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REVIEW

130 years of cyclodextrin discovery for health, food, agriculture,
and the industry: a review

Nadia Morin-Crini'© . Sophie Fourmentin? - Eva Fenyvesi? - Eric Lichtfouse*® - Giangiacomo Torri® -
Marc Fourmentin® - Grégorio Crini'

Abstract

Cyclodextrins are a group of cyclic oligosaccharides obtained by enzymatic degradation of starch. They are remarkable
macrocyclic molecules that have led major theoretical and practical advances in chemistry, biology, biochemistry, health
science, and agriculture. Their molecular structure is composed of a hydrophobic cavity that can encapsulate other com-
pounds to form inclusion complexes through host—guest interactions. This unique feature is at the origin of many applica-
tions. Cyclodextrins and their derivatives have a wide variety of practical applications in almost all sectors of the industry,
including pharmacy, medicine, foods, cosmetics, chromatography, catalysis, biotechnology, and the textile industry. Villiers
published the first reference to cyclodextrins in 1891, and since then, these molecules have continued to fascinate academia
and industry. Currently, more than 2000 publications on cyclodextrins are published each year. On the occasion of the 130th
anniversary of their discovery, in this review, we present an historical overview of the development and applications of
cyclodextrins. First, we present the discovery and first chemical studies on cyclodextrins. Then, the main results obtained
during the 1911-1970 exploration period are discussed. A third part presents the historical landmarks in the development
of cyclodextrins from 1970 to the present day.
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medical, radiology, agrochemistry, catalysis, packaging, tex-
tile industry, nanotechnology, and soil and water treatment
(see recent selected reviews: Astray et al. 2020; Bezerra
et al. 2020; Dhiman and Bhatia 2020; Gentili 2020; Hus-
sain Asim et al. 2020; Kumari et al. 2020; Liu et al. 2020;
Matencio et al. 2020; Morillo et al. 2020; Tian et al. 2020;
Viernstein and Wolschann 2020; Zhang et al. 2020; Arora
et al. 2019; Braga 2019; Fenyvesi et al. 2019; Kfoury et al.
2019; Crini et al. 2018).

Figure 1 shows that cyclodextrins occur in many daily
products such as an ibuprofen tablet, a non-steroidal anti-
inflammatory drug, a whooping cough vaccine, a curative
antidote, a hair loss solution, a stop smoking aid, tooth-
pastes, shampoo, colognes, a deodorant toilet, razors, a
turmeric-based food supplement, a butter, a mayonnaise,
fish sausages, modified steaks, a horseradish powder, mus-
tard sauces, a sweetener, honey, a cinnamon extract, green
tea without bitterness, vanilla coffee, clarified fruit juices,
chewing gums, chromatographic columns, biopesticides,
catalysts, tubular materials, a curtain, cosmetotextiles, an
ink, a detergent, a bioflocculant for swimming pool, or a
bioadsorbent for water treatment (Morin-Crini et al. 2015;
Crini et al. 2018; Fourmentin et al. 2018a, b).

The first important period on the history of cyclodextrins,
from 1891 to 1911, covers their discovery by Villiers, and
their characterization and chemistry by Schardinger (Thoma
and Stewart 1965; Caesar 1968; Clarke et al. 1988; Sze-
jtli 1998). In 1891, Villiers discovered a crystalline dex-
trin from the Bacillus amylobacter digest of potato starch,
which he named “cellulosine” (Villiers 1891a, b, c, d). At
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the beginning of the last century, Schardinger also observed
the formation of two crystallized products during his inves-
tigations of food spoilage, which he called crystallized
dextrin-o and crystallized dextrin-f. Schardinger gave the
first detailed description of the preparation and separation
of these two dextrins. However, from 1911 to 1935 came
a period of doubt and disagreement, in particular between
the groups of Pringsheim and Karrer, although they pub-
lished numerous studies on the composition, properties, and
chemistry of the crystallized dextrins (Crini 2014; Crini
et al. 2020). It was not until the mid-1930s that research on
dextrins developed again. The exploration period from 1935
to 1950 was marked by the numerous results obtained by
Freudenberg and French on the structure of the “Schardinger
dextrin” molecules. In 1936, Freudenberg suggested a cyclic
structure for a-dextrin and p-dextrin. In 1942, French pro-
posed that Schardinger dextrins be called cycloamyloses,
described new protocols for the preparation of cycloamyl-
oses with high purity and published the correct molecular
weights of the two dextrins. The same year, Hudson dis-
covered the enzyme in Bacillus macerans responsible for
the conversion of starch into dextrins. In 1948, Freudenberg
discovered y-dextrin, and one year later, Cramer, his Ph.D.
student, introduced the cyclodextrin-based nomenclature.
The period between 1950 and 1970, known as the period
of maturation of notions, focused on inclusion complexes
with Cramer’s work in the foreground (Crini et al. 2020). In
1953, Freudenberg’s group published the first patent con-
cerning the applications of cyclodextrins in pharmaceutical
formulations. In 1956, Cramer introduced and detailed the
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notion of an inclusion complex. From that time on, the inter-
est in cyclodextrins increased. During the maturation period,
the works of Casu on the conformation and spectroscopic
characterization of cyclodextrins were acknowledged to have
brought an important contribution. At the same time, much
attention was also focused on their use for catalysis and as
enzyme models (Crini 2014). Nonetheless, until the mid-
1970s, the three main native cyclodextrins, i.e., a-, - and
y-cyclodextrins, available only in small quantities, were long
considered as just laboratory curiosities (Thoma and Stewart
1965; Caesar 1968; Kainuma 1984; Clarke et al. 1988). In
the way of industrial development, the three main obstacles
were their price, their presumed toxicity, and the lack of
sufficient knowledge of these substances (Szejtli 1982a). In
addition, very few researchers were convinced of the indus-
trial potential of cyclodextrins.

The 1970s were marked by two important events (Crini
et al. 2020). Firstly, several manufacturers started to produce
and to commercialize cyclodextrins. Secondly, the first toxi-
cological studies had established that B-cyclodextrin admin-
istrated orally was a harmless substance. As a result, this
has led to spectacular progress. In the mid-1970 s, pharma-
ceutical and food applications started to appear and rapidly
gained ground, especially in Japan (Hamada et al. 1975;
Szejtli 1977; Pitha et al. 1983; Uekama and Otagiri 1987,
Fromming and Szejtli 1994). Saenger (1980) published
the first comprehensive review about the potential indus-
trial applications of cyclodextrins. The first International
Cyclodextrin Symposium organized by Szejtli took place in
Budapest in 1981, and one year later, he wrote the first com-
prehensive cyclodextrin book (Szejtli 1982a). At that time,
many interesting catalysts based on cyclodextrins were also
constructed for biomimetic chemistry and other processes
of interest such as artificial enzymes (Breslow 1979; Bres-
low and Dong 1998). Both from an academic and industrial
point of view, the number of communications then started
to increase exponentially, as did the filing of patents. In the
mid-1980s, cyclodextrins were produced in large quantities
and commercialized at a reasonable price, i.e., 1015 $/kg
(Szejtli 1982a). Other industrial applications have become
possible. In 1984, the first chromatographic columns were
marketed (Armstrong 1984; Ward and Armstrong 1986,
1988; Armstrong and Jin 1989). Since then, an increasing
interest in cyclodextrins and their possible applications has
existed (Duchéne 1987, 1991; Szejtli 1988). An abundant
scientific literature has built up since the 1980s. Currently,
every year, more than 2000 publications, including articles
and book chapters, are devoted to cyclodextrins (Cyclodex-
trin News, CycloLab, Ltd., Hungary). Nowadays, these mol-
ecules still fascinate researchers and industrials.

The objective of this review is to describe historical
landmarks of the discovery, exploration, and utilization of
cyclodextrins. We also present some highlights of their early

industrial applications. To this end, an extensive list of data
from about 500 original publications has been compiled.
Although this historical chapter cannot hope to be exhaus-
tive, it does highlight the work of those researchers who have
contributed to the knowledge of cyclodextrins throughout
the 130 years of its history. This article is an abridged ver-
sion of the chapter published by Morin-Crini et al. (2020) in
the series Environmental Chemistry for a Sustainable World.

Discovery and first chemical studies
of cyclodextrins

Discovery: 1891-1911

During experiments on the degradation and reduction in
carbohydrates under the action of ferments, Antoine Vil-
liers, a French pharmacist and chemist, was the first to
observe in 1891 the formation of unwanted crystals with
particular properties, i.e., the formation of cyclodextrins.
Villiers showed how easy it was to transform starch to yield
“novel crystalline dextrins” with particular properties under
the action of ferments. He first obtained a small amount of
crystalline dextrins from digests of Bacillus amylobacter,
i.e., Clostridium butyricum, on potato starch under certain
conditions (Villiers 1891a, 1891b): 50 g potato starchin 1 L
of water at 100 °C subsequently seeded with Bacillus amylo-
bacter and incubated for several days in an oven at 40 °C.
Villiers presented his results to the French “Académie des
Sciences” in February 1891. At that time, the dextrins, pre-
viously discovered in 1821, were the degradation products
and/or the intermediate decomposition products of starch
through heating. For Villiers, his dextrins were degradation
products of starch. When purified by fractional precipita-
tion, the crystals presented very different optical rotation
properties and were difficult to hydrolyze any further. Iodine
stains red those dextrins that had a high optical activity, the
intensity of the stain decreased with the optical activity.
The butyric ferment caused the transformation of the starch
directly into dextrin without the involvement of intermedi-
ates such as diastases secreted by the ferment. Later, Villiers
considered his dextrins as the intermediate decomposition
products of starch (Villiers 1891b). Villiers also obtained
“un curieux sous-produit”’, i.e., a curious by-product, in
small quantities after several weeks of incubation: 3 g of
this carbohydrate was obtained as crystals after bacterial
digestion of 1000 g of starch. This new substance was found
in the alcohol that was used for the precipitation of dextrins
(Villiers 1891b).

In a second proceedings of the French “Académie des
Sciences” of June 1891, Villiers described the chemical
composition of the novel highly crystalline dextrin having
a composition between that of starch and that of dextrin



(Villiers 1891c). In air, the crystals, containing water and
alcohol of crystallization (the proportion of the latter is
rather small, about 4%), became opaque. They lose alco-
hol and absorbed water without any change in weight. After
purification in large amount of hot water, Villiers obtained
small brilliant crystals, most probably p-cyclodextrin
and determined the chemical composition of this crystal-
line carbohydrate. He gave the first empirical formula:
[(C4¢H,(O5), +3H,0]. Its solubility in water at room tem-
perature was low but raised with temperature. The white
crystals with a very slight sweetness showed extremely high
optical activity, much higher than those of certain dextrins
formed under the action of the butyric ferment. Villiers
then considered this novel substance as an isomer of starch
(Villiers 1891c, d). By manipulating the experimental con-
ditions, Villiers obtained two distinct crystalline dextrins,
most probably a-cyclodextrin and p-cyclodextrin, having
a composition represented by a multiple of the formula
[(C¢HoO5) +3H,0]. Villiers noted again that the white
crystals with a very slight sweetness showed extremely high
optical activity. Pursuing his experiments, he observed that
the two dextrins, always considered as isomers of starch,
were almost insoluble in water, soluble in alcohol, non-fer-
mentable, acid resistant, and they could also be converted
into ethers under the action of acid chlorides. Villiers finally
concluded that the properties of these two particular dextrins
were very clearly different from those of the various saccha-
rides and polysaccharides known at the time and proposed
the name of “cellulosines” due to the similarities with cel-
lulose, e.g., with “regard to difficulty of acid hydrolysis”
(Villiers 1891c, d).

At the beginning of the 1900s, Heinrich Robert Koch, a
famous German physician and microbiologist, Nobel Prize
in 1905, remained unconvinced by Villiers’ conclusions
(Crini 2014). In Koch’s opinion, Villiers used “primitive
bacteriological techniques and probably impure cultures.”
This was also pointed out by Schardinger (1904). Later,
French (1957a) indicated that “Villiers used impure cul-
tures but his digests contained sufficient Bacillus macer-
ans to account for the small amount of crystalline dextrin
obtained.”

The recognition to cyclodextrins is attributed to Franz
Schardinger, an Austrian chemist and bacteriologist.
Schardinger is the first Great Scientist who has left its
mark on the history of these oligosaccharides. He is con-
sidered the “Founding Father” of cyclodextrin (Szejtli
1982a; Crini 2014, 2020a). At the beginning of the last
century, Schardinger also observed the formation of dex-
trins during his investigations of resistant micro-organisms
that can lead to food poisoning. Like other researchers
at that time, Schardinger studied these dextrins with the
expectation that they would shed some light on the syn-
thesis and degradation of starch. In 1903, Schardinger

discovered that a type of extremely heat-resistant micro-
organism was able to dissolve starch and form crystalline
by-products (Schardinger 1903a), remarkably similar to
cellulosines reported by Villiers. Using the iodine test,
Schardinger distinguished two types of “krystallisiertes
dextrins” which he called crystallized dextrin A and crys-
tallized dextrin B. The B form resembled Villiers’ cel-
lulosine. Indeed, the chemical behavior and the physical
constants given by Schardinger for his substance agree
very well with those of the dextrin previously described by
Villiers. Schardinger found that it was possible to isolate
pure fractions with a maximum yield of 30% crystallized
dextrins from starch, the main form obtained being always
dextrin B. “Krystallisiertes dextrins” were first consid-
ered as the degradation products of starch through heating
(Schardinger 1903a). Schardinger also managed to iso-
late the strain of bacteria responsible for the degradation
of starch—he called it strain II (Schardinger 1903b). He
observed that this heat-resistant organism had considera-
ble starch-fermenting power. When sub-cultured on starch,
strain Il broke down starch, giving an alcohol-insoluble
“soluble starch” together with crystallized dextrin A (fine
hexagonal plates) and crystallized dextrin B (stout pris-
matic crystals). Schardinger also observed that with time,
the activity of the strain II microorganism decreased.
Indeed, he was unsuccessful in maintaining a culture of
strain II which had the characteristic starch-degrading
activity.

In 1904, Schardinger isolated a new microorganism,
considered as “an accidental contaminant,” which he first
called Rottebacillus I owing to its action on potato starch,
i.e., it produced acetone and ethyl alcohol by fermentation
of carbohydrate media (Schardinger 1904). The name Rot-
tebacillus I was used to express the fact the microorganism
was able to form both acetone and ethyl alcohol. Several
months later, Schardinger used the Latin term Bacillus
macerans to name his microbe, i.e., macerare, to rot. This
bacillus was able to give the same crystalline dextrins as
before, which he designated as “krystallisiertes polysac-
charides,” i.e., crystallized polysaccharides, considered
then as the intermediate decomposition products of starch
(Schardinger 1904). Using the characteristic reaction that
starch derivatives show with iodine, Schardinger pro-
posed a distinction between a “crystallized amylose” and
a “crystallized amylodextrin.” The yields obtained were
tenfold those reported by Villiers. To explain this result,
Schardinger suggested that, in the conditions of steriliza-
tion described by Villiers, the bacillus used was “probably
not pure” (Schardinger 1904). One year later, Schardinger
was also the first to observe that different starchy sub-
strates differed in their behavior with Bacillus macerans,
especially in the yields obtained (Schardinger 1905).



