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Abstract

For nearly 130 years, cyclodextrins, cyclic oligosaccharides obtained by enzymatic degradation of starch, have continued
to fascinate researchers and the industrial world. These substances are remarkable macrocyclic molecules with significant
theoretical and practical impacts in chemistry, biology, biochemistry, health science and agriculture. Amongst the list of
prestigious researchers who have contributed to the fundamental knowledge of cyclodextrins, Franz Schardinger has played
an important role. Schardinger was the first to describe their particular properties and lay the foundations for their chemistry.
Indeed, he is known as the “Founding Father” of cyclodextrins. The purpose of this historical mini-review, on the occasion
of the centenary of his death, is to commemorate his contribution to cyclodextrin chemistry.
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Introduction
P< Grégorio Crini
gregorio.crini @univ-fecomte. fr Cyclodextrins, synthetic substances obtained from the
! Laboratoire Chrono-Environnement, UMR 6249, FR enzymatic degradation of starch, belong t(') the family of
Sciences Et Techniques, Université Bourgogne Franche- cage molecules. The core of their structure is composed of
Comté, 16 route de Gray, 25000 Besangon, France a hydrophobic cavity that can encapsulate other molecules
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[1]. This is at the origin of many industrial applications, e.g.
pharmaceuticals, cosmetics, hygiene and toiletries, medi-
cal, food, biotechnology, agrochemistry, catalysis, pack-
aging, textile industry, and environmental domains. For
nearly 130 years, cyclodextrins have continued to fascinate
researchers and the industrial world from practical and aca-
demic point of view [2-11].

The history of cyclodextrins began in France in the
late nineteenth century with the work of the pharmacist
and chemist Antoine Villiers (1854-1932) on the action
of enzymes on various carbohydrates. In 1891, Villiers,
studying the action of butyric ferment Bacillus amylobac-
ter on potato starch, was the first to observe the formation
of unwanted crystals with particular properties, which he
named “cellulosines”, due to the similarities with cellu-
lose [12—15]. Although Villiers discovered cyclodextrins,
their recognition is mainly attributed to Franz Schardinger
(1853-1920), an Austrian chemist and bacteriologist, who
was the first Great Scientist to have marked the history of
these oligosaccharides, laying the foundations for their
chemistry. Indeed, since the 1940s, Schardinger has been
recognized as the “Founding Father” of cyclodextrins [16].

Schardinger’s obituary is rare. Two short obituary notices
were published in 1920 in German in the journals Zeitschrift
fiir angewandte Chemie (Fig. 1) and Chemiker Zeitung [17].
An English translation can be found in French’s review pub-
lished in 1957 [18]. Schardinger was Chief Inspector of the
Untersuchungsanstalt fiir Lebensmittel in Vienna. He was a
member of the famous German-Austrian School of chemis-
try and biochemistry working on carbohydrates, saccharides
and other natural substances, including sugars, starch, cel-
lulose and chitin, at the beginning of the twentieth century.
Schardinger has worked on many academic and industrial
topics, the main one being heat-resistant micro-organisms
that could cause food poisoning [1].

At the beginning of the last century [19-27], Schardinger
discovered that a type of microorganism extremely resistant
to heat was capable of dissolving potato starch and forming
crystalline by-products/products remarkably similar to the

Wirtschattlicher Tell
3. Jabrgang 1920

Zeitschrift fiir angewandte Chemie

Bd. I §.393—396 | Wirtschaftlicher Teil u. Vereinsnachrichten | 12. Okiober 1920

Chemisch-wirtschaftliche Nachrichten 393

Regierungsrat Dr. Fr.
Schardinger, Chemiker u. Bakteriologe, Oberinspektor i. R.
der Untersuchungsanstalt f. Lebensmittel in Wien, der durch die
Entdeckung des Linksmilchsiurebacillus, durch die Methylenblau-
reaktion zur Unterscheidung der ungekochten von gekochter Milch,
durch Forschungen iber Acetongirung und iiber krystallisierte
Abbauprodukte der Stirke der Wissenschaft bedeutende Dienste
geleistet hat, in Innsbruck im Alter von 67 Jahren.

