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Abstract

In the last years, the development of nano-formulations for cancer treatment represents one of the major
challenges of the scientific research. The prodrug strategy, that combines chemotherapeutic agents with
nanocarriers such as halloysite nanotubes (HNTs), is a promising strategy both to improve the biological
activity of the drug molecules and to reduce the side effects of drugs. Herein we report the synthesis and
characterization of a HNTs prodrug based on 1,2,3-triazole units covalently linked to HNTs external surface,
bearing different positively charged moieties, which could present interesting pharmacological activities.
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Introduction

Nowadays, one of the leading causes of death worldwide is cancer (about 9 million of death for year). The
main treatment of the disease is the administration of anticancer agents.'? However, acute side effects
associated to the drug administration and the rapid development of drug resistance hampers the effectiveness
of chemotherapy.? Therefore, there is an urgent need to explore new formulations with low side effects and
high efficacy.

An alternative strategy that has attracted interest in the last few years, is the development of suitable
carrier systems able to overcome the problem associated to the administration of chemotherapeutic agents.
Halloysite nanotubes (HNTs), a clay mineral belonging to the kaolin group, have attracted attention for use in
cancer treatment due to their peculiar structure and properties.* HNTs, naturally occurring in massive amount
at low cost, show excellent bio->7 and ecocompatibility.® Halloysite is positively charged in the inner lumen,
which consists mostly of aluminum hydroxide, whereas the external surface, which is silicon dioxide,® is
negatively charged. Due to chemical composition, it is possible to selectively modify the HNTSs surfaces leading
to the development of different nanostructures.’®> HNTs have been used as catalysts,'>'> materials for
pollutant removal,¢ fillers for polymeric matrices'® and often as drug carriers 120 and delivery systems.?1?2
In this context, one of the most promising feature of HNTs and modified HNTs, is their ability to penetrate the
cellular membrane surrounding the cell nuclei.?3-%

Heterocyclic compounds represent one of the most important and well-studied branches of medicinal
chemistry. The presence of heteroatoms is indeed helpful from a biological point of view, since they may
directly affect the reactivity of the target skeleton, the interactions between target drugs and different target
inhibitors, the activity (or toxicology) of the compounds, and influence metabolism and pharmacokinetics as
well.2>-26

Among the different heterocyclic compounds, promising ones are azoles, five-membered nitrogen
heterocycles. The presence of at least two nitrogen heteroatoms in the skeleton offers several advantages in
terms of biological interactions. 1,2,3-Triazoles, for example, can form various non-covalent interactions such
as hydrophobic interactions, hydrogen bonds, van der Waals forces and dipole-dipole bonds with different
biological targets.?” These features provide them and their derivatives with important pharmaceutical
properties such as antibacterial, antiviral, anticancer activities and so on.?®

In this context, we recently reported the synthesis and characterization of 1,2,3-triazolium salt-
modified HNTs as carrier systems for curcumin and cardanol.?*3° It was demonstrated that the presence of
triazolium salt units in the HNTs carriers allowed for pH-triggered drug release and improved the antitumor
effects of both the drugs investigated. Noteworthy, the presence of heterocycles units onto the inorganic
carrier exerted synergic effects, thereby increasing the cytotoxic activity of the curcumin and cardanol systems
against several tumor cell lines. Therefore, the modification of the HNTs’ external surface with triazole units
led to the synthesis of “prodrug” system which has showed promising therapeutic activities.

Here we report the synthesis and characterization of a series of modified HNTs bearing different units
of 1,2,3-triazole moieties to obtain novel potential prodrug systems for anticancer therapy. The obtained
nanomaterials were characterized by FT-IR spectroscopy and thermogravimetric analysis (TGA). The
morphology of the systems was also imaged by Scanning Electron Microscopy (SEM) investigations.

Results and Discussion
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Halloysite nanotubes prodrug derivatives were synthetized as reported elsewhere,? by treating HNTs with an
excess of 3-azido-propyl trimethoxysilane to afford the nanomaterial 1. After suitable work-up, the azido
groups loading, estimated by thermogravimetric analysis (TGA), was as large as 3.7 wt% with a degree of
functionalization of 0.44 mmol g*. The obtained nanomaterial was used as a building block for a bottom-up
synthesis of a series of 1,2,3-oligotriazoles covalently linked onto the HNTs’ external surface by means of a
copper-catalyzed azido-alkyne cycloaddition (Scheme 1).

Scheme 1. Schematic representation of the synthesis of 1,2,3-oligotriazoles based halloysite nanomaterials.

