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ABSTRACT: The development of novel chemical approaches for
the fabrication of gold nanostructures with localized surface
plasmon resonance (LSPR) falling in the near-infrared (NIR)
region is one challenging topic in nanomaterials science. Due to
their optical and photothermal properties triggered by light
excitation in the therapeutic window (4., = 650—1300 nm),
gold-based nanostructures are appealing candidates in anticancer
nanomedicine. Here, we report a novel method to prepare water-
dispersible gold nanostructures with NIR-LSPR (4,,,, = 600—1000
nm) properties. The gold nanostructures were achieved in a single
step by an unconventional method using NADH as a reducing
agent and an amphiphilic choline-calix[4]arene derivative (Chol-
Calix) forming micelles as a template. The CholCalix-Au
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nanostructures were characterized by UV-—visible spectrophotometry, Raman spectroscopy, and atomic force microscopy.
Agglomeration of the nanostructures due to multiple crosslinking interactions was observed and supported by modeling simulation.
Effective anticancer photothermal-induced effect of the CholCalix-AuNPs was demonstrated on human breast cancer cells irradiated

with biofriendly light at 808 nm.
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B INTRODUCTION

Nanotechnology is an emerging strategy for more effective
cancer treatment.’ A nanostructure offers the benefit of
especially accumulating in cancer tissues by exploiting the
leaky nature of the tumor vasculature (enhanced permeability
and retention effect)” or by binding receptors overexpressed
on cancer cells (targeted anticancer therapy).” The anticancer
activity preferentially localized in the desired sites of
therapeutic action can improve therapeutic efficacy while
decreasing the deleterious side effects of current chemo-
therapy. Use of stimuli-responsive nanostructures constitutes a
more advanced approach for more effective and safer cancer
treatment.” Nanostructures activated by extracorporeal or
endogenous stimuli (ie, light, temperature, pH, hypoxia)
allow for excellent spatiotemporal- and dosage-controlled
anticancer activity.

Photothermal therapy (PTT) is one of the most promising
cancer treatments.” It consists of local generation of heat by
irradiation of photoresponsive structures. Several studies have
shown that mild hyperthermia (41—47 °C for 10 min)
mediated by functional nanomaterials selectively destroys
cancer cells because of their reduced heat tolerance compared
to normal cells. Mild-PTT induces tumor destruction and cell
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death by loosening cell membranes and denaturing proteins® as
well as by disrupting mitochondria, causing cancer cell death,’
or stimulating tumor-specific innate and adaptive immune
responses for tumor control.®

Gold-based nanostructures are the main mediators of PTT
as gold nanoparticles (AuNPs) offer good biocompatibility,
effective photothermal conversion upon visible or near-infrared
(NIR) light absorption due to the localized surface plasmon
resonance (LSPR) phenomenon, and tunability of optothermal
and biotargeting properties by ease of synthetic modifica-
tions.”"?

Hybrid nanomaterials that combine the unique physical and
chemical properties of two or more classes of nanomaterials
also hold great promise for cancer diagnosis and therapy.''
The combination with carbon-based molecules is an important
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Scheme 1. Schematic Illustration of: (A) Preparation of CholCalix-AuNP and CholCalix-AuNP Clusters; (B) Laser Irradiation
of CholCalix-AuNPs (808 nm) and Photothermal Conversion; (C) Cell Vitality Reduction of Human Breast Cancer Cells
Treated with CholCalix-AuNPs and Irradiated with Laser 808 nm
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CholCalix-AuNPs

key to equipping AuNPs with features mandatory for their
application in PTT such as chemical and colloidal stabilities,
dispersibility in physiological conditions, stability upon pulsed-
laser irradiation, and specific binding to cancer cells by
decoration with targeting ligands.lz_14 For these reasons, gold
nanoparticles have been coated with a large variety of carbon-
based compounds (peptides,'* proteins,'® DNA,"” polymers,'®
etc.), including calix[n]arenes.

Calix[n]arenes are a family of polyphenolic macrocycles that,
due to their ease of modification, have provided a large number
of structures for biomedical applications," including cancer
treatment.”” An intense research activity deals with innovative
stimuli-responsive calixarene derivatives promoting tumor
accumulation of anticancer drugs”' and targeted cancer cell
drug delivery.”* Calixarene-based nanocarriers have also been
proposed for photodynamic therapy (PDT),””** photo-
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theranostics,”” and PTT. Recently, Guo et al. reported a
supramolecular formulation of a hypoxia-responsive calixarene
derivative and an IR780 dye for effective imaging-guided
PTT.

