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ABSTRACT

Cyclodextrins are water-soluble oligosaccharides formed by the action of cyclodextrin glucosyl
transferase enzyme (CGTase) on the medium containing starch. Cyclodextrins are proven to be a
cost-effective breakthrough in the pharmaceutical industry by formulating them with polymers and
drugs to improve the safety, bioavailability, and solubility of APIs. This review describes the current
status and advancement of cyclodextrin research in drug delivery. The use of cyclodextrins to
improve the solubility and dissolution properties of poor water-soluble products has been reviewed
exhaustively with a specific focus on their physicochemical property, practical methods, toxicity, the
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INTRODUCTION

Cyclodextrin (CD) is an oligosaccharide produced
throughenzymaticstarchconversion'. Onstarch-containing
media, the enzyme cyclodextrin glucosyltransferase
(CGTase) produces cyclodextrin. Polysaccharide with
sixD-(+)-glucopyranose units bondedto o (1 - 4) linkages.
The outer shell of cyclodextrin is hydrophilic, while the
core is relatively hydrophobic. Cyclodextrin is a fine
white crystalline powder with a pleasant, sweet taste
and no odour. In both solid and liquid states, inclusion
complexes are formed by the diffusion of guest molecules
into cyclodextrin cavities®®. A wide range of industries
use CDs, including pharmaceuticals, medical devices,
cosmetics, food and chemicals. These are typically found
in tablets, eye drops and ointments. The drug’s solubility
is critical to it's bioavailability. The drug discovery process
and a clinical trial process both require this method. The
chemical structure of many newly developed medications
contribute to their limited solubility in water. A wide
variety of methods is used to enhance solubility, including
solid dispersion, salt generation, co-solvency, micellar

solubilization, as well as CD complexation, nanosizing
and particle engineering®.

Recently, lipid drug delivery methods or nano-
emulsions have been studied>®. Each of these traditional
solubilization techniques has disadvantages in solubilizing
ability, patient acceptance and safety’?.

Inthis article, itis shown that cyclodextrins are utilized
widely to increase the aqueous solubility of drugs with
low water-solubility.

Historical background

Thistype of CD is made up of 6 or more glucopyranose
units that are linked by a bond of a- (1->4). The enzyme
CD glucosyltransferase® initiates intramolecular
transglycosylation events from starch breakdown (Fig. 1).

Villiers made the initial discoveries in 1891, while
studying the action of butyric ferment Bacillus amylobacter
on potato starch'®. Villiers observed a crystalline material
he termed “cellulosine.” “Crystallized dextrin o” and
“Crystallized dextrin 7 were isolated by Schardinger
in 1903, and afterwards were termed as Schardinger
dextrins'. From 1930 to 1970, enzymatic CD processing
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Table I: Pharmaceutical products containing cyclodextrin®' %2

Drug

Cyclodextrin type

Trade name

Country

SOLUTION

Alprostadil (PGE1)

a-cyclodextrin

Provastatin®

Japan, Europe, and
USA

lodine

B- cyclodextrin

Mena-Gargle®

Japan

Piroxicam

B- cyclodextrin

Cicladol®

Europe and Brazil

INTRAVENOUS SOLUTION

Alprostadil (PGE1)

o~ cyclodextrin

Rigidur®

Japan, Europe, and
USA

Voriconazole

Sulfobutylether-B- cyclodextrin

Vfend®

Europe and USA

Ziprasidone mesylate

Sulfobutylether-p- cyclodextrin

Geodon®, Zeldox®

Europe and USA

Tc-99m teoboroxime

2-hydroxypropyl-y- cyclodextrin

Cardiotec®

USA

TABLET

OP - 1206

a- cyclodextrin

Opalmon®

Japan

Cefotiam hexetil hydrochloride

a- cyclodextrin

Pansporin T®

Japan

Cephalosporin (ME 1207)

B- cyclodextrin

Meiact®

Japan

Chlordiazepoxide

B- cyclodextrin

Transillium®

Argentina

Nimesulide

- cyclodextrin

Nimedex®

Europe

Omeprazole

B- cyclodextrin

Omebeta®

Europe

Piroxicam

B- cyclodextrin

Brexin®

Europe and brazil

Tiaprofenic acid

- cyclodextrin

Surgamyl®

Europe

CAPSULE

Benexate hydrochloride

- cyclodextrin

Ulgut®, Lonmiel®

Japan

CREAM

Dexamethasone

- cyclodextrin

Glymesason®

Japan

SUBLINGUAL TABLET

Diphenhydramine hydrochloride,
Chlorotheophylline

- cyclodextrin

Stada-Travel®

Europe

Nicotine

- cyclodextrin

Nicorette®

Europe

Nitroglycerin

B- cyclodextrin

Nitropen®

Japan

PGE2

B- cyclodextrin

Prostarmon E®

Japan

CHEWING GUM

Nicotine

B- cyclodextrin

Nicogum®

Europe

SUPPOSITORY

Piroxicam

B- cyclodextrin

Flofene®

Europe and Brazil

Cisapride

2-hydroxypropyl-B- cyclodextrin

Prepulsid®

Europe

INTRAMUSCULAR INJECTION AND ORAL SOLUTION

ltraconazole

2-hydroxypropyl-B- cyclodextrin

Sporanox®

Europe and USA
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INTRAVENOUS INFUSION

Mitomycin 2-hydroxypropyl-B- cyclodextrin Mitozytrex® Europe and USA
OPHTHALMIC SOLUTION
Chloramphenicol Methyl-B- cyclodextrin Clorocil® Europe
Diclofenac sodium 2-hydroxypropyl-y- cyclodextrin Voltaren® Europe
NASAL SPRAY
17pB-estradiol Methyl-B- cyclodextrin Aerodiol® Europe
INTRA-ARTERIAL INJECTION
PGE1 a-cyclodextrin Prostavasin® Japan
SACHET
Piroxicam B- cyclodextrin Cicladol® Italy
LIQUID
Hydrocortisone HPB-CD Dexacort® Island
ltraconazole HPB-CD Sporanox® Belgium
Chloramphenicol MpB-CD Clorocil® Portugal
17-p-Estradiol MpB-CD Aerodiol® France
RECTAL
Cisapride - cyclodextrin Coordinax® Belgium
ORAL SACHET
Nimesulide B-cyclodextrin Mesulid Fast® Italy
TABLET INHIBITOR
Omeprazole B-cyclodextrin Omebeta® Germany
EYE DROP
Diclofenac Na HPy-CD Voltaren ophtha® Switzerland
INTRAMUSCULAR INJECTION
SBEB-CD Zeldox®, Geodon® USA

Ziprasidone mesylate
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Fig. 1: Cyclodextrins: Formation and types (a, B, and y-cyclodextrins chemical structure)®
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Table II: Recent patents in cyclodextrin

US Patent
Number

Title

Remark

10,933,083

Hydroxypropyl beta-cyclodextrin
compositions and methods

Hydroxypropyl beta cyclodextrin had been used as
pharmaceutical ingredient and for the treatment of
Niemann-Pick disease Type C

10,888,621

Injectable tissue adhesive hydrogel
including gamma-cyclodextrin and
biomedical use thereof

