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Abstract

Cyclodextrins are naturally oligosaccharides which had cyclic glucopyrano-
side units even if six units to form a-cyclodextrin (a-CD), seven units
pF-cyclodextrin (B-CD) or eight units p-cyclodextrin (-CD) and some other
derivatives. It has a truncated cone shape with a hydrophobic cavity and a
hydrophilic from the external surface of cyclodextrins. Gold nanoparticles
incorporated with cyclodextrins enhanced optical and electrical properties of
the resulting conjugates, due to the gold nanoparticles’ unique physical and
chemical properties because of their surface plasmon resonance. Here is a re-
view of gold nanoparticles/cyclodextrin’s different applications including
sensing, antimicrobial effect, and their variable medical/pharmaceutical ap-
plications. Generally, gold nanoparticles and cyclodextrin conjugates showed
developed and pronounced advantages due to their biocompatibility and en-
hanced physical and electric properties.
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1. Introduction
1.1. Cyclodextrins

Cyclodextrins (CDs) are cyclic oligosaccharides which naturally obtained from
materials that contain starch by an enzymatic reaction to form at least six glu-
cose units to form a-cyclodextrin (a-CD), seven glucose units S-cyclodextrin
(B-CD) or eight glucose units )-cyclodextrin ()-CD), cyclodextrins are wa-
ter-soluble cyclic oligosaccharides with a truncated cone shape, tapered hydro-
phobic cavity length of 8.0 A and two rims of hydroxyl groups [1].

The external surface of cyclodextrins is hydrophilic that offers protons (H1,
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H2, H4, H6), whereas the inner cavity is hydrophobic due to the presence of
rings of C-H groups, and it offers (H3 and H5) [2]. The top and bottom diame-
ter of these cyclodextrins are 4.7 and 5.3 A for a-CD, 6.0 and 6.5 A for A-CD,
and 7.5 and 8.3 A for y-CD respectively [3]. Therefore, each of these cyclodex-
trins or their derivatives have their own ability to include guests of different po-
larity and dimensions, depending on the size compatibility of the guest and the
hydrophobic cavity of the host. Figure 1 shows a schematic diagram for differ-
ent cyclodextrins (CDs).

Cyclodextrins, calixarenes, cucurbit[n]urils, dendrimers, and other host sys-
tems have been used to accommodate guest molecules. However, cyclodextrins
have been shown to be the most popular macrocyclic host material. Coelho and
coworkers discussed encapsulation of guest’s molecules into host materials as a
major photo stabilization method for photosensitive materials. They reported
that cyclodextrins are the most used to encapsulate different guest molecules.
The great structural features of these materials enhance the catalytic and photo-
physical properties allowing them to be used in many pharmaceutical and cos-
metic products. Various guest molecules have been encapsulated into different
host molecules previously but with less frequency than cyclodextrins such as li-
posomes, lipid nanoparticles, polymeric nanoparticles, and mesoporous silica

nanoparticles [4].

1.2. Cyclodextrins and Its Applications

Das et al. studied the inclusion of insoluble drug (ibuprofen) in captisol (sulfo-
butylether sodium salt of 5-CD), the stability of this complex increases at double
distilled water if compared to phosphate buffer which its pH 7.2, at double dis-
tilled water ibuprofen is on the non-ionized form. They used two different tech-

niques to prepare the drug complex, and their results show improvement of drug
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Figure 1. A schematic diagram for different cyclodextrins.
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dissolution for the samples prepared by freeze-drying if compared to the knead-
ing technique. The drug- S cyclodextrin complex forms 1:1 stoichiometric inclu-
sion. Their results are based on Fourier transform infrared spectroscopy
(FT-IR), Differential scanning calorimetry (DSC), X-ray powder diffractometry
(pXRD), Scanning electron microscope (SEM), and Molecular docking studies
[5].