The foundation of the cyclodextrin chemistry

Between 1905 and 1911, Schardinger made several impor-
tant observations (Schardinger 1903a, b, 1904, 1905, 1909,
1911). He observed that cellulosines were often formed in
starch-based media containing putrefying micro-organisms.
The formation of the two crystallized dextrins depended on
the type of bacteria digesting starch. The distinction between
the two forms was always made through their ability to form
complexes of different colors with iodine. Schardinger also
studied the chemistry of the two dextrins, pointing out their
lack of reducing power and hydrolysis to reducing sugar.
Dextrins were non-reducing to copper reagents and non-fer-
mentable by yeast. Schardinger also reported their behavior
in the presence of alcohols, chloroform, ether, and iodine
solution. He used the complexes with these solvents as a
means of precipitation of dextrins. This was the first indica-
tion of the ability of dextrins to form “inclusion” complexes
(French 1957a; Thoma and Stewart 1965; Szejtli 1998; Crini
2014, 2020a). Finally, Schardinger proposed empirical for-
mulae of dextrins. However, he did not propose a structure
for his crystallized dextrins and also did not attempt their
molecular-weight determinations. It will take another twenty
years before the cyclic nature of Schardinger’s dextrins
was recognized. Professor Schardinger decided to stop his
research into dextrins in 1911, and as a conclusion he wrote:
“I realize that still very many questions remain unsolved;
the answer to these I must leave to another, who, owing to
more favorable external conditions, can deal with the subject
more intensively.”

In the 24 years following Schardinger’s final paper
(Schardinger 1911), the field of research on crystallized dex-
trins was dominated by the groups of Pringsheim and Kar-
rer. Pringsheim is recognized as the first researcher to have
published prolifically on dextrins. However, the works were
repetitive, marred by frequently contradictory results and
by even hot debate between the two groups (French 1957a;
Szejtli 1998; Crini 2014, 2020a, b; Morin-Crini et al. 2015).

Historical landmarks in the exploration
of cyclodextrins: from 1911 to 1970

Nomenclature

In 1891, cyclodextrin was initially called “cellulosine” by
Villiers because he assumed that the novel crystalline sub-
stance, obtained from digests of Bacillus amylobacter, was
a kind of cellulose (Crini 2014, 2020a).

In 1903, Schardinger reported the formation of two
“krystallisiertes dextrins” during his investigations of food
spoilage, which he called crystallized dextrin A and crys-
tallized dextrin B, because most of their properties were

similar to the already know partial degradation products
of starch, i.e., the dextrins (Schardinger 1903a, b). One
year later, the “krystallisiertes dextrins,” considered as
the intermediate crystallized decomposition products/by-
products of starch, were designated by the term “krystal-
lisiertes polysaccharides,” i.e., crystallized polysaccha-
rides (Schardinger 1904). Pursuing his investigations on the
structure of starch, Schardinger then introduced a distinc-
tion between a “crystallized amylose” for dextrin A and a
“crystallized amylodextrin” for dextrin B, because, for him,
there was an analogy between his dextrins and amylose and
amylodextrin, especially with respect to their iodine color-
reactions (Schardinger 1905, 1907). Finally, Schardinger
considered that these names were inappropriate and thus
decided to rename it “crystallized dextrin-o” and “crystal-
lized dextrin-p” (Schardinger 1911).

In the mid-1910s, the German chemist and biochemist
Hans Pringsheim used the name of “krystallisiertes polya-
mylosen,” i.e., crystallized polyamyloses, distinguishing
two series, the a-series of dextrins contained 2n p-glucose
units per molecule and the B-series containing 3n p-glucose
units per molecule. Four substances, i.e., a-diamylose,
a-tetraamylose, a-hexaamylose, and a-octaamylose, were
included in the a-series of dextrins, while the f-series
only contained two substances, i.e., p-triamylose and
B-hexaamylose. Indeed, for Pringsheim, the Schardinger
dextrins arose through the bacterial depolymerization of
starch to the fundamental units: the amylose fraction being
broken down into the a-series of dextrins, i.e., polyamyloses,
and the amylopectin fraction being degraded to the p-series
(French 1957a; Thoma and Stewart 1965; Caesar 1968; Sze-
jtli 1998; Morin-Crini et al. 2015; Crini 2020b). Pringsheim
also used the terms of a-amylosan, a-allo-amylosan and
a-iso-amylosan, and f-amylosan, f-allo-amylosan and f-iso-
amylosan for a-dextrin and B-dextrin, respectively (Crini
2014). At the same time, the Swiss chemist Paul Karrer
also introduced the notion of series of crystallized dextrins.
Like Pringsheim, Karrer was convinced that the a-series of
dextrins was composed of at least four distinct substances
differing in molecular size. However, he disagreed with the
subdivision of the f-series into triamylose and hexaamyl-
ose. For Karrer, these two products were identical. In addi-
tion, Karrer regarded maltose as the fundamental unit of the
whole of the starch molecule while Pringsheim considered
the polyamyloses as the basic units of the starch molecule
(French 1957a; Thoma and Stewart 1965; Caesar 1968; Sze-
jtli 1998; Morin-Crini et al. 2015). Like Pringsheim, Karrer
also used the amylosan-based terminology (Crini 2014).

In the 1920s, as a tribute of the pioneering work of
Schardinger, the German chemist Karl Johann Freuden-
berg called them “Schardinger dextrins” and referred
to these compounds as a-dextrin and p-dextrin (French
1957a; Thoma and Stewart 1965; Caesar 1968; Szejtli



1998; Loftsson and Duchéne 2007; Kurkov and Loftsson
2013; Morin-Crini et al. 2015), and later as pentaosan and
hexaosan, respectively (Crini 2014). For many years, cyclo-
dextrins were called “Schardinger dextrins” in his honor,
almost up to the 1970s, or also sometimes simply as dex-
trins (Szejtli 1998). Schardinger dextrins were subsequently
named “cycloamyloses” by the American chemist Dexter
French in 1942 (French and Rundle 1942), “cycloglucanes”
by Freudenberg in 1943 (Freudenberg 1943), and finally
“cyclodextrins” in 1949 by the German chemist Friedrich
Cramer, a pupil of Freudenberg (Cramer 1949). The model
of “cycloamyloses” was constructed from glucopyranose
units in the boat conformation. For French, a-dextrin,
p-dextrin and y-dextrin must be called cyclohexaamylose,
cycloheptaamylose, and cyclooctaamylose, respectively, the
Greek prefix to the “amylose” corresponding to the degree of
polymerization, i.e., indicating the number of glucose units
in the ring (French and Rundle 1942). However, at that time,
Freudenberg claimed that “this new nomenclature was inap-
propriate and ambiguous” (Freudenberg 1943). Again, in
1947, Freudenberg wrote: “It appears to be premature to
rename the a-dextrin cyclohexa-amylose and the -dextrin
cyclohepta-amylose” (Freudenberg et al. 1947a, b). In 1943,
Freudenberg proposed the cycloglucane-based nomencla-
ture, e.g., cyclohexaglucane a(1 — 4), cycloheptaglucane
a(l —4) and cyclooctaglucane a(l —4) for a-dextrin,
B-dextrin, and for y-dextrin, respectively (Freudenberg
1943). During the mid-1940s, there was another system in
current use (Crini 2014). In the alternate system, the number
of residues in the cyclic polymer was indicated by prefixing
a Greek letter to the series name. Since the smallest known
cycloamylose was a hexamer, it was assigned the prefix a.
The cyclic heptatose, octaose, etc., were referred to, respec-
tively, as B, v, etc. The first system introduced by French
was, however, preferred because it was more descriptive of
the structures.

At the end of the 1940s, Cramer first proposed the cyclo-
based nomenclature for the nomenclature of the Schardinger
dextrins, e.g., (6-ose)-cyclo, (7-ose)-cyclo and (8-ose)-cyclo
for a-, B- and y-dextrins, respectively. For the first time in
1949, Cramer introduced the term cyclodextrin. This name
was included in the title of his Ph.D. dissertation entitled
“Die Cyclodextrine aus Stdrke” (Cramer 1949). For Cramer,
the term of cyclodextrin must be used to refer to cyclic oli-
gosaccharides made up of 6, 7, or 8 units of p-glucose joined
by a-(1 —4) linkages termed «-, -, and y-cyclodextrin,
respectively. Because of its relative brevity, the term cyclo-
dextrin was soon accepted, but the nomenclature of cyclo-
dextrins remained a subject of debate until the end of the
1990s (Szejtli 1998; Loftsson and Duchéne 2007; Kurkov
and Loftsson 2013; Crini 2014; Morin-Crini et al. 2015).
Indeed, at that time, several laboratories proposed clarifi-
cations of the nomenclature of cyclodextrins because the

term cyclodextrin only specified the nature of the sugars but
did not give any information on the bonding between them.
Thus, the name cyclomaltohexaose was suggested in 1997.
This name is composed of first the term cyclo followed by
a term indicating the type of linkage, i.e., malto for glucose
units bounds by a-(1 —4) linkages, the number of sugar
units with the ending ose, i.e., hexa for 6 or hepta for 7. This
final term, present in cyclomaltohexaose, implies a free ano-
meric center, which is not present in cyclodextrins. Both the
terms cyclodextrins and cyclomalto-oligosaccharides were
used (Crini 2014).

Other nomenclatures have also been proposed.
For instance, a-cyclodextrin was named cyclohexa-
kis-(1 — 4)-a-D-glycosyl or cyclo-a-(1 — 4)-glucohexa-
oside. The name of the glycosyl residue is preceded by the
type of linkage between brackets, in turn preceded by the
term cyclo plus an indication of the number, i.e., cyclohex-
akis, etc. The literature uses all of these nomenclatures.
Nevertheless, the cyclodextrin-based nomenclature is still
the most widely used in literature today. The nomenclature
for large-ring cyclodextrins, i.e., LR-CDs with a degree of
polymerization between 9 and > 100, is more simply: each
molecule is designated by an abbreviation CDn where n
indicates the number of glucose units in the macrocycle,
e.g., CD14 (boat-like structure) composed of 14 glucose
units (Morin-Crini et al. 2015; Assaf et al. 2016; Sonnen-
decker and Zimmermann 2019a, b; Sonnendecker et al.
2018, 2019).

Native cyclodextrins

Schardinger recognized only dextrin-o and dextrin-3, while
Freudenberg obtained y-dextrin in 1948, although previously
regarded by him as a cyclic heptasaccharide (Freudenberg
and Cramer 1948). Two years later, Freudenberg eluci-
dated the structure of y-dextrin (Freudenberg and Cramer
1950). The same year, using partial acid hydrolysis and
enzyme digestion followed by X-ray measurements and
paper chromatography, French also elucidated the struc-
ture of y-dextrin, first named “cyclodctaamylose,” and later
cyclooctaamylose (French et al. 1950b). This dextrin was
composed of eight glucose residues symmetrically arranged
in a ring and linked together by a-1,4-glucosidic bonds. In
the late 50 s, French and co-workers had established the
molecular weight, the exact chemical structure, the dimen-
sions and the types of bonding in the three cycloamyloses,
cyclohexaamylose, cycloheptaamylose, and cyclooctaa-
mylose, i.e., a-dextrin, f-dextrin and y-dextrin, respectively
(French and Mclntire 1950; Norberg and French 1950;
French et al. 1950a, 1950b).

In 1948, the first indications of the existence of higher
homologues of dextrins were published by Freudenberg
and his young student Cramer (Freudenberg and Cramer



1948). Two years later, French also suggested the possible
existence of cycloamyloses containing more than 8 glyco-
syl units (Norberg and French 1950; French et al. 1950b).
The same year, Akiya and co-workers claimed the “discov-
ery of new series of cyclic oligosaccharides” similar to the
Schardinger dextrins, containing more than 8 glucose units
(Akiya and Watanabe 1950a, b, c; Akiya and Okui 1951).
Later, Caesar (1968) reported that these “new” compounds
were the o- and pB-dextrins. In fact, the existence of larger
homologues of cycloamyloses was clearly demonstrated a
decade later by French. In 1957, French discovered delta-
dextrin or 8-dextrin and epsilon-dextrin or e-dextrin, con-
taining 9 and 10 units of glucose, respectively (French
1957a, b). He proved their existence using radioautography
and chromatography measurements. However, French elu-
cidated their structures only in 1965 (French et al. 1965).
At that time, French also wrote: “there is no obvious reason
why the series should stop here” (French 1957a), suggest-
ing the existence of cycloamyloses with 11 and 12 units of
glucose, i.e., &-dextrin or zeta-dextrin and n-dextrin or eta-
dextrin, respectively. In the beginning of the 1960s, French
continued to study cycloamyloses with a larger ring. His
objective was to develop a fractionation method for isola-
tion of larger homologs of cycloamyloses after extensive
B-amylase digestion to hydrolyze maltooligosaccharides. In
1961, the existence of cycloamyloses with 11 and 12 units
of glucose is confirmed using radioautography (Pulley and
French 1961), and four years later, he was the first to pro-
pose a fractionation method for their isolation (French et al.
1965). The structure and the dimensions of &-dextrin and
n-dextrin are reported. French finally introduced the notion
of Schardinger dextrin series, “a Schardinger dextrin fam-
ily” (French et al. 1965). The same year, Thoma and Stewart
(1965) also published similar results and the discovery of
E-dextrin and n-dextrin is attributed to them (Caesar 1968;
Szejtli 1998; Loftsson and Duchéne 2007).

French’s results had for many years been regarded as
dubious since they were not able to experimentally distin-
guish the large cyclodextrins from branched derivatives. As
late as 1988, Szejtli expressed his doubts, in his monograph
“Cyclodextrin Technology,” to whether cyclodextrins larger
than y-cyclodextrin exist (Szejtli 1988). In fact, higher cyclic
cyclodextrins than the three native cyclodextrins, reported in
the period 1960s, were probably so-called branched deriva-
tives such as branched diglucosyl-cyclodextrins. When a
section of the amylopectin molecule containing a branch-
ing point was incorporated into a cyclic structure, one
or two glucosyl or maltosyl side chains were attached by
a-(1 —6) linkages to the ring formed (Fromming and Sze-
jtli 1994). During the production of native cyclodextrins,
these branched cyclodextrins were also produced. It was
only during the mid-1990s that the existence of the large
cyclodextrins has been fully proven (Miyazawa et al. 1995;

Endo et al. 1997, 1999; Larsen 2002; Qi et al. 2004; Taira
et al. 2006; Crini 2014).

Cyclodextrin chemistry

For over 20 years, Pringsheim and his various collaborators
penned an abundant literature on dextrins (Crini 2020b).
However, these studies suffered from numerous errors due
to the use of dextrins that were not pure and to problems
arising from separation of the fractions and from the use
of unsuitable analytical methods, e.g., determination of the
masses by cryoscopy (Freudenberg and Jacobi 1935; Samec
and Blinc 1941; French 1957a; Thoma and Stewart 1965;
Caesar 1968). In 1935, Freudenberg dismissed the work of
Pringsheim as practically valueless, since “most of it was
based upon work with dextrin mixtures and upon serious
misconceptions relating to the structural principles of high
polymers” (Freudenberg and Jacobi 1935). French (1957a)
also wrote: “Pringsheim’s literature was voluminous but
much of it was repetitive, controversial, or based on errone-
ous concepts.”

