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The present critical review reports on recent developments of optical nanoparticles based on the
association of gold, silver, silica and quantum dots and calixarenes. These hybrid

organic—inorganic compounds characterized by a thick organic layer self-assembled on the surface
of a core of mineral surface atoms take advantage of the supramolecular recognition of
luminescent calixarenes to fabricate nanodevices of nanoparticle size, capable of detecting metal
cations, polyaromatic hydrocarbons and pesticides. Also presented is an explanation of the
involvement of such nanoparticles in biochemical systems. This critical review provides an
overview of their preparation, the manner in which they are characterized, and their use

(108 references).

1. Introduction

Nanotechnology is the construction and use of functional structures
designed at molecular scale with at least one characteristic
dimension measured in nanometres (10" m or 10 A). Their size
confers on them the ability to exhibit novel and improved physical,
chemical, and biological properties, phenomena, and processes.
When characteristic structural features are intermediate—between
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isolated atoms and bulk materials in the range of about one
to 100 nanometres—the objects frequently display physical
characteristics different from those evidenced by either atoms
or bulk materials.

Events at the nanometre scale are likely to constitute a
completely new phenomenology. The properties of matter are not
as predictable as those at larger scales. Changes in properties are
due not only to the continuous modification of characteristics
with diminishing size, but also to the occurrence of new
phenomena such as quantum confinement, a typical example
of which is that the color of light emitted from semiconductor
nanoparticles depends on their sizes.

Nanotechnology can provide us with unprecedented
understanding of materials and devices that are useful in a
variety of fields. By tuning the structure on the nanoscale, one
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can expand the range of performance of existing chemicals and
materials. Since the covalent bonds between atoms are
precisely defined within dimensions lower than 1 A, chemists
have become accustomed to handling and constructing mole-
cular objects on a very small scale. Ordering molecules chosen
for a property on a surface, or self-assembled monolayers
(SAMs), has become possible, thus giving rise to a new
generation of chemical and biological sensors. SAMs guaran-
tee the functionality of each molecule to function singly and
carry out its own original functions.

Whitesides et al.' claimed that surfaces represent a fourth
state of matter. Different from molecules in bulk, molecules at
the surface of a material constitute a completely different
environment with different free energies, electronic states,
reactivity, mobility, and structures. SAMs constitute parti-
cular hybrid materials®>’ that can be used in the construction
of convenient, flexible, and simple systems to tailor the inter-
facial properties of metals, metal oxides, and semiconductors.
SAMs are organic assemblies formed by the adsorption of
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Calixarenes have been broadly exploited in all areas of
supramolecular chemistry over the past three decades®'! and
many recent developments have concerned their application in
the production of chemical entities on a nanometre scale.'?
Calixarenes recently entered the nanoworld'® and several recent
reviews'*?* have appeared reporting their supramolecular
chemistry along with their ability to be involved in self-
assembly processes for the construction of new nanomaterials.

This review focuses on the preparation, formation, structure
and applications of luminescent SAMs based on solid sup-
ported calixarenes.

2. Gold-supported calixarenes
2.1. Principles

Gold nanoparticles (AuNPs) are hybrid organic-inorganic
compounds characterized by a thick organic layer self-assembled
on the surface of a core of gold atoms, having a nanoparticle
size.”® The SAMs of thiols on gold are key elements for the
construction of many systems and devices with applications in
the expansive field of nanotechnology.?® When the dimensions
of the gold are reduced to nanoscale, the optical properties are
dominated by a collective oscillation of conduction electrons
in resonance with incident electromagnetic radiation. This
phenomenon is termed surface plasmon resonance (SPR).
The surface plasmon absorption band, and consequently the
color of a metal AuNP solution, is dependent on a number of
parameters, the size and shape of the particle, the type of gold,
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the dielectric properties of the medium, and the distance
between particles.>’ % AuNPs, with an interparticle distance
greater than the average particle diameter, appear red as a
consequence of the surface plasmon absorption band centered
at 520 nm. As the interparticle distance decreases to less than
the diameter of the particles, coupling interactions induce a
broadening and a shift to longer wavelengths of the surface
plasmon absorption band, which results in a solution of
aggregated AuNPs that appears blue. Using SPR and the color
change of AulNPs, specific guest molecules in environmental
and biological fields can be selectively detected and separated.’!
Here, a novel molecular recognition system using a calixarene
derivative has been applied to an AuNP sensor.

2.2. Cation sensors

Koh et al. provided a significantly useful method for K™
sensing with high sensitivity and selectivity using SAMs of
calix[4]crown-5 derivative (1) or Prolinker™ modified gold
chip based on SPR.** In order to confirm the formation of
calix[4]crown-5 SAM on the gold chip surface, SPR, cyclic
voltammetry (CV),** atomic-force microscopy (AFM),** and
Fourier transform infrared reflection absorption spectroscopy
(FTIR-RAS)* were conducted. The SPR angle shifts were
steadily increased and saturated within 5 h. Particularly,
Ysp? C-0) stretching at 1203 cm™' confirmed the presence
of the crown-ether group on the gold surface. The compound 1
monolayer exhibited a more sensitive and selective sensing
toward the K* ion over other alkali and alkaline earth metal
ions. Fig. 1 shows that the SPR angle shift is 0.38° at the
highest concentration of the K* ion (0.01 M), which is more
than four times greater than that of other ions. The interaction
between 1 and the K" ion enables us to selectively sense the
K" ion in a broad linear range of 1.0 x 107'?to 1.0 x 107> M
by SPR. Moreover, even at the lowest detection limit,

(a)
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1.0 x 107'> M, the angle of SPR is substantially changed to
0.13°, which is approximately two times that of other ions at
the same concentration, which remains below 0.067°. These
results are caused by the strong host—guest interaction between
the K* ion and the well-formed calix[4]crown-5 derivative
monolayer. It was determined that system 1 had a higher SPR
response over the near-neutral pH range from 6 to 8, which
indicates that the K" sensing system can be successfully
applied to biological systems.

Another example of an ion-selective SAM modified receptor
with calix-crown, 1,3-alternate 25,27-bis(11-mercapto-1-
undecanoxy)-26,28-calix[4]benzocrown-6 (2), was reported by
Dabestani er al.*® The sensor can detect caesium ions in the
range of 10™'>-1077 M concentrations and shows potential for
use in the development of a new family of real-time in situ
metal ion sensors with high sensitivity/selectivity and low cost,
for chemical and biological applications. As shown in Fig. 2, the
most impressive response is exhibited when the concentration of
caesium ions is in the range of 107'=10~'! M. In contrast, the
response to potassium ions in the same concentration range is
quite small. The bending response of the 2-SAM-coated
microcantilever upon Cs™, K™ and Na™ complexation was
compared for the same concentration of each ion (107> M).
The results indicated that the 2-SAM-coated microcantilever
was much more selective towards Cs ™ ions over K™ and Na™
ions. The results of the study demonstrate that the concept of
ion-selective SAM-coated cantilever can be applied efficiently
to sense trace amounts (ppb) of caesium ions (in situ) in the
presence of high concentrations of interfering K™ and Na™
ions with remarkable sensitivity.

Another incorporation of calix[4]crown-6 derivatives, 3 and
4, into SAMs to study their ion recognition properties
has been previously reported by Zhang and Echegoyen.’’
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Fig. 1 (a) A sensor chip configuration. (b) SPR angle shifts with
respect to various concentrations of several metal ions. Solid line is the
linear fit (2 = 0.9928). Other lines were used to guide eyes.
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Fig. 2 (a) Molecular structure of 2 co-absorbed with decane-1-thiol
on the gold surface of a microcantilever via the SAM technique.
(b) Bending deflection response of the SAM-coated microcantilever
as a function of the change in the concentration of Cs™ and K" ions.
For the y-axis, the voltage has been converted to nm using the
conversion factor 10.58 mV nm ™"
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Two conformational isomers of bis-thioctic ester derivatives of
p-tert-butylcalix[4]crown-6, 3 (1,3-alternate) and 4 (cone) form
stable SAMs on the gold surface. 3 evidenced reversible and
selective complexation with Cs™ ions. Upon the addition of
45 mM CsCl to the 3 modified electrolyte, cathodic current is
reduced drastically and the corresponding anodic current is
almost completely disappeared. This observation is ascribed to
the suppression of electron transfer at the interface as the
consequence of strong repulsion between the calixcrown-
bound cations and the positively-charged Ru(NH;)s® /2"
redox couple. In contrast, the CV response at the 4 modified
gold electrode shows almost no change upon the addition of
CsCl to the electrolyte. This indicates that 4 cannot bind to
Cs™, but that 3 can detect the caesium ion very efficiently.
This Cs™ selectivity of 3 must be controlled by two factors:
proper size of crown ether for Cs* ion, and a cation-n
interaction between the Cs* ion and two calix[4]arene
aromatic rings.>® The sensing abilities of the SAMs of 3 and
4 for other cations were also tested. However, negligible
changes in the value of R were noted for Na® and K™,
respectively, suggesting that neither Na™ nor K can form
stable complexes with SAMs of 3 or 4.