Adeoyea and coworkers used the supercritical CO,-assisted spray-drying
(SASD) technique to form a complex by inclusion of ibuprofen into hydroxy-
propyl- y-cyclodextrin (HP-)-CD), they used different methods to support their
results such as infrared spectroscopy (ATR-FTIR), X-ray diffraction (XRD), ul-
traviolet spectroscopy (UV), cross-polarization magic angle spinning nuclear
magnetic resonance (CP/MAS NMR), differential scanning calorimetry (DSC)
and morphological studies. Their results show a good, amorphous, with homo-
genous particle size and a clean formation of drug/polymer complex. They show
how a SASD technique can be a promising alternative for conventional spray
drying and other methods of CDs solid complex formation, as it is non-toxic,
more convenient for thermolabile preparation. The most important perspective
results for this technique are homogenous and controlled particle size, which is
with a great advantage to enhance pulmonary and nanoparticles drug delivery
complexes [6].

2R, 3R-Dihydromyricetin (DMY) is a natural flavonoid that has different bio-
logical activities, this DMY has low chemical stability and low water solubility,
these characteristics limit their applications in food and pharmaceutical fields.
Wu et al, show improved (DMY) solubility, stability, antioxidant, and li-
pid-lowering activities upon its inclusion using different cyclodextrins (a-f5 and
Y CDs) and their derivatives, these results are based on FTIR, PXRD, DSC, SEM,
and NMR analysis [7].

Guzzo and coworkers introduce a detailed study for the conformational
changes for the inclusion of Ketoprofen (Kp) in f-Cyclodextrin following it us-
ing NMR spectroscopy and its coloration with molecular dynamic simulations.
Following upfield and downfield shifts show a slight reduction in the angle be-
tween the two phenyl rings of ketoprofen and a significant reduction in the mo-
bility of the carboxyl group. The Kp/f CD complex shows improvement in its
photodecarboxylation upon UV exposure and less degradation [8].

Also, Yang et al studied the inclusion of mangiferin which has its role as a
hypoglycemic agent, an antioxidant, and an anti-inflammatory agent. Mangife-
rin inclusion in S-cyclodextrin and its derivatives such as hydroxypropyl- -
cyclodextrin (HPSCD), Sulfobutyl ether S-cyclodextrin (SBESCD) and mono
(6-ethylene-dismino-6-deoxy)-f-cyclodextrin (ENSCD). Their results show
good stability and solubility of the complexes in water [9].

Pereva et al. studied Ibuprofen inclusion in f cyclodextrin by a combination
of theoretical and experimental NMR (2D-ROESY) studies. The theoretical cal-
culations show that the less polar part of the ibuprofen is inserted into the cyc-

lodextrin cavity, their results also show stability of the formed complex even if
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the polarity of the solvents used is changed [10].

Capsaicin is used as a temporary relief of muscle or joint pain caused by
strains. Capsaicin topical cab is also used to treat nerve pain Ciulu-Costinescu et
al, improve its solubility by its inclusion by 1:1 molar ratio with a cyclodextrin
and study its effect as anti-microbial associated infection resulted from four dif-
ferent gram-positive and negative bacteria [11].

Naringenin is a flavonoid compound present in different citrus fruits, although
it has anti-inflammatory, antioxidant effects its clinical uses are limited due to its
poor solubility and stability. Guan et a/, study improvement of its clinical applica-
tion for pulmonary delivery by its inclusion into HpACD. They used different
techniques in their studies such as differential scanning calorimetry (DSC), proton
nuclear magnetic resonance (IHNMR), XRD, and two-dimensional rotating frame
Overhauser effect spectroscopy (2D ROESY) which confirm 1:1 stoichiometry
and complete inclusion of naringenin into a HBCD cavity. To show the cellular
uptake of the inclusion complex in-vitro study shows concentrated of naringe-
nin/HpBCD in the epithelium-lining fluid (ELF) of Calu-3 cells. Sprague-Dawley
(SD) rats were used for the pharmacokinetic in-vivo study [12].

Ivansyah et al used the density functional theory computational method to
study the inclusion of R and S omeprazole in S-Cyclodextrin, omeprazole used
as a medication for gastroesophageal reflux disease, peptic ulcer disease, and
Zollinger-Ellison syndrome. It is also used to prevent upper gastrointestinal
bleeding in certain patients. Their results show that the complexes formed by
van der Waals interaction and steric effect can be ignored as their amount is rel-
atively small [13].

