!>
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%I The behavior of MSNPs in vivo has been also thoroughly investigated, and it has been
pointed out how the intrinsic properties of the particles and the subsequent chemical
modifications deeply influence biodistribution, biodegradation, and definitive clearance.
Although few adverse reports, it is a common view that MSNPs are suitable platforms for
being used in vivo, and numerous studies have been carried out with this strategy.?"!
Multivalent MSNPs has been shown to be suitable for the combination of drug and
RNAil'*2122] treatments; for example the double release of doxorubicin and specific siRNA
by MSNPs to overcome drug resistance in breast cancer or HeLa cells has been

d.123.24]

demonstrate Recently, also microRNAs (miRNAs or miRs) have emerged as

potentially powerful targets for gene modulation. MiRNAs are short non-coding RNA
molecules that regulate gene expression by repressing translation or by inducing the cleavage
of target RNA transcripts.>?®) Emerging evidences suggest that the abnormal expression

[27,28

profile of miRNAs can be correlated to the pathogenesis of cancer, I'to tumor progression,

and to drug resistance. The anti-miR strategy (miRNA targeting therapy) can be very useful
in the treatment of tumors overexpressing a specific type of miR; however, due to the
presence of multiple targets, the effect of a single anti-miR molecule in most cases might have
a limited effect. Combined therapies can thus be used, especially in cases where the target

miR is correlated with chemo-resistance. One of the possible miRNA targets, miR-221, has

S,[29-31 [32-34] It

been found to be upregulated in several tumor form I'and especially in gliomas.

was shown to regulate several key target genes, among which p27%P! mRNA appears to be
one of the most interesting, since this protein is a strong regulatory element able to modulate

cyclin-CDK complex activity and hence cell cycle progression;*>! miR-221 knock-down can

36-38

potentially trigger p27%P! upregulation.*¢3! Interestingly, the dowregulation of miR-221 has

been shown to sensitize glioma cells to temozolomide, which is one of the most common

antineoplastic agents for malignant glial tumors.**-4!]
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In this work we report, for the first time, the use of multifunctional MSNPs for the
concomitant delivery of anti-miR-221 PNA-octaarginine conjugate (R8-PNA221) and
temozolomide to drug resistant glioma cells, demonstrating increased biological effects of the
two agents when administered in combination. The role played by the R8-PNA221 and
temozolomide separately, and the comparison with the nanomaterial containing both the
active components help to clarify the effect of miR221 inhibition on temozolomide resistance

and clearly demonstrate the efficacy of the system on inducing apoptosis in cancer cells.

2. Results and discussion

2.1. Material design, multi-functionalization, and characterization

MiR221 is one of the most studied molecular targets in oncology research, being
overexpressed in a large variety of tumors, and is associated to poor prognosis*?! due to its
effect on several important targets, such as p27Kipl, TIMP3, TRAIL and PTEN. In gliomas,
miR 221 has been associated to invasiveness!*’! and resistance to temozolomide.l*”]

Furthermore, miR 221 is elevated in radioresistant tumor cell lines.[**

Among the possible available tools for anti-miR targeting, peptide nucleic acids (PNAs)“>4]
represent an excellent choice. PNAs, due to their high affinity for the nucleic acid, their
sequence selectivity, and their high stability towards both chemical and biological degradation,
have been used as antisense agents and have been shown to be able to efficiently target
miRNAs.*-321 We thus chose PNA as anti-miR component to be used in combination with
mesoporous silica nanoparticles. Furthermore, the overall charge of PNAs can easily be tuned
either by conjugation with suitable peptides (directly introduced during PNA solid-phase
synthesis), or by a modification of the backbone with charged substituents;>! thus, unlike

other oligonucleotide analogs, PNAs allow to finely tune the overall charge of the nanosystem

to positive or mildly negative values, and thus suitable for cellular uptake. A suitable
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fluorophore (Cyanine-5, Cy5) was embedded in the mesoporous silica matrix allowing for the
localization of the nanoparticles inside the cells.

The schematic view of the whole fabrication of multi-functionalized mesoporous silica
nanoparticles is reported in Figure 1.

MSNPs of 100 nm in diameter were synthesized following a typical sol-gel micelle-templated
process!™! described in the experimental section. The size range of the particles represents a
good regime for efficient cellular uptake as previously reported.>>=7! The red cyanine 5 dye
was directly grafted into the silica network; a one-pot synthesis was carried out using a Cy5-
NHS-ester and a small fraction of (3-aminopropyl)triethoxysilane (APTES), which made it
possible to covalently embed the dye into the silica structure. This dye was selected since its
emission does not overlap with all the other signals involved in the cellular uptake
experiments and the biological tests (e.g. Alexa Fluor® 568 Phalloidin used for staining f-
actin filaments).

