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Preface to “Cyclodextrin Chemistry and Toxicology”

Cyclodextrins (CDs) are cyclic oligosaccharides composed of six (x-CD), seven (3-CD), or
eight (y-CD) D (+) - glucose units linked by «-1,4 bonds. They have found wide application in
numerous fields which, thanks to their typical toroidal structure consisting of an apolar internal
cavity and a polar external surface, allows the physical inclusion of a wide range of molecules.
Cyclodextrins have been the subject of several books, reviews and articles. This testifies to the
great interest in these molecules and their derivatives due to the extensive use in various fields,
such as biotechnology, chemistry, green chemistry, analytical chemistry, pharmacy, administration
of drugs and pharmaceutical excipients, biology, medicine and biomedicine, food and beverage
industry, cosmetic formulations/fragrance stabilization, chromatography, catalysis, biotechnology,
agrochemistry and the remediation of polluted sites.

This collection of articles, through eleven contributions and three reviews, provides an overview
of the applications of cyclodextrins, implements the information regarding the use of cyclodextrins
and their inclusion complexes, considering both experimental and theorists approaches and using
various scientific and technological tools. Furthermore, the importance of understanding the
mechanisms involved in the formation of the complexes and of the resulting advantages, together
with their possible integration within different application areas, including those related to data
communication, are underlined.

In particular, the published articles have clearly highlighted the dynamism and breadth of the
sectors involved, as well as the variety of approaches to the use of CDs: as food supplements and
nutraceuticals by studying the impact on the grain dough and on the properties of bread, the effect
on the antiplatelet capacity of proteins, development of new formulations with greater solubility,
bioavailability and stability, the administration of drugs. The drug concentration plays an important
role in the interaction with drug carriers that influence the kinetics of the release process and the
toxicological effects. The Molecular Dynamics simulations are useful for evaluating the bioeffects
of -cyclodextrin-based nanosponges on two-dimensional cell cultures, also discussing the study
of the cyclodextrin-based nanosystems in targeted cancer therapy. One of the reviews introduces
the advances in cyclodextrin (pCD) polymer research, including their synthesis and applications in
analytical separation science, materials science and biomedicine. Another review summarizes and
highlights the results obtained in the field of cyclodextrin-based contrast agents for medical imaging.
Finally, new perspectives are presented in the use of cyclodextrins in textiles, as smart materials for

microbial control.

As guest editor of the Special Issue “Cyclodextrin Chemistry and Toxicology”, we would like
to express our deep appreciation to all the authors whose valuable work has been published in
this issue, thus contributing to the success of the Special Issue. Despite the presence on the market
of numerous food, cosmetic and pharmaceutical formulations, cyclodextrins continue to attract the
interest of both the academic community and the industry and we believe that the rapid evolution of
the different sectors considered is moving further in interdisciplinary way in the near future, this will
give birth to new discoveries and applications based on innovative scientific insights carrying further

technological advances, demonstrating that cyclodextrins, for research, still have a lot of interest.

Marina Isidori, Margherita Lavorgna, and Rosa Iacovino
Editors
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Abstract: Cyclodextrins (CDs) are cyclic oligosaccharides that have found widespread application in
numerous fields. CDs have revealed a number of various health benefits, making them potentially
useful food supplements and nutraceuticals. In this study, the impact of «-, 3-, and y-CD at different
concentrations (up to 8% of the flour weight) on the wheat dough and bread properties were
investigated. The impact on dough properties was assessed by alveograph analysis, and it was found
that especially 3-CD affected the viscoelastic properties. This behavior correlates well with a direct
interaction of the CDs with the proteins of the gluten network. The impact on bread volume and
bread staling was also assessed. The bread volume was in general not significantly affected by the
addition of up to 4% CD, except for 4% «-CD, which slightly increased the bread volume. Larger
concentrations of CDs lead to decreasing bread volumes. Bread staling was investigated by texture
analysis and low field nuclear magnetic resonance spectroscopy (LF-NMR) measurements, and no
effect of the addition of CDs on the staling was observed. Up to 4% CD can, therefore, be added to
wheat bread with only minor effects on the dough and bread properties.

Keywords: cyclodextrins; alveograph; wheat dough; bread staling

1. Introduction

Cyclodextrins (CDs) are cyclic non-reducing starch derivatives made by enzymes.
The most commonly applied CDs are «-, 3-, and y-CD, which are cyclic oligosaccharides
consisting of 6, 7, and 8 glucopyranose units, respectively. These three CDs are widely
applied, as they have several beneficial attributes in, e.g., pharmaceuticals [1-3], foods [4-8],
and cosmetics [9]; moreover, various health benefits have been observed when they are
consumed [5,10]. Many of these effects originate from the ability of the CDs with their
relatively hydrophobic cavity to form inclusion complexes with primarily lipophilic com-
pounds or compounds with lipophilic moieties and thereby change the apparent properties
of these [1,7]. When the CDs are applied in breadmaking, previous studies have found
positive effects on bread quality (assessed by loaf volume) [11-13] and bread staling behav-
ior [14,15]. In other food products, CDs are used as carriers and stabilizers of functional
compounds, and they have, therefore, found multiple applications related to the extension
of shelf life, food processing, and sensory improvement of food products [4-8].

