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Abstract

The association between cyclodextrins (CDs) and silver nanoparticles (AgNPs) has been successfully exploited in
a large number of applications. Generally, CDs act as stabilizers, however, their reactivity as reducing agents can
be directly involved in the synthesis of AgNPs. Herein, the most recent results regarding AgNPs prepared by
chemical reduction from native a-, - and y-cyclodextrins are reported. The behavior of CDs in host-guest
inclusion complexes onto the metal surface, and the effects on the AgNPs properties have also been examined.
Unlike B-CD/AgNPs and y-CD/AgNPs, additional reducing agents were required for the investigated a-CD/AgNPs.

@@@i\@@ﬁ
R

A0 1
D

[\

R

@QM@))@

XS]

Q

Sty

Keywords: Cyclodextrins, silver nanoparticles, inclusion complex, reduction.

DOI: https://doi.org/10.24820/ark.5550190.p011.797 Page 112 ©AUTHOR(S)



https://doi.org/10.24820/ark.5550190.p011.797
mailto:carla.gasbarri@unich.it

Arkivoc 2022, jii, 112-132 Gasbarri, C. et al.

Table of Contents

Introduction

General synthesis of CDs/AgNPs by Chemical Reduction
Beta-CDs/AgNPs

Gamma-CDs/AgNPs

Alfa-CDs/AgNPs

Conclusions

o Uk wWwnN e

1. Introduction

The main advantage of the production of silver nanoparticles (AgNPs) consists of their great versatility due to
both biological activities and chemical properties. As a result, medical devices, chemical sensors, cosmetics,
optical and textile materials based on silver nanoparticles are still being developed and optimized.'® The role of
AgNPs as catalysts in organic reactions, and their effects on kinetic rate constants, are also becoming deeply
investigated.®1®

It is well known that the synthesis of AgNPs can be performed by physical, chemical, and biological methods
resulting in different sizes, shapes, and surface properties.}’-26 Recently, “green” approaches have been
proposed using eco-friendly conditions?’ and reagents extracted from plants or agricultural waste.?®?°
Regardless of the adopted synthesis, the evidence of the formation of AgNPs in aqueous solution, and their
characterization, are performed by means of specific instrumental methods and analysis.

UV-vis spectroscopy is one of the most commonly used techniques to demonstrate the presence of AgNPs
in solution by means of the appearance of the typical surface plasmon resonance (SPR) band at approximately
400 nm. The SPR absorbance intensity is highly sensitive, and strictly connected to the yellowish color of the
solution, while its position is affected by the surrounding environment of the metal surface. Furthermore, the
SPR amplitude tends to reflect the shapes and dimensions of the nanoparticles: a narrow peak is generally
associated with AgNPs which are spherical and uniform in size while blue or red shifting indicates the reduction
or increase in the AgNPs dimensions, respectively.

Transmission electron microscopy (TEM) and field-emission scanning electron microscopy (FE-SEM) provide
information about morphology, size, and dispersity of the nanoparticles, while Fourier-transform infrared
spectroscopy (FT-IR) and surface-enhanced Raman scattering (SERS) spectroscopy highlight chemical
interactions directly involving the metal surface.

Zeta potential analysis allows for measurement of the surface charge, which can be assumed to be a
parameter used to predict the AgNPs stability in solution. High absolute surface charge suggests that repulsion
between the nanoparticles occurs, limiting the aggregation process. Conversely, low absolute surface charge
suggests that nanoparticles tend to associate over time.

Hydrodynamic diameter, polydispersity, and statistical particle distribution can be determined by dynamic
light scattering. Finally, oxidation states of the metal and chemical valence states are obtained by X-ray
photoelectron spectroscopy (XPS).30-37

Although the AgNPs possess large surface areas and high reactivity, capping agents are generally added as
stabilizers during the synthesis to hamper the aggregation phenomena, avoid surface oxidation, and promote
the interactions in the biological environment.384! In many cases, however, modifications in the properties and
functions of the final nanoparticles could be observed.*?
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The association between cyclodextrins and silver nanoparticles has successfully been exploited in several
fields for different potential applications. Cyclodextrins are well known macrocyclic oligosaccharides composed
of alfa-(1,4)-linked-D-glucopyranose units, forming truncated-cone structures of 0.78 nm in heighth.*® The
narrower side corresponds to the primary rim which exhibits the primary hydroxyl groups that are more flexible
and involved in more extensive H-bonding than the secondary hydroxyl groups which are found in the wider
side of the cyclodextrin cone corresponding to the secondary rim (Figure 1). 4
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Figure 1. Structure of a native CD molecule (n =6, 7, 8).