Due to the template synthesis the presence of the surfactant in the pores plays a crucial role
for the external surface functionalization, preventing the silane derivative to react also with
the —OH groups of the internal surface of the pores, which may lead to an obstruction of the
empty channels. Functionalization of the nanoparticles is achieved using (3-aminopropyl)-
dimethyl-ethoxysilane (APDMS) to provide amine-functionalization of the particle surface by
simple silane chemistry. At this point, templating cetyl trimethylammonium bromide (CTAB)
is totally removed by an overnight treatment with acidic ethanol (see Figure 1). The final zeta
potential value of +7.96 mV, obtained at this step, clearly indicate the presence of the amine
functional groups on the outer surface of the particles, due to protonated amino groups. The
coverage of the surface with amino groups was also corroborated by the positive ninhydrin
test. Subsequently, the amino groups were converted into carboxylic acids by reaction with
succinic anhydride, which was again confirmed by a zeta potential shift to -36.42 mV. The

presence of a total negative charge on the particle surface is indeed crucial for the final step,
5
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involving electrostatic binding of the cationic anti-miR221 PNA. Temozolomide was then
loaded into the particle pores. Due to the low molecular weight of the drug, which can be
uptaken and released from the pores, an impregnation strategy involving evaporation of the
working solution and washing with solvents showing different solubility for TMZ was
performed as described in the experimental section, which allowed us to achieve a final
loading value of 17% (wt/wf). This value was calculated by means of UV-Vis
spectroscopy,®! following residual temozolomide absorption in the UV region after the
loading procedure (see supporting information for details). A batch of these TMZ-particles
was used as such during the cell experiments, while a further functionalization step was
carried out on few mg to achieve the final PNA decoration. Thus, once MSNPs were filled up
with the drug, R8-PNA221 could finally be bound to the nanocarriers. Due to the cationic
nature of the arginine-modified PNA probes, they were electrostatically adsorbed on the
negatively charged surface of carboxylated-functionalized MSNPs, by dispersing the particles
in the aqueous PNA solution. From a targeting point of view, the adoption of cationic PNAs
helps to enhance the hybridization properties of the probes by additionally exploiting
electrostatic interaction.[**) Moreover, the presence of cationic species on the particle
surface directly improves the cellular uptake of the nanosystem, without further need of

5.1 Furthermore, the use of cationic PNAs leads to a reduction in

cationic polymer coating
the number of steps otherwise required for a covalent binding of the probes to the particle
surface. In addition, the PNA coating can mimic the pore blocking effect achieved when using
DNA oligos,®!%? and serves to inhibit a progressive unwanted release of the drug and to help
control the release of temozolomide. After R8-PNA221 adsorption, the zeta potential of the
particles was considerably shifted reaching a value of +0.34 mV, which indeed proved the

successful binding of the PNAs to MSNPs. PNA loading was evaluated by UV-Vis

spectroscopy monitoring the absorption peak at 260 nm before and after incubation with the
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negatively charged particles, and was found to be 3.6 nanomoles per mg of material
(corresponding to 15 ug PNA/mg MSNP).

For comparison, and to evaluate the gaining of the full system containing both TMZ and PNA,
the MSNPs loaded only with temozolomide, TMZ-MSNPs and nanomaterials decorated only
with R8-PNA221, PNA-MSNPs, have also been used. The TMZ-MSNPs were prepared as
mentioned above. The zeta potential of the material was -35.26 mV, indicating no residual
drug adsorbed on the surface. The PNA-MSNPs were synthesized following the same
procedure, but skipping the TMZ-loading step. A zeta potential value of +0.11 mV showed
the success of the surface coating. The particles have been extensively characterized with
SEM, TEM, SAXS, zeta potential, fluorescence spectroscopy, dynamic light scattering (DLS),
and confocal microscopy (see Figure 1 and S1-5). The SAXS pattern of the mesoporous
material without surfactants is shown in Figure S2. The sample shows three clear diffraction
peaks, which can be indexed to a 2D-hexagonal lattice. SEM and TEM measurements (Figure
1) clearly show the homogeneity and porosity of the materials.

2.2. Cellular uptake and cytotoxic effect in glioma C6 cells

In order to address the interaction between the nanosystem, containing both temozolomide
and PNA, PNA-TMZ-MSNPs, and live cells, a C6 glioma cell line was used. Cell
experiments were carried out incubating C6 glioma cells (approximately 50,000 cells/plate)
for 1, 4, and 24 hours, using a particle concentration of 0.05 mg/mL. After incubation, the
cells were washed, fixed, and analyzed by confocal microscopy (Figure 2). Visualization and
tracking of the nanoparticles inside the cells was possible by monitoring, with confocal
microscopy, the red fluorescence of the cyanine 5 dye inserted in the silica scaffold during the
synthesis. Additionally, for a better view of the cell shape, we also stained the actin filaments
with Alexa Fluor® 568 Phalloidin, after cell fixation, whose emission does not overlap with

that of Cy5. The results, summarized in Figure 2, show that already after 1 hour a significant
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number of nanoparticles can be visualized inside the cells, proving that the system is properly
tailored for an efficient (i.e. fast) cellular uptake.

A prolongation in incubation time led to an increase in particle concentration in the cell
cytoplasm. Particle uptake was confirmed by recording Z-stack images (Fig. 2D). It is worth
to note that unmodified PNAs generally show poor cell membrane permeability,*! and
uptake of silica nanoparticles is strongly affected by their size, shape, and surface
properties!®*®°]. It is generally accepted that the induction of a net positive charge on the
surface of the nanoparticles tends to facilitate the internalization process;**¥ on this account,
positively charged polymer has been frequently used as coating layers to improve cellular
uptake.?*°3%] In our case, the use of a cationic PNA on silica nanoparticles is intended to
provide a similar outcome, promoting cell uptake of the functional nanocarrier without the
need for an-extra polymer coating.