Excellent cell viability and used for adhesion of a
skin incision

10,882,023

Porous cyclodextrin polymeric materials
and methods of making and using same

The polymeric cyclodextrin had been usedto remove
the organic contamination from water

10,876,099

Preparation and application of cyclodextrin
glucosyltransferase mutant

The CGTase is used in industrial production and
purification

10,874,609

-cyclodextrin-based star-shaped polymer,
a preparation method thereof and an
integrated unimolecular micelle system for
diagnosis and treatment thereof

B-cyclodextrin star shaped polymer is used for the
treatment and diagnosis

10,869,884

Cyclodextrin based polymers, methods,
compositions, and applications thereof

Improved biocompatibility, retention time, prolonged
duration of action in cells, and increased efficacy
in treating a variety of kidney diseases

10,842,883

Aqueous oral solution of steroid hormones
and hydroxypropyl-beta-cyclodextrin with
optimized bioavailability

Formulated drug-cyclodextrin complex for oral
administration to achieve effective plasma
concentration

10,799,599

Inhalant formulation containing sulfoalkyl
ether cyclodextrin and corticosteroid

The formulation is employed in an improved
nebulization system for administering drug by
inhalation

10,709,730

Hydroxypropyl beta-cyclodextrin
compositions and methods

Hydroxypropyl beta cyclodextrin used as
pharmaceutical ingredient and for the treatment of
Niemann-Pick disease Type C

10,646,586

Aqueous oral solutions of steroid hormones
and hydroxypropyl-beta-cyclodextrin with
optimized bioavailability

Formulated drug-cyclodextrin complex for oral
administration to achieve effective plasma
concentration

10,646,532

Method of preparing water extract of
Ashwagandhaleaves which has enhanced
anti-cancer activity utilizing cyclodextrin,
andpharmaceuticalcompositioncontaining
Ashwagandha leaves

Formulated drug-cyclodextrin complex for anti-
cancer activity

10,633,462

Manufacturing process for cyclodextrin
derivatives

It provides cyclodextrin derivatives in substantially
shorter time and with fewer side products than
previous processes

10,398,785

Pharmaceutical compositions containing
taxane-cyclodextrin complexes, method
of making and methods of use

Formulated drug-cyclodextrincomplex for parenteral
administration to treat cancer patients

10,363,316

Pharmaceutical formulation comprising
NSAID and cyclodextrin

Formulated drug-cyclodextrin aqueous solution
spray for throat

10,239,961

Cyclodextrin

It produces material with a high average degree
of substitution and enables the production
of sulphobutylether. Beta-cyclodextrin small
manufacturing footprint
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10,195,227 |Method of using cyclodextrin Prevention and cure of obesity, metabolic syndrome, | 108
and diabetes related complications
10,188,664 |Injectable pharmaceutical compositions | Studied the effectiveness of hydrophobic drug and | 109
compromisinga cyclodextrinahydrophobic | cyclodextrin through injectables
drug, a co-solvent, and a preservative
10,182,567 |Cyclodextrin compositions, articles, and | Cyclodextrin composition is useful to cure the| 110
methods packaging of respiring plant materials
9,949,946 |Inclusion complexes of pinocembrin with | It improves the neurobehavioral injury and relieve | 111
cyclodextrin or its derivatives the decreasing degree of the cerebral blood flow in
the cortex medium-sized arterial blood-supplying
area
10,149,912 |Dehydrated hydrogel inclusion complex |Formulated controlled release biodegradable| 112
polymer for the administration of bioactive agents

was researched. Each round of a linear polysaccharide
contains a. (1->4)- -linked glucose units''. This is called
cyclic dextrin™. Sicard and Saniez examined the ability
of Bacilli, Micrococcus, and Klebsiella strains to produce
CDs. Splicing enabled the building of more sophisticated
and active CGTases for o/p/y CDs after the 1980s. Other
innovative technologies permitted the assembly of highly
distilled, a, B and y CDs as medicinal excipients. The
crystal structures of o, B, and y CD were determined in
1948,

Cramer demonstrated how CDs might act as refuge
molecules, ready to shape reversibly complex molecules
absorbed into their interior cavity, giving birth to inclusion
complexes. In 1965, the French determined the structure
and thus size of the & -and e dextrins along with the {-and
n -dextrins (9-12 residues)'®.

Types of cyclodextrins
o cyclodextrin-It has 6-component sugar ring
molecules; itis moderately irritating after IM injection,
it attaches lipids.

B cyclodextrin-It has a 7-membered sugar ring
molecule that binds cholesterol. It is less irritating
than a cyclodextrin after IM injections.

y cyclodextrin-It has an 8-membered sugar ring
molecule, with an absorption rate of 0.1 per cent after
oral administration.

The physicochemical properties of cyclodextrin are
exhaustively described in the literature.

Cyclodextrin toxicity

Natural cyclodextrin and its derivatives were
designated by the USFDA asinactive substances and are
now accepted as excipients in pharmaceutical products'®.
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Routes of delivery influence cyclodextrin toxicity. Oral
administration of natural cyclodextrins is safe and well
tolerated. Because they are resistant to human amylase,
oCD and BCD are easily metabolized by gut microflora.
However, aCDs and BCDs are excreted intact in feces',
whereas yCD is degraded by gut bacteria. Parenterally
given cyclodextrins are promptly removed from the body
without being metabolized. CDs and certain of their
derivatives are unsuitable for intravenous use. Their
recrystallization and buildup in kidney tissues induces
nephrotoxicity'®. Natural CDs and BCDs are substantially
more hazardous than their water-soluble derivatives.
The use of surface active methylated cyclodextrins is
limited. Safe cyclodextrins in parenteral solutions include
hydroxypropyl and sulfobutylether'>. RMBCD cytotoxicity
inbuccal mucosawas assessed by 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide. The inflammatory
effects of 10% RMBCD vary on the exposure time. 2%
and 5% RMBCD are safe for buccal medication delivery
systems'®. Some commercial products including nasal
sprays (Aerodil)® and eye drops (Clorocil)® include
methylated cyclodextrins (RMBCD). MepCD'” can remove
cholesterol from triglycerides. Aqueous settings may
have favored native cyclodextrins. Compared to native
cyclodextrins, yCD exhibits lower lipid extraction selectivity.
The quantity of -CH, methyl_ groups in the CD molecules
affects extraction of cholesterol from cellmembranes. The
ionic replacement of methyl group'® reduces the extraction
of cholesterol. CDs are not surfactants. They generate
lipid complexes outside of membranes rather than
inside. aCD and BCDs show a temperature-dependent
aggregation and unfolding tendency in some proteins'®.
The cyclodextrins have hemolytic action in vitro, which
is explained by the low concentration of CD. This occurs
post-parenterally. Cyclodextrins are said to have negligible
hemolytic activity in vivo.
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Applications in drug delivery

Nano and micro-particles can significantly affect
the pharmaceutical application in the drug/CD complex
formation. They can help drug distribution across
biological membranes. The solubilizing abilities of nano-
and microparticles are important. Particle generation
occurs in aqueous cyclodextrin solutions. As a result,
they act more like liposomes, microemulsions, and nano-
suspensions than solutions. Water-soluble polymers can
help CDs complex in medicinal excipients by stabilizing
nanoparticles and micelles. Aqueous solubilization of
cyclodextrins and drug/CD complexes is improved by
adding organic acid salts. It is thought that the salts
associate with the nanopatrticles, causing themto become
soluble and less likely to combine with other particles to
produce larger ones that precipitate out of the solution.
When Unstirred Water Layer (UWL) is present, itimproves
lipophilicmembrane permeability, butwhen UWL is absent,
CDs decrease drug permeation?.