Echegoyen et al. also reported the synthesis, SAM
formation and characterization, and metal cation recognition
properties of three conformational isomers of bis-thioctic ester
derivatives of p-tert-butylcalix[4]crown-6, cone 5, 1,3-alternate
6 and partial-cone 7.3 Additionally, one bis-thioctic ester
derivative of p-tert-butylcalix[4]arene (8) was also synthesized.
The SAMs of these compounds were prepared and characterized
via electrochemistry, reflection—absorption infrared spectro-
scopy (RAIRS) and contact angle measurements. The binding
properties of the SAMs of these compounds with metal cations
were systematically investigated via electrochemical techniques
and impedance spectroscopy. The addition of Ba?" to the
SAMs 7-modified electrolyte results in a drastically reduced
cathodic current, from 8.9 pA in the absence of Ba?" to
4.3 pA in the presence of 60 mM Ba”". Similarly, drastically
reduced faradic currents were observed after the addition of
Ca®" to the same gold electrode.

On the other hand, the CV response at a 7-modified gold
electrode in the presence of K, Na™ or Cs™ evidences almost
no change. These results show that 7 can bind to Ba>" and
Ca®", but does not effectively bind with alkali metal cations.
All the SAMs built with 5-8 serve as good sensors for Ca*™

and Ba®", as confirmed by CV blocking experiments and
impedance spectroscopy.

A wavelength interrogation SPR sensor with gold substrate
modified with a calix[4]arene derivative (9) was used to detect
metal ions in aqueous solutions. It was demonstrated that
sulfur containing calixarene derivative SPR sensors could
selectively discriminate Ag " and Cu?" from some other metal
ions by Chen et al.** The Au-S bond between the calixarene
derivative and the gold substrate was confirmed via X-ray
photoelectron spectroscopy (XPS) data. In order to evaluate the
selectivity of sulfur-containing calixarene derivatives 9 and 10,
gold substrates modified with 9 and 10 were used, respectively.
According to the resonant wavelength shift, it was determined
that Cu®" and Ag" could be detected by sensing films
modified with 9 and 10 over a range of concentrations. On
the other hand, no significant SPR responses were noted for
other ions, even at high concentrations (0.01 M). The detection
limit of calixarene derivatives as a sensing film for Ag"
(10" mol L™ for 9, 10~° mol L™" for 10) was lower than that
for Ag* when thiol was used as a sensing film (10~* mol L™" for
thiol). This proved that the calixarene skeleton played an
important role in the detection of Ag™ of low concentrations
of the SPR sensor. As further proof, in the presence of K™,
Na®, Mg”, Ca’*, Fe?*, Co*", and Zn?™, no characteristic
peaks for these ions appeared on the XPS spectra. For 9, the
detection limit of Ag* (10”7 mol L™') was lower than that of
Cu®>* (107* mol L™"). This means that the determination
of Ag™ will not be disturbed by Cu?", provided that the
concentration of Cu?* is below 10~ mol L.

An and Zhong et al. described a AuNPs-based strategy for
cationic detection using structurally-tailored 11.*! Compound
11 shows a cone-conformation based on '"H NMR patterns
arising from the ArCH,Ar methylene protons. Upon the
addition of K", Ba®>" and Pb>" to the solution of Au@11,
the surface plasmon band evidenced reduced absorbance at
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Fig. 3 A proposed mechanism for the interparticle interaction as a
result of binding of M"™ into 11, formation of an electrical double
layer, and aggregation of the charged nanoparticles.

533 nm with an increase at 620 nm. The increase of absorbance
at 620 nm for the case of Pb>" appeared far more significant
than those for K™ and Ba?". For the addition of Cu?™,
Ca?", and Cs™, the surface plasmon band showed a red shift
to 650-800 nm. Among these cations, Cs* showed the largest
red shift (750 nm) in the absorbance band. The aggregation of
AuNPs upon addition of the cations is responsible for the optical
change in the surface plasmon band. Control experiments also
included the addition of Na™ or Li" into the solution of
Au@]11 and showed no changes in the surface plasmon band
characteristics, demonstrating the ionic selectivity of the
nanoprobes. The simulation of the red shift of the surface
plasmon band was based on the comparison with those for
Au@11 in response to the addition of Cu?" (Fig. 3).

2.3. Anion sensors

Two anion receptors based on 12 and 13 were synthesized and
characterized previously by Echegoyen er al** To obtain
insight into the binding mode of receptors 12 and 13 with
fluoride ions, 'H NMR measurements were performed. The
results indicate that receptors 12 and 13 evidence the highest
binding affinity for fluoride ions over other anions, including
Cl~, Br, NO;~, HSO,~, H,PO,, and AcO™. SAMs of 12
were formed on gold surfaces and characterized via reductive
desorption and other techniques. CV and electrochemical
impedance spectroscopy were used to monitor anion sensing
by the SAM-modified gold electrodes. Upon the addition of
the F~ anion, the gold electrodes modified by SAMs of 12
evidenced a dramatic increase in charge-transfer resistance
(R¢) values. This is due to the electrostatic repulsion between
the negatively-charged electrode surfaces and the negatively-
charged Fe(CN)¢* =~ redox probe in the electrolyte solution.
A dramatic fluorescence spectral change was noted upon the
addition of F~ and AcO™ to 13. In contrast, the fluorescence
of 13 with various anions such as CI~, Br~, NO;~, HSO, ",
and H,PO,™, led to essentially no change in excimer emission
and a slight enhancement of monomer emission.

2.4. Biomolecule sensors

To explore the potential applications of calixarenes as ammonium
sensors, Echegoyen et al. decided to prepare suitable receptors
based on calix[6]arene.*’ Compound 14, with a rigid cavity

immobilized on gold surfaces via self-assembly, can function
as a remarkably efficient aniline sensor. The binding abilities
between the SAMs of 14 and the alkylammonium cations are
not very strong, as the observed current reduction is not very
pronounced. In contrast, the addition of anilinium chloride to
the SAMs of 14 electrolyte results in a drastic reduction in
both cathodic and anodic currents. This indicated that the
SAMs of 14 evidenced a marked recognition ability for
anilinium chloride relative to alkylammonium cations. The
remarkably efficient recognition of anilinium chloride by
SAMs of 14 is probably attributable to the good size fit
between the calix[6]crown-4 cavity and the aniline. Cation—n
interaction, hydrophobic interaction, and CH3;—n and =
stacking between anilinium and the host monolayer may
contribute to molecular recognition. From these results, they
also studied the binding affinity of 14 toward other biogenic
amines, such as dopamine. Dopamine is one of the most
important neurotransmitters. CV blocking experiments and
impedance spectroscopy demonstrated that SAMs of 14
exhibit much better recognition for dopamine than for the
alkylammonium salts (Fig. 4).