Carneiro et al published a review discussing the role of cyclodextrin to en-
hance the chemical and biological characteristics of inclusion complexes as well
as increase their solubility and stability in aqueous solutions. These inclusion
complexes show a good bioavailability which makes cyclodextrins a very prom-
ising polymer that can be used in pharmaceutical area [14].

Gentili reported a promising different application of cyclodextrin as it is low
price oligosaccharide, environmentally biocompatible, and naturally degradation
compound. There are different approaches to use cyclodextrins first immobiliza-
tion onto inactive materials such as silica; second, immobilization onto nano-
materials such as graphene oxide and different nanoparticles; the third polyme-
rization with specific cross-linkers to form the so-called CD-based nanosponges.
This can be applied in different fields [15].

Garcia-Pérez studied the use of elicited plant suspension-cultured cells (PSCC)
with cyclodextrins (CDs) as an alternative method to produce bioactive com-
pounds such as polyphenols, cyclodextrins shift the homeostatic equilibrium of
the cells which eventually stressed the cells to produce more phenolics and fla-
vonoids compounds, as well as increased of scavenging activity of these active
compounds due to host-guest inclusion into cyclodextrin [16].

Paczkowska ef al Studied the tebipenem pivoxil (orally administrated antibi-
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otic) enhancement of its physical, chemical, and biological properties upon its
inclusion into S-CD. Forming host/guest complex physicochemical properties
enhanced tebipenem pivoxil solubility and thermal stability, as well as increased
its antibacterial activity and its prolonged release into the intestinal environment
[17].

de Almeida Magalhdes and coworkers studied the inclusion of nonpolar Eu-
terpe oleracea Mart oil (EOO) into S-cyclodextrin and its derivatives. Their stu-
dies are based on theoretical molecular modeling. Fourier transforms infrared
spectroscopy, X-ray diffraction, thermogravimetry analysis, differential scanning
calorimetry, and scanning electron microscopy. They also study its antibacterial
activity against four different bacterial strains Escherichia coli, Streptomyces au-
reus, Pseudomonas aeruginosa, and Enterococcus faecalis which shows enhance
of the antimicrobial response of the inclusion complex against these bacterial
strains. This inclusion introduced and developed new drugs and pharmaceutical
forms towards its application in medicine [18].

da Cunha Trajano reported the slow delivery system of doxycycline (DOX)
inclusion in p-cyclodextrin (DOX)/ACD) compared to DOX alone in a gel.
These results show a promising application for the Dox inclusion in S CD in the
dentistry field as this complex enhances and increases bone density due to DOX
anti-inflammatory effect [19].

Santos et al. studied the inclusion of xanthine into HP-3-CD which has a large
cavity volume. Xanthine is a group of alkaloids commonly used as a mild stimu-
lant and as a bronchodilator, particularly in the treatment of asthma or influenza
symptoms. Their results are based on the analysis of the molecular mechanisms
for the complex formation by examining their density, molar volume, viscosity,
temperature, and diffusion coefficient [20].

Cordycepin is a very important medicinal compound used for antitumor,
which has been found to exert anti-angiogenic, anti-metastatic, and antiprolifer-
ative effects, as well as inducing apoptosis. Zhang et al study its inclusion into
cyclodextrins as its purine group is deeply inserted into the CDs cavity and form
1:1 stoichiometry. These results were obtained by using different spectroscopic
techniques such as UV-Vis, FTIR and HNMR, in addition to DSC, SEM, XRD,
ESI-MS techniques [21].

Ren et al. increased the water solubility and light stability of rubropunctain as
an anticancer drug upon its inclusion in water-soluble f-cyclodextrin. These re-
sults are based on FESEM, FTIR and XRD. Their results also show an increase of
rubrropuncatin cell viability when tested on Hela cells as the use of an organic
solvent such as DMSO to dissolve this chemotherapy drug was eliminated [22].

