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The continuous increase in the number of publications carried
out on cyclodextrins (CDs) and their market growth are clear
evidence of the undying interest in these macrocycles discov-
ered in 1891 [1]. It seems that these supramolecules still have
not revealed all their secrets and are still stimulating curiosity in
fundamental and applied research. CDs are the most studied
supramolecular hosts. They provide the most extensive data-
base on molecular recognition in the literature, with more than
100,000 publications [2]. CDs owe their success not only to the
unique molecular structure [3], which allows them to act as host
compounds, but also to their biodegradability [4], negligible
toxicity, and excellent safety profile [5]. In addition, CDs offer
a further step towards sustainability, making them suitable for a
wide range of uses in various fields. Accordingly, the global
market size of CDs is expected to grow to nearly US$ 390
million by 2027, registering consequently a compound annual
growth rate of 5.5% from 2021. The CD market was not
affected by the COVID-19 pandemic and had in fact experi-
enced a strong increase. This was due to the favorable environ-
ment for the CD market created by the increasing demand for
pharmaceuticals containing CDs. Three clinical trials have
demonstrated the use of CDs in the treatment of COVID-19.

Two of them use the sulfobutyl ether B-CD/remdesivir inclu-
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sion complex and the third applies the a-CD/sulforaphane inclu-
sion complex called Sulforadex® [6]. The approved Janssen
vaccine against SARS-CoV-2 infection (Ad26.COV2.S) was
also a milestone for CD research and has served as a large-scale
safety test for 2-(hydroxypropyl)-B-CD (HP-B-CD). CDs have
also been used to functionalize face mask textiles to block and
inactivate bacteria and viruses [7].

Apart from the COVID-19 pandemic, CDs are well represented
in the pharmaceutical market, in at least 130 marketed products
[2]. Examples of the use of CDs in medicines are $-CD in ceti-
rizine tablets and cisapride suppositories, y-CD in a minoxidil
solution, HP-B-CD in itraconazole antifungal, in intravenous
and oral solutions, sulfobutyl ether f-CD in intravenous
voriconazole antimycotic, and randomly methylated p-CD in a
nasal spray for hormone replacement therapy with 17f3-estra-
diol.

Yet, the current interest goes far beyond the simple use of CDs
as a delivery system for therapeutic agents. Current research
interests focus on the intrinsic activity of CDs as well as their
derivatives and polymers. One of the biggest discoveries in this
field is the observation that the solubilizer HP-B-CD is effec-

889


https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:lamotte@univ-littoral.fr
https://doi.org/10.3762/bjoc.19.66

tive against Niemann—Pick type C disease (NPC) and is in
phase 2b/3 clinical trials [8]. It has also been suggested that
CDs may have beneficial effects on other neurodegenerative
diseases, such as Alzheimer’s, Parkinson’s, and Huntington’s
diseases. Due to their ability to extract cholesterol, treatment
with CDs could reduce atherogenesis and atherosclerotic plaque
size by solubilizing cholesterol crystals [9]. In addition, CDs
can sequester cholesterol and lipids from viruses and envelopes
and provide virucidal and bactericidal activity against a wide
range of microorganisms [10]. Altogether, these findings high-
light the ability of CDs to act as potential active pharmaceutical
ingredients, which may influence the current regulatory frame-
work for the use of CDs and further stimulate their market.

The exploration of the potential of inclusion complexation is
not limited to the biomedical field. CDs are renewable and
biodegradable materials that enable green and environmental
biotechnologies for all applications [11]. The ability of CDs to
act as solubilizers, stabilizers, permeation enhancers, cryopro-
tectors, sequestrants of toxic compounds, taste and odor
maskers, coating materials of solid surfaces, and chiral recep-
tors has been successfully explored in food, packaging,
cosmetics, textiles, separation processes, environmental remedi-

ation, extraction, and catalysis [2,5,12].

Molecular encapsulation is not the only application area for
these macrocyclic components at present. CDs are versatile
molecules. Their 3D structure makes them exceptional building
blocks for the design of innovative supramolecular architec-
tures due to the differential reactivity of their alcohol functions.
This allows regioselective chemical modification at either the
primary or secondary rim [13]. As a result, these molecular
hosts can be specifically linked either covalently or noncova-
lently to a wide variety of ligands. CDs are a significant part of
almost all areas of science that require high performance with
minimal environmental impact. They are involved in the con-
struction of interlocked molecules (rotaxanes and catenanes),
supramolecular polymers, artificial enzymes, hydrogels,
metal-organic frameworks, supramolecular solvents, fibers,
nanotubes, nanoparticles, and so on [14-17]. In addition to bear-
ing a rigid skeleton, CDs act as versatile multitasking agents.
They add value to these composites as their cavities remain gen-
erally available to accommodate active substances, or they work

as supramolecular catalysts or molecular concealers.

Due to the fact that CDs are nontoxic to humans and to the
environment and used to develop greener synthetic routes and
strategies, CD-based materials are considered safe and environ-
mentally friendly [18]. This includes, among other characteris-
tics, that they are edible, biodegradable, ecological, and

biocompatible. Thus, these supra-architectures have a multi-
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tude of uses in food, biomedicine, regenerative medicine,
cosmetics, molecular electronics, polymer chemistry, gold
recovery, gas absorption, depollution, biochemical material
sciences, nanotechnology, self-healing materials, 3D printing,
and so on [19-21].

We hope that you will enjoy consulting the articles in this
thematic issue and that you will gain new insights to help
advance CD-based materials, which are burgeoning on several
fronts and are likely to continue to push the boundaries in all
areas of applications and beyond. We are extremely grateful to
all the researchers who contributed to this issue and thankful to
the Editorial Team at the Beilstein-Institut for their kind assis-

tance and support.
Miriana Kfoury and Sophie Fourmentin
Dunkerque, June 2023
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A simple method for the preparation of f-cyclodextrin derivatives containing covalently bonded aldehydes via an imine bond was

developed and used to prepare a series of derivatives from 6-amino-6-deoxy-B-cyclodextrin and the following volatile aldehydes —

cinnamaldehyde, cyclamen aldehyde, lilial, benzaldehyde, anisaldehyde, vanillin, hexanal, heptanal, citral, and 5-methylfurfural.

Subsequently, the rate of release of the volatile compound from selected pro-fragrances, as a function of the environment (solvent,

pH), was studied by 'H NMR spectroscopy (for benzaldehyde) and static headspace-gas chromatography (for benzaldehyde,

heptanal, and 5-methylfurfural). The aldehyde release rate from the imine was shown to depend substantially on the pH from the

solution and the air humidity from the solid state.

Introduction

The fragrance and flavor industry is one of the most intensively
developing sectors of the chemical industry. Encapsulation
techniques are widely used in both food and cosmetic indus-
tries to control the delivery of the encapsulated guest molecules

and protect those agents from environmental degradation [1,2].

Cyclodextrins (CDs) serve as one of the simplest encapsulating
systems. CDs are cyclic oligosaccharides composed of 1—4
linked a-p-glucopyranose units (6, 7, and 8 for the most
common o-, -, and y-CD). CDs are well known for their hydro-

philic outer surface and hydrophobic cavity. This cavity can
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encapsulate another lipophilic guest molecule and thus form an
inclusion complex [3,4]. This phenomenon is reversible and

leads to an equilibrium between encapsulated and free guest.

A staggering number of inclusion complexes of CDs with
various organic molecules have been described so far. It was
proved that the complexation of volatile organic compounds,
such as aldehydes, into the CD’s cavity reduces the volatility
and increases the solubility and bioavailability of these com-
pounds [5-14]. The release of the included molecule from the
CD’s cavity takes from minutes to hours, depending on the
environmental conditions as well as on the structure of the mol-
ecule. The prolongation of the release time of the complexed
compounds would make significant progress in fragrance
delivery as well as in an odor and flavor control; it could be
used to improve the stabilization, quality, efficiency and persis-
tence of repellents, disinfectants, perfumes, laundry detergents
and flavoring agents [15,16].

Another strategy to prolong the longevity of the fragrance and,
as an additional benefit, to increase the stability of labile com-
pounds is to prepare pro-fragrances in analogy with the concept
of pro-drugs developed for pharmaceutical applications. The
fragrance is linked covalently to a substrate that will release the
fragrance under defined chemical conditions. For applications
in the fragrance and flavor industry, the covalent bond that links
the fragrance to its substrate must be cleaved under environ-
mental conditions found in everyday life, and the substrate
should be non-volatile and non-toxic [17]. Typical triggers that
may be used for mild chemical reactions are temperature, enzy-
matic or pH-dependent hydrolysis, oxidation, or light (Figure 1)
[18]. Different substrates were used to synthesize pro-
fragrances, like polymers [19], ionic liquids [20], rotaxanes
[21], or saccharides [22].

To the best of our knowledge, no studies investigate the use of
CDs as substrate. Linking the fragrance to CDs could present an
advantage compared to simple encapsulation and to other sub-
strates as they will not only ensure very low volatility of the ob-

tained pro-fragrance but also be able to encapsulate the guest

Beilstein J. Org. Chem. 2022, 18, 1346-1354.

after the cleavage of the covalent bond, leading to a two-in-one
system. Indeed, encapsulation in CDs is known to modify and/
or improve the physical and chemical properties of the included
guest, ensuring the protection of labile molecules from photo-
degradation or oxidation [3,6,23]. Moreover, many CD deriva-
tives are available, opening the possibility of using different
chemical functions (ester, imine...) to attach the fragrance cova-
lently with various functional groups. Additionally, CDs
already occur in many daily products [16] and fulfill the
requirements of biocompatibility and cost for designing pro-
fragrances that could find applications in the flavor and
fragrance industry [18].

In this article, we describe the synthesis of ten pro-fragrances —
Schiff bases prepared from amino-f-cyclodextrin and common
volatile aldehydes. Aldehydes constitute a prominent class of
molecules broadly used as food product additives and are also
key components of perfumes [24]. They were therefore chosen
as an example of flavor compounds. The imine bond was
chosen for its relative stability; on the other hand, it can be
readily hydrolyzed forming the starting non-volatile amine and
releasing the aldehyde. The kinetics of the aldehyde release was
studied by '"H NMR techniques in buffers with different pH
values. The aldehyde release itself from the buffers and by
humidity was followed by static headspace-gas chromatogra-
phy (SH-GC).

Results and Discussion

Synthesis of pro-fragrances

6I—Amino—6I—deoxy—B—cyclodextrin (amino-B-CD, 1) was chosen
as the most appropriate amino-cyclodextrin derivative due to its
easiest accessibility; besides, B-CD forms usually the strongest
inclusion complexes compared to a-CD and y-CD. The amino-

B-CD was prepared according to published procedures [25-27].

Common commercially available volatile aldehydes 2a-j
(Figure 2) were chosen as the aldehyde reactants. Some of the
aldehydes were mixtures of isomers, but it was acceptable for
our intended purpose — to study the controlled release of the

aldehydes, i.e., volatile organic compounds (VOCs).

Hydrolysis /pH
A
Enzymes Light
‘ Mild reaction
Substrate Vol = +
Oxidation Temperature

Non-volatile Profragance

Controlled Release

Figure 1: Concept of the controlled release of volatile organic molecules from pro-fragrances [18].
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Figure 2: The common commercially available aldehydes used for binding to amino-B-CD (1): trans-cinnamaldehyde (2a), cyclamen aldehyde (2b),
lilial (2c), benzaldehyde (2d), anisaldehyde (2e), vanillin (2f), hexanal (2g), heptanal (2h), citral (2i), 5-methylfurfural (2j).

The aldehyde selected for the optimization of reaction condi-
tions was cinnamaldehyde (2a), as it is strongly UV absorbing,
i.e., easy to follow by TLC. But in the end, the reaction progress
was monitored by MS due to the fast hydrolysis of the imine
even during the chromatography on TLC plates. Methanol was
chosen as a solvent because it dissolves the aldehydes well and

sufficiently (=5 mg/mL) amine 1.

At first, we studied the influence of adding hygroscopic salts
(MgSOQy, LiClQy4, or Ca(ClOy4);), triethyl orthoformate, or acti-
vated molecular sieves to the reaction. These compounds could
function as desiccants removing the water formed during the
reaction, as well as catalysts; nevertheless, the conversion
to the final imine needed, in all cases, a large excess of an alde-
hyde.

Finally, the best reaction conditions for the large-scale prepara-
tion of target compounds proved to be just refluxing of amine 1
with up to 30-fold excess of the aldehydes 2a—j in methanol
(Scheme 1), which afforded the final imines 3a—j in high yields
(80-97%).

This method allows for easy recovery of the unreacted alde-
hyde as well as separation of the product (just by extraction by
hexane and drying under reduced pressure) without its decom-
position. The structure of the final imines was confirmed by
TH NMR, '3C NMR, ESI-MS, and the release of the VOCs was
next studied by 'H NMR and SH-GC for selected imino--CD.

The prepared imines could also be mixtures of E/Z isomers, but
no attempts were made to isolate them for the reason metioned

above. Also, the prepared imines proved to be difficult to purify

NH2 )O]\ N
O
0Tio R™H 0TI
OH 2a-j OH
o OHO MeOH OHO
HO reflux HO
OH OH
6 6
1 3a-j

Scheme 1: Preparation of the Schiff bases from amino-B-CD 1 and
aldehydes 2a—j. Yields: 3a, 96%; 3b, 83%; 3¢, 91%; 3d, 86%; 3e,
82%; 3f, 96%; 39, 89%; 3h, 97%; 3i, 80%; 3j, 83%.

by chromatographic methods due to their low stability towards
hydrolysis.

Kinetic studies of the imine hydrolysis by
NMR

For the kinetic studies of the hydrolysis of imino-CDs, we
selected the pro-fragrance 3d made from the most common
aldehyde — benzaldehyde. The release of the benzaldehyde (2d)
was studied by '"H NMR spectroscopy. Aqueous 0.1 M phos-
phate buffer solutions of pH 1.08, 2.00, 3.00, 4.00, 5.00, 6.00,
7.00, 8.00, 9.00, 10.00 11.00, 12.00, and 12.80 were prepared
(see Experimental section) using deuterium oxide instead of
water to facilitate NMR spectroscopy experiments. Because of
the low solubility of the pro-fragrance in water, it had to be dis-
solved in deuterated dimethyl sulfoxide. Then, the buffer solu-
tion was added and mixed in a 1:1 (v/v) ratio just before starting
the measurements. The samples were kept at ambient tempera-
ture (20-25 °C).
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All measurements for a given pH value were repeated at least
three times with about 10 mg of the pro-fragrance 3d. For the
pH in the range 1.08-4.00, the samples were taken and
measured in intervals from 2 min up to 24 h for several days,
the remaining samples with higher pH were measured in 2 h to
several day intervals for up to three months. The integrals of the
signal at 8.30 ppm (hydrogen of the imine group of Schiff base)
were compared to the integral of the signal belonging to the
same proton of the starting compound 3d measured in
DMSO-ds (without a buffer) used as a blank.

We note that the experiment was conducted in a closed system
with a 50% content of DMSO-dg to enable dissolution of the
pro-fragrance, which influenced the equilibrium between disso-
ciation and formation reactions. The integrals of the imine
group signal at 8.30 ppm measured at various time intervals
were depicted as a function of time for all the samples with pH
from 3 to 12.8. Data were fitted by a nonlinear regression
method (Levenberg—Marquardt algorithm) using both mono-
and double-exponential functions (Microcal Origin software).
In most cases, the double-exponentials described the observed
behavior much better (see Supporting Information File 1,
Figures S1-S11). Experimental data were fitted with the
double-exponential function of the form:

I =1y + e V) o ) o (=H0)/12) )

where Iy, I, and I, are fitting parameters corresponding to the
integrated areas of the background and corresponding time
components, 7( is a parameter related to the correction of zero
time, and 7| and ¢, are time constants of the slow and fast com-

ponents of the double-exponential decay curve.

A typical example of the time decay of the integral of the imine
signal area for the sample at pH 9 is depicted in Figure 3.

For lower pH values (pH 1 and 2), the hydrolysis was too fast to
be investigated by 'H NMR spectroscopy; the experimental data
are summarized in Table S1 in Supporting Information File 1.
To visualize the pH dependence of the time decay of the inte-
gral of the imine group, we chose the time constant of the fast
component 7| and depicted it as a function of pH (Figure 4).

Figure 4 shows that the pH behavior of #; component is nearly
monotonic (except for low pH values). A substantial difference
is seen between acidic conditions, under which the imino-$-CD
is unstable, and the benzaldehyde releases fast over the time
course investigated, and basic conditions, under which the

benzaldehyde is released slowly. In all cases, equilibrium be-
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Figure 3: The integrals of the imine group proton signal at 8.30 ppm in
the acquired "H NMR spectrum of compound 3d at pH 9 as a function
of time. Time constants t; and t» correspond to the fast and slow com-
ponents of the double-exponential decay function. The red line is the
corresponding fit of the experimental data by Equation 1.
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Figure 4: pH behavior of the time constant ¢4 of the fast component in
the time evolution of the NMR signal of the imine group of the com-
pound 3d. Error bars correspond to the regression error; red line corre-
sponds to the polynomial fit of the experimental data.

tween the hydrolyzed and the non-hydrolyzed pro-fragrance is
obtained — the more acidic the solution is, the equilibrium is
reached faster, and the imine is hydrolyzed to a higher degree.
For pH 1 and 2 the hydrolysis degree is about 90%, which

decreases with the pH rising.

It has to be noted that during the NMR studies, no degradation
of the cyclodextrin was detected with the available methods. At
pH of 11.00, 12.00 and 12.80, a decrease and later (in the case
of pH 12.80) a total disappearing of the hydrogen signal of the
aldehyde group of benzaldehyde at 10.06 ppm was observed
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due to Cannizaro’s reaction. At pH 12.80, the benzaldehyde was

fully converted to benzyl alcohol and benzoic acid after 5 days.

Static headspace analysis

We first determined the Henry law constants and the formation
constants with B-CD of three selected aldehydes (Table 1). As
can be seen from Table 1, the studied aldehydes exhibit Henry
law constant <1. The obtained formation constants are in good
agreement with values obtained for aromatic or linear flavors
[28].

Multiple headspace extraction experiments were performed to
follow the release of the aldehydes. This technique was already
successfully used to follow the release of flavor in solution or
solid state [29-31]. The aldehyde release was studied using
three different sampling time intervals corresponding to three
time regions I, II, and III, in Figures 5-7. This experiment mode
enabled better observation of the trends in the change of the
aldehyde headspace concentrations at different sampling times
and pH.

First, we follow the release of heptanal in aqueous buffer solu-
tions (Figure 5SA). We can observe a decrease of the area due to
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the depletion of the aldehyde in the aqueous solution after
successive extractions, while the release of heptanal from
heptanylimino-B-CD is more sustained (Figure 5B). Similar be-
havior at various pH conditions could be observed in the case of
the release of benzaldehyde (2d) from the phosphate buffer
(Figure 6A) and benzylimino-B-CD (3d, Figure 6B) and
5-methylfurfural (2j) from the phosphate buffer (Figure 7A) and
5-methylfurfurylimino-8-CD (3j, Figure 7B).

Figures 5-7 show that the aldehyde release from the B-CD
imino derivatives was slower than the release from the corre-
sponding aldehyde aqueous phosphate buffers. This observa-
tion is consistent with the role of the physicochemical barrier
that slows down the release of aldehyde due to the supramolec-

ular interaction between aldehyde and B-CD cavity.

It follows from Figures 5-7 that heptanal (2h) is released faster
with lower pH values, whereas benzaldehyde (2d) and
5-methylfurfural (2j) show opposite trends. It can be attributed
to the lower boiling point (153 °C) and lower hydrophilicity
(logP 2.5) of the aliphatic heptanal compared to the two aromat-
ic aldehydes with higher boiling points (179 °C, 187 °C)
and more than an order of magnitude higher hydrophilicity

Table 1: Henry law constants and formation constants with B-CD (M~1) of the three selected aldehydes (30 °C, aqueous solution).
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Figure 5: Time evolution of the headspace concentration of heptanal (2h) after successive extractions from the gaseous phase above (A): heptanal
(2h) in aqueous phosphate buffers and (B): heptanylimino-B-CD (3h) in agqueous phosphate buffers. Sampling intervals in the corresponding regions:

| =4 min (A) or 5 min (B), [l = 10 min, Ill — 60 min.
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Figure 7: Time evolution of the headspace concentration of 5-methylfurfural (2j) after successive extractions from the gaseous phase above (A):
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(logP 1.48, 0.654) (physical properties values taken from

chemspider.com).

Finally, the release of 5-methylfurfural (2j) from 5-methylfur-
furylimino-B-CD (3j) was monitored at different humidity
(RH%). In this case, a powder of 5-methylfurfurylimino-8-CD
(3j) was placed in a small vial and exposed to different RH%.

As we can see from Figure 8, humidity is necessary to trigger

the release of the volatile aldehyde as the amount of released
volatile increased with the RH%. In this experiment, we also
observed a sustained release of the volatile compound from the
imino-B-CD.

Conclusion

Here a new family of pro-fragrances using CD as substrate was
prepared for the first time. A general, simple, and high-yielding
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Figure 8: Evolution of the area of 5-methylfurfural released from
5-methylfurfurylimino-B-CD (3j) upon time after successive extractions
of the gaseous phase at different RH% values.

method for their preparation was developed — Shiff base pro-
fragrance is formed by refluxing amino-p-CD with an excess of
a volatile aldehyde in methanol and purified just by extraction.
The use of CD is interesting as it acts as a double barrier carrier
for fragrance aldehyde molecules. We illustrated that CD-based
pro-fragrances combine a chemical barrier, as the aldehydes are
linked to the CD via imine bond, and a physicochemical (supra-
molecular) barrier, as we established that aldehydes formed
inclusion complexes in aqueous solution with f-CD. We con-
firmed from the NMR kinetic study of the imine bond decom-
position that Shiff base hydrolysis is very fast in acidic condi-
tions and slows down when going to higher pH values. Multiple
headspace extraction experiments revealed the role of pH and
the presence of supramolecular interaction between aldehyde
and B-CD on the rate of aldehyde release from the system.
Sustained release of the aldehyde was demonstrated both in
aqueous solutions and from a solid state upon humidity expo-

sure.

Experimental

Instruments, general methods, and chemicals
IH NMR, 13C NMR, 2D NMR (H,H-COSY, HSQC, and
HMBC) were measured on Bruker AVANCE III 600 MHz
(600.17 MHz for 'H, 150.04 MHz for '3C) and Varian
UNITYINOVA 400 (399,95 MHz for 'H and 100,58 MHz for
13C) spectrometers. For the kinetic studies, the 'H NMR spec-
tra were acquired on a Varian VNMRS 300 spectrometer
(300 MHz for 'H). DMSO-dg and D0 were used as the sol-
vents. The chemical shift values (d) are given in ppm, and the
values of the interaction constants (J) in Hz. Standard
numbering for cyclodextrin’s glucose units and numbering with

apostrophes for substituents were used to assign NMR signals.
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Static headspace-gas chromatography measurements were con-
ducted with an Agilent headspace autosampler. Henry law con-
stants (H.) were determined as described previously [32,33].
Briefly, the same amount of aldehyde was added to vials con-
taining different amounts of water. Using the phase ratio varia-
tion method as described by Kolb and Ettre [34], the values of
H_ were determined by the relationship between the reciprocal
chromatographic peak areas and the vapor-liquid volumetric
ratio. The formation constant values were determined as de-

scribed in previous works [28,35,36].

To study the release of aldehydes from aqueous buffered solu-
tions, 10 mL of 0.1 M aqueous phosphate buffers were intro-
duced into a 22 mL headspace vial, then 4 mg of compounds 3
were introduced in the vial, immediately sealed using silicone
septa and aluminum foil, and analyzed by multiple headspace
extraction at 30 °C. To evaluate the effect of humidity, 4 mg of
compound 3 was put in a small (2 mL) vial, which was embed-
ded into a 22 mL headspace vial containing 1 mL of saturated
salt solution to obtain the given percentage of humidity at 60 °C
and sealed using silicone septa and aluminum foil. Saturated
K»SOy4, KNO3, and LiCl salt solutions were used to obtain 97,
47, and 11% of humidity, respectively. The samples were then
immediately analyzed by MHE at 60 °C. 1 mL of vapor from
the above solution was withdrawn from the vial using a gas-
tight syringe and injected directly into the chromatographic
column via a transfer line (250 °C). Each sample was then
analyzed by gas chromatography (Perkin Elmer Autosystem XL
equipped with a flame-ionization detector using a DB624
column). The GC settings were set as follows: detector tempera-
ture, 250 °C; column temperature: 160 °C for benzaldehyde and
5-methylfurfural and 120 °C for heptanal. The retention times
under the given conditions were 2.1 min for benzaldehyde (2d)
and 5-methylfurfural (2j) and 3.1 min for heptanal (2h).

The mass spectra were measured by the Bruker ESQUIRE 3000
ES-ion trap and the samples were ionized using an electrospray

technique (ESI). The samples were dissolved in methanol.

Specific optical rotation was measured by the Rudolph
Research AUTOPOL ™ III Polarimeter at 25 °C and at the
wavelength of the sodium doublet. Specific optical rotation
values ([a]DZS) are given in 107! cmz-g’l.

For evaporation of the solvents, a rotary vacuum evaporator
from Biichi was used at temperatures up to 50 °C and a Glass
oven B-528 Kugelrohr from Biichi at temperatures up to
110 °C.

For thin-layer chromatography (TLC) DC-Alufolien Kieselgel
60 F265 (Merck, Darmstadt, Germany) silica gel plates were
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used. Carbonization in 50% sulfuric acid was used to detect the
substances. An eluent mixture propanol/water/25% aqueous
ammonia/ethyl acetate 6:3:1:1 (EM1) was used for TLC.

Anhydrous DMF was prepared by distillation with P,Os5 at
reduced pressure and was stored over molecular sieves 3 A
under argon atmosphere. Organic solvents were distilled before
use. B-CD was purchased from WAKO Chemicals (Germany).
Other reagents were purchased from common commercial
sources and used without further purification (Sigma-Aldrich,
Penta).

61-0-p-Toluenesulfonyl-B-cyclodextrin, 6!-azido-6'-deoxy-p-
cyclodextrin, and 6-amino-6'-deoxy-B-cyclodextrin (1) were
prepared according to the published procedures [25-27]. NMR

spectra were in agreement with the literature.

Kinetic studies of the imine hydrolysis by
NMR

For the kinetic studies of the hydrolysis of imino-CDs,
6'-benzylideneamino-6'-deoxy-B-cyclodextrin (3d) was chosen.
The release of the benzaldehyde was studied by 'H NMR spec-
troscopy. Aqueous 0.1 M phosphate buffer solutions of pH
1.08, 2.00, 3.00, 4.00, 5.00, 6.00, 7.00, 8.00, 9.00, 10.00 11.00,
12.00, and 12.80 were prepared by mixing 0.1 M solutions of
H3;PO4, KH,POy4, KoHPO,4 and K3POy in ratios given in
Table 2 using deuterium oxide instead of distilled water to facil-
itate NMR spectroscopy experiments. The exact pH value was
tuned with titration with the help of a pH meter. Because of the
poor solubility of the pro-fragrance in water, it had to be dis-
solved in 0.5 mL of deuterated dimethyl sulfoxide. Then, the
buffer solutions (0.5 mL) were added and mixed just before

starting the measurements. The samples were kept at ambient

Table 2: Ratios of 0.1 M aqueous phosphates solutions used to
prepare buffers of the specified pH.

pH H3POy4 KHoPO4  KoHPO4  K3POy4
1.08 1 - - -

2.00 1 - 1 -

3.00 dropwise 1 - -

4.00 - 1 dropwise -

5.00 - 1 dropwise -

6.00 - 10 1 -

7.00 - 15 5 3

8.00 - 3 17 dropwise
9.00 - dropwise 1 -

10.00 - - 1 dropwise
11.00 - 10 3 10

12.00 - - dropwise 1

12.80 - - - 1

Beilstein J. Org. Chem. 2022, 18, 1346-1354.

temperature (20-25 °C). Every measurement for every pH value
was repeated three times with about 10 mg of pro-fragrance 3d.
The measurement intervals of the benzaldehyde release by
TH NMR spectroscopy were 2 min to 24 h for several days for
the buffers with pH values from 1.08 to 4.00. For the rest of the
buffers, the intervals were 2 h to several days for up to 3 months
(for basic pH). The integrals of the signal at 8.30 ppm, corre-
sponding to the hydrogen of the imine group of the non-hydro-
lyzed Schiff base, were compared to the integral of the signal
corresponding to the same proton of the pro-fragrance measured
in DMSO-dg (without buffer) used as a blank.

The common procedure for preparation of

CD imines 3

Amino-B-CD 1 (=0.2 mmol) and aldehyde 2 (up to 30 equiv)
were refluxed in 100 mL of MeOH under argon overnight. The
reaction was monitored by MS, and after the full conversion to
imine, the solvent was evaporated. The unreacted aldehyde was
extracted ten times with hexane (10 mL), and the product was
dried in a Kugelrohr at 110 °C.

Supporting Information

Supporting Information File 1

Synthesis and characterization data for compounds 3a—f.
Experimental data of time evolutions of integral of the
imine group proton signal at 8.30 ppm in the acquired
'H NMR spectrum of the compound 3d for various pH.
[https://www beilstein-journals.org/bjoc/content/
supplementary/1860-5397-18-140-S1.pdf]
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An a-cyclodextrin protected with 2,4-dichlorobenzyl groups on the primary alcohols and ordinary benzyl groups on the secondary

alcohols was prepared and subjected to DIBAL (diisobutylaluminum hydride)-promoted selective debenzylation. Debenzylation

proceeded by first removing two dichlorobenzyl groups from the 6P positions and then removing one or two benzyl groups from

the 34D positions.

Introduction

a-Cyclodextrin (1) is a cyclic carbohydrate consisting of six
a-1,4-linked p-glucose molecules (Figure 1). It has a donut-like
structure with the glucose residues all aligned with the a-side
towards the center of the ring and the polar hydroxy groups
pointing towards the sides [1]. This makes the ‘hole’ in the
donut a lipophilic cavity that in water can form complexes with
small hydrophobic molecules [2] driven by the entropy increase
by expulsion of water [3]. Compound 1 has a wide range of ap-
plications where the complexation of substances such as phar-
maceuticals or fragrances is exploited since it is cheap, harm-
less and biodegradable [4]. It is also a useful building block for
sensors and/or capture devices, advanced materials, and even

artificial enzymes.

Most such uses require that compound 1 can be chemically
modified so that linkers, lids or catalytic groups can be installed
which is no simple task due to the many similar functionalities
in 1 [5-7]. A very useful way to access the hydroxy groups
in a selective manner is the perbenzylation of 1 and the
subsequent selective debenzylation of 2 using DIBAL [8-10].
This gives access to 6*-mono- and 64 diol (3) in high
yields and purity, and by extension of this method further
deprotection on the primary [10-12] and secondary rim
can be made [13-15]. The reaction of 2 with DIBAL leads quite
rapidly to diol 3 and then much slower to triol 4 and tetrol 5.
These methods are so useful because virtually any chemical

modification at the deprotected sites can be made followed by
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Figure 1: Structure of a-cyclodextrins 1-10.

global deprotection of the O-benzyl groups with hydro-

genolysis.

Recently, we observed a strong substituent effect when substi-
tuted benzyl groups were used in these reactions with electron-
poor benzyl groups reacting much more sluggishly. Indeed the
per-2.,4-dichlorobenzyl (DCB) protected compound 1 was com-
pletely resistant to DIBAL even when treated for several days
[15]. This led us to wonder if an a-cyclodextrin protected on the
primary hydroxy groups with DCB groups and on the second-
ary hydroxy groups with ordinary benzyl groups would lead to
selective debenzylation of one or more of the secondary
hydroxy groups without the primary hydroxy groups being
touched. In this work we have investigated this hypothesis and
found that even when protected as DCB groups the primary
alcohols are deprotected more readily than the secondary alco-
hols of 1.

Results and Discussion

The starting point of the synthesis is the known partially benzyl-
ated derivative 6, which according to the literature can be made
either from 2 by selective acetolysis of all the primary benzyl
groups and ester cleavage [16] or from 1 by selective protec-
tion of the primary OH groups with fert-butyldimethylsilyl
groups, followed by benzylation and desilylation [17,18]. We
used both methods to prepare 6: The acetolysis method is
convenient when perbenzyl a-cyclodextrin (2) is at hand
but requires very strict temperature control during the acetol-
ysis step. The silylation method requires careful drying of 1
before the silylation but is otherwise experimentally simple.
Hexol 6 was then DCB-protected using 2,4-dichlorobenzyl
chloride and sodium hydride in DMSO. As self-condensation of

the alkylating agent is possible the reaction was carried out by
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1(a-CD,R=R'=R3= H)

2 (R =R' = R'-3= CH,Ph)

3 (R=R'=R23= CH,Ph, R" = H)

4 (R=R'=R3= CH,Ph, R"2=H)

5 (R = R' = CH,Ph, R™-3 = H)

6 (R = R23= CH,Ph, R'=R" = H)

7 (R = R23= CH,Ph, R' = R' = DCB)

8 (R = R23= CH,Ph, R'= DCB, R' = H)
9 (R = R3= CH,Ph, R'= DCB, R'2 = H)
10 (R = R3 = CH,Ph, R' = DCB, R'-3 = H)

/@(\f
DCB=
Cl Cl

mixing 6 and NaH in DMSO and then adding the 2,4-
dichlorobenzyl chloride with a syringe pump over several
hours. This gave the fully protected compound 7 in 68% yield
(Scheme 1).

Reaction of 7 with DIBAL was carried out under a number of
different conditions as listed in Table 1. Firstly, reaction with
DIBAL in toluene at 0.3 M concentration and at 50 °C gave
after 24 h almost complete conversion of the starting material to
a symmetrical compound 8 that according to MALDI-TOF MS
has lost two DCB groups and not any benzyl group.

The compound was analyzed with 'H and !3C NMR (800/
201 MHz), COSY, HSQC, TOCSY, and ROESY (Supporting
Information File 1) which gave the NMR assignments shown in
Table 2 and identification of 8 as the 6*-P diol. The most signif-
icant observations in this assignment were 1) the compound is
symmetric with only 3 different sugar residues which combined
with the knowledge from MS that two DCB groups have been
lost means that only the structure 8 is possible. 2) The residues
with the lowest anomeric proton (8 4.71) could be seen to corre-
late to the OH proton at 8 3.15 in TOCSY identifying them as
A/D. 3) The residues with the highest anomeric proton (8 5.70)
could be seen to correlate to H-4 (at & 3.80) of the A/D residues
in ROESY identifying them as B/E. 4) The anomeric proton of
the final residue (d 4.73) correlated to H-4 at  3.92 in ROESY
confirming them to be C/F.

Remaining in the reaction mixture was some of the monool
though this compound was not isolated and identified. Carrying
out the same reaction with 1.5 M DIBAL gave complete
conversion to 8 (Table 1, entry 2). The formation of 8 from 7 is

surprising because it contrasts the complete lack of reaction of
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(iBu),AlH

NaH PhMe
DMSO 1.5M
(OBn)12 (OBn)12 (OBn)42 (OBn)11
6 7 32% 8 9 27%
cl (iBu),AIH (ODCB),
DCB = /@f PhMe
Cl 16% 70 °C

Scheme 1: The reaction of perbenzylated a-cyclodextrin with iBupAlH.

Table 1: Reaction conditions for the partial debenzylation of 7. The solvent was always toluene.

Entry [Substrate] [DIBAL] T (°C) Time (h) Compounds? Isolated (yield)
1 2.9 mM 0.3M 50 24 8 (93%) & monool 7% -
2 14 mM 1.5M 50 24 8 (100%) -
3 13 mM 1.5M 60 24 8 (51%) & 9 (49%) 8 (32%) & 9 (27%)
4 1.3 mM 0.1M 70 72 8 (18%), 9 (55%) & 10 (27%) -
5 1.3 mM 0.1M 70 144 8 (4%), 9 (32%) & 10 (64%) 10 (16%)

aThe ratio of compounds in the crude reaction product according to 'H NMR.

Table 2: 'H and 13C NMR (800/201 MHz, CDCls) chemical shifts of diol 8.

A/D2 B/E? C/Fa
H-1 4.71 (d) 5.70 (d, J = 4.0 Hz) 4.73 (d)
H-2 3.42 (dd) 3.58 (dd, J = 9.7, 3.9 Hz) 3.41 (dd)
H-3 4.10 4.21 (dd, J = 9.6, 7.6 Hz) 4.03
H-4 3.80 (1) 3.92 3.73
H-5 4.02 3.96 3.97
H-6a 3.73 4.08 3.94
H-6b 3.73 3.74 3.84
OH 3.15 (s) - -
Bn 5.43 (d, J = 10.3 Hz, 2H), 5.16 (d, J = 10.7 Hz, 2H), 4.88 (d, 2H), 4.87 (d, 2H),
4.82-4.68 (m, 6H), 4.60 (d, J = 13.3 Hz, 2H), 4.56-4.43 (m, 12H), 4.36 (2d, 4H)
Ar 7.21 (m, 72H)
C-1 98.4 98.2 98.3
c-2 80.1 77.8 79.1
c-3 81.6 80.9 80.7
C-4 75.0 81.3 81.9
C-5 715 71.8 72.2
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Table 2: 'H and 13C NMR (800/201 MHz, CDCl3) chemical shifts of diol 8. (continued)

C-6 62.4 70.3 70.9
Bn 76.6,76.2,74.1,73.6, 73.2, 72.6, 70.00, 69.95
Ar 139.31, 139.27, 139.26, 138.7, 138.3, 138.0 (ipsoC Ph), 134.5, 134.3, 134.1, 133.8, 133.6,

133.3 (ipsoC DCB), 130.0, 129.9, 129.2, 129.1, 128.5, 128.5, 128.3, 128.24, 128.21,
128.18, 128.18, 128.16, 128.0, 127.9, 127.8, 127.37, 127.35, 127.3, 127 .24,
127.21,127.17,127.0, 126.5 (CH Ph & DCB)

aThe letters A to F refer to each of the monosaccharides using normal cyclodextrin nomenclature as of Figure 1.

fully DCB protected 1 with DIBAL [15]. It means that the iden-
tity of protective groups on the secondary rim influence the
reaction at the primary rim significantly, most probably by a
collective inductive effect.

When the reaction of 7 with DIBAL was carried out at higher
temperature further debenzylation was observed with, accord-
ing to MS, a triol 9 being formed from 8. When 7 was reacted
with 1.5 M DIBAL in toluene at 60 °C for 24 hours an almost
equal amount of 8 and 9 was present (Table 1, entry 3) and 27%
of triol 9 together with 32% of 8 was isolated. A tetrol 10 was
obtained upon even longer reaction of 7: If reacted with 0.1 M
DIBAL in toluene for 3 days at 70 °C a mixture of 18% of 8,
55% of 9, and 27% of 10 was seen (Table 1, entry 4). When the
time was extended to 6 days 10 was the predominant com-

Table 3: 'H and 3C NMR (800/201 MHz, CDCl3) chemical shifts of triol 9.

pound (Table 1, entry 5) and could be isolated in 16% yield.
Triol 9 was identified using 'H and '3C NMR (800/201 MHz),
COSY, HSQC, HMBC, TOCSY, and ROESY (Supporting
Information File 1) leading to NMR assignments shown in
Table 3 and identification as the 3”,6*P triol. The most signifi-
cant observations in this assignment were 1) MS showed the
compound had lost a benzyl group from the structure of 8.
2) One of the residues (A) which have an anomeric proton at
0 4.80 is seen on TOCSY and COSY to correlate to a H-3 signal
at d 4.22 which has a corresponding carbon at 8 73.5. This car-
bon is 7-8 ppm lower than other C-3 signals revealing that it is
not alkylated. 3) This same residue (A) has an outlying H-2
proton signal at 6 3.28 which correlates in TOCSY to an OH
proton at & 2.80. 4) A HMBC correlation connects the carbon
signal at d 62.3 to the unusual H-4 signal at § 3.35 in residue A.