Due to the unique architecture and chemical modification
possibilities, calixarene macrocycles have received a lot of
attention from the scientific community as agents for coating
of AuNPs. The combination with the calixarene skeleton can
endow AuNPs with new physicochemical and olptical proper-
ties crucial for applications ranging from sensing”** to cancer
diagnosis and therapy.” The calixarene coating can provide
AuNPs with (i) enhanced stability and dispersibility in
physiological media,” (ii) an “active” protecting layer for
controlling bioconjugation density,”® (iii) a receptor layer
promoting assembly and networking™ or (iv) a cluster of
ligands for more specific and effective cancer cell targeting.”'
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Different approaches have been tuned for the preparation of
calixarene-coated AuNPs.”” They include postsynthesis
approaches in which calixarene derivatives bind preformed
AuNPs (e.g., by thiol’” or diazonium® groups, or interdigi-
tation of aliphatic chains’') and direct synthesis ones in which
Au ions are reduced in the presence of calixarene derivatives
that act as stabilizing and/or reducing agents.‘zz‘34 It has been
demonstrated that self-assembling materials are good nano-
reactors for the formation of AuNPs from Au ions.”” To the
best of our knowledge, only one example of micellar
nanoassembly of a cysteinyl-calix[4]arene derivative has been
reported in the literature as a template for the preparation of
calixarene-coated AuNPs,*®

AuNPs coated with calixarene-bearing choline groups might
be promising candidates for PTT applications. Micellar
aggregates of a choline-calix[4]arene conjugate showed no
significant toxicity on normal cells”**”** and gene®” and
drug®®®® delivery properties in in vitro and in vivo experi-
ments. The choline units by binding choline-transporters
overexpressed on the surface of cancer cells (ovary, breast,
prostate, melanoma, kidney, and colon)*’ might deliver the
covered AuNPs to target cells. As a support, AuNPs
functionalized with thiocholine showed increased uptake in a
human prostate tumor model and decreased intrahepatic
accumulation compared with unmodified AuNPs.*!

Here, we report an unprecedented approach to prepare
novel calixarene-coated gold nanoparticles (CholCalix-AuNPs)
using a polycationic amphiphilic choline-calix[4]arene deriva-
tive (CholCalix) forming micelles and NADH, known to
reduce the Au’* ion to AuNPs** (Scheme 1A). CholCalix-
AuNPs were characterized for structure and optical properties
using different techniques including UV—vis and Raman
spectroscopies, dynamic light scattering (DLS), and atomic
force microscopy (AFM). The NIR-induced photothermal
effect for CholCalix-AuNPs was widely investigated (Scheme
1B). A mechanism, supported by molecular modeling
simulations, for the formation of CholCalix-AuNPs is
proposed. For comparison purposes, the same preparation
method was carried out on a micellar polyanionic p-sulfonato-
calix[4]arene derivative (SC40C6)* and cationic cetyltri-
methyl ammonium bromide (CTAB) micelles lacking the
macrocyclic structure. The NIR-light-triggered anticancer
effect of CholCalix-AuNPs was tested against a human breast
cancer cell line (MDA-MB 231) (Scheme 1C). MTT
experiments were performed in comparison to doxorubicin,
selected as a model of a highly effective anticancer drug.

B EXPERIMENTAL SECTION

Materials and Methods. All reagents were purchased from
Sigma-Aldrich and used without purification. Materials used for
biological tests are described in the appropriate paragraph.

Preparation of CholCalix. CholCalix was prepared according to
the procedure depicted in Scheme S1. In brief, commercial p-H-
calix[4]arene was blocked in a cone conformation by functionalization
of the phenolic hydroxyl groups (lower rim) by C12 alkyl chains.*”
Formyl groups were introduced at the para position of the calixarene
aromatic rings (upper rim) and reduced to alcohol groups that were
converted to chloromethyl groups.** As previously reported,® the
tetrachloromethyl-O-dodecyl calix[4]arene™ (2 g, 1.56 mmol) was
dissolved in THF (30 mL) and N,N-dimethylethanolamine (0.75 mL,
7.4 mmol) in THF (7.5 mL) was added. The reaction mixture was
stirred and refluxed for 24 h. After cooling, the suspension was
centrifuged at 4000 rpm for 5 min. The precipitate was washed with
THF (20 mL) and then with acetonitrile (4 X 10 mL) by repeated

360

centrifugation (4000 rpm, S min) and removal of the solvent. The
precipitate was dried under vacuum to give a white powder (2.1 g
80% vyield). The obtained CholCalix (MW 1648.2 for
CosH,6sCLiN,Og) was characterized by NMR spectroscopy (Figure
S1).

