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Chemical and pharmaceutical evaluation of the
relationship between triazole linkers and pore size
on cyclodextrin—calixarene nanosponges used as
carriers for natural drugsT

M. Massaro,® V. Cina,® M. Labbozzetta,” G. Lazzara,® P. Lo Meo,*® P. Poma,? S. Riela*?
and R. Noto?

Mixed cyclodextrin—calixarene nanosponges were used to prepare some composites with the well known
polyphenolic bioactive compounds quercetin and silibinin. The composites were characterized by means of
different techniques (UV-vis, FT-IR, microcalorimetry, thermogravimetry), in order to assess their loading
and thermal stability. The kinetics of release of the bioactive molecules into aqueous solution were
studied at two different pH values (1.0, 6.4), which mimic typical physiological conditions. Finally the
possible antiproliferative effects in vitro were assayed towards three triple negative breast cancer cell
lines (SUM 149, SUM 159 and MDA-MB-23). Our results point out the role assumed by the triazole
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towards the bioactive molecules, and the antiproliferative activity of the composites. This work puts
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Introduction

Natural phenolic compounds such as flavonoids and flavono-
lignanes are a widespread group of constituents universally
distributed among vascular plants. Interest in them has
increased in recent years, due to compelling evidence of their
health benefits and impact on food quality. Epidemiological
studies have shown that flavonoids and flavonolignanes possess
anti-oxidant, anti-inflammatory and anti-ageing activities.'”
Among the phenolic compounds known to date, quercetin
(Que) and silibinin (Sil) have attracted great attention (Fig. 1). In
particular Que, a flavonoid mainly distributed in fruits, vege-
tables and teas,* has been shown to have a variety of biological
and pharmacological actions,® including decreasing blood lipid
levels,® anti-platelet aggregation,” anti-anemic action and anti-
anaphylaxis effects.® Sil is the main flavono-lignan of sily-
marin, a standardized extract from Silybum marianum L.
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could encapsulate two or more drug molecules with different physico-chemical properties.

(Asteraceae), used for its hepatoprotective effects.” Its anti-
oxidant and membrane-stabilizing properties are well docu-
mented in vitro, being assessed as the main protective mecha-
nisms." Sil has been reported to possess anti-inflammatory and
antifibrotic effects, and to decrease the risk factors of
atherosclerosis.***?

There is a growing interest in the potentially beneficial
effects on the chemical prophylaxis and therapeutic effects of
Que and Sil for cancer treatment. Indeed, many studies have
shown that these compounds have anticancer activities against
various cancer cells such as colon, prostate, skin, glioma and
breast cancer cells."*™* However pharmaceutical applications of
phenolic compounds in general are severely hampered by their
unsatisfactory bioavailability, due to poor water solubility, low
stability and short half-life.”>'® In addition, the biological
activity of these natural products can be affected by physico-
chemical factors such as light, oxygen/air, humidity or other
reactive compounds from the environment. In order to protect
these bioactive compounds against degradation and to enhance
their bioavailability, in recent years various encapsulation and
complexation methods have been explored. Several possibilities
have been successfully tested, in particular nanoparticle
composites available in various forms like lipids,"”** bio-
compatible polymers,*® nanotubes,* and finally nanosponges.

Nanosponges (NSs) are a new class of materials obtained by
polymerizing potential supramolecular hosts with colloidal and
nanosized cavities. Their hyper-reticulated three-dimensional

This journal is © The Royal Society of Chemistry 2016
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network enables the capture, transportation and prolonged
release of a large variety of substances.”® The most known
examples are the cyclodextrin-based NSs, obtained by reacting
native B-cyclodextrin (BCD) with double electrophiles such as
epichloridrin, bis-isocyanates or carbonic acid derivatives.?>?
These materials are biocompatible, cheap, easy to obtain and
show several advantageous properties compared to parent
cyclodextrin molecules.* In principle, their binding abilities
and controlled release properties might be tailored and targeted
by means of a suitable choice of the linker.>® This distinctive
structure organization promotes molecule complexation and
might be responsible for the enhanced solubility, dissolution
and stabilization of biomolecules®*?* as well as improves the
drug bioavailability by modifying the pharmacokinetic param-
eters of active constituents.> In addition, NSs have the ability to
load both hydrophilic and hydrophobic drug molecules because
of their inner hydrophobic cavity and external hydrophilic
branching, thereby offering unparalleled flexibility.**