Patel and Menon report a concept for amino acid recognition
by 15 attached nanoparticles in which the recognition of a given
amino acid triggers particle aggregation via simple electrostatic
interactions and induces an easy-to-read color change.** This
report focuses principally on the synthesis of very stable, yet
chemically versatile, novel, and water-soluble 15, and its
application as a novel colorimetric sensor for lysine (lys), arginine
(arg) and histidine (his) from red to purple. The absorbance
spectrum of the Au@ 15 solution shows an absorption maximum
at 524 nm. To investigate the amino acid recognition ability of
novel Au@15, 11 different amino acids were added to Au@15.
30 min later, the Au@]15 solutions containing lys, arg or his

Fig. 4 Gold-supported calixarene 14.
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Lysine, Arginine
and Histidine

Fig. 5 A schematic representation of the amino acid-induced
aggregation of Au@]15.

had changed color from red to purple (Fig. 5). Upon the
addition of amino acid, a red shift in the wavelength (524 nm
to 550 nm region) and a broadening of the surface plasmon
band occurs, which is accompanied by the aggregation of
Au@]15. Control experiments of 15 alone without AuNPs
showed no peaks in the 550 nm region in the presence and
absence of amino acids. They also evaluated the stability of the
AuNP—calix assembly in different ranges of pH. These
AuNP-—calix assemblies evidenced less stability and were
aggregated within a few minutes in low pH solutions from
2 to 4. However, the AuNP—calix assemblies were very stable
in solutions from pH 6 to 10 at elevated temperatures, for
weeks to months with no aggregation.

Using calix[6]arene provided with thiols, SAM electrodes
were prepared, and the electrode reaction of catecholamines on
bare gold electrodes and the SAMs electrodes were investigated
in a previous study by Nakano and Shinkai ez a/.** It was found
that 16 partly blocked the electrode reaction of dopamine in the
solution phase. In the case of 3,4-dihydroxy-pL-alanine
(DOPA), this blocking effect was also observed only slightly.
However, the electrode reaction of 3,4-dihydroxyphenylacetic
acid (DOPAC) was almost completely inhibited. These results
imply that dopamine and DOPA (as cationic substrates)
bound with the thiol-appended calixarene molecules on the
electrode surface and induced a Faradaic reaction with the
underlying gold electrode. The thiol-appended calixarene
molecular-pore was expected to function as a spatial pass for
electron transfer, resulting in a feasible electrode reaction. The
authors also described a possible application to an
electrochemical dopamine sensor.

s
/ Va \ N

16

Veggel and Reinhoudt ez al. reported on SAMs on AuNPs
of calix[4]arene + resorcin[4]-arene (2 : 1) receptor 17 equipped

with four didecyl sulfide groups.*® These monolayers were
confirmed via contact angle measurements, polarized infrared
external reflectance spectroscopy (PIERS), electrochemical
capacitance and resistance measurements, and XPS. The
interaction between monolayer-17 and steroid guests was
evaluated via SPR spectroscopy. The SPR data show that
steroids interact more strongly with a monolayer of 17 than
with a hydrophobic reference monolayer of octadecanethiol,
and no detectable interaction with a hydrophilic reference
monolayer of 11-mercaptoundecan-1-ol was observed. The
higher responses obtained for the monolayer of 17 are probably
due to the overall structure of the layer: a combination of
specific steroid receptors and voids which provides the receptors
with space to adapt to the guest molecules, and permits guest
intercalation between the receptor molecules.

Koh et al. prepared SAMs of the carboxylic acids calixarene
(18), ProLinker™ (already known for its complexation properties
of proteins), at the lower rim and reactive thiol at the upper
rim.*’ The characterization of SAMs of 18 was monitored via
FTIR-RAS, AFM and CV. The surface coverage on Au was
determined to be 6.647 x 107" mol cm 2 for 18. The
estimated surface concentration of bovine serum albumin
(BSA) by SPR was the largest for ProLinker™ with an
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Fig. 6 Schematic diagram of protein—protein interaction between
hlgG and anti-hIgG on 18 linker system confined Au surface.
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Fig. 7 Schematic diagram of the homemade SPR system and a sensor
chip configuration.

excellent immobilization of BSA. The same SAMs were used
to show evidence by SPR of protein—protein interactions using
anti-hlgG and hlgG at very low concentrations (Fig. 6).

Koh et al. described the formation of SAMs of
calix[4]bisazacrown (19) and commercial ProLinker™ on
AuNPs.*® Due to the presence of crown moieties, ammonium
groups of proteins can be complexed, allowing for the
immobilization of BSA. The linkage was monitored via the
SPR technique. The surface concentration of BSA calculated
by the simulation of SPR experimental data was higher for the
19 (197 ng cm~2) than for the ProLinker™ (175 ng cm ™ 2). This
difference was explained by a stronger binding due to
hydrogen bonds between ammonium groups of BSA and
the nitrogen atom of the azacrown loops (Fig. 7).

2.5. Other sensors

Li et al. reports the synthesis of Au@?20 in aqueous media for
the colorimetric detection of diaminobenzene (DABs) isomers.*’
The Au@20 were characterized via IR spectroscopy,
ultraviolet—visible spectroscopy (UV-vis), transmission electron
microscopy (TEM), etc. The color of the Au@?20 solution is red
because of the intense surface plasmon absorption band
centered at 520 nm. The electrostatic interaction and
host—guest interaction between Au@20 and DABs induce
the aggregation of the nanoparticles. Upon aggregation, the
surface plasmon absorption band red-shifts and broadens so
that the nanoparticle solution exhibits a deep purple color.
Interestingly, as shown in Fig. 8, the color changes of DAB
isomers differ profoundly. In 30 min, the solution containing
m-DAB and p-DAB changes from red to purple, and the
characteristic absorption peaks of the solution containing

i )
|
T

= 5

Fig. 8 Schematic representation of the isomeric DABs induced ag-
gregation of Au@?20.

m-DAB and p-DAB shift from 520 to 532 nm. However, the
solution containing 0-DAB exhibits neither a color change nor
an absorption peak shift. These results imply that the Au@20
responded selectively to m-DAB and p-DAB, but not to the
0-DAB. The Au@20 aggregation induced by these two DAB
isomers is supported by the TEM images, which show that
p-DAB induced greater Au@20 aggregation than m-PAB. The
sensitivity of Au@?20 towards other amines, including
o-diaminobenzene, o-nitroaniline, m-nitroaniline, p-nitro-
aniline, o-chloroaniline, p-chloroaniline, o-toluidine, m-toluidine,
p-toluidine and aniline, are negligible.

The 1,3-dialkoxycalix[4]arenes are known to form endocavity
inclusion complexes with quaternary ammonium cations.™ To
reveal a possible effect of the calixarene cavities’ distance from
the gold core on the recognition efficiency, calix[4]arenes (21)
bearing two alkanethiol chains of six or eleven carbon atoms
were prepared by Pochini ez al. Analysis of the results clearly
demonstrates that the introduction of calix[4]arene recognition
elements with a C6 linker onto the monolayer protected cluster
surface increases the extent of binding of N-methylpyridinium
tosylate. The binding efficiency is enhanced gradually as the
number of calixarene units present on the gold nanoparticle
increases. The length of the two thiol chains that function as
spacers between the 1,3-dithioalkoxycalix[4]arenes and the
nanoparticle surface largely affect the extent of binding
affinity. As a consequence, the nanoparticles derived from 21
(n = 6) show a further enhancement in the binding efficiency.
For instance, the binding constant calculated for 21, in which
the dodecanethiol chains are completely substituted, is three
orders of magnitude higher than that experienced by
1,3-dialkoxycalix[4]arenes without thiols. These data clearly
demonstrate that clusters of calixarene hosts supported on a
gold nanoparticle are very efficient receptors for the recognition
of ammonium cations (Fig. 9).

It is well known that host molecules including calix[4]-,
calix[5]-, calix[6]-, and calix[8]arenes form stable complexes
with Cgy and/or C5y. Echegoyen et al. report the use of the
noncovalent interaction between calix[8]arene receptors and
fullerenes to immobilize Cgo on surfaces.’! One calix[4]arene
derivative, three calix[6]arene derivatives, and one calix[8]-
arene derivative 22 with surface anchoring groups were synthe-
sized and characterized completely by 'H and '*C NMR

Fig. 9 Gold-supported calixarenes 21.
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Fig. 10 Gold-supported calixarene 22.

and MS spectroscopies. 22 provides a better size fit for
complexation of Cg, as compared to calix[n]arene derivatives
(n = 4, 6). The SAMs of calix[n]arene derivatives (n = 4, 6)
evidenced no ability to bind to Cgo on the gold surfaces. After
incubation in the Cgy solution, the peak currents of SAM-
modified electrodes with 22 were gradually reduced upon
successive scans, thereby indicating the dissolution of Cg
and/or the desorption of the monolayers (Fig. 10).