Aa Ba Ca Da Ea |:a
H-1 4.80 5.08 4.71 4.76 5.58 4.78
H-2 3.28 3.62 3.38 3.45 3.56 3.39
H-3 4.22 4.26 4.01 412 4.11 4.03
H-4 3.35 3.82 3.76 3.74 3.88 3.63
H-5 3.86 3.88 3.97b 4.15b 3.97 3.97°
H-6a 3.70 4.06 3.94° 3.73 4.12¢ 3.88°
H-6b 3.63 3.72 3.82¢ 3.73 3.71¢ 3.77¢
OH 2.80 (bs, 1H) - - 2.98 (bs, 1H) - -
Bn 551 (d,J = 10.8 Hz, 1H), 5.28 (d, J = 10.6 Hz, 1H), 5.17 (d, J = 10.5 Hz, 1H), 5.13 (d, J = 11.2 Hz, 1H), 4.96 (d,
J =11.0 Hz, 1H), 4.90 (2d, 2H), 4.84 (d, J = 11.5 Hz, 1H), 4.82-4.68 (m, 4H), 4.62—4.38 (m, 18H)

Ar 7.42 (m,2H), 7.35 (m, 4H), 7.32-7.08 (m, 61H)

C-1 100.4 100.8 99.6 98.0 98.7 98.4
C-2 77.5 78.2 78.7 80.0 77.6 79.6
c-3 73.5 81.2 80.8 80.69 81.5d 80.6
C-4 82.1 82.4 76.5¢ 81.5¢ 80.9 82.7
C-5 71.8 72.2 71.8f 715 71.8f 72.4f
C-6 62.3 70.2 71.19 62.5 70.09 71.29
Bn 76.62, 76.47, 76.03, 76.01, 74.52, 74.31, 73.48, 73.01, 72.96, 72.78, 72.62, 71.99, 69.96, 69.88, 69.82

Ar 139.7-137.6 (Ph ipso), 134.5-133.3 (Ar ipso), 129.9-126.6 (Ph & Ar CH)

aThe letters A to F refers to each of the monosaccharides using normal cyclodextrin nomenclature as of Figure 1. °Shifts may be interchanged. ¢Shifts
may be interchanged. 9Shifts may be interchanged. eShifts may be interchanged. fShifts may be interchanged. 9Shifts may be interchanged.
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This with the knowledge that 9 is formed from 8 gives the struc-
ture of 9. Overall the spectrum of 9 resembles that of the
benzylated triol [13] 4 and the assignment is not surprisingly

very similar [15].

Similar NMR analysis of 10 gave the assignments shown in
Table 4. The most significant observations in this structural as-
signment were 1) MS showed the compound had lost two
benzyl groups from the structure of 8 and from NMR it was
found to be symmetrical. 2) The residues (A/D) which have an
anomeric proton at d 4.79 is seen on TOCSY and COSY to
correlate a H-3 signal at & 4.28 which has a corresponding car-
bon signal at 8 73.0 revealing that C-3 is debenzylated. This
with the symmetry of the compound and the knowledge it is
formed from 9 gives the structure. 3) HMBC correlations be-
tween C-1 and H-4 in the former glucose (101.8 — 3.40,
101.2 — 3.65, 100.2 — 3.81) gave the order of residues.
Overall the spectrum of 10 resembles that of the fully benzyl-
ated tetrol 5 [13].

As 9 and 10 are analogues to the products formed from 2 this
means that 7 is debenzylated almost similarly other than the
DCB removal at the primary rim is somewhat slower. Debenzy-
lation on the secondary rim does not occur before DCB groups
have been removed on the primary side supporting the hypoth-
esis that the debenzylation on the secondary side is intramolecu-

lar or at least directed by alkoxy aluminate at O6.

Table 4: 'H and 13C NMR (800/126 MHz, CDCl3) chemical shifts of tetrol 10.

Beilstein J. Org. Chem. 2022, 18, 1553-1559.

Conclusion

It is clear that the 02,03-DCB groups in fully DCB-protected 1
are affecting the DIBAL-promoted debenzylation tremen-
dously: When present no reaction is observed and when
exchanged with unsubstituted benzyl groups debenzylation
occurs following the already known pattern. The reason for this
behavior is probably due to the collective electron-withdrawing
effect of the chlorine atoms making the glucose residues of the
fully DCB-protected compound more electron deficient at the
ring oxygen. This means that the Lewis acidic aluminum
reagent has more difficulty binding to this oxygen which is im-
portant in the mechanism [9,15].

Experimental

General information: In a manner similar to [15] dry solvents
were tapped from a PureSolv solvent purification system. Reac-
tants were purchased from commercial sources and used with-
out further purification. HRMS were recorded on a Bruker
Solarix XR mass spectrometer analyzing TOF. Generally, NMR
spectra were recorded on a 500 MHz Bruker instrument with a
cryoprobe. The 800 MHz spectra were recorded at 25 °C on a
Bruker Avance Neo spectrometer with 5 mm CPTXO
Cryoprobe C/N-H-D optimized for direct !3C detection. Chemi-
cal shifts (d) are reported in ppm relative to the residue solvent
signals or other solvent present. Flash chromatography was
carried out on a Biichi Pure Chromatography Instrument C-805

using silica gel columns.

A/D2 B/E@ C/Fa

H-1 4.79 4.92 4.70
H-2 3.29 3.60 3.33
H-3 4.28 417 3.96
H-4 3.40 3.81 3.65
H-5 3.89 3.88 3.88
H-6a 3.67 3.80 4.04
H-6b 3.67 3.79 3.67
Bn 5.42 (d, J = 11.0 Hz, 2H), 5.21 (d, J = 11.2 Hz, 2H), 4.95-4.16 (m, 24H)

Ar 7.53-6.93 (m, 62H)

C-1 101.2 101.8 100.2
c-2 775 78.8 79.1
c-3 73.0 81.4 80.8
C-4 83.7 82.4 82.7
C-5 72.0P 72.30 71.40
C-6 62.1 70.9 70.0
Bn 76.5, 76.0, 74.7, 72.7, 72.6, 69.9, 69.8

Ar 139.6, 139.5, 138.6, 138.5, 137.3 (Ph ipso), 134.5, 134.4, 134.0, 133.8, 133.4, 133.2 (Ar ipso),

129.8, 129.8, 129.1, 129.05, 128.9, 128.73, 128.69, 128.5, 128.4, 128.36, 128.32,
128.28, 128.23, 128.15, 128.1, 127.8, 127.7, 127.5, 127.3, 127.24, 127.15, 127.1 (Ar & Ph CH)

aThe letters A to F refers to each of the monosaccharides using normal cyclodextrin nomenclature as of Figure 1. Shifts may be interchanged.
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6A‘F-Hexa-0-(2,4-dichlorobenzyl)-ZA‘F,3A‘F-d0deca-0-
benzyl-a-cyclodextrin (7): NaH (60% dispersion in mineral
oil, 162 mg, 4.05 mmol) was added to a solution of hexol 6
(694 mg, 0.338 mmol) in anhydrous DMSO (20 mL) under a
nitrogen atmosphere at room temperature. After bubbling had
subsided, 2,4-dichlorobenzyl chloride (0.563 mL, 4.05 mmol)
was added over four hours with a syringe pump. The mixture
was left to stir overnight, and the reaction was quenched by ad-
dition of MeOH (10 mL). The mixture was diluted with toluene,
and the organic phase washed with H,SO4 (1 M, 20 mL), then
brine (3 x 20 mL), dried (MgSQOy), filtered, and concentrated.
Column chromatography in a solvent gradient of heptane/
EtOAc 1:0 to 0:1 gave product 7 (693 mg, 0.230 mmol, 68%).
'H NMR (CDCls, 500 MHz) 5 7.21-7.07 (m, 78H, Ar), 5.17 (d,
J =109 Hz, 1H, ArCH, 6H), 5.08 (d, J1 2> = 3.4 Hz, 1H, 6H,
H-1),4.86 (d,J = 10.9 Hz, 6H, ArCH), 4.52-4.41 (m, 18H, 3 x
ArCH), 4.37 (d, J = 13.4 Hz, 6H, ArCH), 4.16-4.08 (m, 12H,
H-3, H-6a), 4.02-3.94 (m, 12H, H-4, H-5), 3.59 (d, J = 10.6 Hz,
6H, H-6b), 3.47 (dd, J»3 = 9.8 Hz, 6H, H-2) ppm; 13C NMR
(126 MHz, CDCl3) 8 139.17, 138.23, 134.35, 133.79, 132.95,
129.46, 128.98, 128.20, 128.06, 127.73, 127.51, 127.29, 127.07
(Ar), 98.75 (C-1), 80.90 (C-3), 79.37 (C-4), 78.97 (C-2), 75.66
(ArCHy), 72.93 (ArCHy), 71.62 (C-5), 69.94 (ArCH;) 69.91
(C-6) ppm; HRMS-MALDI"* (m/z): [M + Na]* calcd for
C162H156C112030Na+, 3030.6782; found, 3030.67364.

General procedure for the reactions of 7 with DIBAL: A
sample of compound 7 (65 mg, 22 ymol) was dissolved in O to
6 mL anhydrous toluene in a dry round-bottomed flask fitted
with a septum and a stirring bar under nitrogen. Then, 1.5 mL
DIBAL as a 1.5 M solution in toluene were added with a
syringe. The reaction mixture was stirred at fixed temperature
(50-70 °C) controlled by an oil bath. At the end of the reaction,
the flasks’ contents were diluted with 20 mL toluene and was
washed with 20 mL 1 M H,SO4 and water in a separating
funnel. The organic layer was dried with sodium sulfate,
filtered, concentrated, and analyzed by 'H NMR in CDCl3. The
relative content of 7, monool, 8, 9, and 10 in the sample was de-
termined by comparing the integrals of peaks at 6 5.70 (d, 2H,
H-1BE, 8),5.58 (d, 1H, H-1E, 9), 5.50 (d, 1H, monool), 5.42 (d,
2H, Bn, 10) and 5.08 (d, 6H, 7) ppm.

6B’C’E’F-Tetra-0-(2,4-dichlorobenzyl)-ZA‘F,3A‘F-d0deca-0-
benzyl-a-cyclodextrin (8) and 6B:CEF tetra-0-(2,4-
dichlorobenzyl)-2A'F,3B‘F-undeca-O-benzyl-a-cyclodextrin
(9): Compound 7 (200 mg, 66.5 pmol) was dissolved in
DIBAL-H (1.5 M in toluene, 5 mL, 7.5 mmol) in a flask under
nitrogen and stirred at 60 °C for 24 hours. Methanol (1 mL) was
slowly added and the solution was poured into 20 mL H,SOy4
(1 M) and toluene (20 mL). The layers were partitioned, and the
organic layer washed with saturated aqueous NaHCO3 (20 mL),

Beilstein J. Org. Chem. 2022, 18, 1553-1559.

dried with Na,SOy, filtered, and concentrated. Column chroma-
tography in a solvent gradient of heptane/EtOAc 1:0 to 0:1 gave
consecutively 8 (56 mg, 21 umol, 32 %) and 9 (47 mg, 18 pmol,
27%). NMR data and assignments see Table 2 (8) and Table 3
(9). HRMS-MALDI (m/z): for 8 [M + Na]* calcd for
C141H142C18030Na+, 2712.7431; found: 2712.74127. for 9
[M + K]* caled for CqgoH56C112030K™, 2638.6701; found,
2638.71363.

6B-CEF_Tetra-0-(2,4-dichlorobenzyl)-2A-F 3B.C.EF_godeca-
O-benzyl-a-cyclodextrin (10): Compound 7 (59 mg, 20 umol)
was dissolved in anhydrous toluene (14 mL) and DIBAL (1.5 M
in toluene, 1 mL, 1.5 mmol) was added. The reaction mixture
was stirred at 70 °C under nitrogen atmosphere. After 6 days the
reaction mixture was diluted with toluene (25 mL) and
quenched by addition of HySO4 (1 M, 25 mL), then the organic
layer was washed with water (25 mL), dried (NaySOy), and
concentrated to a crude product (35 mg) that according to NMR
contained 4% 8, 32% 9, and 64% 10. Flash chromatography in a
EtOAc/heptane going from 1:3 to 1:1 gave 10 (8 mg, 3 umol,
16%). NMR data and assignment see Table 4. HRMS-MALDI*
(m/z): [M + H]* caled for Cy34H;37ClgO30%, 2511.6706
(71.9%); found, 2511.69097.

Supporting Information

Supporting Information File 1

Copies of NMR spectra of compounds 7-10.
[https://www beilstein-journals.org/bjoc/content/
supplementary/1860-5397-18-165-S1.pdf]
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A series of B-cyclodextrin dimers selectively permethylated on the primary or secondary rim with two different types of spacers

have been synthesized effectively utilizing conventional and newly developed methods. Their structure analyses by 'H NMR and

NOESY NMR imply the dependence of molecular symmetry on the type of spacer. The ability of synthesized dimers to increase the

solubility of tetracene in DMSO was evaluated and compared to native cyclodextrins and their methylated derivatives. The newly

synthesized compounds expressed better effectiveness than other tested supramolecular hosts.

Introduction

Cyclodextrins (CDs) are cyclic oligomers of glucose that play
an important role in supramolecular chemistry [1]. The struc-
ture of any CD contains a hydrophobic cavity inside the mole-
cule, while all hydrophilic hydroxy groups are arranged outside
the cavity. This feature determines the main practical applica-
tion of CDs as supramolecular hosts for host—guest interaction.
Due to their low cost, low toxicity, and good complexation
ability, they are frequently used in pharmaceutical, food, and
chemical industries, agriculture, and environmental engineering
[1]. They possess many hydroxy groups and are suitable for
further chemical transformations that could alter their complex-
ation ability [2]. Every glucose unit in CDs bears three hydroxy
groups, i.e., the CD contains three types of hydroxy groups with

different chemical reactivity. The difference in the reactivity
and combination of synthetic procedures allow obtaining many
molecules with selectively substituted positions [3]. Perhaps,
the most investigated CD derivatives with selectively substi-
tuted rims are partially methylated CDs. Methylation reduces
the formation of intramolecular hydrogen bonds, enhancing
CDs water solubility, and also extends the hydrophobic cavity,
thus improving its binding potential. A substantial increase of
binding constant (K) for per-6-methylated CD compared to
native CD was described, but an order of magnitude decrease of
K was found for permethylated CD [2]. Also, methylation
changes the solubility of CDs in organic solvents, expanding

their potential field of application. CDs form the most stable
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complexes with hydrophobic compounds in polar solvents such
as water [4]. The complexation of organic molecules by CDs in
nonpolar media has not been widely studied yet, but in several
cases, such results have been achieved [5,6]. Another interest-
ing type of CD transformation is a connection of two CD mole-
cules by some spacer via covalent bonds. Many such "dimers"
(not exactly the correct name, but widely used) have been re-
ported in the literature [7-17]. The most crucial feature of such
dimers is a sufficient increase in binding constants with several
potential guests, particularly with ditopic or stick-shaped mole-
cules. So it could be expected that the extension of the hydro-
phobic cavity by the combined methylation and “dimerization”
may improve the binding potential towards such substrates even

more.

Linear polycyclic aromatic hydrocarbons (acenes) and their de-
rivatives are good organic semiconductors and show interesting
light-absorbance properties. They found their application in
material science, where they are used in developing organic
photovoltaic prototypes as potential dichroic dyes and organic
thin-film transistors. However, due to strong m-stacking interac-
tion, these compounds are not readily soluble, and the solu-
bility decreases with the increased number of aromatic rings in
a molecule [18]. Pentacene with five conjugated aromatic rings
has been extensively investigated; however, it is quite chal-
lenging to investigate the spectral and electrical properties of
acenes with a number of rings higher than 6 because of poor
solubility and mainly because of their low stability [18-20].
Moreover, a general method for the preparation of long acenes
have been recently published [21]. According to the literature
[22], the only reasonable solution to overcome the solubility
and stability problems is functionalizing these molecules, for
example, by inserting some protecting groups. Substituted
heptacenes demonstrate remarkable stability and exceptional
electric properties.

Nevertheless, studying the properties of unsubstituted acenes is
also essential. We guessed that some increase in solubility of
acene might be achieved by a supramolecular interaction with a

suitable host. Our initial plan was to enhance the solubility of

Beilstein J. Org. Chem. 2022, 18, 1596—1606.

higher acenes by the complexation with CDs. However, linear
acenes with more aromatic rings (such as pentacene or
heptacene) are, in addition to their poor solubility, also quite
unstable, for example, towards oxidation. So, we have chosen
tetracene as the object of our research. This molecule is also
known as an organic semiconductor and is poorly soluble, but it
demonstrates some stability to oxidation, making it easier to
work with. We assumed these results might be extended to
pentacene and other larger linear acenes if we would achieve
some success with it. In this work, we report on the efficient
synthesis of new cyclodextrin supramolecular hosts based on
selectively methylated B-CD derivatives and their dimers; more-
over, we compare their effectiveness in the solubilization of
tetracene in DMSO.

Results and Discussion
Synthesis of B-cyclodextrin dimers with
selectively methylated rims

Selective methylation has been used in CD chemistry for at
least 30 years [23,24], and since then, scientists have developed
advanced and relatively cheap synthetic procedures [25].
Almost all of these methods are also applicable for the methyla-
tion of 6-mono-azido derivatives.

Compound 1 was used as the starting compound to prepare all
dimers with partially methylated rims. It contains one azido
group in position 6, and all remaining 6-OH are protected with
TBDMS groups; it was prepared according to the published
procedure (Scheme 1) [26] with some modifications to achieve
better results. We started with silylation of 6-azido-B-CD, using
imidazole/DMF base/solvent mixture instead of pyridine, which
gave higher yields and lower reaction time. Also, we found the
recrystallization from the mixture of methanol/acetonitrile to be
more suitable for the purification of the compound rather than
DCM/acetone [26]. However, we do not recommend recrystal-
lization when the presence of oversilylated compounds in the
reaction mixture is too high; here, the column chromatography
with CHCl3/MeOH elution mixture gives much better yields in

a shorter time.

(OH); OTs (OH)s N3 (OH)s N; (OTBDMS)s
TsCl NaN; { TBDMSCI N
NaOH, H,0, rt DMF, 85 °C DMF, imidazole, rt
| 17% 90% 79%
(OH)14 (OH)14 (OH)14

Scheme 1: The synthesis of 6A-azido-6”-deoxy-per-6-O-tert-butyldimethylsilyl-B-cyclodextrin.
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The synthesis of dimers selectively permethylated on the sec-
ondary side is shown in Scheme 2. While methylating the sec-
ondary rim of the silylated cyclodextrin 1, we met the obstacle
that the reaction mixture contained a non-negligible amount of
undermethylated products regardless of the reaction time or the
amount of methyl iodide added. In the literature [25], this prob-
lem is solved by using methyltriphenylphosphine bromide as a
phase-transfer catalyst, and it has also worked in our reaction.
Refluxing in NH4F methanol solution was chosen to cleave the
silyl groups. Both other reagents used for the cleavage in CD
chemistry (TBAF and BF3°Et;0) yielded byproducts that
unnecessarily complicated the purification.

The CuAAC "click reaction" in CD chemistry is also a well-
known approach, allowing coupling reactions of azido-contain-
ing CDs with different propargyl-containing compounds, in-
cluding other CDs, to form a dimer [12]. Usually, such reac-
tions proceed with a Cu(I) catalyst [27]; however, Cu(I) can be
generated in situ by the reduction of Cu(Il) [12,28] or by the
dissolution of metal copper [29]. Moreover, the load of the cata-
lyst varies from catalytical amounts (0.02 equiv) [27] to semi-
equivalent [12]. Optimal conditions for a click reaction are a
subject to discovery in every case, because temperature, micro-
wave or ultrasonic irradiation, and type of catalyst strongly in-
fluence the reaction time and yields.

In the preparation of dimer 4, the most crucial restriction in cou-
pling two CD units by propargyl ether is the volatility of the
latter compound. Thus, we discovered that performing the reac-
tion at room temperature, prolonging the reaction time, and
using an equivalent amount of the copper catalyst resulted in the

Beilstein J. Org. Chem. 2022, 18, 1596—1606.

Another kind of reaction engaging the azido group in the CD
chemistry is the phosphine imide reaction [30,31]. This trans-
formation involves triphenylphosphine and carbon dioxide to
convert azide into isocyanate [31], allowing coupling with
amines or other nucleophile groups. It is interesting to note that
the same conditions lead to a different product in CD chemistry
[30]. In the absence of strong nucleophiles such as amines, the
CD gives a dimer with a urea bridge instead of providing the
isocyanate. The compound 5 was synthesized from 3 according

to the standard procedure [30].

The synthesis of dimers selectively permethylated on the prima-
ry side is shown in Scheme 3. The method described by Varga
[25] was not suitable for the preparation of 11 because of the
strong reductive conditions required for the cleavage of benzyl
protective groups. Other described procedures [23,24] also have
disadvantages, such as the price of some reagents and relatively
low yields.

In this work, we describe a method using low-cost reactants,
such as methyl tosylate and DIPEA, which provides moderate
to high yields and is a reasonable alternative to the existing
methods. The acetylation of compound 1 using standard condi-
tions gave the secondary side peracetylated 6 in a high yield.
The selective deprotection of silyl groups, yielding compound
7, was also performed standardly using BF30-Et;O. Our new
procedure is based on the methylation of this acetyl-protected
B-CD 7 using a DIPEA/methyl tosylate mixture without adding
any solvent. The DIPEA can be effectively replaced by another
relatively weak organic base, such as TEA, TBA, or 2,6-luti-
dine. The reaction proceeds at 100 °C and is usually finished in

best yields. 10-12 hours, yielding compound 8. However, it demands a
_ N _
v
(OH)s <N
|
N3 {OTBDMS)e N3 (OTBDMS)g N3 (OMe)4 2
Mel & NH4F 4
NaH, phase-transfer MeOH, reflux o (|)
catalyst, | 87%
(OH)14 THF, rt (OMe)14
1 85% 2

N

Scheme 2: The synthesis of B-cyclodextrin dimers with permethylated secondary rims.
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(OAC)14
7

DIPEA
100 °C |

Beilstein J. Org. Chem. 2022, 18, 1596—1606.

81% (OR)14
8 R=Ac CO, HN l
MeONa, !: PPhs, DMF | (OMe)s
MeOH, rt 40°C
quant. 11 R=H 41%
|

(OH)44 2
12

Scheme 3: The synthesis of B-cyclodextrin dimers with permethylated primary rims.

steady pH control because the basicity of the reaction mixture
decreases during the first several hours due to the quaterniza-
tion of DIPEA. We found that adding small portions of the base
over the reaction course allows us to avoid this problem and
finish the process successfully. Purifying the reaction mixture
requires the removal of excess methyl tosylate, which can be
easily done by shaking the reaction mixture with Nal ethanol/
water solution in a separation funnel.

The click reaction of compound 8 proceeds at a different rate
than 3 under the same conditions. The coupling of 3 can be
finished overnight with high yields, whereas the coupling of 8 is
much slower and gives a lower conversion. Mourer and
co-authors [12] also have reported varying reactivity of 6-azido
permethylated CD over 6-azido CD in click reactions, claiming
the presence of hydroxy groups on the secondary face reduces

the catalytical activity of copper.

Compound 11, prepared by standard deacetylation of 8, proved
to be not reactive enough to complete the reaction in 24 h under
the conditions used to prepare the dimer 5. The prolongation of
the reaction time increased the yield slightly, but it was still too
low (17%). To improve the yield, we used lithium iodide and
increased the temperature somewhat, giving us a 41% yield
after 12 h of the reaction. Testing the same conditions for dimer
5, we also noticed a speed up in the reaction rate, but a pres-
ence of the trimer with an extra CD moiety connected by carba-
mate group (M, ~ 4000) was spotted, giving us lower yields. We

assume the Lewis acid activates isocyanates, affording reac-

tions with alcohols. Since the hydroxy groups on the primary
rim of CD express higher nucleophilicity than hydroxy groups
on the secondary rim, this type of reaction is not observable
with the permethylated primary ring.

NMR studies of B-cyclodextrin dimers with

selectively methylated rims

The important part of this work was proving the structure of the
synthesized compounds because we worked with non-symmet-
rical CDs; moreover, we used protection—deprotection methods
for partial methylation, so we could expect a cleavage or even
migration of protective groups. Despite this, we have found
mass spectrometry and combined NMR analysis to be reliable
methods to prove the structure of these compounds. On NMR
spectra, we paid particular attention to the H!-region, where
most of our products have several doublets, which referred to
the signals from each hydrogen-1 in every glucose moiety.
Sometimes these signals overlap and merge; however, it is still
possible to isolate at least one small doublet, whose intensity is
1/7 of the whole H'-region. After dimerization, the H!-region
can be more complex, indicating the further loss of symmetry in
the molecules.

The NMR spectra of the dimers possess several features,
making them quite different from the spectra of their starting
materials. The spectra of the dimers with the urea linker in
water contain much fewer distortions in the hydrogen and car-
bon signals than the spectra of a corresponding azido-com-

pound, so they look more like the symmetrical partially methyl-
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ated compounds without azido group. This phenomenon could
be attributed to the increased molecular symmetry after the

dimerization with this type of spacer.

A methyltriazole ether linker connects the CD moieties in
dimers 4, 9, and 10. The aromatic part of the spacer is a less
polar substituent than an oxygen atom. It justifies the magnetic
anisotropy of the space surrounding the aromatic ring, leading
to some specific signals becoming isolated and easily distin-
guishable. For example, a clearly defined H® signal from the
glucose unit A bearing the triazole ring in 10 are at
2.6-3.0 ppm; the 54-hydrogen is also quite distinctive on the
spectra (4.17-4.23 ppm). These observations agree with the re-
ported data [13,32] and may help to confirm the structure. The
other resonance signals from the CD skeleton are difficult to
follow due to total overlapping and the whole asymmetry of the
molecule; however, each methyl group in a molecule gives a
singlet that is quite prominent on a spectrum, even if it repre-
sents only one group. The spectrum of compound 4 contains
two sharp peaks at 3.41 (6H) and 3.43 (6H) ppm, which belong
to the methyl groups attached to the carbon-3 positions. The
other signals (36H) from Me-O-C3 are concentrated in two
overlapped singlets of different intensities. The single peak at
3.54 ppm represents all signals from Me—O—C2, implying that
the triazole ring interacts mainly with the hydrogens inside the
cavity. Another solid proof of the partial self-inclusion of the
triazole into the internal space of CD is the fragment of the

NOESY spectrum (Figure 1a), where the interaction of the tri-
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azole hydrogen with H—CGA, H—CSA, and H-C® from the
glucose unit next to the unit A is clearly seen indicating the
interaction between the triazole proton and the internal cavity of
the CD.

The spectra of 10 share several trends with 4, including the scat-
tering of hydrogen-6 signals, the interaction of triazole proton
with several hydrogens inside the cavity (Figure 1b) on the
NOESY spectrum, and the splitting of signals from methyl
groups. However, the latter looks even more prominent on the
spectrum since the methyls on the primary rim are near the aro-
matic system. Six separated singlets could be found in the
3.06-3.34 ppm range, where one peak represents one methyl
group from one CD unit. Such observations may be explained
by the desymmetrization of the molecule caused by a partial and
reversible self-inclusion of the triazole moiety into the CD
cavity, as was previously studied in detail for the CD dimers
prepared by CuAAC reaction [15]. Although such self-inclu-
sion was not prominent for dimers based on the short propargyl
ether linker and unsubstituted CD, in our case, the Me-O-C6
groups could have changed the situation due to the steric
hindrance. The interaction of the triazole proton with the
protons inside the cavity was not observed in the spectra of
compound 9, which is acetyl-protected 10 (Figure 1c). Howev-
er, it shares with 10 the same pattern of methyl splitting, though
a much weaker one (Figure 2). We suppose that the chloroform
where the spectrum of 9 was measured prevents the self-inclu-

sion of the triazole ring.

a) b) )
A I W e
3.0 @
8 3.0 30
3.5 f
q
f— -3.5 (; 3.5
@
- 4.0 L4.0
1)
0 L4s 0
i 4.5 0 4.5
(1
Y
5.0 0
@ 5.0 5.0
5.5
5.5 5.5
TTrrrrrrrrrorr — T T
8.15 8.00 7.85 80 78 76 74 8.0 7.8 7.6

Figure 1: The fragments of "TH NOESY NMR spectra of 4 (a), 10 (b), and 9 (c) indicating the interaction between the triazole proton and the internal

cavity of the CD.
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A A

345 340 335 330 3.25

3.20 3.15 3.10 3.05 3.00

Figure 2: The fragment of the TH NMR spectrum of compounds 9 (green); 10 (red); 12 (blue) representing the signals from Me—O—CS.

Concluding all the abovementioned, we may assume that a type
of spacer between two CD parts in a dimer could affect molecu-
lar symmetry, altering its binding ability. The influence of the
triazole ring and its potential inclusion into the cavity must also
be considered. Nevertheless, a recent study proved that the
tumbling of the CD cavity is reversible and a strongly binding
quest is capable of filling all CD cavities; thus, reversing the
CD tumbling [33].

The UV determination of tetracene solubility

in solutions of supramolecular hosts

The obtained CD dimers with partially methylated rims, along
with some other CD derivatives (Figure 3), were tested to
increase the solubility of tetracene. Tetracene has limited solu-
bility in several organic solvents such as chloroform, DMSO,
THF, and chlorinated arenes [34-36]. Its solubility sufficiently
increases with temperature, even more in a sealed vial where
low boiling point solvents can be heated more. This way, we
obtained concentrated hot solutions even in methanol and other
solvents that almost do not dissolve tetracene at room tempera-
ture. DMSO demonstrated a moderate dissolving ability
towards tetracene. Still, it does not have UV absorbance and
dissolves all supramolecular hosts we prepared, making it the
best choice for our study. Unfortunately, we did not succeed

with solvents, such as water or methanol, where an increase in

(OH),
(OH)14 (OH (OH)16
13 14 15

solubility is most desired. But some success we obtained with
DMSO. For our experiments, we used the same mass of a host
in every experiment, meaning the molar concentration of a CD
in the samples was different. Especially it concerned the dimers
whose solutions were approximately two times less concen-
trated than others. However, we decided from the practical
point of view that the effectiveness of the solubilization effect
should be calculated to the host's mass rather than its molar con-
centration.

The UV absorbance spectrum of tetracene in DMSO consists of
several regions gradually rising with the concentration. The
absorption band at 476 nm is the best choice for building a cali-
bration plot with a sufficient linear region (Figure 4). Exceeding
the concentration above 1 mmol/L slowly decreases the
linearity of the plot. Concentrated tetracene solutions with
supramolecular hosts have UV absorbances out of the linear
region. So we had to dilute them 5 and 10 times for the mea-

surements.

The relative concentration of tetracene in the presence of supra-
molecular hosts, relative to the concentration of tetracene in the
saturated solution is shown in Figure 5. This chart implies an
actual increase in solubility of tetracene for the majority of the

tested samples. Since the size and shape of the cavities of a-CD

(OMe); (OH)7 (OMe);
| |
(OMe (OMe)14 (OH)14
16 17 18

Figure 3: Other cyclodextrins that were used in the solubilization experiments with tetracene.
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Figure 4: The tetracene UV absorbance dependence on concentra-
tion at 476 nm.
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Figure 5: The relative concentrations of tetracene in DMSO solutions
with hosts 4, 5, 10, 12, 13—18 referred to its concentrated solution with-
out any hosts (0).

and y-CD are not comparable with tetracene's geometry, they do
not provide any changes from the blank solution. The other
compounds more or less enhanced the solubility. Ranging all
B-CD derivatives from worst one to best one, we got the row:

18<13<16~17<12<4<5<10

The same results recalculated to the molar concentration of
hosts in the solutions (Table 1) do not change the order in this
row. However, it highlights the difference between the
"dimeric" and "monomeric" compounds, suggesting that both
the dimers' CD parts are effectively involved in the complex-
ation with tetracene. On the other hand, the recalculation equal-
izes the effectiveness of compounds 4, 5, and 10, whereas com-
pound 12 is still behind them.

Comparing the dimers with the corresponding "monomers", one

could find a notable difference in the performances of the com-
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Table 1: The calculated concentrations of tetracene in DMSO solu-
tions with various hosts and the relative concentrations of tetracene in
these solutions related to the concentrations of the corresponding
hosts.

Host The concentration of The relative concentration
tetracene in the solution  of tetracene relative to
c, mM the host concentration in

the solution c/cp

- 3.11 -

4 6.85 0.38

5 7.3 0.39

10 8.14 0.42

12 6.47 0.32

13 5.01 0.11

14 3 0.08

15 2.81 0.05

16 6.09 0.17

17 6.08 0.16

18 4.28 0.11

pounds with methylated primary rims. The dimer 10 facilitates
the dissolution of approximately 2 times more tetracene than 18.
Along with 18, compound 13 (B-CD) has also shown poor solu-
bilizing activity. We suggest that the presence of hydroxy
groups on the secondary rim of CD allows the hydrogen bond
formation between two molecules, creating a capsule (tail-to-
tail interaction, Figure 6a). It seems the generation of such
capsules in solution disfavors the complexation with tetracene.
The compounds with occupied secondary rims, such as 16 and
17, have shown better effectiveness, losing only to the dimers.
A spacer connecting two primary rims in a dimer promotes the
interaction between them, forming a capsule with the inverted
orientation of CD moieties (head-to-head interaction,
Figure 6b). We suppose this type of interaction results in better
complexation with the guest.

The synthesized dimers have given us the best results in the ex-
periment. However, it is quite difficult to highlight a trend in
this small group because the dimers with methylated primary
rims have shown the worst and best result, with a significant
gap between their performances. In contrast, the dimers with
methylated secondary rims have average solubilizing abilities.
The phenomena we described above might be a reason for such
behavior. The 'H NMR spectrum of compound 10 (Figure 2)
indicates a significant degree of distortion in the molecule's
symmetry. We suppose that the "tail-to-tail" interaction, which
is unfavorable for the complexation with tetracene, does not
take part in this case because the distorted secondary rims fail to
build a system with strong hydrogen bonds. The spectrum of 12
clearly belongs to a compound with high symmetry, favoring

this interaction and reducing the solubilization efficiency; also,
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Figure 6: "Tail-to-tail" (a) and "head-to-head" (b) orientation of two cyclodextrin moieties and primary-rim connected CDs with non-interacting rims (c).

the spacer length might be too short for the "head-to-head" ori-
entation (Figure 6c¢).

Determination of the binding parameters
Despite achieving some success in the increase of tetracene
solubility, we struggled to evaluate the supramolecular interac-
tion. Unfortunately, it seems that the complexation does not
change the position of the chemical shifts on the NMR spectra
and the shape or intensity of the UV—vis spectrum. The de-
crease in the guest's diffusion coefficient by binding with a
high-molecular-weight host serves as a reliable indicator for the
determination of binding parameters in a case if, for example,
no alternation of chemical shifts is observed on the NMR spec-
trum. The diffusion coefficient can be estimated by a DOSY ex-
periment [37]. In our case, a gradual, steady decline of
tetracene's diffusion coefficient was detected by titration with 4,
but it exceeded the measurement error only at the maximum
concentration of the CD. Thus, this method discovers a poor
supramolecular interaction where a reliable determination of the
binding parameters is impossible.

ITC (isothermal titration calorimetry) is a popular technique for
evaluating supramolecular interaction with CDs [38], mainly in
the aqueous medium. We performed the titrations of tetracene
DMSO solution by the series of CDs used in the solubility ex-
periments (Figure 7, Figure 8). The titrations were accompa-
nied by measurable heat, different from the heat of dilution of
both tetracene and CDs with pure solvent (see Supporting Infor-
mation File 1). Therefore, the measured heat was attributed to
the interactions of CDs with tetracene and the titration iso-
therms, which were successfully fitted to the 1:1 binding model.

The thermodynamic parameters for the interaction of CDs with
tetracene are given in Table 2. The dilution of CDs to DMSO

Host/Guest ratio

Figure 7: Isotherms of the titration of tetracene with "dimeric" CD solu-
tions in DMSO at 298 K (circles — 10; squares — 4; triangles — 5).
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Host/Guest ratio

Figure 8: Isotherms of the titration of tetracene with "monomeric" CD
solutions in DMSO at 298 K (circles — 16; squares — 13).
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Table 2: The thermodynamic parameters of the binding calculated from ITC experiments.

CD Stoichiometry n Affinity constant, Gibbs free energy AG,  Enthalpy AH, kJ/mol Entropy AS,
Ky 1074, M- kJ/mol J/mol-K

13 1.22 2.6 -25.2 0.2 85.3

16 0.72 1.3 -23.5 0.5 79.9

10 0.15 10.9 -28.7 -2.9 86.6

4 0.32 8.6 -28.2 -3.1 84.1

5 0.83 0.7 -21.9 -2.0 66.5

was exothermic for all five samples, with the lowest heat re-
corded for permethylated 16. The dilution of CDs in an aqueous
system, published elsewhere, is always endothermic [39]. The
DMSO with 0.02% of water (roughly 11 mM, given by the
manufacturer) was used. The dilution experiments demon-
strated that DMSO does not absorb additional water in the
timescale of the ITC experiment, which may produce measure-
ment artifacts. Additionally, the titration of a DMSO to a
DMSO with 5 vol % of water was carried out to manifest the
contamination with water (see Supporting Information File 1).
Therefore, the exothermic signal from the dilution of CDs in
DMSO was attributed to the hydration of hydroxy and, to a
lesser extent, methoxy groups from partially methylated CDs
with the admixture of water in DMSO.

All CDs interactions with tetracene were accompanied by suffi-
cient entropy gain, which points to the desolvation of inter-
acting molecules. The interaction of CD "monomers" 13 and 16
with tetracene is weakly endothermic and, therefore, under-
stood as an entropy-driven process with the potential formation
of a complex in 1:1 stoichiometry. All CD dimers interacted
with tetracene exothermically. Since the overall amount of
water in the system is one order lower than the amount of
hydroxy groups in CDs, they preserve the capacity for hydro-
gen bonding. The presence of tetracene in the solution enhances
inter- or intramolecular associations of CD rings in dimers. The
CD dimer 5, linked with urea, demonstrated stoichiometry close
to unity. Still, dimers 4 and 10, linked with triazole-based spac-
er, exhibited strong exothermic interaction at an unusual stoi-
chiometry range of 0.15-0.32 (3 to 7 tetracene molecules to one
CD dimer). These two CD dimers, according to NMR, have the
triazole linker partially included in CD rings. We assume that
their interaction with tetracene is a multistep process, and the
obtained thermodynamic parameters are the effective values for
the sum of all interaction steps.