From 1910, Pringsheim repeated Schardinger’s experi-
ments. He reported higher yields of p-dextrin from gly-
cogen crude preparations of amylopectin, and this is the
reason why he postulated that amylose was polymerized
a-diamylose, and amylopectin and glycogen were polymer-
ized B-triamylose. Like Schardinger, Pringsheim observed
that the relative proportions of a- and B-dextrins depended
on the different substrates used (Pringsheim and Langhans
1912). Pringsheim described the chemical behavior of dex-
trins and their properties, in agreement with the previous
results published by Schardinger. The dextrins were soluble
in water but insoluble in alcohol, ether and chloroform. They
do not reduce Fehling’s solution. To precipitate the dex-
trins, different solvents including benzene, toluene, xylene,
bromobenzene, nitrobenzene, and petroleum ether were
proposed (Pringsheim and Eissler 1913, 1914; Pringsheim
1915; Pringsheim and Lichtenstein 1916). Pringsheim con-
firmed that the simplest means to distinguish between the
a- and pB-dextrins were the iodine reaction (Pringsheim 1922;
Pringsheim and Dernikos 1922). Pringsheim was the first
to study the halogen complexes of dextrins (Pringsheim
and Wolfsohn 1924; Pringsheim and Schapiro 1926). The
first methylated B-dextrin was also obtained by his group:
43.6% of degree of methylation as against 45.6% required by
theory. Several data can also be found referring to the prep-
aration of dextrin derivatives including acetates, nitrates,
and ethers (Pringsheim 1927, 1928a, b, 1931b; Pringsheim
and Meyersohn 1927; Irvine et al. 1929; Pringsheim et al.
1930, 1931a, b; Pringsheim and Beiser 1932). However,
all Pringsheim’s data are essentially of historic interest
(Samec and Blinc 1941; French 1957a; Thoma and Stewart
1965; Caesar 1968; Szejtli 1982a; Crini 2014). From 1920



to 1925, Karrer also contributed greatly to the knowledge
of the chemistry of the Schardinger dextrins (Thoma and
Stewart 1965; Caesar 1968; Szejtli 1998; Crini 2014). Kar-
rer published several important works on dextrins (Karrer
1920, 1921, 1922, 1923, 1925; Karrer and Négeli 1921a,
b; Karrer et al. 1921, 1922; Karrer and Biirkin 1922). Like
Schardinger and Pringsheim, Karrer studied the crystallized
dextrins with the expectation that they would shed some
light on the features of starch. In 1921, Karrer published
the first conclusions on the acetolysis of a-dextrin and
B-dextrins. He demonstrated that this reaction gave essen-
tially the same excellent yield of maltose as starch or maltose
itself give, when treated similarly (Karrer 1921; Karrer and
Nigeli 1921a, b; Karrer et al. 1921). Karrer also investigated
the interactions between dextrins and ions such as barium,
sodium, and potassium (Karrer 1922; Karrer and Biirkin
1922; Karrer et al. 1922). In 1925, Karrer summarized the
whole of his works and conclusions on dextrins in a famous
comprehensive book (Karrer 1925).

Between 1911 and 1935, epoch called by Crini (2014)
the “period of doubt,” other researchers have also published
interesting works on the chemistry of the Schardinger dex-
trins (Biltz 1913; Biltz and Truthe 1913; Freudenberg and
Ivers 1922; Miekeley 1930, 1932; Ulmann 1932, Ulmann
et al. 1932; Hess et al. 1933). Miekeley (1930, 1932) pub-
lished experimental data on the chemical composition of
dextrins, which complemented those of Pringsheim. In 1933,
Ulmann’s group observed that the a-dextrin-ethanol com-
plex had two different crystal modifications which could be
interconverted. This was the first observation that a same
guest may form different crystal structures with the same
dextrin (Hess et al. 1933). However, this period did nothing
to stimulate the development of Schardinger dextrins, con-
sidered as by-products of starch degradation, and the work
on cyclodextrins reported before 1935 was little consequence
(Samec and Blinc 1941; Thoma and Stewart 1965; Caesar
1968; Szejtli 1998; Crini 2014). This can be explained by the
fact that researchers used incompletely separated fractions
and based too much reliance on cryoscopic measurements
of molecular weights, which led to many anomalous results.

From 1935 to 1950, epoch called by French (1957a) the
“maturation period,” the works of Freudenberg on the chem-
istry of the Schardinger dextrins were acknowledged to have
made an important contribution to the cyclodextrin science
(Freudenberg and Jacobi 1935; Freudenberg and Rapp 1936;
Freudenberg et al. 1936, 1938, 1939, 1947a, b; Freudenberg
and Meyer-Delius 1938, 1939; Freudenberg 1939, 1943;
Freudenberg and Cramer 1948, 1950). Indeed, Freudenberg
is recognized as a pioneer in this domain (Thoma and Stew-
art 1965; Caesar 1968). As far back as 1922, Freudenberg
was the first researcher to focus on the chemical modifica-
tion of dextrins, in particular of tosylated residues (Freuden-
berg and Ivers 1922). Later, the Schardinger dextrins were

oxidized by iodite, “probably by a glycol-cleavage reaction”
(Freudenberg 1934). Enzymic hydrolysis gave no trace of
a sugar unit other than p-glucose (Freudenberg and Jacobi
1935). During the hydrolysis of dextrins, Freudenberg also
observed an increase in rotation due to hydrolysis of the
B-linkage. During acetolysis, the dextrins were shown to
be more nearly similar to starch than to compounds of the
levoglucosan type. Using a cryoscopic method for the deter-
mination of molecular weights, Freudenberg reported (erro-
neously) the number of glucose units that the Schardinger
dextrins contained: five for a-dextrin and six for f-dextrin
(Freudenberg and Jacobi 1935). In 1936, Freudenberg con-
firmed that enzymatic hydrolysis gave no trace of a sugar
unit other than p-glucose. He also reported that methylation
studies failed to reveal the presence of any p-glucose units,
concluding that glucose was the only product of acid hydrol-
ysis of dextrins (Freudenberg and Rapp 1936). The follow-
ing pieces of experimental evidence were also published: (i)
the rate of hydrolysis of dextrins in 51% sulfuric acid was
too low for there to be any labile B-linkages present; (ii) the
Schardinger dextrins were non-reducing, that was, they did
not have a reducing chain-termination; and (iii) methylation
studies on dextrins gave no products than 2,3,6-O-methyl-
p-glucose (Freudenberg and Rapp 1936). The same year,
Freudenberg prepared fully methylated a- and B-dextrins,
and finally demonstrated that 2,3,6-tri-methylglucose was
the only product of methylation of dextrins followed by
hydrolysis (Freudenberg et al. 1936). Later, acetate deriva-
tives of the dextrins were proposed and characterized for
the first time (Freudenberg et al. 1947a, 1947b). In 1955,
Freudenberg published a detailed description of the chemis-
try of the three main cyclodextrins (Freudenberg 1955), and
in 1962, he summarized all his results (Freudenberg 1962).

Between 1942 and 1950, French published numerous
important contributions on the chemistry of the Schardinger
dextrins (French and Rundle 1942; Rundle and French 1943;
Bates et al. 1943; French et al. 1948, 1949a, b, 1950a, b,
1954; French and MclIntire 1950; Norberg and French
1950). Very quickly, like Freudenberg, French became a
pioneer in the understanding of their chemistry (Thoma
and Stewart 1965; Caesar 1968; Szejtli 1998; Crini 2014).
French showed that the Schardinger dextrins, being cyclic,
had no non-reducing end group and they were extremely
resistant to alpha-type amylases. Using data from periodate
oxidation and methylation reactions, he demonstrated that
Schardinger dextrins could not be open-chain compounds.
Periodate oxidation was slow with Schardinger dextrins
in comparison with that of straight-chain amylodextrin.
French also published solubility data on cycloamyloses,
especially in the presence of organic liquids. Solubility
data of dextrins in water at room temperature were as fol-
lows: a-dextrin 14.5 g/100 mL, p-dextrin 1.8 g/100 mL, and
y-dextrin 23.2 g/100 mL (French et al. 1949a). Using data



from periodate oxidation and methylation reactions, French
definitively demonstrated that Schardinger dextrins could not
be open-chain compounds and they were regarded as conical
cylinders (French and Mclntire 1950; Norberg and French
1950; French et al. 1950a, b). At that time, Schardinger dex-
trins were also found to be rather anomalous structures with
interesting complexing properties when compared with the
linear oligosaccharides. French indeed suggested for the first
time the fact that cycloamyloses were capable of forming
particular complexes. The nature of the complexes between
halogen and Schardinger dextrins, particularly the iodine
complexes, depended much on the amount of the halides
added. However, the cavity of dextrins was referred to as
hydrocarbon in nature by French. This result has been defini-
tively abandoned in 1965 with the advent of the modern
conformational theory.

Molecular structure of Schardinger dextrins

Schardinger was the first to hypothesize that the crystal-
line substances were “cyclic polysaccharides” (Schardinger
1907, 1909, 1911). However, he never managed to elucidate
their structure.

Karrer (1920) was the first to suggest that the dextrins
were made up of several components, and one year later,
he proved it using detailed acetolysis data (Karrer 1921;
Karrer and Nigeli 1921a, b; Karrer et al. 1921). In 1923,
Karrer was also the first to propose that dextrins are com-
posed of maltose units only joined by a-(1—4) glucosidic
linkages (Karrer 1923, 1925), although Pringsheim (1922,
1924) remained unconvinced by Karrer’s conclusions. Later,
Miekeley (1930, 1932) also came to the same conclusions
as Karrer. In 1926, Pringsheim is finally convinced by Kar-
rer’s conclusions (Pringsheim 1926) although he continued
to regard the polyamyloses as the basic units of the starch
“molecule” (Pringsheim 1928a, 1931a). However, just like
Schardinger, Karrer and Miekeley, Pringsheim failed to elu-
cidate the cyclic structure of the dextrins.

From 1934 for a period of approximately 25 years, the
main contributions toward the molecular structure and size
of the Schardinger dextrins were developed by Freuden-
berg (Freudenberg 1934, 1939, 1943, 1955, 1957a, 1957b;
Freudenberg and Jacobi 1935; Freudenberg and Rapp
1936; Freudenberg et al. 1936, 1938, 1939, 1947a, b, 1953;
Freudenberg and Meyer-Delius 1938, 1939; Freudenberg
and Cramer 1948, 1950). From 1922, Freudenberg was
attracted by Schardinger dextrins since he wanted to obtain
information on the degradation products of starch to be able
to elucidate its structure (Freudenberg and Ivers 1922). For
Freudenberg, Schardinger dextrins were first laboratory
curiosities and/or unwanted by-products of starch degrada-
tion (Freudenberg 1934), and their chain molecules were
intermediate between maltose and starch with non-reducing

end-groups. Indeed, it is only at the end of the 1930s that
Freudenberg concluded that the dextrin-o and dextrin-f3
molecules were cyclic. In 1935, a-dextrin was considered
as a mixture of chain molecules containing 4-5 p-glucose
units (Freudenberg and Jacobi 1935). Using results of con-
structing molecular models with the monomer units in a boat
rather than a chain conformation, the dextrins were lined
with a hydrocarbon interior. One year later, studying the
nature of the glycosidic bonds, Freudenberg showed that
the dextrins gave rotation-time curves closely parallel to
those given by starch and the rigid models such as Kekulé
model did not allow free rotation about the individual bonds
(Freudenberg and Rapp 1936). The presence of a “Konstel-
lation,” i.e., a ring conformation, is suggested, and in 1936,
Freudenberg hypothesized that a-dextrin and B-dextrin have
a cyclic structure (Freudenberg et al. 1936). During 2 years,
he tried to prove it. On the basis of results obtained from
methylation reactions and enzymatic hydrolysis of the dex-
trins, Freudenberg came, in 1938, to the “same conclusion”
as Schardinger, Karrer, Pringsheim and Miekeley, concern-
ing the cyclic chemical structure of a-dextrin and p-dextrin
(Freudenberg and Meyer-Delius 1938; Freudenberg et al.
1938). Ten years later, Freudenberg and his doctoral student
Cramer finally demonstrated his conclusion using optical
activity data (Freudenberg and Cramer 1948). Schardinger
dextrins had a cyclic structure composed of maltose units
bound together by a-(1 —4) glycosidic linkages. At that
time, both French and Borchert also confirmed the cyclic
structure of dextrins by X-ray crystallography (French et al.
1948; Borchert 1948). However, although Freudenberg had
determined for the first time the correct chemical structure
for the Schardinger dextrins, the number of D-glucosyl resi-
dues that he gave for the a- and p- dextrin rings, i.e., five and
six, respectively, using a cryoscopic method was incorrect.
The correct values were determined by French using both
X-ray diffraction and crystal density measurements.
Between 1942 and 1965, French also contributed greatly
to the molecular structural knowledge of the Schardinger
dextrins, or, as he preferred to call them, cycloamyloses
(Caesar 1968; Szejtli 1998; Crini 2014). Very quickly,
French became a pioneer in the understanding of their struc-
ture, publishing an impressive number of results on cycloa-
myloses which are still used as references today (French and
Rundle 1942; Rundle and French 1943; Bates et al. 1943;
French et al. 1948, 1949a, 1949b, 1950a, 1950b, 1954;
French and Mclntire 1950; Norberg and French 1950; French
1957a, b, 1960, 1962; Bailey and French 1957; Thoma and
French 1958, 1959, 1960, 1961; James et al. 1959; Thoma
et al. 1959; Whelan et al. 1960; Pulley and French 1961;
Robyt and French 1964; French and Abdullah 1965; French
etal. 1963, 1965). French’s first work concerned the molecu-
lar weights of the Schardinger dextrins, considered as cyclic
molecules in agreement with the previous results published



by Freudenberg (Freudenberg and Meyer-Delius 1938;
Freudenberg et al. 1938). French and Rundle (1942), using
the X-ray diffraction technique and crystal density meas-
urements, determined the molecular weights of a-dextrin
and B-dextrins and discovered the correct number of glu-
cose units per dextrin, i.e., six and seven, respectively, in
disagreement with the results published by Freudenberg and
Jacobi (1935). French and Rundle concluded that the X-ray
diffraction technique was better suited to the determination
of the molecular weights of high molecular weight crystal-
line substances since impurities, such as solvent of crystalli-
zation and inorganic ash, were of minor importance (French
and Rundle 1942). In this paper, French also suggested that
Schardinger dextrins were cyclic “macromolecules,” formed
from starch polysaccharide (French and Rundle 1942). They
were non-reducing “D-glucopyranosyl polymers” containing
6, 7 or 8 units linked by a-D-(1 —4) bonds, in agreement
with the results published by Karrer (1923) and Miekeley
(1932). In each cycloamylose “macromolecule,” the p-glu-
cose units were in the C1 conformation. Schardinger dex-
trins were then regarded as cylinders (French and Rundle
1942). However, Freudenberg did not agree with this point
of view (Freudenberg 1943).