The coexistence of the hydrophobic inner cavity and hydrophilic external surface allows for the
establishment of hydrophobic interactions, van der Waals forces, intermolecular hydrogen bonding with organic
and inorganic species, and generate a large variety of host—guest inclusion complexes by increasing the solubility
of highly lipophilic molecules having the tendency to aggregate.*->3 Moreover, specific hydrophobic interactions
within the CDs cavities were observed, even in the cases of aromatic hydrocarbons which were too large in size
to be included as the guest.>*

CDs are divided into alpha-cyclodextrin (a-CD), beta-cyclodextrin (B-CD), and gamma-cyclodextrin (y-CD)
depending on the presence of 6, 7 or 8 D-glucopyranose units in the structure, respectively. Among these, B-
CDs represent the most employed cyclodextrin for clinical and food applications, especially due to its drug-
loading capacity and inexpensiveness. Several derivatives are obtained by functionalization of the alcoholic
groups to improve solubility, and reduce toxicity, in comparison to natural -CD. Hydroxypropyl-B-cyclodextrin,
methylated-B-cyclodextrin, and sulfobutylether-B-cyclodextrin are mentioned as relevant examples.>>°

The presence of native CDs during the synthesis of silver nanoparticles allows for the formation of shape-
controlled AgNPs by limiting the nanoparticle growth after nucleation. Interestingly, after removal of the CDs,
the electronic properties of the nanoparticles were unmodified.?1-¢4

One silver nanoparticle is generally too large to be included into the hydrophobic cavity of the B-CD,
however, interactions between the metal surface and the hydroxyl groups of the macrocycle can be established
via chemisorption.®> The chemical conjugation between cyclodextrins and nanoparticles through specific linkers
allows the enhancement of the stability and solubility of AgNPs, and improves their antimicrobial activities and
sensing properties such as fluorescence and absorbance.6-68

Cyclodextrins-capped silver nanoparticles (CDs/AgNPs) were synthesized in different conditions by using
a-, B- and y-CDs and their common derivatives. In this review, innovative contributions to the preparation and
application of CDs/AgNPs from natural CDs, without additional reducing agents, are reported. Firstly,
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supramolecular systems from B-CD and y-CD are described, and then the use of a-CD in specific applications is
examined.

2. General Synthesis of CDs/AgNPs by Chemical Reduction

One of the most common syntheses of AgNPs is based on the chemical reduction of metal ions, generally from
an aqueous AgNOs solution using NaBHs or citrate. This method consists of a rapid and easy one-step reaction
which allows a large number of nanoparticles to be obtained in solution. In the case of a fast reaction, very small
nanoparticles in size could be generated due to the rapid growth of few metal nuclei. In the case of a slow
reaction, aggregates of large dimensions could be formed. It was observed that the reactivity and concentration
of the reducing agent strongly affect the antimicrobial activity of the obtained nanoparticles by influencing the
size, shape, and particle distributions.®%70

In the presence of NaBH4, formation of CDs/AgNPs spherical in shape, and monodispersed in solution, were
observed.” In the presence of sodium citrate, enhanced antibacterial activity of capped nanoparticles was
detected in comparison to uncapped ones.”?

Two examples of the synthesis of silver nanoparticles from AgNOs using (a) NaBH4 and (b) citric acid as
reducing agents, and performed in the presence of native cyclodextrins as stabilizers, are compared. The
position of the surface plasmon resonance (SPR) band in the UV-vis spectra, mean dimension, and particle-size
distribution by TEM analysis of the obtained AgNPs are reported in Table 1.