Fig.1 Brief obituary notice of Franz Schardinger published in the
journal Zeitschrift fiir angewandte Chemie in 1920
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cellulosines reported by Villiers. Part of the product formed,
about 25-30% of the starch, was crystalline, the rest being
amorphous and gum-like. Schardinger has obtained two “inter-
esting” products that he studied in detail and a byproduct to
which he initially pays less attention. He observed that, when
chloroform or ether were used as precipitants, the two products
were precipitated from the fermenting liquid. The resulting
“crystalline slush”/slime was dissolved in a “little” amount
of water and boiled to remove precipitants. The first precipi-
tate was a “mud” (later the term “heavy sludge” was used)
of a fine amorphous powder that was difficult to filter, whilst
by concentrating the filtrate “ein schones kristallisierte Sub-
stanz B” (a beautiful crystalline product, i.e. f-dextrin) was
obtained. However, the main product, “kristallisierte Substanz
A” (a-dextrin) was obtained from the filtrate by precipitation
with alcohol. Schardinger first named his krystallisiertes dex-
trins crystalline dextrin A and crystalline dextrin B, and later
crystalline dextrin-a and crystalline dextrin-p, while the first
precipitate was considered as a byproduct. The B form resem-
bled Villiers’ cellulosine. Later, another crystalline dextrin was
obtained from the slime by crystallizing it from dilute alcohol,
followed by purification. For eight years, between 1904 and
1911, Schardinger studied the two krystallisiertes dextrins/
cyclodextrins in detail, from their isolation and purification to
their composition and physical and chemical properties.

Schardinger was the first researcher to introduce the terms
dextrin-a and dextrin-f (renamed later as Schardinger alpha-
dextrin/a-cyclodextrin/cyclohexaamylose and Schardinger
beta-dextrin/p-cyclodextrin/cycloheptaamylose, respec-
tively), to isolate the strain of bacteria responsible for the
degradation of starch into dextrins, to describe their fun-
damental properties, to hypothesize that the krystallisiertes
dextrins were cyclic “polysaccharides”, and also to suggest
their ability to form complexes [19-27]. His major discovery
was undoubtedly to have isolated the microorganism capable
of synthesizing the enzyme that catalyzes the degradation
of starch into cyclodextrins. Schardinger first found the new
species in a retting pit and thought it was a retting bacteria.
That’s why he named it Bacillus macerans. In this species,
Schardinger also discovered the first known microorganism
capable of forming acetone.

The purpose of this historical mini-review, on the occa-
sion of the centenary of his death, is to commemorate his
contribution to the foundations of cyclodextrin chemistry,
their preparation, isolation and characterization.

Preparation and isolation of cyclodextrins
Schardinger’s research

Franz Schardinger is the founder of several research fields
in biochemistry and chemistry, mainly in bacteriology
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and carbohydrate chemistry. He worked on many research
themes, including fermentative production of levorotatory
lactic acid or acetone [28], water contamination [29, 30], the
reducing power of milk [31], the action of enzyme from milk
on fermentation [31], food spoilage [32, 33], heat-resistant
microorganisms that played a role in the deterioration of
foods [32, 33], and chemistry and biochemistry of starches
and their degradation [34].

In the 1890s, Schardinger began studying drinking water
for the presence of Bacterium coli (now Escherichia coli)
and, in 1892, he proposed a water analysis test for its detec-
tion [28]. Over time, the test was extended first to dairy
products, then to food products [35], and food processors
began to use indicator testing as a means of determining
the adequacy of a process. Schardinger also discovered the
reducing power of milk. He had originally found that fresh
cow’s milk reduced methylene blue in the presence of for-
maldehyde but not in its absence and not if the milk had
previously been boiled. Indeed, Schardinger observed that
milk contained a heat-labile factor that catalyzed the rapid
destruction of methylene blue when an aldehyde was added
as substrate. In 1902, Schardinger isolated Bacillus lactis
aerogenes from unclean drinking water and studied at length
its action on milk and its slime production. He noted its
property of making milk slimy. Later, Schardinger confirmed
that the bovine mill contained an enzyme capable of oxidiz-
ing aldehydes to acids and hypothesized that the reducing
action of milk on the discoloration of methylene blue was
not due to bacteria but to a reducing enzyme [32, 33]. This
was demonstrated 10 years later with Bach’s works. This
enzyme, involved in the oxidation of this and other alde-
hydes [36], was then commonly referred to “Schardinger
enzyme” for many years to pay tribute to his work. The same
year, Schardinger reported the presence of galactan poly-
saccharides in bacterial slime. In 1905, he discovered that
acetone can be produced by biological means (fermentation)
[37]. In Bacillus macerans, Schardinger discovered the first
known microorganism capable of forming acetone and the
production of acetone by fermentation was commercially
exploited. On the basis of his work, later, other species were
also been studied.