NSs have already found various applications such as removal
of organic pollutant,®**** oxygen and drug delivery systems.**?
In particular, a few recent studies have focused on their
inclusion/release properties towards flavonoids such as resver-
atrol and Que itself.*>*°

We have recently reported the synthesis of a new class of
nanosponges, obtained by co-polymerization of two different
supramolecular hosts having potentially complementary
binding abilities, namely BCD and calix[4]arene (CA), covalently
linked by means of triazole units.** Different materials have
been obtained, with different porosity and hydrophobic prop-
erties, by simply changing the co-monomer combination ratio.
Tests have positively assessed the actual ability of our materials
to sequester organic molecules from an aqueous solution.
Moreover, the presence of a triazole linker could play a crucial
role in their use as drug carrier. It is known that triazoles
possess several interesting biological and pharmaceutical
activities such as antibacterial, antifungal, antitumor, plant
growth regulating and cytotoxic effects.**™”

In the present work we investigated the feasibility of utilizing
three BCD-CA-NSs, prepared with different co-monomer
combination ratios, as possible carrier/delivery systems for Sil
and Que. In particular, we explored the supramolecular binding
abilities of these materials, and verified whether the biological
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Fig. 2 Cartoon depiction of the composites hypothesized.

activities of Que and Sil are synergistically improved by the
possible concomitant cellular uptake of the triazole-containing
material. In this study we prepared the six possible Que/NSs and
Sil/NSs composites (Fig. 2), which were characterized by means
of FT-IR spectroscopy, Isothermal Calorimetric Titration (ITC)
and thermogravimetric analysis (TGA). Then, we studied the
kinetics of release of the bioactive molecules from the NS
composites and their anti-proliferative activity towards three
triple negative breast cancer cell lines (namely MDA-MB-231,
SUM-149 and SUM-159).

The advantages of nanosponges with “three” different cavi-
ties, namely BCD, CA and nanochannels could offer the
remarkable possibility for a simultaneous encapsulation of two
or more drug molecules with different physico-chemical prop-
erties, followed by a different path release in agreement with the
cavity that interacts with the drugs.

Results and discussion

The preparation of the three different nanosponges was
accomplished according to literature reports.** In particular, the
NSs were obtained by the CuAAC reaction (Fig. 3) between the
heptakis-(6-deoxy)-(6-azido)-BCD (BCDA) and the tetrakis-
(25,26,27,28-propargyloxy)-(5,11,17,23-tert-butyl)-calix[4]arene
(CX) in different molar ratio. It is interesting to note that the
nanosponges were prepared with an excess of the azide
component, that could undergo further functionalizations.
Three different polymeric compounds were isolated and their
compositions were determined by C{'H}CP-MAS NMR (see
Fig. S1 in ESIf).** The amount of triazole linkers per g of
material, and the average pore size obtained by analysis of the
desorption branch using the BJH calculation method (see
Fig. S2 in ESIt), are summarized in Table 1.

It is worth noting that the amount triazole linkers and the
porous structure significantly change on increasing the BCDA/
CX ratio. These parameters are crucial in determining the host-
guest interactions and in affecting the biological activity of the
new drug carriers. The drug molecules, indeed, may be included
into the cavities of both BCDA or CX and, due to crosslinking,
simultaneous interaction of the guest molecules with two co-
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Fig. 3 Synthesis of the nanosponges.
Table 1 Analytical data relevant to NSs
BCDA : CX Triazole Average pore
Nanosponge mole ratio linkers®” size” (nm)
NS1 091:1 1.69 3.5+04
NS2 0.57:1 2.02 2.7 £0.3
NS3 0.29:1 1.46 1.9 £0.2

“ mmoles per g of material. * See ref. 34.

monomer subunits units is possible. Moreover, crosslinking
may also form nanochannels within the NS structure of the
polymer mesh.*®