Table 1. Comparison of the CDs/AgNPs by chemical reduction in the presence of NaBH4 (a) and citric acid (b)

Structural properties* (a) Reduction by NaBH,"3 (b) Reduction by Citric Acid74
Inner Outer SPR TEM SPR TEM
CDs cavity diameter Amax mean size / nm Amax mean size / nm
(nm) (nm) (nm) (particle distribution) (nm) (particle distribution)
o-CD 0.57 1.37 398 6-9 + 2.2 (83%) 399 1-3.5+1.5(87.8%)
B-CD 0.78 1.53 396 3-10 £ 2.9 (85%) 403 0.5-3.5+ 1.0 (96.9%)
y-CD 0.95 1.69 400 3-7+1.9(83%) 406 1.5-4.5 + 3.0 (95.6%)

The spectroscopic and TEM data for the AgNPs/CDs from NaBH4 reduction are in good agreement with those
from citric acid reduction.

Independently of the cyclodextrin used for preparation, the CDs/AgNPs from NaBHareduction were stable
for 1 year when stored in the dark at room temperature, as demonstrated by UV-vis spectra, surface-charge and
Raman scattering measurements. Interestingly, in non-equilibrium conditions for hydrodynamic stress,
differences in the cyclodextrin effects on the AgNPs size and morphology were highlighted as follow: a-CD was
more capable of inducing the formation of smaller or less dense nanoparticles than B-CD due to its higher
intrinsic solubility, while, in the presence of y-CD, enhanced stability and dominance of Gibbs-Marangoni flow
were pointed out. In addition, self-aggregation of y-CDs/AgNPs into small clusters was observed by TEM.

Similarly, the AgNPs/CDs from citric acid reduction were stable under storage at room temperature for
nearly 6 months. Crystalline, and face-centered cubic structures were observed. In particular, a- and y-CDs
showed the tendency to induce wider and narrower particle-size distributions, respectively. B-CDs promoted
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the formation of small AgNPs in comparison to those obtained from a- and y-CD. In other cases of the synthesis
of AgNPs by reduction, different types of morphologies could correspond to different B-CD/Ag molar ratios.”>
The reduction of AgNOs in the presence of CDs acting as both stabilizing and reducing agents was generally
carried out in aqueous solution at pH > 10 with stirring and heating, depending on the cyclodextrin structure.
The clear yellowish color of the solution can be assumed to be the first evidence of formation of the AgNPs .

3. Beta-CDs/AgNPs

Much work based on B-CD employed as both reducing and stabilizing agent for the synthesis of capped silver
nanoparticles has been reported.”®’2 Generally, the reactions were performed at alkaline pH in the absence of
organic solvents. The reduction of the Ag* ions by hydroxyl groups of the B-CDs implies their oxidation into
carboxylic groups which coat the metal surface, providing further stabilization of the nanoparticles.”

B-CD/AgNPs, easily prepared in aqueous solution according to the method reported by Han et al.,® were
characterized in our laboratory. Briefly, 1 mM of AgNOs was added to a solution containing NaOH and B-CD in a
1:1 ratio. The mixture was left stirring overnight in the dark at room temperature. The clear, yellow-brown final
solution revealed the presence of silver nanoparticles (Figure 1a). The narrow SPR band at 406 nm confirmed
that uniform and spherically-shaped B-CD/AgNPs were formed (Figure 1b). Scattering measurements indicated
a mean diameter of 34 nm and polydispersity index of 0.24 (Figure 1c). Zeta potential analysis provided a surface
charge of -36 mV, suggesting high stability in solution (Figure 1d).
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Figure 2. Characterization of the B-CDs/AgNPs: fresh prepared aqueous solution (a), UV-vis spectrum (b),
scattering data (c) and zeta potential analysis (d).

Similar nanoparticles were recently prepared at neutral pH under eco-friendly conditions, using
sulfobutylether-B-cyclodextrin as a reducing and stabilizing agent.®!

The first synthesis of B-CD/AgNPs at room temperature was successfully reported by Premkumar and
Geckeler.®? The narrow SPR band at 414 nm in the UV-vis spectrum, the mean dimension of 34.5 nm in TEM
images, and a single face-centered cubic phase of silver in XRD patterns represented the main properties of the
aforementioned B-CD/AgNPs. Changing the concentration of the reagents (cyclodextrin, metal precursor and
NaOH) or the reaction temperature resulted in the generation of nanoparticles having different size, shape,
morphology, and distribution. Interestingly, an excess in cyclodextrin concentration leads to spherical, well-
dispersed and small AgNPs, while lowering the cyclodextrin concentration tends to improve polydispersity by
promoting agglomerates, as demonstrated by the red shift and the broadening of the SPR band.