French pointed out three interesting features: (1) as a
consequence of the C-1 conformation of the glucopyranose
units, all the secondary hydroxyl groups were located on
one side of the cylinder, whereas all the primary hydroxyl
groups were located on the opposite side of the cylinder; (2)
the interior of the cylinder consisted only of a ring of C-H
groups, a ring of glucosidic oxygens and another ring of
C-H groups; and (3) the interior of the cavity was relatively
apolar compared to water (French and Rundle 1942; Run-
dle and French 1943; Bates et al. 1943; French et al. 1948,
1949a, b). Freudenberg claimed again that all the structural
and conformational conclusions of French were ambiguous
due to “the use of products that were not pure” (Freudenberg
et al. 1947a, b). One year later, Freudenberg and Cramer
concurred with French’s results, after studying the X-ray
measurements of Borchert (1948) and also his optical rota-
tion data, publishing similar interpretations (Freudenberg
and Cramer 1948; Cramer 1949). In 1950, French, studying
the periodate oxidation of the three cycloamyloses, finally
concluded that all three molecules had a cyclic structure
in which each p-glucose unit was linked to the next by an
a-D-(1 — 4)-glucosidic bond, and the interior of the cavity
was apolar (French and MclIntire 1950; Norberg and French
1950; French et al. 1950b). Schardinger dextrins were then
regarded rather as conical cylinders than cylinders, in agree-
ment with Cramer’s suggestion. Another interesting feature
is made by French: y-dextrin was “a noncoplanar, more flex-
ible structure,” and therefore, it was the “most soluble of the
three dextrins.” Later, cycloamyloses were finally regarded
as truncated cones or “capsules” by French (French 1957a),

in agreement with the results published by Cramer (Cramer
1952, 1953, 1956; Dietrich and Cramer 1954).

Cramer also contributed greatly to the molecular struc-
tural knowledge of the Schardinger dextrins. In 1948,
the young student Cramer published his first result on
Schardinger dextrins (Freudenberg and Cramer 1948). Using
optical activity, Cramer demonstrated the cyclic nature of -
and pB-dextrins. The same year, he discovered y-dextrin and
suggested that the three dextrins possessed an apolar cav-
ity. One year later, Cramer received his Ph.D. at Heidelberg
University, under the supervision of Freudenberg (Cramer
1949). He introduced the cyclodextrin-based nomenclature,
demonstrated the cyclic nature of cyclodextrins using opti-
cal activity data and showed that the three cyclodextrins
had different internal diameters and each cavity was filled
with water molecules (Cramer 1949). His doctoral work was
then published between 1951 and 1952 (Cramer 1951a, b,
¢, 1952), adding to the previous results of Freudenberg but
mostly “confirming those of French” on the physical (cav-
ity size) and chemical (reactivity) properties, the structure
and chemistry of cyclodextrins. For instance, investigat-
ing the configuration at the anomeric centers by hydrolytic
methods, Cramer came to the same conclusions as Karrer
(1923), Miekeley (1932), and French and Rundle (1942) as
to the existence of a-(1 —4) glucosidic/glycosidic linkages.
Cramer also published for the first time a variety of other
interesting features. Studying the molecular size of the three
dextrins, he showed that a same dextrin could exist in dif-
ferent crystal forms. Cramer then discovered the toroidal
form of the cyclodextrin molecules, considering cyclodex-
trins as truncated cones or “capsules” rather than cylinders,
like previously reported by French et al. (1948, 1949a, b).
He schematized his conclusions on the chemical structure
of a-, - and y-cyclodextrins by the two schemes reported
in Fig. 2. Cramer finally concluded that cyclodextrins were
non-reducing oligosaccharides containing 6, 7 or 8 units
linked by a-D-(1 —4) bonds, having both hydrophobic
and hydrophilic regions. On the side where the secondary
hydroxyl groups were situated, the diameter of the cavity
was larger than on the side with the primary hydroxyls, since
free rotation of the latter reduced the effective diameter of
the cavity (Cramer 1953, 1956; Dietrich and Cramer 1954).

In 1965, both Casu et al. (1965) and Hybl et al. (1965)
confirmed the conclusions published by French and Cramer
on the cyclic structure of cyclodextrin and its features,
using NMR spectra in dimethylsulfoxide solution and using
X-ray crystallography of the a-cyclodextrin-potassium
acetate complex, respectively. Their results clearly dem-
onstrated that 1) all the glucose residues of cyclodextrins
were in the *C1 chair conformation; ii) the cavity was lined
by the hydrogen atoms and the glycosidic oxygen bridges,
respectively; and iii) the nonbonding electron pairs of the
glycosidic oxygen bridges were directed toward the inside



Fig.2 (a) The general chemi-
cal structure for cyclodextrins
(n=number of glucose units;
n=6, 7 and 8 for a-, p- and
y-cyclodextrin, respectively,
and (b) their particular structure
showing the apolar cavity of a
cyclodextrin “capsule” or torus

of the cavity, producing a high electron density. The sche-
matic representations of the chemical tridimensional struc-
ture and dimensions (Fig. 3) for a-, f- and y-cyclodextrin
are finally accepted at the mid-1960s. Later, a more precise
study of the conformation of a-cyclodextrin in solution was
made by Saenger’ group using NMR spectroscopy (Wood
et al. 1977). All six glucose units had identical conforma-
tions and the molecule had hexagonal symmetry. The sec-
ondary hydroxyl groups, which were located in one side of
the torus of cyclodextrins, formed hydrogen bond with the
secondary hydroxyl groups of contiguous glucose units, in
agreement with the previous conclusions published by Casu
et al. (1965) and by Hybl et al. (1965). In the cyclodextrin

(b)
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molecule, a complete secondary belt was formed by hydro-
gen bonds, making it a rigid structure. This was proposed to
explain the fact that, among the three native cyclodextrins,
B-cyclodextrin had the lowest solubility (Wood et al. 1977).
The hydrogen belt was incomplete in the a-cyclodextrin
molecule and y-cyclodextrin was a noncoplanar, more flex-
ible structure, confirming the results published by French
and Mclntire (1950). At the beginning of the 1960s, French
indicated the possible existence of “a Schardinger dextrin
family,” describing the structure of 8-dextrin, e-dextrin,
&-dextrin, and n-dextrin containing 9, 10, 11, and 12 glucose
units, called larger homologues of cycloamyloses (Pulley
and French 1961; French et al. 1965). These larger dextrins
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Fig.3 Chemical tridimensional structure and dimensions for a-, B- and y-cyclodextrins (n=6, 7 and 8, respectively) accepted in the 1960s



were not regular cylinder-shaped structures. Indeed, they
were collapsed and their real cavity was even smaller than
the y-dextrin.

Preparation and separation of Schardinger dextrins

Between 1905 and 1911, Schardinger studied the first prepa-
ration, fractionation/separation, and purification of the two
cellulosines (Schardinger 1905, 1907, 1909, 1911). In 1911,
he published the first fractionation and purification scheme
of the dextrins. Later, both Freudenberg, French and Cramer
published other important schemes: see the references
French (1957a) and Thoma and Stewart (1965).

The dextrins were synthesized from several sources of
starch, e.g., potatoes, rice and wheat, and bacteria, e.g.,
the formation of dextrins depended on the type of bacteria
digesting starch. About 25-30% of the starch was converted
to crystalline dextrins depending on these parameters. The
yield were tenfold those reported by Villiers (Schardinger
1907). Schardinger also based his method of separation on
the ease of crystallization of the f-dextrin from water and
its low solubility, about 1.5% at room temperature, followed
by precipitation of the a-dextrin from the mother liquor by
the addition of alcohol. Schardinger’ protocol was modi-
fied by Lange in 1925 who introduced trichloroethylene as a
precipitating agent for the crystalline dextrins (Lange 1925).
This protocol is described in detail in Pringsheim’s book
(Pringsheim 1932).

In 1935, Freudenberg and his student Jacobi described a
method for the synthesis of Schardinger dextrins with high
purity (Freudenberg and Jacobi 1935). Freudenberg is indeed
recognized as the first to prepare almost pure dextrins with
high yields (Thoma and Stewart 1965; Caesar 1968; Clarke
et al. 1988; Szejtli 1998; Crini 2014). Freudenberg improved
the separation of dextrins and produced a scheme based not
only on solubility differences of the dextrins themselves, as
initially proposed by Schardinger, but also on the differences
in solubilities and rates of crystallization of their acetates
(Freudenberg and Jacobi 1935). However, the protocol was
difficult since it involved many acetylation and saponifica-
tion reactions. During more than 10 years, this protocol was
studied and modified, and in 1947, Freudenberg’s group
described the first scheme for the isolation of pure fractions
of dextrins using bromobenzene as precipitant: a-dextrin did
not precipitate, while f-dextrin and y-dextrin were readily
precipitated (Freudenberg et al. 1947a, b).

French was also among the early researchers, along
with Freudenberg, to focus on improving the production
of dextrins. French became a pioneer in the preparation of
the compounds in a very pure state. Knowing the works of
the group of Hudson on the enzymolysis conditions which
affected the yield and proportion of the dextrins (Tilden and
Hudson 1939, 1942; Tilden et al. 1942; McClenahan et al.

1942; Wilson et al. 1943) and using his own results on the
solubilities of Schardinger dextrins (French et al. 1949a),
French proposed in 1949 a new protocol for the separation
and purification of dextrins (French et al. 1949b), which
did not require the acetylation and saponification steps used
by Freudenberg. Treatment of starch with the amylase of
Bacillus macerans gave crude starch digests containing the
three cycloamyloses, i.e., ~60% a-dextrin, ~20% p-dextrin,
and ~20% y-dextrin, together with small amounts of higher
cycloamyloses. Moreover, the protocol permitted the facile
separation of pure dextrins by differential precipitation using
specific precipitants such as bromobenzene and propan-
1-ol (French et al. 1949b). Later, French showed that high
temperature cellulose column chromatography was one of
the most effective methods for the quantitative analysis of
mixtures of cycloamyloses (Pulley and French 1961; French
et al. 1965). This method was required in connection with
the production of cycloamyloses since these products were
simultaneously produced from starch together with the
higher series of cycloamyloses.

In the mid-1950s, Cramer also investigated the enzy-
matic production of cyclodextrins, their separation and
purification, and characterization (Cramer 1955, 1956;
Cramer and Steinle 1955; Cramer and Henglein 1957a, b).
Cramer described an easy protocol to separate a-, p- and
y-cyclodextrins from the digest by selective precipitation
using appropriate organic compounds and optimize param-
eters, e.g., pH=6 and temperature =40 °C (Cramer 1956).
The three cyclodextrins are precipitated by addition of a
tetrachloroethylene—tetrachloroethane mixture, followed
by the addition of p-cumene. a-Cyclodextrin was isolated
by selective precipitation with cyclohexane, f-cyclodextrin
with fluorobenzene, and y-cyclodextrin with anthracene.
Cramer explained his results by the difference in the sizes
of cavities of the three cyclodextrins and concluded that the
superiority of his method over previous procedures, particu-
larly those of French, resided in the technical ease and the
completeness of precipitation.

To summarize, during the periods of reaching maturity
from 1935 to 1950 and of exploration from 1950 to 1970,
the separation and the purification of the mixture were dif-
ficult (Crini 2014; Crini et al. 2018). The period of reaching
maturity was also marked by several contradictory results,
due, at least in part to differences in the protocols used for
the preparation of Schardinger dextrins and dubious purity
of the samples (Thoma and Stewart 1965; Caesar 1968; Sze-
jtli 1998). The work during these periods was even marred
by hot debate between the different laboratories, especially
those of Freudenberg and Cramer and of French. In addi-
tion, in the early 50 s, researchers had not fully realized
the potential of cycloamyloses and had little faith in their
complexation properties (Szejtli 1998). The three main
cyclodextrins were considered just laboratory curiosities



difficult to produce. In 1963, French was the first to propose
the preparation of cycloamyloses on a larger-than-laboratory
scale (French et al. 1963). However, at the end of the 1960s,
French concluded that “cycloamyloses were very promising
molecules although they remained very expensive products,
available only in small amounts as fine chemicals, and also
toxic.”

The first Schardinger dextrin-related patents

The first patent on Schardinger dextrins was registered in
1925 by the German Fritz Lange for IG Farbenindustrie.
This patent entitled “Verfahren zur gewinnung von polya-
mylosen” focused on the isolation of polyamyloses (Lange
1925). Freudenberg, Cramer and Plieninger filed the first
industrial cyclodextrin-related patent in 1953, called
“Method for preparation of inclusion compounds of physi-
ologically active organic compound” (Freudenberg et al.
1953). The patent described the most important aspects of
the applications of cyclodextrins in drug formulations. The
authors detailed specific effects that could be achieved by
complexation of drugs with cyclodextrin complexation such
as enhancement of solubility of poorly soluble drugs, pro-
tection of easily oxidizable substances against atmospheric
oxidation, reduction in the loss of highly volatile substances,
etc. In 1987, Cramer wrote: “At that time, I saw the first
possibilities for a technology transfer and I took a patent.
This, unfortunately, never found any industrial applica-
tion” (Cramer 1987). The potential use of cyclodextrins in
pharmaceuticals had been launched. It was not till the 70 s
and 80 s though that the first industrial scale applications in
pharmacy appeared (Szejtli 1998; Loftsson and Duchéne
2007; Morin-Crini et al. 2015).

Cyclodextrins as models

Cramer knew everything about cyclodextrins, publishing
an impressive number of results over a period of 25 years
on their preparation, separation, characterization, structure,
properties, chemistry, biochemistry, and their potential appli-
cation in pharmacy, catalysis and enzymology (Freudenberg
and Cramer 1948, 1950; Cramer 1949, 1951a, b, ¢, 1952,
1953, 1954, 1956, 1961; Freudenberg et al. 1953; Cramer

Fig.4 Mechanism proposed

during the hydrolysis of 3,3-dis-
ubstituted phenyl-glutarate R COO-
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and Steinle 1955; Cramer and Henglein 1956; 1957a, b;
Cramer and Dietsche 1958, 1959a, b; Liittringhaus et al.
1958; Cramer and Kampe 1962, 1965; Cramer and Hettler
1967; Cramer et al. 1967, 1969).

In 1953, Cramer was the first to show the catalytic role
that cyclodextrins could play in chemical reactions through
a key-lock interaction similar to that of an enzyme—substrate
complex (Cramer 1953). Later, Cramer gave the basis for
supramolecular catalysis involving cyclodextrins (Cramer
and Dietsche 1958, 1959a; Cramer 1961; Cramer and Kampe
1962, 1965). For instance, he reported a cyclodextrin-accel-
erated reaction studying the hydrolysis of ethyl p-chloro-
mandelate in the presence of a-cyclodextrin (Cramer and
Dietsche 1958). Cyclodextrins can also be used as an asym-
metric agent (Cramer 1961; Cramer and Kampe 1962, 1965).
The potential use of cyclodextrins in catalysis and supramo-
lecular chemistry had been launched. The first reports of
their potential use as enzyme models were also attributed to
Cramer. Enzyme—substrate interactions can be established
either by non-covalent bond such as hydrogen bonding or
van der Waals forces or by a covalent bond. When a covalent
bond is formed, the cyclodextrin established a covalent bond
with some entering of leaving component, e.g., in the case of
ester hydrolysis. This process was called covalent catalysis.
The model of non-covalent catalysis was inclusion complex
catalysis, introduced by Cramer (1953) and later studied in
detail by Bender (van Etten et al. 1967a, b; Griffiths and
Bender 1973). An interesting example is given in Fig. 4. The
hydrolysis of 3,3-disubstituted phenyl-glutarate proceeded
via intramolecular catalysis. This was suppressed by cyclo-
dextrin inclusion complex formation. The stabilizing effect
depended on the cyclodextrin concentration according to the
hyperbolic curve of the Michaelis—Menten enzyme kinetics.
The reaction rate reached a minimum value when all the
ester molecules were complexed. The hydrolysis was also
independent of the pH; consequently, cyclodextrin was only
a binding site and was not involved directly in the reaction
mechanism.