Native -, 3-, and y-CD are all considered non-toxic and safe for human consumption
and have, therefore, received GRAS status (generally recognized as safe) [5,7]. The ADI
(allowed daily intake) of o- and y-CD is unspecified, while 3-CD has been allocated with
an ADI of 0-0.5 mg/kg body weight [16-23]. The approved use levels for bread, rolls,
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cakes, baking mixes, and refrigerated doughs have been set at 5, 2, and 1% (w/w) for o-, -,
and y-CD, respectively [21-23].

CDs have multiple health effects, which makes them useful bioactive food supple-
ments and nutraceuticals. There are various potentials in the application of CDs in bread,
as bread is one of the most frequently consumed cereal products and a large source of
available carbohydrates in the diet [24]. - and 3-CD can be considered as dietary fibers
for controlling body weight and blood lipid profile, as the digestibility of «- and 3-CD by
the (human) amylolytic enzymes in the human gastrointestinal tract is negligible, while
v-CD is readily degraded [5,25-27]. «- and (3-CD are instead partly fermented by gut
microflora, and they have shown to be prebiotics that are able to improve the intestinal
microflora [28]. Supplementation of CDs to starchy food has been shown to reduce their
glycaemic index [29-33], which is considered favorable to health [24]. Health claims related
to a-CD as dietary fiber and its ability to reduce post-prandial glycaemic responses have
been permitted by The European Food Safety Authority [10].

A number of studies have investigated the effects of the addition of up to 3% pure CD
of the flour weight on the wheat dough and bread performance [11-15]. The addition of
CDs has been shown to change the mixing properties of the dough by increasing the water
absorption and affecting the dough development time [11,13,15], increase the bread volume
as well as texture and crumb structure with the addition of CD up to a certain concentra-
tion [11-14], and decrease the staling of the bread [14,15]. The effects of the addition of CD
producing amylolytic enzymes (specifically cyclodextrin glycosyltransferases, CGTases,
of various origin) on the properties of wheat bread have been investigated in various
studies [34-37]. Here the CGTases were found to improve selected properties, including
specific volume, texture, and staling rate of the resulting bread on par or superior to other
amylolytic enzymes (e.g., commercial anti-staling enzymes). Some studies have attempted
to quantify the amount of o-, 3-, and y-CDs produced by a CGTase from gluten-free baked
bread [38,39] and found concentrations of up to around 59 mg CD/g crumb (sum of -, 3-,
and y-CD) [39].

As judged from the literature, immediate positive effects of supplementing industrial
bread with CDs are improved bread volume and a pronounced anti-staling effect, which
are key parameters for bread quality. However, the bigger potential for supplementation of
wheat bread with CD may lie in their nutraceutical properties, including glycemic index
reduction, as well as their prebiotic, anti-obesity, and anti-diabetic effects. Nevertheless,
although previous studies have revealed potential positive effects relative to bread quality
and shelf life, it is also evident that there is a limit to the amounts of a particular CD that
can be supplemented to a wheat bread without compromising the key quality parameters
of the products, processing suitability of the dough, and final product quality. In order
to elucidate the effects of the CDs on processability and product quality of simple wheat
bread, we have conducted a comparative study of the effects of the addition of o-, 3-, and
v-CD in the range of 1 to 8% relative to wheat flour on both dough properties and bread
quality. Dough properties were determined using alveograph and consistograph analysis,
while bread properties were assessed by specific bread volume and staling measurements
by texture analysis and low field nuclear magnetic resonance (LF-NMR).

2. Results and Discussion
2.1. Effect on Dough Properties

The effect of the «-, 3-, and y-CDs on flour water absorption was investigated by
consistograph analysis, and the results can be seen in Figure 1. The water absorption
increased when up to 4% CD was added after which water absorption was approximately
constant or decreased again. The water absorption of the control dough (52.7%) increased
the most by addition of 4% «-CD (55.4%), while it increased less for 4% y-CD (54.1%)
and 4% [3-CD (53.4%). The decrease in water absorption at 8% CD compared to 4% CD
was only significant for 3-CD. In general, increased water absorption was expected with
increasing CD concentration, as the CDs were added to a constant amount of flour, and
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the total mass (dry matter) did, therefore, increase. However, the water absorption did not
increase proportionally to the amount of CD added, and it stagnated or decreased when
going from 4% to 8%, dependent on the type of CD.
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Figure 1. Water absorption for different types and concentrations of CD determined by the consisto-
graph method. The water absorption is the hydration needed to obtain a dough with a maximum
pressure of 2200 mbar. The error bars indicate the standard deviation. Different letters indicate the
significant difference between the treatments (p < 0.05).

