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Cyclic oligosaccharides, Cyclodextrins (CDs) are cyclic oligosaccharides formed through the enzymatic transformation of starch into glucose, catalyzed by
production, cyclodextrin glucanotransferase (CGTase). They are composed of six (a-CD), seven (B-CD), or eight (y-CD) glucose molecules, in-
structure, properties, terconnected by a-1,4 glycosidic bonds. Cyclodextrin glucanotransferase has been declared safe for use in food applications by the
applications European Food Safety Authority (EFSA). CGTase is an extracellular enzyme that is found in nature on a cellular level and is gener-

ated by a variety of microorganisms, such as fungi, bacteria, and archaea. Approximately 90 % of bacteria that generate CGTase be-
long to the genus Bacillus. A number of glucose units joined covalently by oxygen atoms form cyclodextrins. CDs have a truncated
cone shape with a hydrophilic outer wall and a less hydrophilic inner wall. Due to their numerous health benefits, CDs are regarded
as advantageous nutrients and biologically active dietary supplements. CDs and their derivatives have diverse applications across
the food, cosmetics, and pharmaceutical industries, with their use being most prominent in the food sector. Within the food in-
dustry, CDs serve primarily as auxiliary agents, acting as technological enhancers to improve the physicochemical properties of
various food components. For example, they can be used to stabilize aroma and flavor compounds, polyunsaturated fatty acids
(PUFASs), and poorly water-soluble vitamins and nutrients, as well as to improve medication solubility and bioavailability. Stud-
ies on their toxicity have also revealed that CDs are safe to use orally. Many studies have examined the insertion of conventional
medications or naturally occurring bioactive substances into CDs cavities in an effort to better understand their effects on various
cancer cell lines in vitro. CDs are used in cosmetics products to extend their shelf life, stabilize volatile chemical ingredients, lessen
offensive tastes or smells, and prevent or lessen topical irritation. Cyclodextrins remain a focal point of research due to their ability
to encapsulate molecules and function as catalysts and carriers for a wide range of chemical compounds.
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Yukaudeckue LinknogercTpuubl (L) — 9TO IUKIMYECKIME OUTocaxapyuibl, 06pasyoliyecs B pesy/brate (hepMeHTaTMBHOTO ITpeoopasoBaHust
oauzocaxapuobl, KpaxmaJia B IJIIOK03Y, KaTaIM31PyeMOro IMKIoAeKCTpUHIMoKaHoTpancdepasoit (LI Ta3oit). OHu coctosT u3 mectu (o-1I1T), cemu
npou3eoocmeo, (B-LLI) v Bocbmu (y-1IJT) MOIEKY/ [IIOKO3bI, COEAVHEHHBIX MEXK/LY CO0071 .- 1,4-TMKO3UIHBIMM CBS3sIMMU. EBpOITEiicKoe areHT-
cmpykmypa, céoticmed, cTBO T0 6e30MacHOCTY MUIIEeBbIX MPoayKToB (EFSA) cunTaeT HMKIOAEKCTPUHIIIOKAHOTpaHChepasy 6e30MacHoi IS ICIIOTb30-
npumeHeHue BaHUSI B MUIIEBbIX MpoAyKTax. [[['Taza — 3TO BHEKJIETOUHbI (hePMEHT, KOTOPbIi BCTPEUAETCST B MIPUPOE Ha KIETOUHOM YpPOB-