Although from the sole ITC experiment, the formation of
tetracene inclusion complex with CDs can't be affirmed, the ob-

served stoichiometry favors this hypothesis. Additionally, the

binding strength in terms of K, (M~!) well matches the solu-
bility experiments' results and emphasizes the exceptional per-

formance of the synthesized dimers.

Conclusion

In conclusion, we have prepared four new CD dimers from
6-azido partially methylated B-CD derivatives with two types of
spacers between CD moieties. A new method for preparing
B-CDs with selectively methylated primary rim based on the
remarkable methylation ability of methyl tosylate with relative-
ly mild bases at solvent-free conditions has been developed. It
has been proved that using Lewis acid in the phosphine imide
reactions with CDs can increase the reactivity of some low-
reactive compounds, giving better yields and reducing the reac-
tion time. The UV measurements have confirmed an increase in
solubility of tetracene in DMSO in the presence of some CD de-
rivatives. The partially methylated CD dimers are more than
twice effective in solubilization than the compounds with one
CD unit in the molecule in the molar ratio, implying that both
CD fragments are engaged in complexation with tetracene. The
compounds possessing hydroxy groups on the secondary rim
generally perform worse than those with a methylated second-
ary rim. ITC studies and tetracene's increased solubility prove
the host—guest interaction's existence. The obtained results give
hope for a successful continuation of the study with higher

acenes.

Experimental

Materials. a- (14), B- (13), and y-cyclodextrin (15) were pur-
chased from Wacker Chemie AG; methyl tosylate was pur-
chased from Acros Organics; the remaining chemicals were
bought from Merck. The methyl tosylate contained traces of
p-toluenesulfonic acid, so, before use, we washed it with satu-
rated NaHCOj3 solution in a dropping funnel and dried it over
anhydrous MgSOy. The other chemicals for synthesis were used
without further purification. SiliaFlash P60 40-63 pym from Sili-
Cycle was used for column chromatography. The solvents were
supplied by Penta and were distilled before use. The course of

the reactions was followed on TLC Silica gel 60 F;s4 bought
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from Merck company. For the UV measurements, a-, f-, and
y-cyclodextrin were recrystallized from hot water or a water/
methanol mixture. The purity of the prepared products was
considered enough for use in UV experiments without addition-
al purification.

Methods. Low-resolution mass spectra were measured with a
Shimadzu LCMS-2020 spectrometer. Samples were ionized by
electrospray technique (ESI) and detected by quadrupole or
TOF. The drying and nebulizer gas was nitrogen. High-resolu-
tion mass spectra were measured with an Agilent Technologies
6530 Accurate-Mass Q-TOF LC/MS spectrometer. Samples
were ionized by electrospray technique (ESI) and detected by
quadrupole or TOF. UV-vis spectroscopy spectra were
measured with Thermo Scientific Helios y with wolfram and
deuterium lamp. The wavelength range is 190-800 nm. 'H, 13C,
and 2D NMR spectra were measured on Bruker Avance III HD
400 spectrometer. For TLC detection of CDs, we charred a TLC
plate with 50% sulfuric acid water solution at 250 °C.

UV measurements

The determination of tetracene's solubility in DMSO
To determine the solubility of tetracene in DMSO, we put a
small amount of tetracene (2.0-2.5 mg) in a vial, added 2 mL of
DMSO, and heated the vial until the whole compound had been
dissolved. Then we cooled down the vial in a dark place, and
after 1 hour, we filtered off the formed crystals, took 50 and
100 pL of the solution, diluted them to 1 mL, and measured the
UV spectra. A comparison with the calibration plot determined
the concentration of the tetracene. Thus, we estimated
tetracene's solubility in DMSO to be 0.71 mg/mL at room tem-

perature.

The calibration of tetracene UV absorption
dependence

To determine the UV absorbance dependence of tetracene on its
concentration, we prepared a stock solution containing 2.8 mg
of tetracene in 5 mL of DMSO. The stock solution was then
used to prepare a series of solutions with different concentra-
tions (see the Supporting Information File 1). The solutions'
light absorbance at 476 nm was used to build the calibration
plot.

The determination of tetracene's solubility in DMSO
in the presence of the supramolecular hosts

To determine how a supramolecular host affects the guest's
solubility, we used the same procedure for preparing the
concentrated tetracene solution. We used 3 mg of tetracene and
50 mg of a host for every sample, dissolved in 1 mL of DMSO.
The samples were heated until the compounds were fully dis-

solved and let cool down. The undissolved tetracene was

Beilstein J. Org. Chem. 2022, 18, 1596—1606.

filtered off, and the samples were diluted 5 and 10 times to get
the absorbance of the solution into the linear range of the

tetracene concentration/UV absorption calibration plot.

ITC measurements

The saturated solution of tetracene (0.71 mg/mL, 3.1 mM) was
titrated at 298 K with the solutions of cyclodextrins: 13
(57 mg/mL; 50 mM), 16 (71 mg/mL, 50 mM), 10 (27 mM;
70 mg/mL), 4 (41 mM, 114 mg/mL), 5 (48 mM, 129 mg/mL) in
DMSO on MicroCal ITC200 (Malvern Panalytical Ltd, UK)
isothermal titration calorimeter. The titrations were performed
in 20 consecutive injections, where the first injection of 0.4 uL.
was followed by 19 injections of 2 uL of CD solution. The
blank titrations of CDs to the solvent were performed similarly,
and the heat of dilution was subtracted from the corresponding
isotherms. The isotherms were fitted with ITC 200 1.25.5
(Malvern Panalytical Ltd, UK) software, based on Origin 7SR4
v 7.0552 (OriginLab Corporation, MA, USA), to the two inde-
pendent binding sites model. From the fit, the stoichiometry (n),
binding enthalpy change (AH, kJ-mol™!), affinity constant (K,,
M), binding free energy change (AG, kJ-mol™!), and binding
entropy change (AS, J-mol~!-K™1) for the first binding site were
calculated. The thermodynamic parameters for the second
binding site were not discussed but used to subtract the non-
linear residual heat at high molar ratios. Separate titration ex-
periments of pure DMSO to the solution of tetracene in DMSO
and DMSO to the solution of water in DMSO were carried out
to account for potential measurement artifacts originating from
water concentration mismatch in highly hygroscopic DMSO.

Supporting Information

Supporting Information File 1

Synthetic procedures, characterization, 'H, !3C DEPT, 2D
NMR, IR, UV-vis spectra of synthesized compounds;
UV-vis spectra of tetracene solutions in DMSO; ITC
thermograms.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-18-170-S1.pdf]
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Abstract

Overcoming the challenges of poor aqueous solubility of active pharmaceutical ingredients (APIs) is necessary to render them
bioavailable. This study addresses the poor solubility of two potent steroid hormones, 173-estradiol (BES) and progesterone (PRO),
via their complexation with two water-soluble native cyclodextrins (CDs) namely $-CD and y-CD. The hydrated inclusion com-
plexes B-CD-BES, p-CD-PRO, y-CD-BES and y-CD-PRO were prepared via kneading and co-precipitation, and '"H NMR spectros-
copic analysis of solutions of their pure complex crystals yielded the host—guest stoichiometries 2:1, 2:1, 1:1 and 3:2, respectively.
Both powder X-ray diffraction (PXRD) and single-crystal X-ray diffraction (SCXRD) were employed for focused studies of the
isostructurality of the CD complexes with known complexes and structural elucidation of the new complexes, respectively. SCXRD
analyses of B-CD-BES, $-CD-PRO and y-CD-PRO at 100(2) K yielded the first crystal structures of CD complexes containing the
hormones BES and PRO, while the complex y-CD-BES was readily shown to be isostructural with y-CD-PRO by PXRD. Severe
disorder of the encapsulated steroid molecules in the respective channels of the CD molecular assemblies was evident, however,
preventing their modelling, but combination of the host—guest stoichiometries and water contents of the four hydrated inclusion
complexes enabled accurate assignment of the chemical formulae of these ternary systems. Predicted electron counts for the
complexed molecules BES and PRO correlated reasonably well with the complex compositions indicated by "H NMR spectrosco-
py. Subsequent measurements of the aqueous solubilities of the four complexes confirmed significant solubility improvements
effected by encapsulation of the steroids within the CDs, yielding solubility enhancement factors for BES and PRO in the approxi-

mate range 5-20.
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Introduction

The insolubility of active pharmaceutical ingredients (APIs) and
other bioactive compounds in aqueous media and the associat-
ed challenges for effective drug delivery are well known to have
beleaguered the pharmaceutical industry for many decades.
However, the complexation of APIs with cyclodextrins (cyclic
oligosaccharides) resulting in the formation of inclusion com-
plexes, has proven to be a versatile technology for overcoming
not only the poor aqueous solubility of APIs, but also
unfavourable properties such as their chemical instability,
adverse side effects such as gastrointestinal irritation, and
unpleasant tastes and odours [1-5]. Here we report an investiga-
tion of the cyclodextrin (CD) inclusion of two notable bioactive
compounds (Figure 1), namely the most potent human estrogen,
17B-estradiol (BES) and progesterone (PRO), the steroid
hormone associated with female fertility and pregnancy. Both
compounds have very low aqueous solubility values
(3.6 x 1073 mg-cm™3 at 27 °C, and 8.81 x 1073 mg-cm™ at
25 °C, respectively) [6-8]. This drawback hinders their use as
medications in hormone replacement therapy and other treat-
ments, and one aim of this study is to enhance their solubilities
via their inclusion in selected native (natural) CDs. A commer-
cially available synthetic derivative of BES, ethinylestradiol,
which is used as (inter alia) a contraceptive, has an aqueous
solubility of 11.3 x 1073 mg-cm™3 at 27 °C [6,9], and a signifi-
cantly higher oral bioavailability relative to that of BES. The
steroid hormone PRO is commercially available either in its

natural form or as micronized natural progesterone [10].

Figure 1: Chemical structures of 17B-estradiol (top) and progesterone
(bottom).

A substantial volume of research on the topic of CD inclusion
of BES and PRO has already been published, the majority of the
publications being focused on medicinal applications, for exam-
ple, using formulations of these drugs with CDs for ophthalmic

and nasal delivery [11-21]. The scientific literature abounds
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with reports featuring the use of a wide variety of analytical and
confirmatory techniques [22-28] as well as solubility analyses
[29-38] to investigate the physicochemical properties of CD
inclusion complexes and multicomponent CD inclusion systems
based on numerous derivatised CDs containing BES and PRO,
thus confirming the sustained interest in this approach and its
significance in drug delivery. Previous studies of the complex-
ation of BES, PRO and related compounds by CDs in the solu-
tion phase have typically reported the use of NMR spectrosco-
py to investigate complex formation, complex structure, stoichi-
ometry and association constants via the detection and measure-
ment of small deviations in the 'H NMR chemical shifts for
both host and guest molecules upon complexation. PXRD
studies were generally used to detect the formation of new crys-
talline phases following attempts to prepare complexes by
spray-drying, freeze-drying, co-grinding, kneading and solu-
tion-based crystallization; however, this modest type of ‘finger-
printing’ has not generally been pursued further to deduce im-
portant features of CD complexes such as the crystal packing of
the CD host molecules. Furthermore, no previous structure de-
terminations via SCXRD analysis of CD complexes of BES and
PRO have been reported. Many studies involved phase solu-
bility analyses to determine CD complex formation and associa-
tion constants. Our previous study of the complexation of the
steroidal anticancer agent 2-methoxyestradiol (2ME) by
selected CDs [39] yielded two significant positive outcomes,
namely a considerable increase in the aqueous solubility and
dissolution rate of 2ME derived from its f-CD complex, and for
the first time, the determination of the modes of inclusion of a
steroidal molecule within the cavities of CD host molecules
(dimethylated and permethylated f-CD) by SCXRD. Motivated
by these favourable results, we recently prepared the four crys-
talline inclusion complexes p-CD-BES, p-CD-PRO, y-CD-BES
and y-CD-PRO with a view to using PXRD, not simply as a
routine fingerprint technique, but in a more innovative study of
their crystal isostructurality within the series and with published
complexes. SCXRD was employed to deduce structural fea-
tures of the complexes at the molecular level, while the occur-
rence of severe guest disorder prompted the non-routine appli-
cation of a method for yielding complex composition from the
residual electron density peaks in the respective crystal struc-
tures. We carried out analogous studies on the four CD com-
plexes to establish whether they might also display enhanced
aqueous solubilities of the included steroids relative to those of
the pure drugs. We also present here results of comprehensive
thermal characterization of these complexes, with emphasis on
the determination of their water contents.

While it is widely known that the solubility of poorly water-
soluble steroidal compounds such as BES and PRO may be very
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significantly enhanced by various derivatised CDs, it was of
interest to us to establish to what extent the native host com-
pounds B-CD and y-CD could improve the aqueous solubilities
of BES and PRO, specifically upon dissolution of their solid
hydrated inclusion complexes whose accurately derived ternary
formulae were established in this study. The relatively low cost
of these CDs and in particular the low toxicity of y-CD are ad-
vantageous for potential drug delivery. Furthermore, the amor-
phous nature of highly water-soluble CD derivatives (e.g.,
hydroxypropyl-CD and sulfobutyl ether CD) precludes their
formation of crystalline inclusion complexes, which is a distinct
disadvantage for solid-state structural investigation and com-
plex characterization by X-ray diffraction methods.

Results and Discussion

Complex screening

The isolation of solid inclusion complexes of BES and PRO
with the native cyclodextrins -CD and y-CD was successfully
achieved by kneading experiments (co-grinding of the respec-
tive hosts and guests with water as a medium), the complex
identities being subsequently determined unequivocally by
powder X-ray diffraction (PXRD). Authentic CD complex for-
mation was deduced from close correlation between the angular
peak positions of the products and those of known isostructural
CD inclusion complexes retrieved from the Cambridge Struc-
tural Database (CSD) [40]. Figure 2 and Figure 3 show repre-
sentative examples of peak-matching for isostructural com-
plexes [41] and the respective PXRD patterns of 3-CD-BES and
y-CD-BES are also available (Figures S1 and S2 in Supporting
Information File 1). This method enabled initial assignment of
the space group for each new complex and estimation of its unit
cell parameters, these data being subsequently confirmed by
single crystal X-ray diffraction for those complexes that formed

crystals of adequate size and quality.

B-CD-PRO co-precipitated (2:1)

Isostructural B-CD inclusion complex

C2 (refcode: AJUVEG)
B-CD-PRO kneaded (2:1)

Relative intensity

5 10 15 20 25 30 35 40
26 (°)

Figure 2: The PXRD patterns of the B-CD-PRO complex produced via
kneading (2:1), an isostructural B-CD complex crystallizing in the space
group C2 (refcode: AJUVEG), and the B-CD-PRO complex produced
via co-precipitation (2:1).

Beilstein J. Org. Chem. 2022, 18, 1749-1762.

y-CD-PRO co-precipitated (3:2)

z Isostructural y-CD inclusion
7 complex (refcode: DOCYID)
5 l ——— y-CD-PRO kneaded (3:2)
-
c
2
= )
8
]
[
0 5 10 15 20 25 30 35 40

26 ()

Figure 3: The PXRD patterns of the y-CD-PRO complex produced via
kneading (3:2), an isostructural y-CD complex crystallizing in the space
group P42,2 (refcode: DOCYID), and the y-CD-PRO complex pro-
duced via co-precipitation (3:2).

Co-precipitation experiments yielded single crystals of all four
CD inclusion complexes with distinctive transparent mono-
clinic morphologies for 3-CD-BES and B-CD-PRO, and trans-
parent rods with a square cross-section for y-CD-BES and
y-CD-PRO (Figure 4). PXRD analysis also confirmed that pure
crystalline phases were obtained for each complex product via
co-precipitation experiments and that each of these was the
same crystalline phase as the respective complex product pro-
duced via kneading. These single crystals were of adequate
quality for SCXRD except for the single crystals of y-CD-BES,
which diffracted very weakly.

/
A,

.
# Sl

L
=

il
'/ i

Figure 4: (a) The crystal morphology of B-CD-BES recorded with
polarised light. (b) The crystal morphology of 3-CD-PRO. (c) The highly
magnified crystal morphology of y-CD-BES. (d) The crystal morpholo-
gy of y-CD-PRO.
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Host—guest stoichiometric determination by
TH NMR spectroscopy

The host—guest stoichiometries for these complexes were unam-
biguously determined via solution-state 'H NMR spectroscopy,
the samples for the analyses being the complex product materi-
als produced via co-precipitation. The results for the host—guest
ratios were as follows: B-CD-BES (2:1), p-CD-PRO (2:1),
y-CD-BES (1:1), y-CD-PRO (3:2). Fully assigned spectral
analyses are also available (Figures S3—S8 and Tables S1-S4 in
Supporting Information File 1).

Thermal analysis

The highly reproducible thermogravimetric analyses (TGA) and
differential scanning calorimetry (DSC) analyses for the four
CD inclusion complexes (Figure 5a—d) primarily indicated their
water content and thermal stability, the data for their thermal
events being summarised in Table 1. These results were further
accompanied by hot stage microscopy (HSM) analyses for all
four complexes (Figures S9-S12 in Supporting Information
File 1) and variable temperature powder X-ray diffraction
(VTPXRD) analyses for -CD-BES and B-CD-PRO (Figures
S13 and S14 in Supporting Information File 1). The precise
temperature onset values did not always correlate when
comparing the results obtained from the TGA and DSC instru-
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ments, but the two methods did involve different sample config-

urations (samples in open pans vs crimped, vented pans).

For all four complexes dehydration was initially observed,
either as a multi- or single-step process, as confirmed by the
respective DSC curves (Figures S15-S18 in Supporting Infor-
mation File 1) and dTGA curves (Figures S19-S22 in Support-
ing Information File 1). Other thermal events such as minor
phase transitions were observed for 3-CD-BES and g-CD-PRO
as well as premature decomposition, displayed by -CD-BES in
particular (Table 1). Thus, all CD complexes displayed thermal
integrity until relatively high temperatures of at least 100 °C,
prior to phase transitions and decomposition, indicating accept-
able thermal stability for commercial pharmaceutical applica-
tions. Further analytical details regarding the TGA, dTGA and
DSC results for each sample are available (Section 5, pp. S15
and S16 in Supporting Information File 1).

Single crystal X-ray structural analysis

The crystal structures of f-CD-BES, p-CD-PRO and y-CD-PRO
were solved by isomorphous replacement using as trial models
the rigid host atom frameworks of the complexes with CSD
refcodes AJUVEG, NUFTUE and MUXBIT, respectively.
(Single crystal intensity data could not be collected for

b
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Figure 5: (a) A representative DSC curve (n = 2) of B-CD-BES, with the respective TGA curve (n = 3); (b) a representative DSC curve (n = 2) of
B-CD-PRO, with the respective TGA curve (n = 2); (c) a representative DSC curve of y-CD-BES (n = 2), with the respective TGA curve as a reference
(n = 2); (d) a representative DSC curve of y-CD-PRO (n = 3), with the respective TGA curve as a reference (n = 3).
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Table 1: Data for the TGA and DSC thermal events for -CD-BES, B-CD-PRO, y-CD-BES, y-CD-PRO.

CDinclusion TGA

complex
B-CD-BES dehydration:

temperature range of event:

18.7+1.1and 1204+ 1.3 °C

associated mass loss:

11.1 £ 0.2%, corresponding to 8.8 + 0.2 water
molecules per host molecule.

decomposition onset:

266.4+5.5°C

B-CD-PRO dehydration:

temperature range of event:
20.2+2.1°Cand 1484 +0.9 °C

associated mass loss:

12.3 £ 0.2% corresponding to 10.0 + 0.2 water
molecules per host molecule.

decomposition onset:

267.8+3.1 °C

y-CD-BES temperature range of dehydration:
17.8+0.3t0 1449+ 0.1 °C

associated mass loss for dehydration:

12.7 + 0.4% corresponding to 12.7 + 0.4 water
molecules per host molecule.

onset of decreased dehydration rate

(shoulder peak in dTGA):

64.5+0.6 °C

decomposition onset:

2195+2.4

y-CD-PRO temperature range of dehydration:
20.6+1.8°Cand 119.6 £5.0 °C

associated mass for dehydration loss:

14.7 £ 0.3% corresponding to 14.4 + 0.3 water
molecules per host molecule.

onset of decreased dehydration rate

(shoulder in dTGA):

77.5+45°C

decomposition onset:

246.8+ 2.5 °C

y-CD-PRO owing to the poor quality of diffraction from
selected crystal specimens). Following least-squares refine-
ments of the respective host atoms in $-CD-BES, 3-CD-PRO
and y-CD-PRO and location and refinement of water oxygen
atoms, difference electron density (Ap) peaks with very low
magnitudes (generally < 1 e-A~3) appeared within the respec-
tive host cavities, indicating severe disorder of the included
steroidal guest molecules. This is a common situation for §-CD
complexes crystallizing in the space groups C2 and P422, in
which the host molecules stack with successive host cavities in
alignment, generating infinite channels occupied by guest mole-
cules. In the case of B-CD inclusion complexes, guest mole-
cules can assume multiple orientations and positions within the
channels having twofold rotational symmetry, rendering them

impossible to model. Analogously, regarding y-CD inclusion

DSC

onset temp. (dehydration): 53.2 + 1.0 °C

peak temp. (dehydration): 83.0 + 4.7 °C

onset of shoulder endotherm (dehydration): 91.8 + 5.1 °C
peak shoulder temp. (dehydration): 99.9 + 5.3 °C

onset temp. (dehydration): 119.0 + 3.4 °C

peak temp. (dehydration): 128.9 + 3.5 °C

onset temp. (exotherm): 154.7 + 2.5 °C

peak temp. (exotherm): 158.7 + 2.0 °C

onset temp. (decomp.): 213.4 £ 0.1 °C

peak temp. (decomp.): 216.4 £ 0.1 °C

onset temp. (dehydration): 46.5 + 0.4 °C

peak temp. (dehydration): 74.1 £ 0.2 °C

shoulder temp. (dehydration): 89.6 + 0.5 °C

shoulder temp. (dehydration): 103.3 £ 0.2 °C

shoulder temp. (dehydration): 121.2 £ 0.6 °C

shoulder temp. (dehydration): 138.5 £0.9 °C

onset temp. (phase transition exotherm): 157.1 £ 0.1 °C
peak temp. (phase transition exotherm): 162.0 £ 0.2 °C

onset temp. (dehydration): 46.7 £ 2.5 °C
peak temp. (dehydration): 83.5+2.9 °C

onset temp. (dehydration): 49.3 £ 0.5 °C
peak temp. (dehydration): 87.9 + 0.1 °C
shoulder temp. (dehydration): 131.1 £ 0.6 °C

complexes, in addition to the possibility of guest molecules
assuming random orientations and locations within the infinite
channels, the latter possess four-fold rotational symmetry and
thus, unless the guest molecule also possesses this symmetry, it
will be severely disordered and hence not able to be modelled.
In many instances, the pursuance of the crystal structure of an
inclusion compound that suffers from such severe guest
disorder is eventually abandoned owing to the uninterpretable,
unassigned electron density that results in unacceptable values

for X-ray refinement parameters.

However, to circumvent this problem we used a well-known
method that enables integration of multiple unassigned Ap
peaks located in crystal voids, namely the SQUEEZE routine
[42] implemented in the program PLATON [43]. Following
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automatic location of prominent voids in the unit cell of each
crystal structure, this procedure provides an estimate of the total
number of residual electrons they contain, which in these com-
plexes would correspond to those of the included steroidal mol-
ecules. From these respective electron counts, it was thus
possible to estimate the host—guest stoichiometric ratios in each
complex for comparison with the accurate stoichiometry deter-
minations using 'H NMR spectroscopy. In addition, final X-ray
refinement parameters improved following application of the
SQUEEZE routine. Although this procedure is most commonly
used for dealing with disordered solvent molecules for which an
atomistic model is not achievable from the observed residual Ap
peaks, we found that its extension to the treatment of signifi-
cantly larger molecules (viz. disordered steroidal guests BES
and PRO) yielded quite reasonable electron count values for
their contributions. Details of the estimations of the host—guest
stoichiometries for the B-CD-BES, $-CD-PRO and y-CD-PRO

Beilstein J. Org. Chem. 2022, 18, 1749-1762.

complexes based on these values are provided (Section 6,
p- S21 in Supporting Information File 1). The host—guest stoi-
chiometric estimates obtained consequently correlated with the
results from the "H NMR analyses to varying degrees from very
good to fair.

PXRD patterns generated from the final single crystal X-ray
structures were in good agreement with the respective PXRD
patterns of the CD complexes formed via co-precipitation
(Figure S23 in Supporting Information File 1) indicating that
the single crystal specimens selected for X-ray analysis are rep-
resentative of their corresponding bulk materials. The crystallo-
graphic data for these complexes are summarised in Table 2.
The hydrated CD inclusion complexes of 173-estradiol and
progesterone are ternary systems and their accurate chemical
formulae listed in Table 2 were established by combining
'H NMR data (for host—guest ratios) and TGA (for crystal

Table 2: The crystal data and refinement parameters for the B-CD-BES, B-CD-PRO and y-CD+PRO inclusion complexes.

Parameter B-CD-BES

complex formula

17.7H50
formula weight (g'mol~7) 2859.40
temperature (K) 100(2)
wavelength (A) 0.71073
crystal system monoclinic
space group c2
a (A 19.087(2)
b (A) 24.427(2)
¢ (A) 15.581(1)
o (9) 90
B () 109.555(2)
vy (©) 90
volume (A3) 6845.4(10)
V4 2
calculated density (g-cm=3) 1.387
g (mm-1) 0.123
F (000) 3056
crystal size (mm) 0.48 x 0.44 x 0.10
B-range scanned (°) 1.39-26.87

index range

I: =19, 19
no. of reflections collected 75496
no. of unique reflections 14663
data completeness (%) 99.5
data/restraints/parameters 14663/19/756
S (goodness-of-fit on F?) 1.038

final R indices Ry, wRo, [I > 20(1)]
R indices, all data (R4, wR>)
largest diff. peak and hole (e.A-3)
CCDC deposition numbers

0.0829, 0.2352
0.1043, 0.2593
0.72,-1.30
2213533

2(C42H70035)+(C18H2402)

h: =24, 24; k: =30, 30;

B-CD-PRO y-CD-PRO
2(C42H70035)(C21H3002)  CagHgoO40(C21H3002)0.67
-20H,0 14.4H,0
2944.72 1765.64
100(2) 100(2)
0.71073 0.71073
monoclinic tetragonal
c2 P42,2
18.9408(8) 23.6991(9)
24.540(1) 23.6991(9)
15.6585(8) 22.896(1)
90 90
109.161(1) 90
90 90
6875.1(6) 12860(1)
2 6
1.422 1.368
0.126 0.121
3152 5678
0.34 x 0.24 x 0.16 0.20 x 0.21 x 0.36
2.74-28.34 1.24-26.41
h: =25, 25; k: =32, 32; h: =29, 29; k: =29, 29;
I:-20, 20 I.-27,28
150313 118399
17104 13196
99.6 99.7
17104/28/750 13196/12/365
1.021 1.099

0.0782, 0.2174
0.0903, 0.2306
0.83, -0.43
2213538

0.0969, 0.2319
0.0996, 0.2337
0.85, -0.46
2213558
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water contents). The same method was employed to
determine the chemical formula for y-CD-BES (namely
CygHgpO40-Co1H300,:12.7H70) for which no single crystals of
adequate diffraction quality were isolated.

The asymmetric units (ASUs) of B-CD-BES and -CD-PRO
(Figure 6) each consist of a single f-CD molecule, one severely
disordered guest molecule (either 17B-estradiol for f-CD-BES,
or progesterone for 3-CD-PRO), and water molecules distribut-
ed over 15 sites for 3-CD-BES, and 17 sites for f-CD-PRO. The
water contents for f-CD-BES and -CD-PRO based on their
X-ray analyses were 9.1 and 9.9 water molecules per 3-CD mol-
ecule, which correlated well with the TGA results (Table 1).
Minor disorder was observed for the host molecules of both
complexes, while in contrast, severe disorder for their respec-
tive guest molecules was evident, despite the intensity data

(a)

(b)
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being collected at 100(2) K. Lastly, reasonable hydrogen bond-
ing distances were observed between the assigned oxygen
atoms of the water molecules and neighbouring water oxygen
atoms, or the host molecules.

[sostructurality of the host molecules in the two f-CD com-
plexes is evident from the figures below, but it is also notable
that isostructurality extends beyond these molecules to include
numerous water oxygen atoms as well. The stacking arrange-
ments of the dimeric host molecule units of f-CD inclusion
complexes crystallizing in the space group C2 are well-known
[44], these arrangements resulting in endless channel formation
occurring in the crystal structures of f-CD-BES and p-CD-PRO
(Figure 7 and Figure 8, depicting stereoscopic views observed
down the c-axis). Furthermore, it is evident that the water mole-
cules which occupy the interstitial spaces between the columns

Figure 6: Stereoscopic views of the host molecule and water oxygen atoms in the ASUs of (a) B-CD-BES and (b) B-CD-PRO displaying their ‘empty’

host cavities.
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Figure 7: A stereoscopic view down the c-axis displaying the packing arrangement for B-CD-BES.

Figure 8: A stereoscopic view down the c-axis displaying the packing arrangement for B-CD-PRO.
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reinforce this assembly of complex units via multiple O-H:--O
hydrogen bonds. These depictions also indicate that there are
four B-CD molecules in the unit cell, corresponding to two
dimeric complex units per cell and again reveal the similarity in
the conservation of water molecule sites in the two isostructural
complexes.

The detailed host conformations are defined by numerous, rele-
vant geometrical parameters that include measures of the
angular tilts of the individual glucose rings relative to the seven-
fold axes of the B-CD molecules (Figures S24-S25 and Tables
S5-S6 in Supporting Information File 1). The narrower ranges
of the tilt angles for f-CD-BES and p-CD-PRO relative to the
tilt angle range for uncomplexed hydrated g-CD (4.5°-27.0°)
[45] indicate that additional distortion took place with
host—guest complexation, as a consequence of a mutual-in-
duced fit of host and guest molecules [39].

With reference to y-CD-PRO, the asymmetric unit (ASU)
comprises three pairs of glucose rings that generate three com-
plete y-CD molecules when rotation of these units around the
four-fold axis parallel to the c-axis is applied (Figure 9). The
level of disorder in the host molecules was found to be minimal,
only two of the hydroxymethyl groups being disordered over
two positions. This is in contrast to the guest molecules which
are instead severely disordered and consequently not observ-
able. Water oxygen atoms were identified over 20 sites (as pre-
viously mentioned) and it is evident that these sites are all
external to the y-CD molecule cavities (Figure 10). Hydrogen
atoms were not placed on the water oxygen atoms, as there was
no evidence for them in the difference Fourier map.

Beilstein J. Org. Chem. 2022, 18, 1749-1762.

vi-
o °3

Figure 10: The host atoms and water oxygen atoms of the ASU
viewed down the c-axis, showing that the water molecule sites are all
external to the cavities of the y-CD molecules.

Three independent y-CD molecules (A, B, C) comprise the
major structural motif in the y-CD-PRO crystal, and they stack
to form infinite columns, arranging themselves in a head-to-tail
motif between molecules C and A, a tail-to-tail motif between
molecules B and C, and a head-to-head motif between mole-
cules A and B (Figure 11) [46]. At each of the C-A, B—C and
A-B interfaces extensive O—H---O hydrogen bonding takes
place. This is a characteristic structural arrangement that has
been observed in all y-CD inclusion complexes crystallizing in
the space group P42,2 [41].

Water molecules similarly occupy the interstitial spaces be-
tween the columns (Figure 12, viewed down the c-axis) and are
thus also responsible for reinforcing the assembly of y-CD com-
plex columnar units via water—water and water—host hydrogen
bonds. It should be noted that, since PXRD analyses indicated

Figure 9: A stereoscopic view of the host atoms and water oxygen atoms in the ASU of y-CD-PRO.
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Figure 11: The distinct packing arrangement of the repeat unit of the
host molecules in y-CD-PRO. The four-fold axis (blue line) runs
through the centre of the channel, parallel to the c-axis. The water mol-
ecules are omitted for clarity.

that the y-CD-PRO and y-CD-BES crystal structures are
isostructural, all of the salient structural features illustrated
above and below for the y-CD-PRO crystal are common to the
y-CD-BES crystal, which was not amenable to single crystal
X-ray analysis.

Beilstein J. Org. Chem. 2022, 18, 1749-1762.

Solubility analysis

Solubility determinations for the four native CD inclusion com-
plexes (B-CD-BES, B-CD-PRO, y-CD-BES and y-CD-PRO)
were performed in duplicate simultaneously. The intrinsic
aqueous solubilities of 17p-estradiol and progesterone are
3.6 x 1073 mg-cm™ (at 27 °C) and 8.81 x 1073 mg-cm™ (at
25 °C), respectively [6,8], and the results obtained (Table 3) in-
dicated that the CD inclusion of 17f-estradiol and progesterone
did indeed enhance the aqueous solubility of both APIs signifi-
cantly, most prominently in the cases of f-CD-BES and
y-CD-PRO. Improvement in the aqueous solubilities of PRO
through its complexation with f-CD and y-CD reported earlier
[33] is consistent with the data for these complexes in Table 3.

Conclusion

The reported crystal structures of -CD-BES, g-CD-PRO and
y-CD-PRO represent the first single crystal X-ray structural de-
terminations of CD inclusion complexes of 173-estradiol and
progesterone. Comprehensive PXRD analyses of the com-
plexes prepared by kneading enabled prediction of their space
groups based on their isostructurality with known reference
complexes. Comparison of these experimental patterns with
simulated PXRD patterns based on SCXRD data revealed that
the single crystals obtained by co-precipitation were isostruc-
tural with their counterparts prepared by kneading. The occur-

Figure 12: A stereoscopic view of y-CD-PRO viewed down the c-axis, which displays the infinite channel packing arrangement. The water molecules
(red spheres) occupy the interstitial spaces between the columns of stacked complex units.
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Table 3: Aqueous solubility data for the B-CD-BES, B-CD-PRO, y-CD-BES, and y-CD-PRO inclusion complexes at 27 °C.
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Number CD complex Solubility range of API Approximate solubility Average
(mg-cm™3) enhancement ratio SapI(CD)Y/SAPI
(Sapi(cDySar))? ratio
1 -CD-BES produced via kneading 0.0743-0.0784 21.8 21.9+0.1
(experiment 1)
2 -CD-BES produced via kneading 0.0731-0.0790 21.9
(experiment 2)
3 B-CD-PRO produced via kneading 0.0380-0.0511 5.8 5.6+0.2
(experiment 1)
4 B-CD-PRO produced via kneading 0.0366-0.0474 5.4
(experiment 2)
5 y-CD-BES produced via kneading 0.0193-0.0288 8.0 8.0+0.1
(experiment 1)
6 y-CD-BES produced via kneading 0.0206-0.0283 7.9
(experiment 2)
7 y-CD-PRO produced via kneading 0.162-0.174 19.8 19.9+0.1
(experiment 1)
8 y-CD-PRO produced via kneading 0.161-0.175 19.9

(experiment 2)

aSapi(cD) is the aqueous solubility of the APl in the form of a CD inclusion complex, and Sap is the aqueous solubility of the API.

rence of severe guest disorder in all three cases precluded
detailed determination of the host—guest interactions. Despite
this limitation, complete chemical formulae were determined
for the ternary complexes listed above, as well as that of
y-CD-BES, by combining accurate host—guest stoichiometric
ratios obtained from 'H NMR analyses with the respective
crystal water contents derived from thermogravimetric analyses.
The aqueous solubilities of the two APIs, 17f-estradiol and
progesterone, were found to be significantly enhanced via their
encapsulation by B-CD and y-CD. It is notable that these
measured solubilities are also superior to those of the commer-
cially utilized formulations containing ethinylestradiol and
micronized progesterone. Further investigation should include
in vivo experimentation to assess the efficacy of the four CD
inclusion complexes as the active components of alternative
commercial solid formulations for potential therapeutic treat-
ment. Such CD-based formulations could be administered
orally, as the absorption of cyclodextrins in the gastrointestinal
tract is negligible (usually less than 4%) and the CDs are thus
considered practically non-toxic [1,2]. Another advantageous
feature of the four CD inclusion complexes investigated in this
study is their ability to be synthesised rapidly via an efficient
mechanochemical process, namely kneading of their respective
host—guest mixtures, with water as the liquid medium. Further-
more, the proven significant API solubility enhancements re-
ported here should result in less of the active ingredient being

required in each dosage, thus rendering these CD inclusion

complexes potentially financially attractive for pharmaceutical

applications.

Experimental

Materials

17B-Estradiol (C1gH240;,) with purity >98% and progesterone
(Cy1H300,) with purity >98% were purchased from Sigma-
Aldrich Chemie GmbH (Steinheim, Germany). f-Cyclodextrin
(B-CD; C4oH790O35) with purity >98% and water content
13.7(1)% (n = 2) was purchased from Cyclolab (Budapest,
Hungary), while y-cyclodextrin (y-CD; C4gHgnO4¢) with purity
>98% and water content 7.6(1)% (n = 2) was purchased from
Wacker Biosolutions (Halle, Germany).

CD complex preparation

Kneading experiments: Specific stoichiometric amounts of
CD and API were utilized in the following host—guest ratios:
B-CD-BES (2:1), B-CD-PRO (2:1), y-CD-BES (1:1), y-CD-PRO
(3:2). The two components were placed in a mortar with a small
amount of Milli-Q® water [47], and the mixture was kneaded
into a paste with a pestle for 40 minutes. Small increments
(0.3 cm3) of water were added where necessary. These samples
were used for the solubility determinations.

Single-crystal preparation: Initially, 35.24 mg (0.0310 mmol)

of pure B-CD was dissolved in 3 cm? water for the B-CD-BES
system, and 30.53 mg (0.0269 mmol) of pure B-CD was dis-
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solved in 15 cm? water for the B-CD-PRO system. These CD
solutions were stirred at 70 °C and the APIs were added in
small increments over a 10 minute period to the respective CD
solutions. 4.9 mg (0.0180 mmol) of pure BES and 4.9 mg
(0.0156 mmol) of pure PRO were added, respectively. These
amounts correspond to host—guest ratios of 1.72:1 and 1.72:1,
respectively. Almost complete dissolution was attained after
15 minutes of stirring at 70 °C, but a very slight turbidity was
still observed in the B-CD-BES solution. The solutions were left
to stir for an additional 3 hours (to allow for the complex equi-
librium to be achieved), after which they were filtered and pre-
pared for slow cooling in a Dewar flask. Crystals appeared after
3 days and were shown to have 2:1 host/guest stoichiometry by
'H NMR spectroscopy.