Similar tendencies have been found by other authors. Up to 3.4% increase in water
absorption dependent on the CD concentration was observed for wheat doughs supple-
mented with up to 1.6% 3-CD by Kim and Hill [11]. Likewise, Zhou et al. [13] observed up
to 6.4% increase in water absorption with increasing CD concentration of up to 3.0% «- or
v-CD for a durum wheat flour dough. Of particular interest, Duedahl-Olesen et al. [15]
found that an increase in water absorption by 7.3% and 8.0% for the addition of 3% o-
and y-CD, respectively, whereas a much lower increase in water absorption, was recorded
when supplying glucose and maltooligosaccharides at the same level (wt%).

The effects of the different concentrations of «-, 3-, and y-CD on the biaxial extensional
properties of the dough were tested by alveograph analysis. The results can be seen in
Figure 2. The P value, which represents the tenacity of the dough, was approximately
constant up to 2% CD (no significant difference from the control), after which it increased
with increasing CD concentration for all three types of CD. A concentration of 8% «-, 3-, and
v-CD caused an increase in P of 63%, 51%, and 43%, respectively. The biaxial extensibility
of the dough measured by the L values decreased with increasing concentration of the
three types of CDs. 8% addition of «-, 3-, and y-CD caused a decrease in L of 49%, 52%,
and 37%, respectively. The deformation energy measured by the parameter W seemed
to decrease for low concentrations of CDs, after which it increased again for higher CD
concentrations. However, the decrease in W was only significant for 3-CD, while the W
values for «- and y-CD supplemented doughs were not significantly different from the
control for any concentration. The W value for all concentrations of 3-CD was significantly
below the value of the control. The Ie value, which is called the elasticity index, changed
differently dependent on whether «- and y-CD or 3-CD were applied. The e value seemed
to increase for a concentration of up to 4% o- and y-CD. However, only the Ie value for
4% a-CD was significantly different from the control. At 8% «- and y-CD, the Ie value
decreased significantly. The Ie value decreased with increasing concentration of 3-CD. The
alveograph results reveal that addition of CDs entails a stiffer and less extensible dough,
as P increases, while L decreases. Addition of - and y-CD did not change the strength of
the dough significantly, as indicated by W, while addition of 3-CD resulted in a weaker
dough. This was further substantiated by the le values obtained for the 3-CD series of
doughs, as according to Kitissou [40], Ie is related to the gluten network quality of the
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dough. However, the addition of 8% o- and y-CD also resulted in a significant decrease of
the Ie value.
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Figure 2. Effect of the different types and concentrations of CD on the dough extensional properties as determined by the

alveograph method. The results for the alveograph parameters P (a), L (b), W (c), and Ie (d) are shown. The error bars

indicate the standard deviation. Different letters indicate the significant difference between the treatments (p < 0.05).

While a few studies have investigated the effect of CDs on the mixing properties of
the dough, the effect on the extensional properties of the dough has only been studied
to a limited extent. Zhou et al. [12] investigated the effect of 3-CD on the dough using
the extensograph. They found that 0.5-1.5% [3-CD increased the maximum resistance
to deformation compared to the control, while the maximum resistance to deformation
decreased for 2.0-3.0% p-CD. The extensibility increased slightly up to 1.0% B-CD, after
which it decreased slightly up to 3.0% -CD. The results from the alveograph method and
the extensograph method cannot be directly compared due to differences in the sample
and analysis conditions. However, the study by Zhou et al. [12] supports that at least
elevated amounts of 3-CD resulted in a weaker dough, probably through a weakening of
the gluten network.

The addition of CD to wheat dough has multiple effects, as the CDs can affect both
water distribution and the other flour constituents. The water in wheat dough interacts
with the different constituents of dough, but the water availability is in general limited [41].
CDs contain multiple hydroxyl groups, which are able to form hydrogen bonds with the
water. The addition of CDs might, therefore, limit the availability of water and thereby
affect the gluten network development, which would be observed as changes in the mixing
and extensional properties of the dough, including the HydHA value and the alveograph
parameters. However, our results and other studies indicate that the effects of CDs are
also caused by their direct influence on other components of the dough matrix and not
just a shift in the distribution of water. Duedahl-Olesen et al. [15] found that «- and -
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CD resulted in higher water absorption during mixing compared to an equal amount of
glucose or non-cyclic maltooligosaccharides. If the higher water absorption should only be
attributed to the water-binding capacity of the hydrophilic CDs, similar effects should be
expected using their non-linear counterparts, as the water binding capacity is considered
to be comparable in the dough matrix with its limited water availability. Furthermore, in
the alveograph analysis, doughs with similar consistencies according to the HydHA values
were analyzed, which was considered to reduce the effect of the varying water absorption
on the results. This suggests that the large changes that were observed in the resultant
parameters cannot solely be explained by differences in varying water absorption.