The effects of NaOH concentration and the reaction temperature were also studied. In the former case, it
was observed microscopically that the aggregation process occurs by decreasing the NaOH concentration from
40 to 5 mM. In the latter case, it was demonstrated that fast nucleation with the generation of small spherical
particles occurs at 65° C, while aggregation of the small particles into short rod-like structures takes place at
4°C.
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To establish the existence of interactions between the B-CD molecules and the metal surface in the
investigated nanoparticles, the FT-IR spectra of the natural B-CD and B-CD/AgNPs were compared. Significant
changes were reported in the intensities and positions of the peaks. The intensities associated with B-CD/AgNPs
were strongly decreased in comparison to the data reported for pristine f-CD. Moreover, the appearance of the
peak at 1384 cm™, due to the stretching of the carboxylate ions formed by oxidation of the hydroxyl groups
during the reduction of Ag* ions to Ag® and the strong high frequency shift of the —OH stretching band from
3391 to 3416 cm’?, are in full agreement with the absorption of the B-CD molecules onto the nanoparticle. The
FT-IR peak positions of the B-CD/AgNPs are reported in Table 2.

Table 2. Peaks in the FT-IR spectra of the B-CD/AgNPs

FT-IR peak/cm™
1384, 1644 Stretching of the carboxylate ions

B-CD/AgNPs 946 a-1,4 linkage skeletal vibration
759, 708, 574 ring vibration
3416 —OH stretching band

Recently, some methods based on silver nanoparticles were developed for the detection of antibiotic
residues in animal-derived food after treatment of veterinary diseases.®3-> In particular, traces of norfloxacin in
milk were identified through the inclusion of the drug into the B-CD cavity in B-CD/AgNPs previously obtained
using B-CD as a reducing agent.8® The formation of the norfloxacin/B-CD inclusion complex was demonstrated
by theoretical and experimental analyses,®” and its proximity to the nanoparticle surface induced relevant
changes in the spectral properties of the B-CD/AgNPs. In the presence of norfloxacin, the surface plasmon
resonance band of the B-CD/AgNPs solution shifts from 410 to 405 nm, and a decrease in the absorbance
intensity can be observed. Moreover, a broad peak appears at 578 nm. Further evidence of the drug inclusion
in the proximity of the metal surface was obtained by fluorescence spectroscopy. Fluorescence quenching is
involved in several reactions under different conditions.888° Generally, the formation of an inclusion complex
tends to increase the intensity of the fluorophore encapsulated in the cyclodextrin cavity.?® This trend can be
observed for norfloxacin in the presence of different concentrations of B-CD. Interestingly, the quenching of the
fluorescence of the investigated drug takes place in the presence of B-CD/AgNPs, suggesting that a short
distance exists between the guest molecule and metal surface, according to the mechanism of Forster
resonance energy transfer.”! The fluorescence intensities emitted at 440 nm for the drug in its free form and in
the presence of B-CDs and B-CDs/AgNPs are reported in Figure 3.
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Figure 3. Comparison between the fluorescence emission intensity of norfloxacin in its free form and in the
presence of B-CDs and B-CDs/AgNPs.

The effect of norfloxacin can be determined by measuring the surface potential charge and the mean
diameter of the nanoparticles; the former changes from -26.7 to -12.65 mV, and the latter increases from 36.8
to 162.8 nm. The data suggested the presence of the inclusion complex from B-CD molecules involved in the
AgNPs capping.

Other evidence for the detection of norfloxacin using B-CD/AgNPs was obtained from Raman spectroscopy.
The typical peaks of the powder drug were observed for norfloxacin in a solution of -CD/AgNPs, showing similar
positions and intensities. In particular, the disappearance of the peaks at 852 cm™ (due to the C-N vibrations),
and at 923 cm™ (due to C-H bending), indicated the formation of the inclusion complex of the drug with the B-
CD cavity on the nanoparticle surface.?> Conversely, the dominant peak at 1389 cm™ from the ring-stretching
vibration was found to be 17-fold higher than the corresponding peak observed in the spectrum of the AgNPs
in the absence of cyclodextrins. A schematic illustration of the norfloxacin/B-CD inclusion complex adsorbed on
the nanoparticle surface is presented in Figure 4.