3. Silver-supported calixarenes
3.1. Principles

As mentioned above, the combination of the physical
properties of nanostructured metals’>>* and the advanced
chemical properties of self-assembled calixarenes are of current
interest in supramolecular chemistry, with several applications
in chemical sensing, environment, and nanotechnology. The
introduction of receptors onto nanoparticle surfaces has
provided not only stability in various solvents, but also
desirable surface functionality.>> Following the discovery of the
remarkable antitumoral, antibacterial, anti-inflammatory, and
wound healing properties of silver nanoparticles (AgNPs), >’
these materials have been modified using different macrocycles,
including crown ethers,”® cyclodextrins,”® cucurbiturils,®® or
calixarenes,®® and further employed as hosts in the molecular
recognition of various compounds, as well as for developing
new methods in chemical and biological fields.®!>

Generally, colloidal AgNPs are prepared using hydroxylamine
hydrochloride as a reducing agent.®* These nanoparticles have
the advantage of a more uniform distribution of size and shape
along with the absence of reducing agent (citrate or borohydride)
excess, which could interfere with the surface-enhanced Raman
scattering spectroscopy (SERS) measurements.** The AgNPs
suspension, characterized by the resonance spectra of metallic
plasmons, evidences a maximum at ~410 nm with an average
full width at a half-height of 80 nm.®® Moreover, these
chloride-covered nanoparticles evidence better electrochemical
properties on the surface and improved adherence properties,
which facilitates their immobilization on glass by simple
deposition. Subsequent to the immobilization of AgNPs,
either in suspension or immobilized on glass, their covering
by adsorbed self-assembled calixarene molecules follows. By
potential-sweeping electro-deposition of calixarene-modified

AgNPs on glassy carbon electrode in one-step, an electro-
chemical sensor can be created.®®

3.2. Aromatic hydrocarbon sensors

Polycyclic aromatic hydrocarbons (PAHs) with condensed
benzene rings are important environmental pollutants.®” They
can be found as a mixture of differently-related molecular
compounds in air, soil, and water due to natural processes and
human activity. Their detection by surface-enhanced techniques
is limited because these molecules evidence low affinity for
adsorption on a metallic surface. By using calix[4]arene
derivatives as self-assembled molecules adsorbed on AgNPs,
Sanchez-Cortes er al.*% selectively detected PAHs (Chart 1)
in trace concentrations via SERS.

In this regard, nonthiolic calixarenes, such as 25,27-
carboethoxy-26,28-hydroxy-p-tert-butylcalix[4]arene (23) as a
host molecule, have been employed for the functionalization
of a metal surface in the design of a film for optical sensing.®
This host molecule evidences analytical selectivity to the PAHs
bearing four benzene rings, principally pyrene (Chart 1). Thus,
trace concentrations of PAHs have been detected using
surface-enhanced Raman scattering spectroscopy. Hence,
new SERS substrates have been developed that consisted of
Ag nanoparticles in suspension or nanoparticles immobilized
on glass and covered by adsorbed self-assembled calix[4]arene
molecules. Some authors have suggested that the host—guest
interaction mechanism occurs via a m—7n staking interaction,
leading to a charge transfer between the complex and the
metallic surface, which could have some influence on the
surface charge of the metallic nanoparticle. Fig. 11, which
evidences normalized areas corresponding to the SERS bands
of different PAHs studied, shows that all four-ringed assayed
PAHs (PYR, TP, and BcP) evidenced enhanced selectivity. In
contrast, the larger PAHs (COR, RUB, and DBA) exhibited
the lowest SERS intensities. The size specificity is likely to be
determined by the cavity of the calixarene and the fert-butyl
groups placed in the upper rim. These results led to the
conclusion that the binding properties of each PAH must vary
as a function of its chemical structure, highlighting the size and
shape selectivity of 23 in interactions with PAH molecules.

Calixarenes harboring a dicarboethoxy (—~CH->—CO,Et)
substituent at the lower rim are good receptors in the design
of highly sensitive and selective optical sensors of PAHs-based

pyrene (PYR) il (TP) {BcP)

chrysene {CHR)

dibenzoanthracene (DBA)

Chart 1

rubicene (RUB)

Polycyclic aromatic hydrocarbons.
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Fig. 11 (a) Normalized areas (with respect to the 1405 em ™! band of
PYR in the complex with 23) of the most intense SERS bands of the
studied PAHs (107* M) on 23 (10~* M). All of the intensities were
registered by excitation at 1064 nm. (b) Host/guest complex on the surface.

vibrational spectroscopy. 23 was found to have a higher affinity
for PYR and BcP. The studies continued with surface-enhanced
micro-Raman spectroscopy (micro-SERS), which was used to
reduce the molecular detection limits of PYR and BcP deposited
onto a calix[4]arene-functionalized AgNPs.* Good reproducibility
and low molecular detection limits (10~% M) were obtained. Silver
films prepared by immobilizing hydroxylamine-reduced AgNPs
were sensitive when applied in micro-SERS detection, yielding
reproducible results. By changing the amount of potassium
nitrate added to the suspension, the morphological properties
of the AgNPs aggregates can be modulated. The SERS spectra
of the complexes calixarene—PAHs at different host and guest
concentrations led to the conclusion that the best micro-SERS
spectrum of the compounds should be obtained at relatively low
concentrations of the host molecule, rather than the opposite. The
detection limit was much lower in the case of benzo[c]phenanthrene
than in pyrene when excited with the 785 nm line of a diode laser. It
was suggested that benzo[c]phenanthrene induced a stronger effect
on the adsorbed calixarene because of its non-planar structure,
which is induced by the presence of bay-like moieties.

Based on the ability of the dithiocarbamate (DT) group to
interact strongly with the surfaces of metals by forming chelate
complexes, ”® the combination of host properties of calixarenes
and the high affinity of the DT group in the same molecule,
self-assembled on a nano-structured metal has led to
design-sensitive and selective surfaces for the detection of
PAHs (Chart 1). As such, the synthesis of 25,27-diethyl-
dithiocarbamic-26,28-dihydroxy-p-tert-butylcalix[4]arene (24)
aiming at increasing the affinity of the calixarene host toward
nanoparticle surfaces and the detection of pyrene by
surface-enhanced Raman scattering using 24 in the functionalized
of AgNPs was previously reported by Sanchez-Cortes e al.”' A
host-guest interaction mechanism based on a m—m staking
interaction has been assumed, in which pyrene adopts a
perpendicular orientation with respect to the surface. Pollutants
were also detected at trace concentrations.

As a consequence of AgNPs functionalization with 24, a
sensitive and selective supramolecular host was realized for
quantitative study in water of four PAHs: pyrene,

triphenylene, benzo[c]phenanthrene (BcP), and coronene
(COR) (Chart 1) detection using SERS.”” It is worth
mentioning that by means of a 24-NPs system, the SERS
detection of PAHs directly in the aqueous AgNP suspension
was allowed, which was not possible in AgNPs functionalized
with other kind of calixarenes. Through the S atoms of 24, the
adsorption of 24 on the nanoparticles is achieved by a
transformation of the dithiocarbamate group into the
corresponding thiouride form,”®”* which was disclosed by
the new band around 1520 cm ™! attributed to the stretching
of the partial C=N* double bond.

A host—guest interaction mechanism through n—n staking
between the aromatic part of 24 and PAHs results in the
formation of a charge-transfer complex. The sizes of these
pollutants range from four to seven condensed benzene-rings.
The analysis of the SERS spectrum of 24 revealed marker
bands associated with the binding of 24 to the metal (WC=N"
and I, .c—s)/l(c s) ratio), which suggests an increase in the
bidentate interaction of calixarene adsorbed on the surface
when the 24-PAHs complex is formed (Fig. 12).