Single-crystal preparation for both y-CD-BES and y-CD-PRO
utilized a large excess of y-CD in order to obtain crystalline
inclusion complexes with 1:1 and 3:2 stoichiometric ratios, re-
spectively. Approximately 100 mg (0.0771 mmol) of pure y-CD
was used for both systems, and the masses of the pure APIs
were both 4.9 mg (0.0180 mmol for 17f-estradiol and
0.0156 mmol for progesterone). This corresponded to
host—guest ratios of 4.28:1 and 4.94:1, respectively. The two
weighed samples of y-CD were dissolved in water in separate
vials (3 cm? for the y-CD-PRO system and 2.5 cm? for the
y-CD-BES system) and stirred vigorously at 70 °C. The APIs
were added fairly slowly to their respective vials over a period
of about 5 minutes and the solutions were left to stir for a
further 3 hours and were subsequently filtered and prepared for
slow cooling. Crystals appeared after 3 days, and it should be
noted that complete evaporation of the mother liquors must be
avoided in order to prevent the excess y-CD subsequently
precipitating. Subsequently, 'H NMR spectroscopy revealed
host/guest stoichiometries of 1:1 for y-CD-BES and 3:2 for
y-CD-PRO.

Powder X-ray diffraction (PXRD)

PXRD patterns were recorded at 23 °C for each reagent as well
as the products formed from kneading and co-precipitation.
PXRD analyses were performed on a Bruker D2 Phaser desktop
powder diffractometer (Billerica, Massachusetts, U.S.A.) with
Cu Ka radiation (A = 1.5406 A) with the X-ray generator set at
30 kV and 10 mA. All samples were lightly ground (to
minimise the effects of preferred orientation) and placed on a
silicon zero-background sample holder. The scanning range was
4° — 40° 26 with a step size of 0.0164° and a primary beam path
slit of 0.6 mm.

TH NMR spectroscopy
Solution-state 'H NMR analyses were performed to quantify the

stoichiometric ratios of the CD inclusion complexes, and all of
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the crystalline samples obtained by co-precipitation were dis-
solved in deuterated dimethyl sulfoxide (DMSO-dg) at 23 °C.
These analyses were performed on a Bruker Ultrashield 400
Plus Spectrometer (Billerica, Massachusetts, U.S.A.) and the
program MestReNova was used to analyse the resulting data
[48].

Thermal analysis

Hot stage microscopy (HSM): The crystals were immersed in
a small amount of silicone oil and heated at a constant rate of
10 K-min~! until decomposition. The HSM experiment was
viewed through a Nikon SMZ-10 stereoscopic microscope fitted
with a Linkam THM600 hot stage and a Linkam TP92 tempera-
ture control unit. The images were captured by a real-time Sony
Digital Hyper HAD colour video at selected temperatures. The
captured images were viewed with the Soft Imaging Program
AnalySIS [49].

Thermogravimetric analysis (TGA): TGA analyses were per-
formed on the TA-Q500 (Texas Instruments) with Universal
Analysis 2000 software. Sample preparation involved rapidly
removing the crystals from their mother liquor and subse-
quently lightly pressing them between a filter paper to dry their
surfaces, and the TGA experiment commenced immediately
after the mother liquor was removed. Masses between 0.7 mg
and 2.0 mg were used for the analyses, which were performed
either in duplicate or triplicate. The analyses took place in open
pans under dry nitrogen gas with a constant flow rate of
60 cm3min~! and the samples were heated to a maximum tem-

perature of 400 °C at a constant rate of 10 K-min~!.

Differential scanning calorimetry (DSC): DSC analyses were
performed on a DSC XP-10 instrument (Surface Solutions
GmbH), and the data analysed with TRIOS software [50]. Sam-
ple preparation entailed drying the crystal surfaces from the
mother liquor and placing the crystals in a crimped aluminium

1 was

pan with two venting holes. A constant rate of 10 K-min™
used to heat the samples (mass range 1-2 mg) under dry N,
purge gas with a flux of 60 cm3-min~!. All DSC experiments

were terminated prior to the decomposition of each sample.

Solubility analysis by gravimetric increments

A gravimetric solubility approach was used involving the addi-
tion of small, accurately pre-weighed incremental amounts of a
given CD inclusion complex (total mass approximately 30 mg
each) into a vial containing 3 cm? of water. A visual estimation
of the solubility was established after the final suspension was
stirred for 72 hours at 27 °C. This procedure ensured that a very
narrow solubility range was spanned by the penultimate and
final incremental CD inclusion complex additions, the final

amount resulting in saturation of the solution. The apparatus
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involved a Radleys Standard stirring hotplate with a 2.5 cm
high vial supporting stand attached to it. The vials were placed
on the stand in a circle at a radius of 4 cm from the centre, and

the solutions were stirred at a rate of 250 rpm for 72 hours.

Single crystal X-ray diffraction (SCXRD)
analysis

Unit cell determinations and data-collections were performed
on a Bruker KAPPA APEX II DUO single-crystal X-ray
diffractometer (Madison Wisconsin, U.S.A.) and a Bruker D8
VENTURE SCXRD single-crystal X-ray diffractometer
(Madison Wisconsin, U.S.A.). The crystals were coated in Para-
tone N oil [51]. The unit cell determinations were initially per-
formed at room temperature and thereafter reconfirmed
following cooling to 100(2) K in a nitrogen vapour stream using
an Oxford Cryostream cooler (Oxford Cryosystems Ltd,
Oxford, U.K.). The data-collection was then performed and the
collected intensity datasets were read into the program XPREP
[52]. The structures were solved using isomorphous replace-
ment, and the water oxygen atoms were refined anisotropically
if they possessed full site-occupancy. No water hydrogen atoms
were included in the models. Thereafter, the structures were
refined by full-matrix least-squares techniques with SHELXL-
97 [53], implemented in the X-SEED [54] interface.

Supporting Information

Supporting Information File 1

PXRD patterns, '"H NMR data, thermal data for hot stage
microscopy (HSM), variable temperature powder X-ray
diffraction (VTPXRD) patterns, TGA, dTGA and DSC
analytical data, details of electron counts derived from the
Squeeze procedure, and geometrical parameters of the
B-CD host molecules.

[https://www beilstein-journals.org/bjoc/content/
supplementary/1860-5397-18-184-S1.pdf]
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Cyclodextrins, cyclic oligosaccharides with a hydrophobic cavity that form inclusion complexes with nonpolar molecules, can be

used to functionalize other polysaccharides. Xanthan gum, locust bean gum or chitosan can be crosslinked using citric acid in the

presence of B-cyclodextrin to produce insoluble matrices. In this work, polymeric foams based on those polysaccharides and

saponin have been prepared using a green synthesis method to increase the porosity of the matrices. The saponin of soapbark

(Quillaja saponaria) has been used to obtain foams using different procedures. The influence of the synthesis path on the porosity

of the materials and their corresponding sorption capacities in the aqueous phase were evaluated.

Introduction

Saponins are a family of natural molecules consisting of a
hydrophobic aglycone backbone grafted with hydrophilic sugar
molecules, allowing the plant to be protected from illnesses [1]
and from herbivores endangerment [2]. The aglycone part is
composed of steroid and triterpene molecules [3]. Not only
present in plants [4,5], saponins have also been discovered in
marine animals, such as sea cucumbers [6] or starfish [7].
Chemical structures of this family are varied [1], so they will
show different properties [8]. Saponins, because of their amphi-

philic nature, are known as natural surfactants [9]. They have

been used as natural detergents, foaming agents, stabilizers,
emulsifiers and wetting agents, for example [10]. The micelles
produced will be different in size and shape as a function of the
type of saponin, their aglycone forms but also the number of
sugar molecules involved [11]. They can be found in beverage
emulsions [12], and as food surfactants [13], because they are
useful also to prevent the development of virus or bacteria in
food or beverages [14,15]. As for medical purposes, it has been
reported that saponins possess anticancer properties, by limiting

proliferation and metastasis. This has been tested on different
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cancers such as leukemia [16], breast cancer [17] or prostate
cancer to cite only a few of them [18]. They also present antimi-
crobial, antioxidant, anti-inflammatory, antidiabetic and choles-
terol lowering properties, for example [10]. As reported by Liu
et al. [19], saponins can show interesting interactions with
hydrophobic organic compounds (HOC) and more precisely
with polycyclic aromatic hydrocarbons (PAHs). For example,
phenanthrene can be removed by saponins [20], by complexing
with the PAH and having repulsive interactions with soil [21].
A large quantity of HOCs have been studied, such as naphtha-
lene or fluoranthene [19]. The authors reported also the possi-
bility of remediation of heavy metals by saponins [22]. There-
fore, saponins are useful in soil washing technologies [23] or
phytoremediation [24].

When chitosan and saponins are mixed, their foamability prop-
erties change, leading to a longer foam stability due to the
higher viscosity achieved [25]. The use of chitosan to absorb
saponins have been studied for different purposes. A high spe-
cific area activated carbon has been developed by Ma et al.
[26], by the production of chitosan—saponin gels thanks to
glutaraldehyde crosslinking. After adding potassium hydroxide,
they freeze-dried the material and pyrolyzed the product. The
resulting material possess a high absorption capacity of methy-
lene blue, thanks to the presence of porosity and some chemical
functions after pyrolysis. Chitosan—saponin—bentonite compos-
ite films can also be produced to absorb methyl orange and
Cr(VI) [27]. Native [28] or derivatized [29] chitosans allow also
a good sorption of Quillaja saponins useful to liberate them
from wound dressings. This saponin possesses two large hydro-
philic parts, surrounding the aglycone [30]. The association
chitosan—saponin can show other functions for medicinal

purposes, and anticancer nanoparticles made of chitosan loaded
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with saponins have been prepared by Nair and Jayakumar [31],
and even coronavirus vaccine chitosan—saponin coatings have

been developed to study its immunogenic potential [32].

A complexation between saponin and cyclodextrins (native or
derivative) is possible [33], and the resulting release kinetics is
appropriate for the creation of new saponin-based drugs [34].
Their potential uses can be either for oral delivery targeting
intestine [33] or for an anti-skin cancer treatment [35], for ex-
ample. This complexation step is also interesting for the synthe-
sis of molecular imprinted polymers containing cyclodextrin
[36].

In previous works, we have produced crosslinked polysaccha-
ride networks using cyclodextrin to prepare green adsorbents
[37]. The use of saponins added into the reactive mixture in
order to produce a foam allows us to prepare porous materials,
in order to enhance their sorption capabilities when a low
amount of the sorbate is present in the solution. The specific
area of the matrix is intended to be increased, permitting a

greater accessibility to B-cyclodextrin sites.

Results and Discussion

Production of saponin foams

As a first step, the determination of the foamability of saponin
aqueous solutions allows us to find the surfactant concentration
for which a maximum of foam volume will be produced. This
value will correspond to the minimum amount of this ingre-
dient required to produce the cyclodextrin/polysaccharide
foams. As can be seen in Figure 1 (left), two linear fittings were
applied in the foam volume vs concentration plot, where the
junction of both lines gives us an approximate optimal foama-

bility for a saponin concentration value of ca. 0.3%. These mea-
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Figure 1: Quillaja saponin foamability (left) and foam stability over time for the B-cyclodextrin/polysaccharide (CS: chitosan, LBG: locust bean gum)

mixtures (right).
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surements correspond to solutions prepared using deionized
water. Other factors such as the viscosity due to the polysaccha-
rides or the ionic strength contributed by the catalyst can affect
this value. Nevertheless, a concentration of 0.5% of saponin
was selected as an initial value to prepare the polysaccharide
foams.

In order to study their stability, the foams were introduced into
a graduated cylinder after stirring each mixture solution
(Figure 1, right). Samples with three different polysaccharides
(chitosan (CS), locust bean gum (LBG) and xanthan gum (XG))
were tested either by themselves or mixed in a 50:50 ratio with
B-cyclodextrin. A fast emergence of the liquid fraction occurred
with the solution containing cyclodextrin with no polysaccha-
rides. These results show that the emulsion production needs to
be followed quickly by the freezing of the foam, otherwise a
continuous liquid phase could be formed prior to the lyophiliza-
tion process. The two chitosan solutions, with or without cyclo-
dextrin, produce foams with similar stabilities. On the other
hand, the presence of LBG impacts the stability of the foam in a
remarkable way. Finally, the solutions of xanthan are not shown
in Figure 1, because their foams are very stable due to the much
higher viscosity of those solutions. In fact, the liquid fraction
was not even falling down, and liquid agglomeration began to
be observable at different heights in the graduated cylinder.
Several interaction processes can influence the viscosity behav-
iour of these mixtures and have an impact on their stability. For
instance, when considering mixtures of chitosan with saponin,
the possibility of solubilization of chitosan molecules into the
cavity of the glycoside micelles should be taken into account.
Our main goal in this part of the study is to guarantee that the
prepared foams remain stable at least until the crosslinking

reaction takes place.

Once the six experimental synthetic paths were set (see Experi-
mental section and Table 1), three types of matrices produced
using saponin (45spPow, 45spLig*, 45spFoam™*) were com-
pared to three with no saponin (20Pow, 45Pow, 45Lig*). First
of all, the synthesis procedure influences the yield achieved for
each polysaccharide (Supporting Information File 1, Figure S1).
In the absence of saponin, by increasing the reaction time from
20 to 45 min (samples 20Pow and 45Pow, respectively), the
yield will increase due to a higher crosslinking efficiency of the
solventless procedure [38]. A mixture dissolved in water and
then freeze-dried (sample 45Lig*) shows a better yield,
certainly because of a higher homogenization of the pre-cross-
linked matrix. When prepared in powder (solid-state) form
(45spPow), adding saponin will decrease the percent yield from
70% to 50%. Interestingly, the yield is not affected in that way
when adding saponin into the liquid mixture (45spLig*). How-

ever, crosslinking the foam (45spFoam™*) will reduce consider-
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ably the yield for the chitosan matrix while the two other poly-
saccharides show no important modifications, which can be ex-

plained by the different stabilities of the foams produced.

Table 1: Methods of preparation of the thermally crosslinked cyclo-
dextrin/polysaccharide matrices (*lyophilized).

Name Crosslinking time  Physical Saponin
(min) form added

45spFoam™ 45 foam yes
45spLiq* 45 liquid yes
45Liq* 45 liquid no
45spPow 45 powder yes
45Pow 45 powder no
20Pow 20 powder no

On the second set of yield results (Supporting Information
File 1, Figure S1, bottom), the crosslinking of cyclodextrin with
or without the polysaccharides using saponin show a slightly
higher yield when prepared by lyophilization from the homoge-
neous liquid state (45spLig*) than when lyophilized from the
foam-like state (45spFoam¥*). These differences can be corre-
lated to the foam stability.

Morphology of the matrices studied by

scanning electron microscopy (SEM)

The different microstructures of the samples have been analysed
for the three polysaccharide combinations. Those of B-cyclo-
dextrin/LBG matrices will be shown here, since all the polysac-
charides originated similar morphologies. In addition, the
differences found for the three matrices prepared using the
solventless procedures (20Pow, 45Pow, 45spPow) are not sig-
nificant either. Figure 2 shows a powder-like material with the
same average size (=15 um); some dispersity is detected in the
20 Pow micrograph. In contrast, the use of the freeze-drying
method produces some thinner and longer sheet-like particles.
These sheets look also the same with or without the presence of
saponin. The foaming process (spFoam*) creates thinner sheets
than the liquid processes, and we can observe also some tubes
for the latter, looking like sheets being rolled around them-
selves. These images correspond to the lyophilized, crushed,
washed, and subsequently dried matrices. The washing process
of the crosslinked matrices produces a swelling phenomenon
because of the hydrophilicity of the polysaccharides and the
citrate crosslinker, changing the morphology of the internal
structures. As can be seen in Figure 3 for sample B-cg, (cyclo-
dextrin/saponin without polysaccharides), the washing process
causes a swelling of the walls, transforming an ordered porous
structure into a random structure, composed of a mixture of

tubes and sheets. For these particular samples, the freeze-dried
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Figure 2: SEM images of crushed B-c-LBG as a function of the synthesis pathways (see below, Experimental section). Part “45Pow” of Figure 2 was
reprinted from [39], Carbohydrate Polymers, vol. 288, by M. Petitiean; N. Lamberto; A. Zornoza; J. R. Isasi, “Green synthesis and chemometric char-
acterization of hydrophobic xanthan matrices: Interactions with phenolic compounds*, article no. 119387, Copyright 2022 The Authors, with permis-
sion from Elsevier. Published by Elsevier Ltd, distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, https://creativecommons.org/licenses/by-nc-nd/4.0/. This content is not subject to CC BY 4.0.

Unwashed Washed

Figure 3: SEM of B-cp after crosslinking with or without washing the sample.

mixtures produce a spherical material in the heating step, B-cgp sample produced using the liquid path than for the one ob-
covered by a fragile and brilliant layer but possessing a highly tained by the foam path. The latter possesses also a higher spe-
porous inner structure. This thin layer is more evident for the cific area (Supporting Information File 1, Figure S2). On the
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other hand, the polysaccharide matrices (see Figure 4 for
chitosan matrices) do no create the same type of pores; the suc-
cessful emulsion process keeps its structure as shown by the
spherical bubble pores. Chitosan produces fragile matrices once
they are dried. However, looking at the structures produced by
the xanthan gum and locust bean gum matrices, the presence of
a sphere-like porous scaffold is also evident when the material
is not washed.

Chemical characterization of the

B-cyclodextrin/saponin foams

The infrared spectra for the three crosslinked polysaccharides
produced following different paths have been compared (Sup-
porting Information File 1, Figure S3). In the fingerprint region,
the main differences between the powder and liquid/foam
matrices correspond to the ca. 1200 cm™! region. The latter
show a better resolution for the 1200 and 1150 cm™! bands. In
addition, a larger band at 1600 cm™ is also observed for the
saponin matrices; unfortunately, it is overlapped by other bands
present in the polysaccharide spectra, so the amount of saponin
incorporated into the matrices is difficult to quantify by this
method. The infrared study of this region for similar samples (in
the absence of saponin) has been reported in our previous works
[37-39]. In addition to those, a small band can be detected also
around 1500 cm™! only for saponin matrices. This one might be
useful for quantification purposes, provided some validation can

be obtained using other appropriate methodologies.

A shift of the 1000 cm™! C-O band towards higher wavenum-
bers (Supporting Information File 1, Figure S4) occurs for each
matrix when going from 100:0 to 0:100 ratio of cyclodextrin/
polysaccharide. The 1200 cm™! band is also more intense when

changing that ratio. This difference is also correlated to the
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C=0 band found at 1700 cm™!. In the case of the chitosan
matrices, for a high concentration of chitosan, the crosslinking
reactions include esterification links, amide formation and the
Maillard reaction [39]. This behaviour can be analysed by the
intensities of the 1600-1500 cm™! regions.

An interesting method of comparison from the molecular point
of view is the use of phenolphthalein as a probe to analyse the
amount of ‘free cyclodextrin’ moieties present in the matrices,
i.e., those available for inclusional interactions [38]. The first
and most important difference is between both liquid and foam
saponin samples and the rest (Figure 5). The amount of ‘free
cyclodextrin® found for the solventless (powder) synthesis, with
or without saponin, is always low, around 15 mg/g of matrix.
Similar results are found for the liquid path in the absence of
saponin. The favourable influence of saponin to produce a more
efficient matrix is confirmed. The freeze drying of solutions
permits to produce microporous materials, as seen in the SEM
images of Figure 2, where the sheet-like structures observed
being those macrostructures modified by water swelling and
crushing after drying. Saponins, at a molecular level, probably
confer an additional microporosity to the matrix, permitting the
cyclodextrin moieties to be more available for complexation
with phenolphthalein or other molecules.

In addition, the foam and liquid saponin/cyclodextrin/polysac-
charide samples are compared to the corresponding cyclo-
dextrin/saponin (no polysaccharide) and saponin/polysaccha-
ride (no cyclodextrin) matrices (Figure 5, bottom). All the
cyclodextrin/polysaccharide samples show a higher amount of
‘free cyclodextrin’ per gram than that of pure cyclodextrin. This
may be due to a possible saponin/B-CD complexation, yielding

the cyclodextrin unavailable, or because the polysaccharides en-

Figure 4: B-cqp (left) and c-CSgp (right) matrices unwashed showing the “foam-like” morphologies.
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Figure 5: Values (in mg/g) of equivalent ‘free B-cyclodextrin’ in the polysaccharide (PS) matrices, as a function of the synthesis path (top), and com-
parisons between the liquid and foam saponin matrices with (bottom left) or without cyclodextrin (bottom right).

hance the grafting of cyclodextrin into their chains. It needs to
be added that pure polysaccharide matrices (last columns in
Figure 5, bottom) show also an affinity with phenolphthalein.
Because these samples do not possess any cyclodextrin
modifications, this non-zero values should be explained as an
‘equivalent free cyclodextrin’. In our previous work [38], we
checked that those crosslinked polysaccharide matrices without
cyclodextrin did not show any affinities towards phenolph-
thalein, so, in this case, we can attribute this effect to certain
favourable interactions between phenolphthalein and the
saponin moieties.

Sorption capabilities of the matrices

This ‘free cyclodextrin’ impact on the sorption capabilities of
the matrices has been studied with the corresponding 1-naph-
thol (1-N) isotherms (Figure 6). When comparing the isotherms
of 20Pow, 45spLiq and 45spFoam of single component
matrices, a better sorption from the saponin matrices for low
I-naphthol concentrations is detected. Thus, B-cgp (with no
polysaccharide) absorbed more 1-N when saponin is present be-
tween 2 ppm and 200 ppm, which is the largest range of higher

efficiency for all matrices. For the others, there seems to be no
effect in the low 1-N concentration range. Nevertheless, we
need to look at the graph insets, which show the sorption iso-
therms at low solute concentrations. The c-LBG 20Pow matrix
sorption behaviour was fitted following the Hill function, but
this model does not represent well the absorption process in the
low concentration region. For ¢-XG and c-CS, a wider 1-N con-
centration range where saponins impact on sorption is observ-
able: between 2 and 50 ppm for c-XG, and between 2 and
150 ppm for c-CS. As a possible explanation for this anom-
alous behaviour, it is known that 1-N can self-associate from a
certain concentration level. Before this, the 1-N molecules are
easily complexed within cyclodextrin matrices, or, in this case,
associated to the new hydrophobic regions provided by saponin.
When this concentration is higher, the association of 1-N
appears to create aggregates, saturating the cyclodextrin sites
but allowing the polysaccharide networks affect the sorption.
When saponin is introduced, this last impact can be assumed by
the saponin moieties. The difference between 45spLig and
45spFoam is quite small; it is not observable for f-cgp, and the
biggest difference is seen for c-LBGgp produced by a “liquid
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path” synthesis. This variation reflects the sorption mechanism,
as the curve follows the Freundlich model, while the Hill model
represent the others better. As seen for the isotherms in previous
works, the higher the cyclodextrin/polysaccharide ratio, the
better the sorption. The effects of LBG or XG on the sorption is
absent when saponin is in the matrix, letting these polysaccha-
rides being a simple hydrogel scaffold for the sorption of
1-naphthol.

An aqueous sorbate mixture of five phenolic compounds has
been also tested to assess the differences in the sorption behav-
iours of the different matrices. The absorbed amount changes as
a function of the cyclodextrin/polysaccharide ratio, and the
same trends are observed for all the polysaccharide types
(Figure 7). Those matrices with cyclodextrin (yellow bars in
Figure 7) absorbed better all the phenolic compounds tested. In
addition, the incorporation of saponin does not produce a higher
sorption capacity except for the XG matrices. In these matrices,
the sorption of 4-ethylphenol and eugenol are the most
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favourable, followed by that of vanillin. Finally, the synthesis
pathway (either liquid or foam) is not a determinant factor for
the sorption capacity either. This fact can be explained by the
similar microstructures produced in each case, though their
macroporosities are remarkably different.

Experimental

Materials

B-cyclodextrin (Wacker, 12.5% H;0), xanthan gum (Sigma-
Aldrich), locust bean gum (Sigma-Aldrich), chitosan (deacetyl-
ation degree of 90%), citric acid (Panreac AppliChem) and
dibasic sodium phosphate (Na,HPO,4 = 98%), soapbark (Quil-
laja saponaria; Sp. ‘quillay’, from Mapuche ‘kiillay’) saponin
(Sigma-Aldrich, sapogenin content > 10%, India), phenol
(99.5%; Panreac, Spain), m-cresol (99%; Sigma, Germany),
4-ethylphenol (99%, Sigma, China), vanillin (99%; Panreac,
Spain) and eugenol (99%; Sigma, Germany) were used as
received. Phenolphthalein and 1-naphthol (299%) were ob-
tained from Merck (Germany).

ByLia
EZ pes, Lia
B pcs, Foam
B cs, Liq
B cs, Foam
BCS-Lig

Figure 7: Sorption of phenols (V, vanillin; Ph, phenol; m-c, m-cresol; 4eP, 4-ethylphenol; Eu, eugenol) in B-cyclodextrin/polysaccharides (xanthan,
XG; chitosan, CS; and locust bean gum, LBG) with saponin (sp) produced by different pathways (liquid and foam).
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Methods

Synthesis procedures: Firstly, citric acid (1.3 g) is dissolved
into 100 mL of deionized water (acidic pH is required for
chitosan) with 1.5 g of polysaccharide (either xanthan, or locust
bean gum, or chitosan) and/or B-cyclodextrin, plus 0.5 g of
Quillaja saponaria saponin. After that, sodium phosphate
dibasic (NapHPQOy, 0.28 g) is added to catalyse the reaction (see
Supporting Information File 1, Table S1).

Two main types of materials are prepared from these stock solu-
tions. The first one (45spLig*) is directly lyophilized until a
perfectly dried sample is obtained (two freeze drying steps of
24 h can be necessary with an additional freezing at —40 °C be-
tween the two). The resulting material is then thermally cross-
linked at 170 °C during 45 min. Then, it is washed twice in
100 mL of deionized water, filtered and freeze dried again. The
second process (45spFoam*) consists of introducing 20 mL of
the stock solution into a large crystallizer, where the liquid
height reaches around 1 cm. The liquid is stirred during 5 min at
high speed to make an air/water emulsion. The resulting foam is
quickly frozen at —40 °C, lyophilized, thermally crosslinked,
washed and dried using the same conditions as for the previous
path.

In order to understand the effect of saponins and the influence
of the synthesis procedures, the crosslinked matrices have been
prepared by four other routes, with or without saponin, starting
either from solutions or in the solid state, as shown in Figure 8.
Thus, the solid mixtures were homogenized using a mortar as in
previous works [38,39], and crosslinked at 170 °C during 20 or
45 min (samples 20Pow and 45Pow). A solid-state mixture with

the addition of 0.5 g of saponin and a thermal crosslinking at

45spFoam™

45spLig*

45spPow 45Lig*

45Pow

20Pow

Figure 8: Six synthesis routes (*lyophilized matrices) used to prepare
samples B-c-XGgp; B-c-LBGsp; B-c-CSgp using B-cyclodextrin (B), citric
acid (c), xanthan gum (XG), locust bean gum (LBG) and chitosan (CS)
with saponin (sp) in different physical forms (see also Table 1).
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170 °C during 45 min was prepared also, for comparison
purposes (sample 45spPow).

Finally, the three reagents (cyclodextrin, polysaccharide and
citric acid) plus the catalyst, without saponin, were dissolved
into 100 mL of deionized water, freeze dried, crosslinked,
washed and dried as for the first path explained in this section
(sample 45Lig*). The matrices formed were then crushed
during 30 seconds in a Retsch MM300 ball mill.

Saponin solutions: The foamability of Quillaja saponin was
measured by dissolving different concentrations of saponin into
deionized water (from 0.05 to 1%). Then, 20 mL of the solu-
tions were vigorously agitated with a mechanical stirrer. The
maximal foam volume is then measured and plotted against the
saponin concentration (see Figure 1, above). To measure the
foam stability, the foam was recovered and introduced into a
graduated cylinder. The liquid volume was measured at differ-
ent times and the percent emergence of the liquid fraction was

plotted vs time (see also Figure 1).

Characterization of matrices: Scanning electron microscopy
(SEM) of gold-sputter-coated samples was carried out using a
Phenom Pro 739 microscope. Infrared analysis was carried out
for the crushed samples using a Shimadzu IR Affinity-1S instru-
ment coupled with a Golden Gate ™ attenuated total reflectance

(ATR) accessory device (Specac).

Sorption experiments: The absorption of phenolphthalein and
1-naphthol was analysed using an Agilent Technologies Cary
8454 UV-vis device, equipped with an Agilent ChemStation
software. In the case of the phenolic mixtures, an Agilent 110
series HPLC system with a Phenomenex Luna C18 column and
a gradient mobile phase were used (H,O 65% to 50%, aceto-
nitrile 25% to 40%, plus 10% methanol).

Supporting Information

Supporting Information File 1

Percent yields reached following different synthetic paths,
additional SEM micrographs, infrared spectra of the
samples in the fingerprint region, table with compositions
of the reacting mixtures.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-19-7-S1.pdf]
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Abstract

Colorectal cancer (CRC) is the third most diagnosed cancer type globally and ranks second in cancer-related deaths. With the cur-
rent treatment possibilities, a definitive, safe, and effective treatment approach for CRC has not been presented yet. However, new
drug delivery systems show promise in this field. Amphiphilic cyclodextrin-based nanocarriers are innovative and interesting
formulation approaches for targeting the colon through oral administration. In our previous studies, oral chemotherapy for colon
tumors was aimed and promising results were obtained with formulation development studies, mucin interaction, mucus penetra-
tion, cytotoxicity, and permeability in 2D cell culture, and furthermore in vivo antitumoral and antimetastatic efficacy in early and
late-stage colon cancer models and biodistribution after single dose oral administration. This study was carried out to further eluci-
date oral camptothecin (CPT)-loaded amphiphilic cyclodextrin nanoparticles for the local treatment of colorectal tumors in terms of
their drug release behavior and efficacy in 3-dimensional tumor models to predict the in vivo efficacy of different nanocarriers. The
main objective was to build a bridge between formulation development and in vitro phase and animal studies. In this context, CPT-
loaded polycationic-B-cyclodextrin nanoparticles caused reduced cell viability in CT26 and HT29 colon carcinoma spheroid tumors
of mice and human origin, respectively. In addition, the release profile, which is one of the critical quality parameters in new drug
delivery systems, was investigated mathematically by release kinetic modeling for the first time. The overall findings indicated that
the strategy of orally targeting anticancer drugs such as CPT with positively charged poly-B-CD-C6 nanoparticles to colon tumors
for local and/or systemic efficacy is a promising approach.
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Introduction

Cancer is still one of the most common, highly variable and
fatal diseases worldwide. Therefore, studies are continuing to
develop effective/innovative and more flexible treatments for
various types of cancer [1]. Colorectal cancers (CRC) are char-
acterized by the presence of tumors that begin as polyps in the
inner wall of the colon and rectum with uncontrolled growth.
CRC is a common and metastatically aggressive disease ranking
second in terms of cancer-related deaths [2]. Although surgical
resection is possible, chemotherapeutic treatment is still one of
the most researched approaches in terms of tumor recurrence
and the progression of the disease. In CRC chemotherapy, the
most common approach is mainly an intravenous administra-
tion of anticancer drugs such as camptothecin (CPT) analogs
(irinotecan, topotecan), 5-fluorouracil (5-FU), oxaliplatin
(OXA) or the combination of these drugs. However, current
treatment approaches frequently result in major adverse effects,
non-specific biodistribution, poor patient compliance, and clini-
cally inadequate results in terms of efficacy [3-5]. Today, there
is an intense focus on oral drug delivery, especially in the treat-
ment of chronic diseases such as cancers. Even though there
have been many developments in the field of chemotherapy in
recent years, both in terms of diagnosis and treatment, oral
chemotherapy has not yet been fully achieved due to the
physicochemical properties and poor bioavailability of many

widely used anticancer drugs.

Specifically in the treatment of CRC, since the colon is the most
distant part of the gastrointestinal (GI) tract, the ability of oral
delivery of anticancer drugs to reach the colon in a stable and
effective structure is one of the biggest problems for researchers
[6-9]. In the gastrointestinal environment, self-assembled nano-
particles are envisioned to protect the active ingredient from
pH, enzymatic degradation, and efflux pumps in the intestines.
Furthermore, the release profiles of the drug molecules from the
dosage system may be controlled by altering the physicochemi-
cal parameters (particle size, zeta potential, hydrophobicity) of
the self-assembling units utilized to design nanoparticles [9-12].
However, oral nano drug delivery systems capable of providing
all the necessary features using polymeric nanoparticles for
anticancer drug delivery have not been developed yet. Previous
data showed encapsulation in non-ionic uncoated or coated
cyclodextrin (CD) nanoparticles enhanced the CPT stability and
GI absorption [9,11], and compared to PCL and PLGA nano-
particles, CD nanoparticles also had better release, physical

stability, and cytotoxicity [13].

CPT is an anticancer small molecule drug that inhibits the topo-
isomerase I enzyme, which has a critical role in cellular DNA
functions [14], and is effective in a wide spectrum of cancers

such as metastatic colon cancer, breast cancer, and small cell

Beilstein J. Org. Chem. 2023, 19, 139-157.

lung cancer. It still has not been used clinically for CRC treat-
ment due to its physiological instability and clinical inefficacy
due to its physicochemical structure and hydrolytic degradation
potential [9,13,15]. While the active lactone form of CPT is
present at acidic pH, it is hydrolyzed to the ineffective carbox-
ylate form at basic pH, resulting in decreased clinical efficacy
and increased drug-related toxicity. As only the lactone struc-
ture of CPT can be transferred through cellular membranes and
inhibit topoisomerase I, it is the functional component of CPT
lactone form that is primarily responsible for the anticancer
action [8,14,16-18]. To avoid CPT inactivation at alkaline me-
dium, the concept that the lactone form can be kept stable by
being encapsulated in an acidic microenvironment is also
fascinating. Custom synthesized polycationic cyclodextrin
amphiphiles have shown the ability to self-assemble into NPs
amenable for encapsulation of an array of therapeutics (from
small molecule drugs to nucleic acids) [19]. Moreover, their
dense ammonium functional display furnishes their NPs with an
overall positive charge and large buffering capabilities [19] at
physiological pH. Preliminary studies have evidenced pK,
values in the 8.3 range for non-amphiphilic surrogates of these
cationic CDs, supporting the cationic character of the resulting
NPs [20]. We hypothesized that these polycationic CD NPs,
which we designed in our previous studies, could protect the
active and stable lactone form of encapsulated CPT due to their

acidic chemical structure [8,9,11,13].

CDs are biocompatible cyclic polysaccharides formed by
(1—4)-bound a-glucopyranose subunits obtained as a result of
enzymatic degradation of starch by glucosyltransferase [21].
With their troncoconic structures having hydrophobic cavities
and hydrophilic exterior surfaces, CDs are widely used in the
pharmaceutical field to form inclusion complexes mostly with
nonpolar molecules in their cavities [22]. In addition, CDs also
offer several advantages for colonic drug delivery, because CDs
are broken down by the intestinal microflora and dextrans are
broken down by the endodextranases in the colon. Since they
can predominantly be degraded by colonic microflora, CDs
have been investigated in terms of drug delivery systems
targeting the colon for many years [9,23,24]. Amphiphilic CD
nanocarriers have been extensively investigated in new drug
and gene delivery studies, particularly in cancer therapy, for
targeted drug delivery, extended/controlled release, and improv-

ing cellular interaction [25-29].

Within the scope of this study, advanced studies were carried
out for the oral polycationic nanodrug delivery system, de-
veloped in our previous research for the treatment of CRC to
build a bridge between in vitro characterization and in vivo

animal efficacy studies and to establish a screening tool for
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nanoparticulate formulations for poorly bioavailable anticancer

drugs administered through a non-parenteral route.

In this context, release kinetic modeling studies and 3D cell cul-
ture studies of colon carcinoma cells of mice and human origin
were carried out for the first time for CPT-loaded positively
charged B-CD nanoparticles with different formulations. A posi-
tive surface charge was achieved through either (i) the cationic
nature of the CD such as poly-B-CD-C6 or (ii) coating of non-
ionic 6-O-capro-p-CD with the cationic polymer chitosan (CS).
Uncoated 6-O-capro-B-CD negatively charged NPs were used
as control formulation.

Results and Discussion
Fabrication and in vitro characterization of

CPT-loaded amphiphilic CD NPs

CPT-loaded amphiphilic CD nanoparticles have been previ-
ously optimized in our laboratories [9], as reported, NPs using
two different amphiphilic CDs were prepared and 6-O-capro-f3-
CD nanoparticles coated with chitosan (CS) to obtain a posi-
tively charged surface. In vitro characterization and cell culture
studies for 6-O-capro-p-CD, CS-(6-O-capro-8-CD), and poly-f-
CD-C6 formulations have been comprehensively evaluated pre-
viously [9]. According to the pre-formulation studies, an
optimal formulation with desired characteristics was deter-
mined as CPT/poly-B-CD-C6 NPs with a 135 nm particle size,
very low polydispersity index, and a zeta potential of + 40 mV.
In vitro release experiments showed that amphiphilic CD NPs
have properties suitable for colon targeting, but the most prom-
ising were poly-B-CD-C6 NPs with 52% of encapsulated CPT
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successfully delivered all the way to the simulated colon. When
compared to the equivalent CPT dose in solution, CPT-loaded
poly-B-CD-C6 nanoparticles exhibited higher cytotoxicity in
HT-29 cells. Permeability studies performed with the Caco-2
cell line revealed a 276% increase in drug permeability and sig-
nificantly higher intestinal penetration with the cationic CD
formulation. In our further research [8], it was also reported that
the oral CPT-loaded poly-B-CD-C6 NPs showed antitumoral
and antimetastatic effects in a colorectal tumor-bearing animal
model.

Drug release from amphiphilic CD
nanoparticles

In vitro release studies were performed over 48 hours in order
to clearly elucidate the release kinetics (Figure 1). An in vitro
release study was carried out at 0-2 hours in simulated gastric
fluid (SGF), 2-5 hours in simulated intestinal fluid (SIF), then
in simulated colonic fluid (SCoF) settings till the completion of
the experiment in order to imitate GIT circumstances in terms
of pH and transit duration. The purpose of the release study was
to elucidate the ability of the formulation to retain the encapsu-
lated drug in the stomach and small intestine and preferably
release it when it reaches the colon. The optimum nanoparticle
formulation was considered to deliver most of the effective
lactone-form CPT to the colon.

It is known that it takes approximately 5 hours for oral drug
delivery systems to reach the colon; the first 2 hours in the
stomach and the last 3 hours in the small intestine [30]. At the
end of the 5th hour, 6-O-capro-p-CD and CS-(6-O-capro-B-CD)
formulations revealed faster release profiles (p > 0.05) than

SCoF

—1

—— 6-O-capro-p-CD
-8 CS-(6-O-capro-p-CD)

=+ poly-p-CD-C6

34 36 38 40 42 44 46 48

Figure 1: In vitro release profile of CPT from nanoparticle formulations (n = 3, + SD).
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poly-B-CD-C6 nanoparticles. Poly-B-CD-C6 nanoparticles
showed a slower release of CPT (48%) until the colonic area as
compared to the other formulations (p < 0.05). Previous

research has looked into detailed assessments of this topic [9].