Like many authors, Schardinger also aimed to improve
the understanding of dextrins, substances discovered in 1821
[37]. At that time, dextrins had a fascination for (carbohy-
drate) chemists and biochemists in that they had markedly
different properties from those of other saccharides and car-
bohydrates. At the beginning of the last century, there was a
confusion about their preparation, nomenclature, and com-
position. There were also doubts and debates about whether
dextrins were true components of starch. For Schardinger,
dextrins were first (partial) degradation products [38] of
starch obtained by heating and later intermediate decompo-
sition products [39], while Villiers considered these novel

substances as isomers of starch [12—15]. For Pringsheim,
they were as the intermediate products (“scission products”)
formed in the course of the hydrolysis of starch to maltose
and glucose by diastatic enzymes [1]. Moreover, at that time,
the structure of dextrins had not yet been established (it will
be determined by Freudenberg in the mid-1930s), nor that
of starch, chitin or cellulose. In addition, it was not clearly
established that starch was a macromolecule composed of
several residues of “glucose”.

At the time, the ability of certain bacteria and fungi
to produce starch hydrolyzing enzymes was well known,
to such an extent that these processes were used for vari-
ous commercial purposes where diastatic enzymes were
required. Thanks to the work of Villiers, however, it was
known that some bacteria were able to break down starches
with the formation of acids, alcohols, and acetone. In this,
the action of bacteria upon starch was different from that of
the diastatic enzymes which produced 100 per cent maltose,
and acid hydrolysis of starch, which resulted in the formation
of glucose. Schardinger will clearly demonstrate this [40].

The Schardinger dextrins

In 1903, Schardinger, in the course of his investigations on
micro-organisms that can lead to food poisoning, observed
that a type of microorganism extremely resistant to heat
could dissolve starch to form crystalline by-products, called
“krystallisiertes dextrins” [34]. He published his results in
the journal Zeitschrrift fiir Untersuchuing von Nahrungs-
und Genussmittel (Fig. 2).

Using an iodine microscopic test, Schardinger distin-
guished two types of “krystallisiertes dextrins”, referred as
“krystallisierte Substanz A” and “krystallisierte Substanz
B”, as most of their properties were similar to the already
know partial degradation products of starch, i.e. the dex-
trins [35]. “Krystallisiertes dextrins” were first considered
as the degradation byproducts of starch through heating [35].
Schardinger isolated larger quantities of crystalline dextrin
A than crystalline dextrin B, the latter being more surpris-
ing. In this seminal publication, Schardinger also indicated
that the B form resembled Villiers’ “cellulosine”. 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 [12—15].
Schardinger found that it was possible to isolate pure frac-
tions with a maximum yield of 30% crystalline dextrins from
starch, the main form obtained being always dextrin A.

In 1904, Schardinger isolated a heat-resistant organism
with considerable starch-fermenting power [36]. To moni-
tor the progression of enzyme action on starch, Schardinger
proposed a simple microscopic iodine test based on the
observation that the “krystallisiertes dextrins” formed
characteristic crystalline compounds with iodine [36]. This
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Zeitschrift

Untersuchung der Nahrulrmgs- und GenuBmittel,

sowie der Gebrauchsgegenstiinde.

* Hoft 19. 1. Oktober 1903, 6. Jahrgang.

Uber thermophile Bakterien aus verschiedenen Speisen und
Milch,
sowie iiber einige Umsetzungsprodukte derselben in kohlenhydrat-
haltigen Nihrlosungen, darunter krystallisierte Polysaccharide
(Dextrine) auns Stirke,

Von
Franz Schardinger.

Mitteilung aus der K. K. Allgemeinen Untersuchungsanstalt fir
Lebensmittel in Wien.

Fig.2 Extract of the first page of the article published in the journal
Zeitschrrift fiir Untersuchuing von Nahrungs- und Genussmittel by
Schardinger on dextrins in 1903

test was inspired by the work of Colin and de Claubry, who
were the first to mention in 1814 the formation of a violet
to blue—black substance produced by the action of iodine
on starch [41]. This product was soluble in water and gave
an intensely blue solution which was rapidly decolorized by
boiling, as reported by von Stromeyer a year later [42]. As
dextrins had a particular structure, it was conceivable that
their reaction with iodine was similar to that of starch with
iodine.

One year later, Schardinger confirmed the simplicity and
usefulness of the iodine test to characterize his “krystal-
lisiertes dextrins”. During the course of the action of the
enzyme upon starch, there was no significant change in
reducing power or optical rotation. The dextrins, consid-
ered as the intermediate decomposition products of starch,
were then designated by the term “krystallisiertes polysac-
charides”, i.e. crystallized/crystalline polysaccharides [37].