AgNP

Figure 4. Schematic representation of the norfloxacin/B-CD capped AgNPs (not drawn to scale).

The advantages resulting from covering the AgNPs with B-CD could be enhanced by covalent interactions of
the macrocyclic structure with the silver surface. Generally, molecules having a thiol group allow covalent
bonding with the metal.®3%* This functionalization prevents particle growth and aggregation. Recently, mono-
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(6-mercapto-6-deoxy)-B-cyclodextrin was added to a B-CD/Ag solution with stirring to yield the final B-CD-S-
AgNPs.?> The shifting from 420 to 402 nm observed in the UV-vis spectra suggests that the covalently
functionalized nanoparticles are smaller in size in comparison to the B-CD/AgNPs, according to TEM analysis.
The investigated nanoparticles can be used as sensitive surface-enhanced Raman scattering (SERS) substrates
for the recognition of specific drugs, such as Losartan and Prazosin. Although molecules having small size could
be incorporated into the CD cavity in the place of the specific analyte, the method based on 3-CD-S-AgNPs seems
to limit the problem of the weak signal associated with the SERS electromagnetic mechanism.37:%¢-

An innovative and eco-friendly approach to obtaining AgNPs from CDs consists of applying synergistic
effects, in which both host and guest act as reducing agents, into to the inclusion complex. Curcumin (CUR), the
polyphenol responsible for the typical yellow color of turmeric, was previously employed as both capping and
reducing agent in the synthesis of AgNPs, however, organic solvents or chemical reagents were often required
to overcome the low solubility of the CUR molecules®”-*°, The association with cyclodextrin offers the advantages
of enhancing the anti-inflammatory, antimicrobial, and antioxidant properties of curcumin in solution, in the
absence of potentially toxic chemical mediators. The CUR:B-CD inclusion complex exhibits 1:1 and 1:2
stoichiometries according to the changes in the TH-NMR spectra of B-cyclodextrin after the insertion of the
guest. In particular, the chemical shifts of the internal protons of the B-cyclodextrin molecule H-3 from 3.643 to
3.790 ppm and H-5 from 3.606 to 3.679 ppm in addition to the disappearance of specific peaks related to
curcumin between 6.50 and 7.60 ppm, clearly indicated the inclusion of the aromatic rings into the B-CD
cavity.100

Recently, CUR was inserted into the cavity of hydroxypropyl-B-CD (HPB-CD), and the complex obtained was
added to silver nitrate in aqueous solution with boiling and stirring of the mixture for 3 h in the dark.'% The
yellow-brown color of the final solution confirmed the formation of CUR-HB-CD-capped AgNPs. TEM images
showed structures which were spherically shaped with a mean size of about 42 nm. Dynamic Light Scattering
(DLS) analysis indicated a hydrodynamic diameter of around 182 nm, and a polydispersity index of 0.196 was in
agreement with a uniform distribution of nanoparticles. Zeta potential measurements suggested a high stability
in solution due to the surface charge of -20 mV. All of these results seemed to indicate a distribution of CUR-HP-
B-CD as a surrounding layer on the silver surface, in agreement with the data from AgNPs synthesized by
reduction in the presence of curcumin.®”-102,103

The CUR-HP-B-CD-capped AgNPs were loaded into bacterial cellulose hydrogel and tested for their
antimicrobial and antioxidant properties. The broad spectrum antimicrobial activity shown against common
wound infections, and the high cytocompatibility observed for the investigated hydrogels, demonstrated their
potential use in wound-dressing applications.

4. Gamma-CDs/AgNPs

Generally, y-CD/AgNPs were prepared by mixing y-CD and AgNOs in aqueous solution, in the presence of NaOH
(to reach a final pH > 10) with stirring and heating up to 60-80 °C. The schematic synthesis of y-CD-capped silver
nanoparticles by chemical reduction is depicted in Figure 5.
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Figure 5. Schematic illustration of the synthesis of y-CD-capped AgNPs by reduction (not drawn to scale).