Investigations of the binding abilities of the nanosponges in
solution

Previous investigations had shown that native BCD and modi-
fied BCDA can effectively include quercetin, whereas silibinin
does not interact with the BCDA.>**° In order to verify whether
quercetin and silibinin interact with the calixarene cavity,
supramolecular interactions with the tetrakis-(25,26,27,28-((1-
carboxymethyl)-1H-1,2,3-triazol-4-yl)methoxy)-(5,11,17,23-tert-
butyl)-calix[4]arene sodium salt (CS, Fig. 4), chosen to model in
solution the calixarene units of the NSs, have been studied. The
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Fig. 4 Structure of the model calixarene CS.

50860 | RSC Adv., 2016, 6, 50858-50866

Paper

formation of 1:2 quercetin/calixarene complexes has been
demonstrated by isothermal titration calorimetry (ITC).

The ITC data showed endothermic effects with a sigmoidal
profile of the interaction heat vs. Que : CS mole ratio (see Fig. S3
in ESIt). Data analysis provided the equilibrium constant and
the enthalpy change for the quercetin—calixarene inclusion
complex formation by assuming the equilibria:

K

CS + Que [CS — Que]

CS — Que] + CS —= [CS — Que — CS]

and the procedure reported elsewhere.*

It was found 8, = K;K, = (1.4 + 0.6) 10° M~ and an enthalpy
change (AH°) of 14.8 £ 0.6 k] mol*. Then, an entropic contri-
bution (TAS°) as large as 50 & 15 kJ mol ™" can be computed,
highlighting the hydrophobic effect as the driving force for Que
incorporation within the calixarene cavity. The silibinin inter-
actions with calixarenes has been reported.**

In order to evaluate the binding abilities of the NSs towards
Que and Sil, we performed some sequestration texts by
mechanically shaking weighed amounts of the NSs in the
presence of diluted solutions of Que and Sil at different pH
values (namely 1.0, 4.4 and 6.7). The loading efficiency for each
nanosponge was estimated by UV-vis spectrophotometry.
Results are represented in Fig. 5. As it can be easily seen, all the
nanosponges can absorb both guests in different extent
depending on the pH considered. In particular, silibinin was
more efficiently absorbed than quercetin, suggesting the
occurrence of stronger supramolecular interactions with the

ENSL

%Que loaded

%Sil loaded

Fig. 5 Amount of Que or Sil loaded in the nanosponges.
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cavities of the NSs. As long as quercetin is concerned, NS2
showed the best binding abilities at each pH. This may be
explained by the presence of a larger amount of triazole rings,
which enhances the hydrogen bond donor/acceptor abilities of
the NS matrix.

Indeed, the importance of hydrogen bonding in affecting the
inclusion properties of native BCDs has been positively
assessed, as it has been previously reported for poly-
hydroxylated p-nitroaniline derivatives.*”** On the other hand,
on increasing the pH NS2 and NS3 showed a decrease in its
ability to interact with silibinin. This behavior is probably due
to the lesser porosity of the two nanosponges in comparison
with the other material (see Table 1). Variations in the porosity
of the NSs can be attributed to the cross-linked network, which
forms nanochannels in the NS framework. Our data clearly
point out that a key factor in controlling the binding abilities of
the nanosponges is strictly correlated to the size of the pores,
and therefore to the presence of the interstitial channels.
Indeed, the formation of nanochannels enables a large amount
of drug to be incorporated in the inner structure of the NS.

Investigations of solid state composites

With the final aim to reach the most effective loading of both
drugs in NSs, we decided to perform loading from a solution
buffered at pH 4.4. The loading efficiencies of Que/NSs and Sil/
NSs estimated spectrophotometrically after extraction with
methanol, are reported in Table 2 as the percent amounts of
drug in the final composite and as drug encapsulation effi-
ciency. It is worth noting that data perfectly mirror the results
obtained in the aforementioned binding tests. The solid
composites were then characterized by means of different
techniques.