Continuing his investigations on the structure of starch,
Schardinger hypothesized in 1907 that “krystallisiertes
polysaccharides” were true components of the starch “mol-
ecule”. Repeating the experiments on the action Bacillus
macerans on a starch suspension (by varying the source of
the starch), he again succeeded in isolating three fractions
of his fermentation mixture: a soluble fraction called dextrin
alpha (dextrin A), a slightly soluble fraction called dextrin
beta (dextrin B), and an insoluble residue called “Schlamm”
[38].

One year later, Schardinger introduced a distinction
between a “crystallized amylose” for dextrin A and a “crys-
tallized 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 [39]. In 1909, he confirmed that the cultivation
of Aerobacillus macerans upon starch solutions produced a

@ Springer

mixture of water-soluble dextrins, from which two distinct,
non-reducing, crystalline compounds (crystallized amylose
and crystallized amylodextrin) might be readily isolated.
These dextrins were closely related to starch components
[39]. Finally, two years later, Schardinger considered that
these names were inappropriate, and thus decided to rename
it “krystallisierte dextrin-o” and “krystallisierte dextrin-f”
[18].

All the Schardinger’s results on dextrins were sum-
marized in a book on polysaccharides published in 1931
by Pringsheim [19] and later discussed by French [18] in
the first comprehensive review entitled The Schardinger
Dextrins.

Bacillus macerans

Between 1902 and 1903, Schardinger observed that dextrin
B/cellulosine was systematically formed in starch-based
media containing putrefying microorganisms [34], regard-
less of the starch source used. He then tried to isolate the
strain of bacteria responsible for the degradation of starch
into crystallized dextrins. In 1903, Schardinger isolated a
thermophilic microorganism capable of synthesizing the
enzyme that catalyzed the reaction, twelve years after the
first publication of Villiers. Schardinger called it strain 11
[35]. This heat-resistant organism had considerable starch-
fermenting power. Schardinger observed that, in starch sub-
culture, strain II decomposed the starch, giving an alcohol-
insoluble “soluble starch” together with “krystallisierte
dextrin” A (fine hexagonal plates) and “krystallisierte dex-
trin” B (stout prismatic crystals). However, he also observed
that with time, the activity of the strain Il microorganism
decreased. Indeed, Schardinger was unsuccessful in main-
taining a culture of strain II which had the characteristic
starch-degrading activity.

Several months later, Schardinger found a similar action
in cultures of another isolate from starch. He 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. The name Rottebacillus
I was used to express the fact the microorganism was able to
form both acetone and ethyl alcohol.

In 1904, Schardinger published a second seminal publica-
tion in the journal Wiener Klinische Wochenschrift where he
used the Latin term Bacillus macerans to name his microbe,
i.e. macerare, to rot (Fig. 3) [36]. His first interest in this
macerans organism had been as “ein aceton bildender Rot-
tebacillus”, and that is why he had recorded bacteriologi-
cal studies on the pure culture: its occurrence, morphology,
nutrition, and acetone production [37].

Subsequently, Schardinger turned to the study of the
unique crystalline dextrins formed by this organism from
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starchy media. By inoculating Bacillus macerans with
a starch, he again found that the starch was decomposed.
By evaporating and extracting the residue with alcohol,
Schardinger obtained in the alcoholic extract crystalline
dextrins of the same nature (elemental composition, spe-
cific rotation, properties, complexes) as those he had previ-
ously described. Pursuing the experiments, he showed that
the crystalline dextrins formed from wheat, rice, potato, and
arrowroot starches were always the same. In particular, all
products formed had the same characteristics with iodine
reaction and were halfway between maltose and starch. This
was discussed in 1957 by French [18].

Schardinger then hypothesized that the two “krystal-
lisiertes polysaccharides” were the intermediate crystal-
lized decomposition products of starch, i.e. amylose and
amylodextrin, or closely related to these true components
[39]. They could be of considerable theoretical interest for
the study of the starch “molecule”, and to extent that they
formed crystalline iodine addition products, they could
be used to shed some light on the starch-iodine reaction.
Schardinger highlighted the analogy between his A and B
dextrins and amylose and amylodextrin, that he proposed
the names “krystallisiertes amylose” and “krystallisiertes
amylodextrin”.