At the end of the 1950s, the numerous fundamental stud-
ies of French also led to growth in the interest in cycloamyl-
oses not only as model enzymes but also as aroma stabiliz-
ing agents for the food industry (Thoma and French 1958;
Thoma et al. 1959; French et al. 1963), even though at the
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time, industrial application of cycloamyloses was still not
considered feasible. This last point was only clarified in the
1970’s. In the 1960s, Bender reported that cycloamyloses
had a great potential for acid—base catalysis similar to that
of naturally occurring enzymes. His numerous works made
the creation of artificial enzymes possible. Bender, studying
cycloamyloses-catalyzed reactions, showed that cycloamyl-
oses can accelerate or decelerate various kinds of reactions
including oxidation, hydrolysis, decarboxylation, nitrosa-
tion, and isomerization. The reaction rates depended on the
cycloamylose used and the kind and stability of the inclu-
sion compound formed. The first review on the phenomenon
of cycloamylose catalysis has been published in 1973 by
Bender (Griffiths and Bender 1973). This comprehensive
review also summarized the developments in the chemistry
of cycloamyloses and its derivatives used as enzyme models.
It was updated by Bender in 1978 (Bender and Komiyama
1978). Cycloamylose-catalyzed reactions were classified in
two categories: (i) covalent catalysis in which cycloamyloses
catalyze reactions via the formation of covalent intermedi-
ates and (ii) non-covalent catalysis in which cycloamyloses
provide their cavities as apolar or sterically restricted reac-
tion fields without the formation of any covalent interme-
diates. Bender pointed out that non-covalent catalysis by
cycloamyloses might be the result of either a solvent effect
or of a conformational effect, e.g., in decarboxylation and
stereoselective reactions. Bender is recognized as the initia-
tor of the era of biomimetic chemistry, including artificial
enzymes, molecular recognition and bio-inspired reactivity
(Bender and Komiyama 1978).

Complex formation and inclusion compounds

In 1938, Freudenberg suggested, for the first time, the
hydrophobicity of the inner surface of the dextrin and noted
how dextrins had the ability to form complexes due to their
cyclic structure (Freudenberg and Meyer-Delius 1938;
Freudenberg et al. 1938). The dextrins exhibited a complex-
ing capacity which was discussed in connection with the
blue starch/iodine complex. For the first time, the ability
of Schardinger dextrins to form complexes was suggested.
To explain these complexes, Freudenberg was the first to
show the involvement of hydrophobic forces in the forma-
tion of the complexes (Freudenberg 1939; Freudenberg and
Meyer-Delius 1939; Freudenberg et al. 1939). Originally,
however, Freudenberg was convinced that the dextrins and
the amylose helix were lined with a hydrocarbon interior,
and thus the cavity of the dextrins has been referred to as
hydrocarbon in nature (Thoma and Stewart 1965; Caesar
1968; Clarke et al. 1988; Szejtli 1998; Crini 2014; Morin-
Crini et al. 2015; Crini et al. 2018).

Cramer was recognized not only for having introduced
the cyclodextrin-based nomenclature but mostly for his

important work on inclusion complexes, although they were
only fully acknowledged at the end of the 70 s (Crini 2014).
In 1949, in his Ph.D. dissertation entitled “Die cyclodex-
trine aus Stdrke,” Cramer evoked for the first time the fact
that the three native cyclodextrins, considered as cylinders
with different internal diameters, were able to accommo-
date molecules of different sizes: this was the first indica-
tion on their ability to form “inclusion” complexes (Cramer
1949). Two years later, Cramer published his first results
on the complexes (Cramer 1951a, b, ¢, 1952). For instance,
he observed that a number of dyes showed characteristic
changes in their absorption spectra in aqueous solutions of
the cyclodextrins (Cramer 1952). Between 1952 and 1954,
Cramer discovered that the toroidal form of the cyclodex-
trin molecules, regarded as truncated cones, enabled them
to accept various molecules inside their cavity (Cramer
1952, 1953; Dietrich and Cramer 1954). He was the first
to demonstrate the hypotheses Schardinger put forward at
the beginning of the nineteenth century on their ability to
form complexes. In 1952, Cramer adopted the term “ein-
schlussverbindungen,” i.e., inclusion compound, to charac-
terize a complex (Cramer 1952), and later he also used the
terms of “occlusion compound” and “molecular encapsula-
tion” (Cramer and Dietsche 1959a). In 1953, he registered
his first patent where he highlighted the fact that “the for-
mation of an inclusion complex could modify the physical,
chemical and biological characteristics of a guest molecule
such as a drug” (Freudenberg et al. 1953). The inclusion
phenomena and the term “einschlussverbindungen” were,
however, used by Schlenk in 1950 for the first time (Schlenk
et al. 1955; French 1957a; Szejtli 1982a; Crini 2014). The
term “inclusion compound” has been coined to describe the
positional relationship of two components which form cer-
tain types of crystals. These components were designated as
host and guest, again in reference to the solid state (Schlenk
et al. 1955; Schlenk and Sand 1961).

In 1956, Cramer introduced the notion of “inclusion
complex” (Cramer 1956). He considered the interior of the
cavity as a lipophilic microenvironment into which a non-
polar hydrophobic molecule can “slide” (Fig. 5). The guest
was maintained within the cavity by non-covalent forces,
which were thus weak and enable the whole system to be
reversible. Cramer showed that formation of an inclusion
complex was the result of an association/dissociation equi-
librium between the free guest and the free host and the
complex. This was governed by a constant, denoted forma-
tion constant. K. The higher its value, the more stable the
inclusion is, and the less dissociation that occurred. Cramer
then conducted important research between 1955 and 1965
on the inclusion phenomena (Cramer 1956, 1961; Cramer
and Henglein 1956; Cramer and Dietsche 1959a, b; Cramer
and Kampe 1962, 1965). He studied in detail the molecular
dispositions of numerous guest organic compounds in the
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Fig.6 (a) Structural scheme of catenanes and (b) principle of their
attempted preparation adapted from Liittringhaus et al. (1958)

cyclodextrin cavity in solution by the use of UV—visible and
circular dichroism experiments, in order to demonstrate the
formation of inclusion complexes. These experiments also
permitted to calculate the formation constant or dissociation
constant of the different complexes.

The preferred position for the guest compound inside
the cavity depended on steric interactions, due to the
chemical structure and geometry of each guest compound.
The complex was strong when there was size complemen-
tarity between the guest and the cyclodextrin cavity. In
solution, two main components of the driving forces of
the process are suggested, the first was the presence of
repulsive forces between the included water molecules and
the apolar cavity, and the second the presence of repulsive
forces between the bulk water and the apolar organic guest.
Cramer also indicated that hydrogen bonding between the

1o 2:1

Guest

Inclusion Complex

guest and the cyclodextrin was of only minor importance
as a driving force for complex formation (Cramer 1956).
The stability of cyclodextrin inclusion complexes was
due to a favorable change in enthalpy during the inclu-
sion process. However, later, Cramer also considered that
a complex was stabilized not only by van der Waals forces
but also by hydrogen bonds (Cramer and Kampe 1965;
Cramer et al. 1967).

In 1958, Cramer was the first to propose a scheme for
the preparation of so-called catenanes, compounds consist-
ing of two rings connected to each other without chemi-
cal bond, by using cyclodextrin complexes (Liittringhaus
et al. 1958). Figure 6 shows the structural scheme of cat-
enanes and the principle of their attempted preparation.
Incorporating a dithiol with sufficiently long chain into
cyclodextrin, and oxidizing the two protruding terminal
SH groups to give an -S—S- bridge, a catenane was formed.
These molecules were studied in the 1990s and proposed
for the synthesis of supramolecular materials, scaffolds
and templates, and in biomimetism (Nepogodiev and Stod-
dart 1998). In 1959, Cramer observed that, in the case of
guest molecules that cannot be totally included by a single
molecule, a second cyclodextrin molecule may bind: this
was the first observation of a 2:1 complexes in solution
(Cramer and Dietsche 1959a, b). Figure 7 illustrates the
association of free cyclodextrin and substrate to form vari-
ous substrate—cyclodextrin complexes. Depending on the
respective size of the guest and host molecules, one guest
molecule can interact with one or two (or more) cyclo-
dextrin, i.e., host:guest complexes 1:1 and 2:1, or two (or

1:2 2:2

Fig. 7 Association of free cyclodextrin and substrate to form various substrate-cyclodextrin complexes



more) guest molecules can interact with one cyclodextrin
or two (or more), i.e., host:guest complexes 1:2 and 2:2.

In 1967, Cramer comprehensively discussed all the pos-
sible penetration pathways and the effect of substituents on
the stability of the inclusion complexes (Cramer and Hettler
1967). The same year, he gave the first scientific explanation
to explain the mechanism of formation of an inclusion com-
plex between a substrate and a cyclodextrin molecule both in
solution and solid state (Cramer et al. 1967). To explain the
formation of an inclusion complex, Cramer introduced five
elementary steps: (1) the substrate approaches the cyclodex-
trin molecule; water molecules escape from the cyclodextrin
cavity and acquire a new energy level, corresponding to that
of the gaseous state; the van der Waals interactions and the
number of hydrogen bonds decreases, whereas the degrees
of freedom of translation and rotation of the freed water
molecules increase; (2) the guest molecule becomes released
from the layer of water that envelops it and also acquires a
different state; the layer of water becomes dispersed and
rearranges; (3) the guest molecule, considered to be in a
perfect gas state, enters the cavity and the complex formed
is stabilized by van der Waals forces and/or hydrogen bonds;
(4) the expelled water molecules are rearranged and form
hydrogen bonds between each other; and (5) the structure
of the water is restored around the part of the substrate that
remains in contact with the solvent and that is integrated
into the hydration shell around the CD. Cramer finally con-
cluded that the most important property of cyclodextrins was
the ability to establish specific interactions, i.e., molecular
encapsulation, with various types of molecules through the
formation of non-covalently bonded entities such as hydro-
phobic interactions, van der Waals forces, and hydrogen
bonding (Cramer and Hettler 1967; Cramer et al. 1967).
Cramer’s work on inclusion complexes established much of
our modern understanding of the behavior of cyclodextrins
during complexation and remains a commonly cited source
to this day.

At the same time as Cramer, French also studied the for-
mation of inclusion complexes and showed that evidence
for a guest inclusion into the cycloamylose cavity may be
proved by analytical techniques such as UV—visible absorp-
tion spectrophotometry, optical rotatory dispersion, circu-
lar dichroism, and X-ray measurements (Thoma and French
1958, 1959, 1960, 1961; James et al. 1959; Thoma et al.
1959). The guests studied were the same as that of Cramer
such as phenol, benzoic acids or iodine. For instance, in
1958, French showed that absorption spectroscopy was an
interesting method to determine the dissociation constant
of the inclusion complex between cycloamylose and iodine
(Thoma and French 1958). The values of dissociation con-
stant could be easily obtained from the observed change in
absorbance and the concentration of cycloamylose added
according the Benesi—Hildebrand method. For French,

the driving forces for complex formation included solvent
effects, van der Waals forces, and hydrogen bonds. One year
later, French demonstrated that X-ray diffraction was also a
powerful method to study the inclusion complexes between
iodine and cycloamyloses (James et al. 1959). French also
observed that, because of their structure, some guests can be
included in one or two cycloamylose molecules, and depend-
ing on the cavity size, it was a different part of the guest mol-
ecule that can be included. This was clearly demonstrated in
the 1970s by NMR spectroscopy (Szejtli 1982a).

Later, Lichtenthaler and Immel (1996) demonstrated,
using molecular modeling, the need for compliance between
hydrophobic host surfaces and hydrophobic domains in the
cyclodextrin cavity. This striking tendency to optimize the
reciprocal concurrence of lipophilic as well as hydrophilic
domains at the guest-host interface may accordingly be con-
cluded to be an important, if not the decisive element in
orienting the guest into the cavity and in determining the sta-
bility of the complex, particularly in cases where the guest is
devoid of polar groups. This was the first study showing the
importance of the reciprocal interplay of such interactions.

Toxicological considerations

Pringsheim was the first to conduct several biological tests to
determine whether the dextrins were physiologically avail-
able either to plants or animals (Pringsheim and Miiller
1922; Hoesslin and Pringsheim 1923; Pringsheim 1928b,
1931a). Pringsheim studied the absorption and metabo-
lism of dextrins in rats, pigs and humans. Polyamylose,
probably a-cyclodextrin, administered in a dose of 50 g to
diabetic persons, did not cause any change in the urinary
glucose level, and no polyamylose was found in the feces
(Pringsheim and Miiller 1922). Hoesslin and Pringsheim
(1923) fed polyamylose to starved rabbits and guinea-pigs.
No glycogen synthesis was detected in the liver 3 h after
administration. Pringsheim suggested that polyamylose was
metabolized in the rat. His experiments also showed that the
Schardinger dextrins were not fermentable and hence not uti-
lized by yeast (Pringsheim 1928b). In 1931, for the treatment
of diabetes, Pringsheim concluded: “a-dextrin directly uti-
lized would be a suitable source of energy for diabetics since
it only occasionally cause nausea and there is no noticeable
increase in urine sugar” (Pringsheim 1931a).

However, in 1957, French wrote: “It would appear that
the Schardinger dextrins exhibit a toxic effect, possibly by
virtue of their remarkable complexing ability, and in any
case, the suggestion of Professor Pringsheim that they be
used as an energy source by diabetics looks risky” (French
1957a). Indeed, the first studies carried out by him in the rat
led to the conclusion that Schardinger dextrins presented a
certain toxicity (French 1957a). In the same paper, it is noted
that “In unpublished attempts to investigate the ability of



animals to utilize Schardinger dextrins, B.H. Thomas and
D. French fed rats a diet in which a part of the carbohy-
drate was supplied by higher purified f-dextrin. The ani-
mals refused to eat the test diet except in very small quanti-
ties and within a week all animals on the ration were dead.
Postmortem examination did not reveal the cause of death”
(French 1957a). Their experiments indeed showed that the
rats refused to eat food containing highly refined dextrins
except in very small quantities. In spite of the small doses,
rat mortality was 100% within a week of introducing “highly
purified” p-dextrin into the diet (French 1957a). However,
in these studies, experimental conditions, such as the purity
of dextrins, the number of rats treated or the existence of a
control group, were not mentioned. Later, Szejtli suggested
that one of the hypotheses was traces of solvent remaining in
the dextrins which the rats could have smelt (Szejtli 1982a,
1988; Fromming and Szejtli 1994). This was the only result
of French’s that posed a problem and which led to extensive
debate was that of the toxicity of the cycloamyloses (French
1957a), and most importantly this result deterred many sci-
entists from developing cycloamylose-containing products
for human use. The observations and conclusions drawn by
French were only refuted much later following studies with
the same animal model (Andersen et al. 1963; Lach and
Cohen 1963; Lach and Chin 1964; Szejtli et al. 1980a; Chow
and Karara 1986).