As a representative example, in Fig. 6 the FT-IR spectrum of
Que/NS1 and, for comparison, the spectra of the NS1 and Que
are depicted. Our nanosponges are reported to show intense
bands in the region around 3300 cm™ ', due to the hydroxyl
groups of the BCDs subunits, and a peak in the region around
2100 cm ', which can be attributed to the presence of unreac-
ted azide or alkyne groups. Moreover, the fingerprint region
shows the presence of signals attributable to both the BCD
(1295, 1156, 1078, 1049 cm ™ ') and the CA (1364 and 1189 cm ™)
scaffolds, the intensity of which changes according to the
different composition of the material. Finally, it is possible to
identify a tiny band at 1239 cm ™' and a shoulder at ca. 1015
em ™' accounting for the formation of the triazole ring linkers.
The IR spectra of some flavonoids have been carefully analyzed

Table 2 Percent loading amounts and encapsulation efficiency of
Que and Sil in the NSs

Loading amount (%) EE (%)

NS1 NS2 NS3 NS1 NS2 NS3
Que 6 7 5 80 93 67
Sil 24 10 9 74 32 28

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 FT-IR spectra of Que (green), NS1 (blue) and Que/NS1
composite (red). The peaks outlined are relevant to: (*) the CD scaf-
fold; (+) the CA scaffold; (x) the triazole moiety; (A—C) aromatic Que
stretching; (D-F) Que fingerprints.

by Heneczkowski et al.,** so the main features in the spectrum
of Que are well assessed. In particular, the main signals are due
to the stretching of the hydroxyl groups (3336 cm™ ') and the
carbonyl group (1664 cm™'). Moreover, there are three bands at
1612, 1562 and 1514 cm™ ' accounting for aromatic rings
vibrations and, among the various signals in the rich fingerprint
region, a peak at 1317 cm ™" (attributed to C-OH bending) and
a peculiar system of three peaks at 820, 808 and 788 cm ™.

In the IR spectrum of the composite, the main Que signal at
1664 cm ™' is completely concealed by signals attributable to the
polymer matrix (the same occurs for the -OH stretching at 3336
cm ). However, it is possible to notice three peaks at 1606,
1538 and 1514 cm™* which are clearly due to the presence of the
guest and, most important, show significant shifts accounting
for a strong interaction between the aromatic rings and the co-
polymer matrix. Similarly, although other Que fingerprints are
hardly visible, a signal at 1323 cm ™" and two further signals at
826 and 787 cm ™" clearly mirror the aforementioned Que peak
systems, again with small but significant shifts. The complete
collection of FT-IR spectra is reported in ESI (Fig. S47). In brief,
spectra of composites NS2/Que and NS3/Que show tiny but clear
signals accounting for the presence of the guest at 1606, 1323,
826 and 808 cm . A similar analysis can be carried out for the
spectra of the NS/Sil composites. Pure Sil has, in particular,
a sharp carbonyl band centered at 1638 cm ™', which undergoes
a significant enlargement and bathochromic shift in the
composites. Among its other fingerprint bands, Sil possesses
also a signal at 1510 cm ' that is apparent also in the
composites (slightly shifted up to 1513 cm™ %), and two tiny
signals at 850 and 824 cm ' respectively, mirrored in the
composites by a weak convolution band centered at ca. 834
em ™.

The thermal stability of the NS/Sil and NS/Que systems was
determined by means of TGA. The thermoanalytical curves for
pristine components NS** and Sil or Que*® are multi steps and
the mass losses occur in a comparable temperature range.
Although the identification of each degradation step in the

RSC Adv., 2016, 6, 50858-50866 | 50861
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composite material is hardly possible, conclusions on the
degradation features of the composites and the effects of each
component were straightforward. Fig. 7 shows that the effect of
Que and Sil loading on thermal stability was polymer specific.
As long as NS1 is concerned, Que and Sil generated an addi-
tional mass loss to the pristine NS1 data starting from 500 °C. As
both drugs should already degrade below 500 °C (see ESI,
Fig. S51), one may argue that the loading into NS1 strongly
enhance the thermal stability of Que and Sil. NS2/drug samples
do not show any significant alteration of the TGA profile
compared to the pristine NS2 behavior. The case of NS3 is
peculiar, because the thermal stability was oppositely influ-
enced by the two drugs. In particular, Que loading enhanced the
degradation of the composite while Sil incorporation reduces
the mass loss upon heating. In principle the TGA data might be
used to calculate the drug loading in a complex mixture,
although this is straightforward for inorganic nanocarrier,* it is
not generally valid. In fact, it is known that inclusion in mac-
rocycle cavities alters the thermal stability of a compound and
the residual charcoal depends on specific interactions,*” there-
fore, rule of mixture is not generally valid as this is clearly the
case here (Fig. 5). Notwithstanding, TGA data showed that the
amount of CD in the NS is crucial for the Que protection.