Finally, in 1911, Schardinger confirmed that Bacillus
macerans was able to give the same crystalline dextrins as
before, and these products were true components of starch.
The same year, Schardinger developed a procedure for the
isolation of two different crystalline dextrins (dextrin-o
and dextrin-P), and characterized each by specific rotation,
elemental analysis, and their unique crystalline iodine com-
plexes [40]. It is important to note that at the time, it was still
doubtful that dextrins were products of the synthetic metabo-
lism of the organism. It was only with the work of the group
of Hudson [43—47] in the late 1930s that this last hypothesis
was abandoned, and the first, proposed by Schardinger, was
demonstrated.

The fact that the cultures of B. macerans contained an
enzyme that converted gelatinized starch into a highly rotat-
ing mixture of non-reducing dextrins, without production
of maltose, glucose or other reducing sugars (Scharding-
er’s crystalline dextrin-a and dextrin-f were then starch

Bacillus macerans, ein Aceton bildender Rottebacillus. |
[Mitteilung aus der k. k. Untersuchungsanstalt fiir Lebensmittel

in Wien.] :

Von Franz Schardinger. - |

Ueber die durch den genannten Mikroben bewirkte Acetongirung|

wurde bereits. in No. 8 der Wiener klinischen Wochenschrift, Jahrg. 1 ‘,,'*
berichtet. Die Ergebnisse fortgesetzter Studien iiber diese Girung und
die Verrottung pflanzlicher Gebilde sollen im nachfolgenden einem weitere;
Leserkreise unterbreitet werden. :

Fig.3 Abstract of the article published in the journal Wiener Klinis-
che Wochenschrift by Schardinger on Bacillus macerans in 1904

components), was demonstrated by Freudenberg [48—50] in
the late 1930s and by French [51-53] in the 1940s.

Following Schardinger’s early work on the action of
Bacillus macerans on starches and Villiers with Bacillus
amylobacter on potato starch, little interest has been shown
for Bacillus macerans in its ability to produce dextrins in
the years following their work. It was only in the 1940s that
researchers became interest in this bacillus again for the pro-
duction of cyclodextrins/cycloamyloses [54—61]. However,
since the 1920s, many researchers have studied the organ-
ism as a fermentation source of ethyl alcohol and acetone
[62-66].

Isolation of the crystalline dextrins

Schardinger was not convinced by Villiers’ conclusions on
the reaction yields obtained for the two cellulosines/dex-
trins. In his early experiments [36], for its dextrin alpha and
dextrin beta, the yields obtained were ten times higher than
those of Villiers. To explain this “dieses interessante Ergeb-
nis” (interesting result), Schardinger suggested that, in the
conditions of sterilization described by Villiers, the bacillus
used was “wahrscheinlich unrein” (probably not pure).

Between 1905 and 1911, Schardinger studied the
preparation, fractionation/separation, and purification of
the cellulosines/krystallisierte dextrins, with the objec-
tive of preparing pure products with high yields. In 1905,
Schardinger pointed out the difficulty of isolating the two
dextrins A and B, the problems of selective precipitation and
the different solubilities [37]. Two years later, he described a
first protocol for the preparation of dextrins with high purity.
The krystallisierte a-dextrin and krystallisierte [}-dextrin
were synthesized from several sources of starch, e.g. pota-
toes, rice and wheat, and bacteria. About 25-30% of the
starch was converted to crystalline dextrins depending on
these parameters [38]. However, yields were always 10 times
higher than those reported by Villiers [13, 14].

The method of separation proposed by Schardinger was
based on the ease of crystallization of the krystallisierte
p-dextrin from water and its low solubility, about 1.5% at
room temperature, followed by precipitation of the krys-
tallisierte a-dextrin from the mother liquor by the addi-
tion of alcohol. During four years, this method was studied
and modified [39]. In 1911, Schardinger published the first
fractionation and purification protocol for the production
of a-dextrin and fB-dextrin with high purity (Scheme 1) but
yields remained low [40]. This protocol has been modified
by Lange [67] in 1925 (Fig. 4) who introduced trichloroeth-
ylene as a precipitating agent for the crystalline dextrins.
However, yields were yet low. It was not until 1935 and
Freudenberg’s work that the first protocol were developed
to obtain almost pure dextrins with high yields [68]. This
procedure was based not only on solubility differences of the
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17 Dextrin mixture ﬁ

o-dextrin B-dextrin

fine hexagonal plates stout crystals
alcohol
v

gummy precipitate o-dextrin

recrystallization
water

pure B-dextrin

hexagonal plates

““ys“‘""a“"“J water/alcohol

pure o-dextrin

Scheme 1 The first fractionation and purification protocol proposed
by Schardinger in 1911 for the production of dextrins with high purity

BRITISH CHEMICAL ABSTRACTS

B.—APPLIED CHEMISTRY

JANUARY 6, 1926.