The mucus layer of the gastrointestinal system
enhances total drug permeability of the permeability
barrier?'. Although not established, some lipophilic
medicines diminish interactions and thereby promote
drug penetration into the mucus layer?. The ability to
distribute medications to specific organs is another
benefit of drug/aggregate-drug complexes. Hair
follicles can get medications from nanoparticles and
liposomes. Hair follicles also have clear medication
solution concentrations®. In vitro investigations have
demonstrated no substantialimprovementin drugdelivery
as determined by drop concentrations, whereas aqueous
skin testing shows an extraordinary tenfold increase in
topical bioavailability*24.

Inclusion complexes

Cyclodextrins are a major class of inclusion
complexes?. Cyclodextrins partially orcompletely encase
any medication; modify drug delivery location and/or time
profile; reduce or eliminate bad taste and odour; avoid
drug-drug or drug-excipient reactions; convert liquid
medications to microcrystalline or amorphous powder.

CDs must be able to build inclusion complexes. Host-
guest complexes can be formed using a wide variety
of solid, liquid, and gaseous substances. It is retained
within the cyclodextrin host by a dimensional match?®,
Host-guestinclusion complexes can have better chemical
or biological characteristics than host molecules alone.

Chemical compoundsthatare poorly water soluble are
often made more water soluble by adding cyclodextrins

12

CDs?”. The ensuing non-covalent inclusions or host
complexes are of contemporary scientific and technical
interest. In addition to increasing water solubility, non-
covalent interactions can also govern guest molecule
release. Hydroxypropyl-pB-cyclodextrin, a hydroxyl
derivative, is a more water-soluble and less toxic
alternative to parent cyclodextrins. HP-p-cyclodextrin has
been used in medicine, pharmaceuticals, and agriculture
since it was originally approved by the FDAZ.

Method of preparation of cyclodextrin complex
Conventional techniques- co-grinding method,
kneading method, solvent evaporation, melting
method, co-precipitation methods.

Comparatively newer techniques- spray drying,
lyophilization, hot-melt extrusion.

Co-precipitation method

Co-precipitation method creates aninclusion complex.
This is followed by an aqueous CD solution containing
the guest. Heating dissolves additional cyclodextrin if the
molecule accepts it. Hydration of complex precipitates
following filtering or centrifugation is common. This
relies on the guest’s chemistry and the likelihood of
complexation?,

Solvent evaporation method

By using the solvent evaporation method, a drug-
B-cyclodextrin combination is prepared using two molar
ratios: 1:1 and 1:2. A mixture of drug and B-cyclodextrin
molar weights as per the ratio is prepared. This solution
is then lyophilized at — 45°C and 0.5 torr, and the dry
residues are gathered and put in a vacuum desiccator
overnight®. In another reported method, in a round
bottom flask, drug and a CD are mixed with water. A
three-day cooling-off period is allowed for the solution.
A rotary vacuum evaporator is used to dry wet solvents
and lyophilize them®.

Kneading method

A CD paste is made using a small amount of water.
The guest is assembled and processed for grinding
without using any solvent or ethanol. When the solvent
evaporates, the complicated shape becomes a powder.
For large-scale kneading, extruders or other machines
are necessary. The amount of water and time required
to remove the paste varies?63"%2,

Melting method

The inclusion complex is prepared by merely
melting a significant excess of guests and inserting
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cyclodextrin in a stable state; the reaction mixture
is stirred. After cooling, the excess is eliminated by
vacuum sublimation®.

Co-grinding method

On modest scales, a simple mix of some guests with
the CD cantrigger inclusion complex development; on big
scales, a granulator is required to prepare complexes. If
the guests are oils or liquids, this kind of kneading is best
performed at room temperature. It takes a long time and
doesn’t guarantee a fair complexation®.

Co-evaporation method

It is obtained by taking a desired quantity of drug,
dissolving it in an organic solvent, stirring it slowly
with a magnetic stirrer at a high temperature, and then
evaporating the resulting aqueous solution containing
cyclodextrin and then the complex shaped would appear
as a dried mass®.

Spray drying

Itisacommon pharmaceutical application procedure
for converting a liquid to a dry powder. The CD is either
dissolved or suspended in hot water and vigorously
agitated. One part CD to ten parts water is standard. The
guest, either as is or dissolved is added. Spray drying the
produced solution separates the complexes. Precipitation
must be closely monitored to avoid blocking the atomizer
orspray nozzle. Drying conditions must be optimized when
volatile guests are present to reduce losses.

As a result, this technique is not suited for guest
molecules which are easily agitated. Spray drying is still
utilized to prepare CD complexes in solutions. The biggest
drawback of this approach is the low final product yield®.

Lyophilization method

Under the newer methods for producing cyclodextrin
complexes, first, the cyclodextrin is dissolved in solution,
and then the complex is prepared in an aqueous phase
with the aid of continuous stirring and then filtering the
cyclodextrin to -80 °C. The lyophilization method of the
final product obtained is the cyclodextrin drug inclusion
complex®.

Hot-melt extrusion method

Hot-melt extrusion method was reported to show a
more effective mixing ability than co-grinding, freeze-
drying, and heat treating. Due to aggregated particles
and a reduced surface area for dissolution, co-grinding
and freeze-drying samples have a reduced drug release
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rate. Unlike hot-melt extrusion, which has no aggregated
particles and virtually no change in drug release rate,
hot-melt extrusion increases drug release properties and
solubility without using solvents®.

Advantages of CD complex

Some developed forms are possible in almost any
dosage form through the usage of CD complexation
techniques. Ithas beenshownthat CD inclusion enhances
bioavailability of substances delivered by ocular, topical,
nasal and rectal routes in addition to oral and injectable
forms.

There are several drugs from Class I (glibenclamide,
glimepiride, nimesulide, etc.) and Class IV (e.g.,
furosemide) which require the addition of complexes
to make them more solubility and stable.

In general, solubility and dissolution rate improvement
are expected to enhance cyclodextrin complexation
enhancement process bioavailability.

The lipid barrier at the absorption site can also be
changed by CDs, resulting in better drug absorption.
A CD’s ability to form membrane complexes such
as cholesterol, PLs, and proteins may explain their
impact on the lipid barrier.

Among the significant benefits of CD complexation
is the enhancement of the guest’s chemical stability,
whichincludes the ability to resist oxidation, photolysis,
and hydrolysis®’.

Limitations of the CD complexion

Despite some benefits, there are still several
limitations to the CD complexation.

There must be a possibility of complex formation
between the compound and the ligand. To begin
with, there is a limited ability to improve solubility for
substances with minimal solubility.

For the complexes of Ap type, dilution of a system
may still result in precipitation. It is also possible to
precipitate Ap form complexes when the system is
diluted. Solubilization through combined techniques
like complexation with pH adjustment can produce
the same results.

