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Silver nanoparticles have attracted great attention owing to their distinct physicochemical properties, which
inspire the development of their synthesis methodology and their potential biomedical applications. In this
study, a novel cationic B-cyclodextrin (C-B-CD) containing a quaternary ammonium group and amino
group was applied as a reducing agent as well as a stabilizing agent to prepare C-B-CD modified silver
nanoparticles (CBCD-AgNPs). Besides, based on the inclusion complexation between drug molecules
and C-B-CD, the application of CBCD-AgNPs in drug loading was explored by the inclusion interaction
with thymol. The formation of AgNPs was confirmed by ultraviolet-visible spectroscopy (UV-vis) and X-
ray diffraction spectroscopy (XRD). Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) showed the prepared CBCD-AgNPs were well dispersed with particle sizes between
3-13 nm, and the zeta potential measurement result suggested that the C-B-CD played a role in
preventing their aggregation in solution. *H Nuclear magnetic resonance spectroscopy (*H-NMR) and
Fourier transform infrared spectroscopy (FT-IR) revealed the encapsulation and reduction of AgNPs by
C-B-CD. The drug-loading action of CBCD-AgNPs was demonstrated by UV-vis and headspace solid-
phase microextraction gas chromatography mass spectrometry (HS-SPME-GC-MS), and the results of
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Introduction

Nanomaterials, including metal/metallic oxide nanomaterials,
carbon-based nanomaterials, polymeric nanomaterials, nano-
composites, etc. have shown great potential in biomedical areas
due to their unique chemical, physical, and biological
properties.’ Among them, metal nanomaterials such as silver
nanoparticles (AgNPs) have been widely investigated and
employed in antibacterial, anticancer therapeutics, diagnostics,
drug delivery, biosensing, and other clinical/pharmaceutical
applications owing to their small particle size and large
surface area.*® Considering the potential application of AgNPs,
the preparation of AgNPs has attracted significant attention in
recent decades.” It has been found that the biological and
chemical properties of AgNPs are related to a series of param-
eters including size, shape, and stability, which depend mainly
on the methodology and conditions.*® Chemical reduction of
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TEM images showed the size increase of nanoparticles after drug loading.

silver salts, in the presence of chemical stabilizers and reduc-
tants, is the most common method for the synthesis of
AgNPs.'>'" However, the chemical method involves the use of
materials that may be toxic and hazardous to the environment,
with potential environmental and health concerns.”*™
Recently, several biocompatible compounds, such as polymers
and polysaccharides, have been used in the green synthesis of
nanoparticles under environmentally friendly conditions.*>"”
Cyclodextrins (CDs), a natural class of cyclic oligosaccha-
rides produced from starch degradation, have been applied in
the preparation of AgNPs.'*?° CDs can serve as a reducing agent
to reduce metal salts and bind to the surface of nanoparticles
via chemisorption, thus effectively stabilizing nanoparticles.*"**
Moreover, cyclodextrin derivatives have also been used in the
synthesis of AgNPs due to their better properties such as great
water solubility.”® A. Abou-Okeil et al.** used aminated B-cyclo-
dextrin for the preparation of AgNPs, and AgNPs with particle
sizes in the range of 1-9 nm were prepared under optimal
conditions. Cationic cyclodextrins have attracted interest
because of their high solubility and stability.>* The hydrophobic
cavity and the unique ionic effects expand their applications in
drug delivery and drug solubilization.>**” It has been reported
that materials containing polar groups (e.g., amines, hydroxyl
groups, and amides) are more suitable for stabilizing nano-
particles.?® Quaternary ammonium salts can stabilize Ag®
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nanoparticles through electrostatic interactions and steric
effects, and the halogen ions can stabilize the Ag® nanoparticles
through chelation.”® As far as we know, few studies have been
conducted to prepare AgNPs by using cationic cyclodextrins as
reducing and stabilizing agents. In addition, their different
complexation and solubilization capabilities make them an
ideal host to construct inclusion complexes with guest
molecules.*

Thymol (THY) is a phenol that mainly occurs in the essential
oils of thyme oil, oregano oil, clove basil oil, etc*'. THY presents
various biological activities, including antioxidant, anti-
inflammatory, and antitumor activities, especially antibacte-
rial properties, which show antibacterial and sensibility against
various types of bacteria and fungi.*”>** However, their poor
aqueous solubility, high volatility, and sensitivity to light and
heat greatly limit their application, hence it is significant to
break through these limitations.**** CD-modified AgNPs are
considered a promising platform to enhance the stability and
provide protection of THY from external conditions by host-
guest complexation, which could broaden their potential
biomedical applications.