This result is consistent with the strong binding between
Que and the BCD cavity (6 = 1.5 £ 0.4 x 10° M ?) evidenced by
fluorescence experiments (see details in ESI, Fig. S67). In other
word, both the BCD presence and the larger size of the cavity
enhances the thermal protection of the drug.
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Fig. 7 TGA data for NS and NS/drug complexes.
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The controlled release of Que and Sil from the complexes
Que/NS and Sil/NS was studied in aqueous buffers at both pH
1.0 and 6.4, i.e. in such a way to mimic the typical physiological
conditions of either gastric or intestinal fluids. Regarding the
quercetin release, it is important to notice that in all the cases
considered the spectrum of the released molecule showed
a significant bathochromic shift (from 370 to 290 nm) of the
main UV-vis absorption peak. This shift, however, cannot be
attributed to a chemical modification of the Que molecule
subsequent to inclusion, due for instance to the unexpected
occurrence of oxidation or hydration processes. As a matter of
fact, after each release experiment, the residual composite was
carefully collected, repeatedly washed with methanol, and the
combined methanolic extracts were analyzed by UV-vis,
showing the unchanged spectrum of the pure guest. This
provides sufficient proof that quercetin undergoes no alteration
during the release experiment. By the way, spectrophotometric
determination of the residual amount of guest in the composite
recovered after the test allowed us to determine the cumulative
release. On the other hand, we noticed that, after shaking and
equilibrating the pristine nanosponges with the same buffers,
the UV-vis spectrum of the aqueous phase shows a broad weak
absorption band in the region below 300 nm. This indicates that
the nanosponge matrix undergoes slow disgregation, probably
due to mechanical shaking. Therefore, it may be reasonably
assumed that Que is indeed released into solution as an
inclusion complex with the NS fragments. A similar phenom-
enon has been already noticed in other release systems,*® and of
course complicates data analysis, because UV-vis absorbances
cannot be converted into real concentrations.

As a representative example, cumulative percent release
curves for NS1 at both pH 1.0 and 6.4 are shown in Fig. 8. As we
can easily see, the pH conditions have a large outcome on the
release. Under acidic conditions, data points can be suitably
subjected to fitting analysis by means of an equation of the
form:

4
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Fig. 8 Kinetics of Que release from NS1 at pH 1.0 and 6.4.
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i.e. providing the sum of an exponential and a linear term. This
indicates the superimposition of two distinct processes, namely
a relatively faster first-order and a zeroth-order ones. By
contrast, under nearly neutral conditions the first-order term
appears nearly suppressed. The complete values of the apparent
kinetic constants k; and k, are summarized in Table 3.

The occurrence of double-term release kinetics is quite
common, and may be interpreted in different ways. For
instance, it might be due to fast dissolution of the guest
absorbed in the more superficial region of the polymer matrix,
followed by slower diffusion and release from the inner regions.
This hypothesis, however, seems ruled out by the fact that the
pH affects so deeply the kinetic course of the process. More
likely, it may outline a release from different (but similarly
accessible for the solvent) absorbing sites of the NS. As long as
the first-order process is concerned, under acidic conditions,
the slower release from Que/NS2 complex seems to parallel the
most effective sequestering ability of NS2 found in the binding
tests. Once again, this may be interpreted as a consequence of
the better ability of NS2 to function as a hydrogen bond donor,
consequent to the larger amount of triazole residues present in
the NS matrix. On the other hand, under neutral conditions the
speed of release seems directly linked to NS porosity.