Preparation of CholCalix-AuNPs. An aliquot of 18 uL of
HAuCl, (5 X 107> M) was added to a micellar dispersion of
CholCalix 0.0176 g in 1 mL of PBS under continuous stirring. To an
aliquot (500 uL) of the resulting yellow solution of CholCalix/AuCl,~
was added a volume of 1150 uL of purified citrate AuNPs seeds (150
uL of purified citrate AuNPs was dispersed in 1 mL of Milli-Q
deionized water). After stirring, to the resulting solution, 100 uL of
NADH (12 mM) was added and heated to 70 °C for 70 min. The
final concentrations were 2 X 107> M for CholCalix and 690 uM for
NADH. The UV—vis—NIR spectra were recorded over time. The
resulting dispersion was purified by dialysis using Milli-Q water
through a dialysis membrane (6—8 KDa cutoff) for 46 h.

A similar procedure was used to prepare the CholCalix-AuNP
dispersion in water starting from a solution of CholCalix (0.0176 g) in
1 mL of Milli-Q_deionized water.

Preparation of p-SulfonatoCalix-AuNPs. The amphiphilic p-
sulfonato-calix[4]arene bearing hexyl aliphatic chains at the calixarene
lower rim (SC40C6) were prepared according to the procedure
reported in the literature.*’ Briefly, to a solution of SC4OH (1.0 g, 1.3
mmol) in water (§ mL) and DMSO (20 mL), NaOH (1.0 g, 25
mmol) and 1-bromohexane (4 mL, 29 mmol) were added. The
mixture was stirred at S0 °C for 24 h. After cooling, MeOH was added
to obtain a precipitate that was collected by filtration. The solid was
dissolved in water (S mL) and was precipitated again by the addition
of EtOH (three times). Then, an aliquot of 18 uL of HAuCl, (5§ X
107> M) was added to a micellar dispersion of SC40C6 (0.0124 g) in
1 mL of Milli-Q_deionized water under continuous stirring. To an
aliquot (500 pL) of the resulting yellow solution of SC40C6/AuCl,~
was added a volume of 1150 uL of purified citrate AuNP seeds (150
L of purified citrate AuNPs was dispersed in 1 mL of Milli-Q
deionized water). After stirring, to the resulting solution was added
100 uL of 12 mM NADH and heated to 70 °C for 70 min. The final
concentrations were 3 X 107> M for SC40C6 and 690 uM for
NADH. The UV—vis—NIR spectra were recorded over time. The
resulting dispersion was purified by dialysis using Milli-Q_ water
through a dialysis membrane (6—8 KDa cutoff) for 46 h.

Preparation of CTAB-AuNPs. An aliquot of 18 L of HAuCl, (S
X 107> M) was added to a micellar dispersion of 3.7 X 107> M of
CTAB (0.0135 g in 1 mL of Milli-Q deionized water) under
continuous stirring. To an aliquot (500 L) of the resulting orange
dispersion of CTAB/AuCl,” was added a volume of 1150 uL of
purified citrate AuNP seeds (150 L of purified citrate AuNPs was
dispersed in 1 mL of Milli-Q_deionized water). After stirring, to the
resulting solution was added 100 xL of NADH (12 mM) and heated
to 70 °C for 70 min. The final concentrations were 1 X 1072 M for
CTAB and 690 yM for NADH.

Biological Evaluation. Cell Culture and Treatments. Experi-
ments were conducted on the human triple negative breast cancer cell
line MDA-MB 231 (HTB-26 ATCC, Rockville, MD). Cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) high
glucose (HG) supplemented with 10% FBS and 1% penicillin—
streptomycin and maintained at 37 °C and 5% CO,. Cells were
treated for 24 h with CholCalix (1 nM to 0.01 mM) and CholCalix-
AuNP (2 nM to 0.02 mM) with or without laser radiation; in
particular, each well was irradiated at 4 = 808 nm for 5 min. Cells
were also treated with doxorubicin for 24 h at different concentrations
(0.025 uM to 0.025 mM).

Cell Viability Assay. To evaluate cell viability, cells were seeded
into 96-well plates at a density of 7.0 X 10 cells/well in 100 uL of a
culture medium. After a 24 h treatment, 100 L of 0.25 mg/mL 3-(4,
S-dimethylthiazol-2-yl)-2, S-diphenyltetrazolium bromide (MTT)
(ACROS Organics- Antwerp, Belgium) solution was added to each
well, and cells were incubated for 2 h at 37 °C and 5% CO,. After
incubation, the supernatant was removed and 100 yL of DMSO was
added to each well to dissolve formazan salts produced by active
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mitochondria. The amount of formazan is proportionate to the
number of viable cells in the sample. Ultimately, absorbance (OD)
was measured in a microplate reader (Biotek Synergy-HT, Winooski,
VT) at A = 570 nm. A minimum of three replicate wells was used for
each group, and at least two separate experiments were conducted.
Results are expressed as mean + SEM.