As a first tests for studying the biological and possible cytotoxic effect of our multimodal
system, cell viability experiments were carried out on C6 glioma cells incubated with
different combinations of Cy5-labelled PNA-TMZ-MSNPs. It has been recently found that
this glioma cell line tends to overexpress the onco-miR221, which is involved in the tumor

32.66.88] C6 glioma cell line is also resistant to temozolomide treatment, which

proliferation.!
makes it a suitable candidate to investigate the therapeutic potentialities of our PNA-TMZ-
MSNP system.[®>7!1 For a better comprehension of the efficacy of this approach and to prove
the synergistic effect of the therapeutic molecules a complete set of experiments was designed,
incubating the cell for 24 and 48 hours with, respectively, MSNPs filled with temozolomide
only (TMZ-MSNPs), MSNPs modified with R§-PNA221 only (PNA-MSNPs), and MSNPs
loaded with temozolomide and coated with the R8-PNA221 (PNA-TMZ-MSNPs). At the end
of each of incubations, cells were trypsinized and cell pellets were harvested. The total cell

viability was measured as a direct indication of the cytotoxic effect of the material. After 24

hours, TMZ-MSNPs and PNA-MSNPs provided a modest effect while, very interestingly, the
8
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combined delivery of the drug and the anti-miR PNA (PNA-TMZ-MSNPs) determined a

drastic reduction in the cell viability, up to a 30% value (see Fig. S7). After 48 hours, a visible
reduction of cell viability was also observed for TMZ-MSNPs and PNA-MSNPs, but still a
much greater reduction was obtained for PNA-TMZ-MSNPs, which further decreased cell
viability to 20% (see Fig. S8). This set of data clearly suggests that the combined delivery of
temozolomide and antimiR-221 PNAs provides a synergistic cytotoxic effect to the C6 glioma
cells. The efficacy of the presence of both molecules is always higher than the mere sum of
the contributions of the two mono-functionalized particles (TMZ-MSNPs and PNA-MSNPs).
Hence, due to the very promising results by far obtained, the system was tested also on a
TMZ-resistant T98G human glioma cell line !

2.3. Uptake and anti miR-221 activity of PNA-MSNPs in T98G cell line.

The TMZ-resistant T98G cell line was used and exposed to 0.1 and 0.5 mg/ml MSNPs either
empty, or carrying TMZ, R8-PNA221 (PNA-MSNPs) and both TMZ and R8-PNA221 (PNA-
TMZ-MSNPs). We have previously reported that a mutated R8-PNA221 does not hybridize to
miR221 target sequences and has only minor effects on apoptosis, when compared with the
full complementary R8-PNA221).33! All the experiments are depicted in Figure 3 (performed
in triplicate). The FACS analysis, shown in Figure 3 A and B, suggests that concentration-
dependent uptake is obtained when T98G cells are treated for 24 hours with MSNPs, TMZ-
MSNPs, PNA-MSNPs and TMZ-PNA-MSNPs. The data clearly indicate that the cells can
uptake almost all of the different MSNP-based formulations.

The anti-miR activity of PNA-MSNPs was tested, in order to establish if the adsorption of the
PNA strands on the silica could interfere with the interaction with the target. When the glioma
cell line T98G was cultured in the presence of PNA-MSNPs a very reproducible effect was
obtained, as shown in Figure 3. The results demonstrate that the miR-221 specific
hybridization signal was reduced when RNA was isolated from T98G glioma cell lines

cultured for 48 h in the presence of 0.25 mg/ml of PNA-MSNPs. As published elsewhere,*?
9
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no major effects have been obtained in these experiments using PNA221 or a mutated R8-
PNA221; the same is true for the bare MSPN nanoparticles, whereas PNA-MSNPs (0.25
mg/ml, corresponding to 0.9 uM concentration of R§8-PNA) induced a significant reduction in
the miR221 bioavailability. The lower signal obtained by qRT-PCR for the cationic RS8-
PNA221, at a comparable concentration as the PNA-MSNPs (1 uM), suggests that the free
PNA inhibited miR221 slightly more efficiently than the same PNA bound to the MSNPs
(Figure 3, C). Since it was shown that high-affinity anti-miRs, such as PNA, can sequester
miRs without causing miRNA degradation,”! this test measures the competition of PNA and
RT-PCR machinery for the target miR, this difference is probably due to delayed release of
the PNA from the nanoparticles. Downstream biological effects were thus further evaluated in
order to assess the efficiency of the anti-miR R8-PNA in combination with temozolomide
treatment.

2.4. Effect of PNA-TMZ-MSNPs on apoptosis of glioma T9I8G cells

The glioma cell line T98G was cultured in the presence of TMZ. These cells are
temozolomide resistant as clearly shown by the dramatic difference observed by comparing
the TMZ effects on T98G with the TMZ-sensitive cell lines (such as glioma U251 cells). [**]
The representative results shown in Figure 4 and the summary data shown in the insert of
Figure 5A confirm, as expected, that TMZ was unable to induce high levels of apoptosis (in
particular compare panel C with A and B of Figure 4). On the contrary, as elsewhere reported
by some of us, the use of a longer PNAP3 | still R8-PNA221, induced a significant increase of
late apoptotic cells (a total of 24.6% in the representative experiment shown in Figure 4D). It
should be underlined that exposure to this cell line to unloaded MSNPs causes only a slight
increase of apoptosis when 0.5 mg/ml concentrations were used (Figure 4, panel F), being the
effects not relevant when lower concentrations (0.1 and 0.25 mg/ml) were employed (Figure 4,
panel E and Figure 5A). These results are in line with earlier studies,’*! and were attributed

to the induction of oxidative response when high MSNP concentrations were used. In any
10