Considering the I79,/Isg5 ratio as a marker parameter of the
cavity conformation, the conformational state of the aromatic
intramolecular cavity was studied by assessing the I0y/Igss
ratio, and the orientation of aromatic rings with respect to the
surface was investigated by analyzing the I59»//s7; ratio. It was
suggested that the intramolecular cavity seemed to adopt a
closer configuration in the presence of the guest in the case of
smaller 7;9,/ls¢5 ratios, whereas at larger I79,/ls7; ratios, the
orientation of the benzene rings on the metal surface became

Raman Intensity

by i ioes

T T T T
1500 1200 200 0

Wavenumber (cm’)

Fig. 12 SERS spectra of (a) 24 (10~ M) and (b) 24/BcP (1074/107° M).
(c) Raman spectrum of BcP in the solid state. Excitation at 785 nm.
Top scheme: structural change induced by the interaction of BcP with 24,
as deduced from the SERS spectra.
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Fig. 13 Scheme showing the COR-24 complexation mechanism with
formation of the highly sensitive interparticle junction.

more perpendicular. Apart from COR, the affinity constants of
Ag@?24 and pollutants (pyrene, triphenylene, BcP) evidenced
similar behavior with regard to the interaction with the
calixarene, and a limit of detection was determined for each
pollutant in a range from 1077 M to 10™* M.

The higher affinity of COR relative to 24 and the lower
influence on the calixarene structure have led the authors to
propose the complexation mechanism shown in Fig. 13. In this
host—guest complex, the host functions as a bridge between
two calixarene molecules with the formation of highly sensitive
inter-particle hot spots. The multicomponent analysis of
pollutants by SERS depends on different factors, all of which
should be studied in greater detail.

3.3. Organophosphorus sensors

The highly toxic effect of organophosphorus (OP) pesticides
on human health is well known; this effect derives from the
ability of these compounds to inhibit acetylcholinesterase. The
development of new detection methods, more sensitive, highly
selective, and running in real-time for OP pesticides in water is
essential for chemistry, biochemistry, and environmental
applications. Taking into account the molecular recognition
abilities of water-soluble p-sulfonatocalix[4]arene (25) modified
AgNPs towards some pesticides (iprodione, acetamipirid,
thiabendazole, optunal, pyrimethanil, parathion-methyl, and

cl
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Chart 2 A series of pesticides investigated.

methomyl, see Chart 2) in aqueous solution, a colorimetric
sensor for optunal has been developed.”

Compound 25 was obtained in water and characterized via
TEM, FT-IR, and UV-Vis spectrometry. TEM images showed
that both modified silver nanoparticles were highly dispersed and
uniform in aqueous solution, with a diameter of approximately
8.0 nm.”* Moreover, significant differences were detected in the
FT-IR spectra of pure 25 and Ag@?25, and particularly SOz,
which suggested that SOz~ groups coordinated with silver
atoms on the surfaces of AgNPs. The adsorption peaks of
Ag@?25 originating from the surface plasmon absorption
of silver NPs were detected at 393 nm. After the addition of
pesticides to Ag@?2S5 solutions, the color turned from yellow to
red, with increasing absorbance for optunal and Ag@?25.

The selectivity of Ag@25 toward optunal was attributed by
the authors to the Ag@?25 aggregations induced by optunal,
aspects of which are corroborated by the TEM images. A
schematic representation of the optunal-induced aggregation of
Ag@?25 is shown in Fig. 14. It is known that 25 binds to the
aromatic and amino residues of optunal via host—guest interactions
such as electrostatic forces, cation—m interactions, or m—T
interactions. In brief, Ag@25 can be utilized as a novel
colorimetric sensor for optunal, allowing for the rapid quantitative
assay of optunal down to a concentration of 1077 M, which has
potential ramifications for real-time in situ detection.

The p-sulfonatocalix[6]arene(26)-modified AgNPs were
coated on glassy carbon electrodes (Ag@26/GCE) in view of
the electrochemical detection of methyl parathion (MP, see
Chart 2). Thus, a new electrochemical sensor based on modified
AgNPs was realized via a one-step electro-deposition approach
(Fig. 15).°° Ag@26/GCE was characterized via attenuated
total reflection IR spectroscopy (ATR-IR), XPS, and scanning
electron microscopy (SEM). The MP detection was carried out
with a detection limit of 4.0 nM. Even though the detection
limit of this method was higher than the detection limits
(0.1 nM,” 0.4 pM)’® of the reported organophosphorus
electrochemical sensors employing acetylcholinesterase, the
stability and reproducibility of Ag@26/GCE were better than
those of the enzyme-modified electrodes.

Compared with the AgNPs-modified electrode, the cathodic
peak current of methyl parathion was amplified significantly.
The simultaneous determination of MP was conducted via
differential pulse voltammetry. A linear relationship between

S
b oA h

éf
° = silver nanoparticle

e

_

SOy Na*
i
Ny R NH2 =
®o® - ([
7 C0,C3Hy v v oH /a
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Fig. 14 Schematic representation of the optunal induced aggregation
of Ag@?25.
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Fig. 15 Schematic diagram for one-step electrodeposition of Ag@?26
on the surface of the GCE for MP sensing.

the current and MP concentration was obtained in the range
of 0.01-80 uM. The well-defined cathodic peaks correspond to
the irreversible reduction of -NO, to hydroxylamine groups. It
was also observed that the peak current of MP measured by
differential pulse voltammetry at Ag@26/GCE increased by
20 times compared with that obtained at the AgNPs/GCE, which
confirmed that Ag@26/GCE exhibited good electrochemical
catalytic activities toward MP. This could be explained as
follows: hydroxylamine is partially protonated in neutral
media, in cases in which 26 with its electron-rich cyclic cavity
and the negative SO;~ group can bind to the aromatic and
hydroxylamine of MP via host-guest interactions such as
electrostatic, cation—m interactions, and w7 interactions.
Therefore, 26 binds to MP and simultaneously catalyzes the
redox of MP.®® The sensor was used for the determination of
MP in pear samples and the recovery values ranged from
98.0% to 102.1%. It was demonstrated that the method can be
used for the direct analysis of real samples with high accuracy,
precision, and reproducibility.

3.4. Biomolecular sensors

A selective colorimetric sensor for histidine (His) in water,
based on water soluble Ag@?25, was reported by Li et al.”” The
Ag@?25 is stable in aqueous solution due to the macrocyclic
effect. They were characterized by TEM, FT-IR, and UV-Vis
spectroscopy. Noticeable differences were observed between
the FT-IR spectra of 25 and Ag@25, and particularly for
SO;™. Thus, the peaks for SO;~ at 1187 and 1049 cm ' found in
pure 25 are shifted to 1178 and 1036 cm™', respectively, in
Ag@?25. Hence, it was suggested that the SO;~ groups coordinate
with the silver atoms on the surface of the AgNPs. The study
of molecular recognition of Ag@?25 toward a series of amino
acids (alanine, valine, leucine, methionine, phenylalanine,
histidine, tyrosine, serine, proline, glutamic acid and aspartic
acid) by UV—Vis with measurements after different reaction
times has highlighted the selectivity of Ag@25 to histidine in
water. The changes in color appeared after the addition of
10~* M solutions of various amino acids to Ag@?25 solution.
Over 30 min, the solution containing histidine turned from
yellow to red with an increase in the absorbance ratio A493/
Aszg4. The selectivity to histidine is attributed to the Ag@25
aggregations induced by histidine, a hypothesis supported by
TEM images. A linear correlation exists between R and
concentration of histidine over the range of 5 x 107°~107> M.

The p-sulfonatocalix[4]arene (25) binds the imidazole and amino
residue of histidine via electrostatic and cation—m interactions.
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Fig. 16 (a) The adsorption spectra of Ag@?25 solutions with various
concentrations of His (0, 5 x 107%,107°,5 x 107>, 107*, 5 x 10~*and
103 M). (b) The dependence of the R (A493/A304) values of the pSCy-
AgNPs on increasing concentrations of His. Typically, 1 mL of
various concentrations of His were added to 4 mL of Ag@25 solution.
The solutions were then mixed well for 30 min before being tested.

These interactions between a histidine and two 25-modified
AgNPs result in Ag@?25 tending to aggregate more easily than
the other amino acids tested. A schematic representation of
the histidine-induced aggregation of the Ag@25 process was
suggested by the authors to be similar to that shown in
Fig. 16’* for optunal. This selective sensor allowed for a
rapid quantitative assay of His down to a concentration of
5% 107° M.