Statistical Analysis. Statistical analysis was performed by one-way
ANOVA. The honestly significant difference (HSD) method was used
as a post hoc test when ANOVA reported statistically significant
differences to evaluate the group differences.

Computational Methods. The interaction between CholCalix
and gold nanoparticles was evaluated applying the OPLS all-atom
force field (OPLS-AA) parametrization through Gromacs 2022
software.**® The Build Nanostructure tool included in Material
Studio (MS) software was used to build the gold nanoparticle
(AuNP) with a diameter of 3.5 nm. Eight molecules of CholCalix
surrounded the AuNP in two different orientations: the CholCalix
upper rim facing the AuNP (choline group facing the metal surface)
and CholCalix lower rim interacting with AuNP (C12 chain facing the
metal surface). The systems were then placed in a box of 15 nm X 15
nm X 7.5 nm and solvated by adding water molecules simulated with
TIP3P FF (Figure S2). To investigate the aggregation of CholCalix-
AuNPs in a solvent, a model consisting of three units was built
(Figure S3).

In all simulations, geometry optimization was performed using the
conjugated gradient method, convergence criteria were set to 0.01
kcal mol™!, and molecular dynamics (MD) simulations were run
under the periodic boundary condition in the NPT ensemble at T =
300 K and P = 1 atm (Berendsen barostat, coupling constant = 0.1
ps). The particle-mesh Ewald method was employed to account for
the long-range electrostatic interactions with a cutoff distance of 1.5
nm; a time step of 1 fs was chosen to integrate the equation of
motion. To simulate the solvated systems, we adopted an
equilibration procedure that consists of optimization (20.000 steepest
descent steps) of the whole system followed by S0 ns MD of the
solvent (solute fixed) and finally a further 400 ns MD was performed
removing all of the constraints, and coordinates of the last 200 ns
were stored for analysis.” During this time, ten structures were
randomly sampled for each simulated system and optimized. The
energy of interaction between AuNP and calixarene (AE,,) is
calculated as follows

AEint = EAuNP—Sx_ca[ix-water - (EAuNP +38 X Eca.lix + Ewater)

1

where Ejnp, Ecpw and E,. represent the optimized values of
potential energy of AuNP, calixarene, and solvent in the bulk.
Coherently for the aggregate system, the interaction energy is defined

by

AE

int-aggr = E3x7AuNP—8x7caIix-wafer - (3 X EAuNP +8 X Eca]ix

+E

water)

Finally, the structural evolution of the aggregate was investigated
using the radius of gyration R,, which is defined as

N
R:= zi:lmisiz
g N
Z,’:l mi

where N is the total number of atoms and s; is the distance of the
atom of index i and mass m; to the center of mass.

B RESULTS AND DISCUSSION

Design, Synthesis, and Characterization of CholCalix-
AuNPs. AuNPs are synthesized by reducing Au ions that
congregate to form crystals that aggregate to form nano-
particles. Spatial confinement and Au reduction within a
chemical template such as a macrocyclic cavity'>* or
supramolecular self-assembled constructs®® are effective

methods for controlling the formation and size of AuNPs.
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The opportune functionalization of the upper rim of a
calix[4]arene skeleton blocked in a cone conformation can
provide a cage where AuNPs can be formed with a controlled
size.®® It is also known that AuCl,” anions can establish
interactions with the positively charged ammonium groups of
hydrophilic choline chloride functionality by the ion-exchange
reaction, and the subsequent addition of a reductant (NaBH,,
sodium citrate) can convert the Au ions to AuNPs. Using this
approach, AuNPs were built on phosphatidylcholine®" and on
choline chloride functionalized graphene oxide™ or a glassy
carbon electrode.™

On that basis, CholCalix bearing choline chloride groups at
the upper rim of a calix[4]arene scaffold blocked in a cone
conformation by the functionalization of the lower rim phenol
groups with dodecyl aliphatic chains (Scheme S1) possesses
the requisites to be a template for the preparation of
CholCalix-coated AuNPs. CholCalix offers both an electron-
rich cavity decorated with choline chloride groups and the
propert;f to spontaneously self-assemble in cationic mi-
celles.’”**** To prepare CholCalix-AuNPs, we used a
biosynthetic approach based on NADH-dependent Au**
reduction, a method never used for the preparation of
calixarene-coated gold nanostructures. The NADH coenzyme
alone can reduce the Au’" ion to AuNPs and produce
uniformly spherical flasmonic nanoparticles with small sizes
(<10 nm diameter)."

The possible pathway for the formation of CholCalix-AuNPs
is depicted in Figure 1. The addition of AuCl,~ to the micellar

CholCalix + AuCl; —— CholCalix/AuCl, (1)

CholCalix/AuCl; + NADH —— CholCalix-AuNPs (Il) + NAD*

CholCalix

Figure 1. Synthetic pathway for CholCalix-AuNP preparation, and
molecular structures of CholCalix and SC40Cé6.