Firstly, nanomaterial 1 was reacted with dipropargyl amine to give the nanomaterial 2. The reaction
was carried out in a mixture H2O/'BuOH (1:1) as solvent, in the presence of catalytic amount of CuSO4 and
sodium ascorbate for 18 h at r.t. to give the nanomaterial 2. After work-up, we obtained an organic moiety
loading of ca. 3 wt% with respect to 1 as estimated by TGA, with a degree of functionalization of 0.32 mmol g
!, Based on the stoichiometric ratio between the nanomaterial 2 and its precursor (1), it is possible to conclude
that after the cycloaddition reaction some free azido groups are still present on the HNTs’ external surface. In
attempting to increase the greenness of the reaction we also carried out the cycloaddition under microwave
irradiation, but unfortunately no coupling was achieved.

Afterwards, a first class of nanomaterials was obtained starting from 2, by reacting it in the presence of
sodium azide. In this case, we successful performed the reaction under MW irradiation at 100 °C, for an
irradiation time of 10 min. The latter approach highlights the importance of MW in this kind of synthesis since
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it significantly reduces the reaction time in comparison to the classical procedure. After work-up, we obtained
the nanomaterial 3 with a percent loading of organic moiety of 2.5 wt% with respect to nanomaterial 2. Since
previous studies on the biological properties of triazolium salt-modified HNTs highlighted the importance of a
positive charge on the heterocycle ring, both for the controlled release of a drug and to improve the
pharmacological activity of systems, we further modified 3 by reaction with butyl iodide to obtain the
nanomaterial 4.

Nanomaterial 2 was also reacted with bis (2-azidoethyl) amide to afford the nanomaterial 5. The
reaction was carried out in a mixture of H,O/'BuOH (1:1) as solvent, in the presence of catalytic amount of
CuSO4 and sodium ascorbate for 18 h at r.t. The loading percent of organic moiety was estimated by TGA as
large as 1 wt% with a degree of functionalization of 0.06 mmol g1. The low loading obtained in this case led us
to conclude that several -N3 groups are still present onto HNTs’ surface, and hat they could still be able to
undergo further functionalization. The nanomaterial 5 was then subjected to post-modification by reduction
under the Staudinger reaction conditions (triphenylphosphine, DMF, r.t.) to obtain nanomaterial 6 (Scheme 1).
The post-modification step was crucial since in this way free amino groups were introduced onto the prodrug
systems which could be important for nanomaterial internalization and therefore for cellular uptake.?

The synthetized nanomaterials were characterized by FT-IR spectroscopy and thermogravimetric
analysis. In Figure 2 are reported the FT-IR spectra of the final nanomaterials 4 and 6 within their precursor 2.
Compared to the FT-IR spectra of 1, the FT-IR spectra of the nanomaterials 4 and 6 exhibit the typical vibration
stretching bands of precursor with some variations. Besides the typical HNTs vibration peaks, the FT-IR
spectrum of both 4 and 6 shows the vibration stretching bands for C-H stretching of methylene groups at ca.
2960 and 2865 cm™. Furthermore, some peaks in the range 1583, 1400 cm™, due to the vibration stretching
bands of heterocycle rings, can be observed. It is noteworthy that in the FT-IR spectrum of 4 an intense signal
at ca. 2100 cm™ is still visible, due to the presence of the unreacted excess of azido groups (Figure 2a).
Conversely, after reduction of the azido groups by means of PPhs, the FT-IR spectrum of nanomaterial 6
exhibits the almost complete disappearance of the N3 vibration band (Figure 2b). All these features confirm
the synthesis of 1,2,3-oligotriazole based halloysite nanomaterials.
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Figure 2. FT-IR spectra of the nanomaterials 1, 4 and 6.

As stated above, the 1,2,3-triazole amount grafted onto the HNTs was estimated by TGA. TGA data
confirmed the successful functionalization of HNTs’ external surface after each synthetic step. In the
thermoanalytical curves of the final nanomaterials, beside the typical mass loss of HNTs at ca. 500 °C due to
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the to the expulsion of interlayer water molecules, are indeed, present additional mass losses in the range
200-300 °C which are attributable to the organic moieties grafted (Figure 3).
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Figure 3. Thermoanalytical curves of the nanomaterials 1, 2, 4 and 6.

In the last years the use of scanning electron microscopy (SEM) to investigate the morphology of HNTs
based nanomaterials has attracted attention due to the information which can be obtained by this
technique.3! Therefore, we imaged the surface morphology of the nanomaterials 4 and 6 by SEM (Figure 4). As
it is possible to note, the tubular shape of the halloysite is maintained after the cycloaddition reaction.
Furthermore, conversely to the SEM image of pristine HNTs,3? the micrographies of the synthetized
nanomaterials show a rather compact structure in both nanomaterials, where nanotubes seem to be glued
together because of interactions established by the organic structures grafted on the external surface.