4. Silica-supported calixarenes
4.1. Principles

Hoffmann and Fréba’ recently claimed that mesoporous
organic—inorganic hybrid materials are an interesting class of
materials, which combine the advantages of two worlds: the
inorganic part builds a robust substrate, whereas the organic
functions make them alive in a way that makes them potentially
useful in a number of applications: catalysis, chiral walls,
chiral sorption and catalysis, enzyme
immobilization, light harvesting, magnetic hollow nanoparticles,
selective recognition of substrates and finally sensors.

A recent review by Jung et al.”® presents the development of
silica-based organic—inorganic hybrid nanomaterials as
chromogenic and fluorogenic chemosensors for biological
and environmental applications. This was achieved principally
by grafting luminescent molecular probes on silica. These
SiO,-nanomaterials were capable of selectively detecting
anions, neutral organic guests, and toxic metal cations.

With regard to calixarene-SiO, hybrid structures, previous
studies have been conducted dealing with their supramolecular
properties (host—guest chemistry). Katz and Iglesia ez al.5%%!
immobilized p-tert-butylcalix[4]arene onto silica through
activation of the silica surface by silicon tetrachloride via
0O-SiO; species. In this fashion, they obtained the highest
coverage (207 pmol g~') on a per gram basis of materials
reported for an immobilized calixarene. The surface is capable
of guesting in calixarene cavity aromatic molecules such as
phenol, benzene, toluene, and nitrobenzene. More recently,
Guan and Jiang er al.%® reported the formation of coaxial
nanotubes of calixarene/silica via self-assembly and sol-gel
transition. The calixarene was sophisticated calix[6]biscrown-4

chromatography,
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harboring the NH, group assembled on silica using tetraethoxy-
silane. The obtained coaxial nanotubes were shown to complex
with alkali cations with a preference for the caesium ion.

4.2. Metal ion sensors

Tran-Thi and Nicole er al.®® have noticed that the sol-gel
porous materials with tailored or nanostructured cavities have
been increasingly used with regard to their potential as
sensitive matrices or layers of chemical sensors for the detection
of gaseous and ionic analytes. Such optical sensors are in full
development in the environment, industry and health fields.®
Recently, Jung and Shinkai ef al.®* reviewed the fabrication of a
variety of silica nanotubes and their applications in environ-
mental and biological fields since their discovery in the 1990’s.
Well-defined silica nanotubes can be obtained by simple
sol-gel reaction, using self-assembled organogels as organic
templates. This sol-gel transcription method has been shown
to be very useful in creating new functional inorganic nano-
tubes. More particularly, they described recent advances in the
detection and separation of heavy metal ions using colori-
metric or fluorimetric systems. Silica nanotubes are useful as
supporting materials for the fabrication of such functional
hybrid nanomaterials by the sol-gel grafting method, due to
the ease of covalent attachment of suitable functional organic
molecules. The silica-based organic—inorganic hybrid nano-
tubes evidence high selectivity and sensitivity for specific toxic
heavy metal ions, indicating that hybrid nanomaterials are
useful as adsorbents to remove toxic environmental pollutants.

In this line of inquiry, and with respect to calixarenes, Jung
and Kim et al.% described the preparation of functionalized
silica organic-inorganic nanotubes (FSNT) possessing a pyrene-
appended 1,3-alternate calix[4]arene (27) moiety as a fluorescent
receptor and fabricated via the sol-gel reaction (Fig. 17).

After the immobilization of 27 via treatment with
aminoethyltriethoxysolane in the presence of DCC and
DMAP in THF, FSNT was characterized by SEM and
TEM. The silica product exhibited a well-defined nanotube
structure with a diameter of ca. 260 nm and several micro-
metres in length. The binding abilities of 27 for metal ions were
assessed based on fluorescence changes occurring upon the
addition of various cations—Li", Na™, K", Cs*, Mg®",
Ca’",Ba’", Zn>", Ag™, and Pb> " —as perchlorates in water.
Strong quenching of fluorescence of both monomer and
excimer bands of the pyrene groups was observed only in
the presence of Pb>" (Fig. 18).

Fig. 17 (a) SEM and (b) TEM images of FSNT obtained from
sol—gel reaction.

27 +M(CIO,),, 50 equiv
M™= LI, Na*, Mg®*, K",
ca®*,Cs’, Ba™, Zn*, Ag*
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Fig. 18 Fluorescent spectra of FSNT upon the addition of cation
perchlorate salts (50 equiv.) in water.

The stability constant of association of Pb>" to 27 in water
was calculated as 4.7 x 10> M~'. The detection limitation of
Pb>" was 30 pm. The fluorescence behavior of 27 was
attributed to a chelation of the Pb>" by the two oxygen atoms
of the amido functions, which resulted in a conformational
change with a reduction in excimer emission.

Leray and Lebeau et al.®® reported an ordered mesoporous
silica functionalized by a covalently-bound calixarene-based
fluorophore for the selective optical sensing of Hg>" in water.
Starting from the observation that cone calixarene 28 function-
alized by two dansyl groups allows for the detection of Hg>*
in the 1077 mol L™' concentration range with a very high
selectivity towards Hg?* overpotential interfering cations
(Na*, K", Ca’", Cu®*, Zn*>", Cd*", and Pb>"), they
prepared analogue calixarene 29 possessing triethoxysilyl
functionalities that will be used for grafting on silica. Long aliphatic
chains were used to bear these functionalities in order not to disturb
the ability of the calixarene moiety to complex Hg?*.

Et0QEt EtQ Ot
Et0-Si_  Si—OEt

e, NMe,

The grafting of calixarene 29 was achieved on known
SBA-15%7 mesoporous silica by refluxing for 20 h in a
suspension of silica in a toluene solution of 29. The
functionalized 29-SBA-15 product was characterized by
XRD pattern and Nj-sorption, NMR spectroscopy, and
TGA-DTA evidencing a hexagonal pattern similar to the
starting silica material with the presence of organic moieties
on the pore surfaces of mesoporous silica (Scheme 1).

The ability of 29-SBA-15 to detect Hg”" in water was demon-
strated by the observation of Hg”>" photophysical changes. A
strong emission quenching of the emission spectra of 29-SBA-15
in the presence of increasing concentrations of Hg?" was
observed. This behavior was attributed to a deprotonation of
the NH groups via complexation of the Hg>* by the calixarene.
A rapid response of few seconds was observed. The detection limit
was 3.3 x 1077 mol L™!. Competing experiments demonstrated
the very high Hg?"-selectivity of 29-SBA-15 over interfering
cations (Na™, Cu®", and Pb>") at low concentration.
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Scheme 1  Grafting of compound 29 on mesoporous silica particles.

Based on a previous work concerning the detection of
host—guest interaction between a monolayer of dansyl on glass
and B-cyclodextrin via fluorescence spectroscopy, Veggel and
Reinhoudt er al%® reported a monolayer made of a Na™-
selective fluoroionophore on glass. Calix[4]arene (30) in cone
conformation bearing at the lower rim four amido functions
known to be Na ™ -selective chelating sites®>*° (over the other
alkali metal cations) and two opposite pyrenyl groups as signal
reporters were prepared to be grafted onto glass (Fig. 19).

The monolayers of Na™-selective fluorescent 30 on glass
were prepared via covalent coupling of the bis-isocyanate
derivative of 30 to SAM of 3-aminopropyltriethoxysilane
(APTES). Thus, the substrates functionalized with APTES
SAM®! were immersed in a solution of 30 and N,N-diiso-
propylethylamine in dichloromethane overnight. In the coupling
reaction, the p-nitrophenyl carbamate groups are converted
into isocyanates in the presence of a base which subsequently
reacts with an amino-terminal surface to form urea bonds. The
surface coverage was found to be 80% by ellipsometry and
UV-vis absorption techniques. Fluorescence emission data of
the monolayer upon the addition of sodium salt as an acetate
in methanol resulted in an increase of the excimer while a
reduction was observed for the monomer, showing that the
complexation of sodium cation arranges the pyrene groups in
a better position to form excimers than in the free ligand.
Fitting the monomer fluorescence response yielded a binding
constant of Kigsnam = 1540 £ 700 M. The fitting of the
excimer fluorescence yielded K475,, = 5000 £+ 3000 Y
Similar experiments with potassium and caesium acetate failed
to generate a significant response. Although no stability con-
stants could be obtained, Na™ /K™ and Na ¥ /Cs™ selectivities
were estimated to be larger than 100.
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Fig. 19 Structure of fluoroionophore 30 (left) and schematic
representation of the monolayer (right).