CholCalix changes the solution color from colorless to light
yellow (Figure 2). The UV—vis spectrum of the solution shows
the appearance of an intense optical absorption centered at 468
nm (Figure 2). This band is ascribable to the formation of
CholCalix/AuCl,” (I) in which the cholinium cationic polar
head groups —N*(CH;),(CH,OH) provide a uniform
positively charged surface with a density suitable to establish
interactions with AuCl,”. Upon heating at 70 °C and in the
presence of NADH, the intermediate I was rapidly converted
to CholCalix-AuNPs (II) (Figure 1), in which AuNPs are
formed on the CholCalix micelle surface.

As a confirmation of the above-cited pathway, kinetic studies
showed a decrease of both the absorption bands of NADH
(340 nm) and CholCalix/AuCl,~ (I) (468 nm) with the
simultaneous increase of an absorption band centered at 540—
550 nm (Figure 2) related to the formation of CholCalix-
AuNPs (II) (Figure 1). The changes of the UV—vis—NIR
optical absorption spectra recorded during the synthesis of
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Figure 2. Formation of CholCalix-AuNPs in PBS medium: optical
absorption changes over time (0, 10, 20, 30, 40, and 60 min) and
inset: change of the solution coloration from yellow (CholCalix/
AuCl,” (1)) to blue (CholCalix-AuNPs (II)).

CholCalix-AuNPs (II) also showed the presence of absorption
at 600—850 nm (Figure 2). This latter can be the result of
multiple scattering and plasmon interactions due to agglom-
eration phenomena. The formation of AuNPs on the shell of
micelles and crosslinked micelles is not unusual.”> Aggregation
phenomena also agree with the previously demonstrated
tendency of CholCalix to form aggregates of micelles®® and a
nanohydro%el at higher concentrations and in the presence of
curcumin.”® Therefore, hydrogen bonding involving the
choline OH groups and the solvent, interaction of the choline
quaternary ammonium groups with colloidal gold, interdigita-
tion of the hydrophobic alkyl chains of CholCalix, and
adhesion of gold nanoparticles to each other could lead to the
formation of larger agglomerates responsible for the blue
coloration of the colloidal solution (Figure 2).

The observed optical behavior is well known in the
literature. When AuNPs aggregate, the interaction of locally
adjacent Au nanostructures promotes the red shifts of their
LSPR band to longer wavelengths.**” This LSPR shift effect is
commonly used in colorimetric biosensing.**~ %’

We observed that the solvent affects the aggregation of
CholCalix, and larger nanostructures with narrow polydisper-
sity are formed in the presence of salts compared to pure water
in which smaller and more polydisperse nanostructures
appeared.””** When CholCalix-AuNPs were prepared in
deionized water, analogous to the preparation in PBS, the
absorption spectrum of the solution showed an absorption
band at about 560 nm and a broad band at wavelengths above
650 nm (Figure S4). Dynamic light scattering (DLS)
measurements revealed in water the presence of two main
nanostructures with the mean hydrodynamic diameters
centered at 7 + 2 nm (10% vol) and 103 + 10 nm (90%
vol) related to single micelles and micelle aggregates,
respectively. In PBS, where the aggregation between micelles
is more favored, a main population with the mean hydro-
dynamic diameter centered at 130 + S nm (85% vol) was
instead observed. The Z-potential investigation reported for
both experiments a positive charge (+59.8 + 1.1 mV in water
and +28.9 + 0.757 mV in PBS), in agreement with the
presence of choline head groups on the surface of the
nanoaggregates.

Additionally, evidence of the mechanism proposed in Figure
1 was derived from experiments performed at different
CholCalix and NADH amounts. A red shift of the LSPR
band from 527 to 564 nm was observed with the increase of
the CholCalix concentration from 0.2 X 107 to 2 X 107> M.
At higher CholCalix concentrations, the formation of an
additional LSPR band at wavelength above 650 nm (Figure
SS) was observed. Similarly, on increasing the NADH
concentration from 60 to 690 uM, a gradual increase of the
optical absorption at wavelength above 650 nm occurred
(Figure S6). These data corroborate the proposed mechanism,
where the reducing agent (NADH) promotes Au nanostruc-
ture formation in the presence of CholCalix (II-red, A 540—
550 nm). On increasing the concentration of CholCalix, due to
its self-assembling nature, larger CholCalix-AuNP aggregates
are formed (aggregates of II-blue, 4 600—950 nm).
Furthermore, to support the proposed mechanism, experi-
ments were conducted in the absence of CholCalix (Figure
S7), and in the absence of CholCalix, NADH, and AuNPs
seeds (Figure S8).