In this study, C-B-CD functionalized AgNPs (CBCD-AgNPs)
were prepared and characterized, and THY/CBCD-AgNPs
nanocomposite was formed by the inclusion action of THY
with CBCD-AgNPs. Herein, C-B-CD serves as a reducing agent
and a stabilizing agent in the preparation of AgNPs, besides it
plays a part in loading THY molecule owing to its complexation
capabilities.

Experimental

Materials

Silver nitrate (AgNO;) and sodium hydroxide (NaOH) were
purchased from Sinopharm Chemical Reagent Co. Int. f-
Cyclodextrin (B-CD, 99%+) was purchased from Admas Chem-
ical Reagent Co. Int. p-Toluenesulfonyl chloride (TsCl, 99%) and
2,3-epoxypropyltrimethylammonium chloride (EPTAC, 95%+)
were purchased from General-Reagent Chemical Reagent Co.
Int. Thymol (THY, 98%) was purchased from Aladdin
Biochemical Technology Co. Int. Deionized water was obtained
from ultrapure water system.

Synthesis of C-B-CD

Two-step synthesis of DAP-B-CD: firstly, toluenesulfonyl-B-
cyclodextrin (Ts-B-CD) was prepared according to the procedure
reported in a previous work.*” Briefly, 50.0 g of B-CD was dis-
solved in 500 mL of 0.4 M NaOH solution (0-5 °C), then 35.0 g of
TsCl was added in batches within 5 min and stirred for another
30 min below 5 °C, after removing the unreacted TsCl by
filtration, the filtrate was neutralized to pH 8 with 3 M HCI and
stirred for 1 h. The resultant precipitates were filtered off,
washed three times with water, and finally dried under vacuum
at 40 °C. Synthesis of diaminopropane-p-cyclodextrin (DAP-p-
CD) was prepared following the procedure reported in
a previous **method: 4.0 g of Ts-B-CD was dissolved in 20 mL of
1,3-propanediamine and stirred at 80 °C for 4 h. Then poured
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into 250 mL of EtOH. The precipitates were collected by filtra-
tion and were washed by EtOH thoroughly. The solid was dried
under vacuum at 40 °C to obtain the DAP-3-CD.

C-B-CD was synthesized as follows: 0.6 g of EPTAC was dis-
solved in 10 mL of DMSO, subsequently, 4.5 g of DAP-B-CD was
dissolved in 10 mL of DMSO solution and added to the above
EPTAC solution, and then reacted at 80 °C for 4 h. Then poured
into 250 mL of EtOH. The precipitates were collected by filtra-
tion and were washed by EtOH thoroughly. The solid was dried
under vacuum at 40 °C to obtain the C-B-CD.

Preparation of CBCD-AgNPs

CBCD-AgNPs were synthesized by in situ reduction method
according to the reported method.* 5 mL of C-B-CD solution
(0.01 M) was added to 32.5 mL of water, and to which 2 mL of
NaOH (0.1 M) was gradually added under stirring. Upon heating
the solution to 60 °C, 0.5 mL of AgNO; solution (0.1 M) was
added dropwise, and the solution was further reacted for 1 h at
60 °C to obtain CBCD-AgNPs. The resulting AgNPs were
collected by centrifugation and washed three times with
deionized water.

Preparation of THY/CBCD-AgNPs composite

THY/CBCD-AgNPs complex solution was obtained by slowly
adding 5 mL of THY solution (0.01 M) to the CBCD-AgNPs
solution and stirring for 24 h at 25 °C. The resulting nano-
particles were collected by centrifugation and washed three
times with deionized water.