Historical landmarks in the development
of cyclodextrins: from 1970 until now

Production of cyclodextrins

At the mid-1970s, industrial scale production really started
(Horikoshi 1979). Indeed, several manufacturers started to
produce and to market cyclodextrins, e.g., Nihon Shokohin
Kako Japan, Sanraku Ocean Co. Ltd Japan, Toyo Joso Japan,
and Chinoin Hungary. The first pilot plant at Nihon Shoko-
hin Kako firm, Japan, started up in 1978 with a production
capacity of about 20 tons per year (Sicard and Saniez 1987).
However, cyclodextrins were expensive.

The first to believe in the possibilities of industrial pro-
duction and the multiple applications of cyclodextrins was
probably Szejtli, a Hungarian carbohydrate chemist who
organized the cyclodextrin technology in Hungary in the
1970s (Szejtli 1988, 1998). Among the list of prestigious
researchers who have contributed to the development of
cyclodextrins, Szejtli played a fundamental role as eminent
scientist, visionary, and entrepreneur, creating in 1989, a
private company, CycloLab Ltd., totally devoted to cyclo-
dextrins. Without Szejtli, the feasible production of cyclo-
dextrins on an industrial scale probably would not be as
advanced as it is today.

In the mid-1980s, advancements in biotechnology led to
drastic improvements in the production and purification of
cyclodextrins. Cyclodextrins were then produced in large
quantities with high purity and marketed at a reasonable
price, and as a result, more industrial applications have
become possible. In addition, this period from 1970 to 1980
was also marked by another important event: the first toxi-
cological studies had established that B-cyclodextrin admin-
istrated orally was a harmless substance. Pharmaceutical,
food, chromatographic, and cosmetic applications started to
appear and rapidly gained ground. Since then, an increasing
interest in cyclodextrins as raw materials and their possible
applications has existed (Szejtli 1982a, 1988; Duchéne 1987,
1991).

Mechanism of inclusion complexes

In the mids-1970s, several researchers such as Saenger, a
pupil of Cramer, Bender and Szejtli pursued and reformu-
lated the interpretations made by Cramer on the mechanisms
of formation of inclusion complexes.

On the basis of the mechanism proposed in 1967 by
Cramer, Saenger gave in 1976 three important expla-
nations for the formation of an inclusion complex with
a-cyclodextrin in aqueous solution (Saenger et al. 1976):
(1) the guest molecule directly replaces the water mol-
ecules in the cavity; (2) the cyclodextrin molecules absorb
the energy of the water molecules retained in the cavity
and take on a relaxed conformation; in this state, the water
molecules can be easily substituted by another guest; and
(3) the guest becomes associated with the outer surface
of the cyclodextrin and only enters the cavity once it
has absorbed the activation energy, i.e., transfer of the
conformation from a state of high energy of the cyclo-
dextrin-water complex to a state of lower energy of the
cyclodextrin-guest molecule complex. Saenger introduced
the notion of the release of the tension energy within the
a-cyclodextrin molecule upon formation of the complex.
This relief of strain in the cyclodextrin ring contributed
to the enthalpy of association and to the stabilization of
the inclusion complex. In water, the a-cyclodextrin was
in a strained, high-energy conformation, and that, when
another guest molecules displaced the water, thus form-
ing an inclusion complex, a conformational change of
the cyclodextrin molecule occurred, transforming the
a-cyclodextrin structures into an unstrained, relaxed state.
This was demonstrated using detailed X-ray diffraction
studies. A scheme of inclusion-complex formation involv-
ing relief of strain energy and release of high-energy water
is proposed (Fig. 8). This scheme shows the possible path-
ways of a-cyclodextrin inclusion complex formation in
aqueous solution. Owing to the inclusion of water, the ring
of cyclodextrin is distorted, only four of the six possible



Fig.8 Saenger’s theory of
formation of a-cyclodextrin-
complexes in aqueous solution:
G =guest, HQO* =activated
water. Hydrogen bonds are
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hydrogen bonds are formed, and introducing a suitable
guest molecule, the ring is relaxed. Later, Saenger showed
that, in the cases of - and y-cyclodextrins, the strain-
energy relief-mechanism did not seem to be operative, and
the cyclodextrin-water adducts were not strained (Lindner
and Saenger 1978). Saenger (1980) published a thorough
state-of-the-art of inclusion complexes, including his own
interpretations.

In 1978, Bender elucidated the mechanism of forma-
tion of the complexes developed by Saenger. He pointed
out that the complexation involved hydrophobic interac-
tions, like that of Saenger 2 years before. The driving force
of inclusion is “an example of an atypical hydrophobic
interaction” (Bender and Komiyama 1978). Bender pro-
posed the fact that the complexation reaction involved a
gain in enthalpy and a loss of entropy. The further the
guest molecule penetrated into the cyclodextrin cavity, the
greater was the change in enthalpy, and the higher was the
stability of the complex. Moreover, the greater was the
apolarity of the guest, and the more this phenomenon was
marked. The previous explanation that Bender offered to
explain the favorable enthalpy change was that the empty
cyclodextrin contained water molecules that were unable
to form their full complement of hydrogen bonds to adja-
cent water molecules and thus might be considered to
enthalpy rich (Griffiths and Bender 1973). The inclusion
of a guest “would then displace this high energy water
from the cyclodextrin cavity, leading to a net increase in

H
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solvent—solvent hydrogen bonds and a favorable enthalpy
of association.”

In 1982, in his first book on cyclodextrins, Szejtli pursued
and reformulated all the interpretations made by Cramer,
Saenger and Bender on the mechanism of formation of
inclusion complexes (Szejtli 1982a). The gain in enthalpy
is then explained by the spontaneous arrival of the guest,
displacing active water molecules retained in the non-polar
cavity of the cyclodextrin in aqueous solution. Szejtli illus-
trated his conclusions using a schematic representation of
cyclodextrin inclusion complex formation (Fig. 9). In this
famous figure, p-xylene is the guest molecule, and the small
circles represent the water molecules which are repulsed
both by the hydrophobic potential guest and the hydrophobic
cavity of the truncated cyclodextrin cylinder (Szejtli 1978;
Szejtli et al. 1979). The three main conclusions were: (1) the
guest molecule, less polar than water, directly replaced the
water molecules in the cavity; these water molecules were
in an unfavorable energy state owing to the polar-apolar
interactions and were thus easily displaced by more suit-
able molecules; (2) the cyclodextrin molecules absorbed the
energy of the water molecules retained in the cavity; and (3)
the organic guest dissolved in water entered in the cavity
because it had a preference for hydrophobic environment.

Szejtli supported the idea that, although van der Waals
interactions and hydrogen bonding played an important role,
the main force behind the formation of the complexes was
the stabilizing reduction in the whole system’s energy on
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Fig.9 Formation of an inclusion complex between p-xylene, the guest, and a cyclodextrin molecule; water molecules are repulsed by the hydro-

phobic potential guest adapted from Szejtli (1978) and Szejtli et al. (1979)

the replacement of the high enthalpy water molecules in the
cavity, by hydrophobic molecules leading to apolar-apolar
bonding. He proposed that this bonding was too weak to
be alone responsible for the higher stability of the complex
and showed the parallel occurrence of steric interactions.
Indeed, Szejtli demonstrated in various publications that
the preferred position for the guest compound inside the
cavity also depended on steric interactions. He concluded
that the complexation phenomenon results from a multitude
of interactions between the three components of the sys-
tem cyclodextrin-substrate-solvent leading to a state that is
more thermodynamically stable overall (Szejtli 1995). In the
1990s, there was a general agreement in the literature that
during the formation of an inclusion complex a whole set of
intermolecular interactions come into play and that each one
has its own role in the overall process.

Inclusion phenomena and its effects

Since Cramer’s discovery of inclusion phenomena, effort
was devoted to physical and chemical properties of inclusion
complexes and their consequences. Indeed, his results were
not only of fundamental interest but also of industrial inter-
est, and in the 1970s, this interest has grown considerably.
Numerous works showed that inclusion of a guest active
ingredient molecule in a host cyclodextrin molecule was a
real molecular encapsulation, and the resulting inclusion
complex superstructure had new physicochemical proper-
ties, stability, solubility and also better therapeutic efficacy.
So, several technological characteristics used in pharmacy
could also be advantageously modified.

Rapidly, the pharmaceutical industry understood the
advantages of using cyclodextrins. Szejtli (1982a, 1988)
summarized them in six points: (1) the modification of
the physicochemical properties of the guest molecule:
e.g., liquid compounds can be transformed into crystal-
line, compressible forms; substances with low solubility
in water become more soluble after complexation; the rate
of dissolution of poorly soluble substances can also be

increased; certain unpleasant tastes can be eliminated;
smell can also be covered by complex forming; the color
of certain substances can be altered since inclusion can
change the spectral properties of the guest, etc.; (2) the
modification of the chemical activity of the guest: e.g.,
reactive substances can be protected by inclusion reduc-
ing the risks when they are mixed with other substances;
chemical reactions can be carried out selectively, the
cyclodextrins playing the role of catalysts, etc.; (3) the
stabilization of substances sensitive to light or to oxygen,
etc.; e.g., protection of active ingredients against oxida-
tion, heat promoted decomposition, or light induced reac-
tions; (4) the uptake of volatile substances: e.g., volatile
drug can be stabilized without losses through evaporation;
storage and handling of certain toxic substances such as
pesticides can be improved; savings can be made on the
quantity of substance required owing to reduced evapora-
tion, etc.; (5) the complexation, extraction, and transport
of pollutants; and (6) several technological advantages:
e.g., stable, standardized compositions, simple dosage
and handling of dry powders, reduced packing and storage
costs, and also saving of energy and manpower.

Large cyclodextrins

Although the existence of cyclodextrins with over 8 glu-
cose units is described and studied for the first time in the
1950s by Freudenberg, French, and Cramer, it was only in
the middle of the 1990s that the cyclodextrins containing
9, 10, 11, and 12 units of glucose, called large ring cyclo-
dextrins, were studied in any depth (Miyazawa et al. 1995;
Endo et al. 1997, 1999; Larsen 2002; Taira et al. 2006). The
difficulties to purify them and the low yields prevented their
study until then. Using specific enzymes and/or particular
experimental conditions, some works also reported the exist-
ence of cyclodextrins of over 100 glucose units (Terada et al.
1997; Koizumi et al. 1999; Qi et al. 2004). Larsen (2002)
published the first interesting review on large cyclodextrins.



Cyclodextrin derivatives

The underivatized or native B-cyclodextrin’s low water
solubility as showed by French in the 1940s restricted its
advantage. For this reason, a number of derivatives such as
hydrophilic methylated derivatives have been synthesized.
Whereas the first methylated derivatives of f-cyclodextrins
were studied as early as 1924 by Pringsheim and collabora-
tors (Irvine et al. 1924), it was, however, not until 1969 that
the alkylated cyclodextrins were comprehensively described
by Gramera (1969). Indeed, in the older literature, particu-
larly in the works of Pringsheim and Freudenberg, several
methods were proposed referring to the preparation of such
derivatives, but these are essentially of historic interest.

The literature on the preparation and investigation of
cyclodextrin derivatives only proliferated in the 1960s.
Since, numerous cyclodextrin derivatives and polymers
were described, including alkylated and acylated deriva-
tives, nitrogen- and sulfur-containing derivatives, halogen-
ated products, and 6-deoxy derivatives. The derivatives of
practical importance were the methylated and hydroxy-
propyl cyclodextrin derivatives in the 1980s, and ten years
later the sulfobutyl ether derivatives. Casu was the first to
prepare cyclodextrin derivatives such as methylated (Casu
et al. 1968a, 1968c) and acetylated (Casu et al. 1970) prod-
ucts. The experimental protocols were repeated in the 1980s
by Szejtli (Szejtli 1982a, 1983, 1984). His work, particu-
larly on methylated cyclodextrins, showed great promise
for both human and animal use (Szejtli 1982a). Methyla-
tion could be either partial, i.e., esterification in positions
2 and 6 giving dimethyl-cyclodextrins or complete giving
trimethyl-cyclodextrins. The randomized derivative called
RAMEB was often used. These derivatives were much more
soluble than the parent cyclodextrins, but their solubility
was temperature-dependent. For this reason, hydroxypropyl-
cyclodextrins with high water solubility were more advanta-
geous. However, hydroxypropylation occurring randomly,
products obtained were not pure chemical entities but amor-
phous complicate mixtures.

Croft and Bartsch (1983) were the first to publish a
review on all the different chemically modified cyclo-
dextrins which had been synthetized up to late 1982. In
1987, Sébille showed that cyclodextrin chemistry offered
various possibilities to synthetize derivatives with differ-
ent functions for various industrial uses, e.g., sulfur- and
nitrogen-, imidazole or histamine-containing derivatives,
alkylated and acyl derivatives, halogenated products, poly-
mers from cyclodextrins, etc. (Sébille 1987). By working
in carefully controlled conditions, mono-, di- and poly-
substitution were possible and opened the way to several
functional derivatives with catalytic or biological activ-
ity for instance. One of the most popular derivatives was
mono-substituted 6-0-p-toluenesulfonyl-cyclodextrin,

used as starting material to prepare modified cyclodex-
trins (Saenger 1980; Szejtli 1982a; Sébille 1987). Jicsin-
sky et al. (1996) published a comprehensive chapter (137
pages, 865 references) on cyclodextrin derivatives. In
1998, Khan et al. (1998) proposed a global schema for the
modification of cyclodextrins. These two last publications
are still reference today.

Thousands derivatives containing cyclodextrin have been
proposed in the literature, particularly for pharmaceutical
uses. Szejtli (2004) estimated that over 15,000 derivatives
had been studied. In reality, most of these derivatives will
never find applications, especially for reasons of production
costs, essentially lengthy and difficult synthesis involving
complicated steps. Among industrially produced, standard-
ized and available derivatives, the most important ones are
the methylated p-cyclodextrins such as RAMEB (randomly
methylated-p-cyclodextrin, considered as a mixture) and
DIMEB (a particular methylated cyclodextrin: heptakis(2,6-
di-O-methyl-fB-cyclodextrin), considered a single isomer; its
solubility decreases with an increase in temperature), the
2-hydroxypropylated pB-cyclodextrins or HPBCD (the real
advantage of this derivative over the methylated deriva-
tives is the lower affinity for cholesterol binding), and the
sulfobutylether-f-cyclodextrins or SBEBCD.

Brauns and Miiller (1983) and Pitha (1984) registered
the first patents on 2-hydroxypropyl-p-cyclodextrin. This
compound called hydroxypropylbetadex was the first com-
monly applied cyclodextrin derivative, used as pharmaceuti-
cal excipient in drug formulations in the 1990s (Szente and
Strattan 1991). Rapidly, a monograph for this substance has
been published in both the U.S. Pharmacopeia and European
Pharmacopeia (Brewster and Loftsson 2002, 2007; Brewster
et al. 2004). Nowadays, 2-hydroxypropyl-p-cyclodextrin is
the most versatile excipient among the cyclic oligosaccha-
rides (Malanga et al. 2016). It can be used in oral, rectal,
dermal, ocular and parenteral formulations and several phar-
maceutical products are marketed, e.g., Indocid® (eye drop),
Vorzu® (tablet for fungal infection), Strepfen® (oromucosal
spray with flurbiprofen), Vibativ® (i.v. infusion with tel-
evancin), Lubion® (injection with progesterone as active
ingredient). This substance is used as excipient and/or as
active component, e.g., at the end of 2000s, it was discovered
that it had beneficial effects for patients in Niemann Pick
type C disease (Liu et al. 2009). Stella and Rajewski (1992)
patented the sulfobutylether-p-cyclodextrin product as a
potential alternate solubilizing excipient to 2-hydroxypropyl-
B-cyclodextrin. This derivative, developed by Cydex under
the brand name Captisol®, was found a more efficient com-
plex forming host than parent cyclodextrins with no apparent
toxicity and very high water solubility. Captisol® became
generic worldwide in 2011, e.g., Dexolve® developed by
Cyclolab, Ltd. (Hungary). It is used not only as a solubiliz-
ing agent but also as an osmotic agent (Puskas et al. 2015).