Itis possible that the presence of ligands could add to
the complexity and cost of the development process
because of toxicity concerns, regulatory issues, and
quality management issues.

Itis alwaysimpossible to achieve a solubilization effect
with a minimal amount of CDs since complexation
efficiency is always abysmal®’.




APPLICATIONS

Due totheir unique properties, cyclodextrins are used
as complexing agents forfood and cosmetics, agriculture,
environmental, chemical, analytical and pharmaceutical
industries.

Agricultural and chemical industries

CD complexes are used in agricultural compounds
such as pesticides and growth regulators®. Reduced
pesticide instability, improved solubility, light stability
and biochemical stability are just a few of the various
uses and benefits of CD has identified in agriculture®.
The latest strategies use CDs as growth regulators to
transition experimental crops to medium-sized crops. In
the literature, CDs are used to enhance mycelium growth
in desert truffles (Terfezia claveryi), increasing colony
diameter, growth rate and fresh weight. However, the use
of CDs as a carbon source is sometimes omitted*’. Today,
isomers and enantiomers are separated by HPLC or gas
chromatography. These methods utilize immobilized
CDs or derived supramolecular structures as stationary
phases. CDs also help to accelerate reactions, eliminate
waste and aid processes®.

Environmental field and research

CDs have a very significant role to play in the
environmentalfield. These are utilizedin avariety of areas,
such as soil, water, and environment solubilization, and
reduce organic and heavy metal contaminants*'2. In this
regard, they have been usedin soil washing procedures**45
forthe full elimination of toxins and the processing of CDs.
Butterfield et al. showed how B-CD contains and extracts
vapor phase polycyclic aromatic hydrocarbons (PAHSs)
that minimize their volatilities*. «, p and B-CD derivatives
(RANDOMB-CD, CRYSMEB, HPB-CD, SBEB-CD) are
used to trap toluene in processes of bioremediation and
phytoremediation of contaminated soils*"8. Bardi et al.
have demonstrated how in situ PAH bioremediation is
enhanced by associating 3-CD with phytoremediation*.

Foods and flavours

CDs have several uses in the food business. Due to
their favorable toxicological characteristics, a-CD and
v-CD do not have any defined limit of Acceptable Daily
Intake (ADI) unlike B-CDs (defined limit of ADI in foods is
5 mg kg day)*°. B-CD forms inclusion complexes with
lipids, colours, and colourants. In addition to removing/
suppressing unwanted elements like taste and odour, they
can also control the release of certain food components
overtime. CDs canalsobe usedto preserve and minimize
food odours. The use of CDs gives an alternative to
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typical encapsulation technologies for the safe storage of
volatile liquids®'. Forexample, aspartame is stabilized and
enhanced by cyclodextrin complexation2. CDs can also
hide unpleasant flavours like harsh grapefruit juice3® or
coffeed*. CDs%%¢ stabilize water-in-oil emulsions like salad
dressing ormayonnaise. 0.2 % B-CD is also used toretain
food colours like tomato ketchup. CDs to cheese, meat,
and emulsified foods®® enhance growing time and water
preservation of food items. Most commonly, it is used to
remove cholesterol from animal foods. CD-treated items,
like eggs and dairy products, have 80% less cholesterol®’.
In frying, CDs and free fatty acids can strengthen fats,
reducing haze, foaming, browning, and buildup on leftover
oil surfaces®®. Because of their limited water solubility and
unpleasant taste, flavonoids and terpenoids cannot be
utilized as food. These compounds’ characteristics were
discussed by Tommasini et al*®. Another key application
is to minimize residual organic volatile contaminants and
improve barrier qualities of CD packaging materials. By
reducing the degradation of flavour components, CDs or
antimicrobial agents complexed with CDs can improve
microbiological safety during storage. Adding essential
oils, to chitosan film enhances its antibacterial capabilities
for active food packaging®®!.

Pharmaceutical applications

A drug must be hydrophobic to pass through cell
membranes, while also being soluble in water to ensure
membrane release®. In solution, CDs can transfer
hydrophobic medicines to bio-membranes (like mucous
membrane of eye cornea and skin)®. For example,
HPB-CD enhances corneal permeability by solubilizing
and transferring hydrophobic ganciclovir prodrug to the
corneal surface®*. Notonly are CDs non-irritating, butthey
also protect active substances from hydrolysis, oxidation,
heat, and sunshine. CDs’ impact on smells and flavour
masking are both important parameters. Acceptable
palatability is important for pediatric patients®5%. For
example, oxyphenonium bromide®” can be neutralized
by cyclodextrin complexation.

Because CDs are complexed or scattered, their
apparent solubility and dissolution rates improve. CDs
are also capable of functioning as release enhancers®e.
Theophylline, naproxen, and ketoprofen are released
from inert acrylic resins more efficiently when they are
complexed with BCD %70, Shewale et al. focused on the
effects of pH and HPB-CD on carvedilol solubility and
stability, finding that it is often improved by adding HPj3-
CD or pH reducing agents™.

CDs are commonly utilized in nanosystems as
molecularvalves™. Temperature, redox, enzyme, and light
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allinfluence the reversible transition of open to closed nano-
valves. The mesoporous surface has supramolecular nano-
valves made of B-CD-functionalized monobenzimidazole.
Silica nanoparticles have been used to study p-coumaric
acid release, tumor-specific medication delivery and smart
anticorrosion coatings’. The antibacterial efficacy of
pipemidic acid-p-CD complex against E. coliand S. aureus
was reported to be greater than that of pipemidic acid
alone™. Moreover, the usage of CDs improves medication
solubility in the aqueous climate™’¢. The bioavailability
of A9-THC following sublingual administration of A9-
THCB-CD complex powder is larger than that following
oral administration of ethanolic A9-THC solution”. Many
medications, including neuroleptics, anti-inflammatory
treatments, and antibiotics, cause erythrocyte hemolysis as
aside effectthatis covered by CDs. This safety may be due
to alower effective concentration of the chemical in contact
with the membrane™. Proteins and peptides can also form
CD complexes, increasing the size of the drug molecule”#°.
Adding CDs slows the hydrolysis catalysed by glycoside
linkages in digoxin®'. Cyclodextrins can resolve racemic
mixtures®. Inclusion complexes govern the dissociation of
its components based onthe relevance ofthe corresponding
stabilizing constant. Notably, medication potency remains
unchanged. A drug’s optimum binding constant range:
CD complexes is 0 to 1000 M &, In solution, cyclodextrin
complexes typically agglomerate. CDs self-assemble
to create nanospheres, nano-reservoirs, micelles, and
nanogels, which are effective drug delivery systems®-,
These complexes tend to be more successful in delivering
medicines topically than standard eye drops®’.

New therapies for chronic renal disease combine
polycationic cyclodextrin nanoparticles with small
interfering RNA to deliver gene-specific silencing
to glomerular mesangium, decreasing glomerular
aggregation®. The initiative therapeutics for rare and
neglected diseases has led to the adoption of HPB-CD
as a potential orphan medicine in clinical practice for
Niemann-Picktype C1 disorder (NPC1). HPB-CD appears
to be important in avoiding unesterified cholesterol and
associated lipid aggregation in neuronal cell lines®.
Recentresearch has shown that cyclodextrin can slow the
spread of leukemic cells by suppressing tyrosine kinase
activation, indicating its potential as an anticancer agent®.
In the pharmaceutical business, cyclodextrin is used to
change medication properties®-® (Table ).