Characterization

'H-NMR spectrum was conducted on a Bruker Avance 600 M
NMR instrument by using D,O as solvent. FT-IR spectrum was
measured on a Nicolet 6700 Fourier external spectrometer. The
samples were mixed with KBr and pressed into pellets. A total of
32 scans were acquired, ranging from 4000 to 400 cm ' at
a resolution of 4 cm™'. The UV-vis absorption spectrum was
recorded by N60 Implen UV-visible spectrophotometer, and
samples for UV-vis spectra analysis were prepared by mixing
1 mL of the solution in 10 mL of water. XRD pattern was
measured on an XD6 X-ray diffractometer at 40 kV and 30 mA
with a scanning speed of 5° per min and a scanning range of 20
°-90° by using Cu Ka radiation (A = 0.1546 nm). TEM was
carried out on a JEM-1400 transmission electron microscope
operated at an acceleration voltage of 80 kv, the TEM samples
were prepared by placing a few drops of as-prepared sol on the
surface of the copper mesh covered with a carbon support film,
and dried at room temperature. The particle size distribution
was obtained from the TEM image with the Image] software.
Nanoparticle morphology was determined using a JSM-6510LV
scanning electron microscope. The samples were attached to
the conductive adhesive surface and observed at an accelerating
voltage of 15 kV. Zeta potential measurement was performed
using a Nano S90 Malvern Zetasizer at 25 °C, and the average of
the three test results was taken as the reported value. GC-MS
analysis was tested in Trace GC Ultra-ISQ MS with SPME
equipment.
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Results and discussion
Synthetic route and structure characterization of C-B-CD

C-B-CD was synthesized as shown in Scheme 1. The reaction of
B-CD with TsCl under alkaline conditions afforded Ts-B-CD,
which underwent nucleophilic substitution with 1,3-propane-
diamine to obtain DAP-B-CD. Finally, an epoxide ring-opening
reaction of EPTAC with DAP-B-CD afforded the desired C-B-CD.

The FT-IR spectra of the cyclodextrin derivatives were shown
in Fig. 1A. The characteristic peaks of Ts-B-CD at 1364.79 cm ™",
1178.90 cm™ ', and 650-900 cm ' disappeared from the DAP-B-
CD while showing N-H deformation vibration at 1570 cm ™,
and C-N stretching vibration peak at 1080 cm ™. These results
indicated that Ts-B-CD has been successfully converted to DAP-
B-CD by nucleophilic substitution reaction. In addition, the
cyclodextrin backbone of C-B-CD was retained with O-H
stretching vibration and N-H stretching vibration peaks at
3379 cm™ " and C-H stretching vibration at 2927 cm ™. Besides,
the N-H deformation vibration peak at 1570 cm ™" was weak-
ened, while the bending vibration of -CH; in the quaternary
ammonium salt substituent group appeared at 1413 cm ™, thus
confirming the EPTAC was incorporated onto -NH, of DAP-f-
CD and C-B-CD was successfully synthesized.

To further confirm the successful synthesis of the cationic
cyclodextrin, the specific characterization of DAP-B-CD and C--
CD was examined by "H NMR analysis. As shown in Fig. 1B,
DAP-B-CD showed signals at 5.07-3.64 ppm corresponding to
the cyclodextrin glucopyranose unit (H1-6), and the signals at
2.87-2.59 ppm, 1.74-1.60 ppm, and 1.60-1.60 were attributed to
the methylene of 1,3-propanediamine. These observations
provided strong evidence that the amino group of 1,3-pro-
panediamine was successfully substituted on cyclodextrin
backbones. C-B-CD showed the proton signal at 3.24 ppm rep-
resented the methyl of the quaternary ammonium branched
chain, the signals at 3.47-3.35 ppm referred to the H11-12 of the
cationic group, and signals appeared at 2.47-3.35 ppm that
resulted from the methylene of H7 and H9-10 that attached to
the N atom, which indicated the formation of cationic cyclo-
dextrin. *C NMR and MS analysis data can be found in the
ESIf.

NaOH,H20
'3
0~5°C,0.5h

TsCl

B-CD

C-p-CD

Scheme 1 The synthetic route of C-3-CD.
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Fig. 1 FT-IR spectrum of Ts-B-CD, DAP-B-CD, and C-B-CD (A), *H-
NMR spectrum of DAP-B-CD and C-3-CD (B).

Synthesis and characterization of CBCD-AgNPs

CDs are natural macrocycles composed of p-glucopyranose
units that have been exploited for the synthesis of AgNPs. Under
alkaline conditions, CDs can serve as a reducer and stabilizer,
catalyze the reduction of Ag" to metallic Ag’, and prevent
agglomeration of AgNPs.* Since cationic cyclodextrins have
different complexation and solubilization abilities compared
with other CD derivatives. The amino groups and quaternary
ammonium groups play a role in reducing and stabilizing
AgNPs. C-B-CD is an ideal reducing and stabilizing agent in the

DAP-B-CD

© 2023 The Author(s). Published by the Royal Society of Chemistry
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synthesis of AgNPs. The synthesis scheme of the CBCD-AgNPs is
illustrated in Scheme 2.