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

WILEY-VCH

case, the data of the treatments depicted in Figures 4 and 5 were reported as % of increase of
apoptotic cells in respect to the effects found with unloaded MNSPs. When the data are
comparatively analyzed, strong apoptotic effects were clearly evident in T98G cells cultured
in the presence of TMZ-MSNPs, PNA-MSNPs and PNA-TMZ-MSNPs (see representative
data shown in Figure 4, Figure 5B and the summary analysis shown in panels C and D of
Figure 5). In the case of PNA-MSNPs, the comparison of data conclusively show that
adsorption on MSNPs does not alter significantly the ability of R8-PNA221 to induce
apoptosis in intact cells. Since the PNA-MSNP system showed anti-miR-221 activity, and
anti-miR-221 PNA were shown to induce apoptosis, the effect of PNA-MSNP and TMZ-
PNA-MSNP reported in figures 4-5 cannot be due solely to the presence of the octaarginine
chain. In the case of TMZ delivery, we observed the conversion of T98G cells from TMZ-
resistant to TMZ-sensitive when TMZ-MSNPs are used. In fact it is remarkable to have
obtained significant increases of the of proportion of apoptotic cells in TMZ-MSNPs treated
T98G cells, a value significantly higher that the combined background levels of apoptosis
observed in untreated and free-MSNPs treated cells (compare in Figure 4 panels G and H with
panels A and F). The enhancement of the effect when the porous materials are used as drug
delivery system can be attributed to the sustained release of TMZ, which is protected from
clearance by the MSNP and slowly liberated within cells.[*! Interestingly a much larger T98G
apoptosis is achieved in the case of 0.5 mg/ml PNA-TMZ-MSNPs, which induced 70.9% total
apoptotic cells, with an increase of 50.4% with respect to unloaded MSNPs. The summary of
the MSNPs mediated effects are reported in Figure 5, panels B-E; we underline that the 0.5
mg/ml MSNP concentration approaches the reference concentrations of TMZ (400 uM, panel
C of Figure 4) and R8-PNA221 (2 uM, panel D of Figure 4).

The effect of PNA-TMZ-MSNPs is already evident at much lower concentration, 0.1 mg/ml,
since even in such a condition the PNA-TMZ-MSNPs induced a total of 26.9% apoptotic cells,

with an increase of 15.6% with respect to unloaded MSNPs. The values of % of increase of
11
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apoptotic cells in PNA-TMZ-MSNPs treated T98G cells were always foud higher than the

sum of the values found in cells treated with PNA-MSNPs and TMZ-MSNPs.

Our data eventually show that PNA-TMZ-MSNPs have the highest impact in inducing the
apoptosis of T98G cells, and that the sustained release of temozolomide is not contrasted by
the combination with anti-miR221 PNA, but rather that an additional effect can be obtained.
Our system thus appears able to provide drug delivery and miRNA-induced downstream
regulation of important cell-cycle regulatory proteins. The combined delivery of these two
effects has a massive impact on the final apoptosis outcome.

3. Conclusion

Although TMZ offers some hope to glioma patients, presently only a low 5-year survival rate

d.’6771 The anti-miR approach represents a powerful alternative as it is now a major

is achieve
focus in translational research: clinical trials are being carried out for several anti-miR drugs,
and, most notably, one clinical trial on humans is currently underway.’sl Although
nanocarriers such as MSNPs have been extensively used to enhance the efficiency of drugs
through delayed release and protection from clearance (sustained drug release), and artificial
DNA analogues such as PNA have been proposed as anti-miR drug candidates, the
combination of these two agents has not been explored so far.

The porous nanomaterial synthesized in the present work can protect and slowly deliver the
TMZ into the cytoplasm preventing a rapid clearance of the drug; at the same time, it enables
the intracellular delivery of the anti-mR221 PNA. The achieved combined delivery leads to a
strong induced apoptosis of cancer cells. Therefore the use of TMZ-PNA-MSNPs can be
proposed as a novel approach to tackle drug-resistance in gliomas. This is a key issue, since
after surgery and radiotherapy, the chemotherapy protocol commonly suffers from the
development of drug-resistant glioma cells, as in the case of the usage of TMZ. Since

strategies for the delivery of inorganic nanoparticle through the blood-brain-barrier (BBB)

have been described (including for instance the use of BBB-penetrating peptides)!””*? and
12
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MSNP have been reported to accumulate into tumor tissues, the present strategy can be
further extended to a multiple-target treatment of gliomas, which are kinds of highly recurrent,
frequently drug resistant, and life-threatening tumors.

4. Experimental section

Synthesis of cationic anti-miR-221 PNA (R§8-PNA221): The cationic anti-miR-221 PNA H-
RRRRRRRR-GCAGACAATGTAGCT-Gly-NH, (where R is an arginine residue) was
synthesized with standard manual Boc-based chemistry using commercially available
monomers, with HBTU/DIPEA coupling as described elsewhere.®¥] Details and
characterization are reported in the Supporting Information.