He ¥ BbIpabaThIBAeTCsl PA3IMUHBIMM MUKPOOPTaHM3MaMM, TAKUMY Kak Ipubku, 6aktepun u apxen. Ipumepro 90 % Gakrepuii,
BbIpabartpiBatonmx LI Ta3y, mpuHagexkar K pony Bacillus. IykmonekcTpyHbl 06pa3yioTcsl HECKOIbKMMM MOJIEKY/IAMY [TIOKO3bI,
KOBAJIEHTHO COeIMHEeHHbIMM aToMaMu Kuciaopoaa. OHM UMeKT (GopMy yceueHHOro KOHyca ¢ rApodMIbHOM BHEIIHEH YacTbio
¥ MeHee MMAPOGMIbHOI BHYTPEHHE! JacThio. Biiaromapss MHOTOUCIEHHbIM ITpermMyInectBam LI camMTaroTest TOIe3HbIMU IS
3[I0POBbsI MATATEILHBIMM BEIIECTBAMM M OMOJIOTMUYECKY aKTUBHBIMU MUIIEBbIMM Jo6aBKamMu. 11]] 1 UX IMPOM3BOAHbIE HAXOOAT
PpasHo06pasHoe MPUMEHeHNe B IIMIIEBOi, KOCMETHYECKOi U (hapMalieBTIUECKO ITPOMBIIIIEHHOCTH, IIPUYEM Haubosiee pacipo-
CTPaHEHO MX VICTIONb30BaHMe B TIMINEBBIX IPOAYKTaX. B muineBoit mpombiiuieHHOCTH LI]] B TIEPBYIO OUepeb CTyKaT B KAUeCTBE
BCIIOMOTATEeTbHbIX MHIPEAVEHTOB, TAKMX KaK JOGABKM ISl YIYUIIEeHMsT DU3UKO-XMMMIECKUX CBOJICTB PAs/IMUHBIX IMAIIEBBIX KOM-
MoHeHTOB. Hampumep, X MOSKHO MCIIOJIb30BaTh JIIsT CTAGMIM3AIIMIM aDOMaTUUECKIX Y BKYCOBBIX COEIMHEHNA, TIONMHEHACHIIIEH-
HBIX JKUPHBIX KUCITOT (ITHXKK) 1 110X0 pacTBOPMMBIX B BOJIE BUTAMUHOB W/IV IMATATETbHBIX BEIIECTB, a TAKKe /IS YITyUIIeHs
PacTBOPMMOCTH ¥ 6VOIOCTYITHOCTH JIEKAPCTBEHHBIX CPEICTB. TOKCUKOIOrMYeCKIe MCCIeI0BaHyisI IIoKasany, uto L] 6e30macHbI
JJI TIEPOPAIbHOTO IMTPMMEHEeHM . Bo mHornx VCCIeOBaHMAX M3YUa/iOCh BBEAeHE 06bI‘leIX JIEKAPCTBEHHBIX CPEeOCTB MJIN ITPU-
POIHBIX 6MOIOTMYECKY AKTUBHBIX BEIIECTB B IO0CTH 11T ¢ 11e/IbI0 JIYULIero MOHVMAaHMsI MX BO3IEICTBYSI Ha Pas/IMIHbIE JIMHAU
PaKOBBIX KJIETOK in vitro. LI]], MCIIOMB3YIOTCS B KOCMETMYECKMX TIPOIYKTAX st TPOIJIEHNSI CPOKA MX TOIHOCTH, CTAOMIM3AIINI
JIETYUMX XVUMUUECKUX MHTPEIVEHTOB, YMEHbIICHMSI HEITPUATHOTO BKYCA MV 3arlaxa U MPeIOTBPALIEHNs I/ YMEeHbIIeHsT MeCT-
HOTO pasapaskeHyst. [IMKIOMeKCTPUHBI OCTAIOTCS B IIEHTPe BHUMaHSI MCCIeNOBaHMiT 61aromapst CBOeii CltoCO6GHOCTHM MHKATICYIIN-
POBaTh MOJIEKYJIbI M BBIITOIHATH (PYHKIVV KaTaJIM3aTOPOB ¥ HOCKUTEJIEeH [IJIsl IIMPOKOTO CIIEKTPa XUMUIECKUX COeIVHEHMIA.

1. Introduction dextrin glucanotransferase (CGTase; EC2.4.1.19) is an endoenzyme that

Cyclodextrins (CDs) are cyclic oligosaccharides synthesized through catalyzes the breakdown of starch derived from sources such as potatoes,
the enzymatic conversion of starch into glucose by cyclodextrin glucano-  corn, and rice, facilitating CD production. [3]. Cyclodextrin glucanotrans-
transferase (CGTase). They are composed of six (a-CD), seven (8-CD), or  ferase has been declared safe for use in food applications by the European
eight (y-CD) glucose units linked by a-1,4 glycosidic bonds [1,2]. Cyclo-  Food Safety Authority (EFSA) [4]. Regarding starch, the US Food and Drug
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Administration (FDA) also declared its products, which are represented
by the cyclodextrins a, v, and B, to be safe (GRAS) [2]. This enzyme is pro-
duced by bacteria, fungi and archaea. CDs may be kept for several years
at room temperature without experiencing any discernible deteriora-
tion [5,6].

Cyclodextrins, specifically a and B types, were first discovered in 1891
as byproducts of potato starch digestion by the bacterium Bacillus amylo-
bacter, according to a report by a French chemist. Later, Franz Scharding-
er, an Austrian microbiologist considered the “founding father” of cyclo-
dextrin chemistry, successfully isolated these compounds from various
starch sources after digestion by Bacillus macerans. Due to their ability
to encapsulate molecules and their qualities as catalysts and carriers of
various chemicals, cyclodextrins remain a subject of interest for many
researchers. These attributes make them excellent candidates for both
basic and advanced applications in a variety of industries. This has led
to significant theoretical and experimental research into their physico-
chemical behavior and applications [7]. Over 44,000 articles have been
reported according to Scopus and Web of Science. Some great CD evalu-
ations of food science have emerged in tandem with the rapid growth
of CD research [2,8]. CDs have been employed for a range of purposes
because of their biocompatibility, biodegradability, and very inexpensive
manufacture [9]. Given their adaptability, they may be used as excipients
in a variety of industries, including biotechnology, agriculture, chemicals,
cosmetics, and the food sector. Additionally, CDs have been used as an-
tigen vectors, vaccination adjuvants, antibody stabilizers, and antiviral
activity enhancers, as well as to improve medication solubility and bio-
availability [10]. Studies on their toxicity have also revealed that CDs are
safe to use orally [11]. For B-CD, the acceptable daily consumption has
been established to be between 0 and 0.5 mg per kg of body weight, how-
ever the acceptable daily intake for a- and y-CD is not indicated [12,13].
Both a-CD and $-CD function as dietary fibers that contribute to regulat-
ing blood lipids and body weight. While y-CD is easily broken down, o-CD
and B-CD are largely resistant to digestion by human amylase enzymes
in the digestive system [14]. Furthermore, more than 10,000 metric tons
of cyclodextrins are annually produced, with B-cyclodextrin accounting
for 70 %, a-cyclodextrin 15 %, y-cyclodextrin 5 %, and various cyclodextrin
derivatives 10% [15]. The increasing applications of CDs across various
industries are driving market demand, which is projected to reach ap-
proximately $390 million by 2027 [6].