Release kinetics study

The in vitro release profiles of CPT-loaded amphiphilic cyclo-
dextrin nanoparticles were fitted with a variety of kinetic
models, and the release mechanisms, which are illuminating
markers for novel drug delivery systems, were mathematically
investigated. In this context, 6 models (first order, Hopfenberg,
Korsmeyer—Peppas, Higuchi, Peppas—Sahlin, and Weibull
models) and 3 criteria (coefficient of determination (R?),
Akaike information criterion (AIC) and model selection crite-
rion (MSC)) were evaluated for the in vitro release profiles.
Much of the research in this field generally evaluates the kinetic
data of the total release profiles of the nanoparticles, although it
is useful to look at potential alterations in the release kinetics at
different release mediums (SGF, SIF, SCoF) as well, especially
in orally administered drug delivery systems. To achieve this, a

thorough and in-depth release kinetic study was conducted, and

Table 1: Release kinetic modelling and results of NP formulations.
SGF

0-2 hours kinetics

Model and equation R2 AIC MSC  n/m*
6-O-Capro-B-CD

First-order 0.823 16.307 0.328 -
F =100-[1-Exp(-k1-t)]

Higuchi 0.991 4366 3.313 -
F = kHt"0.5

Korsmeyer—Peppas 0.993 5.205 3.103 0.471
F = kKP-t"n

Peppas—Sahlin 0.994 6.564 2.764 0.450
F = k1-t"m + k2-t"(2:-m)

Hopfenberg 0.809 18.610 -0.248 3.000
F =100-[1-(1-kHB-t)*n]

Weibull 0.997 3.640 3.495 -
F = 100-{1-Exp[-((t-Ti)*B)/a]}

CS-(6-O-Capro-B-CD)

First-order 0.830 17.597 0.406 -
F =100-[1-Exp(-k1-t)]

Higuchi 0.981 11.809 2.603 -
F =kH"0.5

Korsmeyer—Peppas 0.980 10.967 2.064 0.507
F = kKP-t"n

Peppas—Sahlin 0.983 12359 1.716 0.450
F = k1-t"m + k2-t*(2-:m)

Hopfenberg 0.814 19.964 -0.185 3.000

F = 100-[1-(1-kHB-t)*n]

Beilstein J. Org. Chem. 2023, 19, 139-157.

the parameters were compared for the GIT conditions. Table 1
displays the findings of the release kinetic modeling studies and
graphical reports are presented in Figure 2, Figure 3, and
Figure 4. Figures 2—-4 show that the kinetic models' predicted
and observed CPT releases appear to be consistent with formu-
lations for the best correlated models. Thus, the mathematical
compatibility of the kinetic models' graphics with good correla-
tion was also proven. Furthermore, as seen in Table 2, the
release profiles of CPT from different formulations were com-
pared in terms of similarity (f2) and difference (f1) factors, and
the results revealed that the release profiles of nanoparticles,
which we obtained using the same formulation parameters with
structurally similar amphiphilic cyclodextrin derivatives,
showed similar release profiles. Formulation parameters
affected the release kinetics of the drug-loaded nanoparticles
[31,32].

According to the release kinetic parameters in SGF medium, as
seen in Table 1, the highest R2, MSC and lowest AIC values
were observed in the Weibull model for 6-O-capro-f-CD
and CS-(6-O-capro-f-CD) formulations, and in the

SIF SCoF

2-5 hours kinetics 5-48 hours kinetics

R2 AIC MSC nm* RZ  AIC MSC nim*
0765 24.496 0.947 - 0929 21434 2243 -
0606 26.554 0.432 - -3.300 41.940 -1.859 -
0.982 16.301 2.996 1.319 0.861 26.790 1.171 0.163
0976 19.342 2235 0450 0975 20.277 2474 0.450
0.915 22416 1.467 1.000 -2.188 42.443 -1.959 3.000
0946 22.605 1.420 - 0987 17.087 3.112 -
0846 21.276 1368 - -0.370 36415 -0.715 -
0685 24.130 0.654 - -2.498 41.103 -1652 -
0.949 18.874 1.968 1.039 0.886 25998 1.369 0.176
0.950 20.802 1.486 0.450 0.983 18.406 2.887 0.422
0.944 19.206 1.885 1.000 -2.105 42.508 -1.933 3.000
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Table 1: Release kinetic modelling and results of NP formulations. (continued)

Poly-B-CD-C6

First-order 0.805 13.614 0.192 - 0.847 20.320 1.377 - 0.992 16.096 4.389 -
F = 100-[1-Exp(k1-)]

Higuchi 0.995 -1.199 3.895 - 0.627 23.886 0.485 - 0.404 37.459 0.117 -
F = kH"0.5

Korsmeyer—Peppas 0.999 -18.653 8.259 0.429 0.978 14.572 2.814 1.362 0.862 32.156 1.177 0.318
F = kKP-t"n

Peppas—Sahlin 0.999 -20.534 8.729 0.450 0.975 17.011 2.204 0.450 0.935 30.393 1.530 0.450
F = k1-t"m + k2-t*(2:-m)

Hopfenberg 0.795 15.806 -0.356 0.927 19.383 0.952 1.000 0.985 21.122 3.384 3.188
F = 100-[1—(1-kHB-t)*n]
Weibull 0.996 -7.005 5.346 - 0967 18.149 1.920 - 0.991 20.463 3.516 -
F = 100-{1-Exp[-((t-Ti)"B)/a]}
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Figure 2: Results for release kinetics obtained automatically by the DDSolver software for SGF release medium (*represents best fit models).

Korsmeyer—Peppas and Peppas—Sahlin models for the poly-f-
CD-C6 formulation. For the poly-p-CD-C6 NPs, two models
were found to be compatible with high correlation. There are
also studies in the literature indicating that the release kinetic
model of nanoparticles can fit to more than one model [33,34].
Since it is the first study to evaluate the release kinetics of
amphiphilic cyclodextrin nanoparticles, we have reported that a
drug release profile that fits more than one model can be ob-
served for amphiphilic cyclodextrin nanoparticles. In the
Weibull model, the “f” (shape parameter of the release curve)
value is a criterion used to illuminate the release from a poly-
meric matrix. “B” < 0.75 indicates Fickian diffusion, while
0.75 < “p” < 1 indicates Fickian diffusion and controlled release
combination [35]. The “p” value for the Weibull model was
calculated as 0.396 and 0.434 for the 6-O-capro-B-CD and

CS-(6-O-capro-p-CD) nanoparticle formulations, respectively.

According to the Weibull model, CPT release kinetics from
nanoparticles were found to be compatible with Fickian diffu-
sion in SGF medium [36]. In the model-independent principal
evaluation of in vitro release profiles, this was considered as the
rapid/burst and initial release of the drug adsorbed on the nano-
particle surface or encapsulated in the nanoparticle material
matrix. It has been confirmed by mathematical modeling that
the release is based on diffusion. This indicates the release of
the CPT, which is weakly bound in the nanoparticle matrix and
adsorbed on the surface, for the 6-O-capro-p-CD and CS-(6-O-
capro-f-CD) formulations. These results we obtained confirm
each other with the data we interpreted in our previous studies
[9]. The release kinetics, however, also appeared to be consis-
tent with the Korsmeyer—Peppas and Peppas—Sahlin models for
poly-B-CD-C6 NPs. While the Korsmeyer—Peppas model
expresses diffusion-controlled release from matrix-type nano-
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Figure 3: Results for release kinetics obtained automatically by the DDSolver software for SIF release medium (*represents best fit models).
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Figure 4: Results for release kinetics obtained automatically by the DDSolver software for SCoF release medium (*represents best fit models).

Table 2: Difference and similarity factors between formulations.

CPT-loaded amphiphilic CD nanoparticles difference factor (f1) similarity factor (f2)
6-O-capro-B-CD CS-(6-O-capro-B-CD) 6.63 73.82
CS-(6-O-capro-B-CD) poly-B-CD-C6 13.73 58.86
poly-B-CD-C6 6-O-capro-B-CD 11.72 61.57

systems, the Peppas—Sahlin model is based on the combination = nanoparticles were computed [37]. In the Korsmeyer—Peppas
of diffusion and erosion of the nanoparticle matrix. In order to  model, "n" represents the diffusional exponent illustrating the
further elucidate the kinetics of these models, the diffusional  drug release mechanism, but in the Peppas—Sahlin model, "m"

exponent values (n or m) regarding the release kinetics from the represents the same parameter [38]. In this context, "m" and "n"
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diffusional exponent values were computed as 0.450 and 0.429,
respectively. A diffusional exponent (m/n) < 0.45 indicates
that Fickian diffusion is a factor in drug release [39]. For
0.45 < m/n < 0.85, the drug release occurs through a non-
Fickian diffusion mechanism, for m/n = 0.85 the release occurs
by case II transport and m/n > 0.85 indicates super case II trans-
port [38-42]. It has been determined that there is Fickian diffu-
sion in the release kinetics based on the diffusional exponent
values of the Korsmeyer—Peppas and Peppas—Sahlin models
[39]. When all the data were analyzed together, it was deter-
mined that a single kinetic model was not dominant in the SGF
release kinetics, and compliance with different models was ob-
served. However, although the models were different in all
formulations, it was observed that the dominant mechanism was
diffusion-based release. In our previous studies, it was evalu-
ated that the drug release observed in SGF might be related to
the diffusional release of the surface-adsorbed drug and the
poorly bound surface drug to the matrix. In the mathematical
modeling data, it has been confirmed that the first release seen

in the SGF medium is dominantly diffusion-related.

According to the release kinetic parameters in SIF medium, as
seen in Table 1, the highest RZ, MSC and lowest AIC values
were observed in the Korsmeyer—Peppas model for 6-O-capro-
B-CD and poly-p-CD-C6 NPs, and in Korsmeyer—Peppas and
Peppas—Sahlin models for CS-(6-O-capro-f-CD) formulation.
Two models were found to be compatible with high correlation
for the CS-(6-O-capro-f-CD) formulation for SIF medium.
Similarly, studies showing that nanoparticles can fit more than
one model in the literature were also mentioned for SGF data
[43]. The Korsmeyer—Peppas model difussional exponent
values (n) for 6-O-capro-B-CD and poly-p-CD-C6 NPs were
computed as 1.319 and 1.362, respectively. Considering the
difussional exponent data over 0.85 indicates that the release
mechanism is compatible with super case II transport. Case 11
transport refers to the release that occurs as a result of relaxa-
tion of the polymeric structure [40,42]. These results were inter-
preted as supporting our idea that the release of the drug
adsorbed to the surface is completed by diffusion in the SGF
medium, and that the erosion of the nanoparticle material and
the relaxation of the polymer chain begins and accelerates the
release in SIF. When a further evaluation was made for the
CS-(6-0O-capro-f-CD), which showed a high correlation be-
tween the two models, the diffusional exponent values of the
Korsmeyer—Peppas and Peppas—Sahlin models were calculated
as 1.039 and 0.450, respectively. Similarly, the n value of
Korsmeyer—Peppas above 0.85 indicates that the release mecha-
nism is realized by super case II [44]. This value was inter-
preted as indicative of the release seen with the erosion of the
nanoparticle material and the initiation of polymer relaxation
[45]. On the other hand, the “m” value calculated as 0.45 in the
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Peppas—Sahlin model indicates Fickian diffusion. This situation
was evaluated as a very significant and meaningful data when
compared with other formulations. Unlike the other two formu-
lations, CS-(6-O-capro-f-CD) is coated on its surface with
chitosan, a cationic coating material. The theoretical interpreta-
tions so far have been that the drug can be adsorbed in the
coating material or weakly bound to the coating polymer struc-
ture, and it will be released first. The data obtained from the
kinetic modeling provided results that support this interpreta-
tion. For the 6-O-capro-#-CD and poly-f-CD-C6 NPs (uncoated
formulations), it was confirmed that the release occurred as a
result of the relaxation of the nanoparticle material in SIF, while
the Fickian diffusion continued for the CS-(6-O-capro-f-CD)
formulation, that is, the release of the weakly bound drug
adsorbed on the coating material. The diffusional exponent
values in SIF for CS-(6-O-capro-f-CD) showed that the release
continues as a combination of both the diffusion release of the
drug adsorbed to the coating material, chitosan, and the case II
release, which occurs as a result of the relaxation of the nano-

particle polymer structure [46].

According to the release kinetic parameters in the targeted main
release medium, SCof, the highest R2, MSC, and lowest AIC
values were observed in the Weibull model for 6-O-capro-g-CD
and CS-(6-O-capro-pB-CD) formulations, and in the first order
release and Weibull models for the poly-p-CD-C6 NPs, as seen
in Table 1. In the Weibull model, the “B” (shape parameter of
the release curve) exponent is a parameter used to elucidate the
release from a nanoparticle matrix. “f” < 0.75 indicates Fickian
diffusion, while 0.75 < “B” < 1 indicates a complex mechanism
(Fickian diffusion and controlled release). For values of “f”
higher than 1, it was demonstrated that the drug transport
follows a complex release mechanism [35,47,48]. The “B” value
for the Weibull model was calculated as 0.493 and 0.401 for the
6-O-capro-f-CD and CS-(6-O-capro-B-CD) NPs, respectively.
When evaluated within the framework of the literature, it was
determined that the release mechanism of encapsulated CPT in
SCof medium is by Fickian diffusion [36]. In addition, this situ-
ation has also been interpreted as further relaxation of the nano-
particle matrix structure in the SCoF medium, making diffusion
easier and coming to the fore as a primary release mechanism
[49]. On the other hand, the other formulation, the poly-B-CD-
C6 NPs, was found in accordance with both Weibull and first
order kinetics. According to the Weibull model, the “f” value
was calculated as 0.762. Within the framework of the informa-
tion explained above, it was evaluated as a complex (Fickian
diffusion and controlled release) release mechanism according
to the Weibull model for the poly-B-CD-C6 NPs. As stated in
the literature, values of “f” in the range of 0.75-1.0 indicate a
combined mechanism which is frequently encountered in

release studies. When the power law can adequately represent

145



the whole collection of data in these situations, further confir-
mation can be gained. The special case of “f” = 1 is compatible
with first order release, whereas the concentration gradient in
the dissolution medium drives the rate of release [35]. In our
calculations, results compatible with first order kinetics were
found for the poly-B-CD-C6 and it was considered to fit both
models. The partially high “B” value for the Weibull model also
confirmed the tendency towards first order kinetics, which is
also evaluated in the previous sentence in line with the litera-
ture. In this context, it has been evaluated that the first order
kinetics associated with diffusion in the SCoF medium for the
poly-B-CD-C6 formulation also occurs as a release mechanism.
It was observed that the Weibull and first order models were
compatible, supported and confirmed each other, providing an

explanatory idea about CPT release from the formulation.

Cell culture studies

Determination of 1C5q values of camptothecin

CT26 and HT29 cells were incubated with increasing concen-
trations of CPT and different CD nanoparticle formulations con-
taining equal amounts of camptothecin for 48 or 72 hours.
When the incubation period was over (48 or 72 h), cell viability
was determined with the WST-1 assay. ICsq values are shown
in Table 3.

It was observed that the ICs values of the drug solution and
nanoparticle formulations in each cell line were different and
the ICs( values of CPT-loaded nanoparticles was lower than the
CPT solution in both cell lines. For CT26 cells, the ICsq values
of the drug solution was calculated as 1.86 = 0.28 pM and
1.27 £ 0.42 uM for 48 h and 72 h, respectively. Among differ-
ent formulations, the CS-(6-O-capro-p-CD) nanoparticle formu-
lation had the highest efficiency for both time points against the
CT26 cell line. After 48 hours of incubation, the ICsq values of
anionic CPT-loaded 6-O-capro-B-CD and CPT-loaded poly-f-
CD-C nanoparticles were calculated as 1.23 = 0.02 uM and
1.35 £ 0.46 uM, respectively, and the difference between the
two groups was not statistically significant (p > 0.05). However,
after 72 hours of incubation, the ICs( value of the anionic nano-

particles was found to be two folds of the cationic nanoparti-
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cles. Considering these findings, it is thought that the differ-
ence between the ICsg values of three different nanoparticle
formulations containing equal amounts of drug may be related
to the surface charges of the nanoparticles. For CT26 cells,
when 6-O-capro-p-CD and CS-(6-O-capro-f-CD) nanoparticle
formulations are compared, it can be interpreted that the switch
of NP charge upon chitosan coating enhances this membrane
binding ability. However, there was no significant difference in
ICs values against HT29 cells between 6-O-capro-p-CD and
CS-(6-0O-capro-B-CD) groups. Due to the increased biological
membrane interaction, the amount of drug transported into the
cell may also have increased. The 6-O-capro-B-CD and poly-f3-
CD-C6 derivatives used in the study are cyclodextrin deriva-
tives with the same core structure. Heptakis(6-O-hexanoyl)-f-
CD (6-O-capro-B-CD) is a primary face-modified amphiphilic
CD derivative with a 6C fatty acid chain attached via an ester
bond to the primary hydroxy groups of the macrocyclic ring. On
the contrary, poly-pf-CD-C6 is furnished with a set of primary
aminoethyl segments on the primary rim of the B-CD core and a
cluster of 14 hexanoyl chains on the secondary face. The effect
of the change in surface modifications on cell viability has been
demonstrated by cell culture studies performed within the scope
of this paper. The anionic 6-O-capro-p-CD nanoparticle formu-
lation has a lower ICs value after 48 hours than the polycation-
ic poly-B-CD-C6 nanoparticle formulation. However, it was ob-
served that the ICsq value of the poly-B-CD-C6 nanoparticle
formulation decreased upon incubation. Based on previous
studies with breast cancer cell lines, it is comprehensible that
anionic nanoparticles induce cell proliferation inhibition earlier
than polycationic nanoparticles. The impact of anionic nanopar-
ticles on free cholesterol level was shown to decrease after
24 hours in a cholesterol extraction assay from MCF-7 cells.
Poly-B-CD-C6 nanoparticles, on the other hand, removed three
times more cholesterol from cells in 48 hours than anionic CD
nanoparticles. In addition to surface charges, the molecular
weight, and number of aliphatic groups on the surfaces of CD
derivatives play a direct role in the interaction time with the cell
and cell membrane components [50]. It is well established that
positively charged nanoparticles interact with the cell mem-

brane more favorably than negatively charged ones. However,

Table 3: IC5p (uM) values of CPT solution and CPT-loaded CD nanoparticle formulations for CT26 murine and HT29 human colon cancer cell lines at

48 hand 72 h (n = 6, mean + SD).

CT26
Formulation 48 h
CPT/6-O-capro-B-CD 1.23 £ 0.02
CPT/CS-(6-O-capro-p-CD) 0.72+0.26
CPT/poly-B-CD-C6 1.35 + 0.46
CPT solution in DMSO 1.86 + 0.28

HT29
72 h 48 h 72 h
1.19 £ 0.06 0.76 £ 0.09 0.58 £ 0.14
0.59 £0.12 0.89 £ 0.07 0.59 £ 0.16
0.61+0.14 0.30 £ 0.03 0.25 + 0.04
1.27 £ 0.42 1.47 £ 0.06 1.31 £ 0.06
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their passing through the cell membrane is challenging because
of the agglomeration of positive charge on the cell membrane
[51]. This knowledge might explain why the 6-O-capro-p-CD
nanoparticle ICsq values are lower at 48 hours than those of the
poly-B-CD-C6 nanoparticles. Besides, chitosan coating on
nanoparticles reduced the ICsq value. It is believed that
chitosan's antiproliferative properties also are involved in this
situation.

When cell viability in HT29 cells was evaluated, it was ob-
served that the polycationic derivative had the lowest ICs
value. It can be said that the chitosan coating did not cause a
positive change in 6-O-capro-$-CD nanoparticles. It is known
that the same nanoparticles may have different effects on cancer
cells of different species. In addition to the surface charges, par-
ticle size and distribution also play a very important role in the
cellular interactions of nanoparticles. For this reason, while
evaluating the effects of nanoparticles, the selection of particles
with the most ideal parameters for the target disease or organ is
very important in terms of the effectiveness of the treatment.
Due to the differences between colorectal cancer cells of differ-
ent species, it is possible that the same formulations have differ-
ent effects on these cells, and this result supports the publica-
tions in the literature [52-54].

Determination of doubling time

After 48 hours, 42.410 cells/mL for CT26 and 37.112 cells/mL
for HT29 were counted. According to Equation 4, doubling
times were calculated as 23.03 h and 25.37 h, respectively.

The factors affecting cells in 2D and 3D cell culture media are
quite different from each other. In addition to physiological
differences, cell culture protocols are also different. In conven-
tional 2D cell culture studies, cells proliferate and then are de-
tached with trypsin and inoculated on appropriate plates fol-
lowed by overnight incubation for attachment. In the 3D cell
culture method, cells are plated after detachment and allowed to
form a spheroid for more than 24 hours (i.e., 3 days for this
study). Due to the differences in the initial incubation time be-
tween the two methods, the number of cells treated with nano-
particles at the beginning of the experiment is quite different.
Therefore, to equalize the number of cells between the two
methods, the doubling times of the cells were calculated as
detailed in the methods section.

Evaluation of anticancer efficiency of CPT-loaded
nanoparticles on 2D cell cultures

According to the results of the conventional 2D cell culture
study, the CPT-loaded poly-B-CD-C6 nanoparticle treatment
group in CT26 cells had the highest antiproliferative effect after
48 h (Figure 5a). When compared to CPT solution-treated cells,
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cell viability was considerably reduced in the CPT-loaded poly-
B-CD-C6 nanoparticle formulation and the CPT solution +
blank poly-p-CD-C6 nanoparticle formulation groups at the
conclusion of the 48-hour incubation period. For 6-O-capro-f-
CD and CS-(6-O-capro-p-CD) nanoparticles, the co-administra-
tion of blank nanoparticles and drug solution was shown to be
more efficient in terms of cell survival than the drug solution
alone at the end of the 72-hour incubation. The efficiency of
drug-loaded nanoparticles is higher than that of co-adminis-
tered formulations in all three nanoparticle dispersions
(Figure 5a). Considering that the amount of drug and carrier is
equal, it is thought that loading the drug into the nanoparticles
may have increased cellular uptake and the amount of accumu-
lated drug.

When data from a 48-hour anticancer efficiency on HT29 cells
was evaluated, it was observed that the drug-loaded nanoparti-
cle formulations had better anticancer activity than the drug
solution (Figure 5b). Moreover, the group treated with blank
CS-(6-O-capro-f-CD) nanoparticles + CPT solution showed a
substantial reduction in cell viability. Cell viability in HT29
cells cultured with CPT solution alone was calculated to be 40%
after 72 hours of incubation (Figure 5b). Cell viability of drug-
loaded nanoparticles was determined as 20.6%, 26.5%, and
31.2% for 6-O-capro-p-CD, CS-(6-O-capro-p-CD), and poly-f-
CD-C6 nanoparticles, respectively. In addition to the chitosan-
coated nanoparticles, it was determined that the blank poly-f-
CD-C6 nanoparticles plus CPT solution treated group had
higher anticancer activity than the only drug solution treated
group at the end of 72 hours. Furthermore, the anticancer activi-
ty of blank poly-B-CD-C6 nanoparticles was shown to be
greater than that of the drug solution. It was established that
both drug-loaded nanoparticles and drug + nanoparticles
demonstrated better effectiveness than the drug solution in
72-hour incubation results in CT26 cells. The CPT-loaded
CS-coated nanoparticle and poly-p-CD-C6 nanoparticle formu-
lations, on the other hand, had the lowest cell viability.

According to the results of the study performed with colon
cancer cell lines of two different origin (murine and human), it
was observed that the blank nanoparticles caused a decrease in
cell viability (to <70%). Similar results were obtained in cell
culture studies performed on different cancer cells by our group,
and detailed studies were carried out to elucidate the mecha-
nism. Both the results of our studies and the literature empha-
size that cyclodextrins show high affinity for lipid-based mole-
cules such as cholesterol and phospholipids in biological mem-
branes [50,55,56]. Furthermore, it was reported that depletion of
cholesterol by methyl-B-cyclodextrin could inhibit EGFR
signals, induce apoptosis, and suppress tumor growth in colon

tumor-induced mice [57]. Shimolina et al. evaluated membrane
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Figure 5: Anticancer effect of blank or CPT-loaded CD nanoparticles and camptothecin solution against 2D CT26 murine (a) and HT29 human (b)
colon cancer cell lines at 48 h and 72 h. Cell viability was evaluated by WST-1 assay. (n = 6, mean + SD), (* p < 0.05 and * p < 0.05 compared with

CPT solution in DMSO).

fluidity in CT26 and HeLa Kyoto cells treated with cisplatin in
a monolayer conventional cell culture. It was emphasized that
the increased plasma membrane fluidity due to the decrease of
lipid rafts and, moreover, cholesterol in the biological mem-
brane plays a role in inducing apoptosis [58]. When the litera-
ture information and the findings are evaluated, it can be said
that the use of CD nanoparticles in the treatment of colon

cancer can make it possible to reduce the amount of anticancer
drugs required for treatment by taking advantage of the syner-
gistic effect. The morphological change in CT26 and HT29
cells treated with different nanoparticle formulations was also
examined microscopically. As seen in Figure 6, cells were
double-stained with calcein AM and ethidium homodimer-1
(EthD-1). The control group consisted of cells incubated only
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Figure 6: Live/dead analysis of CT26 and HT29 cells using double
staining with calcein AM and ethidium homodimer-1 (EthD-1) after
treatment with different formulations at 48 h. Control group is treated
with only complete Dulbecco’s modified Eagle medium (DMEM). Live
cells stained with calcein AM fluoresce green while dead cells stained
with EthD-1 fluoresce red. Scale bar: 100 pum.

with the medium. Living cells were stained green with the
membrane dye calcein AM, while dead cells were stained red
with the nuclear dye EthD-1. Both the decrease in cell number
and the change in cell morphology draw attention in the micro-
scopic images. In particular, in the CT26 cell line incubated
with poly-B-CD-C6 nanoparticles the presence of red-labeled
dead cells was observed. Especially in HT29 cells, it is note-

worthy that the cellular interaction in the control group was not
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observed in the groups treated with nanoparticles. Similarly, it
was determined that incubation with nanoparticles caused a
change in the colonization of CT26 cells. Based on the results
of both mitochondrial functional activity and microscopic
imaging analyses following staining, CT26 cells are more sensi-
tive to formulations than HT29 cells. The underlying processes
must be elucidated in order to explain this variation. In fact, this
is an expected result considering the origins of the cells. The
primary factor causing the effects of nanoparticle formulations
on two different colon tumors to differ from each other is the
origin of the cells. The genome-transcriptome mapping investi-
gation revealed that despite having two separate origins, the
CT26 cell has characteristics similar to human primary
colorectal cancers in terms of drug resistance mechanisms, gene
expression and mutation patterns, and pathways in onco-related
genes [59,60]. Nevertheless, because of their different origins,
these cell lines exhibit various genetic and epigenetic changes
as well as mutations due to their diverse origins. Efficacy/cyto-
toxicity studies on both cell lines indicate that cells respond dif-
ferently to the treated groups [61-63].

Evaluation of antitumoral efficiency of CPT-loaded
CD nanoparticles on 3D cell cultures

Anticancer activity of nanoparticles prepared from different CD
derivatives was also investigated in a 3D cell culture method.
Matrigel® was used as the extracellular matrix in 3D cultures of
colorectal cancer cell lines prepared using polymer-based scaf-
folds.

Murine or human colon cancer cells were seeded on poly-
HEMA-coated cell plates prepared as described in the methods
section, and the plates were centrifuged. The cells were found to
be collected in the middle of the wells after centrifugation.
Within 3 days, cells that interacted maximally with each other
formed highly spherical tumors measuring about 200 pm in di-
ameter (Figure 7).

According to the results of the anticancer activity analysis per-
formed in the 3D cell culture studies, at the end of the 48-hour
incubation period, the effect of drug-loaded CD nanoparticles
on cell death was found to be greater than that of the CPT solu-
tion on the CT26 cell line (Figure 8a). However, when the 3D
spherical tumor results were compared with the 2D conven-
tional cell culture results, significant differences were observed
in the efficacy of all drug-loaded CD nanoparticle formulations
and each formulation caused more cell death in the 2D cell cul-
ture. It was determined that 6-O-capro-f-CD and poly-f-CD-C6
derivatives showed higher anticancer efficacy than drug solu-
tion in both drug-loaded nanoparticle formulations and drug +
blank nanoparticle formulations that were co-administered. Cell

viability was the same for both drug solution and in the group
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Figure 7: Murine (CT26) and human (HT29) colon cancer spheroid was formed by scaffold-based method, and the morphological structure was ob-

served under a light microscope. Scale bar: 50 ym.

treated with the drug + blank CS-(6-O-capro-p-CD) nanoparti-
cle formulation treated groups at 72 h. In addition, the lowest
cell viability was observed in the CPT-loaded poly-p-CD-C6
nanoparticle formulation (Figure 8a). Moreover, cell viability
was calculated as 43.5% after 72 hours in the group incubated
with blank poly-B-CD-C6 nanoparticle formulations.

Similar results were obtained in the antitumoral efficacy analy-
sis against 3D HT29 spheroids. The most effective formulation
were CPT-loaded poly-B-CD-C6 nanoparticles (Figure 8b).

At the end of 72 hours of incubation, there was a significant de-
crease in cell viability for CS-(6-O-capro-f-CD) and poly-f-
CD-C6 derivatives in the drug solution + blank nanoparticle
formulation groups compared to the drug solution in 3D HT29
spheroids. Again, it was observed that blank nanoparticles
caused a significant decrease in cell viability in 3D cell studies
compared to the control group [55,64]. The reduction in cell
viability for the blank poly-B-CD-C6 derivative was even higher
than for the group that was treated with the drug solution.

As in 2D cell culture results, it was observed that CT26 cells
were more sensitive than HT29 cells in cell culture studies with
3D spheroids. It is known that cells in 3D multicellular tumor
spheroids typically have lower sensitivity to cytotoxic drugs
compared to 2D cultured cells. It is suggested that this differ-
ence is due to various reasons, such as decreased drug penetra-
tion, development of hypoxic nuclei, and decreased growth
[65]. The findings are explained by the differences between
conventional cell culture and 3D tumor spheroids. The pre-
dicted toxicity/efficacy is enhanced as a result of the formula-
tion's exposure to cells arranged in a monolayer. However, in a
3D cell culture, the disparity in cell proliferation values in

mouse and human cell lines is smaller (Figure 8). In terms of
formulations, only the 6-O-capro-f-CD nanoparticles have
more significant effect on CT26 cells, whilst no other nanoparti-
cle groups show this variation between cell lines.

In 2D conventional cell culture, the cells form a monolayer on
the plate and all cells interact equally and directly with the
added drug or nanoparticle formulation. Furthermore, it is well
recognized that increased intercellular communication by in-
creasing cell—cell contact in 3D cell culture influences drug
sensitivity in spherical tumors [66]. In a study, HT29 human
colorectal adenocarcinoma cells were treated with an
E-cadherin inhibiting antibody before being tested for sensi-
tivity to several anticancer drugs. It was discovered that inhibit-
ing E-cadherins, which are adhesion molecules that provide
intracellular connection, increases the sensitivity of 3D colon
cancer tumors to 5-fluorouracil, paclitaxel, vinblastine, and
etoposide [67]. In the literature, uptake mechanisms of nanopar-
ticles and free drugs in 2D and 3D cell culture methods have
been investigated comparatively. The findings showed that
nanoparticles and free drugs less effectively reach the under-
lying cells in 3D spherical tumors due to multilayered cells, and
the concentration of 3D tumor-penetrating drugs is lower than
in conventional cell culture.

In this paper, cell culture studies were used to evaluate the effi-
cacy of co-administration of drug solution and empty nanoparti-
cles as well as drug-loaded nanoparticles. According to the
results of 2D cell culture, the co-administration of CS-(6-O-
capro-B-CD) and poly-B-CD-C6 nanoparticles resulted in a sig-
nificant decrease in cell viability in both cell lines as compared
to the drug solution. While there was a significant decrease in
CT26 cells in the groups treated with 6-O-capro-f-CD and
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Figure 8: Anticancer effect of blank or drug-loaded cyclodextrin nanoparticles and CPT solution against 3D CT26 murine (a) and HT29 human (b)
colon cancer cell line at 48 h and 72 h. Cell viability was evaluated by WST-1 assay. (n = 6, mean + SD), (#p < 0.05 and * p < 0.05 compared with

CPT solution).

poly-B-CD-C6 in 3D cell culture, the results for HT29 cells
were similar to the conventional 2D cell culture study. As previ-
ously noted, CDs have a known affinity for cell membrane
structures and components, and they are used for this purpose in
the literature. The cholesterol affinity of CD derivatives has

been used in the literature for a variety of applications in cancer
treatment. Cholesterol concentration has been related to cell
membrane fluidity and rigidity, treatment resistance in cancer
cells, and drug uptake through the cell membrane. Excipients
such as methyl--CD are widely used to extract cholesterol
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from cancer cells such as melanoma and MCF7 cells in order to
promote cellular uptake of anticancer medicines [68-70]. It was
reported that cholesterol content is related to metastasis and
tumor growth in oral squamous cell carcinoma, and cholesterol
depletion using methyl-B-cyclodextrin caused an increase in the
expression of stem cell markers in cancer cell lines [71]. Ac-
cording to a recent study, cellular cholesterol is directly
involved in T cell-mediated cytotoxicity. Cancer cells with
cholesterol-rich plasma membranes can evade the immune
system by blocking toxicity caused by T cells, but as the
amount of cholesterol in the tumor decreases, T cell-mediated
cytotoxicity rises [72]. In both traditional and 3D cell culture in-
vestigations, incubating cells with empty CD nanoparticles and
drug solutions has a synergistic impact due to the antiprolifera-
tive activity of the CD nanoparticles themselves. Co-administra-
tion of pharmaceuticals with empty nanoparticles, as well as en-
capsulation into nanoparticles, is an approach worth investigat-
ing.

Conclusion

Oral cancer therapy is still a milestone, attracting researchers'
efforts, especially in cancers with high mortality such as CRC.
Any progress in this area would be very promising. In this
context, oral chemotherapy formulations in the treatment of
CRC should be examined comprehensively and in detail, and
each past study should shed light on possible future studies. In

this study, 3D spheroid tumor models were studied to further
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elucidate the information we obtained in previous studies, and
also mathematical release kinetic modeling was performed for
the first time for CPT-loaded amphiphilic cyclodextrin nanopar-
ticles prepared by our team. As a result, when all our publica-
tions are evaluated together, it is seen that we have completed
comprehensive studies focused on oral CRC treatment with
amphiphilic CD nanoparticles. With the increasing progress of
studies in this field, it is considered that oral chemotherapy with
innovative drug delivery systems in chemotherapy is possible.
In this context, especially oral polycationic CD nanoparticles
are considered as a promising drug delivery system.

Experimental

Materials

6-O-capro-p-CD (MW = 1813 g/mol) and poly-p-CD-C6
(MW = 3178 g/mol) seen in Figure 9 were synthetized, purified,
and characterized in the Institute for Chemical Research
(CSIC-University of Sevilla, Spain) as previously reported
[9,25,50].

(8)-(+)-Camptothecin (95% HPLC powder, MW: 348.35 g/mol)
was purchased from Sigma-Aldrich, USA. Chitosan (Protasan
UP G-113; MW < 200 kDa) was purchased from Novamatrix,
Norway. Dialysis cellulose tubing membrane for in vitro release
studies (average flat width 25 mm, MWCO: 14,000 Da) was ob-
tained from Sigma-Aldrich, USA. Cell culture studies were per-
formed on CT26 mouse (ATCC® CRL-2638™) and HT29
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Figure 9: Chemical structures of 6-O-capro-B-CD, poly-B-CD-C6, and chitosan.
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human colon carcinoma cell line (ATCC® HTB-38 ™) both pur-
chased from American Type Culture Collection (ATCC, USA).
Dulbecco’s modified Eagle medium (DMEM, D5796, Sigma-
Aldrich, USA), supplemented with 10% (v/v) fetal bovine
serum (FBS, F7524, Sigma-Aldrich, USA) and 1% penicillin/
streptomycin (P4333, Sigma-Aldrich, USA) was used for 2D
and 3D cell culture studies. Ultrapure water was obtained from
a Millipore Simplicity 185 Ultrapure Water System (Millipore,
France). All other chemicals were purchased from Sigma-
Aldrich and were of analytical purity. Release kinetic analyses
were performed using an add-in program, DDSolver 1.0 [73].

Fabrication and in vitro characterization of
CPT-loaded amphiphilic CD NPs

The nanoprecipitation process was used to prepare blank and
CPT-loaded nanoparticles, as described previously for amphi-
philic CD nanoparticles [9,74]. In earlier investigations, the
ideal formulation parameters and component ratios were identi-
fied [9,11,74]. Thus, organic solvent (acetone), polycationic CD
derivate (0.1% w/v), organic phase:aqueous phase ratio 1:2
(v/v), and 600 rpm stirring rate were applied [9]. In brief, a de-
termined quantity of amphiphilic CD was dissolved in 1 mL of
acetone to achieve an organic phase concentration of 0.1%
(w/v). This organic phase was added drop-by-drop into 2 mL of
the aqueous phase with magnetic stirring at room temperature
for 30 min. The organic solvent was evaporated under vacuum
at 45 °C to a final dispersion volume of 2 mL. The same tech-
nique was used to prepare chitosan (CS)-coated 6-O-capro-f-
CD nanoparticles in the presence of CS (0.025% (w/v)) in the
aqueous phase. CPT (10% of CD weight) was dissolved in the
organic phase to develop drug-loaded nanoparticles. All the
details regarding the preparation and characterization of the
formulations have been covered extensively in our previous

publication [9].

Drug release from amphiphilic CD
nanoparticles

In vitro release experiments were designed to evaluate the
release profiles of colon-targeted nanoparticles in the environ-
ments encountered along the GIT and the actual transit time.
For this purpose, continuous release studies were performed
first in pH 1.2 simulated gastric fluid (SGF) within the range of
0-2 hours, then in pH 4.5 simulated intestinal fluid (SIF) during
2-5 hours, and in pH 7.4 simulated colon fluid (SCoF) for the
rest of the release period as 5-48 hours, respectively. In this
context, the dialysis bag was transferred to the previously pre-
pared release media, respectively [9].

The dialysis membrane method at 37 °C in a shaking water bath
(100 rpm) was used. The closed dialysis membrane bag (aver-
age flat width 25 mm, MWCO: 14,000 Da) containing the nano-
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particle dispersion (3 mL) was then put in release medium
(20 mL) that ensured external sink conditions. At predefined
time intervals (0.5, 1, 2, 3, 5, 7, 10, and 24 h), 500 pL of sam-
ple were taken from the dialysis membrane and replaced with
an equal volume of fresh release medium at the same tempera-
ture. HPLC was used to quantify the cumulative percentage of
CPT released for each time point [9].