Isolation of polyamyloses. I. G. FARBENIND.
A.-G., Assees. of F. LANGE (G.P. 442,963, 25.1.25)—The
solution obtained by fermentation of starch or starchy
materials with bacteria is treated with a halogen deriva-
tive of the ethylene series. The additive compounds of
polyamyloses separate in easily filterable form.

C. HoLLIns,

Fig.4 Extract of the British Chemical Abstracts announcing the first
patent, entitled “Verfahren zur gewinnung von polyamylosen”, on pol-
yamyloses/dextrins filed by Fritz Lange in 1925

dextrins themselves, as proposed by Schardinger, but also
on the differences in solubilities and rates of crystallization
of their acetates. In the protocols proposed by Lange and
Freudenberg, the distinction between the two products has
always been made by their ability to form complexes of dif-
ferent colors with iodine, as Schardinger already suggested.

Nomenclature

As early as 1903, Schardinger suggested that “krystallisi-
ertes dextrins” (dextrin alpha and dextrin beta) was a better
name than “cellulosines”. Later, he used the term “krystal-
lisiertes polysaccharides” and finally, in 1911, he changed
the names to “krystallisierte dextrin-a” and “krystallisierte
dextrin-f5”.

A major controversy then developed over the nomencla-
ture of dextrins [1]. For instance, Pringsheim first suggested
the name of “amyloses” for this new group of sugars, of
which the dextrin-o and dextrin-p of Schardinger were a
diamylose and a triamylose, respectively. Later, Pringsheim
preferred to call them “krystallisiertes polyamylosen”, crys-
talline polyamyloses, considering that “these substances
were the basic units of the starch molecule”. Pringsheim
introduced two series: the a-series of dextrins obtained from
the amylose fraction of starch (four distinct substances) and
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the p-series from amylopectin fraction degradation (two
distinct products, hexaamylose). For him, the “Schlamm”
substance consisted of either three or four diamylose sub-
stances. However, at that time, Karrer disagreed with the
nomenclature proposed by Pringsheim. Karrer regarded
maltose as the fundamental unit of the whole of the starch
molecule (“starch is a polymeric maltose anhydride”). The
confusion that results from the terminology of the different
compounds lasted for more than 20 years [1].

In the 1930s, the German chemist Karl Johann Freuden-
berg (1886—1983) renamed more simply the two krystal-
lisiertes dextrins into a-dextrin and pB-dextrin, and this ter-
minology is finally adopted. Freudenberg also proposed to
call them “Schardinger dextrins” in recognition of the fact
that Schardinger had first described their preparation, isola-
tion and properties with reliable details and first identified
Bacillus macerans, the strain responsible for their formation
[48-50]. This recognition was probably first suggested in
1935 [1].

For many years, cyclodextrins were called “Schardinger
dextrins” in his honor, almost up to the 1970s. Schardinger
dextrins were subsequently named cycloamyloses [69]
by the American chemist Dexter French (1918-1981) in
1942, cycloglucanes [70-72] by Freudenberg in 1943, and
finally cyclodextrins [73] in 1949 by the German chemist
and biochemist Friedrich Cramer (1923-2003), a pupil of
Freudenberg.

The foundations of cyclodextrin chemistry
Chemical properties

Between 1904 and 1911, Schardinger made several impor-
tant observations from a chemical point view. In 1904, he
observed that cellulosines/dextrins were often formed in
starch-based media containing putrefying microorganisms
[36]. The formation of the two “krystallisiertes dextrins”
depended on the type of bacteria digesting starch. The prod-
ucts were well crystallized from water and aqueous alcohols,
and quite resistant to acid hydrolysis, in accordance with
Villiers’ observations. They lose alcohol of crystallization
without any important change in their physical properties.
Like Villiers, Schardinger observed that, in air, the crystals
became opaque. The crystals also showed high optical activ-
ity, much higher than those of certain dextrins. Schardinger
stated that, by using the characteristic reaction that starch
derivatives showed with iodine, it was easy to distinguish
the two dextrins. Iodine colored dextrins that had high opti-
cal activity, and the intensity of coloration decreased with
optical activity.