(b)
Figure 4. SEM of nanomaterial (a) 4 and (b) 6.

Conclusions

Halloysite nanotubes bearing 1,2,3-triazolium salt derivatives were developed as a suitable carrier system with
the aim of eventaully enhancing both the therapeutic effect of the drug and increasing cellular uptake. The
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success of the synthetic strategies adopted was highlighted by thermogravimetric analysis and all
nanomaterials were characterized by FT-IR spectroscopy and their morphology was imaged by SEM
investigations. The HNT nanomaterials obtained in this research could be promising for future investigations
into prodrug strategies to be evaluated by means of in vitro studies.

Experimental Section

General. All reagents were purchased from Sigma-Aldrich by Merck and used without further purification.
Nanomaterial 1 and bis (2-azidoethyl) amine were prepared as reported in literature.3% 33 Microwave-assisted
syntheses were carried out with a CEM DISCOVER monomode system in a closed vessel. Thermogravimetric
analyses were performed on a Q5000 IR apparatus (TGA Instruments) under a nitrogen flow of 25 cm3 min™
for the sample and 10 cm3 min for the balance. The weight of each sample was ca. 5 mg. Measurements
were carried out by heating the sample from room temperature up to 900 °C at a rate of 10 °C mint. IR
spectra (KBr) were recorded with an Agilent Technologies Cary 630 FT-IR spectrometer. Specimens for these
measurements were prepared by mixing 5 mg of the sample powder with 100 mg of KBr. An ESEM FEI
QUANTA 200 F microscope was used to study the morphology of the functionalized Hal. Before each
experiment, the sample was coated with gold under argon by means of an Edwards Sputter Coater S150A to
avoid charging under the electron beam.

Synthesis of nanomaterial 2. To a dispersion of 1 (300 mg) in H20/'BuOH (1:1) mixture (3 mL) dipropargyl
amine (20 mL, 1.5 eq) was added. The mixture was stirred under argon in the presence of catalytic amount of
CuSO4/sodium ascorbate solution (1 M, 1:10 v/v) at room temperature for 18 h. After this time, the solvent
was filtered off, the powder was rinsed with H,0, then with MeOH and finally dried at 80 °C under vacuum.
Percent loading: 3 wt%

Degree of functionalization: 0.32 mmol g*.

Synthesis of nanomaterial 3. Nanomaterial 2 (50 mg), NaNs (15 mg, 0.23 mmol), 1 mg of CuSO4 x 5H,0 and
1.5 mg of sodium ascorbate were weighed in a microwave test tube provided with a cup. Afterwards, 1 mL of
a mixture H,O/'BuOH (1:1) was added and the dispersion was subjected to ultrasound (200 W) for ca. 1 min.
The crude was inserted in the MW apparatus at 100 °C, under constant stirring, for 10 min. Successively, the
solid was collected by centrifuge, washed three times with water and three times with CH,CI2 and finally dried
at 60 °C under vacuum.

Percent loading: 2.5 wt%

Degree of functionalization: 0.38 mmol g*.

Synthesis of nanomaterial 4.To a dispersion of 3 (50 mg) in dry toluene (5 mL) and an excess of the 1-
iodobutane (620 mL, 5.4 mmol) was added. The suspension was then refluxed at 120 °C for 24 h. After this
time, the solid was filtered off, rinsed with CH30H and CHCl; and finally dried at 60 °C under vacuum.
Synthesis of nanomaterial 5.To a dispersion of 2 (200 mg) in H,O/*BuOH (1:1) mixture (4 mL), bis(2-azidoethyl)
amine (40 mg, 0.26 mmol) was added. The mixture was stirred under argon in the presence of catalytic
amount of CuSOa/sodium ascorbate solution (1 M, 1:10 v/v) at room temperature for 18 h. After this time, the
solvent was filtered off, the powder was rinsed with H,0, then with MeOH and finally dried at 80 °C under
vacuum.

Percent loading: 1 wt%

Degree of functionalization: 0.06 mmol g*.
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Synthesis of nanomaterial 6. To a dispersion of 5 (50 mg) in DMF (2 mL) and triphenylphosphine (PPhs) (30
mg, 0.11 mmol) was added to the reaction mixture under inert atmosphere. The dispersion was left to stir at
room temperature for 1 h. After this time a NH3 aqueous solution (150 pL) was added dropwise. After 4 days
the solvent was filtered off and the powder was washed several times with water and CH>Cl, and finally dried
at 50 °C under vacuum.

Percent loading: 1 wt%

Degree of functionalization: 0.0.6 mmol g*.
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