Release kinetics study

In vitro release profiles of CD nanoparticles were analyzed
using DDSolver 1.0 [73], designed to reduce computation
time and minimize computational errors, and the data were
fitted to different kinetic models and analyzed for the appro-
priate release mechanism (zero order, first order, Higuchi,
Korsmeyer—Peppas, Hixson—Crowell, Peppas—Sahlin, Hopfen-
berg, and Weibull model) [73]. Following the elucidation of the
in vitro release profiles of nanoparticles, inputs were computed
with the DDSolver software to define the three most important
criteria; coefficient of determination (Rz), Akaike information
criterion (AIC), and model selection criterion (MSC). The
highest R? and MSC values and the lowest AIC values were
used for evaluating different kinetic models [73,75]. Further-
more, release differences or similarities of CPT-loaded amphi-
philic cylodextrin nanoparticles were computed according to
“difference (f1)” and “similarity (f2)” factors [73,76] for evalu-
ating through model-independent method. In order to evaluate
the release patterns of nanoparticles, the difference factor (f1)
and similarity factor (f2) were computed using a method
outlined in the Guidance for Industry from the FDA's Center for
Drug Evaluation and Research (CDER) [77]. These two factors
can be calculated mathematically by the following equations
[78]. R and T are the percentage dissolved of the reference and
test profile, respectively, ¢ is the time point, n is the number of
sampling points. It is noted that f1 values for 0—15 and f2 values
50-100 indicate that the these release profiles are similar [79].

1= {(Z"=1|R—T|)/(z;’=1R)}xloo (1)

f2=50-log 2

Cell culture studies
Determination of IC5q values of camptothecin
IC5q values of camptothecin (CPT)-loaded cyclodextrin (CD)

nanoparticles and CPT solution in DMSO were determined
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against CT26 mouse and HT29 human colon carcinoma cell
lines at 48 h and 72 h. For this purpose, CT26 and HT29 cells
were grown in cell flasks separately. Then, cells were seeded in
a 96-well cell culture plate with an initial seeding density of
1 x 10% cells per well in DMEM (100 pL) and allowed to at-
tach overnight. The formulations were diluted with serum-free
DMEM to obtain the appropriate CPT concentration according
to their loading efficiency, and the medium on the cells was
replaced with medium containing the formulation and incubat-
ed for 48 and 72 hours. Our previous research demonstrated that
HT209 cells treated with 1.44 uM CPT after 48 hours of incuba-
tion had almost 50% viability [9]. Therefore, the lower and
upper concentrations of CPT (0.4, 0.8, 1.6, 3.2, 6.4, and
12.8 uM) were examined in this study. Equal DMSO concentra-
tions were applied to the cells as a separate group, and cell
viability was normalized relative to the DMSO group. After
48 h and 72 h of incubation time, cell viability was determined
by the WST-1 assay with a microplate reader at a wavelength of
450 nm. Cells that were incubated with the medium were used
as control group with 100% cell viability. The following equa-

tion was used to calculate cell viability percentage

Cell viability (%) =
optical density (OD) of treated cells
optical density (OD) of untreaded cells

<100 @

IC5q values were calculated with the GraphPad Prism version 6
(San Diego, CA, USA) using the data of cell viability against
increasing drug concentration.

Determination of doubling time

The initial cell number concentration was calculated to use the
same number of cells in 2D and 3D cell culture studies. For this
purpose, first the doubling times of the cells were determined.
Separately, CT26 and HT29 cells were seeded into 96-well
plates (10,000 cells/well). After 48 hours of incubation, the me-
dium was removed from the plates, cells were trypsinized and
counted. Based on the formula below, the doubling time was

calculated.

Doubling time =
duration *log(2) )
log(final concentration) — log(initial concentration)

Evaluation of anticancer efficiency of CPT-loaded
CD nanoparticles on 2D cell cultures

The anticancer activities of CPT-loaded amphiphilic CD nano-
particles were determined against CT26 and HT29 cell lines.

Cells were seeded at a density of 1 x 10 cells/well in full
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DMEM (100 pL) into each well of 96-well plates. The cells
were then cultured at 37 °C for 24 h in a 5% CO, incubator.
The medium was replaced after 24 h with new serum-free medi-
um containing drug solution, blank nanoparticle formulations,
drug-loaded nanoparticles (CPT-loaded 6-O-capro-p-CD, CPT-
loaded CS-(6-O-capro-f-CD), and CPT-loaded poly-B-CD-C6),
or free drug solution + blank nanoparticle formulations (CPT +
6-O-capro-B-CD, CPT + CS-(6-O-capro-$-CD), and CPT +
poly-p-CD-C6). After 48 h and 72 h of incubation, WST-1
(10 uL) was added to the cells. After a 3-hour incubation
period, the absorbance at 450 nm was measured using a micro-
plate reader, and cell viability was estimated. A viability/cyto-
toxicity assay kit was also used to test cell viability microscopi-
cally (30002, Biotium, Fremont, CA, USA). CT26 and HT29
cells were incubated with nanoparticle formulations or free drug
solution for 48 h. Then, the medium was removed, and 200 uL
of dye mixture were added to each well and incubated for
45 minutes further. Fluorescence microscopy was used to see
groups of cells after the incubation.

Evaluation of antitumoral efficiency of CPT-loaded
CD nanoparticles on 3D cell cultures

The scaffold-based approach for in vitro 3D cell culture studies,
which was previously reported by Varan et al. [80], was
adopted for this paper. Poly(2-hydroxyethyl methacrylate)
(poly-HEMA, P3932, Sigma, St. Louis, MO, USA) was used to
achieve a low attachment surface in round-bottomed wells.
Under sterile conditions, 1.2 g of poly-HEMA was dissolved in
40 mL of 95% ethanol, and 50 pL of this solution were distri-
buted into each well. For at least 24 hours, plates were main-
tained under laminar flow to evaporate the organic solvent.
Following this evaporation, CT26 or HT29 cells (1,250 cells/
200 pL medium per well) were added into each well in DMEM
containing 3% Matrigel® Basement Membrane Matrix, and the
plate was agitated at 1,000 rpm for 10 minutes. 100 pL of
fresh medium was replaced every 2 days. Microscopical
analysis of the spheroid development was performed. After
3 days, DMEM was exchanged with nanoparticle formulations,
and cell viability was measured at 48 h and 72 h using the
WST-1 assay.
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The first continuous flow method was developed for the synthesis of 6-monoamino-6-monodeoxy-f-cyclodextrin starting from

native -cyclodextrin through three reaction steps, such as monotosylation, azidation and reduction. All reaction steps were studied

separately and optimized under continuous flow conditions. After the optimization, the reaction steps were coupled in a semi-con-

tinuous flow system, since a solvent exchange had to be performed after the tosylation. However, the azidation and the reduction

steps were compatible to be coupled in one flow system obtaining 6-monoamino-6-monodeoxy-B-cyclodextrin in a high yield. Our

flow method developed is safer and faster than the batch approaches.

Introduction

Cyclodextrins (CDs), as cyclic oligosaccharides, consist of a
macrocyclic ring of glucose subunits linked by a-1,4-glycosidic
bonds [1]. They are widely used in pharmaceutical, food and
chemical industries, as well as in agriculture. It has been known
for decades, that CD complexation can lead to a significant
solubility enhancement of poorly water-soluble molecules,
and therefore it can enable the biological testing of drugs,
which would otherwise not be possible by any other means
[2,3].

Monosubstituted CDs contain only one hydroxy group modi-
fied with a functional group. In most cases, the preparation of
these compounds is based on the use of a limited amount of the
reagent. However, due to the very similar reactivity of hydroxy
groups, oversubstitution cannot be avoided during the reaction,
thus chromatography or crystallization steps are essential for the
preparation of pure monofunctionalized CDs. Alternative ap-
proaches use sterically hindered reagents, preventing the ap-

proach of the second molecule of the reagent to provide higher
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yields for the monosubstituted compounds [4]. The three differ-
ent hydroxy groups on the glucose subunits offer three different
sites on the CD molecule where the monofunctionalization can
occur. Consequently, monosubstituted CDs can be mixtures of

three regioisomers.

The number of known monosubstituted CD derivatives is enor-
mous, since monosubstitution was the almost exclusive reac-
tion for the practical production of selectively modified CDs for
a long time. From the synthetic point of view, the most impor-
tant derivatives are those versatile intermediates that can be
effectively transformed according to the requirements of the
specific application. The modification of a monosubstituted CD
with a suitable functional group is an easier process than the op-
timization of a new monosubstitution reaction on a native CD

[5].

Monotosylation of the primary rim of CDs is the most widely
used method to obtain C-6 monofunctionalized CDs. Tosyl
chloride (TsCl) reacts with a-, 8-, and y-CD in pyridine to give
the C-6-monosubstituted product in about 30% yield (for f-CD)
[6,7]. The C-6 regioselectivity can be attributed to the inclusion
of pyridine into the CD cavity in such a way that it activates
only the hydroxy groups on the primary side. Several alterna-
tive methods have been developed with the aim of further im-
proving the yield of monotosylation or replacing pyridine with a
more user-friendly solvent [8]. Regardless of which strategy is
used, the complete conversion of the starting material into the
monosubstituted product does not occur, and a mixture of over-
tosylated products and unreacted starting CD is formed. The
target monosulfonated compound is separated by recrystalliza-
tion from hot water in the case of the f-CD derivative, and by

chromatography in the case of a- and y-CDs.

The larger cavity size of y-CD is the reason of polysubstitution
when TsCl is used [9]. To ensure a better yield of the monosub-
stituted product, bulkier sulfonyl chloride reagents are used.
2-Naphthalenesulfonyl chloride in pyridine is one common
method. However, the concentration of y-CD must be lower
than 20 mM to favor monosubstitution and to ensure the
optimal yield (around 30%) after recrystallization from hot
water [9]. Sometimes purification using ion exchange column
[10] or reversed-phase chromatography has been reported [11].
An even bulkier sulfonyl chloride reagent, specifically 2,4,6-
triisopropylbenzenesulfonyl chloride, can also be used [12].
Again, the reaction is performed in pyridine and the desired
monosubstituted product is obtained in 69% yield and 98%
purity according to the authors.

Many nucleophiles can react with tosylated CDs to give the cor-

responding C-6-monofunctionalized CDs. However, alkaline

Beilstein J. Org. Chem. 2023, 19, 294-302.

bases cannot be used as nucleophiles due to the intramolecular
substitution, resulting in a mono-3,6-anhydro product [13]. On
the other hand, sodium azide in N,N-dimethylformamide (DMF)
reacts with mono-6-0-tosyl-CDs to give CD monoazides in
high yields. The obtained mono(6-azido-6-deoxy)-CDs (N3-
CDs) are valuable precursors that can be used as starting materi-
als in azide—alkyne click reactions; furthermore, they can be
readily reduced to mono(6-amino-6-deoxy)-CDs (NH,-CDs)
opening the way for the preparation of amine, thioureido or
amide-linked CD scaffolds [14]. Several other nucleophiles can
react with mono-6-0-tosyl-CDs, such as iodide, dithiol,
hydroxylamine, alkylamine or polyalkylamine to give iodo-
[15], thio- [16], hydroxylamino- [17], or alkylamino-CDs [18],
monosubstituted at position C-6. In addition, the tosyl func-
tional group can be oxidized to an aldehyde using a non-nucleo-
philic base in dimethyl sulfoxide (DMSO) [19]. The monoalde-
hyde CDs can be further oxidized selectively to afford the cor-
responding carboxylic acid derivatives [20].

An alternative strategy to overcome the difficulties associated
with the preparation of mono-6-O-tosyl-CD intermediates is the
direct preparation of 6-monoaldehyde-CD with Dess—Martin
periodinane in a fairly good yield of 85%, which can be consid-
ered the most efficient reaction used so far for the selective
monofunctionalization of CDs [1].

Besides traditional synthetic methods, alternative techniques,
such as ultrasound and microwave irradiation [21], as well as
mechanosynthesis [22,23] for the functionalizations, such as
tosylation or azidation of CDs have been also described [24,25].

Continuous flow approaches have already attracted much atten-
tion in the oil, plastic, and fine chemical industries [26]. The
vision of faster, safer, cheaper, more flexible and robust produc-
tion also initiated the paradigm shift from batch reactions to
continuous flow processes in the pharmaceutical industry
[1,27]. During continuous flow reactions, the target molecules
can be produced with better purity, selectivity and in higher
yields, as well as in consistent quality due to the precise param-
eter control, low volume ratio and small quantities. The temper-
ature control is simple and toxic or unstable intermediates are

easier to handle, making the overall process safer.

To the best of our knowledge, there is no publication on the
continuous flow monosubstitution of CD derivatives. In this
paper, first we wished to summarize the batch synthesis of
6"-0-(p-toluenesulfonyl)-B-CD, 6*-azido-6"-deoxy-B-CD, and
6%-amino-6A-deoxy-f-CD to see how compatible batch
methods are with flow synthesis, and then our main aim was to
develop continuous flow approaches for the preparation of the

mentioned CD derivatives.
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Results and Discussion

Batch synthesis of 6A-O-(p-toluenesulfonyl)-
B-CD (Ts-B-CD, 2)

There are three standard methods for the preparation of this
general and functional CD derivative. Two of them take advan-
tage of the lower aqueous solubility of 8-CD (1) and Ts-f-CD
(2) compared to a- and y-CD analogs. The third method is
mainly used for Ts-a-CD and Ts-y-CD synthesis, but Ts-f-CD
(2) can also be prepared by this route. However, before
discussing these methods in more detail, some issues related to
tosylation reagents should be considered.

There are three tosylating agents utilized for the synthesis of
Ts-B-CD, p-toluenesulfonyl chloride (TsCl) [14,28,29], (p-tolu-
enesulfonyl)imidazole (TsIm) [30,31], and p-toluenesulfonic
anhydride (Ts0) [32]. TsCl is the first choice due to its low
price and availability, being a byproduct of saccharin produc-
tion. The two other reagents are more expensive or can be pre-
pared in the laboratory from TsCl. No significant differences
are observed in the product yields concerning the types of the

tosylating agents.

As already mentioned above, there are three standard methods
for the preparation of Ts-B-CD (2). The first and most common
method can be called heterogeneous approach [28,33,34]. Here,
solid TsCl (sufficiently crushed) is added to a 3-CD (1) aqueous
solution and this heterogeneous mixture is stirred for several
hours. Then, aqueous NaOH solution is added and the mixture
is stirred for another 10-20 minutes. Unreacted TsCl is filtered
off and Ts-B-CD, overreacted byproducts, and B-CD are precipi-
tated after neutralization.

The second method could bear the name homogeneous ap-
proach [8,14,35]. It is very similar to the previous method,
however, TsCl dissolved in MeCN is added to the basic f-CD
aqueous solution. Turbidity or even slight precipitation
is observed during the process. After a few hours, the
reaction mixture is filtered and neutralized to induce precipita-

tion.

The third method works with pyridine as a solvent [29,36,37].
In this method, B-CD is dissolved in pyridine and a pyridine
solution of TsCl is added dropwise. After a few hours, the sol-
vent is distilled off and the residue is precipitated in acetone in

order to obtain solid f-CD compounds.

Two important things need to be mentioned before closing this
part. First, the amounts of TsCI range from 0.5 to 9 equiv in the
literature and there is no direct correlation between the yield

and the amount of TsCl. Usually 1 to 1.3 equiv are sufficient to
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ensure good yields. However, the yields bring us to the second
important point. As already mentioned, the yield of this reac-
tion is not strongly influenced by the amount of TsCl, but by the
purification method. If only the precipitation is carried out, then
the crude product is always a mixture of Ts-p-CD (2), overre-
acted byproducts, and starting B-CD (1). However, in previous
studies this has been reported as a clean product with a yield of
almost 50% [31,33]. Recrystallization is mandatory to obtain
pure Ts-B-CD (2) [38,39]. The best results are obtained by crys-
tallization of the crude product from 50% MeOH/water [18],
which we adopted for our batch synthesis of Ts-B-CD (2). After
proper purification, the yield of the desired product 2 was
around 25%. Readers can also find more information on prob-
lematic p-toluenesulfonylation, subsequent azidation and reduc-

tion, in a recently published review [5].

It is clear from the already mentioned facts about the synthesis
of Ts-B-CD (2), that neither of these methods is suitable for
the flow chemistry process. Heterogeneous mixtures should
be strictly avoided and pyridine is a toxic compound and
should not be used in large-scale syntheses or industrial pro-

Ccesses.

Batch synthesis of 6”-azido-6A-deoxy-B-CD
(N3-B-CD) (3)

Substitution of the p-toluenesulfonyl group of Ts-B-CD (2) by
azide can be carried out in water [40,41], DMF [14,42], or in
their combination [43,44] at elevated temperatures. Water is
preferred over DMF due to its lower cost and non-toxicity.
However, partial hydrolysis of the p-toluenesulfonyl group
takes place, so the final product is always contaminated with
native B-CD (1). Despite this, the product mixture after precipi-
tation from acetone was used in the next reaction step and a
proper purification of the targeted monosubsituted compound
was performed after this last modification. After precipitation,
an apparent yield of more than 90% was noted; however,
this value did not take into account native §-CD (1) as byprod-
uct. On the other hand, if purification by column chromatogra-
phy or crystallization is also used, yields of 60—80% can be
achieved.

Partial hydrolysis can be avoided by using anhydrous DMF
and purifying the starting Ts-p-CD (2) by crystallization.
In this case, a lower amount of NaN3 (1-2 equiv) is required
and only purification by precipitation from acetone is necessary.
In order to prepare N3-B-CD (3) in batch, we decided to
follow the protocol developed by Jicsinszky and Ivanyi [14],
who performed this reaction in anhydrous DMF using
1.1 equiv of NaN3 at 110 °C. The product 3 was purified by
repeated precipitation from acetone and isolated in a yield of
81%.
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Batch synthesis of 64-amino-6A-deoxy-B-CD
(NH2-B-CD) (4)

Again, there are several common methods for the preparation of
NH,-B-CD (4). The most straightforward route is the reaction of
Ts-B-CD (2) with condensed NH3 in dry DMF [45]. However,
this reaction leads to a complex mixture and the yield is around
50% after proper purification.

The Staudinger reduction using triphenylphosphine (PPhs) and
N3-B-CD (3) in DMF has been the most popular method for the
synthesis of NH,-f-CD (4) since its first publication by Bonnet
et al. [46]. This is despite the fact, that PPhjy and its oxidized
product (triphenylphosphine oxide) form complexes with B-CD
derivatives. This complexation creates difficulties in the purifi-
cation process, which consists mostly of precipitation from ace-
tone or ion-exchange column chromatography. The price of the
reagent needs to be also considered in the case of an attempted
large-scale synthesis.

The second most used method is the hydrogenation of N3--CD
(3) in the presence of Pd/C under a H, atmosphere. In CD
chemistry, this method was first described by Petter et al. [8] in
the early 1990s. This method is very popular with small-scale
syntheses because only gaseous N is formed as a byproduct
and no purification is required when pure N3-B-CD (3) is used
as substrate. However, for large-scale syntheses, mixing hydro-
gen with the Pd/C catalyst can be dangerous if an inert atmo-
sphere is not properly maintained. In addition, Pd/C is
pyrophoric and tends to ignite when it is separated from the
reaction mixture by filtration. However, these two drawbacks
are not a problem for large-scale flow synthesis when using an
H-Cube system with an incorporated electrolytic cell producing

Hj in situ from ultrapure water [47]. The Pd/C catalyst is placed

NaOH (1.5 equiv)
H,O

TsCl (2.6 equiv)
THF or MeCN

<>_

Scheme 1: Tosylation of B-CD under continuous flow conditions.
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in a stainless steel cartridge, so it is not necessary to separate it

from the solution after the reaction is complete.

Hydrazine hydrate can also be used as a hydrogen source
instead of gaseous Hj, as described by Jicsinszky and Ivanyi
[14], although this method is not so widespread and has limited
potential for a large-scale synthesis. As a special feature, the
protocol published by Reddy et al. [48] is worth mentioning,
who used metallic indium and ammonium chloride for the
reduction of N3-f-CD.

Continuous flow synthesis of
6A-O-(p-toluenesulfonyl)-p-CD (2)

According to the literature, most of the tosylations of CDs took
place under heterogeneous conditions. However, small solid
particles can easily cause clogging in the narrow tubing of a
flow system, therefore homogenous solutions were tried to
introduce into the flow systems in all experiments. Regarding
the tosylation, B-CD (1) and the required base (NaOH) are
soluble in water, however, TsCl needs to be dissolved in
organic solvents. Alcohols were excluded as possible solvents,
as they precipitate f-CD (1) and may cause side reactions, but
aprotic solvents such as tetrahydrofuran (THF) or acetonitrile
(MeCN) were found to be suitable for homogenous conditions,
especially a HyO/THF 2:1 mixture. This solvent mixture was
prepared in situ in the flow tube reactor, as the aqueous solu-
tion containing B-CD (1) and NaOH (1.5 equiv) was introduced
into the reactor at twice the flow rate as the solution of TsCl in
THF (Scheme 1).

In this way, twice as many equivalents of TsCl were required

compared to the general 1.3 equivalents used in the batch

process. The reaction residence time (T) was varied between 2.2

25°C

] (@)
T=XmMmin HO
OHo
m OoH
L/ OH
V=4mL S
HO 6
2
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and 5.3 minutes (Table 1, entries 1-4). The 3 minute residence
time was found to be the optimal one and led to a conversion of
24% (Table 1, entry 2). This is a significant advantage com-
pared to batch methods, where similar conversions were
achieved in over 2 hours. The flow tosylation was also investi-
gated using acetonitrile instead of THF, however, a much lower
conversion was observed (Table 1, entry 4).

Continuous flow synthesis of
6”-azido-6”-deoxy-B-CD (3)

After the tosylation step was successful in flow, next the
tosyl-azide substitution was optimized (Scheme 2).

First, the best solvent was sought. Unfortunately, practically no
reaction took place when the same solvent was used as for the
tosylation reaction (Table 2, entries 1-4), so we had to evapo-
rate the solution exiting the first flow reaction, and change the
solvent. According to the literature, DMF proved to be a suit-
able solvent to conduct this reaction under homogenous condi-
tions. By prolonging the residence time, the conversion greatly
increased (Table 2, entries 5-7). However, with longer resi-
dence times, increasing hydrolysis of Ts-B-CD (2) was ob-
served. To solve this issue, water was excluded from the azida-
tion, which resulted in a total conversion to the corresponding
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N3-B-CD (3) (Table 2, entries 8—10). In order allow compari-
son of the results with those from the batch synthesis, the
amount of NaNj3 was decreased to 1.1 equivalents (Table 2,
entries 13-16). Ultimately, the reactor was heated to its limit at
125 °C, by which a satisfying conversion could be achieved.
Thus, it can be concluded, that a similar conversion in flow as
compared to the batch azidation could be obtained and, in addi-
tion as a major advantage, the reaction time was greatly reduced

to only 10 minutes.

Continuous flow synthesis of
6A-amino-6A-deoxy-B-CD (4)

In the last step of the flow synthesis, the reduction of the N3-f3-
CD (3) was investigated in an H-Cube Pro® flow hydro-
genating reactor containing a 10% Pd/C pre-packed cartridge
(Scheme 3). Generally, a 1 mL/min input flow was used while
conducting the hydrogenations during the optimization, which
resulted in approximately a 20 second residence time in all
cases.

A complete conversion was observed using even the mildest
conditions possible (25 °C, 1 bar H, pressure) in aqueous solu-
tion (Table 3, entry 1). In spite of this excellent result, the
previous azidation reaction proceeded well in DMF, so in order

Table 1: Optimization of the tosylation of -CD (1) under continuous flow conditions.

Entry Flow rate of TsCl solution Flow rate of B-CD solution T Solvent Conversion?
[mL/min] [mL/min] [min] [%]

1 0.60 1.20 2.2 HoO/THF 2:1 22

2 0.45 0.90 3.0 HoO/THF 2:1 24

3 0.25 0.50 5.3 HoO/THF 2:1 17

4 0.25 0.50 5.3 HoO/MeCN 2:1 11

20n the basis of HPLC (214 nm).

OoH

HO
2
solvent

NaNj3 (y equiv)
solvent

<>_

Scheme 2: Continuous flow azidation of Ts-B-CD (2).

298



Table 2: Optimization of the continuous flow azidation of Ts-B-CD (2).

Entry NaN3 Solvent T
[equiv] [°Cl
1b 2 HoO/THF 2:1 25
2c 2 HoO/THF 2:1 25
3 2 HoO/THF 2:1 110
4 8 HoO/THF 2:1 110
5 8 HoO/DMF 1:1 110
6 8 HoO/DMF 1:1 110
7 8 HoO/DMF 1:1 110
8 8 DMF 110
9 6 DMF 110
10 4 DMF 110
11 3 DMF 110
12 2 DMF 110
13 1.1 DMF 110
14 1.1 DMF 125
15 1.1 DMF 125
16 1.1 DMF 125

Beilstein J. Org. Chem. 2023, 19, 294-302.

Total flow rate T Conversion?
[mL/min] [min] [%]
1.5 2.7 0
1.5 2.7 0
1.5 2.7 0
1.5 2.7 11
0.75 5.3 39
0.40 10 45
0.20 20 60
0.40 10 100
0.40 10 100
0.40 10 100
0.40 10 96
0.40 10 83
0.40 10 45
0.40 10 86
0.20 20 85
0.13 30 78

aBased on HPLC (214 nm). PThe reaction was carried out using the reaction mixture obtained by the flow tosylation. °Pure starting material was used,

which was obtained from batch tosylation.

N3 H, NH,
(0] 1 mlmi 25 °C, 1 bar (@)
HO mL/min t=20s HO
! OHgy ! OHy
OH H-Cube /> OH
0 10% Pd/C cat. 0
HO 6 HO 6
3 4
solvent

Scheme 3: Continuous flow hydrogenation of N3-B-CD (3).

to connect the single flow steps together, the effect of DMF and
water/DMF mixtures as solvents had to be studied as well. In
DMF, the reaction was not complete and only 30% of NH;-f-
CD (4) were obtained (Table 3, entry 2). However, increasing
the ratio of water in the solvent mixture afforded better results
(Table 3, entries 3—6). The appropriate ratio of DMF/H,0 was
determined as 1:4, which gave NH,-8-CD (4) in a yield of 93%
(Table 3, entry 5).

Semi-continuous flow system for the
synthesis of 6A-amino-6A-deoxy-p-CD (4)

The main goal of this part of the work was to establish a contin-
uous flow method for the synthesis of NH,-f-CD (4) from
B-CD (1). Thus, after the optimization of the single reaction

steps, the connection of these steps was remaining. First of all,

Table 3: Optimization of the continuous flow hydrogenation of N3-B-CD

(3).

Entry Solvent Yield? [%]
1 H,0 94

2 DMF 30

3 DMF/Ho0 1:1 51

4 DMF/H>0 1:3 85

5 DMF/H>0 1:4 93

6 DMF/H>0 1:9 94

8lsolated yield.

it was concluded, that the initial tosylation step could not be
connected to the azidation step since in the tosylation’s optimal

solvent, the azidation did not proceed and vice versa (Table 4).
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Table 4: Optimal reaction conditions for each flow reaction step.

Beilstein J. Org. Chem. 2023, 19, 294-302.

Synthesis step Reagent Solvent T[°C] T [min] Conversion? [%)]
tosylation 2.6 equiv TsCl HoO/THF 2:1 25 3 20
azidation 1.1 equiv NaN3 DMF 125 10 81
hydrogenation® Ho H>O/DMF 1:4 25 0.3 93

alsolated yield. 1 bar Hy pressure and 10 mol % Pd/C catalyst were used.

The only solution was to conduct the tosylation under flow
conditions separately from the other two steps (Scheme 4I),
evaporate the water/THF solvent, and introduce the Ts-B-CD
(2) dissolved in DMF to the second part of the flow system. In

order to simplify the azidation and subsequent reduction,

OH
o)
HO
OHY
OoH
OH
e}
HO
1 6

Ts-B-CD (2) prepared from batch and properly purified was
utilized.

The azidation and the hydrogenation were compatible with each
other, however, after the azidation took place, water needed to

. 0
0.90 mL/min 11
0—S
O— :
(0]
25°C HO
7=3 min OHo .
NaOH (1.5 equiv) SR OOH evaporation
H20 /_/”/ » OH solvent exchange
@_‘ v=4mL
TsCl (2.6 equiv) HO 6
THF 0.45 mL/min 2
(0]
1L u@, — . .
00— 3
0° O,
HO
0. 4 mL/mln 125°C 40 par OHYp
OOH 10 min O0oH
OH SN g OH
@ 5
V=4mL HO 6
L 3 _
NaN3(1.1 equiv) 1.6 mL/min
DMF
H,0O
NH,
0 Hz 2 mL/min
25°C, 1 bar
t=20s
OoH
~<—— H-Cube Pro®
10% Pd/C cat.

Scheme 4: Semi-continuous flow system for the synthesis of NHo-B-CD 4.
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be introduced to the system before the hydrogenation to ensure
full conversion during the reduction. According to our previous
results, the reduction of N3-f-CD (3) went to completion in a
DMF/H;0 1:4 mixture, so this solvent was chosen for the
hydrogenation step in order to avoid re-optimization. This way,
the exiting solution of 0.4 mL/min from the azidation reaction
was joined with a 1.6 mL/min flow of water, and this new solu-
tion was gathered in a buffer container, from where the reaction
mixture was immediately forwarded to the H-Cube Pro®
(Scheme 41I). Although the hydrogenation was optimized for a
1 mL/min input flow rate, the catalyst cartridge was changed to
another one, which doubled the reaction volume. In conclusion,
a 2 mL/min input flow rate required no re-optimization, as the
residence time remained the same. Under these conditions, the
connected azidation and reduction steps led to an almost com-
plete conversion of Ts-B-CD (2). The output of the H-Cube
Pro® was partially evaporated, the product 4 precipitated with
acetone and isolated in a yield of 91%.

Conclusion

In conclusion, we have developed continuous flow methods for
the monotosylation of B-CD (1), for the azidation of 6A-0-(p-
toluenesulfonyl)-p-CD (2), and for the reduction of 67-azido-
6™-deoxy-B-CD (3). The flow methods are novel approaches for
the preparation of the target compounds and were optimized for
each case. Comparing the flow processes with batch methods, it
can be concluded that similar yields were obtained in both
cases, however, under continuous flow conditions, the reaction
time could be reduced from hours to minutes. Finally, we made
an attempt to connect the three reaction steps with each other in
a continuous flow system. It was found that a solvent exchange
step was required after the tosylation, however, the azidation
and the reduction steps were compatible to be coupled in one
flow system. Using our semi-flow method developed, the pro-
duction of 6A—amino—6A—deoxy—[3—CD (4) could be carried out in
a safer way due to the easier handling of toxic derivatives and
with more precise parameter control. Moreover, the reactions
can be performed within a much shorter reaction time than

under batch conditions.
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Abstract

The goal of the study was the discrimination of B-cyclodextrin (f-CD)/hazelnut (Corylus avellana L.) oil/antioxidant ternary com-
plexes through Fourier-transform infrared spectroscopy coupled with principal component analysis (FTIR-PCA). These innovative
complexes combine the characteristics of the three components and improve the properties of the resulting material such as the
onsite protection against oxidative degradation of hazelnut oil unsaturated fatty acid glycerides. Also, the apparent water solubility
and bioaccessibility of the hazelnut oil components and antioxidants can be increased, as well as the controlled release of bioactive
compounds (fatty acid glycerides and antioxidant flavonoids, namely hesperidin, naringin, rutin, and silymarin). The appropriate
method for obtaining the ternary complexes was kneading the components at various molar ratios (1:1:1 and 3:1:1 for -CD
hydrate:hazelnut oil (average molar mass of 900 g/mol):flavonoid). The recovering yields of the ternary complexes were in the

range of 51.5-85.3% and were generally higher for the 3:1:1 samples. The thermal stability was evaluated by thermogravimetry and
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differential scanning calorimetry. Discrimination of the ternary complexes was easily performed through the FTIR-PCA coupled
method, especially based on the stretching vibrations of CO groups in flavonoids and/or CO/CC groups in the ternary complexes at
1014.6 (£ 3.8) and 1023.2 (= 1.1) cm™! along the second PCA component (PCy), respectively. The wavenumbers were more appro-
priate for discrimination than the corresponding intensities of the specific FTIR bands. On the other hand, ternary complexes were
clearly distinguishable from the starting 8-CD hydrate along the first component (PC) by all FTIR band intensities and along PC,
by the wavenumber of the asymmetric stretching vibrations of the CH groups at 2922.9 (+ 0.4) cm™! for ternary complexes and
2924.8 (* 1.4) cm™! for B-CD hydrate. The first two PCA components explain 70.38% from the variance of the FTIR data (from a
total number of 26 variables). Other valuable classifications were obtained for the antioxidant flavonoids, with a high similarity for
hesperidin and naringin, according to FTIR-PCA, as well as for ternary complexes depending on molar ratios. The FTIR-PCA
coupled technique is a fast, nondestructive and cheap method for the evaluation of quality and similarity/characteristics of these

new types of cyclodextrin-based ternary complexes having enhanced properties and stability.

Introduction

Cyclodextrins (CDs) are studied for more than one hundred
years due to their unique properties related to their spatial
macrocyclic structure that comprises six to eight a-p-glucopyra-
nose (Glcp) units for the natural a-, -, and y-CD [1-3]. All
hydroxy groups are oriented to the exterior of the macrocycle,
leading to high water solubility. On the other hand, the tetra-
hydropyran moieties of the Glcp units provide the hydrophobic
property of the CD cavity [4]. As a consequence of their unique
structure, CDs can encapsulate hydrophobic molecules or
hydrophobic moieties of geometrically compatible bioactive
compounds [5]. The resulting supramolecular inclusion com-
plexes provide enhanced water solubility and bioavailability/
bioaccessibility of the nanoencapsulated bioactive compounds,
higher oxidative and thermal stability or photostability of labile
compounds, and their controlled release [6,7].

Vegetable oil and animal fat components that especially consist
of fatty acid (FA) triglycerides are appropriate guest molecules
for obtaining CD-based complexes. The hydrophobic long-
chain moieties of the FA glycerides allow obtaining CD:FA
glyceride complexes at various molar ratios [8,9], with in-
creased apparent water solubility and bioaccessibility of the oil
and fat components. The oxidative stability of the polyunsatu-
rated FA glycerides or free FAs is significantly increased by CD
nanoencapsulation. Thus, a high thermal stability was obtained
for linoleic acid encapsulated into a-CD by co-crystallization
[10]. Omega-3 FA glycerides such as eicosapentaenoic and
docosahexaenoic acid glycerides (EPA and DHA glycerides)
from fish oil are less stable against oxidation. Their thermal and
oxidative stabilities were significantly increased by CD nanoen-
capsulation as was shown for fish oil from common barbel
(Barbus barbus L.), Pontic shad (Alosa immaculata Bennett),
European wels catfish (Silurus glanis L.), common bleak
(Alburnus alburnus L.), common nase (Chondrostoma nasus
L.), Atlantic salmon (Salmo salar L.), and European anchovy
(Engraulis encrasicolus L.) [11-14]. The stability and the level

of degradation compounds were determined by thermal

methods (thermogravimetry-differential thermogravimetry,
TG-DTG, and differential scanning calorimetry, DSC) and gas
chromatography—mass spectrometry (GC-MS), respectively.
The addition of sodium caseinate during the CD complexation
of fish oils was reported to further increase the oxidation
stability and retardation of odor [15]. Poultry lipids have high
contents of mono- and polyunsaturated FA glycerides, espe-
cially oleic and linoleic acid glycerides. The stability of chicken
lipids was significantly increased by p-CD complexation which
was demonstrated by both thermal (TG-DTG and DSC) and
chromatographic (GC-MS for the degradation compounds, i.e.,
aldehydes, formylated carboxylic acids, or dicarboxylic acids)
methods [16]. Also, vegetable oils containing unsaturated FA
moieties were stabilized by CD complexation. Common bean
(Phaseolus vulgaris L.) oil contains 55.7-58.8% of polyunsatu-
rated FAs (relative content as methyl esters), with an important
fraction of omega-3 a-linolenic acid (ALA) of 14.1-18.9%. It
was stabilized by -CD complexation, with an increased content
of the omega-3 FAs into the nanoencapsulated oil of >14%
[17]. Other complexes between CDs and various vegetable oils
have been obtained and characterized. Soybean oil was
combined with o-CD for obtaining a stable dry emulsion, which
implied the partial molecular encapsulation of the soybean oil
triglycerides. This emulsion was prepared in order to modulate
the release of indomethacin in rats. Similar a-CD-based emul-
sions were obtained using wheat germ, sweet almond, borage,
and virgin coconut oils [9,18,19]. The stability and bioavail-
ability of peony (Paeonia suffruticosa Andr.) seed oil were sig-
nificantly enhanced by complexation with §-CD through the
co-precipitation from a saturated solution. The peony oil
content in the complex was almost 26%, with a high ratio of
unsaturated FA glycerides of *90% [20]. In a very recent study,
perilla (Perilla frutescens (L.) Britton) seed oil was complexed
by y-CD and the inclusion complex was used for improving the
bioavailability of ALA. This omega-3 FA was found in signifi-
cantly higher concentrations in the plasma of rats fed with this

complex [21]. Some vegetable oils were also encapsulated
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using combined matrices or polymers containing CDs as was
demonstrated for example for kenaf (Hibiscus cannabinus L.)
seed oil or “Persian lilac” (Melia azedarach L.) seed oil. The
oils were complexed by spray drying using 3-CD/gum arabic/
sodium caseinate or a f-CD polymer, respectively [22,23].
However, there are less studies on the CD encapsulation of non-
volatile vegetable oils in comparison with essential oils. Essen-
tial oil components are also compatible guests for CD nanoen-
capsulation. They were studied as “pure” compounds or as
essential oil mixtures (e.g., linalool, nerolidol, nootkatone, or
sweet basil — Ocimum basilicum L., caraway — Carum carvi L.,
coriander — Coriandrum sativum L., fennel — Foeniculum
vulgare Mill., dill — Anethum graveolens L., garlic — Allium
sativum L., juniper — Juniperus communis L., clove — Syzygium
aromaticum (L.) Merr. & L.M., and perilla — Perilla frutescens

(L.) Britton essential oils, respectively) [24-30].

Among vegetable oils, hazelnut (Corylus avellana L.) oil is a
valuable source of oleic acid bound in various triglyceride com-
binations. The highest content was observed for triolein, OOO
(61-77.5% relative concentration), but also OOL (glyceryl 1,2-
dioleate 3-linoleate) and OOP (glyceryl 1,2-dioleate 3-palmi-
tate) were found in high relative contents of 10.5-22.8% and
6.4-11.0%, respectively [31]. The fatty acid profile of hazelnut
oil revealed a significantly high content of oleic acid (as methyl
ester, determined by GC-MS) of 74.2-82.8%, among linoleic
acid and even ALA (9.8-18.7% and ~0.1%, respectively)
[32,33]. The very high content of unsaturated fatty acid glyc-
erides significantly decreases the stability of hazelnut oil. Only
one study was performed on the y-CD nanoencapsulation of
hazelnut oil by a co-precipitation method and the thermal de-

composition of the complex was evaluated by TG [34].

One way of enhancing the oxidative stability of oils and fats is
the addition of antioxidants. Among food grade antioxidants,
natural polyphenols such as flavonoids and flavonoid-based
extracts are widely used [35-41]. Generally, flavonoids have a
high number of phenolic hydroxy groups that provide the anti-
oxidant activity. On the contrary, the presence of highly hydro-
philic groups such as saccharide moieties in flavonoid glyco-
sides reduces the level of hydrophobic interactions with the CD
cavity. However, less hydrophilic moieties of flavonoid glyco-
sides or flavonolignans interact with CDs (i.e., 4-hydroxy-
phenyl, 3,4-dihydroxyphenyl- and 3-methoxy-4-hydroxyphenyl
moieties in the hesperidin, naringin, and rutin aglycones or sili-
binin). There are many studies revealing the interaction of
flavonoids, flavonoid glycosides, and flavonolignans with CDs,
especially for obtaining binary complexes [42-49].