Synthesis of MSNPs (Cy5-MSNPs) and loading with PNA and TMZ: CyS-MSNPs were
synthesized with a modification of a literature procedure,®. Briefly, cetyl
trimethylammonium bromide (CTAB) (0.5 g) was dissolved in water (240 mL) containing
1.75 mL of NaOH 2M. The solution was then heated up to 80°C and stirred vigorously.
Meanwhile, TEOS (2.5 mL) was dissolved in absolute ethanol (3 mL), adding 50 pL of
APTES and 0.1 mg of Cyanine 5-NHS ester dye (NHS-Cy5). This second solution was then
added to the former CTAB flask and the final mixture was stirred overnight at 80°C. The
particles were then recovered by centrifugation and washed several times with water. They
were subsequently filled with TMZ by impregnation, and eventually coated with PNA, as
described in the Supporting Information.

Cell cultures and assays: Rattus norvegicus brain glioma (C6 glioma) cells and human
glioblastoma multiforme T98G cell line were used, according to the procedures reported in
the Supporting Information Section. The procedures for nanoparticle incubation for cell
uptake recording and organelle staining, fluorescence confocal microscopy experiments, cell
viability test, quantitative analyses of miRNAs, analysis of apoptosis, cellular uptake by

FACS analysis are reported in Supplementary Information.

13
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Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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5 MSNPs (A), amine groups are first introduced on the particle surface by silanization (B);

6 CTAB is then extracted (C); the amine groups are converted into carboxylic groups by

7  reaction with succinic anhydride (D), temozolomide is loaded in the pore system by

8  impregnation (E); the cationic R§8-PNA221 is adsorbed on the particle outer surface (F). Right

9  panel, characterization of the material; above: SEM image of the obtained MSNPs (top); high-

10 resolution TEM image of MSNPs after CTAB removal (C), showing the nanochannels pattern

11 and dimensions (bottom).
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Figure 2. Confocal micrographs of C6 glioma cells incubated with 0.05 mg/mL dispersion of
PNA-TMZ-MSNPs. A) 1 hour incubation; B) 4 hours incubation, C) 24 hours incubation, D)
Z-stack showing 3D particle internalization after 1h incubation. The red spots refer to the
emissive Cy5 dye contained in the PNA-TMZ-MSNPs, excited at 633 nm, while F-actin
filaments are visualized in yellow after Alexa Fluor® 568 Phalloidin staining and excited at

543 nm.
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Figure 3. Uptake and anti-miR activity of PNA-MSNPs in T98G cells. Left: FACS analysis
on T98G cells cultured with MSNP-based formulations. T98G cells were cultured for 24
hours in the absence of treatments (black lines), with 0.1 (A) and 0.5 (B) mg/ml: MSNPs
(green lines), TMZ-MSNPs (blue lines), PNA-MSNPs (orange lines) or TMZ-PNA-MSNPs
(purple lines). Right (C) miR-221 levels in T98G cells treated with PNA-MSNPs. T98G cells
were cultured for 48 hours in the presence of 0.25 mg/ml MSNP, 0.25 mg/ml PNA-MSNP or
2 uM R8-PNA221, the RNA was extracted and qRT-PCR miR221 detection was performed
and compared to control untreated cells. Vertical bars represent standard deviations. Asterisks

indicate significant differences (p<0.05).
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Figure 4. Induction of apoptosis of glioma T98G cells by MSNPs-based treatments. T98G
cells were cultured for 48 hours in the absence of treatments (A), with 12.5 ul DMSO (B),
400 uM TMZ (C), 2 uM R8-PNA221 (D), 0.1 (E) and 0.5 (F) mg/ml MSNPs, 0.1 (G) and 0.5
(H) mg/ml TMZ-MSNPs, 0.1 (I) and 0.5 (J) mg/ml PNA-MSNPs, or 0.1 (K) and 0.5 (L)
mg/ml PNA-TMZ-MSNPs. After these treatments, cells were isolated and apoptosis was

determined using Annexin V exclusion test, as described in the Experimental section.
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Representative results obtained using the “Muse”TM (Millipore Corporation, Billerica, MA,

USA) method are presented. This procedure utilizes Annexin V to detect PS (Phosphatidyl

Serine) on the external membrane of apoptotic cells.
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Figure 5. Summary of the results obtained on the effects of MSNP-based treatments on T98G
cell apoptosis. T98G cells were treated for 48 hours as indicated in the legend to Figure 4. A.
Effects on apoptosis of increasing amounts of unloaded MSNP. In the insert the proportions
of apoptotic cells in untreated T98G cell populations, as well as in TMZ- or R§PNA-a221
treated cells are reported. B. Induction of apoptosis of treatments of T98G cells with
increasing amounts of TMZ-MSNPs, PNA-MSNPs, or PNA-TMZ-MSNPs, as indicated. The

results represent the average of three experiments. Statistics relative to induction of early
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apoptotic cells and total apoptotic cells shown in panels C-E. Vertical bars represent standard

deviations. Asterisks indicate significant differences (*, p<0.05; **, p<0.01)

Multifunctional mesoporous silica nanoparticles (MSNP) were used for glioblastoma
treatment, harnessing drug delivery and miRNA targeting. MSNPs were synthesized and
loaded with the anti-cancer drug temozolomide (TMZ), while the particle surface decorated
with a polyarginine-peptide nucleic acid conjugate (R8-PNA) targeting miR221. The
simultaneous effect of TMZ and R8-PNA showed a dramatic impact (70.9% of apoptotic

cells) on the human T98G tumor cell line.
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Combined delivery of temozolomide and anti-miR221 PNA using mesoporous silica

nanoparticles induces apoptosis in resistant glioma cells

Alessandro Bertucci, Eko Adi Prasetyanto, Dedy Septiadi, Alex Manicardi, Eleonora

Brognara, Roberto Gambari*, Roberto Corradini”, Luisa De Cola*

1. Chemicals

All chemicals were commercially available and used without further purification.