2. Materials and methods

The search for literature in the Web of Science database was conduct-
ed using the keywords “p- cyclodextrin” or “cyclodextrin”. In the Web of
Science and Scopus, 51,085 research, review articles, book chapters, let-
ters and conferences were identified for this review (Figure 1). The main
goal of the present study is to have a detailed overview of the knowl-
edge gained over the years regarding cyclodextrin. The structure, source,
manufacture, and features of cyclodextrin were thoroughly covered. Ad-

ditionally, possible applications of cyclodextrin in various food industries
as well as its advantages for improving health were covered.

3. Production of cyclodextrins

When starch is broken down by the enzyme cyclodextrin glucanotrans-
ferase (CGTase), cyclodextrins (CDs) are produced as a result of the initia-
tion of the intramolecular glucose conversion pathway [16]. Nevertheless, a
mixture of cyclodextrins with bigger rings and higher proportions of B-, a-,
and y-CDs is produced by all known CGTase enzymes [17]. Various enzymes,
such as CGTase, dextranase, pullulanase, -galactosidase, and isomaltase,
can catalyze transglycosylation reactions. However, CGTase is preferred due
to its advantages over alternative enzymes, which often suffer from lower
yields, partial hydrolysis of glycosidic compounds, poor regioselectivity,
and the formation of undesirable byproducts. In contrast, CGTase provides
higher conversion yields of glycosylated products, exhibits minimal hydro-
lytic activity, demonstrates enhanced transglycosylation efficiency with
specific acceptors and maintains high regioselectivity, specifically catalyz-
ing o-(1—4)-glycosyl transfer reactions [6,18]. Currently, only two com-
mercially available cyclodextrin glycosyltransferases (CGTases) exist. The
first, Toruzyme, originates from Thermoanaerobacter sp. ATCC53627 and
produces a mixture of cyclodextrins (CDs); it is marketed by Novozyme in
Denmark. The second, Amano, is derived from Paenibacillus macerans, also
yielding a CD mixture, and is distributed by Amano Enzyme Europe Ltd. in
Milton, UK. This highlights the need for developing large-scale production
processes for CGTases to meet increasing demand [6].

Cyclodextrin glucanotransferase is an extracellular enzyme that oc-
curs in nature at the cellular level and is produced by a variety of micro-
organisms, including fungi, bacteria, and archaea. CGTases are a unique
member of the a-amylase family, which have been isolated from a major-
ity of Bacillus, Paenibacillus, Klebsiella, Thermoanaerobacterium, Geobacil-
lus, Gracibacillus, and Actinomycetes species [6,18]. Approximately 90 %
of bacteria that produce CGTase belong to the genus Bacillus. Different
fermentation techniques, including solid-state, submerged, and surface
culture, as well as different modes of fermentor operations such as batch,
fed-batch, and continuous fermentation, have been developed and uti-
lized for the production and enhancement of various fermentation pro-
cesses [19] as shown in Table 1.

The characteristics of the enzyme are mainly determined by the micro-
organism that produces it. Its mechanism is influenced by the production
conditions. CGTases have been identified with a molecular mass rang-
ing from 33 to 110 kDa. Additionally, based on their product specificity,
CGTases are divided into three main classes: a-, -, and y-CGTases. The
type and amount of cyclodextrin produced generally depends on several
factors, including the source of cyclodextrin glucanotransferase, the sub-
strate utilized, the incubation or reaction time, as well as temperature,
pH, and the presence of complexing agents. As a result, researchers seek
out or enhance CGTase enzymes to improve production yield and speci-
ficity [6,19] as shown in Table 2.

Search criteria of
web of Science

and Scopus

Articles
(n=44127)
1.Search
Keywords: B-cyclodextrin, cyclodextrin
2.Year: Reviews
from 2001 to 2025 (n=4211)
3. Type of documents:
Articles or Reviews, chapters, Letter,
Conference Book chapters
1 (n=796)
Letter
(n=303)
p—— 1
Research
found (n=51388) Conference
(n=1951)

Figure 1. Total of 51,388 research, review articles, book chapters, letters and conferences referred in paper by searching keywords
“B-cyclodextrin” or “cyclodextrin” in the Web of Science and Scopus
Pucynok 1. B Web of Science u Scopus HaiigeHo 51388 mucciegoBaHmii, 0630pHBIX CTaTeld, [VIaB KHUT, I1ceM U KOHGepeHIINii ¢ yHOMMHaHWEM
K/II0YEeBBIX CJIOB «B-LUKIOAEKCTPUH» VI «IIUMKIOJEeKCTPUH»
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Table 1. CGTase production by Bacillus spp. and other microorganism
Ta6mua 1. IIpomykuust LII'Ta3el 6akTepusiMu poga Bacillus vi spyrumy MUKpOOpraHU3MaMmu

Optimal fermentation conditions

Microorganism 5 CD produced References
Substrate pH Temp. (°C) Time (h)