Ko and coworkers introduce a new antitumor active complex to treat HER2-
positive breast cancer. This hos/guest complex delivers both Herceptin and dox-
orubicin into cancer cells upon conjugation with S-CD and carbon-based nano-
particles. A high concentration of antitumor drugs was released into the cancer
cells were triggered due to glutathione’s high concentration and low pH level at

cancer cells. These results were confirmed by cell viability tests, confocal laser
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scanning microscopy, and in-vivo animal studies [23].

Bezamat et al studied the inclusion of pramoxine which is a local anesthetic
agent used in clinical operations to eradicate pain. The use of pramoxine is li-
mited as its chemical structure has a morpholine ring which makes it less soluble
in water as well as its invitro toxicity. Inclusion of pramoxine at hydroxy-
propyl- f-cyclodextrin (HP-$-CD) shows 1:1 molar ratio, as its aromatic ring is
embedded into the Hp-f-CD cavity. These results were confirmed using differ-
ent methods such as X-ray diffractogram, 1H NMR (DOSY), Also bioavailability
increases upon inclusion if compared to pure pramoxine, as it returned human
erythrocyte hemolysis [24].

Moradi et al studied the inclusion of Thyme oil into different cyclodextrins
and its derivatives as methyl- -, hydroxypropyl-#- and y-cyclodextrin. These in-
clusion compounds were incorporated into pH-sensitive chitosan/polyvinyl al-
cohol hydrogel with good mechanical and swelling characteristics. This hydro-
gel/inclusion complexes system can be used as wound dressing which has a con-
trolled release of the drug and shows good antibacterial activity, specifically the
inclusion in p-CD if compared to S-CD as regarded to antibacterial activity [25].

Andriotis et al. reported cyclodextrin/chitosan/propolis complexes used as an-
timicrobial wound dressing film. These patches show good cytocompatibility
and antimicrobial, also enhanced skin surface hydrophobicity, opacity and me-
chanical characteristics [26].

Fenyvesi and coworkers published a review article discussing the cyclodex-
trins application in the food industry. Cyclodextrins are test-less, order-less,
non-caloric and non-cariogenic saccharides which non or partially digested by
gastrointestinal tract enzymes and fermented by the gut micoflora, so they can
be used as dietary fibers for body weight and blood lipid profile control. So,
these cyclodextrins are anti-obesity and anti-diabetic compounds, their mechan-
ism of action as bioactive food supplements based on; first their action as solubi-
lizers and stabilizer for dietary lipids such as unsaturated fatty acids, vitamins,
flavonoids, carotenoids, and phytosterols; second is its reduction for trans-fats
allergens, acrylamides, and mycotoxins [27].

Pourreza et al. used D-limonene and fS-carotene to determine the concentra-
tion of S-cyclodextrin using dispersive liquid to liquid microextraction spec-
troscopic method. They tested different PH, nature, and volume of the sample
solution and report 4 X 10~ mol-L™" as a detection limit for ACD in solution
[28].

Siva et al. introduced ultrasonic as high efficiency and environment friendly,
and less energy consuming method for preparation of some low solubility essen-
tial and applicable oils derived from medicinal plants such as cuminaldehye and
isoeugenol. The antibacterial effect of the prepared complexes was tested against
gram-positive and gram-negative bacteria and showed its bioavailability.

Using different oils as an alternative natural drug and it’s used in different
food, pharmaceutical, and cosmetic industries, these oils suffer from their low
solubility in aqueous solution, low stability, and evaporation. da Silva Junior et
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al. present a review for cyclodextrin inclusion in these oils to overcome its ap-
plication limitation in different fields. The inclusion of these natural oils en-
hances its solubility in aqueous solution and minimizes its photodegradation
which eventually increases their stability. These oils/CDs complexes show very
promising antibacterial and antioxidant effects which may use in textiles and
nanofibers industries [29].

Banerjee and coworkers studied both ground state and excited state energy
transfer from C6-f-cyclodextrin complexes (C6-5-CD) to graphene oxide (GO)
which is a good electron receptor. This C6--CD/GO can be used as an energy
collecting antenna, by using cyclic voltammetry to confirm ground state energy
transfer, and excited-state energy transfer results by using steady-state and

time-resolved fluorescence spectroscopy [30].