4.3. Organic molecule sensors

Timmerman and Yitzchaik et al.”? have reported a tandem
selective detector of neurotransmitter acetylcholine (ACh)
composed of an analogue of 25 attached to the surface of an
oxide-containing silicon surface. A previous study conducted
by Lehn er al.”® established that 25 and 26 are ACh-receptors
with very high stability constants, the ACh being included in
the aromatic cavity of the calixarene, as shown by the
observed X-ray structures. Accordingly, Korbakov er al.””
first studied the complex formation between 25, 26, and 32
and chromophore trans-4-4-(dimethylamino)styryl-1-methyl-
pyridinium-p-toluene sulfonate (D) in water.

25: n=4, R=OH 31: n=4, R=0CH,COOH
26:n=6,R=OH 32:n=8, R=OH

The formation of these complexes (25, 26, or 32) and D
(with K, ~ 10° M~') was accompanied by a drastic increase
(up to 20-60 fold) in the chromophore relative quantum yield
and by a large hypsochromic shift of the emission band
maximum of complexed D. Upon addition, ACh displaces
chromophore D from the calixarene cavity as shown by the
reappearance of the free chromophore emission band. It was
demonstrated that (25, 26, or 32)-D complexes are capable of
selectively sensing ACh in solution at sub-uM concentrations.
The ACh detection limit was ~ 5 x 10% M. Taking these results
into account, the authors decided to immobilize 25-D complex
onto silica surfaces. For this purpose, water-soluble O-carbo-
methoxy-p-sulfonatocalix[4]arene (31), an analogue of 25, was
prepared and immobilized on an amino-terminated silicon
surface by EDC coupling in the presence of NHS to facilitate
the formation of amido bonds between the carboxylic acid of
31 and the amine at the silicon surface. The attachment of 31
was monitored by spectrometric ellipsometry and by advancing
contact angle measurements. Ellipsometry spectrometry gave
a layer thickness of ca. 9 £ 0.4 A, consistent with the
calculated value of 8-12 A. 31-Modified silicon samples were
exposed to a solution of D in methanol to produce the
desirable immobilized 25-D complex onto silica. The emission
band of the chromophore of Sif25-D was hypsochronically
shifted to 584 nm from the band maximum at 604 nm for the
free chromophore. Exposing Si/25-D to a solution of ACh
induced a rapid decrease of the new emission band. As for the
D-calix complexes, the optical behaviour was interpreted by a
displacement of the chromophore D from the calix cavity via
preferential complexation of ACh. Similar experiments
conducted with solutions of neurotransmitters (tryptamine,
glycine, aspartic acid, taurine, and noradrenaline) exhibited
poor complexation ability. The removal of D from the
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calixarene cavity by ACh is reminiscent of the results obtained
by Katz and Iglesia et al.®' for calixarenes grafted on silica;
they determined that interactions of aromatic molecules with
the calix cavity is stronger than the free calixarene in solution.
The absence of solubilizing groups near the cavity increases
the hydrophobic properties of the cavity.

5. Quantum dot-supported calixarenes
5.1. Principles

Of all available nanoparticles, semiconductor quantum dots
(QDs) have been most extensively studied, owing to their novel
optical, electrical, and catalytic properties, and have gained
increasing attention during the past decade.”* QDs have
several important advantages, including size-selection, broad
absorption, narrow emission bands, extreme brightness, and
high photostability.®> The principal advantage of the QD
nanoparticles for the development of fluorescent sensors is that
their luminescent emission depends on the size of the particle.”®
Many studies thus far conducted are focused on the development
of new techniques for the synthesis of high-quality quantum
dots with high-luminescence quantum yields and for the
measurement of their photo-physical properties in analytical
chemistry as high-sensitivity fluorescent sensors.”” QDs can be
readily capped with any organic ligand to modulate their
complexing properties. They are very sensitive to surface
interactions, due to the unique discrete electronic state of each
particle. For instance, the control of optical properties of QDs
by surface coating with calixarene carboxylic acids has been
reported by Jin er al.*®® Here, the application of calixarene
appended QDs as an organic ligand to the fluorescent
chemosensing of various analytes was demonstrated.

5.2. Cation sensors

Compound 9-capped QDs were prepared by mixing the S-Calix
with a dilute solution of CdSe/ZnS in acetonitrile at room
temperature by Li et al.'® The AB pattern for the ArCH,Ar
protons in the '"H-NMR spectrum of 9 methylene protons
suggested that 9 adopts a cone conformation. The fluorescence
spectrum of 9 capped QDs is shown in Fig. 20. The quantum
yield of 9 capped QDs is approximately 55%, which is far
higher than that of thiol-modified CdSe/ZnS QDs. To examine
the selectivity, the fluorescence titration of 9 capped QDs is
conducted with a variety of metal ions. The 9 capped QDs
evidence Hg?>' ion selectivity via a fluorescence intensity
decrease, as receptor molecules with sulfur donor atoms
preferred soft metal cations such as mercury ions. This
quenching effect may be attributable to the effective electron
transfer from 9 to Hg?". However, 9 capped QDs displays
very weak response to the other metal ions (Li*, Na™, K™,
Mg”, Ca’*,Cu®", Zn®", Mn?", Co?", and Ni“), even ata
relatively higher concentration. The replacement of sulfur
atoms by selenium to give Se-Calix, leading to Se-calix capped
QDs with a quantum yield of approximately 45% at room
temperature.101

Highly fluorescent water-soluble CdSe/ZnS (core/shell) QDs
as a fluorescent Cu”" ion probe were also synthesized by Jin
et al.'%? using thiacalix[4]arene carboxylic acid 33 as a surface

E CdSe/Zns

9 capped QDs

[Hg?*] increase

®

FL intensity decrease

FL intensity (a. u.)
S

a

\
\\

N
|\

T T T T T
520 540 560 580 600
wavelength (nm)

Fig. 20 Effect of Hg® " concentration on FL intensity of 9 capped QDs.

coating agent. Hydrophobic trioctylphosphine oxide (TOPO)-
capped CdSe/ZnS QDs were over-coated with the
thiacalix[4]larene in THF at room temperature, and the
deprotonation of the carboxylic acids resulted in the formation
of water-soluble QDs. The surface structures of the QDs were
characterized vie TEM and fluorescence correlation
spectroscopy (FCS). The TEM images demonstrated that
33-coated QDs were monodispersed with a particle size
(core-shell moiety) of approximately 5 nm. The hydrodynamic
diameter of the QDs was determined to be 8.9 nm by FCS,
demonstrating that the thickness of the surface organic layer
of the QDs was approximately 2 nm. These results show that
the surface layer forms a bilayer structure consisting of TOPO
and thiacalix[4]arene molecules. 33-coated CdSe/ZnS QDs
were highly fluorescent (quantum yield, 0.21) compared to
the QDs surface-modified with mercaptoacetic acid and
mercaptoundecanoic acid. The fluorescence of the 33-coated
QDs was effectively quenched by Cu®" ions even in the presence
of other transition metal ions such as Cd>*, Zn>*, Co*™, Fe* ",
and Fe’" ions in the same solution. The Stern—Volmer plot for
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Fig. 21 (a) Surface modification of TOPO-capped CdSe/ZnS QDs
with 33 in THF. (b) Effect of Cu®>" ions on the fluorescence spectra of
33-coated QDs in an aqueous solution (pH 9.2). The absorbance at an
excitation wavelength of 480 nm was adjusted to be 0.05 for the QDs.
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the fluorescence quenching by Cu’?" ions exhibited a linear
relationship up to 30 pM of Cu®" ions. The ion selectivity of
33-coated QDs was determined via measurements of fluores-
cence responses toward biologically important transition
metal ions (50 pM) including Fe*", Fe**, Co®>* > Zn>",
Cd*>*. The fluorescence of 33-coated QDs was almost
insensitive to other biologically important ions such as Na "

K", Mg>", and Ca®>", suggesting that thiacalix[4]arene-
coated QDs can be employed as a fluorescent Cu®* ion probe
for biological samples (Fig. 21).