Bacillus circulans DF 9R Cassava starch 8.3 37 48 B [20]
Bacillus licheniformis Soluble starch 8 37 24 B [21]
B. pseudalcaliphilus 20RF? Raw starch 9.8 40 24 p/Y [22]
B. lehensis Rice starch 10.5 37 24 B [23]
Bacillus circulans Cassava starch 7.6 37 48 B [24]
Bacillus megaterium Amaranth starch 8 50 36 B [25]
Bacillus sp. NR5 UPM® - - 37 24 B/Y,a [26]
B. circulans ATCC21783# Soluble starch 9.8-10 40 24 B [18]
B. macerans 15* Potato starch 7 37 48 [18]
B. sphaericus 41* Soluble starch 10.3 37 48 [18]
B. pseudalcaliphilus 8SB? Soluble starch 9.8-10 40 24 B/Y [18]
B. halodurans? Soluble starch 10.5 37 72 B [18]
B. agaradhaerens LS-3C? Soluble starch 9 37 30 a/p [18]
B. halophilus BIO-12H? Potato starch 7-17.2 37 24-30 BrY [18]
Bacillus sp. T18 Soluble starch — 37 72 o/ [27]
Evansella caseinilytica®  Soluble potato starch 9 37 48 Y [6]

Table 2. Optimal reaction parameters for maximizing CD production using cyclodextrin glucanotransferase
Ta6muua 2. OnTMMaabHbIe IapaMeTPbl PeaKuyy AJIs1 MakKcuMusanuy npoaykuum LI mocpeacTBOM IMKIIOAEKCTPMHINIIOKaHOTpaHchepassl

Source of enzyme Type of substrate Temperature
Bacillus circulans DF 9R Cassava starch 56
Bacillus agaradhaerens KSU-A11 Potato starch 55
Bacillus sp. Starch of corn 50
Microbacterium terrae KNR9 Potato starch 60
Bacillus licheniformis Potato starch 40
Bacillus lincheniformis Potato starch 45.2

4. Structure and properties of cyclodextrins

Cyclodextrins are formed by several glucose units joined together by
oxygen atoms. These molecules have a hollow, truncated cone shape, with
hydrogen bonds forming between secondary hydroxyl groups on adjacent
units at the broad edge of the cavity [33]. The primary hydroxyl groups,
composed of six glucose units, are located at the narrow end, while the
secondary hydroxyl groups, made up of two and three glucose units, are
positioned at the wide end. Due to their unique structure, cyclodextrins
are highly soluble in water and contain hydrophobic cavities. This allows
them to encapsulate hydrophobic compounds and form inclusion com-
plexes without changing their structure or chemical makeup [2]. Cyclo-
dextrins have a truncated cone shape with a hydrophilic outer wall and
a less hydrophilic inner wall. The inner wall forms a more apolar inter-
nal cavity, which enables cyclodextrins to simultaneously host lipophilic
guest molecules and make them soluble in water. This unique design al-
lows for increased water solubility of lipophilic compounds when incor-
porated into cyclodextrins (Figures 2 and 3). Cyclodextrins have several
benefits, including greater resistance to hydrolysis and enzymatic de-
struction, better complexing capabilities, and larger solubilizing poten-
tial compared to linear dextrins [34,38]. According to [35], a study was
conducted on the structure of original CDs, and they found that although
the outer part of CDs takes the shape of a truncated cone, the inner cavity
takes the shape of a conical hourglass. The shape of cyclodextrins results
from the inward emission of glycosidic oxygen. The hydrophobic inner
cavity facilitates the formation of inclusion complexes with host mol-
ecules, primarily through van der Waals forces, hydrogen bonds, and hy-
drophobic interactions. These host-guest complexes are highly dynamic,
with their stability depending on the size, polarity, and structure of the
guest molecule in relation to the cavity. Cyclodextrins can accommo-
date hydrophobic molecules or portions of larger molecules, stabilizing
them by isolating the encapsulated guest from the aqueous environment,
which improves solubility, bioavailability, and resistance to degrada-
tion [36]. The flexibility and encapsulation ability of cyclodextrins en-
able for host-guest interactions, which alter the chemical, biological, and
physical characteristics of the guest molecules [37]. According to [38], the
three most common CDs are a, , and y, which are composed of six, seven,
and eight glucose subunits with widths of 0.5, 0.6, and 0.8 nm, respec-
tively. As seen in Table 3, the differences in their structures account for

Time of reaction % of conversion

pH (h) or quantity Ref.
6.4 4 66% [20]
10 1 66.4% [28]
3 4.1g/L [29]
1 13.46 gm/L [30]
4 12.41 mg/ml [31]
5.6 24 5.65 mg/ml [32]

their disparate physical and chemical characteristics. Additionally, the
chemical properties of cyclodextrins can be modified through functional-
ization of the hydroxyl groups to form derivatives (e. g., hydroxypropyl-
B-cyclodextrin, methylated cyclodextrins), allowing for tailored proper-
ties such as enhanced solubility, complexation efficiency, and targeted
applications. Cyclodextrins are relatively thermally stable, with decom-
position occurring at temperatures above 250 °C. This stability is linked
to the glycosidic bonds in their glucose units. Due to their low toxicity,
biocompatibility, and capacity to form stable complexes with a variety
of organic, inorganic, and biological molecules, cyclodextrins have been
studied extensively for their use as solubilizing agents, molecular encap-
sulants, and drug delivery systems [27].