The k, values relevant to the apparent zeroth-order process,
are less easy to interpret. Indeed, these values may be the
outcome of a subtle interplay between the actual guest loading,
the different composition in co-monomers and the different
porosity of the nanosponges. Under acidic conditions, the
larger k, value for NS1 can be related to its larger porosity, which
counterbalances the hydrogen bond abilities of the protonated
triazole units. On the other hand, under neutral conditions,
when triazole protonation does not occur, release becomes
comparable in the three cases. Therefore, everything consid-
ered, the experimental results seem to indicate that the
different opposite effects nearly compensate each other under
neutral conditions.

Finally, no release of Sil from its composites was observed,
probably due to the strong interaction of the molecule with the
polymer matrix.

Antiproliferative activity in vitro

Triple negative breast cancers (TNBCs) are highly aggressive
and cytotoxic chemotherapy resistant tumors, thus available
treatments are often ineffective.*>

Table 3 Kinetic parameters

pH 1.0 pH 6.4
Composite &y x 10°s™' ko x 10°s™'  ky x 10*s7' Ky x 10°s7t
Que/NS1 3.6 £0.4 30.2 £ 1.5 10+ 4 31.5 £ 0.2
Que/NS2 1.4 + 0.6 15.3 £ 1.8 1.5+ 0.4 30+ 3
Que/NS3 3.7 £ 0.6 20.8 £ 0.9 — 37.5 £ 0.6

This journal is © The Royal Society of Chemistry 2016
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In order to verify whether the functionalized nanosized
composites are good delivery systems of Que and Sil for inhib-
iting cell proliferation, the cytotoxic effects of the two drugs
encapsulated in the NSs, compared to free Que and Sil, were
tested on three cell lines of triple negative breast cancer (SUM
149, SUM 159 and MDA-MB-231) by MTS tests. Cell viability was
estimated at 72 h under different concentrations of the
compounds (1-100 uM range).

It was observed that cell viability decreases in a concentra-
tion and time dependent way (Fig. 9). As expected, the survival
rates of the tumor cells incubated with free quercetin and sili-
binin at each concentration were found in the range of 96—
100%, indicating that they have no effect on the viability of the
tumor cell lines under the concentration conditions investi-
gated. This is probably due to their insolubility in physiological
medium.

It is interesting to notice that each nanosponge showed
a cytotoxic effect on the tumoral cell lines investigated; in
particular, NS2 seems to be the more active material on all cell
lines. This behaviour may be due to the presence of triazole
linker in the nanosponge, that it is known to possess very
interesting biological activities, in particular antitumoral effect.
By contrast, all cell lines showed a dose dependent cytotoxic
profile when subjected to the treatment of Que/NS3. This
increase in the cytotoxicity of Que/NS3 compared with free
quercetin was probably due to the enhanced aqueous solubility
of Que/NS3 and to the synergistic effect by the presence of
quercetin and triazole. Surprisingly, the composites Que/NS1
and Que/NS2 seemed to be less active in comparison to the free
nanosponges. This different behaviour, also in this case, could
be due both to the pore dimensions and to the supramolecular
interactions between Que with the inner structure of the NS.
The Que/NS1-2 composites showed comparable or less anti-
proliferative activity than the free nanosponges, with greater
pore dimensions than NS3, as a consequence of specific -7
interactions between quercetin and the triazole units present in
the interstitial channels that masked the antiproliferative
activity of the triazoles themselves. By contrast, the increase in
the antiproliferative activity observed for Que/NS3 complex is
due, as described above, to a synergistic effect with triazole and

SUM 149
SUM 159

100 | - I
MDA MB 231

80

Cell viability (%)
3
[ —
T,

2
S

20

1 ‘ 5 ‘ 10 20 50 100
[Que/NS3] (mM)

Fig. 9 MTS test on three cell lines of triple negative breast cancer for
the Que/NS3 composites.
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Que, that interacted, in this case, predominantly with BCDs and
calix cavities.

Finally, no cytotoxic effects for the several cell lines in the
presence of the complexes Sil/NSs were observed. In our
opinion, the availability of silibinin encapsulated in the nano-
sponges is low, so it is not released in these conditions as
highlighted from release studies.