Succinic anhydride, temozolomide, dimethyl sulfoxide (DMSO), hydrochloric acid, (3-
aminopropyl)-triethoxysilane (APTES), phosphate buffered saline tablets were purchased by
Sigma Aldrich (France). Cetyl trimethylammonium bromide (CTAB), tetraethyl orthosilicate
(TEOS), 3-Aminopropyl-dimethyl-ethoxy silane (APDMS) were purchased by Acros
Organics. All Boc-protected PNA monomers were purchased by ASM (Germany). HBTU
was supplied by Matrix Innovation (Canada). MBHA resin was purchased by Merck (Italy).
Cyanine 5 NHS-ester was supplied by Lumiprobe. Ultra-pure water (Milli-Q Element,

Millipore) was used for all the experiments.

2. Instrumentations

SEM measurements were done using a FEI Quanta FEG 250 instrument. Zeta-potential
analyses were performed on a Delsa Nano C Particle Analyzer (Beckman Coulter, Brea, CA,
USA); all the measurements were conducted in phosphate buffered saline (PBS, pH = 7). All
the instrumentation used for the PNA synthesis are reported in the experimental section or
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elsewhere!!l. All fluorescence images of cells were obtained by using Zeiss LSM 710 confocal
microscope system with 63X magnification, numerical aperture 1.3 of Zeiss LCI Plan-
NEOFLUAR water immersion objective lens (Zeiss GmbH, Germany).

UV/Vis spectroscopy: Shimadzu UV3600 (Shimadzu Europe, Duisburg, Germany).
Fluorescence spectroscopy: Steady-state emission spectra were recorded on a HORIBA Jobin-
Yvon IBH FL-322 Fluorolog 3 spectrometer equipped with a 450 W xenon arc lamp as the
excitation source, double-grating excitation and emission monochromators (2.1 nm mm—1 of
dispersion; 1200 grooves mm—1), and a TBX-04 single-photon-counting device as the
detector.

Small-angle/Wide-angle X-ray Scattering (SAXS/WAXS): SAXS/WAXS measurements of
samples were performed with SAXSess Small-angle X-Ray Scattering instrument (Anton
Paar GmbH, Austria). The Kratky type camera is attached to a laboratory X-Ray generator
(PW3830, PANalytical), and was operated with a fine focus glass sealed X-Ray tube at 40 kV
and 50 mA (Cu Ka, o = 0.1542 nm). Detection was performed with the 2D imaging plate and
analyzed by an imaging plate reader Cyclone® (Perkin Elmer). Powder samples were held in
tape, and the tape background was subtracted before desmearing the data using the Lake
method to account for the slit shaped beam. The two-dimensional intensity data were
converted to one-dimensional data with SASXQuant software (Anton Paar GmbH, Austria).
Cell counter and cytotoxicity equipment: CASY Model TT — Cell Counter and Analyzer

(Roche Innovatis AQG)

3.Synthesis of cationic anti-miR-221 PNA (8R-PNA221)

The cationic anti-miR-221 PNA H-RRRRRRRR-GCAGACAATGTAGCT-Gly-NH; (where
R is an arginine residue) was synthesized with standard manual Boc-based chemistry using
commercially available monomers, with HBTU/DIPEA coupling as described elsewhere.!]

The synthesis was carried out in a 10 umol scale using MBHA resin. The R8 cationic arginine
27
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tail was introduced using the same coupling procedures. PNA purification was performed by
RP-HPLC with UV detection at 260 nm using a semi-prep column C18 (10 um, 7.8x300 mm,
Xterra Waters), eluting with water containing 0.1% TFA (eluent A) and acetonitrile
containing 0.1% TFA (eluent B); elution gradient: from 100% A to 50% B in 30 min, flow: 4
mL/min. The resulting pure PNA oligomer was characterized by ESI-MS, which gave
positive ions consistent with the final products: m/z found (calcd) 1084.5 (1084.5) [M+5H]*",
903.7 (903.9) [M+6H]%", 774.7 (774.9) [M+7H]™, 678.0 (678.2) [M+8H]*", 602.9 (602.9)

[M+9H]*", 542.4 (542.7), [M+10H]'"*.

4. Synthesis of red-fluorescent MSNPs (Cy5-MSNPs)

Cetyl trimethylammonium bromide (CTAB) (0.5 g) was dissolved in water (240 mL)
containing 1.75 mL of NaOH 2M. The solution was then heated up to 80°C and stirred
vigorously. Meanwhile, TEOS (2.5 mL) was dissolved in absolute ethanol (3 mL), adding 50
pL of APTES and 0.1 mg of Cyanine 5-NHS ester dye (NHS-Cy5). This second solution was
then added to the former CTAB flask and the final mixture was stirred overnight at 80°C. The

particles were then recovered by centrifugation and washed several times with water.