In 1905, Schardinger confirmed that a simple microscopic
iodine test showed that the “krystallisiertes dextrins” formed
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characteristic crystalline compounds with iodine [37]. In
control tests made upon digests of starch with other amyl-
ases (Aerobacillus polymyxa), from which the main prod-
ucts were reducing substances, the crystalline iodine solids
were not formed. In addition, Schardinger observed that the
microscopic appearances were entirely different from those
observed in the case of the macerans digests. The iodine test
appeared to be specific for the products formed.

The same year, Schardinger was also the first to observe
that different starchy substrates differed in their behavior
with Bacillus macerans, especially in the yields obtained
[37]. He indicated for the first time, the fact that the two
forms of dextrins are able to form complexes of different
colors with iodine [38]. He again pointed out their lack of
reducing power and hydrolysis to reducing sugar. In 1908,
Schardinger reported the formation by microbial activity
from starch of crystalline substances, which did not reduce
Fehling’s solution (Fig. 5). One year later, he confirmed that
the krystallisierte dextrin-a and krystallisierte dextrin-f}
were not only non-reducing to copper reagents but also non-
fermentable by yeast [39]. The two dextrins were however
soluble in alcohol and they could be converted into ethers
under the action of acid chlorides.

In 1911, Schardinger demonstrated that, regardless of the
starch source, the main product, dextrin-o, was characterized
by a relatively high solubility in water and by the formation
of crystallized greenish needles on the addition of iodine.
The second product, dextrin-f, was much less soluble in
water and it formed reddish brown crystals on the addition
of iodine [40]. However, the solubility of dextrin-f raised
with temperature. These characteristics were confirmed
by Pringsheim [74-79] in 1924 and by Freudenberg [68]
in 1935, but only demonstrated by French [69] in 1942,
when these authors attempted to determine the structure of
the dextrins. French also demonstrated that the crystalline

82 ABSTRACTS OF CHEMICAL PAPERS.

Chemistry of Vegetable Physiology and Agriculture.

The Formation by Microbial Aoctivity from Starch of
Crystalline Substances which do not reduce Fehling's
Solution. Franz ScHARDINGER (Centr. Bakt. Par., 1908, ii, 22,
98—103).—The substances in question were obtained by the growth
of Bacillus macerans in a medium, two litres of which contained 100
grams of starch, 2 grams of ammonium phosphate, 05 gram of
magnesium sulphate, and sodium chloride. The mixture was filtered
after four days’ incubation, and the filtrate, which smelt strongly of
acetone and was acid in reaction, was neutralised and evaporated.
On cooling, a crystalline product separated, which was extracted with
509% alcohol. To the concentrated cooled alcoholic extract, ether was
added. A precipitate was thereby obtained which consisted chiefly
of regular, hexagonal plates; intermixed with these were aggregates
of needles. The substances do not reduce Fehling’s solution, and
give reactions with iodine solutions. 8. B. S.

Fig.5 Extract of the American Chemical Abstracts announcing inno-
vative Schardinger’s results on dextrins in 1908 and published a year
later in the journal Centralblatt fiir Bakteriologie Parasitenkunde und
Infektionskrankheiten

complexes with iodine-iodide resembled in many respects
the starch-iodine complexes.

It is important to note that the chemistry and the tech-
niques originally developed by Schardinger have been
extended and perfected by Freudenberg [48—50] and French
[51-53] in the 1930s and 1940s respectively, to whom much
of our present knowledge of the Schardinger dextrins/cycloa-
myloses/cyclodextrins can be attributed.

First concepts in terms of chemical structure
and inclusion properties

In 1903, Schardinger was able to isolate only small amounts
of dextrin A, but this amount was much larger than that
of dextrin B which he identified as Villiers’ cellulosine
and tried to determine its composition. Schardinger pro-
posed for his krystallisierte dextrin an empirical formulae
[(C¢H,(O5), 4+ 3H,0], similar to that of Villiers. However,
Schardinger did not attempt their molecular-weight deter-
minations. This was only determined in 1942 by French [69]
using X-ray data.

When purified by fractional precipitation, the crystals
presented different optical rotation properties and were dif-
ficult to hydrolyze any further. By varying the solvent or
the conditions of crystallization, it was also found possi-
ble to obtain different types of crystal forms (patterns) but
these were not investigated by Schardinger. It was not until
1933 that Ulmann’s group examined the 10 different forms
in which alpha dextrin crystallized using X-ray powder dif-
fraction [80].