2. Gold Nanoparticles

The study of metallic nanoparticles started decades ago because of their unique
optical properties. The photophysical properties of metallic nanoparticles result
from the fact that when electromagnetic radiation excites the electron of par-
ticles, it induces coherent, resonant oscillations of the free electrons in the na-
noparticles. These oscillations are known as surface plasmon resonance. This is
quantitatively described by Mie theory [31].

The surface plasmon resonance of noble metals such as gold nanoparticles
(GNPs) influences their unique properties, such as electric field enhancements,
nano-antenna characteristics, massive light scattering/absorption, and photo-
thermal or photochemical conversion capabilities. Among the metallic nanopar-
ticles, gold nanoparticles are very important because of their biocompatibility
which is useful in biomedical applications [32].

The plasmon surface plasmon resonance depends on the nanoparticles’ geo-
metries, as shown in Figure 2. For example, spherical gold nanoparticles have
one surface plasmon around 520 nm which depends mainly on their diameter.
Changing the spherical nanoparticles diameter from 10 to 100 nm changes the
plasmon surface plasmon resonance position by only 50 nm [33], also Link and
El-Sayed studied the relation between the bandwidth and the size of nanopar-
ticles and revealed that an inverse relationship has been observed when the na-
noparticles are less than 20 nm in diameter. Interestingly, a proportional rela-
tionship also was observed when the size of nanoparticles is larger than 20 nm
[34]. The results confirm Mie theory regarding to the linear dependence of ab-
sorption coefficient with the volume of the nanoparticles [34]. Gold nanopar-
ticles can be synthesized in different shapes nanorods, cubes, stars, etc. Gold
nanorods have anisotropic plasmon resonances related to electron oscillation
along with two different directions, the transverse surface plasmon resonance
(TSPR) around 520 nm due to electron oscillation along with the short axis and
the longitudinal surface plasmon resonance (LSPR) which can be tuned from

600 to 1100 nm due to the electron oscillation along with the long axis.
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Figure 2. Surface plasmon resonance oscillations in spherical and rods gold nanopar-
ticles.

The LSPRs of gold nanorods make them superlative candidates for biomedical
imaging and therapeutic applications because they act as light absorbers above
600 nm, where the need for near-infrared light which has larger penetration
depth for biological applications is necessary, hence the light in the region be-
tween 650 - 900 nm has several centimeters penetration depth depending on the
type of the tissue [35].

Few review articles have been discussed the incorporation of gold nanopar-
ticles into cyclodextrin materials. We herein present a review article discussing
the incorporation of gold nanoparticles and cyclodextrin and its applications in
different fields such as sensing, antimicrobial and medical/pharmaceutical. The
incorporated gold nanoparticles conjugates are very promising eco-friendly, low
cost and available conjugates. The incorporation of gold nanoparticles and cyc-
lodextrins enhances the physical and chemical properties that can be used in

different applications.

3. Gold Nanoparticles/CDs Sensing Applications

Jiang et al. has been determined that thiolated S cyclodextrin functionalized gold
nanoparticles with reduced graphene oxide can be used for electrochemical
sensing of acetaminophen and ofloxacin. The detection limits for them were 0.03
puM and 0.008 pM (S/N = 3) respectively. It also showed a wide linear detection
range, high stability, and reproducibility. Acetaminophen is used for the treat-
ment of arthralgia, neuralgia, cephalalgia, cancer pain, headache, backache, and
postoperative pain. However, the overdoses of it cause liver and kidney prob-
lems. Ofloxacin has a broad antibacterial activity counter to gram-positive and
gram-negative bacteria, so it can be used for the treatment of respiratory, uroge-
nital, and gastrointestinal infections [36].

Shin ef al. used a molecular imprinted system prepared from acryloyl-modified
pF-cyclodextrin (B-CD), acrylamide (AAm), and N, N-methylenebisacrylamide
(MBAA), and imprinted with bisphenol A (BPA) as shown in Figure 3 and Fig-
ure 4. The synthesized imprinted system has been utilized to sense bisphenol
that is widely used in polycarbonate production and epoxy resin. It effects the
human health endocrine system and therefore bisphenol is important to detect

its amount in the environment.
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Figure 3. Fabricating a BPA-imprinted electrode using acryloyl-CD, BPA, AAm, and
MBAA [37].
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Figure 4. Fabricating a color-changeable molecular imprinting system for detecting BPA
(37].