5. Amine-functionalization of MSNPs

3-Aminopropyl-dimethyl-ethoxy silane (APDMS) (150 pL) was added to a dispersion of 400
mg of MSNPs in ethanol, together with a catalytic amount of TEA. The mixture was then
stirred overnight at room temperature. The particles were recovered by centrifugation and

washed several times with ethanol.

28



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

WILEY-VCH
6. Removal of CTAB from the pores

To remove CTAB from MSNP pores, the particles were shaken overnight with ethanol
containing few drops of HCI 37%.
Afterwards, they were recovered by centrifugation and washed several times with ethanol and

water.

7. Carboxylate-functionalization of MSNPs (COOH-MSNPs)
MSNPs (80 mg) were dispersed in DMSO (10 mL), then succinic anhydride (100 mg) was
added, and the mixture was stirred overnight at room temperature. The material was then

recovered by centrifugation and washed three times with DMSO and twice with water.

8. Temozolomide loading (TMZ-MSNPs)

COOH-MSNPs (20 mg) were dispersed in 5 mL of methanol and 15 mg of temozolomide
(TMZ) were added. The mixture was thoroughly sonicated to get a homogenous dispersion
and then stirred overnight at room temperature. Methanol was then directly evaporated under
vacuum, and the particles were washed at first with methanol to remove the TMZ physically
adsorbed on the MSNP surface, then several water washings were applied to further purify the
material. To evaluate temozolomide loading capacity, the washing solutions were collected
and the residual drug content was calculated by UV-Vis measurements at the wavelength A =
328 nm. A calibration curve by standard solutions of temozolomide in methanol was built up
to allow for quantification, whose equation is y = 56.343x. The linear model has been
validated by Mandel test (figure S5). A quantity of 3.4 mg temozolomide per 20 mg MSNPs

has thus been calculated, which indicates a loading value of 17% (wt/wt).

29



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

WILEY-VCH
9. PNA-functionalization of MSNPs (PNA-MSNPs)

TMZ-MSNPs or COOH-MSNPs (10 mg) were dispersed in 1 mL of a 90 uM aqueous
solution of R8-PNA221, and the mixture was stirred at room temperature for 4 hours.

Afterwards, the material was recovered by centrifugation and washed with water.

10. Glioma cell culture

Rattus norvegicus brain glioma (C6 glioma) cells were cultured inside media containing 88%
Dulbecco's Modified Eagle Medium (DMEM), 10% Fetal Bovine Serum (FBS), 1%
Penicillin-Streptomycin and 1% L-Glutamine 200mM (all materials for cell culture were
purchased from Gibco), under 37°C and 5% of CO; condition for 48 hours until reaching 80
to 90% cell confluency. Successively, the cells were washed twice with Phosphate Buffer
Solution (PBS), trypsinized and approximately 50,000 cells were reseeded on the rectangular
glass cover slip (VWR) inside six-well plate culture dish. 2 ml of fresh culture media was
added gently and cells were grown overnight.

Human glioblastoma multiforme T98G cell linel*! was cultured in humidified atmosphere

of 5% COgy/air in RPMI 1640 medium (Life Technologies, Monza, Italy) supplemented
with 10% fetal bovine serum (FBS, Celbio, Milan, Italy), 100 units/ml penicillin and 100

mg/ml streptomycin.

11. Nanoparticle incubation for cell uptake recording and organelle staining

The initial growth serum was removed and 1 mL of 0.05 mg/ml dispersion of nanoparticle in
fresh culture medium was gently added onto cells. Incubation period was done for 1, 4, and 24
hours. After incubation at 37°C and 5% of CO, the media was removed and the cell layer on
glass cover slips was gently washed (three times) with PBS and fixed with 4%
paraformaldehyde (PFA) solution for 10 minutes. Next, cell layer was washed twice with PBS

and kept in 0.1% Triton X-100 in PBS for 5 minutes and afterwards in 1% bovine serum
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albumin, BSA (Sigma Aldrich), in PBS for 20 minutes. The cell layer on glass cover slip was
stained with Phalloidin Alexa Fluor® 568 (Invitrogen), for F-actin/membrane staining, for 20
minutes, in the dark at room temperature, and washed twice with PBS and one time with

water. The cover slips were mounted onto glass slides for microscopy measurements.

12. Fluorescence confocal microscopy experiments

All depicted fluorescence microscopy images were acquired by using Zeiss LSM 710
confocal microscope system with 63 times magnification, numerical aperture 1.3 of Zeiss LCI
Plan-NEOFLUAR water immersion objective lens (Zeiss GmbH). The CYS5 modified
particles inside the cells were excited by a continuous wave (cw) laser at 633 nm while for the
cells priorly co-stained with Alexa Fluor® 568 Phalloidin dye (excitation/emission
wavelength: 578 nm/600 nm) were excited independently at 543 nm, respectively. The
emission of the particles and Alexa Fluor® 568 Phalloidin were collected using their
corresponding emission filter. All image processing was proceeded by ZEN software (Zeiss
GmbH). False color images were adjusted to better distinguish the particles and cellular

organelles (F-actin).