In the last four decades, numerous cyclodextrin-based
materials have also been synthetized. The list includes modi-
fied polymers obtained using grafting reactions (Crini and
Morcellet 2002; Kozlowski and Sliwa 2010), cross-linked
materials using reticulation or polymerization reaction,
e.g., soluble or insoluble polymers (gels/hydrogels, beads,
sponges) and fibers (Fenyvesi 1988; Armspach et al. 1999;
Mocanu et al. 2001; Crini and Morcellet 2002; Crini 2005;
Li 2009; Yang and Yang 2013; Aytac and Uyar 2017), func-
tionalized materials prepared through coating or grafting
such as silica beads, e.g., Cyclobond® columns, or resins
(Crini and Morcellet 2002; Landy et al. 2012), and nano-
porous frameworks containing cyclodextrins (Mahmud and
Wilson 2016; Morin-Crini et al. 2018). These materials
have been proposed for potential applications in pharmacy
(Fenyvesi 1988; Van de Manakker et al. 2009; Muankaew
and Loftsson 2018), chromatography (Ward and Armstrong
1988; Schneiderman and Stalcup 2000; Szejtli 2002; Vetter
and Bester 2006; Xiao et al. 2012), electrophoresis (Fanali
1993; Chankvetadze 2004; Escuder-Gilabert et al. 2014),
textile (Buschmann et al. 1998; Szejtli 2003; Buschmann
and Schollmeyer 2004; Ammayappan and Moses 2009;
Andreaus et al. 2010; Voncina 2011), supramolecular chem-
istry (Wenz 1994; Nepogodiev and Stoddart 1998; Schneider
and Yatsimirsky 2000; Wenz et al. 2006; Schneider 2012;
Zhang and Ma 2013), enzymology (Komiyama 1996; Vil-
lalonga et al. 2007; Sonnendecker and Zimmermann 2019a),
food industry (Han 2005; Fenyvesi et al. 2016), cosmetics
(Buschmann and Schollmeyer 2002, 2004; Bilensoy 2011),
and for environmental purposes (Gruiz et al. 2011; Morin-
Crini et al. 2018; Crini et al. 2018).

The first applications of cyclodextrins

Since the 1990s, a large number of generalist reviews and
book chapters have been published on practically all the
aspects of cyclodextrins, so many that it would not be fea-
sible to cite them all. In this section, we chose to highlight
selected works on the first applications of cyclodextrins. A
recent review on this topic can be found in the review by
Crini et al. (2018) who summarized the literature published
in the last four decades. Readers interested in cyclodextrin
applications should also refer to the library database “Cyclo-
dextrin News” from CycloLab Ltd., Hungary.
Cyclodextrins have been used in pharmaceutical indus-
try since the 1970s (Szejtli 1977; Uekama and Hirayama
1978; Uekama and Otagiri 1987; Fromming and Szejtli
1994). With a more accurate picture of their toxicity and
better understanding of molecular encapsulation, several
inclusion complexes appeared on the market (Davis and
Brewster 2004; Brewster and Loftsson 2007). In 1976, the
first product, i.e., prostaglandin E2/p-cyclodextrin Prostar-
mon E™ sublingual tablet, was marketed in Japan (Ono Co.)

(Uekama and Hirayama 1978; Hirayama et al. 1980). Pros-
taglandin E2, a substance with potent oxytocin-like effects,
was of interest as a possible agent for the induction of labor
in childbirth (Davis and Brewster 2004). However, this sub-
stance was highly unstable, and this feature complicated its
formulation and development. The solution was to encapsu-
late it using B-cyclodextrin, resulting in a significant increase
in its solid-state stability. This led to spectacular progress
in pharmaceutical domain. The second prostaglandin mar-
keted was Prostavasin®, a complex between prostaglandin
E1 and a-cyclodextrin. In 1979, this product was approved
for the treatment of peripheral vascular complications. Ueka-
ma’s group studied the molecular motions of prostaglandin
F,,-cyclodextrin inclusion compounds (Uekama and Hiray-
ama 1978; Hirayama et al. 1980; Uekama et al. 1984). As
a consequence of the inclusion, the internal motion of the
w-side alkyl chain of the prostaglandin is selectively reduced
by a-cyclodextrin, while the internal motion around the five-
membered ring, as well as the overall motion, are decreased
by p-cyclodextrin. In the case of the y-cyclodextrin inclusion
compound, total motion of the prostaglandin is reduced. The
inclusion of prostaglandin E; in y-cyclodextrin increased its
heat stability and slowed down its conversion to prostang-
landin A, (Uekama et al. 1984). The structures proposed by
Uekama’s group and illustrated in Fig. 10 were demonstrated
using NMR data (Uekama and Hirayama 1978; Hirayama
et al. 1980).

Another interesting formulation was the complex
B-cyclodextrin/piroxicam, used, e.g., in the treatment of
acute pain of rheumatic disease. In 1988, Chiesi Farma-
ceutici Italy has put on the market this complex Brexin® or
Cycladol®. Nine years later, the first US-approved product,
2-hydroxypropyl-p-cyclodextrin/itraconazole oral solution
(Sporan0x® Janssen) was introduced. Itraconazole is an
orally active triazole antifungal agent to inhibit most human
fungal pathogens but is practically insoluble in water at
physiological pH. In 2002, two formulations containing sul-
fobutylether -cyclodextrin were introduced by Pfizer in the
U.S. and Europe: an intravenous formulation of the antifun-
gal agent voriconazole (Vfend®) and an intramuscular dos-
age form for the antipsychotic agent ziprasidone (Geodon®).
All these formulations are preformed prior to be adminis-
trated. There are also some cases when the complexes are
formed within the body. The best-known example is the one
containing the active compound sugammadex (Bridion®): it
is a modified y-CD used as an antidote to certain curare-like
muscle relaxants in anesthesia since 2008. After intravenous
administration, it neutralizes steroid curare-like agents such
as rocuronium and vecuronium by forming an inactive com-
plex in the plasma which is then eliminated in the urine.

Actually, more than 80 pharmaceutical products can
be found (CycloLab Ltd., Hungary). In these formula-
tions, native cyclodextrins and their derivatives such as the
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Fig. 10 Inclusion mode of cyclodextrin-prostaglandin F,, inclusion
compounds in aqueous solution adapted from Uekama and Hirayama
(1978) and Hirayama et al. (1980)

hydroxypropyl derivatives of p- and y-cyclodextrins, sul-
fobutylether B-cyclodextrin, and maltosyl-p-cyclodextrin
(this derivative might be a component of several drugs
marketed in Japan but information are scarce) are mainly
used as complexing agents to increase the aqueous solubil-
ity of poorly water-soluble drugs, to increase their stability
and bioavailability. Cyclodextrins are also used to replace
organic solvents in parenteral and topical formulations, to
reduce gastrointestinal irritation and to increase dermal
availability of drugs. Initially, cyclodextrins were mainly
used in solid dosage forms for oral administration but rap-
idly, other administration routes were proposed such as ocu-
lar, nasal, parenteral, rectal or dermal route. For instance,
RAMEB is included in Clorocil® eye drop (Oftalder, Portu-
gal) and Aerodiol® nasal spray (Servier, France). Both are
non-parenteral, and the latter was withdrawn from the mar-
ket because of economic reasons.

Food applications also started to appear in the mid-1970s.
Japan authorized the use of cyclodextrin as a food additive in
1976 (Szejtli 1982a, 1998; Vaution et al. 1987; Hedges et al.
1995; Hashimoto 1996; Hedges 1998). Powdered flavors,
e.g., apple and citrus fruits, spices, e.g., horseradish Wasabi

and mustard, and herbs such as peppermint were marketed.
Other marketed food products containing cyclodextrins or
made by cyclodextrin-aided technology included choco-
late (Choco Bar™), chewing-gum (Flavono™), powdered
green tea (Stick Lemon™), and dietary fibers (Hedges 1998;
Hashimoto 2002). In 1992, low-cholesterol butter, prepared
by mixing cyclodextrin with the melted butter, under the
tradename of Balade™ was marketed in Belgium (Comini
and Mentink 1991). Other low-cholesterol milk products
such as cheese (Natual™ France), cream and egg (Simply
eggs™ USA) were produced. Other examples include bub-
bling coffee (Nescafé® Nestlé), beer (Flavor AktivI™ Great
Britain), and supplements. In the 2000s, the three native
cyclodextrins were introduced into the generally regarded
safe list of the U.S. Food and Drug Administration for use as
a food additive (Hashimoto 2002). Now, the food industry,
along with the pharmaceutical domain, is one of the sectors
that consumes the most cyclodextrins, at least in Japan.

Hinze (1981) was the first to describe the application of
cyclodextrins in analytical chemistry, focusing on their use
in chromatography and purification methods. At that time,
the first studies had established that cyclodextrins were inter-
esting complexing agents, chiral selectors and/or additives in
chromatography (Smolkova-Keulemansova and Krysl 1980;
Hinze 1981; Smolkovi-Keulemansova 1982; Sybilska and
Smolkova-Keulemansova 1984; Krysl and Smolkova-Keule-
mansova 1985; Li and Purdy 1992). Cyclodextrins were first
proposed for thin-layer chromatography, gel electrophoresis,
gas chromatography, and liquid chromatography, later for
capillary electrophoresis, electrokinetic chromatography and
dialysis (Armstrong 1980, 1984; Smolkova-Keulemansova
and Krysl 1980; Smolkova-Keulemansova 1982; Hinze
1981; Cserhati et al. 1983; Ward and Armstrong 1986; Li
and Purdy 1992; Fanali 1993; Fanali et al. 1994; Schneider-
man and Stalcup 2000). The first cyclodextrin-based chiral
gas chromatography was published by Smolkova-Keule-
mansova (1982).

At the beginning of the 1980s, Armstrong laid down the
fundamentals of cyclodextrin-assisted separation science.
In 10 years (1980-1988), Armstrong and his collaborators
pioneered the development and optimization of analytical
methods suitable for cyclodextrin-based isomer separation.
In 1984, the first chromatographic columns were marketed
(Advanced Separation Technologies Inc., Whippany, NJ) and
this led to spectacular progress in chromatography (Arm-
strong 1980, 1984; Hinze 1981; Ward and Armstrong 1986,
1988; Armstrong and Jin 1989; Han and Armstrong 1989;
Menges and Armstrong 1991). These chromatographic pack-
ings consisted of cyclodextrin molecules linked to silica gel
via a 6-10-atom spacer. Both the linkage and the cyclodex-
trin were hydrolytically stable under high performance liquid
chromatography. Easily the most popular cyclodextrin-based
stationary phases were based on B-cyclodextrin, e.g., they



have been shown to be very effective at resolving the enan-
tiomers of many compounds. Subsequently, other stationary
phases were developed, based on other native cyclodextrins,
e.g., - and y-cyclodextrin, or derivatized cyclodextrins such
as naphthyl-ethyl-carbamate derivative. The a-cyclodextrin
and y-cyclodextrin columns, while less broadly applicable
in the reversed-phase mode than the B-cyclodextrin columns,
were useful for specific applications such as the separation
of enantiomers of underivatized aromatic amino acids and
substituted analogs or of polycyclic aromatic compounds
and steroid stereoisomers. The aromatic-derivatized cyclo-
dextrin phases were used to separate the enantiomers of
many classes of compounds including pesticides, biological
compounds, drugs and amino acids (Menges and Armstrong
1991; Mitchell and Armstrong (2004). The chiral recogni-
tion mechanisms in analytical separation sciences were
reviewed by Scriba (2012). Li and Purdy (1992) and later
Szente and Szeman (2013) comprehensively reviewed the
application of cyclodextrins in diverse fields of analytical
chemistry and covered the structural aspects of cyclodextrins
that enabled the improvement of different chromatographic
separations.

The first comprehensive review on potential applications
in cosmetology, toiletry and hygiene has been published
by Szejtli (1982b). This topic was later updated by Vau-
tion et al. (1987), Hashimoto (1996, 2006), Citernesi and
Sciacchitano (1995), Buschmann and Schollmeyer (2002),
and Duchéne et al. (2009). In the mid-1980s, some products
appear in the market although the cyclodextrins were often
used without any indication of their precise role: Epicutin®
TT Chemishes Laboratorium Dr Kurt Richter, a complex
between cyclodextrin and Melaleuca alternifolia leaf oil,
is used in skin care applications; Vivace® Shiseifo Co., a
powder cologne; Klorane® Klorane laboratories, a dry sham-
poo; N ovoflex® Revlon, a vitamin shampoo; Eucerin® Vital
Active Beiersdorf, a vitamin A cream, etc. In the cosmetic
industry, cyclodextrin complexes were useful for modifying
solubility, improving stabilization, transforming liquids into
solids, preserving color, decreasing an unpleasant smell, or
diminishing the odor of mercaptan used in permanent hair
preparations. Cyclodextrins were used as empty capsules in
dry-shampoos to eliminate fatty substances such as sebum,
or in tooth paste and mouth wash to remove undesirable
odors (Duchéne et al. 2009).

In the 1980s, applications were found in textiles includ-
ing textile finishing and functional textiles (Szejtli 1985;
Hashimoto 1996; Buschmann and Schollmeyer 2002).
The permanent fixation of cyclodextrin molecules offered
textiles with interesting properties, e.g., the formation of
body odor was reduced by the complexation, the release
of perfumes from cyclodextrins was possible, etc. The first
cellulose-cyclodextrin copolymer was described in 1980 by
Szejtli’s group. Alkali-swollen cellulose fibers were reacted

with epichlorohydrin. The chemically bound cyclodextrin
retained its complex forming ability and could be loaded
with chemically and/or biologically active guests such as
perfumes to prepare perfumed textiles or drugs to prepare
medical bandages (Szejtli et al. 1980b). For instance, Fig. 11
illustrates a guest exchange by a cellulose fiber containing
cyclodextrin. The process consists to load the fixed cyclo-
dextrin molecules with perfume molecules. During wear-
ing and by sweat humidity excreted short chain fatty acids
displace and release the perfume molecules and will be in
turn entrapped (Szejtli 2003). Procter & Gamble recognized
that similar effects can be achieved without chemical fixa-
tion by simple spraying hydroxypropyl-p-cyclodextrin solu-
tion on the fabric. This odor-eliminating spray (Febreze®)
has become a great success in the US marketed since 1998
ensuring a continuous demand for cyclodextrin production.
Actually, cyclodextrins play an important role in the textile
industry as a tool to remove odors, e.g., encapsulation of
sweat or cigarette smoke components permit to reduce the
intensity of odors of clothing or furniture textiles, as showed
in Fig. 12. The mechanism of drug release is similar from
medical textiles such as antimicrobial textiles for wound
dressing (Aubert-Viard et al. 2019), intraperitoneal meshes
(Chai et al. 2019) and other implants (Vermet et al. 2017).
CycloMesh™, a polyester visceral implant soaked in ropiv-
acaine hydrochloride developed for slow anesthetic release
and in situ activity after inguinal hernia surgery, will be soon
subjected to clinical trials in France.