Recent patents in cyclodextrins

An inventor receives a patent when a sovereign
authority grants him intellectual property rights. Because
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of exhaustive research on cyclodextrin based drug
delivery, several patents on cyclodextrin have been
awarded and are reported in Table Il.

CONCLUSION

Apart from application in various other industries,
CDs are commonly used in pharmaceutical formulations,
drug delivery systems and formulations. The time-tested
safety profile with cost effectiveness makes the CDs a
vital component to improve solubility, dissolution and
permeability of APIs for pharmaceutical industry. The
scientific community is working on exploring its role in
site-specific drug delivery and for nanoparticle
development to prepare more effective dosage forms
and delivery systems.

ACKNOWLEDGEMENTS

Authors humbly acknowledge the research project
grantunder CRS (CRS/19/RC15) provided by UGC-DAE
Consortium for Scientific Research, Kolkata, India. Authors
acknowledge the support of Dr Abhijit Saha, Director,
UGC DAE-CSR Kolkata and Dr Sudhindra Rayaprol,
Scientist-G, UGC DAE-CSR Mumbaifor extending support
during the research work.

REFERENCES

1. Morin-Crini N., Fourmentin S., Fenyvesi E., Lichtfouse E., Torri
G., Fourmentin M. and Crini G.: History of cyclodextrins. 2020.
Springer, Cham., pp. 1-93
Bocanegra-Diaz A., Mohallem N.D., Novak M.A. and Sinisterra
R.D.: Preparation of ferrofluid from cyclodextrin and magnetite.
J. Magn. Magn. Mater., 2004(5), 272, 2395-2397.

Szeijtli J.: Cyclodextrin technology. Springer Science & Business
Media, Singapore, 2013.

Charumanee S., Okonogi S., Sirithunyalug J., Wolschann P.
and Viernstein H.: Effect of cyclodextrin types and co-solvent on
solubility of a poorly water-soluble drug. Sci. Pharm., 2016, 84(4),
694-704.

Krsti¢ M., Popovi¢ M., Dobri¢i¢ V. and lbri¢ S.: Influence of solid
drug delivery system formulation on poorly water-soluble drug
dissolution and permeability. Molecules, 2015, 20(8), 14684-
14698.

Lu R, Liu S., Wang Q., and Li X.: Nanoemulsions as novel
oral carriers of stiripentol: insights into the protective effect and
absorption enhancement. Int. J. Nanomed., 2015, 10, 4937.

Gelderblom H., Verweij J., Nooter K. and Sparreboom A.:
Cremophor EL: the drawbacks and advantages of vehicle selection
for drug formulation. Eur. J. Cancer, 2001, 37(13), 1590-1598.
Kraut J.A. and Kurtz |.: Toxic alcohol ingestions: clinical features,
diagnosis, and management. Clin. J. Am. Soc. Nephrol., 2008,
3(1), 208-225.

Szejtli J.: Introduction and general overview of cyclodextrin
chemistry. Chem. Rev., 1998, 98(5), 1743-1754.

Crini G.: A history of cyclodextrins. Chem. Rev., 2014, 114(21),
10940-10975.




Loftsson T.and Duchéne D.: Cyclodextrins and their pharmaceutical
applications. Int. J. Pharm., 2007, 329(1-2), 1-1.

Saenger W.: Cyclodextrin inclusion compounds in research and
industry. Angew. Chem. Int. Edn. 1980, 19(5), 344-362.

Muankaew C. and Loftsson T.: Cyclodextrin-based formulations:
a non-invasive platform for targeted drug delivery. Basic Clin.
Pharmacol. Toxicol., 2018, 122(1), 46-55.

Lumholdt L.R., Holm R., Jergensen E.B. and Larsen K.L.: In vitro
investigations of a-amylase mediated hydrolysis of cyclodextrins
in the presence of ibuprofen, flurbiprofen, or benzo [a] pyrene.
Carbohydr. Res., 2012, 362, 56-61.

Motoyama K., Toyodome H., Onodera R., Irie T., Hirayama F.,
Uekama K. and Arima H.: Involvement of lipid rafts of rabbit red
blood cells in morphological changes induced by methylated
-cyclodextrins. Biol. Pharm. Bull., 2009, 32(4), 700-705.

Boulmedarat L., Bochot A., Lesieur S. and Fattal E.: Evaluation
of buccal methyl-B-cyclodextrin toxicity on human oral epithelial
cell culture model. J. Pharm. Sci., 2005, 94(6), 1300-1309.
Leroy-Lechat F., Wouessidjewe D., Andreux J.P., Puisieux F. and
Duchéne D.: Evaluation of the cytotoxicity of cyclodextrins and
hydroxypropylated derivatives. Int. J. Pharm., 1994, 101(1-2),
97-103.

Kiss T., Fenyvesi F., Bacskay |., Varadi J., Fenyvesi E., lvanyi
R., Szente L., Tésaki A. and Vecsernyés M.: Evaluation of the
cytotoxicity of B-cyclodextrin derivatives: Evidence for the role of
cholesterol extraction. Eur. J. Pharm. Sci., 2010, 40(4), 376-380.

Prashar D., Cui D., Bandyopadhyay D. and Luk Y.Y.: Modification
of proteins with cyclodextrins prevents aggregation and surface
adsorption and increases thermal stability. Langmuir, 2011,
27(21), 13091-13096.

Loftsson T., Saokham P. and Couto A.R.: Self-association of
cyclodextrins and cyclodextrin complexes in aqueous solutions.
Int. J. Pharm., 2019, 560, 228-234.

Boegh M., Baldursdéttir S.G., Mdllertz A. and Nielsen H.M.:
Property profiling of biosimilar mucus in a novel mucus-containing
in vitro model for assessment of intestinal drug absorption. Eur.
J. Pharm. Biopharm., 2014, 87(2), 227-235.

Stappaerts J., Berben P., Cevik I. and Augustijns P.: The effect
of 2-hydroxypropyl-p-cyclodextrin on the intestinal permeation
through mucus. Eur. J. Pharm. Sci., 2018, 114, 238-244.
Loftsson T.: Drug permeation through biomembranes: cyclodextrins
and the unstirred water layer. Die Pharmazie, 2012, 67(5), 363-
370.

Loftsson T. and Stefansson E.: Cyclodextrins and topical drug
delivery to the anterior and posterior segments of the eye. Int. J.
Pharm., 2017, 531(2), 413-423.

Semalty A. and Tanwar Y.S.: Preparation and characterization
of cyclodextrin inclusion complexes for improving solubility and
dissolution of nimesulide. World J. Pharm. Sci., 2014, 2(1), 72-
78.

Del Valle E.M. Cyclodextrins and their uses: a review. Process
Biochem., 2004, 39(9), 1033-1046.