The detection of bisphenol can be achieved by two ways, first using potenti-
ometry and then color change of the hydrogel system from blue to red, when
bisphenol rebound as the membrane contracted by 35% and the color changed.
The molecular imprinted system detected the bisphenol at a concentration of 0.5
mM with a detection limit 0.1 mM on the visual sensor and 50 uM using poten-
tiometry [37].

Detection of bisphenol also reported by Yun and coworkers has been utilized
microwave heating method followed by electrodeposition to modify glassy car-
bon electrode an electrochemical sensor. The sensor is based on S cyclodextrin
functionalized reduced graphene oxide gold nanoparticles nanocomposite and is
used for ultrasensitive detection of bisphenol. The synthesized nanocomposite
was characterized using Raman spectroscopy, UV-Vis spectroscopy, imaged us-
ing SEM, and further characterization by using XRD. Cyclic voltammetry and
differential pulse voltammetry were used to study the proposed sensor. The re-
sults at different real samples show good linearity at a concentration range from
0.01 to 50 puM, a detection limit to 0.003 uM, good stability, and repeatability
[38].

Luo et al have been introduced an electrochemical sensor to detect Tetra-
bromobisphenol A (TBBPA), which used in buildings materials, plastics, printed
circuit boards so it is widely presented in water, soil, animals, and human. The
increased levels of TBBPA had a toxic effect on the liver, immune, and nervous
system. The electrochemical sensor based on Cetyl Trimethyl Ammonium Bro-

mide (CTAB) functionalized gold nanoparticles-thio-fS-cyclodextrin/graphene
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oxide modified glassy carbon electrode. Different sizes of gold nanoparticles
were tested, and the optimum enhancement was detected for the smallest size of
6.2 nm which effectively accelerate the electron transfer through the sensor sys-
tem. They also tested the effect of different pHs and the accumulations time on
the TBBPA detection. The results have been illustrated a good agreement with
the results obtained from high-performance liquid chromatography HPLC. The
best pH condition was at pH = 7 and the accumulation time = 180 s. the elec-
trochemical sensor showed a low detection limit 1.2 x 10~ mol-L™" with good li-
nearity [39].

In addition, Manickam and coworkers synthesized a biocompatible hydrogel
network integrated with gold nanocubes (AuCNs) as a biosensor to detect hy-
drogen peroxide (H,0,) as shown in Figure 5. Detecting the change of Hydro-
gen peroxide levels is very important that it is involved in cytochrome ¢ which is
a redox-active hem protein present in the mitochondrial membrane, and it par-
ticipates in electron transfer reactions of the mitochondria. Also, hydrogen pe-
roxide is one of the most stable reactive oxygen species that can penetrate the
cell membrane and cause excessive damage to the cell proteins. Graft
co-polymerization of S-cyclodextrin and chitosan to form the hydrogel network.
The presence of gold nanocubes improve the hydrogel conductivity (1.2
mA-mM™.cm™), biosensor sensitivity with a low detection limit (15 x 10~ M)
for hydrogen peroxide, and its cell biocompatibility [40].

Yadave et al. developed a chemo-visual sensor based on in suite synthesis of
gold nanoparticles into cyclodextrin derived polymer (cross linked cyclodextrin)
as shown in Figure 6. This polymer act as reducing agent to form small gold

nanoparticles less than 15 nm and it also act as stabilizer for its surface. When

Yo\
HO MPA Cytc  AuNCs  CS-g-B-CD hydrogel
(b)

Figure 5. Steps involved in the fabrication of the AuNCs integrated hydrogel biosensor

system: Immobilization of the cyt c on AuNCs (a), and integration of the enzyme immo-
bilized AuNCs into the hydrogel network [40].
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Figure 6. Schematic showing a probable mechanism for detection of (a) Cysteine and (b)
SDDC using AuNS@CDPA [41].

sulfated compounds such as cysteine and SDDC (sodium diethyldithiocarba-
mate) attached to the gold surface due to its affinity to sulfur its color changed
from red to blue. The gold nanoparticles were imaged using scanning and
transmission microscopy. They suggested that the role of cyclodextrin as am-
phiphilic structure is to entrap the sulfated compounds and to agglomerate the
gold nanoparticles. The sensor showed linearity in the range of 0.01 - 0.25 uM
for SDDC and Cysteine with detection limits values of 0.05 and 0.07 pM respec-
tively [41].