Experimental
Materials and method

All needed reagents were used as purchased (Aldrich), without
further purification. Nanosponges NS1-NS3 were prepared as
previously reported.®*

Thermogravimetric analyses were performed on a Q5000 IR
apparatus (TA Instruments) under a nitrogen flow of 25 cm?
min~" for the sample and 10 cm® min™" for the balance. The
weight of each sample was ca. 10 mg. Measurements were
carried out by heating the sample after equilibration at 100 °C
up to 900 °C at a rate of 10 °C min ™.

FT-IR spectra (KBr) were recorded using an Agilent Tech-
nologies Cary 630 FT-IR spectrometer. Specimens for
measurements were prepared by mixing 5 mg of the sample
powder with 100 mg of KBr.

The ITC experiments were carried out at 25 °C in a nano-
ITC200 calorimeter (MicroCal). An amount of approximately
40 mL of quercetin solution was injected into the cell (202 pL)
filled with the calix solution. A mixture H,O/MeOH (6 : 4) was
used as the solvent. The heat effect was measured after each
addition of 1 pL and corrected by dilution effects.

Synthesis of the model calixarene tetrakis-(25,26,27,28-((1-
carboxymethyl)-1H-1,2,3-triazol-4-yl)methoxy)-(5,11,17,23-
tert-butyl)-calix[4]arene sodium salt (CS)

The tetrakis-(25,26,27,28-propargyloxy)-(5,11,17,23-tert-butyl)-
calix[4]arene (200 mg, 0.25 mmoles) was dissolved in 4 mL of
DMSO; then CuSO, hydrate (40 mg, 0.16 mmoles), sodium
ascorbate (62 mg, 0.31 mmoles) and ethyl azidoacetate (240 mg,
2 mmoles) were added. The mixture, placed in a dark vial, was
kept under magnetic stirring at 70 °C for 18 h. The crude was
then poured into water (50 mL) and centrifuged. The solid
residue was dissolved in 5 mL of warm methanol, then 5 mL of
aqueous 1 M NaOH were added, and the mixture was stirred
overnight. The crude was concentrated in vacuo, re-suspended
with 2 mL of methanol and filtered off. Yield 265 mg (82%).
IR (nujol): 1625 cm™'. 'H NMR (DMSO) 6 (ppm): 1.00 (s, 36H,
tBu), 3.31 (s, 8H, -CH,-COO-), 4.03 (br s, 12H, -OCH,- over-
lapped with Ar-CH,-Ar), 4.25 (br s, 4H, Ar-CH,-Ar), 6.89 (s, 8H,
Ar-H), 8.13 (s, 4H, triaz-H). *C NMR 6 (ppm): 31.6, 32.0, 34.2,
61.0, 78.2, 126.1, 129.1, 133.3, 143.8, 146.4, 152.8, 187.2. Elem.
anal. found: C 59.41, H 5.66, N 12.96, Na 7.08 (calcd: C 59.44, H
5.61, N 13.00; Na 7.11).

General procedure for the binding tests

For the preliminary absorption/sequestration tests, stock solu-
tions of the guests 50 uM were prepared at the proper pH value.
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A carefully weighed amount (4 + 0.05 mg) of nanosponge and 2
mL of guest solution were mixed in a vial and shaked
mechanically at r.t for 90 min to ensure equilibration. Then, the
solution was filtered off with a common 0.45 uM Millipore filter.
The amount of residual guest was evaluated spectrophotomet-
rically by comparing the absorbances of the filtered solution
with the starting stock solution.

General procedure for the nanosponges loading

A weighed amount (60 mg) of nanosponge was placed in a small
beaker and wetted with 1 mL of methanol; then, 20 mL of a 0.05
M phosphate buffer at pH 4.4 were added and the suspension
was placed under magnetic stirring. By means of a Chemetron-
type micrometric syringe 1 mL of a 10 mM or 40 mM solution of
quercetin and silibinin, respectively, were slowly introduced
into the suspension (ca. 5 uL min~ "), in order to avoid super-
saturation of the solution. After completion of the addition, the
suspension was kept under stirring overnight; then the solid
was centrifugated at 5000 rpm for 15 min, re-suspended in few
mL of water, collected by vacuum filtration, washed with 1 mL
of ice-cold methanol and dried at 50 °C under vacuum for three
hours. Loading was determined as follows. ca. 2 mg of
composite were carefully weighed and washed with four
portions of methanol (2 mL each). The organic extracts were
quantitatively transferred in a volumetric flask (20 mL) and
diluted up to mark with aqueous buffer at pH 4.4; the concen-
tration of the resulting solution was then determined
spectrophotometrically.