In a ternary complex, considering the vegetable oil as a single

component, an on-site antioxidant can protect labile FA glyc-
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erides by co-nanoencapsulation into a CD cavity. However, it is
very difficult to evaluate the way of interaction in such multi-
component systems. There are some studies on the CD-based
ternary complexes, but they do not deal with triglyceride-based
vegetable oils or with flavonoid glycosides/flavonolignans.
Most of these studies are related to controlled release of various
drugs from the CD complexes such as diosmin and polyeth-
ylene glycol, haloperidol and lactic acid, cyclosporine A and
polyvinyl alcohol, ketoprofen and phospholipids, dihy-
droartemisinin and lecithin, cefixime and r-arginine, flur-

biprofen and naproxen/ketoprofen/ethenzamide [50-59].

Fourier-transform infrared spectroscopy (FTIR) is a very fast,
nondestructive and cheap method suitable for the evaluation of
such ternary complexes. The coupling of FTIR or other spec-
troscopic or chromatographic techniques with a multivariate
statistical analysis method (e.g., principal component analysis,
PCA) allows the evaluation of the similarity/dissimilarity of
complexes, as well as the identification of the variables that
have significance for these classifications. FTIR-PCA was suc-
cessfully applied for the discrimination of raw and thermally
processed chicken lipid/B-CD complexes [16]. Moreover, raw
and recrystallized p-CD samples (from water and alcohol-water
solutions) were successfully classified by the FTIR-PCA tech-
nique [4]. In other studies, PCA was coupled with GC-MS for
the classification of B-CD/Ocimum basilicum L. essential oil
complexes and raw and thermally processed Mangalitza (Sus
scrofa domesticus) lipid fractions, as well as for the discrimina-
tion of organic apples (Malus domestica Borkh.) on the basis of
antioxidant properties and radical scavenging kinetics
[27,60,61]. However, only few studies have been published on
the discrimination of CD-based complexes using multivariate
statistical analysis. They are especially related to the retention
behavior of various biologically active molecules on CD-coated
polymers used in chromatography [62]. PCA was used for the
evaluation of the similarity/dissimilarity of some pesticides,
especially fungicides and herbicides, using the effect of a water-
soluble B-CD polymer on the apparent pesticide’s lipophilicity
[63]. Also, partial least square (PLS) modeling was used for the
determination of the composition of solutions containing trypto-
phan methyl ester, phenylalanine, norephedrine, N,N’-bis-(a-
methylbenzyl)sulfamide, sulfaguanidine or sulfamethoxazole
using the spectral data of the corresponding CD host—guest
complexes [64-66].

The goal of this study was the synthesis of §-CD/hazelnut
(Corylus avellana L.) oil/flavonoid glycoside or flavonolignan
ternary complexes (Figure 1) and the discrimination of these
complexes by FTIR-PCA. These innovative ternary complexes
were synthesized for the first time and can provide the on-site

protection of hazelnut oil components against oxidative degra-
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CHs

/

triolein (from hazelnut oil) CHs

H3C
hesperidin

H3C

B-cyclodextrin/hazelnut oil/
hesperidin ternary complex (a)

B-cyclodextrin

glyceryl 1,2-dioleate 3-palmitate \
HsC (from hazelnut oil)

silibinin A
(from silymarin)

B-cyclodextrin/hazelnut oil/
silibinin A ternary complex (b)

B-cyclodextrin

Figure 1: Hypothetical interactions between the B-cyclodextrin host and guest molecules (flavonoid glycoside/flavonolignan and a fatty acid triglyc-
eride from the hazelnut oil), not explicitly proven in this study. (a) Both triolein from hazelnut oil and hesperidin interact with B-cyclodextrin from the
secondary face; (b) glyceryl 1,2-oleate 3-palmitate from hazelnut oil interacts with the B-cyclodextrin from the primary face, while silibinin A, the main
component of silymarin, interacts with B-cyclodextrin from the secondary face.

383



dation, in combination with a protection/stabilization through
CD nanoencapsulation. Moreover, the apparent water solubility,
bioaccessibility, bioavailability, and controlled release of the
guest bioactive compounds can also be enhanced by ternary

complexation.

Results and Discussion
Synthesis and thermal analysis of the ternary

complexes

The complexity of the starting materials, especially that of
hazelnut oil, as well as the differences among their characteris-
tics (hydrophobicity and water solubility) suggest the kneading
method as the most appropriate one for obtaining B-CD/
hazelnut (Corylus avellana L.) oil/flavonoid glycoside or
flavonolignan ternary complexes. Kneading allows for higher
recovery yields of complexes in comparison with the co-crystal-
lization method because only small amounts of solvent are
needed for preparation. On the other hand, similar methods such
as spray-drying do not provide intimate contact between the
three types of components for a sufficient period of time to
reach the association—dissociation equilibrium [1,27,67]. In this
study, the recovery yields were in the range of 51.5-85.3%, and
significantly higher for the 3:1:1 complexes. Equimolar X1H,
XIN, X1R and X1S ternary complexes were obtained with
yields of 57.7 (* 8.8), 54.6 (= 1.9), 74.3 (= 1.8), and
64.7 (+ 2.6)%, respectively. For the 3:1:1 ternary complexes
(single samples) these yields were in the range of 74.5-85.3%.
The difference in the yield can be explained by the level of
hydration, as was determined by TG (see below). For the 1:1:1
complexes, the mass loss is half in comparison with the water
content of B-CD (6.4—7.4% for complexes and 14% for §-CD
hydrate). On the other hand, the mass loss of the 3:1:1 com-
plexes is much higher (e.g., 11.8% for X3N complex). As a
consequence, the 1:1:1 complexes lose relatively more hydra-
tion water than the corresponding 3:1:1 complexes. This can be
explained by the high level of complexation for the 1:1:1 com-
plexes. This aspect could be confirmed by thermal analysis,

especially by DSC.

Both TG-DTG and DSC thermal analyses provide information
about the molecular inclusion of guest molecules into the $-CD
cavity. Unfortunately, these methods cannot differentiate be-
tween the encapsulated components and their entrapment effi-
ciency. However, the goal of the study was the discrimination
of such ternary complexes on the basis of FTIR. The evaluation
of the encapsulation competitiveness of such multicomponent
mixtures is very challenging (highly hydrophobic FA triglyc-
erides, mono- and diglycerides, free FAs, as well as more
hydrophilic flavonoid glycoside, namely hesperidin, naringin

and rutin, or flavonolignan — silibinins). According to TG-DTG

Beilstein J. Org. Chem. 2023, 19, 380-398.

and DSC analyses, the ternary complexes are highly stable up to
200 °C. The TG and DTG plots were similar for ternary com-
plexes at a 1:1:1 molar ratio, in comparison with the f-CD
hydrate at temperatures up to =200 °C. The only significant
difference was observed for the mass loss corresponding to
water/moisture release up to =110 °C, with values of
6.37-7.38% and 9.45% for B-CD hydrate, respectively. A lower
mass loss was observed for f-CD hydrate in comparison with
the water content provided by the manufacturer (maximum 14%
by oven drying). This could be due to the TG protocol, which
assumes the pre-equilibration of the microbalance prior to anal-
ysis. Consequently, loss of surface water could have taken place
before the start of the analysis. However, the difference of
2-3% for the ternary complexes at 1:1:1 molar ratios can be ex-
plained by a partial replacement of water molecules during the
molecular encapsulation of the FA triglyceride and flavonoid
guest molecules. On the other hand, the mass loss for the 3:1:1
ternary complexes was similar to the one observed of B-CD
hydrate or even higher (see Supporting Information File 1,
Figures S1-S4 and Tables S1 and S2). This means that a signifi-
cant amount of §-CD is not involved in the formation of com-
plexes and remains as $-CD hydrate in the mixture. These ob-
servations are in agreement with other studies on the complex-
ation of vegetable (common bean lipids) and fish oil (common
barbel, Pontic shad, European wels catfish, common bleak) by
CDs [11,17]. Moreover, this TG behavior does not depend on
the method of synthesis (kneading or co-crystallization) or the
method of water determination (TG as mass loss or Karl Fischer
water titration, KFT) [6,68]. It was observed that the difference
between the water content or TG mass loss up to =110 °C is
lower for binary complexes of CD/flavonoids in comparison
with CD/fish oil (Atlantic salmon or European anchovy)
[12,14,43]. The TG results are in agreement with the DSC data,
where the calorimetric effect corresponding to water/moisture
release is lower for the ternary complexes (378 J/g for X1N and
432 J/g for B-CD hydrate, Supporting Information File 1, Figure
S5 and Table S3). There are two aspects that can be observed in
the DSC but not in the TG-DTG analyses. The first aspect is
the presence of two types of water molecules in the ternary
complexes. They appear at two specific DSC peak tempera-
tures of 44.5 °C for surface water and 82.0 °C for the stronger
retained water molecules. While the surface water-related tem-
perature is quite similar to f-CD hydrate, the stronger retained
water has a higher DSC peak temperature value for 3-CD
(94.7 °C). This observation confirms the partial replacement of
strongly retained water molecules during the complexation
process. The second observation on DSC results is related to the
absence of an endothermal—exothermal calorimetric peak in the
case of the X1N ternary complex. This peak appears at 218.9 °C
for B-CD hydrate and means that the complex obtained by

kneading has an amorphous structure, in comparison with crys-

384



talline B-CD hydrate. The calorimetric peak observed for 3-CD
hydrate at this temperature is due to the transition of anhydrous
B-CD (after water release) from the crystalline to the amor-
phous state [6]. Finally, TG analysis indicates a mass loss of
1.4-4.0% in the temperature range of 110-275 °C for the 1:1:1
ternary complexes and only 1.25% for the 3:1:1 complexes,
whereas almost no mass loss was observed for §-CD hydrate
(0.05%). The degradation of B-CD appears above 275 °C, with
a maximum degradation rate at 299.4-326.0 °C as determined
by DTG (the highest for f-CD) and at =322 °C by DSC. The
degradation of the encapsulated hazelnut oil — of the triglyc-
eride components — appears at a higher temperature of
394-407 °C (DTG and DSC).

Fourier-transform infrared spectroscopy

(FTIR) of ternary complexes

FTIR is a fast method that allows the evaluation of the presence
of a compound in a complex through specific absorption bands.
B-CD consists of seven 1—4-linked a-p-glucopyranose units
forming a macrocycle. As a consequence, the FTIR specific
bands especially appear for OH, CC and CH/CH; bonds and
groups. However, CD specific bands also appear for CH groups
in the CD ring and o-type glycosidic bonds. Thus, a broad FTIR
band corresponding to the stretching vibration of the O-H
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bonds in B-CD and hydration water molecules appears at
~3301 cm™!. A weak band for the asymmetric stretching vibra-
tions of the C—H groups appears at 2924.8 (+ 1.4) cm™!, while
the bending vibrations (in-plane, asymmetric, and symmetric)
of the OH and CH groups appear as weak bands in the range of
1205-1643 cm™!. The stretching vibrations of the C—O and
C—C groups in the glucoside moieties appear as medium-strong
bands in the range of 998-1152 cm™!. A specific band for CD
appears at 939.2 (= 1.8) cm™! and is assigned to the stretching
vibrations of the C—H groups from the B-CD ring. Also, the
band at 852.9 (+ 0.8) cm™! is attributable to the bending vibra-
tions of the C—C—H groups related to the a-type glycosidic
bonds in the CD. Other bands appear at wavenumbers lower
than 800 cm™! and were tentatively assigned to the bending
vibrations of the CH and OCC groups (574-754 cm™), as well
as to the stretching vibrations of the CC bonds at
526.3 (¥ 1.3) cm™! [69,70]. Relevant data from the FTIR analy-
sis of B-CD is presented in Figure 2 and Figure 3 and in Sup-
porting Information File 1 (Figures S6-S11 and Table S4).

Vegetable oils and animal fat especially contain FA triglyc-
erides, but mono-, diglycerides and free FAs also exist. As a
consequence, the broad band corresponding to the stretching
vibrations of the O-H groups is attributable to free fatty acids,
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Figure 2: Superposition of the FTIR spectra for the B-cyclodextrin/Corylus avellana oil/hesperidin ternary complex at a 1:1:1 molar ratio (blue),

B-cyclodextrin hydrate (red), C. avellana oil (pink), and hesperidin (green).
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Figure 3: Superposition of the FTIR spectra for the B-cyclodextrin/Corylus avellana oil/hesperidin ternary complex at a 3:1:1 molar ratio (blue),

B-cyclodextrin hydrate (red), C. avellana oil (pink), and hesperidin (green).

monoglycerides, diglycerides and water. In the hazelnut sam-
ples, this band was observed at 3287.8 (+ 10) cm™ L. In this
study, very useful was the weak band at 3005 (£ 0.2) cm™!,
which corresponds to the symmetric stretching vibrations of the
=CH groups from the mono- and polyunsaturated FA moieties
(especially oleic acid, but also palmitoleic and linoleic acids).
The asymmetric and symmetric stretching vibrations of the CH
groups provide strong bands at 2952.5 (= 0.3), 2922.5 (£ 0), and
2853.2 (+ 0) cm™! due to the high number of CH, and CHj3
groups in the triglyceride structures. Another important and
characteristic FTIR band for glycerides is that corresponding to
the stretching vibrations of the ester C=0 groups that appears as
very strong band at 1744 (+ 0) cm™! for hazelnut oil. The
stretching vibration of the cis-RHC=CHR’ group is observed as
a weak band at 1652.7 (* 0.3) cm™!. Medium and strong bands
are those related to the bending vibrations of the CH; and CHj3
groups at 1458.7 (£ 0.2) cm™!, bending vibrations of the CH,
groups at 1236.8 (£ 1.3) and 1158.1 (¥ 2.3) cm™!, the stretching
vibrations of the C—O groups at 1027.9 (£ 5.7) cm™
the out-of-plane bending vibrations in the C—H groups at

1 as well as

722 (+ 0.1) cm™!. Degradation/isomerization of oil components
(low level) can be observed at 956.7 (+ 8.7) cm™!, where the
band corresponding to the bending vibrations of the C=C
groups in trans-RHC=CHR’ groups appears (sometimes at

slightly higher values). Details of the FTIR analysis of hazelnut
oil samples can be seen in Figure 2 and Figure 3 and in Sup-
porting Information File 1 (Figures S6-S11 and Table S5) [71].

Hesperidin, naringin, and rutin are flavonoid glycosides derived
from the corresponding flavanones hesperetin and naringenin
and the flavonol quercetin, respectively. These compounds have
a disaccharide moiety connected to the aglycones through an
ether linkage with the hydroxy groups in the 7 and 3 positions
(Figure 1a). On the other hand, silibinins (the main components
of silymarin) are flavanonol derivatives, having a coniferyl
alcohol moiety connected through the hydroxy groups in the 3’
and 4’ positions of the aglycone (Figure 1b). FTIR analysis of
these flavonoids revealed stretching and bending vibrations cor-
responding to OH bonds (phenolic or alcoholic, glycosidic and
OH groups from water molecules), CH bonds (especially from
the CH, and CHj groups), bands corresponding to the aromatic
CC bonds, and the carbonyl C=0 bond. The most relevant FTIR
band for these compounds is the asymmetric stretching vibra-
tion of the C=0O bonds, v¥c-p, which appears around
1633-1651 cm™!. The lowest value for this band was observed
for silymarin at 1634.1 (+ 0.4) cm™! and the highest one for
rutin at 1651 (x 0.1) em™!. For hesperidin and naringin this

band appears at approximately the same value (=1645 cm™).
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The stretching vibrations of phenolic, glycosidic or water O—H
bonds appear as broad bands in the range of 3263-3541 cm™..
Asymmetric and symmetric stretching vibrations of the C-H
bonds in CH3z and CH, groups appear at 2931-2941 cm™!. Sim-
ilar FTIR bands also appear at 2982, 2907-2914, and
2876-2897 cm™! in flavonoid glycosides. In the spectra of these
compounds the bending vibrations of the aromatic CC groups
appear at 1583-1604 cm™! and =1518 cm™!, some of them
being superimposed by the stretching vibrations of the C-C
group in the ring C of aglycones. The stretching of a C—C group
also appears in silymarin/silibinins at 1509.9 (+ 0.6) cm™!,
while this value is significantly lower for flavonoid glycosides
(1502-1504 cm™1). Other bending vibrations were observed for
CH bonds in the range of 1393-1468 cm™!, while the stretching
vibrations for CC and CO bonds and the bending vibrations for
HOC, OCH, an HCC groups were superimposed in the range of
1011-1364 cm™!. The stretching vibration of the O-C groups in
all flavonoids appears at 968-995 cm™!. Finally, out-of-plane
bending vibrations of CH groups and twisting bending vibra-
tions of COH and HCCC groups appear in the range of
742-921 cm™! [72-77]. All wavenumber values corresponding
to the specific FTIR bands as well as the superimposed FTIR
spectra of flavonoids with the other components of the ternary
complexes are presented in Figure 2 and Figure 3 and in Sup-
porting Information File 1 (Figures S6-S11 and Tables S6-S9).

The synthesized ternary complexes reveal the medium and
strong FTIR bands of the above-mentioned host and guest com-
ponents. However, FTIR bands that appear in specific regions
where no interference occurs can also be relevant for the pres-
ence of individual compounds in the complex. This is the case
for the weak band corresponding to the symmetric stretching
vibrations of =CH groups from unsaturated glycerides in the
hazelnut oil, which appear at 3006.5 (= 1), 3006.4 (+ 0.6),
3006.3 (+ 1.1), and 3006.6 (= 1.6) cm™! for the X1H, XIN,
X1R, and X1S ternary complexes at 1:1:1 molar ratios, respec-
tively. These values are slightly higher by 1.1-3.1 cm™! for all
3:1:1 ternary complexes (see Figure 2 and Figure 3 and Sup-
porting Information File 1, Figures S6-S11 and Tables S6-S9).
The strong bands corresponding to the asymmetric and symmet-
ric stretching vibrations of the C—H bonds in the aliphatic CH3
and CHj groups, as well as to the stretching vibrations of the
ester C=0 groups in triglycerides from hazelnut oil are clearly
visible in all ternary complexes at 2922-2924, 2853-2854, and
1744-1745 cm™!, respectively. These values are very close to
those corresponding to the starting hazelnut oil. Among other
glyceride-related bands, those at 1453-1458 cm™! originating
from bending vibrations of the CH, and CHj3 groups, and
1236-1244 and 1152-1153 cm™! from bending vibrations of the
CH, groups are also representative in the ternary complexes.

They generally appear at lower values in the first case and at
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significantly higher values in the latter case in comparison with
the starting hazelnut oil (see Supporting Information File 1,
Figures S6-S11).

The most relevant flavonoid-related FTIR bands for the ternary
complexes are those corresponding to the asymmetric stretching
vibrations of the C=0 groups. They occur in the range of
1637-1652 cm™! for ternary complexes. The stretching vibra-
tions of the C—C group in the ring C of the flavonoid glyco-
sides or the bending vibrations of the aromatic CC groups occur
in the range of 1598-1608 cm™!, but without specific variations
in comparison with the starting compounds. The same is true
for the band correlated to the in-plane bending vibrations of CH
and OCH groups that appears at 1268—-1299 cm™'. Also, the
stretching vibrations of the C—C groups in the flavonoid glyco-
sides or the stretching vibrations of the C—O groups in sily-
marin components (lower values) are observed in the same
region. Another band that is present in all ternary complexes

1 and

and is assigned to flavonoids is found at 807-821 cm™
corresponds to the out-of-plane bending vibrations of the C—H
groups. This band appears at significantly lower values in rutin

and rutin-related complexes.

B-CD was selected as the host for the formation of ternary com-
plexes with the above-mentioned biologically active com-
pounds and its content varies in complexes at 1:1:1 and 3:1:1
molar ratios. In the FTIR spectra of B-CD as a host, besides
the wavenumbers corresponding to characteristic bands of
B-CD, their intensities are relevant for the discrimination of the
ternary complexes. However, many B-CD-related bands are
weak or have at least medium intensities in the range of
1200-4000 cm™!. The most relevant bands for ternary com-
plexes were the medium-strong intensity bands at
1152-1154 cm™! (stretching vibrations of the C—O—C groups in
the glucoside moieties), 1077-1080 em™! (stretching vibrations
of the C—C groups), 1022-1026 cm™! (stretching vibrations of
the C—O groups), 944-947 cm™! (stretching vibrations of the
C-H groups from the B-CD ring), and two other medium
intense bands at 574-576 and 522-529 cm™!, which were tenta-
tively assigned as bending vibrations of the O—C-C groups and
stretching vibrations of the C—C groups, respectively (see
Figure 2 and Figure 3 and Supporting Information File 1,
Figures S6-S11 and Tables S4, and S6-S9).

Discrimination of ternary complexes by
Fourier-transform infrared spectroscopy
coupled with principal component analysis
(FTIR-PCA)

Taking into account the differences between the wavenumbers

and intensities of specific stretching and bending vibrations of
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B-CD hydrate, raw hazelnut oil, and flavonoids in the pure form
and as ternary complexes, a multivariate statistical analysis
technique was applied for the discrimination of these samples
and identification of the important FTIR variables for such clas-
sifications. PCA is a widely used multivariate statistical analy-
sis technique that can extract valuable information from a large
dataset. It is the case of FTIR data (both wavenumbers and in-
tensities), where were assigned 20, 17, 34, and 33 FTIR bands
for B-CD hydrate, hazelnut oil, flavonoids, and ternary com-
plexes, respectively (see Supporting Information File 1, Tables
S4-S9). On the other hand, not all FTIR bands corresponding to
the starting compounds can be observed and assigned for the
ternary complexes. PCA works with a complete variable matrix.
As a consequence, only the FTIR bands that were identified in
both the starting materials and the ternary complexes were
considered for PCA analysis (see Table 1 and Supporting Infor-
mation File 1, Tables S10-S12). This matrix is transformed in
order to obtain the maximum variance of the data. The new axes
are denominated Factors or Principal Components (PCs). The
translation coordinates will provide the scores plots that reveal
the similarities/dissimilarities between cases (samples), while
the representation of the rotation coordinates of the axes (direc-
tion cosines) will give information about the influence of vari-

ables to the classification of cases. Only few PCs will extract
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the useful information from the dataset. As a consequence, the
large number of variables will be reduced to only 2—4 PCs that

will explain the variance of the data.

Discrimination of flavonoid glycosides and
flavonolignans

Twenty-two variables were considered for the discrimination of
flavonoids (flavonoid glycosides — hesperidin, “H”, naringin,
“N”, rutin, “R”, and flavonolignans — silymarin, “S”). They cor-
respond to wavenumbers and intensities of the FTIR bands
identified for all flavonoids (Supporting Information File 1,
Table S10). The flavonoid samples were clearly grouped, ac-
cording to the PCy vs PC or PC3 vs PCy scores plot (Support-
ing Information File 1, Figures S12 and S13). Better results
were obtained when only wavenumbers were used as PCA vari-
ables (Figure 4). All flavonoid glycosides are classified in the
positive region of the PCy, in comparison with flavonolignans
(silymarin components). According to FTIR-PCA analysis,
hesperidin, naringin, and rutin are more similar and all of them
are dissimilar to silymarin. This classification is especially due
to the bands corresponding to stretching vibrations of the C=0
groups and bending vibrations for the CH groups for the posi-
tive region of PCy, as well as to the stretching vibrations of the
CO and CC bonds for the negative part (Table 1 and Support-

Factor 2: 28.61%
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Figure 4: PC, versus PC4 scores plot from the FTIR-PCA analysis of the flavonoid glycoside and flavonolignan antioxidants (codes: “H” — hesperidin,
“N” — naringin, “R” — rutin and “S” — silymarin); only wavenumbers of the FTIR bands were used as input variables.
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Table 1: Factor coordinates (principal components, PCs) of the vari-
ables, based on correlations from the FTIR-PCA analysis of the
flavonoid glycoside and flavonolignan antioxidants; only wavenumbers
(“v” — for stretching vibrations, “d” — for bending vibrations) of the FTIR
bands were used as input variables.

PC4 PCso PC3
v(OH) 0.763 -0.616 -0.182
vas(CH) -0.090 0.565 -0.780
vs(CH) 0.233 -0.781 -0.563
d(OH)/vas(C=0/C=C) 0.930 0.323 0.165
d(arC#C) 0.595 0.714 0.353
d1(CH2/3) -0.350 0.026 -0.931
v1(CO)/d1(CO) -0.416 0.797 -0.435
d1(CH) 0.986 -0.142 -0.061
v(CO)/v(CC) 0.937 0.128 -0.321
v(CO)/v(CC/CO) -0.940 0.077 0.302
d4(CH) -0.557 -0.739 0.049

ing Information File 1, Figures S14-S18 and Table S10). In this
latter case, only the first three PCs explain 97.41% of the vari-
ance of the FTIR data, with the highest value for PC; (47.29%;
see the eigenvalues greater than 1 in Figure S19, Supporting
Information File 1).
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Discrimination of ternary complexes and 3-CD
hydrate samples

In the same way, ternary complexes and native $-CD hydrate
samples were classified according to specific FTIR wavenum-
bers and intensities of the bands identified in all samples. 3-CD
hydrate samples were classified in the top-right region of the
PC; vs PCy scores plot (codes “Y”), in comparison with the
ternary complexes in the center-left and bottom of the plot.
Moreover, such grouping can also be observed for some ternary
complexes types (e.g., “X1H” in the left and “X3R” in the top-
left of the plot, Figure 5). Few FTIR variables are responsible
for the discrimination of ternary complexes and B-CD samples,
especially those related to band intensities corresponding to
bending vibrations of CH, groups and stretching vibrations of
various bonds including those from CCO, CCC, CO and COC
systems (PCA results are not presented).

Discrimination of ternary complexes and flavonoids

More interesting were the results obtained for the FTIR-PCA
analysis of ternary complexes and flavonoids. A total of 18
FTIR variables (both wavenumbers and intensities, Supporting
Information File 1, Tables S11 and S12) were identified in all
ternary complexes and flavonoids. They were used as input
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Figure 5: PC, versus PC4 scores plot from the FTIR-PCA analysis of the B-CD/hazelnut oil/flavonoid ternary complexes (codes: “X1H/N/R/S” and
“X3H/N/R/S” for the 1:1:1 and 3:1:1 ternary complexes with hesperidin/naringin/rutin/silymarin, respectively) and B-CD hydrate (code: “Y”); all
wavenumbers and intensities of the FTIR bands were used as input variables.

389



variables for the discrimination of complexes and guest com-
pounds. Also, the wavenumbers and intensities sets were used
separately for the discrimination. Flavonoids were clearly clas-
sified in the left side of the PC, vs PC; scores plot (Figure 6).
Wavenumbers of the bands corresponding to the stretching
vibrations of the CO and CC bonds for the positive side, as well
as the intensity of the band corresponding to the asymmetric
stretching vibration of the CH bond for the negative side of the
PC; were the most important for this classification (see also
Supporting Information File 1, Figure S20 for the PCsz vs PC;
scores plot, Figures S21and S22 for the corresponding loadings
plots, and Table S11 for the influence of variables on the classi-
fication). Better results were obtained if only wavenumbers
were used as input variables for the FTIR-PCA analysis of
ternary complexes and the starting flavonoids. All flavonoids
were grouped in the right side of the PC, vs PC; scores plot,
with higher similarity for hesperidin, naringin, and rutin
(Figure 7). On the other hand, all ternary complexes were locat-
ed in the left side of this plot, also sub-classified according to
the presence of specific flavonoids. In a similar manner, ternary
complexes based on silymarin are dissimilar with the other
complexes, which have a high level of similarity. These obser-
vations are also sustained by the other scores plots, all with very
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good classifications of the samples (Figure 8 and Figure 9). Re-
sponsible for these classifications are the variables correspond-
ing to the FTIR bands related to symmetric and asymmetric
stretching vibrations of the CH bonds (positive PC)), stretching
vibrations of the CC and CO bonds (negative PC)), stretching
and bending of C=0 and OH/CH, respectively (negative PC,)
(Figure 10 and Figure 11, Supporting Information File 1, Table
S12). Only the first three PCs were used for obtaining these
valuable discrimination results. They explain almost all vari-
ances of the FTIR data, as is presented in Figure 12 (85.69%).

Conclusion

The B-CD/hazelnut oil/flavonoid ternary complexes are innova-
tive materials synthesized for the first time, which combine the
valuable properties of the specific components, the host — 3-CD
and the guests — the antioxidant and the essential FA glyceride
compounds. 3-CD encapsulation enhances the apparent water
solubility of both hazelnut triglyceride components (e.g.,
triolein) and flavonoid glycosides/flavonolignans. They both
have significantly lower water solubility and thus low bioacces-
sibility and bioavailability. They are enhanced by B-CD co-en-
capsulation. On the other hand, the encapsulated flavonoid mol-
ecule can act as on-site antioxidant and protect the labile
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Figure 6: PC, versus PC4 scores plot from the FTIR-PCA analysis of the B-CD/hazelnut oil/flavonoid ternary complexes (codes: “X1H/N/R/S” and
“X3H/N/R/S” for the 1:1:1 and 3:1:1 ternary complexes with hesperidin/naringin/rutin/silymarin, respectively) and flavonoids (codes: “H” — hesperidin,
“N” — naringin, “R” — rutin and “S” — silymarin); all wavenumbers and intensities of the FTIR bands were used as input variables.
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Figure 7: PC, versus PC4 scores plot from the FTIR-PCA analysis of the B-CD/hazelnut oil/flavonoid ternary complexes (codes: “X1H/N/R/S” and
“X3H/N/R/S” for the 1:1:1 and 3:1:1 ternary complexes with hesperidin/naringin/rutin/silymarin, respectively) and flavonoids (codes: “H” — hesperidin,
“N” — naringin, “R” — rutin and “S” — silymarin); only wavenumbers of the FTIR bands were used as input variables.
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Figure 8: PC3 versus PC4 scores plot from the FTIR-PCA analysis of the B-CD/hazelnut oil/flavonoid ternary complexes (codes: “X1H/N/R/S” and
“XB8H/N/R/S” for the 1:1:1 and 3:1:1 ternary complexes with hesperidin/naringin/rutin/silymarin, respectively) and flavonoids (codes: “H” — hesperidin,
“N” — naringin, “R” — rutin and “S” — silymarin); only wavenumbers of the FTIR bands were used as input variables.
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Figure 9: PC3 versus PC» scores plot from the FTIR-PCA analysis of the B-CD/hazelnut oil/flavonoid ternary complexes (codes: “X1H/N/R/S” and
“X8H/N/R/S” for the 1:1:1 and 3:1:1 ternary complexes with hesperidin/naringin/rutin/silymarin, respectively) and flavonoids (codes: “H” — hesperidin,
“N” — naringin, “R” — rutin and “S” — silymarin); only wavenumbers of the FTIR bands were used as input variables.
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Figure 10: PC5 versus PC1 loadings plot from the FTIR-PCA analysis of the 3-CD/hazelnut oil/flavonoid ternary complexes and flavonoids; only
wavenumbers of the FTIR bands were used as input variables (see Table S12 in Supporting Information File 1 for codes).
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Figure 11: PC3 versus PC1 loadings plot from the FTIR-PCA analysis of the B-CD/hazelnut oil/flavonoid ternary complexes and flavonoids; only
wavenumbers of the FTIR bands were used as input variables (see Table S12 in Supporting Information File 1 for codes).
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Figure 12: Eigenvalues of the correlation matrix from the FTIR-PCA analysis of the B-CD/hazelnut oil/flavonoid ternary complexes and flavonoids;

only wavenumbers of the FTIR bands were used as input variables (see Table S12 in Supporting Information File 1 for codes); the first three PCs can
be retained, which explain 85.69% from the variance of the data.
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hazelnut oil components that contain unsaturated FA moieties.
The thermal/oxidative stability of ternary complexes is similar
to B-CD hydrate, as was evaluated by TG and DSC. Moreover,
the formation of the molecular inclusion complexes is sup-
ported by thermal analysis (partial replacing of the hydration
water by biologically active molecules and disappearance of the
DSC peak corresponding to crystalline—amorphous transition).
In the present study, an appropriate synthesis method for ternary
complexes (from the applicative point of view) was used. Also,
a very fast, cheap and nondestructive technique, namely
FTIR-PCA, was used for discrimination between ternary com-
plexes (by the antioxidant used or by the molar ratio) and the
starting components. 3-CD/hazelnut oil/flavonoid ternary com-
plexes at a 3:1:1 ratio had spectroscopic and thermal behavior
more close to the native B-CD hydrate, in comparison with the
1:1:1 complexes. This observation indicates that not all FA
moieties interact with the -CD host molecules. This was the
reason to use such non-equimolar ratios. If a theoretical 3:1
interaction can be considered, the formation of such B-CD/
triglyceride supramolecular system in practice is limited by the
steric hindrance. On the other hand, ternary complexes and
flavonoids were very well classified and discriminated by
FTIR-PCA, especially through the type of antioxidant used.
However, further synthesis methods and analyses (slow co-crys-
tallization, single-crystal X-ray diffraction, 'H and '3C nuclear
magnetic resonance analyses) are needed for the elucidation of

the interactions in such complex supramolecular systems.

Experimental

Vegetable samples and chemicals

Hazelnut (Corylus avellana L.) oil was obtained from nut kernel
by Soxhlet extraction. Wild hazelnuts were collected from the
Apuseni Mountains (Transylvania, Romania, 46°22°46” N and
23°16°47” E) between September and October 2018 and were
kept at room temperature, in the dark, and dry atmosphere for
six months. Then, the kernels were manually separated, finely
ground, and subjected to Soxhlet extraction using a 250 mL
equipment. One hundred of hazelnut kernels were extracted five
times with 300 mL of anhydrous petroleum ether (ACS reagent,
40-60 °C boiling range, Sigma-Aldrich, St. Louis, MO, USA).
The extract was distilled and evaporated to dryness until no
petroleum ether remained. The oil separation yield was ~50%.
The hazelnut oil was kept at =20 °C until further analyses and

B-CD complexation.

B-CD hydrate, Kleptose®, was kindly donated by Roquette
Freres S.A. (Lestrem, France) and had a purity of >98%, a
water content of 14.0%, and maximum 0.5% o-CD and y-CD.
Flavonoid glycosides and flavonolignans used in the complex-
ation process were hesperidin (code “H”, CpgH340.5,
M = 610.56 g/mol, purity 280%, other flavonoid glycosides as
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impurities), naringin hydrate (code “N”, C,7H3,014:2H50,
M = 580.50 g/mol, purity 295%), rutin hydrate (code “R”,
Cy7H30016xH,0, M = 610.52 g/mol, purity 294%), and sily-
marin (code “S”, Cy5H27019, M = 482.44 g/mol, ~70% silib-
inin A, other flavonolignans as impurities) and were purchased
from Sigma-Aldrich, St. Louis, MO, USA. Ethanol used for
complex synthesis was of 96% concentration (v/v) and was pur-
chased from ChimReactiv (Bucharest, Romania). The analysis
of the FA profile of the hazelnut oil required the derivatization
(transesterification) of the FA glycerides to the corresponding
FA methyl esters (FAMESs) [11,13]. The derivatization involved
methanol-boron trifluoride (20% BFj3), hexane (GC grade) and
anhydrous sodium sulfate, all purchased from Merck & Co.,
Inc., Rahway, NJ, USA. Sodium chloride (reagent grade) used
for the separation of FAMEs was purchased from Reactivul
(Bucharest, Romania). The identification of the FAME compo-
nents of the hazelnut oil involved FAME37 standard mixture, as
well as Cg—Cy linear alkane standard mixture for the determi-
nation of the specific retention index (RI) of compounds (both
purchased from Sigma-Aldrich, St. Louis, MO, USA). Finally,
2-propanol (ACS reagent, Reag. Ph. Eur.) used for FTIR
cleaning was obtained from Merck & Co., Inc., Rahway, NJ,
USA.

Gas chromatography—mass spectrometry
(GC-MS)

The FA profile of the hazelnut oil was determined by GC-MS,
after derivatization to FAMEs. Derivatization was performed by
quantitative transesterification in a 100 mL one-necked flask
equipped with reflux condenser. 5 mL of BF3-MeOH 20% and
~100 mg of hazelnut oil were used for derivatization. The mix-
ture was refluxed for at least 30 min, until no oil remained.
Then, 2 mL of hexane was added and the mixture refluxed for
another 15 min for completing the transesterification. The
organic layer was separated in the neck region by adding a
sufficient amount of saturated sodium chloride solution. The
organic layer was transferred into a GC vial with ~0.5 g of an-
hydrous sodium sulfate and stored at 4 °C until GC-MS analy-
sis. GC-MS analysis was performed on a GC Hewlett Packard
6890 Series equipment, coupled with a Hewlett Packard 5973
Mass Selective Detector. The following GC conditions were
used: Zebron 5-MS column (30 m length, 0.25 mm i.d.,
0.25 pum film thickness), temperature program of 50-300 °C
(heating rate 6 °C/min), injector temperature 300 °C, detector
temperature 300 °C, carrier gas He (99.9999% purity), injected
sample volume 2 pL, delay time 4 min. The MS conditions
were: energy source EI 70 eV, temperature 150 °C, scan range
50-300 amu, scan rate 1/s. RI values were determined using a
Cg—C»( alkane standard mixture and a RI vs RT correlation
equation of RI = 672.792 + 73.268-RT — 3.287-RT2 +
0.148-RT3 - 0.00201-RT* [16]. On the other hand, the identifi-
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cation of the main FAMEs from the derivatized hazelnut oil was
performed by comparing the experimental RI values with those
for the FAME standard mixture. Moreover, the experimental
MS spectra were compared with those from the NIST/EPA/NIH
Mass Spectral Library 2.0 (2011). Acquisition and handling of
the GC-MS data were performed using the Enhanced MSD
ChemStation D.02.00.275 (Agilent Technologies, Santa Clara,
CA, USA), while the MS identification was performed with the
NIST Mass Spectral Search Program for the NIST/EPA/NIH
Mass Spectral Library 2.0 (Gaithersburg, MD, USA). Determi-
nations were performed in duplicate and the main findings
reveal a high oleic acid relative content (as methyl ester) of
69.91(% 4.14) % at a RI of 2096.4. The other important FAs, as
methyl esters, were palmitoleic, palmitic, linoleic, elaidic/
vaccenic, and stearic acids with concentrations of 0.13, 7.54,
15.51, 2.85 and 2.73%, respectively (a total of 98.68% identi-
fied FAMEs in the hazelnut oil).