During the period from 1980 to 1990, manufactured
products using cyclodextrins have emerged such as pesticide
formulations, reproduction processes, e.g., photography and
inks, tobaccos, corrosion inhibitors, industrial detergents,
sterilizing agents, anti-foam agents, glues, wood treatment,
etc. (Szejtli 1982a, 1984, 1988; Vaution et al. 1987). In the
agricultural sector, cyclodextrin complexation has assisted
pesticide formulation in many ways, e.g., by enhancing
water solubility, biological activity, through stabilization of
labile substances, by enabling easier handling of hazard-
ous substance, and also through the formation of crystalline
substances from volatile liquids. An important feature of
the cyclodextrin-formulated pesticides is the water-triggered
release of the active compounds. A large number of patents
concerning the use of cyclodextrins in agrochemistry was
filled (Szejtli 1982a, 1984; Szente and Szejtli 1996; Morillo
2006).

Cyclodextrins: trends and outlook

Although an important number of works, patents and prod-
ucts have been realized, the sector of cyclodextrin-based
pharmacy continues to interest the scientific community.
Cyclodextrins are still regarded as “novel” excipients, active
ingredients, drug delivery vehicles and anti-aggregation



Fig. 11 Guest exchange by a
cellulose fiber containing cyclo-
dextrin: the process consists to
load the fixed cyclodextrin mol-
ecules with perfume molecules; (a)
then during wearing and by
sweat humidity excreted short
chain fatty acids displace and
release the perfume molecules
and will be in turn entrapped
adapted from Szejtli (2003)
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Fig. 12 Elimination of odors by a textile fiber containing cyclodextrin molecules either permanently fixed by chemicals bonds or just adsorbed

on the fibers

agents (Conceicdo et al. 2018). New formulations continue ~ 2019; Pawar and Shende 2019). The 18 ongoing clinical tri-
to be reported, generating new interests in medicine and bio-  als in 2019 give the promise of new marketed formulations
medicine (Higashi et al. 2018; Higashi 2019; Menezes etal.  (Cyclodextrin News, CycloLab Ltd., Hungary).



The recent research has clearly revealed that cyclodex-
trins cannot be considered inactive excipients any more
(Arima et al. 2017). Hydroxylpropyl-p-cyclodextrin was
found by serendipity to be useful for slowing down the pro-
gression of Niemann Pick type C disease, the fatal genetic
disorder. Based on the promising results of the clinical tri-
als, this cyclodextrin received orphan drug status both from
Food and Drug Administration and European Drug Agency.
The mechanism of action which was thought first to be based
on cholesterol complexation is still under debait.

Yokoo et al. (2015) demonstrated that hydroxypropyl-f-
cyclodextrin was a potential anticancer agent in leukemia.
This derivative was found effective in inhibition of leukemic
cell proliferation at various leukemic cell lines. It was proved
to influence autophagy, a catabolic process with an essential
function in the maintenance of cellular and tissue homeosta-
sis. As solubilizing agent to increase cholesterol solubility,
hydroxypropyl-p-cyclodextrin is used for prevention and
treatment of atherosclerosis, a chronic inflammatory disease
driven primarily by a continuous retention of cholesterol
within the subendothelial space to hinder its precipitation in
the form of cholesterol crystals (Zimmer et al. 2016).

Several research groups are developing special cyclodex-
trin derivatives with various functions, for instance, for tar-
geted drug delivery. Folate appended cyclodextrins are rec-
ognized by folate-receptor-expressing tumor cells; therefore,
they can be utilized as potent anticancer agents (Motoyama
et al. 2015). Lactosyl-p-cyclodextrin was found effective for
hepatomegaly in Niemann Pick type C disease (Maeda et al.
2019). Cyclodextrins decorated with a photosensitizer group
can be used for drug delivery in phototherapy where the
release of active ingredients is controlled by light (Benko-
vics et al. 2017). Multifunctional cyclodextrin derivatives
having nitric oxide-releasing moiety in addition to the photo-
sensitizer are efficient antimicrobial and antitumor agents in
photodynamic therapy (Malanga et al. 2019). Many bacteria
display mannose-binding lectins on their surfaces, and so
mannosylated cyclodextrins are target-specific antimicrobial
delivery systems to be used in fighting against antimicrobial
resistance (Cutrone et al. 2018).

Another direction of recent cyclodextrin research is the
design and synthesis of specific cyclodextrins tailored to
the guest molecules to be entrapped. Encouraged by the
extreme success of sugammadex tailored for encapturing
rocuronium muscle relaxant, further cyclodextrin-based
detoxicants were prepared: e.g., a cyclodextrin dimer as
antidote for cyanide poisoning (Yamagiwa et al. 2014),
another dimer designed for binding and removal of bisreti-
noid lipofuscins from eye to prevent aging-related blindness
(Nociari et al. 2014), specially substituted cyclodextrins to
catalyze the decomposition of organophosphorous chemical
weapons getting importance in view of increasing terrorist
threat (Miiller et al. 2013). Even the social media shared

the news on methyl- and hydroxypropyl-p-cyclodextrins as
possible antidotes to box jellyfish venom (Lau et al. 2019).
Similarly, quaternary amino f-cyclodextrin was found to
bind ochratoxin A, a widely spread nephrotoxic contaminant
mycotoxin, with an association constant more than 200 fold
higher than that of p-cyclodextrin, making this derivative
useful for decontamination of ochratoxin A-contaminated
drinks (Podr et al. 2015).

Actually, fundamental research is also focusing on cyclo-
dextrin-based nanoparticles/nanomaterials for pharmaceu-
tical and biomedical applications and nanomedicine, e.g.,
molecular diagnosis, medical imaging, antifungal treatment,
antimicrobial therapy, gene therapy or tissue engineering,
and on self-association of cyclodextrins for applications not
only for formulation and drug delivery, and medicine, but
also for materials science, supramolecular chemistry and
asymmetric catalysis (Hirakawa and Tomita 2013; Moroho-
shi et al. 2013; Zhang and Ma 2013; Chilajwar et al. 2014;
Melotti et al. 2014; Simoes et al. 2014; Dong et al. 2015;
Macaev and Boldescu 2015; Mavridis and Yannakopoulou
2015; Miller et al. 2015; Perez-Anes et al. 2015; Wu et al.
2015; Brackman et al. 2016; Junthip et al. 2016; Okano
et al. 2016; Oliveri and Vecchio 2016; Ryzhakov et al.
2016; Sharma and Baldi 2016; Silva et al. 2016; Yuan and
Zhang 2016; Saokham and Loftsson 2017; Egele et al. 2019;
Fenyvesi et al. 2019; Hammoud et al. 2019; Kumar and Rao
2019; Neva et al. 2019; Pawar and Shende 2019; Topuz and
Uyar 2019; Zhang et al. 2019a).

Nanoparticles of various compositions have been engi-
neered in ever smaller sizes to function in both diagnostic
and therapeutic capacities. They are available on a scale
similar to many biological molecules and infectious agents,
thereby opening the possibility of biological intervention
on the molecular level (Gilmore and Colson 2011). Nano-
particle-based systems can improve bioavailability, reduce
immunogenicity, modify drug metabolism, reduce toxicity,
and increase the biological half-life of drugs after systemic
administration. The use of cyclodextrin-based nanoaggre-
gates both in oral and ophthalmic drug delivery could be a
promising strategy to improve the bioavailability of poorly
soluble drugs (Loftsson and Stefansson 2017; Kumar and
Rao 2019). Nanomaterials are also interesting because they
can be formulated as oral, parenteral, topical or inhalation
dosage forms (Chilajwar et al. 2014). They can be targeted
by using specific components and/or moieties, e.g., antibody
targeted cyclodextrin-based nanoparticles were developed
for siRNA delivery in the treatment of myeloid leukemia
(Guo et al. 2017). Various innovative ideas for the purpose-
oriented design of such systems have been published, e.g.,
“ship-in-a-bottle” (Xu et al. 2019), modern Trojan horse
(Gilmore and Colson 2011) and molecular Lego approach
for the diversity-oriented synthesis of cyclodextrin analogs
as scaffolds for multivalent systems (Lepage et al. 2015).



Promising developments for nanoparticles are under way
in emerging domains such as nutraceuticals and cosmeceu-
ticals (Fenyvesi et al. 2016; Adeoye et al. 2017). Further
contributions are also expected in the near future in bacterial
resistance and chemotherapy (Carneiro et al. 2019; Zhang
et al. 2019b).

Recently, Higashi et al. (2018) introduced a new concept
in pharmaceutical sciences termed “supramolecular pharma-
ceutical sciences” which combines pharmacy domain and
supramolecular chemistry. This concept is focused on the
development of cyclodextrin-based supermolecules, such
as polyspeudorotaxanes, polyrotaxanes, polycatenanes,
and daisy chains, as active pharmaceutical ingredients
used, for instance, against Niemann Pick disease type C,
leukemia, Alzheimer’s disease, chronic renal failure, or
sterility. These biodegradable polyrotaxanes ensure longer
residence time and slow release of the cyclodextrin—mostly
hydroxypropyl-p-cyclodextrin—as active ingredient. The
low local concentrations result in reduced toxicity even in
the case of the methylated derivatives.

The number of publications on the use of nanofibers con-
taining cyclodextrins, e.g., prepared by electrospinning, is
also growing (Celebioglu and Uyar 2012, 2013; Aytac et al.
2015, 2016; Topuz and Uyar 2019). These nanofibers are
proposed as innovative products for medicine, biomedicine,
and nanomedicine applications, e.g., for medical devices,
tissue engineering scaffolds, stents, prosthesis, and bone
implants. Most of these studies are in the proof-of-concept
stage, and only a few therapeutic nanosystems/nanomate-
rials have been comprehensively investigated. Nanofibers
are also proposed for textile and environmental applications
(Celebioglu et al. 2016), e.g., innovative clothing, filtration
media, and membranes.

The use of cyclodextrins for veterinary use seems to be
a promising domain (Chiu et al. 2016) and new formula-
tions continue to be reported, e.g., Itrafungol™, Voricon-
azole Dexolve™, Nexterone ™, Cereni™, Vetmedin™,
Suvaxyn™, etc. Itrafungol™ is an antifungal contain-
ing 2-hydroxypropyl-B-cyclodextrin used as antimycotic
drug in oral form in cats. Another example is Voricona-
zole Dexolve™, a commercial formulation containing
sulfobutylether-p-cyclodextrin as an excipient, used as an
antimycotic drug for veterinary and human use. Suvaxyn™
containing a sulfolipo-cyclodextrin as adjuvant is used as
vaccine for the active immunization of pigs.

The global market of cyclodextrins used in food indus-
tries is continuously increasing (Fenyvesi and Szente 2016;
Fenyvesi et al. 2016). The main application is the stabiliza-
tion of flavors and aromas. a-Cyclodextrin, being non-digest-
ible, is recognized a dietary fiber with beneficial effects on
digestion of fat and carbohydrates (Artiss et al. 2006). It has
been marketed for body weight control in several countries.
Further studies and industrial developments are expected in

the near future in the following domains: functional food,
nutritional supplements, nutraceuticals, wrapping materi-
als, and packaging. One of the most promising functional
food groups is those enriched in antioxidant compounds of
a lipophilic nature (Fenyvesi and Szente 2016; Kfoury et al.
2016; Zarzycki et al. 2016).

Other applications have been reported in sectors such
as supramolecular catalysis (Hapiot et al. 2014; Chen et al.
2019; Fernandez et al. 2019), asymmetric and stereospe-
cific synthesis (Macaev and Boldescu 2015), click chemis-
try (Celebioglu et al. 2016; Hou et al. 2016), metal-organic
frameworks (Rajkumar et al. 2019), agrochemistry (Campos
et al. 2015; Yusoff et al. 2016), supercritical fluid chroma-
tography (Xiao et al. 2012; West 2014), imprinting tech-
niques (Lay et al. 2016), nanofibers (Topuz and Uyar 2019),
and environment (Taka et al. 2017; Crini et al. 2018).

Research on cyclodextrins is also very active in fields
such as the formulation of detergents and sugar-based sur-
factants (Valente and Soderman 2014), glues and adhesives
(Osaki 2019), silicon industry (Grachev et al. 2019), flame
retardant formulation (Luda and Zanetti 2019), the sector of
plastics for packaging or automotive (Szente and Fenyvesi
2018), the industry of fibers and paper, soil remediation
(Atteia et al. 2013; Lau et al. 2014; Madrid et al. 2019; Gruiz
et al. 2019), materials for wastewater treatment (Cova et al.
2018; Morin-Crini et al. 2018; Barbosa et al. 2019), bio-
diesel production (Zhang et al. 2018), and hydrogen storage
(Han et al. 2018).

The slide ring gels (polyrotaxane gels) found their appli-
cation in the car industry and telecommunication (Ito 2017;
Kashiwagi et al. 2018; Jiang et al. 2018). There are also
many possibilities for the development of new textiles and
cosmetic products, called cosmetotextiles (Singh et al.
2011), with advanced properties (Shende and Trotta 2019;
Yao et al. 2019). Their applications seem promising.

Cosmeceuticals containing cyclodextrins also seem to be
a promising domain for medicine, dermatology, and aro-
matherapy (Adeoye et al. 2017; Kaur et al. 2018). These
products are cosmetics with pharmaceutical and therapeutic
benefits.

Conclusion

In this review, we described historical landmarks of the dis-
covery, exploration, and utilization of cyclodextrins, cyclic
oligosaccharides obtained from the enzymatic degradation
of starch and discovered serendipitously in 1891 by Villiers.
Of course, this historical paper cannot hope to be exhaustive,
but it highlighted the work of those researchers who have
contributed to the knowledge of cyclodextrins throughout
the 130 years of history.



Expensive to produce, the three main native cyclodex-
trins, i.e., a-, p- and y-cyclodextrins, were long considered
just laboratory curiosities. Until the mid-1970s, the main
obstacles were the lack of sufficient knowledge of these
molecules, their high price, and also their presumed tox-
icity. In addition, very few researchers were convinced of
the industrial potential of cyclodextrins. As reported in
this comprehensive review, since Villiers’ discovery, sev-
eral great scientists, including Schardinger, Freudenberg,
Cramer, French and Szejtli, have left their mark on the
history, characterization, properties, and potential applica-
tions of these molecules over a period of 85 years, from
1903, i.e., the first paper on cyclodextrin chemistry pub-
lished by Schardinger, to 1989, i.e., the creation by Szejtli
of the first company totally devoted to cyclodextrins. Since
the 1980s, cyclodextrins have considerably attracted the
interest of scientists and industries in different disciplines
including health science, agriculture, chemistry, biochem-
istry, and environment. The main reason for this growing
interest was their ability to form inclusion complexes with
various molecules through host—guest interactions.

Today, cyclodextrins continue to offer new horizons
to scientists and industrials with a wide range of possi-
ble modifications and forms for multiple classical, e.g.,
pharmacy, food industry, chromatography, cosmetology
and biotechnology, and emerging, e.g., biomedicine, agro-
chemistry and nanomaterials, applications.
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