5.3. Biomolecule sensors

Jin et al'® have presented water-soluble CdSe/ZnS QDs
surface-modified with amphiphilic p-sulfonatocalix[4]arene
(35) for the optical detection of the neurotransmitter ACh.
The QDs evidenced very weak emission, when 25 and 34 were
used as the surface-coating agents, and they were decomposed
after several hours in water. However, in the case of 35, highly
fluorescent and stable, water-soluble QDs were obtained. The
higher emission efficiency observed for 35-coated QDs is in
comparison with MAA(mercaptoacetic acid)-coated QDs. It
may be explained by a higher barrier toward the access of
water molecules to the QD surface. The 35-coated QDs
evidence significantly quenched fluorescence when ACh was
added. An approximate 50% fluorescence quenching was
noted in the presence of 1 x 107> M of ACh. The emission
quenching of the 35-coated QDs is quite selective to ACh over
other neurotransmitter compounds. It should be noted that
the addition of ACh does not alter the spectral widths and the
emission maximum of the QDs without amphiphilic
p-sulfonatocalix[4]arene (25). This result indicates that ACh
does not induce surface deterioration or aggregation in the
35-coated QDs (Fig. 22).

A similar system was reported by Li et al.'®* A simple, rapid
ligand exchange route for the preparation of highly fluorescent,
stable and water-soluble CdSe QDs was obtained using 25 and
26 rather than the original TOPO ligands (Fig. 23).

The ligands were found to exert a profound effect on the
luminescence response of QDs to amino acids. The 25-coated
CdSe QDs were sensitive to methionine. On the other hand,

26-coated CdSe QDs turned out to be sensitive to
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Fig. 22 A schematic representation of the surface-coating of TOPO
capped CdSe/ZnS QDs with 35 and MAA.

Fig. 23 A schematic representation of the synthesis of the 25 and 26
coated CdSe QDs by ligand exchange.
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Fig. 24 A schematic illustration of the possible mechanisms of
methionine and phenylalanine enhancing the fluorescence of 25 and
26 coated CdSe QDs.

phenylalanine. To demonstrate the detection capability of
these new probes, 25- and 26-coated CdSe QDs were employed
to detect methionine and phenylalanine in physiological buffer
solution. Under optimal conditions, the relative fluorescence
intensities of the 25- and 26-coated QDs increased in a linear
fashion with increasing concentrations of amino acids.
Methionine and phenylalanine enhanced the luminescence of
25- and 26-coated QDs with a concentration dependence that
was best described by a Langmuir-type equation. The
enhancement of luminescence was proposed to be attributable
to a complexation of amino acids in the cavity of 25 and 26
(Fig. 24).

5.4. Quantum dots-SiO,-supported-calixarenes

Li et al.'® reported on the highly luminescent and stable

calixarene 36- and 37-coated silica nanospheres englobed with
CdTe nanocrystals. They were prepared via a sol—gel technique
in aqueous media, and were characterized by luminescence
spectroscopy, UV-vis, FT-IR spectroscopy, TEM, etc. The
nanocomposites (36 or 37@SiO,@CdTe) evidenced strong
fluorescence and were more stable than the SiO,@CdTe
NPs. The 36 or 37@SiO,@CdTe NPs allowed for highly
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sensitive determinations of PAHs via enhancement of the
fluorescence intensity response. The 36@SiO,@CdTe NPs
turned out to be sensitive to the presence of anthracene, and
the relative fluorescence intensities of 36@SiO,@CdTe
increased in a linear fashion with increasing anthracene
concentration in the range 0.1-50 mM, with the corresponding
detection limits (30) of 2.45 x 107% M. Interestingly, the
37@SiO>,@CdTe NPs turned out to be sensitive to the
presence of pyrene. Under optimal conditions, the relative
fluorescence intensities of 37@SiO,@CdTe NPs both
increased linearly with increasing pyrene concentration in
the range 0.1-50 mM, with corresponding detection limits
(3o) of 2.94 x 10~% M. However, the fluorescence response
of 36 or 37@SiO,@CdTe NPs to other PAHs (including
acenaphthene, anthracene, 9,9-difluorofluorene, carbazole,
fluoranthene, phenanthrene, biphenyl, fluorene, pyrene)
proved to be negligible. It was reasonable to believe that 36
or 37@Si0,@CdTe nanocomposites played an important role
in the recognition of different size PAHs, due to the fact that
36 or 37@SiO,@CdTe contains a m-wall cavity that may
readily complex with aromatic compounds through m—r
interactions, hydrophobic interactions, host-guest interactions,
etc. (Fig. 25).

Mann et a reported on the nanoscaled organization of
CdS QDs on structurally persistent dendro-calixarene
micelles. UV-vis spectra of CdS-dendrocalixarene micelles
evidenced a broad adsorption band for the calixarene at
270 nm and an absorption edge associated with the CdS
NPs. The sequestration of pyrene within the hydrophobic
interior was demonstrated by optical emission, which showed
high-intensity peaks at 394 and 630 nm corresponding to the
fluorescence (singlet) and the phosphorescence (triplet)
emission.

Li and Qu'?” synthesized CdTe QDs nanocrystals in sol—
gel-derived composite silica spheres coated with calix[4]arene
and their applications as fluorescent probes for the detection
of pesticides. CdTe QDs nanocrystals in sol-gel-derived
composite silica spheres were prepared from CdTe QDs via
the Stéber method.'”® SiO,@CdTe NPs were coated with 36
as shown in Fig. 26.

36@SiO,@CdTe NPs were characterized by fluorescence
and IR spectrometries. TEM images and PCS measurements
showed the average sizes of SiO,@CdTe NPs and
36@SiO>,@CdTe NPs were approximately 70 and 100 nm,
respectively. Fluorescence titrations (512 nm) of SiO,@CdTe
NPs and 36@SiO,@CdTe NPs were conducted in water at
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Fig. 25 Schematic illustration of possible structures of 36@SiO,@CdTe
NPs-anthracene and 37@SiO,@CdTe NPs-pyrene.
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Fig. 27 Schematic illustration of a possible structure of the
36@SiO,@CdTe NPs-methomyl.

pH = 8.0 with various pesticides (parathion-methyl, methomyl,
optunal, fenamilthion, and acetamprid) to evaluate their
selectivity of complexation. Methomyl was shown to be the
pesticide providing the most substantial increase in fluorescent
intensity. This was attributed to the fact that the cavity of 36
was not sufficiently large to accommodate aromatic pesticides,
as well as its preference for the linear methomyl. A detailed
study conducted with methomyl indicated a complexation
mechanism involving the filling of the calix cavity by methomyl
with a conformational rigidification of the surface substituents
suppressing the quenching pass to the medium by effective
cone protection, giving rise to an increase in the fluorescent
intensity, as illustrated in Fig. 27.

6. Conclusions

The development of novel methods in chemical and biological
fields that permit the real-time detection of different
compounds with high accuracy, precision, reproducibility,
and low molecular detection limits is a profound challenge.
This is possible, in particular, by virtue of the combination of
the optical properties of nanostructured metals and the
advanced chemical properties of self-assembled calixarenes.
On the basis of the concepts and principles of supramolecular
chemistry, and particularly molecular recognition and
self-assembly and the chemistry of hybrid inorganic—organic
materials and nanomaterials, we have collected in this review
the nanoscaled construction and application of luminescent
nanoparticles based on calixarenes and different surfaces:
gold, silica, silver, and quantum dots. Moreover, the
host—guest interaction mechanism leading to the formation
of a complex between functionalized nanoparticles and
different substrates has been highlighted.
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Several perspectives can be drawn in regard to the development
of optical host—guest systems of calixarenes on the surfaces of
nanoparticles. For instance, catalytic systems have been described
based on calixarenes grafted on titanium oxide and titanium-—
silica surfaces, which may be transformed into optical nano-
particles. Chiral surface plasmon resonance has been previously
described by the postsynthetic modification of gold particles with
calixarene enantiomers, which may lead to the optical recognition
of a chiral object.

More generally, plasmons in strongly coupled metallic
nanostructures may be used to enlarge the panels of this type
of optical system. New mineral solid surfaces have been
reported which may be used as new supports, such as
mesoporous non-oxide materials. In another field, hybrid
materials could be prepared from polymers presenting
channeled structures that may prove useful in the formation
of organized molecular surfaces.
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