Synthesis of ternary complexes by the kneading
method

The synthesis of f-CD/hazelnut oil/flavonoid glycoside or
flavonolignan ternary complexes was performed using the
kneading method, which is the most appropriate for such type
of complexes [13,14,50]. In this study, two f-CD:hazelnut
oil:flavonoid molar ratios of 1:1:1 and 3:1:1 were used. Particu-
larly, 1322 (£ 5) or 3959 (= 10) mg of B-CD hydrate (for 1:1:1
and 3:1:1 molar ratios, respectively), 909 (+ 5) mg hazelnut oil,
613 (+ 3) mg hesperidin, 628 (+ 5) mg naringin hydrate,
656 (= 5) mg rutin hydrate and 488 (+ 1) mg silymarin were
weighted, taking into account the water content and purity of
compounds. The mean molar mass for the hazelnut oil of
M = 900 g/mol was determined as triolein, according to
GC-MS data and a purity of #97% [33,78]. The following
ternary complexes were obtained: f-CD/hazelnut oil/hesperidin
at 1:1:1 and 3:1:1 molar ratios (codes “X1H” and “X3H”),
B-CD/hazelnut oil/naringin at 1:1:1 and 3:1:1 molar ratios
(codes “X1N” and “X3N”), f-CD/hazelnut oil/rutin at 1:1:1 and
3:1:1 molar ratios (codes “X1R” and “X3R”) and B-CD/
hazelnut oil/silymarin at 1:1:1 and 3:1:1 molar ratios (codes
“X1S” and “X3S”). The amounts of B-CD, hazelnut oil, and
flavonoid, corresponding to 1:1:1 or 3:1:1 were mixed in a
preheated mortar at 60 °C. Then, 4 mL water and 1 mL ethanol
for 1:1:1 complexes or 6 mL water and 1.5 mL ethanol for 3:1:1
complexes were added. The mixture was kneaded for at least
30 min, until a viscous paste is obtained. The mortar tempera-
ture decreases to the room temperature during kneading. The
wet complex was dried until constant mass at room temperature
in the dark. The dried complex was then grinded in the same
mortar, recovered and weighted. The recovering yield was de-
termined as the percent ratio of the recovered dried complex

and the sum of starting compounds. The 1:1:1 ternary com-
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plexes were obtained as duplicate samples, while the 3:1:1

ternary complexes were obtained as unique samples.

Fourier-transform infrared spectroscopy (FTIR)

FTIR analysis of the ternary complexes and the starting
compounds was performed using a Bruker Vertex 70 FTIR
equipment (Bruker Optik GmbH, Ettlingen, Germany),
equipped with an ATR (single-reflection Platinum diamond
attenuated total reflectance) system. The following FTIR condi-
tions were set up: acquisition range 4000-400 cm™!, resolution
4 cm™!, number of scans 128, sample mass 10-20 mg, spec-
trum range for the DLaTGS detector 12000-250 cm™! and
sensibility D* > 2108 cm-Hz!2.W~!. OPUS ver. 7.2 software
(Bruker Optik GmbH 2012, Ettlingen, Germany) was used for
the acquisition and handling of the FTIR spectra. All determina-
tions were performed as triplicates for the starting compounds
and as duplicates for the ternary complexes.

Thermal analyses

The thermal and oxidative stability of complexes can be evalu-
ated through thermal analyses. TG-DTG and DSC techniques
were used for both the complexes and starting compounds.
TG-DTG analysis was performed on a Netzsch TG 209F1
Libra equipment, while DSC analysis was conducted on a
Netzsch 204 F1 Phoenix apparatus (both from Netzsch Group,
Selb, Germany). The TG-DTG and DSC conditions were simi-
lar: temperature program of 25-500 °C, with a heating rate of
10 °C/min, nitrogen purge and protection flow of 40 mL/min,
the data acquisition and handling by Netzsch Proteus-Thermal
Analysis ver. 6.1 software (Netzsch Group, Selb, Germany).
Only representative ternary complexes were evaluated by ther-

mal analyses.

Statistical analysis and principal component
analysis (PCA)

Means (+ standard deviations, SD) of the values were obtained
for the replicate determinations using Basic Statistics&Tables
and One-way ANOVA modules in Statistica 7.1 software (Stat-
Soft, Inc., Tulsa, OK, USA). PCA for the FTIR data was per-
formed with the Principal Components & Classification Analy-
sis module from the above-mentioned package. The discrimina-
tion between samples was based on the scores plot, while the
importance of variables to the classification was based on the
loadings plot in PCA analysis. Both FTIR wavenumber (WN)
and intensity (I) of the specific bands identified in all analyzed
samples were used as input data. PCA was performed with both
FTIR variable types (both WN and I) or as separated variable
types (only WN or only I). PCA analysis was based on correla-
tions, a computed variance as SS/(N-1), with centered factor co-
ordinates of the variables (or principal components, coded as

“PC”). All significant PCA results are also presented in the
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Supporting Information File 1 (Figures S12-S23 and Tables
S10-S12).

Supporting Information

Supporting Information File 1

Thermal analysis, FTIR and FTIR-PCA data for ternary
complexes.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-19-30-S1.pdf]
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Abstract

Cyclodextrins (CDs) are known for their ability to extract lipid components from synthetic and biological membranes and therefore
to induce an increase of membrane permeability. However, the effect of cholesterol (CHOL) content in the membrane on the CD
permeabilizing effect was not considered yet. Given that an increase in CHOL content reduces the membrane permeability, the aim
of this work was to reveal how CHOL would modulate the CDs effect on the membrane. Hence, liposomes made of dipalmitoyl
phosphatidylcholine (DPPC) and various CHOL contents (DPPC/CHOL 100:10, 100:25, 100:50, and 100:100) encapsulating the
hydrophilic fluorophore, sulforhodamine B (SRB), were prepared and exposed to the native CDs (a-CD, $-CD, y-CD) and four
B-CD derivatives: the randomly methylated-8-CD (RAMEB), the low methylated-3-CD (CRYSMEB), the hydroxypropyl-g-CD
(HP-B-CD) and the sulfobutyl ether-B-CD (SBE-B-CD) at different CD/DPPC molar ratios (1:1, 10:1, and 100:1). The membrane
permeability was monitored following the release of SRB with time. The results demonstrated that the CDs effect on the membrane
depends on the CD type, CD concentration, and membrane CHOL content. The investigated CDs exhibited an instantaneous perme-
abilizing effect promoting vesicle leakage of SRB from the various membranes; this effect increased with CDs concentration.
Among the studied CDs, a-CD, B-CD, and RAMEB were the most permeabilizing CDs on the different membranes. Similar modi-
fications of SRB release from the various liposomal formulations were obtained with HP-p-CD, CRYSMEB, and SBE-3-CD. y-CD
was the less potent CD in affecting the membrane permeability. The CDs effect also depended on the CHOL content: at the CD/
DPPC molar ratio (100:1), RAMEB and B-CD considerably permeabilized the membrane of high CHOL content (50%, 100%)

while the remaining CDs showed a decreasing permeabilizing effect upon CHOL content membrane increase.
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Introduction

Cyclodextrins (CDs) are a family of cyclic oligosaccharides
made of glucopyranose units connected by a-1,4-glycosidic
bonds. They possess a cone-shaped molecular structure with a
hydrophobic internal cavity and a hydrophilic outer surface [1].
The common CDs are the native a-CD, B-CD, and y-CD
consisting of 6, 7, and 8 p-glucopyranose units, respectively.
Due to their limited water solubility (especially f-CD), native
CDs can be chemically or enzymatically modified (by e.g.,
alkylation, arylation, hydroxypropylation, amination, etherifica-
tion, etc.) giving rise to synthetic CD derivatives with greater
water solubility [2]. Thanks to their unique structure, CDs can
offer exclusive advantages by allowing the entrapment of
lipophilic molecules inside their inner cavities. This inclusion
improves the chemical stability and aqueous solubility of the
guest molecule and results in most of the cases in the formation
of a water-soluble CD—guest complex [3]. Being recognized as
non-toxic, biodegradable, and sustainable carriers, CDs have at-
tracted wide interest as potential carriers in different fields,
mainly in drug delivery where they are used as pharmaceutical
excipients to increase the drug permeability through biological
membranes improving drug bioavailability and efficacy [2,4,5].
Furthermore, the CDs peculiarities helped to develop a
combined system in which CD—guest complexes are encapsu-
lated in the aqueous core of liposomes which is generally
known as “drug-in-cyclodextrin-in-liposomes” (DCL) [6]. This
novel delivery system has gained popularity in the past few
decades and many publications proved its importance and
significance. Actually, the use of the two delivery systems
(liposomes and CDs) was shown to combine the advantages of
each separate system and to circumvent the drawbacks of
liposomes and the problems associated with CDs: for instance,
studies reported that the DCL increased the entrapment of
hydrophobic drugs in liposomes and enhanced the vesicle
stability. The DCL avoids a burst release of the drug from the
carrier resulting in an ameliorated controlled release [6,7].

Nevertheless, CDs are known to induce considerable damages
in the membrane structure and composition. In fact, CDs can
alter the biophysical properties of the membrane by increasing
its fluidity and permeability [8]. They are even able to extract
the lipid membrane components leading the membrane to lose
its integrity [8]. This behavior was attributed to the hemolytic
activity of CDs previously observed on erythrocytes and other

cell membranes [9].

Numerous reports highlighting the CDs-mediated lipid extrac-
tion demonstrated that some CDs displayed a higher affinity
towards phospholipids such as a-CD for phosphatidylinositol
(PI), phosphatidylserine (PS), and dipalmitoyl phosphatidyl-
choline (DPPC) [10,11], etc., while other CDs preferentially

Beilstein J. Org. Chem. 2023, 19, 1570-1579.

extracted cholesterol (CHOL) from membranes such as f-CD
and its methylated derivatives [12,13]. Consequently, CDs are
classified as permeabilizing agents for being able to promote
the leakage of liposomal membranes [14]. Although a great
number of reports demonstrated the membrane-damaging effect
induced by several CDs, the CHOL content in the membrane
was not considered in the literature despite the remarkable
effect of CHOL on the stability of the lipid bilayer. In fact,
CHOL can greatly modulate the membrane permeability: a
previous work showed that increasing the CHOL content in the
membrane results in a decrease in the membrane permeability
in a dose-dependent manner [15]. Additionally, the CHOL
content was demonstrated to reduce and sometimes to inhibit
the permeability of DPPC vesicles induced by bioactive agents
[16,17]. Given the condensing and ordering effect that CHOL
exerts on the membrane, the presence of CHOL in the lipid bi-
layer introduced a new phase to the membrane referred to as
“the liquid-ordered” (Lo) alongside with the gel phase and the
liquid-disordered phase [18].

Besides, CHOL is a major component of the so-called “lipid
rafts” which are perceived as membrane domains rich in CHOL
and sphingomyelin and involved in various cellular processes,
(e.g., signaling transduction, proteins trafficking, etc.) [19].
However, many discrepancies could be found in the literature
regarding the existence of lipid rafts in synthetic membranes,
especially CHOL-lipid binary mixtures. Studies of
DPPC:CHOL bilayers have elucidated the formation of nanodo-
mains enriched in CHOL within the membrane displaying a
fluid-like structure as manifested in the Lo phase [20].

Different types of CDs were considered in this study; these
include the native CDs: a-CD, B-CD, y-CD, and four $-CD de-
rivatives: the randomly methylated-g-CD (RAMEB), the low
methylated-g-CD (CRYSMEB), the hydroxypropyl-g-CD (HP-
B-CD), and the sulfobutyl ether-p-CD (SBE-B-CD). A
schematic representation of the chemical structure of the native
CDs and their dimensions is depicted in Figure 1, reprinted with
permission from [21]. The structures of $-CD derivatives and
their degrees of substitution are represented in Figure 2. The
effect of the CDs on the membrane permeability was monitored
by following the release of a hydrophilic fluorophore, sulforho-
damine B (SRB), from liposomes composed of DPPC and dif-
ferent CHOL content upon exposure to different concentrations
of CDs.

To the best of our knowledge, this work is the first study inves-
tigating the effect of CDs on the permeability of DPPC lipo-
some membranes of various CHOL content. The CDs effect

was examined at various CD/DPPC molar ratios. This work will
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Figure 1: The chemical structure of the native CDs, their three-dimensional structure, and their dimensions (n = 6, 7, and 8 glucopyranose units for
o-, B-, and y-CD, respectively). This figure was reused by permission from Springer Nature from [21]. (“130 years of cyclodextrin discovery for health,
food, agriculture, and the industry: a review” by N. Morini-Crini; S. Fourmentin; E. Fenyvesi; E. Lichtfouse; G. Torri; M. Fourmentin; G. Crini, Environ-
mental Chemistry Letters, Vol. 19, pp 2581-2617, 2021), Copyright 2021 Springer Nature. Journal home page: https://www.springer.com/journal/
10311. This content is not subject to CC BY 4.0.

provide a better understanding of the influence of CHOL

OR
content on the CDs effect with regards to their affinity to lipid
RO 0] o 0 membrane components. It will also allow us to point out if the
\%/ZOE RO RO CDs-induced lipid extraction may occur in “lipid rafts”.
0)
OR

OR . .
RO Results and Discussion
o OR 0 In this study, liposome membranes made of DPPC and various
CHOL contents were prepared (10%, 25%, 50%, and 100%
RO
RO @) CHOL). It is relevant to note that the percentage of CHOL in
OR
RO

the formulations represents the amount of CHOL added to the

fixed amount of DPPC not the sum of the total lipids. Thus, a

5 OR RO7 0 OR formulation of 100% CHOL comprises a number of moles of
ORO ORO CHOL equal to that of DPPC. These formulations were individ-

RO \(//%/ ually treated with 0.15 mM, 1.5 mM, and 15 mM of CDs (CD/

DPPC molar ratios 1:1, 10:1 and 100:1, respectively).
Following the exposure of liposomes to CDs, the samples
HP-B-CD: R = -H or -CH,-CH(OH)-CHj3; DS = 5.6
RAMEB: R = -H or -CH3; DS = 12.9
CRYSMEB: R=-Hor-CH3; DS =4.9
SBE-B-CD: R = -H or -(CH,)4-SO3~ Na* ; DS = 6.5

were incubated at 37 °C and the fluorescence signals were
measured at time 0, 4, and 24 h. For each formulation, the
effect of CDs was obtained by subtracting the SRB release from
vesicles in the presence of CDs from that obtained in their
Figure 2: Structures of B-CD derivatives and their degrees of substitu- absence as explained earlier. Results are presented in Figures 3,
ey 4,and 5.
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The obtained data are also reported in Tables S1-S4 (Support-
ing Information File 1) in which the vertical reading points out
the effect of the CD concentration on the SRB release for a spe-
cific membrane composition, while the horizontal reading of the
tables highlights the impact of CHOL content on the perme-
ability of membranes at various intervals of time.

The SRB release kinetics for blank liposomes (untreated with
CDs) obtained in our study were consistent with a previous
work conducted by Kaddah et al. [15]. Indeed, the study
focused on following the SRB release from liposomes
composed of DPPC and various CHOL contents. The previous
results showed that the SRB release from liposomes incorporat-
ing 10% CHOL was 6.1% after 1 h of incubation whereas those
from membranes containing higher CHOL contents did not
exceed 5% after the same time. After 4 h of incubation, the SRB
release reached 16.41% for 10% CHOL liposomal membranes
and less than 10% for vesicles composed of higher CHOL
content. After 48 h of incubation, 63% of SRB was released
from 10% CHOL membranes while less than 20% of SRB
leakage was obtained with the formulations of 50 and 100%
CHOL [15]. Similar findings were noted in this work (Tables
S1-S4 in Supporting Information File 1) showing that increas-
ing the CHOL content in the membrane reduces its perme-
ability and increases its rigidity and stability.

1 The instantaneous effect of CDs at fj
CD/DPPC molar ratio (1:1). As shown in Figure 3, the studied
CDs barely modified the membrane permeability of the differ-
ent liposome membranes where the percentage of SRB release
did not exceed 4% when compared to the blank of each formu-
lation.

CD/DPPC molar ratio (10:1). a-CD, -CD, and RAMEB were
the most effective CDs inducing an increase in the permeability
of the different membranes. Their maximum effect reaching
15% of SRB release was observed at the lowest CHOL content
and their permeabilizing effect decreased with CHOL content
increase (13.08, 8.94, 4.20, and 2.95% of SRB release from
a-CD-treated liposomes composed of 10, 25, 50, and 100%
CHOL, respectively).

HP-B-CD, CRYSMEB, and SBE-B-CD were less effective than
a-CD, B-CD, and RAMEB on the membranes since the instanta-
neous SRB release values did not exceed 7% regardless the
membrane composition at 7. Their highest effect was observed
at a low CHOL content (7.11% of SRB release from SBE—-
CD-treated liposomes composed of 10% CHOL) with a notice-
able decrease (SRB release less than 4%) with membranes of
high CHOL content. y-CD demonstrated the weakest effect on

the membrane regardless its composition.
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CD/DPPC molar ratio 1:1

" a-CD
" B-CD
v-CD
HPBCD
" RAMEB
» CRYSMEB
u SBE-B-CD

SRB release (%) at {0

10% CHOL  25% CHOL  50% CHOL 100% CHOL

CD/DPPC molar ratio 10:1

®o-CD
»B-CD
v-CD
HPBCD
" RAMEB
» CRYSMEB
u SBE-B-CD

SRB release (%) at t0

10% CHOL  25% CHOL

CD/DPPC molar ratio 100:1

50% CHOL  100% CHOL

35 = a-CD

" B-CD
10
5 1 il
0

v-CD
HPBCD
25%CHOL  50% CHOL  100% CHOL

» RAMEB
= CRYSMEB
u SBE--CD

SRB release (%) at {0

10% CHOL

CHOL membrane content

Figure 3: The instantaneous effect of CDs on the various liposome
membranes at different CD/DPPC molar ratios (1:1, 10:1, and 100:1)
at fg. Values are expressed as the means of three different measure-
ments = SD.

CD/DPPC molar ratio (100:1). At this molar ratio, RAMEB
was the most effective CD acting on both CHOL-poor and -rich
membranes. Remarkably, the SRB release values reached
around 42.00% with membranes containing 100% CHOL
which draws attention to the ability of RAMEB to extract
CHOL from membranes rich in CHOL. B-CD showed a similar
effect at 10% CHOL but it remained lower than that obtained
with RAMEB.

Although a-CD and B-CD demonstrated the same ability to
affect the permeability of membranes of CHOL content 10, 25,
and 50% (with SRB release values ranging from 15 to 25%),
their effect was not the same at 100% CHOL where 3-CD (SRB
release of 32.37%) was more potent than a-CD (SRB release of
13.29%). HP-B-CD, CRYSMEB, and SBE-B-CD similarly
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affected the liposome membranes of different CHOL content;
their permeabilizing effect was higher on low CHOL content
membranes 10 and 25% (SRB release values varying between
14 and 20%) compared to high CHOL membranes 50 and 100%
(SRB release values ranging from 7 to 14%). Among these
CDs, HP-B-CD exerted the lowest effect at 100% CHOL (6.9%
of SRB release). As for y-CD, it increased the SRB release from
10% CHOL membranes at this high CD concentration, though,
its effect decreased with the other membrane types. Overall, we
observed that increasing the CDs concentration increased their
permeabilizing effects regardless the membrane composition
and the CD type.

2 The permeabilizing effect of CDs at 4 h
CD/DPPC molar ratio (1:1). As depicted in Figure 4, the
effect of CDs at the molar ratio 1:1 on the various membrane
types did not strongly differ from the blank or untreated lipo-
somes; less than 4% of SRB release (compared to blank) was
obtained with the different CDs. Surprisingly, all CDs seem to
produce a slight decrease of membrane permeability (less than
6%) when compared to the blank for the membranes of CHOL
content 10, 50, and 100% whereas a slight increase (3% of
release) was noticed after CDs exposure to 25% CHOL mem-
branes.

CD/DPPC molar ratio (10:1). The same trends obtained at the
CD/DPPC molar ratio 1:1 seem to be maintained at the CD/
DPPC molar ratio 10:1. a-CD and RAMEB were the
only CDs that induce an increase in SRB release higher
than 5% with the membranes containing 25 and 50% CHOL.
B-CD kept a weak permeabilizing effect on 25% CHOL mem-
brane.

CD/DPPC molar ratio (100:1). a-CD, $-CD, and RAMEB
produced a permeabilizing effect on the membranes composed
of 25, 50 and 100% CHOL where the SRB release values varied
between 25 and 50%. The effect of f-CD and RAMEB in-
creased with CHOL content; this was not obtained with a-CD.
HP-B-CD, CRYSMEB, and SBE-B3-CD increased the perme-
ability of 25, 50, and 100% CHOL membranes (with SRB
release values 10 to 20%) with a better effect at 25 and 50%
CHOL.

3 The permeabilizing effect of CDs at 24 h

CD/DPPC molar ratio (1:1). As we can see in Figure 5, the
data obtained at 24 h are similar to those collected at 4 h. Effec-
tively, at the CD/DPPC molar ratio (1:1), the investigated CDs
did not exhibit a permeabilizing effect on 10% CHOL mem-
branes. Even though some CDs showed an effect at 25, 50, and
100% CHOL, their effect remained weak and unsignificant

(SRB release values less than 4% compared to blank).
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Figure 4: The permeabilizing effect of CDs on the various liposome
membranes at different CD/DPPC molar ratios (1:1, 10:1, and 100:1)
obtained at 4 h. Values are expressed as the means of three different
measurements + SD.

CD/DPPC molar ratio (10:1). At the CD/DPPC molar ratio
(10:1), a-CD and RAMEB were able to permeabilize 25 and
50% CHOL membranes. B-CD exerted a slight effect when
compared to that of a-CD and RAMEB.

CD/DPPC molar ratio (100:1). A strong permeabilizing effect
was induced by a-CD, $-CD, and RAMEB with SRB release
values ranging from 25 to 55%. The remaining $-CD deriva-
tives showed a lower effect at 25 and 50% CHOL.

Discussion
The CD-membrane interaction was broadly studied in the past

few decades. The ability of CDs to induce membrane permeabi-
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Figure 5: The permeabilizing effect of CDs on the various liposome
membranes at different CD/DPPC molar ratios (1:1, 10:1, and 100:1)
obtained at 24 h. Values are expressed as the means of three differ-
ent measurements + SD.

lization was also proved in numerous reports. This effect was
dose dependent which is consistent with the obtained results
where the permeabilizing effect of CDs increased with CDs
concentration: at the CD/DPPC molar ratio (1:1), the CDs did
not promote considerable vesicle leakage whereas at the CD/
DPPC molar ratio (10:1), the CDs affected the membrane
permeability and their effect was enhanced at the CD/DPPC
molar ratio (100:1).

In addition, we can notice that the CDs potency in permeabi-
lizing the membrane was not the same: among the studied CDs,
and a-CD, B-CD, and RAMEB were the most potent CDs acting

on both low and high CHOL content membranes, particularly at
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the highest CDs concentration. However, they did not behave
similarly at high CHOL content: the permeabilizing effect of
B-CD and RAMEB was enhanced at 100% CHOL compared to
a-CD whose release effect was reduced at high CHOL content.
Additionally, a-CD presented the highest effect at 25% CHOL
at the highest CD concentration. The main reason behind these
observations is the preferential lipid membrane extraction
exhibited by the CDs. As a matter of fact, a-CD can remove
phospholipids from membranes. A previous work reported that
a-CD can extract DPPC through a special complex formation
between the acyl chains of the phospholipid and the CD mole-
cules where many a-CD units string along the nonpolar chains
of DPPC forming a rotaxane-like ring [11]. DSC studies have
also proved that a-CD forms an insoluble complex with DPPC
[22]. Besides, a-CD has previously demonstrated the strongest
destabilizing effect on the DPPC liposome membranes among
the native CDs [11]. In our study, being more abundant in phos-
pholipids than CHOL, the 10 and 25% CHOL liposome mem-
branes were more sensitive to a-CD (at a CD/DPPC molar
ratios above 10:1) compared to the remaining formulations (50
and 100% CHOL) which explains the highest permeabilizing
effect instantly exerted by a-CD at low CHOL content. With in-
creasing CHOL content (at 50 and 100% CHOL), CHOL might
be clustered into microdomains which may hinder the a-CD’s
effect and reduce its effect on the membrane.

According to literature, the effect of f-CD and RAMEB is
mainly attributed to the ability of these CDs to remove CHOL
from membranes [8]. This explains the increase of their perme-
abilizing effect with CHOL addition at the CD/DPPC molar
ratio 100:1 as more CHOL molecules are extracted from the
membrane leading to the disruption of the membrane conti-
nuity and its subsequent leakage [14]. Though, this effect was
not seen at the CD/DPPC molar ratio of (10:1). This leads to
suppose that the CHOL extraction mediated by f-CD is proba-
bly achieved at a CD/DPPC molar ratio larger than 10:1.
Comparing the a-CD-induced permeability to that of f-CD and
RAMEB, it is possible to state that CHOL-rich membranes are
sensitive to f-CD and RAMEB at the highest ratio (100:1).
Hence, B-CD and RAMEB are active on CHOL-rich mem-
branes (50 and 100% CHOL) where the raft domains may be
present. We suggest therefore that f-CD and RAMEB at high
concentration would extract CHOL from raft domains, as previ-
ously reported for RAMEB [8,23].

As mentioned earlier, HP-B-CD, CRYSMEB, and SBE-3-CD
were less effective on the membrane than a-CD, 3-CD, and
RAMEB. They displayed a better permeabilizing effect at low
CHOL content (10 and 25% CHOL membranes) with a de-
crease in their effect upon CHOL content increase at the CD/
DPPC molar ratios 10:1 and 100:1.
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Despite that CRYSMEB is a methylated B-CD derivative, its
behavior was different from that of RAMEB whose effects were
enhanced with CHOL increase at the CD/DPPC molar ratio
100:1. Our result for CRYSMEB is in agreement with the work
of Piel et al., who showed that CRYSMERB is less potent than
RAMEB and other methylated CDs in promoting calcein
leakage from liposomes comprising 30% CHOL [13]. The
authors stated that the low degree of substitution of CRYSMEB
decreased its affinity to the lipid membrane components and
resulted in a weaker disturbing effect compared to RAMEB and
other methylated CDs. Consequently, CRYSMEB is active on
CHOL-poor membranes (25% CHOL) at a CD/DPPC molar
ratio above 10:1.

HP-B-CD and SBE-f-CD showed similar behavior to
CRYSMEB. According to a recent biophysical study, HP-3-CD
demonstrated an increase in the fluidity of DPPC liposomes
through the interaction of HP-B-CD with the polar head group
region and the acyl chains of DPPC [24]. Although the com-
plex between HP--CD and CHOL has been previously charac-
terized [25], this complex seems to be unstable. Thus, a better
interaction would occur between HP-B-CD and DPPC rather
than with CHOL which explains the obtained results. As for
SBE-B-CD, it was reported that charged CDs could not interact
with CHOL molecules and form inclusion complexes due to
charge repulsion [26]. This could explain the results obtained
for these two CDs. Hence, HP-B-CD and SBE-B-CD are active
on CHOL-poor membranes.

The effects of B-CD derivatives obtained in this study present a
good correlation with biological membranes studies: the
methylated 8-CD derivatives with high degree of substitution
(RAMEB in our study) possess the strongest CHOL extraction
capacity and can subsequently achieve the highest solubiliza-
tion of CHOL [27], while the low-substituted derivatives
(CRYSMEB in our case) were less cytotoxic and maintained
the integrity of endothelial cells assuming a lower affinity to
CHOL membrane compared to the other derivatives [23].
Furthermore, the hydroxypropyl substituents are bulkier and
less hydrophobic than the methyl groups resulting in a lower
CHOL solubilizing capacity and a weaker hemolytic activity for
HP-B-CD [28]. Besides, the ionic f-CD derivatives are less
effective in promoting CHOL extraction given that the charge
decreases the affinity of CDs towards CHOL [27].

With regards to the native y-CD, it exerted the weakest effect
among all CDs. A slight permeabilizing effect was instantly ob-
tained on the various membranes at the highest CD concentra-
tion and it disappeared with time. These observations are in
agreement with published data where y-CD always exhibited
low vesicle leakage [29]. Actually, y-CD was found to be less
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lipid specific than the remaining native CDs (a-CD and B-CD)
[8], which implies that the interaction of y-CD with DPPC
would be not favorable. Considering its large cavity in compari-
son to a and B-CD, y-CD is not able to extract properly lipid
membrane components. This result confirms that the mecha-
nism of CDs-induced permeability is mainly attributed to the
lipid extraction mediated by CDs resulting in the formation of a
complex between the CD and the lipid membrane components,
as reviewed by Nasr et al. in 2020 [14]. Based on our results,
y-CD was active on CHOL-poor membranes. Yet, its effect
remains very weak compared to the studied CDs.

Moreover, the instantaneous permeabilizing effect of CDs on
10% CHOL membranes disappeared at 4 and 24 h regardless
the CD type and the CD/DPPC molar ratio (Supporting Infor-
mation File 1). The instantaneous effect of CDs on other mem-
branes was similarly obtained. This may be due to the rapid
equilibrium that could be established at 10% CHOL between
the membrane and the CD. In fact, CD can instantly interact
with the liposome membrane constituents and the extraction of
lipid molecules takes place resulting in membrane destabiliza-
tion. This is illustrated by the rapid leakage of SRB loaded lipo-
somes upon CDs exposure to membranes of different CHOL
contents. After this initial effect, the CD would not influence
the stability of the bilayer supposing that the membrane is
re-organized and the equilibrium between the CD and the mem-
brane is established. Our result for 10% CHOL liposomes is in
accordance with that of Hatzi et al. showing an instant calcein
release from CHOL-free liposomes (PC and H-PC vesicles)
exposed to CDs with no further leakage with time [12]. It is
worthy to note, that the 10% CHOL membranes are less stable
than the remaining formulations and evidenced the same SRB
release pattern as CHOL-free liposomes [15]. Nonetheless, the
rapid equilibrium between the CDs and the membrane cannot
alone explain the reason behind the disappearance of the CDs
effect with time because it does not fully consider the complex-
ation process between the CDs and the membrane components.
Another finding obtained by Nishijo and his co-workers [30]
may further clarify this idea. The authors studied the interac-
tion of various CDs with CHOL.: heptakis(2,6-di-O-methyl)-p-
CD (DOM-B-CD) was able to form two types of soluble com-
plexes, with molar ratios of 1:1 and 1:2 (CHOL/DOM-§-CD).
The latter (1:2 inclusion complex) occurred much more easily
than that of the 1:1 complex showing a much higher equilib-
rium constant. At low CDs concentration, the formation of the
1:1 inclusion complex dominated with low equilibrium con-
stant (109 M~!) suggesting that the unstable complex would
rapidly decompose into its components. With time elapsing and
with increasing CDs concentration, the 1:1 inclusion complex
was transformed into the more stable 1:2 complex with greater

equilibrium constant (5.68 X 10* M™1). Therefore, we can
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suggest that at high CDs concentration, more of the lipid mem-
brane components would enter the cavity of CDs to form a
stable complex instead of refluxing back to the liposomes.
Based on these studies, we can assume that the disappearance of
the CDs permeabilizing effect with time is additionally
accounted for the complexation process occurring between the
CDs and the membrane components [30].

Interestingly, a decrease in the permeability was reported with
various CDs after #q (Figure 2 and Figure 3). This result could
be in line with the ability of CDs to stabilize the biological
membranes during freeze-drying [8].

Considering the above discussed results, we can assume the
dependency of the CDs effect on the membrane permeability on
three main parameters: the CHOL content, the CD concentra-
tion, and type or more precisely its affinity towards lipid mem-
brane components. At the CD/DPPC molar ratio 1:1, the studied
CDs had no effect on the membrane regardless the CHOL
content. Their effect occurred above this ratio and was there-
after strongly modulated by the CHOL content depending on
the CD’s affinity or interaction with lipid membrane compo-
nents. CHOL-poor membranes were mainly sensitive to the
CDs displaying a preferential phospholipids membrane extrac-
tion such as a-CD and the B-CD derivatives: HP-B-CD,
CRYSMEB, and SBE-$-CD with a-CD being the most potent,
whereas CHOL-rich membranes were sensitive to f-CD and its
methylated derivative, RAMEB.

Conclusion

In this work, we investigated the effect of CDs on the mem-
brane permeability of DPPC liposomes composed of different
CHOL contents at different CD/DPPC molar ratios. The ob-
tained data revealed the dependency of the CD’s induced
permeability on three main factors: the CHOL content, the CD
concentration, and the CD type interpreted by their ability to
extract lipid membrane components. No effect was observed for
the CD/DPPC molar ratio 1:1 on the membrane permeability for
all the CDs. At the ratio 10:1 and 100:1, CDs exhibited differ-
ent behaviors towards the membrane depending on the CHOL
content and the CDs’ affinity to the lipid membrane compo-
nents. Among the studied CDs, a-CD, -CD, and RAMEB can
be classified as the most effective CDs acting on both CHOL-
rich and -poor membranes with f-CD and RAMEB showing an
enhanced effect at high CHOL content. Hence, f-CD and
RAMEB may extract CHOL from raft domains at high CHOL
content. The remaining B-CD derivatives (HP-B-CD,
CRYSMEB, and SBE-B-CD) showed a lower effect that was
mainly observed instantaneously at low CHOL content and it
decreased with CHOL content increase. y-CD showed the

weakest effect on the membrane. Increasing time of incubation
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did not affect the CD permeabilizing effect on the various lipo-
somal membranes.

These results contribute to the better understanding of the
CD-membrane interaction and may be very useful in the choice
of these CDs as a delivery system. Furthermore, these results
may help in the development of the combined delivery system
“drug-in-cyclodextrin-in-liposomes” (DCL) where CD—-drug
inclusion complexes are in contact with the membrane. The
choice of CD in such a system does not only depend on the drug
affinity towards the CD cavity, but should also take into consid-
eration the affinity of the selected CD towards membrane lipids,
the CD—phospholipid molar ratio, and the CHOL content in the
membrane.

Experimental

Materials and methods

Materials

a-CD, B-CD, y-CD, and randomly methylated-B-CD (RAMEB,
DS =12.9), were provided by Wacker Chemie (Germany). Low
methylated-B-CD (CRYSMEB, DS = 4.9) and hydroxypropyl-
B-CD (HPBCD, DS = 5.6) were provided by Roquette Freres
(Lestrem, France). Sulfobutyl ether-p-CD (SBE-B-CD,
DS = 6.5) was provided by LIGAND Pharmaceuticals (San
Diego, CA, USA). Dipalmitoylphosphatidylcholine (DPPC) and
trizma base (buffer reagent) were purchased from Sigma-
Aldrich, Switzerland. Triton X-100, sodium chloride (NaCl),
and Sephadex G25 gel were purchased from Sigma-Aldrich,
Belgium. Ammonium molybdate, hydrogen peroxide, potas-
sium dihydrogen phosphate, sodium sulfite, sodium bisulfite,
chloroform, and methanol were purchased from Sigma-Aldrich,
Germany. Cholesterol and sulforhodamine B were purchased
from Sigma-Aldrich, USA. 4-Amino-3-hydroxy-1-naphthalene
sulfonic acid was purchased from Fluka, India. Sulfuric
acid was purchased from ACROS Organics, Belgium and
diethyl ether was purchased from VWR-Prolabo Chemicals,
Belgium.

Liposomes preparation, extrusion, and purification

The SRB-loaded liposomes were prepared, extruded, and puri-
fied following the same method described by Nasr et al. [17].
Briefly, the lipid mixture of DPPC and CHOL at the different
molar ratios (DPPC/CHOL 100:10, 100:25, 100:50, and
100:100) was dissolved in an organic phase made of chloro-
form/diethyl ether/methanol 6:6:1 (v/v/v). After a short sonica-
tion, the aqueous phase made of SRB (150 mM) dissolved in
Tris HCI buffer (0.1 M, pH 7.4) was added to the lipid solution
and the mixture was sonicated at 60 °C under a nitrogen stream.
The removal of organic solvents was achieved by evaporation at
45 °C using a rotary vacuum evaporator (Heidolph, Germany).

Then, the aqueous phase (SRB containing buffer) was added to
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the dry film and the mixture was sonicated at 60 °C under a
nitrogen stream to generate vesicles. The SRB-loaded lipo-
somes were subjected to extrusion through polycarbonate filter
membranes (Avanti Polar Lipids, Switzerland) of decreasing
pore sizes resulting in a homogenous mixture of LUVs (large
unilamellar vesicles).

Finally, the purification of the SRB-loaded LUVs to eliminate
unencapsulated SRB and lipid molecules from liposomes was
carried out via a centrifugation (2 hours, 15 000 rpm, 4 °C)
and a molecular sieves chromatography (using a Sephadex G25
gel filtration column). A Tris HCI buffer (0.1 M, pH 7.4) con-
taining 150 mM NaCl was used for elution and liposome

storage.

Exposure of SRB-loaded liposomes to CDs

The concentration of DPPC was determined for each formula-
tion according to Bartlett method, as previously described by
Habib et al. [31]. Then, the liposomal suspensions were all
diluted to obtain solutions with a DPPC concentration of
0.15 mM. At time of incubation, the CDs were individually
added to the liposomes so that the concentration of CD in the
final volume of CD treated liposomes is equal to 0.15 mM,
1.5 mM, and 15 mM in respect to the CD/DPPC molar ratios:
1:1, 10:1, and 100:1, respectively. The fluorescence signal was
measured for each sample immediately after the exposure of
LUVs to CDs and the samples were incubated at 37 °C during
24 h. For each formulation, a solution containing only lipo-
somes was used as the blank solution.

The membrane permeability study by fluorescence
spectroscopy

The membrane permeability is commonly evaluated by
following the leakage of self-quenching probes such as SRB
from liposomes [14]. Indeed, a fluorescence auto-quenching
effect is observed when SRB is encapsulated at a high concen-
tration inside the liposomes. The recovery of the fluorescence
signal is achieved upon the release of the dye from liposomes
and its dilution in the external medium. Thus, the effect of CDs
on the permeability of liposomal membranes was studied by
measuring the fluorescence signal of liposomes treated with
CDs and incubated at 37 °C. An enhanced membrane perme-
ability is detected when the fluorescence signal is increased

demonstrating the permeabilizing effect of the tested agents.

As described in the previous section, the SRB-loaded lipo-
somes of each formulation treated or not with CDs were incu-
bated in a water bath at 37 °C. Aliquots were taken from each
sample at 0, 4, and 24 h and the fluorescence signal was
measured after a dilution of 100 times in the Tris HCI (0.1 M,
pH 7.4) buffer containing 150 mM NaCl.
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The measurements were carried out on a spectrophotometer
(Hitashi F-7000 Spectrofluorometer) at an excitation wave-
length of 535 nm and an emission wavelength of 590 nm. The
emission spectrum was recorded in the range 540-700 nm. The
results of the permeability study were expressed as the percent-
age of the fluorophore released from LUVs obtained using
Equation 1:

(Fz — F,blank )

max

SRB release percentage = x100, (1

where F is the fluorescence intensity measured at time ¢ for
each sample, F pjank is the fluorescence intensity measured at
time O for the blank liposomes of each formulation and F,,y is
the maximum fluorescence indicating a complete release of
SRB from vesicles and obtained in the presence of the nonionic
detergent, Triton X-100 (1%) in a Tris HCI buffer (0.1 M, pH
7.4) containing 150 mM NaCl. The results are expressed as the

means of three independent experiments + SD.

To highlight the effect of CDs on the membrane, results are
presented by subtracting the SRB release obtained in the pres-
ence of CDs from that obtained in their absence.

Statistical analysis

To assess significant differences between values, statistical
analysis was carried out using the Student’s t-test. A value of
p < 0.05 was considered statistically significant.

Supporting Information

Supporting Information File 1

Supporting tables.
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