Neri et al. used cyclodextrin as reducing agent and stabilizer for the synthesis
of gold nanoparticles, the direct reduction of Au’* to Au’ to form gold nanopar-

ticles by cyclodextrin is an alternative to chemical synthesis of gold nanopar-
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ticles. In-suit gold nanoparticles were incorporated on graphene to improve its
optoelectronic properties [42].

Kapan and coworkers used drop casting method to modify the surface of gra-
phite electrode surface. The electro-biosensor detected catechol in the linear
range of 1.56 uM - 25 uM catechol concentration with a limit of detection of 0.42
UM and sensitivity of 2.094 pA-uM™".cm’. Catechol used in different applications
and effects on the nervous system [43].

Wu et al developed electrochemical biosensor to detect low-density lipo-
protein (LDL) which causes atherosclerotic cardiovascular diseases. S-cyclodextrin
used as receptor for lipoprotein via different binding mechanisms such as elec-
trostatic, van der Waals forces, hydrogen bonding and hydrophobic interactions.
The gold nanoparticles were deposited on stainless steel electrode to enhance the
electrochemical measurements for the biosensor. The f-CD-Au modified sensor
exhibited a high selectivity and sensitivity (978 kQ-uM ™) toward LDL [44].

4. Gold Nanoparticles/CDs Antimicrobial Applications

Olmo and coworkers discussed the bacterial contaminations affecting different
biomaterials used in health care even for a massive number of medical devices
such as heart valves, urinary catheters, and in implantations such as dental im-
plantations, contact, and intraocular lenses and knee and hip joints. Generally,
this bacterial infection is treated by using antibiotics but the antibiotic resistance
inside the biofilm still problematic. They reviewed antibacterial coating to over-
come these biomaterials infections to avoid their drawbacks which eventually
effect human health. Cyclodextrins were used as a system to release antimicrobi-
al substances [45].

Raquel et al introduced a review discussing different encapsulated systems
used for food packing against microbes. Cyclodextrin and some metallic nano-
particles used as a Packing system. By encapsulation of different host materials
into the CDs cavities the host optical and catalytic properties are improved,
among the improver’s properties of the guest molecules water solubility, protec-
tion against volatilization, oxidation, and heating. It also can be used for con-
trolled release of host molecules out of cyclodextrin packing system. Using the
cyclodextrins are with great advantages as it is low cost and biocompatible as it is
a natural oligosaccharide, and it is non-toxic [46].

Bindhu and coworkers used p-cyclodextrin to synthesis and functionalize
monodispersed uniform gold nanoparticles , their results were confirmed by us-
ing FTIR and UV-Vis microscopy and imaged by transmission electron micro-
scopy, these functionalized cyclodextrin gold nanoparticles tested in many ap-
plications such as antibacterial action through inhibition of bacterial growth of
E. coli and S. aureus in water, sensing of heavy metal as copper and photocata-

lytic degradation of textile dye in waste water [47].

5. Gold Nanoparticles/CDs Medical Applications

Qu and coworkers reported a redox responsive controlled release drug delivery
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system, mesoporous silica nanoparticles act as a vessel for the drug molecules
and it was modified by ferrocene derivative groups, and gold nanoparticles func-
tionalized by pS-cyclodextrin which act as pore blockers for mesoporous silica
nanoparticles, as shown in Figure 7. This blocking mechanism occurs when the
ferrocene, molecules formed a stable interaction complex with p-cyclodextrin
under redox conditions (uncharged ferrocene and its derivatives), while at oxi-
dation conditions ferrocene transfers to the hydrophilic group (charged ferro-
cene) and therefore leave the hydrophobic cavity of p-cyclodextrin and hence
loaded drug releasing. This system was tested through the addition of H,0, as an
oxidizing agent. The potential use of gold nanoparticles to be loaded with dif-
ferent drugs or molecules in addition to its functionalization with S-cyclodextrin
gives the reported system a potential use in in-vivo studies [48].