Recently, y-CD-capped silver nanoparticles were investigated as nanoprobes for the detection of pesticides
104 The nanoparticles afford high stability for at least 3 months under storage in the dark. Analogous capped Au
nanoparticles were also synthesized. The narrow surface plasmon band at 417 nm and mean diameter of 20 nm
observed by TEM and Atomic Force Microscopy (AFM) analyses indicated the presence of monodispersed and
spherically-shaped nanoparticles in solution. In addition, their zeta potential value of -38 mV suggests that
electrostatic repulsions between the surfaces hamper the aggregation process. The binding between the y-
CDs/AgNPs and chlorpyrifos (O,0-diethyl-O-[3,5,6-trichloro-2-pyridin-2-yl]-phosphorothioate) was studied to
develop a detection method for pesticides in fruits and vegetables. It was observed that increasing the
concentration of chlorpyrifos causes the SPR band of the y-CDs/AgNPs to gradually decrease, while a broad
shoulder appears between 450 and 700 nm due to the adsorption of the pesticide onto the nanoparticle surface.
Increasing the adsorbate-concentration aggregation occurs by changing the size and shape of the nanoparticles,
asindicated by the red shift in the UV-vis spectra, and the gradual change in the color of the solution from yellow
to orange to deep green. Finally, the structural and vibrational changes induced in the Raman spectra suggest
the deposition of mono- or multilayers of chlorpyrifos on the metal surface. These results are in good agreement
with those reported for the silver nanoparticles decorated with the inclusion complex formed by y-CDs and 1,5-
dihydroxynaphthalene. The obtained nanoparticles were tested as fluorescent probes for dual-metal ions.1%
The affinity of the y-CD rim for the silver surface was confirmed by the presence of the -OH stretching vibration
displaced at 3443 cm™ in the FT-IR spectrum. The SPR band at about 410 nm, and the TEM images, indicated
the existence of spherical nanoparticles. Moreover, the 3d splitting doublet of 5.89 eV in the X-ray Photoelectron
Spectroscopy (XPS) spectrum demonstrates that Ag is in its metallic state and supports the presence of y-CD and
silver in the composite.’®® The binding constant between the y-CDs/AgNPs and the fluorescent guest 1,5-
dihydroxynaphthalene was determined spectroscopically by the Benesi-Hildebrand equation.?’

Spherical and polyhedral y-CD/AgNPs can be prepared according to the method described by Premkumara
and Geckeler for the B-CD-capped AgNPs, and applied in a ternary system for the molecular recognition and
antibacterial activity of chloramphenicol.1 The yellowish-brown solution of the y-CD/AgNPs was obtained after
reaction at 30° C with stirring for 24 h. The SPR band centered at 412 nm, the diameter in the range 20-30 nm,
and the surface charge value of -30.1 mV were determined by UV-vis, TEM spectroscopy and zeta potential
analysis, respectively.

FT-IR spectroscopy was carried out to confirm the capping of CDs on the metal surface. In particular, the
peak at 1638 cm™! was assigned to the stretching vibrations of carboxylate groups from the oxidation of the
primary hydroxyl groups of the CDs to carboxylic acid during the reduction of Ag+ into Ag®in the synthesis of the
nanoparticles. The dominant peak at 1414 cm™! in the Raman spectra was also assigned to the symmetric
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stretching vibration of the carboxylate functional groups.®%1% Moreover, the high intensity of this peak and
presence of elemental silver carbon and oxygen in the EDX pattern could provide further evidence of
cyclodextrins anchoring onto the AgNPs surface.'® It was observed that the inclusion of chloramphenicol into
the obtained y-CD/AgNPs creates a synergic antibacterial effect. Changes in the Raman signals confirmed that
the encapsulation of the drug into the y-CD cavity involves the nanoparticle surface.'? The slight variations in
the zeta potential value, and hydrodynamic size measured by dynamic light scattering in the presence and
absence of chloramphenicol suggests that nanoparticle stability was independent of the drug loading.