The reaction mixture showed color changes from initially
colorless to yellowish gray and eventually yellowish brown as
the reaction time increases, indicating the formation of CBCD-
AgNPs. UV-vis spectroscopy is widely applied for the charac-
terization of CBCD-AgNPs. Besides, it has been proposed that
the absorption peaks can characterize the surface plasmon
resonance effect of the nanoparticles, and the morphology of
AgNPs was correlated with the position of its maximum
absorption peak. The absorption peak appeared at 410 nm,
indicating that the prepared nanoparticles were roughly
spherical. The UV-vis absorption spectrum of the synthesized
CBCD-AgNPs is shown in Fig. 2a, the synthesized CBCD-AgNPs
exhibited a typical plasma band at 402 nm, which confirmed
the successful preparation of spherical AgNPs.

TEM and SEM were carried out to observe the morphology,
size, and dispersity of the fabricated CBCD-AgNPs. The SEM
image is shown in Fig. 2b, in which the nearly spherical AgNPs
were distributed in irregular plates. As shown in Fig. 2c, the
TEM image showed the CBCD-AgNPs were mainly subspherical
in shape. The histogram showed a narrow distribution of
particle size, as the particle size concentrated in the range of 3
to 13 nm, with an average particle size of 7.60 + 2.14 nm. It is
concluded that the lone pair of electrons on the N of the amine
group provided an electron source for the reduction of Ag" and
played a role in the reduction and complexation of Ag" in the
synthesis of CBCD-AgNPs. Besides, obvious agglomeration has
not appeared in the CBCD-AgNPs, it may be a result of the
positively charged quaternary ammonium group which pre-
vented the aggregation of CBCD-AgNPs through electrostatic
repulsion.

The crystal structure of CBCD-AgNPs was characterized by
the XRD technique. The XRD spectrum of CBCD-AgNPs showed
sharp peaks indicating good crystallinity of the synthesized
CBCD-AgNPs. The diffraction peaks at 38.18°, 44.40°, 64.80°,
77.96°, and 81.52° (Fig. 2d), corresponding to face-centered
cubic crystalline singlets (111), (200), (220), (311), and (222)
crystallographic planes of silver, further confirming the pres-
ence of CBCD-AgNPs. The quaternary ammonium cation group
modified in the C-B-CD structure may contain a certain
concentration of Cl ™, however, no diffraction peaks of AgCl were
found in the synthesized CBCD-AgNPs. It was speculated that
the hydroxyl group could compete with Cl~ for Ag* under the

AgNO,

C-g-CD

NaOH

CBCD-AgNPs THY/CBCD-AgNPs

Scheme 2 Schematic representation for the synthesis of CBCD-
AgNPs and THY/CBCD-AgNPs.
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protection of the cyclodextrin hydroxyl group and alkaline
conditions, allowing the CBCD-AgNPs to be stable.**

To investigate the interaction between C-B-CD and AgNPs, C-
B-CD and CPCD-AgNPs were determined by FT-IR (Fig. 2e). The
C-B-CD spectrum showed bands at 3377 cm™' (stretching
vibration of N-H and O-H), and 2929 cm ' (-C-H stretching
vibration), 1032 em ' (-C-O-C-glycoside bridge asymmetric
expansion vibration peaks), and the N-H deformation vibration
peak at 1570 cm ™. The spectrum of CBCD-AgNPs showed a red
shift of the O-H stretching vibration band at 3377 cm " to
3422 cm ™', indicating the deprotonation of the ~OH of C-B-CD
in alkaline solution, which facilitates the synthesis and stabi-
lization of AgNPs.*” The N-H deformation vibrational peak of C-
B-CD at 1570 cm ™" was slightly weakened, suggesting that the
amine group may interact with Ag" and participate in the
reduction and stabilization of AgNPs. Moreover, the peak that
appeared at 1626 and 1383 cm™ ' may be attributed to COO™
stretching vibration, which could be a result of the Ag-COO™
interaction. The hydroxyl groups of C-B-CD act as a reducing
agent to reduce Ag" to AgNPs, and they were self-oxidized to
carboxylic acid.* The primary OH-6 groups are more readily
exposed to the chemical environment compared to the
secondary hydroxyl groups, for the reason that one glucose OH-
3 group interacts with the adjacent glucose OH-2 group to form
intramolecular hydrogen bonds.**** Moreover, it has been re-
ported that, at pH 10-12, the secondary hydroxyl of B-CD is not
oxidized, and no dioxirane formation is formed,** which indi-
cates that the chemisorption occurs via these primary hydroxyl
groups.