Schardinger also hypothesized that the krystallisiertes
dextrins were “cyclic polysaccharides” but did not propose
a structure for dextrins. It will take another twenty-years
before the cyclic nature of Schardinger’s dextrins was clearly
identified; first hypothesized in 1935 [68] and then demon-
strated in 1948 [81, 82].

A distinctive character of the dextrins which facilitated
their separation from crude starch digests was their ability to
from crystalline insoluble complexes with many liquids. In
1911, Schardinger reported the behavior of the dextrin-o and
dextrin-f in the presence of alcohols, chloroform, ether, and
iodine solution. He used the complexes with these solvents
as a means of selective precipitation of dextrins [40]. This
was also the first indication of the ability of dextrins to form
“inclusion” complexes [1]. This remarkable property was
not put forward until the 1950s with Cramer’s work [74—-79].
The observations on complexes reported by Schardinger
were later used by other researchers, particularly when they
looked for other precipitants for the isolation of dextrins or
when they collected data on their solubility in water and
solvents.

Schardinger decided to stop his research into dextrins in
1911 [40], and as a conclusion he wrote: “I realize that still
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g ) e : Nachdruck verboten.
Bildung kristallisierter Polysaccharide (Dextrine) aus -
Stirkekleister durch Mikrobien,?

[Mitteilung ans der staatlichen Untersuchungsanstalt fiir Lebensmittel
in Wien.]
Von Franz Schardinger.

Es ist mir wohlbekannt, daB noch sehr viele Fragen ungeldst sind. Die

Bnantwortyngxder_se]bcn muB ich jenen iiberlassen, die, dank glinstigerer
anBerer Verhiltnisse, sich intensiver mit dem Gegenstande befassen
konnen. i

Fig.6 Extract of the last paper published in the journal Centralblatt
fiir Bakteriologie Parasitenkunde und Infektionskrankheiten in 1911
by Schardinger

very many questions remain unsolved; the answer to these I
must leave to another, who, owing to more favorable exter-
nal conditions, can deal with the subject more intensively
(Fig. 6).”

In the 24 years following Schardinger’s final paper [40],
little real progress has been made in investigations on
crystalline dextrins, their structure and method of prepa-
ration, although the German chemist and biochemist Hans
Pringsheim (1876-1940) [83-85] and the Swiss chemist
Paul Karrer (1889-1971) [86—89] are recognized as the two
first researchers to have published extensively on dextrins
[1]. Indeed, their works were repetitive, marred by fre-
quently contradictory results and by even hot debate between
the two groups [90]. A major controversy then developed
over the structure of dextrins.

As stated by Freudenberg [68] and later by French [18],
all researchers at the time used impure products and relied
too much on cryoscopic measurements of molecular weights.
As Schardinger dextrins had a relatively high molecular
weight and were very difficult to separate from low molecu-
lar weight impurities, the use of cryoscopic techniques led to
many abnormal results and bitter disputes between groups,
particularly those of Pringsheim and Karrer. As a result,
data in the literature between 1911 and 1935 are now gener-
ally considered to be of little importance. The next impor-
tant step in the investigation of Schardinger dextrins did not
begin until 1935 [1], when concerted efforts began on the
problems associated with their separation, purification and
determination of their structure.

From an academic point of view, research on cyclodex-
trins developed increasingly exponentially from the 1940s
onwards, with the work of Freudenberg, French, Cramer and
Jozsef Szejtli (Hungarian chemist, 1933-2004) in the 1940s,
1950s, 1960s and 1970s, respectively. From an industrial
point of view, cyclodextrins only really took off in the 1980s
with the first applications in the chromatography, pharma-
ceutical and food industries [1]. Actually, applications are
found in practically all sectors of industry [91].

@ Springer

Conclusion

Although, in retrospect, the discovery of cyclodextrins
should be attributed to Villiers, Schardinger was the first to
describe their preparation, isolation, and properties in reli-
able detail. Franz Schardinger is recognized as the “Found-
ing Father” of cyclodextrins. In this mini-review, on the
occasion of the centenary of his death, we commemorated
his contribution to the cyclodextrin chemistry by highlight-
ing his many results. Schardinger laid the foundation for
the chemistry of cyclodextrin. His major discovery was
undoubtedly to have isolated the microorganism capable
of synthesizing the enzyme that catalyzes the degradation
of starch into cyclodextrins, identified a few years later as
cyclodextrin glucosyltransferase. In his honor, cellulosines/
krystallisiertes dextrins were called “Schardinger dextrins”
for many years, almost until the 1970s.
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