Analogous to other AuNPs, the CholCalix organic covering
confers dispersibility and stability to the water-insoluble and
self-aggregating gold nanoparticles. Absence of a precipitate in
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water and PBS after weeks from the preparation was observed
along with dispersibility in water, PBS, and cell culture
medium. Spectroscopically, investigations performed before
and after photothermal experiments (10 cycles, CW laser 808
nm) did not report any appreciable change in the absorption
spectra of CholCalix-AuNPs (Figure S9).

To better understand the influence of micellar aggregation
on Au nanostructure formation, additional experiments were
conducted on two amphiphilic compounds, forming micelles
with a very low tendency to further aggregation. We selected a
p-sulfonato-calix[4]arene derivative (SC40C6), bearing sulfo-
nate groups at the calix[4]arene upper rim and aliphatic hexyl
chains at the lower rim* (Figure S1), that assembles in
negatively charged micelles”" and cetyltrimethyl ammonium
bromide (CTBA) that forms cationic micelles known to
stabilize the Au nanorod citrate by forming a stable bilayer
with the cationic head groups exposed to the outside.’”®*

The optical absorption changes for SC40C6-AuNP
formation (SC40C6, 2 X 107> M) in water revealed the
formation of nanostructures with the LSPR centered at 525 nm
(Figure 3A). The decrease of the NADH absorption band at
340 nm also confirmed for SC40C6-AuNPs a mechanism like
the one proposed in Figure 1. No important absorption at
wavelengths above 650 nm indicated that no further
aggregation occurs. Figure S10 illustrates the optical
absorption spectra for the preparation of SC40C6-Au
nanostructures without Au-seeds. Similarly, in the presence
of CTAB (1 X 107> M), the optical absorption changes
reported in Figure 3B revealed the formation of CTAB-Au
nanostructures with the LSPR band centered at 533 nm, with a
slight absorption above 650 nm, because no significant
formation of aggregates of micelles occurs.

Raman measurements for the CholCalix-Au nanostructures
showed relevant differences in the spectral region around 1400
cm™ with respect to CholCalix. In particular, as shown in
Figure 4, the amplitude of the band peaked at 1442.5 cm™,
associated with the bending vibration of CH,, features a
relative amplitude lower than the nearby bands, suggesting that
some modifications have occurred due to the interaction of the
CH, group with the Au nanoparticle surface, or among them.
A similar effect was evident in the spectral region around 2850
cm™'. An analogous study for SC40C6 has been reported in
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Figure 4. Raman spectra for CholCalix-AuNPs (black line) and
CholCalix reference spectrum (red line).

the supplementary information (Figure S11); also, in this case,
interactions involving CH, groups occur during SC40C6-
AuNP formation.

AFM measurements of CholCalix-AuNPs deposited on the
MICA substrate showed both micelles and micelle aggregates
were clearly recognizable (Figure SA). As shown, single
micelles have diameters of a few nanometers. Large structures
(size range 50—200 nm) detected by AFM analysis could be
related to the further aggregation of CholCalix-AuNPs.

To obtain a reliable quantitative estimation of micelle size, a
statistical analysis of their diameters was performed. The
diameters of the single micelles were estimated by evaluating
the height from the extracted profile, and the size distribution
obtained with this procedure is reported in Figure SA (inset).
As shown, the diameters of CholCalix micelles fall in the range
of 3.5 + 2 nm, in line with the hydrodynamic size estimated by
DLS measurements. In Figure SB,C, representative cross
sections of micelles with sizes 2.5 and 6.5 nm are reported for
comparison. The size of the CholCalix-AuNPs (8 nm) was also
found to agree with the size estimation obtained with DLS.

It can be assumed that during the synthesis of gold
nanoparticles in the calixarene micelles, the particles would
grow through intermicellar exchange to a size of about 8 nm in
diameter and then agglomerate. Upon agglomeration, further
growth would be hindered as the intermicellar exchange is
slowed down or prevented. AFM measurements showing
particles of 2—8 nm in diameter forming small clusters
corroborated this hypothesis.

AFM studies performed on SC40C6-AuNPs showed
nanostructures with diameters in the range of 2 = 1 nm
(Figures S12-14). Smaller size and size distribution were
observed for SC40OC6-AuNPs with respect to CholCalix-
AuNPs, in agreement with the low tendency of SC40C6 to
form aggregates of micelles.