Yuan C., Jin Z., Xu X., Zhuang H. and Shen W.: Preparation and
stability of the inclusion complex of astaxanthin with hydroxypropyl-
f3-cyclodextrin. Food Chem., 2008, 109(2), 264-268.

lacovino R., VCaso J., Di Donato C., Malgieri G., Palmieri M.,
Russo L. and Isernia C.: Cyclodextrins as complexing agents:
preparation and applications. Curr. Org. Chem., 2017, 21(2),
162-176.

Semalty M., Panchpuri M., Singh D. and Semalty A.: Cyclodextrin
inclusion complex of racecadotril: effect of drug-p-cyclodextrin

ratio and the method of complexation. Curr. Drug Disc. Tech.,
2014, 11(2), 154-161.

Adhikari L., Semalty M., Naruka P.S., Aswal V.K. and Semalty A.:
Binary complexes of glimepiride with B-cyclodextrin for improved
solubility and drug delivery. Indian Drugs, 2019, 56(03), 54-60.

lacovinoR.,CasoJ.V.,RapuanoF., Russo A., Isidori M., Lavorgna
M., Malgieri G. and Isernia C.: Physicochemical characterization
and cytotoxic activity evaluation of hydroxymethylferrocene:
B-Cyclodextrin inclusion complex. Molecules, 2012, 17(5), 6056-
6070.

Gharib R., Greige-Gerges H., Fourmentin S., Charcosset C. and
Auezova L.: Liposomes incorporating cyclodextrin—drug inclusion
complexes: Current state of knowledge. Carbo Pol., 2015, 129,
175-186.

Pandey D., Panwar V.S., Mishra H., Adhikari L. and Semalty M.:
Cyclodextrin based nanoparticles forimproved solubility and drug
delivery. J. Mountain Res., 2021, 16(1), 187-199.

Borba P.A., Pinotti M., Andrade G.R., da Costa Jr N.B., Junior
L.R., Fernandes D., de Campos C.E. and Stulzer H. K.: The effect
of mechanical grinding on the formation, crystalline changes, and
dissolution behaviour of the inclusion complex of telmisartan and
B-cyclodextrins. Carbo. Pol., 2015, 133, 373-383.

Passos J.J., De Sousa F.B., Mundim I.M., Bonfim R.R., Melo R.,
Viana A.F., Stolz E.D., Borsoi M., Rates S.M. and Sinisterra R.D.:
Double continuous injection preparation method of cyclodextrin
inclusion compounds by spray drying. Chem Eng. J., 2013, 228,
345-351.

Fukuda M., Miller D.A., Peppas N.A. and McGinity J.W.: Influence
of sulfobutyl ether B-cyclodextrin (Captisol®) on the dissolution
properties of a poorly soluble drug from extrudates prepared by
hot-melt extrusion. Int. J. Pharm., 2008, 350(1-2), 188-196.

Semalty A.: Cyclodextrin and phospholipid complexation in
solubility and dissolution enhancement: a critical and meta-
analysis. Exp. Opin. Drug Deliv., 2014, 11(8), 1255-1272.
Villaverde J., Rubio-Bellido M., Lara-Moreno A., Merchan F. and
Morillo E.: Combined use of microbial consortia isolated from
different agricultural soils and cyclodextrin as a bioremediation
technique for herbicide contaminated soils. Chemosphere, 2018,
193, 118-125.

YanezC., Cafhete-Rosales P., CastilloJ.P., Catalan N., Undabeytia
T. and Morillo E.: Cyclodextrin inclusion complex to improve
physicochemical properties of herbicide bentazon: exploring better
formulations. PloS One, 2012, 7(8), e41072.

Lépez-Nicolas J.M., Pérez-Gilabert M., Garcia-Carmona F.,
Lozano-Carrillo M.C. and Morte A.: Mycelium growth stimulation
of the desert truffle Terfezia claveryi chatin by B-cyclodextrin.
Biotech. Prog., 2013, 29(6), 1558-1564.

Alsbaiee A., Smith B.J., Xiao L., Ling Y., Helbling D.E. and
Dichtel W.R.: Rapid removal of organic micropollutants from
water by a porous p-cyclodextrin polymer. Nature, 2016,
529(7585), 190-194.

LetortS., Balieu S., Erb W., Gouhier G. and Estour F.: Interactions
of cyclodextrins and their derivatives with toxic organophosphorus
compounds. Beilstein J. Org. Chem., 2016, 12(1), 204-228.

Ye M., Sun M., Kengara F.O., Wang J., Ni N., Wang L., Song Y.,
YangX., LiH.,HuF.and Jiang X. Evaluation of soil washing process
with carboxymethyl-p-cyclodextrin and carboxymethyl chitosan for
recovery of PAHs/heavy metals/fluorine from metallurgic plant
site. J. Env. Sci., 2014, 26(8), 1661-1672.

Mousset E., Oturan N., van Hullebusch E.D., Guibaud G.,
Esposito G. and Oturan M.A.: Influence of solubilizing agents
(cyclodextrin or surfactant) on phenanthrene degradation by

INDIAN DRUGS 60 (10) OCTOBER 2023




electro-Fenton process—study of soil washing recycling possibilities
and environmental impact. Water Res., 2014, 48, 306-316.

Trellu C., Mousset E., Pechaud Y., Huguenot D., van Hullebusch
E.D., Esposito G. and Oturan M.A.: Removal of hydrophobic
organic pollutants from soil washing/flushing solutions: a critical
review. J. Hazard. Mater., 2016, 306, 149-174.

Butterfield M.T., Agbaria R.A. and Warner I.M.: Extraction of
volatile PAHs from air by use of solid cyclodextrin. Anal. Chem.,
1996, 68(7), 1187-1190.

Fava S., Di Gioia D. and Marchetti L. and Fenyvesi E.: Randomly
methylated B-cyclodextrins (RAMEB) enhance the aerobic
biodegradation of polychlorinated biphenyl in aged-contaminated
soils. J. Incl. Phenom. Macrocycl. Chem., 2002, 44(1),417-421.

ChenY.,Tang X.,CheemaSA., LiuW.and Shen C.: B-cyclodextrin
enhanced phytoremediation of aged PCBs-contaminated soil
from e-waste recycling area. J. Environ. Monit., 2010, 12(7),
1482-1489.

Bardi L., Martini C., Opsi F., Bertolone E., Belviso S., Masoero
G., Marzona M. and Marsan F. A. Cyclodextrin-enhanced in situ
bioremediation of polyaromatic hydrocarbons-contaminated soils
and plant uptake. J. Incl. Phenom. Macrocycl. Chem., 2007,
57(1-4), 439-444.

Astray G., Gonzalez-Barreiro C., Mejuto J.C., Rial-Otero R. and
Simal-Gandara J.: A review on the use of cyclodextrins in foods.
Food Hydrocoll. 2009, 23(7), 1631-1640.

Linde G. A., Laverde A. and Colauto N.B.: Changes to taste
perception in the food industry: use of cyclodextrins. In Handbook
of behavior, food and nutrition 2011 (pp. 99-118). Springer, New
York, NY.

Garbow J.R., Likos J.J and Schroeder S.A.: Structure,
dynamics, and stability of -cyclodextrin inclusion complexes
of aspartame and neotame. J. Agric. Food Chem., 2001,
49(4), 2053-2060.