The interaction between AgNPs and C-B-CD was investigated
using "H-NMR spectroscopy. The overlapping images of the "H
NMR spectra of both were shown in Fig. 2f, it was indicated that
the proton signals of C-B-CD appeared in CBCD-AgNPs
following a significant variation of chemical shift, which
attributed to the shielding effect of the interaction of AgNPs
with C-B-CD.

Zeta potential measurement is essential to test the stability
of CBCD-AgNPs in aqueous suspensions, and a zeta potential
less than —25 mV or greater than +25 mV usually has high
stability.** The synthesized CBCD-AgNPs showed a surface
charge of —34.43 + 0.84 mV, indicating that the CBCD-AgNPs
solutions were relatively stable.

Synthesis and characterization of THY/CBCD-AgNPs

CDs are extensively used in nanocomposites and metallic
nanoparticles as they may influence the characteristics of
nanoparticles, such as drug loading, solubility, stability, and
bioavailability.*” The C-B-CD has a characteristic structure and
unique ability, which allows it to form inclusion complexation
with drug molecules via the non-covalent interaction. Hence,
CBCD-AgNPs were employed in loading thymol (THY), a natural
phenolic compound with numerous biological activities, which
could enhance the solubility and bioavailability of THY. The
synthesis scheme of the THY/CBCD-AgNPs is shown in Scheme
2.

RSC Adv, 2023, 13, 7250-7256 | 7253
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Fig. 2 UV-vis spectrum of CBCD-AgNPs (a), SEM image of CBCD-AgNPs (b), TEM image of CBCD-AgNPs (c), XRD pattern of CBCD-AgNPs(d),
FT-IR spectrum of CBCD-AgNPs (e), 'H-NMR spectrum of CBCD-AgNPs and C-B-CD(f).

Fig. 3A shows the distribution of THY/CBCD-AgNPs in
a colloidal solution. 100 spherical nanoparticles were randomly
selected for the size statistics analysis, and the size distribution
histogram showed that the particle size distribution in the
whole solution ranged from 6 nm to 20 nm, with an average
particle size of 12.82 + 2.60 nm. The surface charge measured
for the THY/CBCD-AgNPs is —30.20 £+ 0.26 mV, which is rela-
tively decreased compared to the CBCD-AgNPs, indicating the
aggregation of nanoparticles that may be caused by the inclu-
sion of THY. The THY/CBCD-AgNPs samples were extracted by
ethanol ultrasonication, and the UV-vis spectra of THY and the
supernatant of THY/CBCD-AgNPs after centrifugation were
shown in Fig. 3B. The UV absorption characteristics of THY
were noticeable in the alcohol solution obtained after extrac-
tion, which proved the effective encapsulation of THY by CBCD-
AgNPs. HS-SPME-GC-MS analysis was applied to further verify
the inclusion of THY in CBCD-AgNPs, and the results are shown

in Fig. 3C, THY was detected and identified in THY/CBCD-
AgNPs samples at a retention time of 15.91 min (Fig. 3D).

Conclusions

Spherical and stable AgNPs were successfully synthesized using
C-B-CD as a reducing as well as a stabilizing agent. The abun-
dant hydroxyl groups and amino groups of C-B-CD could
effectively reduce and stabilize the nanoparticles under alkaline
conditions as indicated by UV-vis, XRD, FT-IR, and zeta poten-
tial measurements. In addition, the obtained CBCD-AgNPs were
employed in loading THY molecules by virtue of the inclusion
ability of C-B-CD. THY/CBCD-AgNPs were prepared and char-
acterized through UV-vis and HS-SPME-GC-MS. Hence, C-3-CD
plays a dual role in the synthesis of AgNPs and drug loading.
This work not only extended the application of cationic cyclo-
dextrin derivatives in the synthesis of metal nanoparticles, but
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Fig.3 TEM images of THY/CBCD-AgNPs (A), UV-vis spectra of THY/CBCD-AgNPs and THY (B), HS-SPME-GC-MS base peak chromatogram of

THY/CBCD-AgNPs (C), mass spectrum of THY (D).
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also investigated the drug-loading effects of cationic cyclodex-
trin functionalized AgNPs, which have potential biomedical
applications in antibacterial and drug delivery. Furthermore,
the positive charge possessed by the C-B-CD can be used for self-
assembly with negatively charged polymeric materials, thus
leading to the development of new materials with better
performance and multiple functions.
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