Table 3. The three natural CDs’ physical and chemical

characteristics

Tabnuua 3. PusudecKye ¥ XMMMYecKkye CBOCTBa Tpex NpuposHseIx LT
Physical and ghemical a-CD B-CD Y-CD Refe-
properties rences

Glucose units 6 7 8 [33]

Molecular weight (kDa) 972.84 1134.98 1297.12 [19]

Chemical formula Cs¢HgoOz9 CyoH70035 CugHgoO4uo  [8]

Diameter of central cavity (nm) 0.57 0.78 0.95 [2]

Outer diameter (nm) 1.4-1.5 1.5-1.6 1.7-1.8 [8]

Melting point (°C) 275 280 275 [8]

pKaat 25°C 12.3 12.2 12.1 [8]

Internal water molecules 6-8 11-12 13-17 [8]

a-CDs have smaller cavities, restricting their capacity to host a large
number of molecules. They primarily accommodate smaller molecules
compared to y-CDs. Additionally, the payloads within hydrophobic CDs
struggle to interact effectively, which complicates complex formation.
The cavity of B-CDs, however, is more suitable for molecules like vita-
mins, hormones, and other substances typically used in tissue and cell
culture applications. Because of these characteristics, B-CDs are often the
preferred choice for complexing agents [39]. The structure of cyclodex-
trins has key features:
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Cyclodextrin overall shape

.. Hydrophobic
/_ cavily

Secondary face

a-cyclodextrin

Y-cyclodextrin

B-cyclodextrin

Figure 2. Structure of cyclodextrins. Monomeric units of sugar molecules organized in rings are called cyclodextrins. The amount
of sugar molecules (6, 7, or 8) determines the classification of the cyclodextrins as a, B, or Y, respectively
PI/ICYHOK 2. CprKTYpa IUKJIOJEeKCTPUHOB. MOHOMEprIE €IVMHUIbI MOJIEKYJI caxapa, OpraHM30BaHHbI€ B KOJIbIIAa, HA3BIBAKOTCA HUMKIOJEKCTPMHaAMMU.
KonmuecTBo Mmosekys caxapa (6, 7 uiau 8) onpeesnser KiaccuduKanyio NUKIOJEKCTPUHOB Kak d, f MM Y COOTBETCTBEHHO

drug

Cyclodextrin
YEI0Ge complexe

Figure 3. Formation of cyclodextrin inclusion complexes
PI/ICYHOK 3. 06pa303a1—me KOMIIJIEKCa C BKVIIOUEHMEM B ITOJIOCTh
IMKIOAEeKCTPpMHA

1. Hydrophilic surface: The outer surface of cyclodextrin is composed
of hydroxyl groups (-OH) attached to glucose units. The primary hydrox-
yl groups are positioned at the narrow end of the cone, particularly on
carbon 6 of the glucose molecules, while the secondary hydroxyl groups
are located on carbons 2 and 3 at the broad edge. This hydrophilic sur-
face enables cyclodextrins to interact effectively with water, making them
soluble in aqueous solutions [40].

2. Creation of a hydrophobic cavity: Within the ring structure, the
hydrogen atoms and ether-like oxygen atoms in the glucose units con-
tribute to forming a relatively nonpolar, hydrophobic cavity. This inner
space can accommodate various hydrophobic guest molecules, making
cyclodextrins excellent for encapsulation. The cavity’s hydrophobic na-
ture allows the inclusion of nonpolar substances while keeping the polar
exterior exposed to the surrounding water [41,42] (Figure 4).

5. Characterization of CD inclusion complex
Encapsulation induces several notable changes in both host and guest
molecules. The solubility of the guest molecules significantly increases,

Huydrophopic interior

:~5—6 A
:~7—8 A
Y-CDs :~9—I10 A

a_CDs
B- CDs

Hydrophilic exterior

Figure 4. Cyclodextrin schematic representations
PucyHOK 4. CXeMaTU4ecKye M300pakeHNsI BVKI0OJEKCTPUHOB

whereas the concentration of dissolved cyclodextrins (CDs) may remain
unchanged or decrease depending on the solvent used. Additionally,
the spectral properties of the encapsulated molecule, including UV ab-
sorption bands, fluorescence, and NMR spectra, undergo modifications.
Encapsulation also reduces the reactivity and volatility of the guest
molecule. Furthermore, hydrophobic guest molecules acquire hydro-
philic characteristics, altering their mobility in chromatographic analy-
ses [2,36].