Molecular Modeling. Geometry optimization clearly
suggested that the formation of the system with CholCalix
molecules surrounding a single gold nanoparticle with the
choline group facing the gold nanoparticle is the most
energetically favorable. Indeed, a binding energy (AE,,)
average value of —32.9 kcal mol™ was obtained. In contrast
to the CholCalix-AuNP (II) system with CholCalix molecules
surrounding gold nanoparticles with the C12 chain facing the
metal surface, a significatively higher binding energy with an
average value of —13.6 kcal mol™" was calculated. The main
contribution to the physisorption energy for the CholCalix-
AuNPs (II) system is due to the electrostatic forces between
the choline quaternary ammonium cation of CholCalix and the
gold surface; alkyl chains are shortened, thus reducing the
interaction with the solvent molecules (Figure 6A).

Further investigations were carried out to evaluate the
CholCalix-AuNP (II) aggregation. In detail, three units of
CholCalix-AuNPs (II) were placed at an initial distance of
6.72, 7.10, and 6.14 nm (Figure S15); hence, molecular
dynamics simulations were performed. The binding energy
evaluated after optimization geometry showed for the
aggregate structure an AE;, ., average value of about —18.5
kcal mol™! to indicate an additional stabilization due to the
CholCalix-AuNP (II) aggregation process (Figure 6B).
Moreover, the distances between the AuNP center are reduced
during the simulations and, in this case, the alkyl chain at the
lower rim seems to play a significant role in the aggregation;
van der Waals forces promote interactions between these
hydrophobic moieties, further reducing the extent of the
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Figure 5. Representative AFM images obtained for CholCalix-AuNPs on MICA substrate. (A) Full scan analysis, 3 ym X 3 um (inset, size
distribution for CholCalix-AuNP). (B) Cross sections for CholCalix-AuNPs. (C) Cross sections for CholCalix-AuNP aggregates.

(A) CholCalix-AuNP formation

on

CholCalix-AuNP(II)

(B) CholCalix-AuNP aggregation

Figure 6. Modeling investigation: (A) CholCalix-AuNP (II) formation process (stabilization binding energy—32.9 Kcal mol™) and (B)
CholCalix-AuNP aggregation process (stabilization binding energy—18.5 Kcal mol™").

hydrophobic surface, as widely reported in the literature.’”
According to these findings, we observed that the radius of
gyration decreased during MD simulation, as shown in Figure
7.

In summary, it is conceivable that in the formation of
CholCalix-AuNP nanostructures the following events occur:
(1) choline groups establish interactions with the Au surface,
as supported by the lower energy found in comparison with the
alkyl chain—Au interaction in molecular modeling simulations;
(2) the alkyl chains of CholCalix establish hydrophobic
interactions among them to form superior order nano-
aggregates as evidenced by UV—vis, Raman, and DLS analyses;
and (3) interdigitation of the exterior hydrophobic chains with
CholCalix molecules can provide a bilayer in which the polar
head choline groups provide the AuNPs with an overall
positive surface charge, as revealed by { potential measure-
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ments and water solubility in the absence of precipitation
phenomena.

B PHOTOTHERMAL EXPERIMENTS

Photothermal metal nanomaterials with LSPR absorption are
the best applicants for photothermal therapy. As evident in
Figure 2, the CholCalix-AuNPs show two main optical
absorption bands centered in the visible and NIR regions.
The absorption intensity at 808 nm is high enough to lead to a
good photothermal conversion efficiency (), which was
measured by exposing various amounts of CholCalix-AuNPs
to the laser source (808 nm) by following a standard procedure
(SD).

Figure 8 reports the temperature changes, monitored by a
thermo-camera, for an aqueous dispersion of CholCalix-AuNPs
(100 pL, 0.5 mM, Absgyg,m = 0.19 in a glass tube) (Figure 8A)
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Figure 7. Time evolution of the radius of gyration (Rg) for
CholCalix-AuNPs (II).

and for a 96-well plate containing different amounts of
CholCalix-Au nanostructures (100 uL, 0 M, 20 uM, 0.2 mM,
0.5 mM, 1 mM, and 2 mM concentrations) (Figure 8B). All
samples were continuously exposed to a laser source (808 nm,
power density 61.1/cm?), and when the temperature of the
system reached a steady state (T, 44.2 °C), the laser was shut
off. The temperature of the samples increased, from 0 to 8.5,
29.8, and 39 °C, by increasing the amount of the CholCalix-Au
nanostructures. Figure 8C illustrates representative thermo-
graph images recorded by the thermo-camera during the
photothermal experiments in the tube with the CholCalix-
AuNP solution (0.5 mM). Figure 8D depicts the thermograph
images recorded by the thermo-camera during the photo-
thermal experiments in a 96-well plate. Temperature increases
of about 7.1 °C are evident in the well exposed to the 808 nm
light and containing the CholCalix-AuNP solution (20 uM).
The temperature change during cooling was monitored to
confirm the rate of heat transfer of the system. The time
constant 7s was calculated from the graph reported in Figure
S16 to be 100.4 + 1.6 s. Based on the data, the light-driven
photothermal conversion efficiency () of the CholCalix-Au
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Figure 8. Photothermal experiments for CholCalix-Au (II) nanostructure dispersion. (A) Photothermal heating—cooling cycles of CholCalix-AuNP
nanostructure PBS dispersion, volume 100 uL, Absgys,, = 0.19 in a glass tube. (B) Photothermal effect of CholCalix-Au nanostructures at various
amounts (0, 20 #M, 0.2 mM, 0.5 mM 1 mM, and 2 mM) in a 96-well plate (volume 100 uL). (C) Representative thermographs during
photothermal experiments in a glass tube and (D) representative thermographs during the photothermal experiments a 96-well plate (CholCalix-