Shaw P.E. and Wilson C.W.: Debittering citrus juices with B-
cyclodextrin polymer. J. Food Sci., 1983, 48(2), 646-647.
Ernest K.C.: Novel decaffeination process using cyclodextrins.
Appl. Microbiol. Biotechnol. 1988, 28(6), 546-552.

Szente L. and Szejtli J.: Cyclodextrins as food ingredients. Trends
Food Sci. Tech., 2004, 15(3-4), 137-142.

Kfoury M., Auezova L., Greige-Gerges H. and Fourmentin S.:
Promising applications of cyclodextrins in food: Improvement of
essential oils retention, controlled release and antiradical activity.
Carbo. Pol., 2015, 131, 264-272.

Jeong H.J., Sun H., Chogsom C. and Kwak H.S.: Cholesterol
removal from whole egg by crosslinked B-cyclodextrin. Asian-
Australas. J. Anim. Sci., 2014, 27(4), 537-545.

Alonso Lépez L., Fontecha F.J. and Cuesta P.: Effect of
B-cyclodextrin on phospholipids and cholesterol of the milk fat
globule membrane. J. Adv. Dairy Res., 2015, 3, 3-7.
Tommasini S., Raneri D., Ficarra R., Calabro M.L., Stancanelli
R. and Ficarra P.: Improvement in solubility and dissolution rate
of flavonoids by complexation with p-cyclodextrin. J. Pharm.
Biomed. Anal., 2004, 35(2), 379-387.

Sun X., SuiS.,FerenceC.,ZhangY.,SunS., ZhouN., ZhuW. and
ZhouK_: Antimicrobial and mechanical properties of 3-cyclodextrin
inclusion with essential oils in chitosan films. J. Agric. Food
Chem., 2014, 62(35), 8914-8918.

Abarca R.L., Rodriguez F.J., Guarda A., Galotto M.J. and Bruna
J.E.: Characterization of beta-cyclodextrin inclusion complexes

containing an essential oil component. Food Chem., 2016, 196,
968-975.

INDIAN DRUGS 60 (10) OCTOBER 2023

Rajewski R.A. and Stella V.J.: Pharmaceutical applications of
cyclodextrins. 2. In vivo drug delivery. J. Pharm. Sci., 1996,
85(11), 1142-1169.

BragagniM., BozdagM., CartaF., ScozzafavaA., LanziC., Masini
E., Mura P. and Supuran C.T.: Cyclodextrin complexation highly
enhances efficacy of arylsulfonylureido benzenesulfonamide
carbonic anhydrase inhibitors as a topical antiglaucoma agents.
Bioorg. Med. Chem., 2015, 23(18), 6223-6227.

Tirucherai G.S. and Mitra A.K.: Effect of hydroxypropyl beta
cyclodextrin complexation on aqueous solubility, stability, and
corneal permeation of acyl ester prodrugs of ganciclovir. AAPS
Pharmscitech. 2003, 4(3), 124-135.

Miranda J.C. D., Martins T. E. A, Veiga F. and Ferraz H. G.:
Cyclodextrins and ternary complexes: technology to improve
solubility of poorly soluble drugs. Braz. J. Pharm Sci., 2011,47(4),
665-681.

Hasan N.M., Al-aram M.S., Al-wadie M.S., Althobaiti F.A. and
Al-Malki M.J.: Flavored self microemulsifying lipid formulations
for masking the organoleptic taste of pharmaceutical actives. J.
Appl. Pharm Sci., 2015, 5(11), 127-134.

Funasaki N., Kawaguchi R., Hada S. and Neya S.: Ultraviolet
spectroscopic estimation of microenvironments and bitter tastes
of oxyphenonium bromide in cyclodextrin solutions. J. Pharm.
Sci., 1999, 88(8), 759-762.

Paczkowska M., Mizera M., Szymanowska-Powatowska D.,
Lewandowska K., Btaszczak W., Goscianska J., Pietrzak R. and
Cielecka-Piontek J.: B-Cyclodextrin complexation as an effective
drug delivery system for meropenem. Eur. J. Pharm. Biopharm.,
2016, 99, 24-34.

Sangalli M.E., Zema L., Maroni A., Foppoli A., Giordano F. and
Gazzaniga A.: Influence of betacyclodextrin on the release of
poorly soluble drugs from inert and hydrophilic heterogeneous
polymeric matrices. Biomaterials, 2001, 22(19), 2647-2651.

Vyas A., Saraf S. and Saraf S.: Cyclodextrin based novel drug
delivery systems. J. Incl. Phenom. Macrocycl. Chem., 2008,
62(1-2), 23-42.

Shewale B.D., Sapkal N.P., Raut N.A., Gaikwad N.J. and Fursule
R.A.: Effect of hydroxylpropyl-B-cyclodextrin on solubility of
carvedilol. Indian J. Pharm Sci., 2008, 70(2), 255.
ZhangJ.andMaP.X.: Cyclodextrin-based supramolecular systems
for drug delivery: recent progress and future perspective. Adv.
Drug Deliv. Rev., 2013, 65(9), 1215-1233.

Wang T., Wang M., Ding C. and Fu J.: Mono-benzimidazole
functionalized B-cyclodextrins as supramolecular nanovalves for
pH-triggered release of p-coumaric acid. Chem. Comm., 2014,
50(83), 12469-12472.

lacovinoR., RapuanoF.,CasoJ.V.,RussoA., Lavorgna M., Russo
C., Isidori M., Russo L., Malgieri G. and Isernia C.: B-Cyclodextrin
inclusion complex to improve physicochemical properties of
pipemidic acid: Characterization and bioactivity evaluation. Int.
J. Mol. Sci., 2013, 14(7), 13022-13041.

GidwaniB. and Vyas A.: Acomprehensive review on cyclodextrin-
based carriers for delivery of chemotherapeutic cytotoxic anticancer
drugs. BioMed. Res. Int., 2015, 2015.

Scavone C.,Bonagura A.C., Fiorentino S., Cimmaruta D., Cenami
R., Torella M., Fossati T. and Rossi F.: Efficacy and safety
profile of diclofenac/cyclodextrin and progesterone/cyclodextrin
formulations: a review of the literature data. Drugs R&D, 2016,
16(2), 129-140.

Mannila J., Jarvinen T., Jarvinen K., Tervonen J. and Jarho
P.: Sublingual administration of A9-tetrahydrocannabinol/B-
cyclodextrin complex increases the bioavailability of A9-

17




tetrahydrocannabinol in rabbits. Life Sci., 2006, 78(17),1911-
1914.

Irie T., Sunada M., Otagiri M. and Uekama K.: Protective
mechanism of B-cyclodexirin for the hemolysis induced with
phenothiazine neuroleptics in vitro. J. Pharmacobiodyn., 1983,
6(6), 408-414.

Zhang L., Zhu W., Song L., Wang Y., Jiang H., Xian S. and Ren
Y.: Effects of hydroxylpropyl-B-cyclodextrin on in vitro insulin
stability. Int. J. Mol. Sci., 2009, 10(5), 2031-2040.

CasoJ.V.,RussoL., Palmieri M., Malgieri G., Galdiero S., Falanga
A.,IserniaC.and lacovino R.: Investigating the inclusion properties
of aromatic amino acids complexing B-cyclodextrins in model
peptides. Amino Acids, 2015, 47(10), 2215-2227.