Due to the importance of cyclodextrins complexes, different meth-
ods have been used to diagnose and study the properties of these com-
plexes, such as spectroscopic (ultraviolet/visible, fluorescence, nuclear
magnetic resonance, electrons spin resonance, Fourier-transform infra-
red), electroanalytical (polarography, voltammetry, conductimetry, po-
tentiometry), separative (high-performance liquid chromatography, gas
chromatography, thermal, differential scanning calorimetry (DSC), ther-
mal gravimetric analysis, X-ray, single crystal X-ray diffraction, powder
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X-ray diffraction, polarimetry [8,40]. These methods rely on variations
in physical or chemical properties of the guest molecule useful for track-
ing complex formation [40]. A comprehensive set of advanced analytical
techniques is employed to study and characterize inclusion complexes,
providing a precise understanding of their structural and physicochemi-
cal properties. Fourier-transform infrared spectroscopy (FTIR) is a funda-
mental tool for analyzing these complexes by examining molecular vibra-
tional energy level transitions, which reveal structural modifications and
molecular interactions occurring during complex formation. In addition,
nuclear magnetic resonance (NMR) spectroscopy serves as an effective
method for determining the molecular structure of inclusion complexes.
This technique is based on the absorption of radiofrequency radiation by
atomic nuclei in the presence of a strong magnetic field. The formation of
an inclusion complex is confirmed by shifts in the chemical environment
of nuclei, reflected in the NMR spectrum as changes in chemical shift val-
ues, which indicate interactions between the host and guest molecules.
Furthermore, X-ray diffraction (XRD) is a crucial technique for detecting
structural modifications associated with the formation of inclusion com-
plexes. This method relies on analyzing diffraction patterns generated
by the crystalline lattice of materials when exposed to X-rays. The pres-
ence of distinct diffraction peaks, which differ significantly from those
of the original functional ingredient, serves as strong evidence of com-
plex formation, confirming changes in the crystalline structure result-
ing from molecular encapsulation. Beyond spectroscopic and structural
analyses, thermal analysis techniques provide critical insights into the
thermodynamic properties of inclusion complexes. Thermal analysis is
used to investigate the relationship between a substance’s physicochemi-
cal properties and its thermal-induced transformations, such as phase
transitions, melting, decomposition, and oxidation. These changes are
monitored by measuring variations in mass or energy under controlled
temperature conditions. The most commonly employed thermal analysis
techniques include differential thermal analysis (DTA), thermogravimet-
ric analysis (TGA), and differential scanning calorimetry (DSC). These
methods allow for qualitative and quantitative assessments of the crys-
tallinity of substances during the melting process, offering valuable in-
formation about the thermal stability and phase behavior of inclusion
complexes with high precision [8].

6. Types of cyclodextrins

Cyclodextrin glucanotransferase catalyzes four reactions: hydrolysis,
cyclization, coupling, and disproportionation. This is achieved by break-
ing o-1,4-glycosidic bonds found within the inner part of a polysaccha-
ride chain. Among these reactions, cyclization is the specific enzymatic
process that produces three types of cyclodextrins (CDs) from starch and
its derivatives [18,19], including:

6.1. Alpha-cyclodextrin (a-CD)
a-Cyclodextrin is composed of six glucose units, with a molecular
weight of 972.84 Da and a chemical formula Cs;¢HgnO3p. Due to its nar-
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row cavity and strong resistance to enzymatic hydrolysis, a-cyclodextrin
is utilized in various industries, especially in the food sector. At 25°C,
a-cyclodextrin exhibits moderate water solubility, approximately 1.6
times lower than y-CD but several times higher than B-CD. Its limited
digestibility and lower risk of causing indigestion make it suitable for use
in large quantities. Several chemical derivatives of a-CD have been devel-
oped through modifications of its hydroxyl groups. For example, cyclo-
dextrin glycosyltransferase catalyzes the enzymatic conversion of starch
or its derivatives into a-CD. However, a-CD holds a smaller market share
compared to B-CD, largely due to its higher cost and lower yield [43,44].

6.2. Beta-cyclodextrin (f-CD)

B-Cyclodextrin is a chemical compound with the formula C4H7(O3;5
and a molecular weight of 1135 Da. Its cavity size is ideal for accommo-
dating many drugs with molecular weights ranging from 200 to 800 Da,
and its melting point can exceed 280 °C [45]. Composed of seven glucose
units, B-CD has a stable average cavity size, enabling it to form complex-
es with a variety of guest molecules efficiently and at a reasonable cost.
Among the three types of cyclodextrins, 3-CD has the lowest solubility
and the strongest hydrogen bond strength, owing to the flexible hydroxyl
groups located on its narrow edges, which facilitate hydrogen bond for-
mation [36,44].

6.3. Gamma-cyclodextrin (y-CD)

v-CD has a molecular weight of 1297 Da and the chemical formula
CygHggO40. It consists of eight glucose subunits connected end-to-end by
a-1,4 bonds, forming a tapered cylinder with 8 primary alcohol groups on
one side and 16 secondary alcohol groups on the other side [36,46]. Cy-
clodextrin’s inner core is hydrophobic, while its outside surface is mod-
erately hydrophilic. y-CD has the largest cavity, making it well-suited to
accommodate larger biomolecules and other guests, with maximum solu-
bility and the best level of safety among the three CDs. However, the high
expense associated with the manufacture and purification of enzymes
restricts the large-scale production of y-CD [44].

7. Application of CDs

There are a variety of applications for CDs and their derivatives in the
food, cosmetics, and pharmaceutical industries (Figures 5 and 6), though
they are more prevalent in the food industries [11].