Drug encapsulation efficiency (EE) was determined with the
following equation:

EE — actua'l loadmg « 100 )
theoretical loading

Kinetic release

The release of quercetin and silibinin from the Que/NS and Sil/NS
composites was performing as follows. 25 mg of the sample were
placed in a dialysis membrane (Medicell International Ltd MWCO
12-14 000 with diameter of 21.5 mm), wetted with two drops of
methanol and dispersed with 1 mL of the chosen extraction
medium. The membrane was then put in a round bottom flask
containing 20 mL of the release medium at 37 °C under magnetic
stirring. Two different media (0.1 M HCI and phosphate buffer pH
6.4, respectively) were considered in order to evaluate the influence
of pH on the release behavior of the drug.

At fixed times, 1 mL of the release medium was withdrawn
and analyzed. To keep constant the volume of the release
medium 1 mL of fresh solution (0.1 M HCl, pH 6.4 buffer) was
added each time to replace the withdrawn one. After the
experiment, the total amount of guest released from the
composite was determined by washing repeatedly the collected
residue composite with methanol, and determining spectro-
photometrically the concentration of the washing solution.

Total amounts of drug released (F,) were calculated as
follows:
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t—1
Fi=VauCi+ Y VWG (3)

i=0

Cell cultures

MDA MB 231 cell lines were cultured in RPMI 1640, SUM 159
and SUM 149 cell lines were cultured in DMEM/F-12 supple-
mented with insulin (5 pg mL~"). All media were supplemented
with 10% heat-inactivated fetal calf serum, 2 mM r-glutamine,
100 units per mL penicillin and 100 pg mL ™" streptomycin (all
reagents were from HyClone Europe Ltd, Cramlington, UK). The
cells were cultured in a humidified atmosphere at 37 °C in 5%
CO,. Cells having a narrow range of passage number were used
for all experiments.

MTS assay

To test the effects of the agents, the cells were seeded at 2 x 10*
cells per well onto 96-well plates and then incubated overnight.
At time 0, medium was replaced with fresh complete medium
and thereof were added quercetin, NSs, Que/NSs and Sil/NSs in
concentrations as indicated. At the end of treatment, 16 pL of
a commercial solution (obtained from Promega Corporation,
Madison, WI, USA) containing 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulphophenyl)-2H-tetrazolium
(MTS) and phenazine-ethosulfate were added. The plates were
incubated for 2 h in a humidified atmosphere at 37 °C in 5%
CO,. The bioreduction of the MTS dye was assessed by
measuring the absorbance of each well at 490 nm. Cytotoxicity
was expressed as a percentage of the absorbance measured in
the control cells.

Conclusions

Six composites were prepared by including polyphenolic
natural compounds quercetin and silibinin in three mixed
cyclodextrin-calixarene  nanosponges characterized by
a different co-monomer composition. Loadings were studied
under different pH conditions and were rationalized in terms
of the porosity and the hydrogen bond donor-acceptor abili-
ties of the materials, as well as of the intrinsic affinity of the
guest molecule for the cavities of the co-monomers. For the
latter purpose, binding in solution with a model calixarene
was studied by means of microcalorimetry. The composites
were also subjected to spectroscopic (FT-IR) and thermogra-
vimetric investigation, which confirmed the strong interaction
of the guest molecules with the polymer matrix. Finally, both
release studies at different pH values and antiproliferative
assays in vitro towards tumor cell lines converged in indicating
the importance of the porosity of the material and in particular
role assumed by the presence of the triazole linkers in
affecting the possible exploitation of the composites for clin-
ical applications.

This journal is © The Royal Society of Chemistry 2016
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