5. Alfa-CDs/AgNPs

To the best of our knowledge, the use of a-CD as a stabilizing agent in the synthesis of silver nanoparticles by
chemical reduction is limited, and the addition of an external reducing agent is needed to carry out the reaction.
A green solution containing spherical, and relatively monodispersed a-CD/AgNPs having a SPR band at 382 nm
was obtained from an aqueous solution of a-CD and AgNOs in the presence of NaBH4 with stirring at room
temperature.'! XRD patterns pointed out the formation of a single face-centered cubic-phase silver metal. TEM
analysis highlighted the tendency of the nanoparticles for self-assembly into 1-D pearl-necklace aggregatesin a
1/10 diluted solution. This behavior was attributed to the generation of hydrogen bonds between the secondary
faces of the a-CD and the surface of neighboring nanoparticles, by assuming an interparticle distance of about
5 nm. A schematic illustration of the surface interaction between closed nanoparticles is presented in Figure 6.
It was also calculated that a single nanoparticle of about 5 nm can be covered by a layer of forty-four a-CD
molecules. In concentrated colloids, the steric repulsions due to the proximity of the a-CDs were overcome, and
complex networks formed from multiple interactions between the nanoparticles were observed.

AgNP AgNP

~5nm

Figure 6. Schematic representation of the rim-rim interactions between a-CDs on the silver surface (not drawn
to scale).

The adsorption of a-CDs on the AgNPs surface, and the capability to generate inclusion complexes with the
aminoglycoside antibiotic spectinomycin (SPT), were recently proposed.’? The a-CD/AgNPs were prepared
using sodium citrate as a reducing agent with heating at 120° C, and then coated with bovine serum albumin by
electrostatic interaction. The resulting yellow-green solution was composed of spherically-shaped, well-
dispersed nanoparticles with a mean diameter of 62 nm and SPR band at 425 nm, as observed by TEM images
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and UV-vis spectrum, respectively. The interactions between the SPT molecules and the cavity of a-CD on the
albumin-coated nanoparticles induced vibrational and rotational changes in the FT-IR spectra in which the peaks
at 1076, 1145, 1394, 1462 and 1648 cm™ were shifted to 1091, 1161, 1408, 1475 and 1653 cm™?, respectively.
Moreover, the presence of the drug included in the host-guest complex or covalently bound to the metal
induced strong enhancements of Raman signals by chemical and electromagnetic mechanisms.?®13 Peaks at
485, 1447, 1128, 1224, 1320, 1578 cm™* (due to ring breathing, C-N stretching, H-C-H deformation, and N-H
bending vibrations, respectively) were observed in the SERS spectrum of SPT in a solution of nanoparticles. The
guantitative analysis for detecting residual SPT traces in lamb and beef from treating bacterial infections, based
on the albumin-covered a-CD/AgNPs, was performed by monitoring the large peak area at 485 cm™ in the
Raman spectra. It was observed that the amount of adsorbed SPT, the mixing time with the drug, and the
nanoparticle aggregation degree could be taken into account to obtain the best performances.

The high affinity between a-CDs and nanoparticles was also observed in the case of AgNPs immobilized in
thermo-sensitive hydrogels prepared by copolymerization of N-isopropyl acrylamide and 2-acrylamido-2-
methyl-1-propanesulfonic acid, with N,N’-ethylenebis(acrylamide) acting as the cross-linker.''* The silver
nanoparticles were synthesized by adding pre-weighed hydrogels in AgNOs3 solution using NaBH4 as a reducing
agent. The changing of the hydrogel from colorless to black indicated the loading of AgNPs in the networks. The
mean size of 3.5 nm and a silver concentration of 1.6% (wt) were determined by TEM analysis, and inductively-
coupled-plasma atomic-emission spectrometry (ICP-AES), respectively. The catalytic effect of the system
obtained was tested in the reduction of 4-nitrophenol to 4-aminophenol in aqueous solution. It was observed
that the addition of a-cyclodextrin decreases the activation energy of the reaction and enhances the reduction
rate. This synergistic-effect result was attributed to the inclusion complex formed by 4-nitrophenol and a-CD on
the AgNPs surface of the hydrogel.

Innovative supramolecular systems based on a-CD as a porous liquid and chiral AgNPs were combined with
planar conjugated molecules to investigate the chirality-induction mechanism.'> The a-CD was prepared as a
liquid with permanent microporosity (a-CDPL) according to the procedure reported by Wang et al.,**® and mixed
with silver nitrate in aqueous solution with stirring at room temperature. Sodium borohydride was then added
with stirring for 10 min. The final solution of the a-CDPL-capped AgNPs (a-CDPL/AgNPs) showed a surface
plasmon resonance band at around 400 nm in the UV-vis spectrum, and crystal planes of face-centered cubic
phase of silver in the XRD pattern with mean size of about 168 nm in light scattering measurements. The
anchoring of the a-CDPL molecules to the metal surface occurs by involving the hydroxyl groups and the
carbonylic units as demonstrated by the shifts in the FT-IR spectra of a-CDPL/AgNPs 117,118