13. Cell viability test

Cell viability test on C6 glioma cells was conducted based on non-invasive Electrical Current
Exclusion (ECE) principal using an automatic CASY cell counting (Roche Innovatis AG).
Approximately 50,000 cells were grown in 2 ml of fresh media inside 6 well plates at 37°C,
5% CO; environment overnight. The serum was removed and replaced independently with 1
ml of the nanoparticle dispersion respectively, namely TMZ-MSNPs, PNA-MSNPs, and
PNA-TMZ-MSNPs (concentration 0.17 mg/mL). Subsequently, after 24 and 48 hours of
incubation, the nanoparticle solutions were removed to Eppendorf tubes and 0.5 ml of trypsin-

EDTA 0.25% (Invitrogen) were added. Cells were detached from the surface by rinsing for 5
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minutes in the same condition explained before. Next, 0.5 ml of pure medium was added to
neutralize trypsin. Cell suspensions were collected into the same Eppendorf tube and gently
mixed. 100 pul of the cell suspension was dissolved in 10 ml of CASY-ton solution (Roche
Innovatis AG) and measurement was performed. The results are reported in Figure S6 (1 day)

and S7 (2 days).

14. RNA extraction

Cultured cells were trypsinized and collected by centrifugation at 1,500 rpm for 10 min at 4
°C, washed with PBS, lysed with Tri-ReagentTM (Sigma Aldrich, St.Louis, Missouri, USA),
according to manufacturer’s instructions. The isolated RNA was washed once with cold 75%

ethanol, dried and dissolved in nuclease free pure water before use.

15. Quantitative analyses of miRNAs

Reverse transcriptase (RT) reactions were performed using the TagMan® MicroRNA
Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA); real-time PCR was
performed according to the manufacturer’s protocols. Twenty ng per sample were used for
the assays. All RT reactions, including no-template controls and RT-minus controls, were
performed in duplicate using the CFX96 Touch™ Real-Time PCR Detection System (Bio-
Rad Laboratories, Milan, Italy). The relative expression was calculated using the comparative
cycle threshold method and as reference U6 snRNA was used to normalize all RNA samples,
since it remains constant in the assayed samples by miR-profiling and quantitative RT-PCR

analysis, as previously reported.

16. Analysis of apoptosis
Annexin V and Dead Cell assay on T98G cell line, untreated and treated for 48 h with

different concentrations of temozolomide, R8-PNA-a221 and MSNPs, were performed with
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“Muse”TM (Millipore Corporation, Billerica, MA, USA) method, according to the

instructions supplied by the manufacturer. This procedure utilizes Annexin V to detect PS
(Phosphatidyl Serine) on the external membrane of apoptotic cells. A dead cell marker is also
used as an indicator of cell membrane structural integrity. It is excluded from live, healthy
cells, as well as early apoptotic cells. Four populations of cells can be distinguished in this
assay. Cells were washed with sterile PBS 1X, trypsinized, suspended and diluted (1:2) with
the one step addition of the Muse™ Annexin V & Dead Cell reagent. After incubation of 20
min at room temperature in the dark, samples were analyzed. Data from prepared samples are

acquired and recorded utilizing the Annexin V and Dead Cell Software Module (Millipore).

17. Cellular uptake by FACS analysis

T98G cells were culture in presence of MSNPs at 0.1 and 0.5 mg/ml concentrations for 24
hours. After incubation, for the determination of the cellular fluorescence intensity a
FACScan (Becton Dickinson) was used. Cells were harvested and washed; then 20000 cells
were analyzed using the FI2 channel to detect red fluorescence and the Cell Quest Pro
software to analyze the data. The results were expressed as median fold, the ratio between the
median of fluorescence intensity values obtained by cells in the presence and in the absence
of treatment, respectively; also the MPF% (Median Peak Fluorescence %), expressing the
increase % of the fluorescence value caused by the inducer molecule, could be used. A
graphic presentation of data was finally obtained both by histograms, showing the number of
cells versus the fluorescence intensity expressed (F12), and cytograms, showing the sideward
light scatter (SSC) versus either the forward light scatter (FSC) or the fluorescence intensity

(F12).
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2 Figure S1. SEM picture of MSNPs
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6  Figure S2. SAXS graph of MSNPs.
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2 Figure S3. Emission spectrum of the particle dispersion in ethanol ([Jexc = 600 nm).
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5  Figure S4. Confocal micrographs showing Cy5-MSNPs. A) Cy5 emission; B) brightfield

6 image; C) Overlay. The particles are excited using Aexc = 633 nm.
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2 Figure S5. DLS curves showing size distribution of MSNPs in PBS buffer and culture media.

3 The culture media environment seems to induce a slight shift of the size distribution of the

I

particles that might be induced by interactions mediated by the presence of the serum proteins.

y = 56,343x
R?=0,99309

0,8 -

0,5 -

0,2

0,1 -

0 0,002 0,004 0,006 0,008 0,01 0,012 0,014 0,016
TMZ mg/mL

7  Figure S6. Calibration curve for temozolomide in methanol. Absorbance values were

&  recorded at A = 328 nm.
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Figure S7. Cell viability values obtained after 24 hours of incubation for C6 glioma. Control

(pure cell culture) 91.3% , TMZ-MSNPs 85.9%, PNA-MSNPs 84.6%, PNA-TMZ-MSNPs

30.6%. All experiments were reproduced in triplicate.
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Fig. S8. Cell viability values obtained after 48 hours of incubation for C6 glioma. Control

(pure cell culture) 88.6%, TMZ-MSNPs 80.5%, PNA-MSNPs 65.3%, PNA-TMZ-MSNPs

20.1%. All experiments are reproduced in triplicate.
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