Dilova V., Zlatarova V., Spirova N., Filcheva K., Pavlova A. and
Grigorova P.: Study of insolubility problems of dexamethasone
and digoxin: cyclodextrin complexation. Boll. Chim. Farm., 2004,
143(1), 20-28.

Puglisi A., Rizzarelli E., Vecchio G., Lacovino R., Benedetti E.,
Pedone C. and Saviano M.: Crystal and molecular structure
of B-cyclodextrins functionalized with the anti-inflammatory drug
etodolac. Biopolymers. 2009, 91(12), 1227-1235.

LacovinoR.,CasoJ.V.,RapuanoF.,RussoA., IsidoriM., Lavorgna
M., Malgieri G. and Isernia C.: Physicochemical characterization
and cytotoxic activity evaluation of hydroxymethylferrocene:
B-cyclodextrin inclusion complex. Molecules, 2012, 17(5), 6056-
6070.

Loftsson T.: Self-assembled cyclodextrin nanoparticles and drug
delivery. J. Incl. Phenom. Macrocycl. Chem., 2014, 80(1-2),
1-7.

Trotta F., Zanetti M. and Cavalli R.: Cyclodextrin-based
nanosponges as drug carriers. Beilstein J. Org. Chem., 2012,
8(1), 2091-2099.

Torne S., Darandale S., Vavia P., Trotta F. and Cavalli R.:
Cyclodextrin-based nanosponges: effective nanocarrier for
Tamoxifen delivery. Pharm. Devel. Technol., 2013, 18(3), 619-
625.

Moya-Ortega M.D., Alves T.F., Alvarez-Lorenzo C., Concheiro
A., Stefansson E., Thorsteinsdoéttir M. and Loftsson T.:
Dexamethasone eye drops containing y-cyclodextrin-based
nanogels. Int. J. Pharm., 2013, 441(1-2), 507-515.

Zuckerman J.E., Gale A., Wu P., Ma R. and Davis M.E.: siRNA
delivery to the glomerular mesangium using polycationic
cyclodextrin nanoparticles containing siRNA. Nucleic Acid Ther.,
2015, 25(2), 53-64.

Ottinger A.E.,LKao M., Carrillo-Carrasco N., Yanjanin N., Kanakatti
S.R.,JanssenM., Brewster M., Scottl., Xu X., Cradock J.and Terse
P.: Collaborative development of 2-hydroxypropyl-p-cyclodextrin
for the treatment of Niemann-Pick type C1 disease. Curr. Top.
Med. Chem., 2014, 14(3), 330-339.

Yokoo M., Kubota Y., Motoyama K., Higashi T., Taniyoshi M.,
Tokumaru H., Nishiyama R., Tabe Y., Mochinaga S., Sato A. and
Sueoka-Aragane N.: 2-Hydroxypropyl-p-cyclodextrin acts as a
novel anticancer agent. PloS One, 2015, 10(11), e0141946.
MirandaJ.C.,Martins T.E., Veiga F.and Ferraz H.G.: Cyclodextrins
and ternary complexes: technology to improve solubility of poorly
soluble drugs. Braz. J. Pharm Sci., 2011, 47(4), 665-681.
Loftsson T., Jarho P., Masson M. and Jarvinen T.: Cyclodextrins
in drug delivery. Exp. Opin. Drug Deliv., 2005, 2(2), 335-351.

Machielse B.N. and Darling A.: Hydroxypropyl beta-cyclodextrin
compositions and methods, US Patent 10,933,083, 2021.

Park K.D., Park K.M., Lee Y.K., Hoang T.T.T. and Le T.P.:
Injectable tissue adhesive hydrogel including gamma-cyclodextrin
and biomedical use thereof, US Patent 10888621B2,2021.

Dichtel W.R., Alsbaiee A., Smith B.J., Hinestroza J., Alzate-
Sanchez D., Xiao L., Ling Y. and Helbling D.: Porous cyclodextrin
polymeric materials and methods of making and using same, US
Patent 10,882,023, 2021.

Wu J., Tao X., Wang Y. and Dong J.: Preparation and application
of cyclodextrin glucosyltransferase mutant, US Patent 10,876,099,
2020.

Zhang L., Lin W., Yao N. and Zhang X.: Cyclodextrin-based star-
shaped polymer, a preparation method therefor and an integrated
unimolecular micelle system for diagnosis and treatment thereof,
US Patent 10,874,609, 2020.

Kulkarni A., Dolas A., Johny S., Khurana P. and Goyal S.:
Cyclodextrin based polymers, methods, compositions and
applications thereof, US Patent 10,869,884, 2020.

Bernareggi A., Puppini N. and Nencioni A.: Aqueous oral solution
of steroid hormones and hydroxypropyl-beta-cyclodextrin with
optimized bioavailability, US Patent 10,842,883, 2020.

. Pipkin J.D., Zimmerer R.O., Thompson D.O. and Mosher G.L.:

Inhalant formulation containing sulfoalkyl ether cyclodextrin and
corticosteroid, US Patent 10,799,599, 2020.

. Machielse B.N. and Darling A.: Hydroxypropyl beta-cyclodextrin

compositions and methods, US Patent 10,709,730, 2020.

. Bernareggi A., PuppiniN. and Nencioni A.: Aqueous oral solutions

of steroid hormones and hydroxypropyl-beta-cyclodextrin with
optimized bioavailability, US Patent 10,646,586, 2020.

. Wadhwa R. and Kaul S.: Method of preparing water extract of

ashwagandha leaves which has enhanced anti-cancer activity
utilizing cyclodextrin, and pharmaceutical composition containing
ashwagandha leaves, US Patent 10,646,532, 2020.

. Antle V.D. and Matos J.R.: Manufacturing process for cyclodextrin

derivatives, US Patent 10,633,462, 2020.

. Zhao W.W., Thottathil J.K., Smith D., Sun X. and Dong X.:

Pharmaceutical compositions containing taxane-cyclodextrin
complexes, method of making and methods of use, US Patent
10,398,785, 2019.

. Beech E., Rodwell A. and Squires M.: Pharmaceutical formulation

comprising NSAID and cyclodextrin, US Patent 10,363,316,2019.

. Savage T., Wicks S. and Mitchell J.: Cyclodextrin, US Patent

10,239,961, 2019.

. Fornoni A. and Merscher-Gomez S.: Method of using cyclodextrin,

US Patent 10,195,227, 2019.

. Pasloske K.S., Lau K., Richardson S.J. and Willis A.A.: Injectable

pharmaceutical compositions compromising a cyclodextrin a
hydrophobic drug, a co-solvent, and a preservative, US Patent
10,188,664, 2019.

. Wood W.E., KudukW.J. and Keute J.S.: Cyclodextrincompositions,

articles, and methods, US Patent 10,182,567, 2019.

. WuS,,DuG., QiY.,Gao M., Yang Q., Guang H., LiW., Wang Y.

and Tong Y.: Inclusion complexes of pinocembrin with cyclodextrin
or its derivatives, US Patent 9,949,946, 2018.

. Dadey E. and Watkins A.: Dehydrated hydrogel inclusion

complex, US Patent 10,149,912, 2018.

INDIAN DRUGS 60 (10) OCTOBER 2023