In the food industry, CDs are usually used as an adjuvant, a technologi-
cal tool that improves the physical and chemical characteristics of food
components. For instance, they can be used to stabilize aroma and fla-
vor compounds, polyunsaturated fatty acids (PUFAs), and poorly water-
soluble vitamins and nutrients. This allows the complex food components
made of cyclodextrin to be incorporated into automated food processing
systems on an industrial scale. Additional examples include taste mask-
ing and the elimination of undesirable ingredients like cholesterol from
dairy products and eggs [9,40,46]. Cholesterol and CDs can combine to
create inclusion complexes, which trap the cholesterol molecule inside
the CD cavity. This complexation makes cholesterol more soluble, which
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may make it easier for the body to eliminate it. A cross-linked cyclodex-
trin made with adipic acid was employed to reduce the cholesterol content
in butter. The treatment, which involved 10% cross-linked cyclodextrin,
achieved a 90 % reduction in cholesterol levels. Additionally, no significant
adverse effects on the chemical, rheological, or sensory properties of the
butter or cheese were observed [47]. Cyclodextrin has also been used in
various hydrocolloids such as carrageen or starch, which has shown sig-
nificant improvement in the properties and characteristics of the hydro-
colloids. When combined with xanthan or guar gum, CDs can improve the
viscosity of both hydrocolloids [40]. Additionally, microbial contamination
can be removed using cyclodextrins [27]. Cyclodextrins are used in active
packaging to improve food preservation by controlling the release of ac-
tive substances like antioxidants, antimicrobials, and flavor compounds.
They can encapsulate antioxidants such as ascorbic acid or tocopherols
to prevent oxidation and spoilage of packaged food products. This type of
packaging allows for a controlled release of compounds, allowing them to
be released slowly over time, thus prolonging the shelf life of foods such as
meat, oils and dairy products. Additionally, cyclodextrins can trap natural
antimicrobial agents like essential oils (e. g., thyme, oregano) or bioactive
compounds (e. g., nisin, lysozyme) in their hydrophobic cavity, helping to
gradually release them. This gradual release inhibits microbial growth,
thereby preventing foodborne illness and spoilage [48].

According to reports, bitter gourd (Momordica charantia L.) is useful
for diabetes. The addition of B-CD to bitter gourd juice enhances its palat-
ability, which suggests that it might be used as an additional treatment
for diabetes. Momordicoside K and momordicoside L, two triterpene gly-
cosides, are the active components of bitter gourd that give it its bitter
flavor. It has been demonstrated that B-CD improves antioxidant activity
and lessens bitterness, which increases consumer acceptability [9].

Through binding certain pigment compounds, such as anthocyanin,
or the substrate of an enzymatic reaction, like phenolic compounds in
the case of enzymatic browning, CDs have been used to either improve
the stability of natural colorants in food during food processing and stor-
age, or to prevent the formation of browning reactions [49]. Food-related
activities that can be stopped using CDs include oxidation, light-induced
reactions, heat-promoted breakdown, self-decomposition, and loss
caused by volatility or sublimation [11].

CDs can be used to lower off-flavors. According to [50], authors in-
vestigated the impact of B-CD at concentrations of 0.05% — 0.25% on
watermelon juice heat treatment in combination with other polymers. Of
all the polymers analyzed, B-CD was found to be the most effective in
reducing off-flavors after heat treatment. They also noted that the timing
of B-CD addition had a significant effect, with addition after heat treat-
ment being more effective in reducing off-flavors than addition before
treatment [49].

Cyclodextrins improve the water absorption capacity of flour due to
their numerous hydroxyl groups, which can form hydrogen bonds with
water molecules. This reduces the availability of water, which in turn af-
fects the formation of the gluten network. Consequently, changes in the
dough’s mixing and extensibility properties may occur. Additionally, CD
can increase the proportion of a-helix in gluten protein and reduce the
proportion of B-sheet, indicating that the secondary structure of gluten
protein was affected by CD [51].

In the cosmetics industry, CDs are used in cosmetics products to ex-
tend their shelf life, stabilize volatile chemical ingredients, lessen of-
fensive tastes or smells, and prevent or lessen topical irritation. CDs are
widely used in treatments for dermatitis, psoriasis, acne, sun protection,
and wound healing, as well as in deodorants and shampoos [49]. The cos-
metics industry uses bioactive chemicals derived from natural sources
because they often have a higher safety profile than synthetic ones. Even
though their biological actions have been scientifically shown, they are
difficult to handle, which limits their usage and activity. The bioavail-
ability, solubility, and stability are among the problems that are resolved
by using the CDs [39].

CDs are used in medicine as either therapeutic substances or excip-
ients that improve the solubility and stability of drugs [5,52]. CDs and
their derivatives provide advantages including enhancing the bioavail-
ability and efficacy of current medications, which leads to a variety of
applications in the pharmaceutical industry. Beta-cyclodextrin is a fun-
damental component in many pharmaceutical formulations, primarily
used to enhance the solubility and bioavailability of drugs with poor wa-
ter solubility. This compound forms inclusion complexes with pharma-
ceutical molecules, thereby facilitating increased drug absorption in the
body. Additionally, it is employed to reduce irritation caused by certain
drugs when applied topically or administered orally. Furthermore, beta-
cyclodextrin plays a role in stabilizing drugs sensitive to environmental
factors such as light and heat, prolonging their shelf life and maintaining

their efficacy [41,53,54]. There are already more than 50 medicinal items
on the market that include CDs [55].

The most important cyclodextrin in the pharmaceutical and medi-
cal industries is the B-CD, which is also the most often utilized. The
popularity of cavity can be attributed to its ideal size for many com-
mon pharmaceutical drugs with molecular weights ranging from 200 to
800 g/mol, its straightforward production process, availability in pure
form, efficient drug complexation capabilities, relatively low cost, and
its ability to both enhance drug efficacy and reduce toxicity. Though it
has some drawbacks over a-CD and y-CD, such as reduced solubility in
water, the B-CD makes up over 90% of all cyclodextrins that are made
and ingested [40]. According to biosafety studies, CDs are useful for de-
livering lipophilic pharmaceuticals since they have helped to lessen the
harmful side effects of numerous medications that arise from their poor
solubility. CDs assist in controlled drug release, which can be regulated
by solubility, osmotic pressure, or pH control [41,56]. CDs may help re-
duce the side effects of drugs that cause irritation or have a bitter taste
or unpleasant smell [57].