Analogously, B-CDPL/AgNPs and y-CDPL/AgNPs were synthesized using B- and y-CD porous liquids and
characterized. All of the investigated CDPL/AgNPs were optically active.''® An important goal was indeed
reached for a-CDPL in the presence of the supramolecular system composed of AgNPs modified with 4-
aminoazobenzene and L-cysteine. First, the silver surface was functionalized with L-cysteine according to the
chemical reduction method.'*® The subsequent reaction between the amino units of the azobenzene molecules
and the carboxylic groups of cysteine resulted in chiral silver nanoparticles having pH-dependent surface charges
(Azo/AgNPs). The surface plasmonic band at 386 nm and a positive band at approximately 400 nm can be
observed in the UV-vis and circular dichroism spectra, respectively. The presence of the azophenyl moiety on
the metal surface was determined spectroscopically. In particular, the appearance of the C=C vibration peak at
1482 cm?, and the changes of the area of the vibration peaks at 1618 and 1384 cm™, were due to the
introduction of the azobenzene derivative into the L-cys-modified AgNPs. Moreover, it was determined from
the integral area ratio between the peaks at 7.91 and 3.38 ppm in the *H-NMR spectra that about 22% of the
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carboxyl groups of the L-cysteine anchored on the nanoparticle surface reacted with the 4-aminoazobenzene
molecules.

The hydrodynamic size and surface charge of Azo/AgNPs in solution were measured in the pH range 3-10.
At pH values £ 7.5, aggregation was promoted, and positive zeta potential values could be determined due to
the dominant cationic form of the amino groups. At pH values > 7.5, the dissociation of the carboxylic units into
carboxylate anions takes place, and the nanoparticle surface becomes negatively charged.

In the presence of a-CDPL, the formation of the inclusion complex involving the azophenyl moieties of the
chiral Azo/AgNPs occurs, as confirmed by the chemical shifts of the H-3 and H-5 protons of the a-CDPL in the
'H-NMR spectra moving from 3.89 ppm and 3.73 ppm to 3.90 ppm and 3.74 ppm, respectively. Moreover, the
chemical shifts of the 3-, 5-, and 10-H of the azobenzene structure changed after its insertion into the a-CDPL
cavity based on a 1:1 stoichiometry (Figure 7).

.
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Figure 7. Schematic representation of the supramolecular system composed of Azo/AgNPs and a-CDs (not
drawn to scale).

The chiral-induction ability of the investigated nanoparticles was tested using methylene blue and indigo
carmine as probes. The sizes of the two planar molecules are too large to compete with azobenzene for the
cyclodextrin cavity. It was observed that strong host-guest interactions between a-CDPL and azobenzene units
on the silver surface enhanced the chirality of the Azo/AgNPs and the entire supramolecular system induced
chirality of the planar probes. The adsorption of methylene blue and indigo carmine on the nanoparticle surface
and their aggregation into twisted structures can be observed.*?° Furthermore, it was demonstrated that the
chiral environment of the supramolecular system can be fine-tuned by changing the pH of the solution.

6. Conclusions

The presence of a-, B-, and y-cyclodextrins during the synthesis of silver nanoparticles offers surface protection
by covering the metal nanoparticles. Chemical reduction of the Ag* ions by hydroxyl groups of the cyclodextrin
rims offers the advantage of avoiding reducing agents, and provides further protection in covering the
nanoparticles due to the CD carboxylic groups formed by oxidation. Different techniques can be employed to
characterize the final nanoparticles, highlighting the existence of interactions between the CD molecules and
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the metal surface. The formation of host-guest inclusion complexes in the proximity of the AgNPs could also be
successfully applied to molecular and ion recognition.

The role of cyclodextrins as stabilizing, reducing and complexing agents allows the modulation of the AgNPs
properties, leading to efficient, synergistic, and versatile systems for innovative applications in different fields.
To the best of our knowledge, only in the case of a-CD is the presence of an additional reducing agent required
to synthetize CDs/AgNPs. The versatility of a-CD was demonstrated in innovative supramolecular systems based
upon chiral AgNPs.
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