Trapani and coworkers synthesized modified thiolated cyclodextrin bearing
on average one thiol group at the end of an oligoethylene glycol chain per cyclo-
dextrin unit. This modified thiolated cyclodextrin was characterized by NMR
spectroscopy and MALDI analysis. The thiolated cyclodextrin was then attached
to gold nanoparticles and used for controlled release of dopamine (neurotrans-
mitter). The release of dopamine was tested using cyclic voltammetry upon sti-
mulated the nano hybrid system by redox and digestion agents [49].

Qiu et al. introduced a safe and effective gene therapy system that depends on
p cyclodextrin modified dendrimer entrapped gold nanoparticles as shown in
Figure 8. The vector system is used as cargo to deliver two therapeutic interfer-
ing RNA (siRNA), first (B-cell lymphoma/leukemia-2 (Bcl-2) siRNA and second
vascular endothelial growth factor (VEGF) siRNA) to glioblastoma cells. The
entrapped gold nanoparticles keep the conformation of the dendrimer, also S
cyclodextrin enhanced the cytotoxicity and the release of siRNA from endo-
somes after cellular uptake. Their results showed good cellular uptake of siRNA
delivered by the modified gold cyclodextrin system. This modified system en-
hanced the gene silencing to inhibit the expression of Bcl-2 and VEGF proteins

and hence can be used as a gene therapy system. Gene therapies nowadays

oxidant

. MSN-Fc ‘ Au@SH-CD ¢ FITC , Fc-CHO

Figure 7. Schematic diagram of the redox responsive controllable release system based on
the functionalized MSN and AuNP [48].
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Figure 8. A Schematic illustration of the gene delivery process [50].

consider as a very promising technique for cancer therapy, using RNA interfe-
rence used to silencing the specific genes which regulate cancer cells or are in-
volved in its cell division, it is also bio-safe compared to the viral one, simple to
be synthesized, and easily modified to be targeting specifically to cells. The need
for a cargo or a delivery system for such promising siRNA is a must as it has a
negative charge which repulsed by the negatively charged cell membrane [50].
Pestovsky and Martinez studied the controlled and long release of capsaicin
by its inclusion into S cyclodextrin. This inclusion overcomes the low solubility
and gastrointestinal irritation capsaicin drawbacks which limits its use. Capsai-
cin is a strong spicy component in “hot” chili peppers which used for the treat-
ment of obesity, osteoarthritis, diabetic neuropathy, post-therapy, and posther-
petic neuralgia. It is also an inhibitor of platelet aggregation, induces apoptosis
in cancer cells and it has an analgesic effect. They studied the capsaicin release
from the inclusion complex for two days at water and acetonitrile and the pres-
ence of gold nanoparticles improve this controlled prolong release of the capsai-

cin and similar low molecular weight drugs [51].

6. Conclusion

Gold nanoparticles and cyclodextrins are very interested complexes that optim-
ize the advantages of both. This review articles present the different applications
of gold nanoparticles incorporated with cyclodextrins in such as first biosensing
of different drugs such as acetaminophen ofloxacin, and sulfate-based drugs, as
well as the detection of low-density lipoprotein. Second, we reported the envi-
ronmental hazards detection of GNPs/CDs complexes for bisphenol, Tetrabro-
mobisphenol A, H,0O,, catechol and heavy metals. The biological effects of
GNPs/CDs complexes include forming antibacterial coatings used in food pack-

ing and in pharmaceutical applications for controlled release of different drugs
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such as dopamine, ferrocene derivatives, and capsaicin also reported. Cancer
gene therapy dendrimer is considered one of the very promising medical appli-

cations for gold nanoparticles cyclodextrin dendrimer.
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