The compressed tablets provide effective protection that enhances the
stability of antioxidants and UV filters when exposed to sunlight and oxy-
gen. In addition, studies have shown that these tablets can significantly
increase the water solubility of poorly soluble antioxidants, enhancing
their biological efficacy, particularly in the field of anti-cancer [53].

Since cyclodextrin may combine with drugs to create inclusion com-
plexes, it is a useful tool in the development of more potent anti-cancer
chemotherapy regimens. Many studies have examined the insertion of
conventional medications or naturally occurring bioactive substances in-
to CDs’ cavities in an effort to better understand their effects on various
cancer cell lines in vitro or as in vivo therapeutic possibilities in animal
models [53,58].

Cyclodextrins (CDs) and their derivatives are widely used in various
applications in analytical chemistry, particularly in analytical separa-
tions, due to their ability to distinguish between positional isomers,
functional groups, homologues, and enantiomers. They are utilized in a
range of applications, including chromatography, wastewater treatment,
and other separation techniques [11]. A recent study has highlighted the
potential of CD derivatives as vehicles for siRNA delivery. While a few
of these derivatives have been approved for human use, others, such as
TRIMEB (heptakis-2,3,6-tris-O-methyl B-CD) and SBE-B-CD (sulfobutyl-
ether B-CD), remain in the experimental phase [59].

Cyclodextrins have received wide attention due to their environmen-
tal applications, as they have the ability to form entrapment complexes
with a variety of hydrophobic organic pollutants. These compounds have
a unique structure, including a hydrophilic outer surface and a hydropho-
bic interior, which enables cyclodextrins to trap and remove pollutants
from water, soil, and air. This makes them of great interest in the fields
of environmental remediation and green chemistry [60]. Environmental
scientists use CDs in several areas, such as enhancing the solubiliza-
tion of organic pollutants and removing contaminants from wastewater,
soil, and air. Since CDs are inexpensive and biodegradable, their usage
in this industry is favored [6]. Through the use of chemistry with stimu-
lating chemicals, such as functional golden nanotechnologies coupled
with B-cyclodextrin, B-CD has been effectively used to eliminate organic
contaminants, such as aromatic nitrogen. These nanoparticles produced
with B-cyclodextrin may pave the way for the removal of pollutants from
aquatic settings [61]. CDs are also useful for delaying seed germination.
Grain treated with B-CD has a 20 % to 45 % higher harvest percentage be-
cause a part of the amylases that break down the starch storage in the
seeds is inhibited [57].

In recent years, there have been a lot of research on the use of g-CD
to encapsulate volatile materials with unstable chemical and physical
characteristics, like essential oils [62]. Moreover, B-CD has been shown to
be highly effective in improving the delivery characteristics of processed
composite components in food systems, as well as in altering the density
and texture of food products to enhance their mouthfeel.

The unique structural properties of cyclodextrins enable them to form
inclusion complexes with a variety of guest molecules, including organic
pollutants, pesticides, dyes, pharmaceuticals, and hydrocarbons. Cyclo-
dextrins act as molecular sponges in water treatment, effectively trap-
ping pollutants within their cavities. This process occurs through non-
covalent interactions, such as hydrogen bonding, van der Waals forces,
and hydrophobic interactions. When cyclodextrins are introduced to pol-
luted water, they encapsulate contaminants within their cavities, forming
stable inclusion complexes. This mechanism reduces the concentration
of pollutants in the surrounding water, making cyclodextrins a powerful
tool for decontamination. One notable advantage of using cyclodextrins
in these applications is their reusability. These molecules can often be
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regenerated and used multiple times, enhancing their cost-effectiveness
in water treatment processes. Recent advancements have highlighted
their potential across various scenarios of contaminant adsorption,
showcasing their versatility and practicality [63].

8. Conclusion, prospective future, and suggestions

for more research

The use of cyclodextrins (CDs) and their derivatives has expanded sig-
nificantly in recent years, due to their diverse applications in food, cos-
metics, and pharmaceuticals. The main reason behind their widespread
use is their ability to form host-guest complexes with various chemicals.
These complexes are formed as a result of the unique structural proper-
ties of cyclodextrins, such as their hydrophobic cavities. Moreover, the
CDs can contribute to improved water solubility, as well as enhanced
physical and chemical properties and the capacity to introduce various
compounds. Molecular encapsulation with cyclodextrins can extend the

shelf life of products by improving the physical and chemical stability of
flavors, vitamins, pigments, unsaturated fats, and other lipophilic com-
pounds. Additionally, this technique improves sensory qualities and aids
in avoiding microbial contamination. Furthermore, CDs are regarded as
advantageous nutrients and biologically active dietary supplements. Due
to their low toxicity, these tablets may be utilized without endangering
human health, leading to healthier products that are less likely to dete-
riorate.

The current uses of CDs emphasize the increasing demand for
CD-based products in the future. The global CD market is expected to
expand due to the substantial number of patents related to CD tech-
niques and applications. Projections indicate that the market will grow
from $180 million in 2019 to $210 million by 2024, eventually reaching
approximately $390 million by 2027. The continued dominance of CDs in
the market relies on the availability of robust CGTase enzymes with high
product specificity.
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