AuNPs 20 uM).
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(***p < 0.0005 vs CTRL (0)). (E) Evaluation of doxorubicin cytotoxicity on the MDA-MB 231 cell line (***p < 0.0005 vs CTRL (0)).

nanostructures was calculated to be 38.7%, which is high
enough for an efficient photothermal anticancer therapy.

B CELL VIABILITY TEST

CholCalix-AuNPs appear promising candidates for application
in PTT. The choline ligands by binding choline-transporters
overexpressed on the surface of cancer cells* might deliver the
covered AuNPs to cancer cells. The gene’’ and drug
delivery***® properties of CholCalix micelles were demon-
strated along with the increased intratumor uptake of AuNPs
functionalized with thiocholine.*'

Data obtained from the cell viability test performed on an
epithelial human breast cancer cell line (MDA-MB 231)
showed that the combination of CholCalix-AuNPs and
photothermia results in a higher cancer cell mortality. The
number of not viable cells increased considerably when the
cells were treated with CholCalix-AuNPs and irradiated with
NIR light for S min. Cell mortality (%) dose—response values
of 30, 65, and 80% were observed at concentrations of 0.2, 2.0,
and 20 yM CholCalix-AuNPs, respectively (Figure 9A,B).

Differently, a moderate reduction of viable cells (15 and
20%) was observed when the cells were treated with
CholCalix-AuNPs without irradiation at concentrations of 2.0
and 20 uM, respectively (Figure 9C). Light exposure without
CholCalix-AuNPs did not affect cell viability (data not shown).
Additionally, data reported in Figure 9D showed no
cytotoxicity on MDA-MB 231 cells after 24 h of incubation
with CholCalix (1 nM to 10 pM), highlighting that gold
nanoparticles and especially light are crucial for an effective
anticancer activity.

The observed modest toxicity on cancer cells, which
generally are more sensitive than normal cells,”® suggest
CholCalix-AuNPs as new biofriendly light-responsive agents
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for PTT. CholCalix-AuNPs consist of two components
CholCalix and AuNP whose biocompatibility singularly has
been demonstrated. The biosafety of CholCalix-AuNPs is
supported by the insignificant toxicity of CholCalix, proved on
other cell lines (HeLa cells,*” ﬁbroblasts,“‘64 corneal cells,*®
retinal cells®) and animal model of psoriasis,”® and by the
known biocompatibility of AuNPs.”” As an added value,
CholCalix offers the potential advantage to target cancer cells
while sparing normal cells.

Noteworthy, a comparison study revealed that the irradiated
CholCalix-AuNPs exhibit a higher cytotoxic activity than
doxorubicin, selected as a model of an effective anticancer drug
with a broad spectrum of action. Indeed, MTT assays showed
that doxorubicin at 2.5 and 25 yM concentrations caused 20—
30% mortality, while irradiated CholCalix-AuNPs (2.0 and 20
UM concentration) induced 65 and 80% mortality on MDA-
MB 231 cells.

B CONCLUSIONS

For the first time, a choline-calix[4]arene derivative self-
assembling in micelles has been investigated as a template for
the preparation of water-soluble gold nanostructures decorated
with multiple choline ligands for cancer cell targeting. The
mechanism proposed for the formation of calixarene-coated
AuNPs, corroborated by different techniques and molecular
modeling simulations, suggested the formation of small AuNPs
in the calix[4]arene-defined cage that, depending on the
concentration, further self-assemble in agglomerates absorbing
NIR light, a biocompatible and tissue-penetrating light. The
calixarene-coated gold nanostructures showed no significant
toxicity and, under light irradiation, significantly reduced the
viability of breast cancer cells due to a photothermal effect.
The biosynthetic method based on the use of NADH as the
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Au-ion reducing agent and a calix[4]arene macrocyclic-based
micelle as a template for controlling the AuNP size is a
promising approach for the fabrication of gold nanostructures
for photothermal therapy.
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