One characteristic that distinguishes CDs from smaller carbohydrates and, to some
extent starches, is their general ability to form inclusion complexes by exchanging water
in the cavity with a hydrophobic molecule or part of a molecule. In this process, complex
formation is mainly driven by the release of “enthalpy rich” cavity-bound water and
hydrophobic interaction (removal of ordered low entropy, high enthalpy water around
the hydrophobic guest) [42]. Both driving forces would be expected to be favorable in an
environment with low water activity. The CDs are (relatively rigid) cyclic oligosaccharides,
and they are, therefore, capable of forming rather stable inclusion complexes with a range
of primarily lipophilic molecules [1,2,5]. The CDs might interact with lipophilic molecules
(e.g., lipids) and lipophilic parts of molecules, e.g., lipophilic parts of gluten proteins, but
the strength and selectivity will be dependent on the cavity size of the specific CD. In
essence, x-CD is most suitable for complex formation with linear aliphatic molecules (such
as lipids), 3-CD is suitable for complex formation with aromatic molecules, and y-CD is
suitable for larger aromatic molecules [1,2,5]. Although this leads to a considerable degree
of selectivity, the complex-forming ability of the CDs is somewhat general, as typically all
three CDs will be able to form a complex with a given (preferably lipophilic) molecule, but
with different association constants.

The starch in the dough might also be affected by the addition of CDs. It has previ-
ously been suggested that 3-CD might disrupt the amylose-lipid complex formation as
well as it might form amylose-f3-CD and amylose-lipid-3-CD complexes [14,43-45]. This
might change the crystallinity of the starches and thereby cause an indirect change in
the distribution of water, which has been suggested to affect the mixing properties [15].
However, the disruption of amylose-lipid complex formation and formation of complexes
with CDs have primarily been observed for starch, which was at least partly gelatinized.
In the dough, most of the starch is organized in starch granules, and the accessibility of
the starch is, therefore, limited [46]. The effects of interactions between CDs and starch are,
therefore, assumed to be smaller for the dough compared to the bread where the starches
have been subjected to extensive gelatinization.

The CDs might also interact with the gluten proteins in the dough due to their ability
to form weak inclusion complexes with proteins, which might affect the development
and the properties of the gluten network. This was identified by Zhou et al. [12], who
found that the addition of 3-CD to wheat dough changed the secondary structure of the
gluten proteins by increasing the proportion of a-helixes and decreasing the proportion
of B-sheets. «-, 3-, and y-CD have been shown to be able to influence the behavior of
proteins [47-50], but 3-CD causes by far the largest effects, which have been explained
by a relatively large affinity towards solvent exposed aromatic amino acids [47,51]. The
interaction between 3-CD and aromatic amino acids reduces the formation of protein-
protein interactions by hydrophobic interaction in aqueous solutions [47,48]. All CDs had
a significant influence on the viscoelastic properties of the dough, but especially 3-CD was
revealed to have large effect on the value of the alveograph parameters W and Ie, which are
among other things dependent on the gluten network quality. These effects might be caused
by interaction between the gluten proteins and 3-CD, leading to changes in the strength of
potential protein-protein interactions by non-covalent interactions, including hydrophobic
interactions. The results indicate that the addition of a large amount of 3-CD leads to a
lower gluten network quality as assessed from the rheological properties. However, Zhou
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et al. [12] suggested that the addition of up to 1.5% (-CD positively affected the gluten
network, as the maximum dough tensile resistance in extension increased. In addition to
the effects of 3-CD, the addition of CDs dilutes the protein content in the dough, which
might also decrease the strength of the gluten network. This might be a contributing cause
to why the addition of 8% of any of the CDs results in a lower than expected increase in the
water absorption as well as the low Ie values in the alveograph analysis.

2.2. Effect on Bread Properties

Baking experiments with up to 8% addition of «-, 3-, and y-CD were made on a
domestic bread maker (Breadmaking I) to investigate the effect on the bread volume. The
results can be seen in Figure 3. Although the addition of CDs affected the water absorption,
we decided to apply constant water addition in the bread doughs to minimize the number
of variables. For the different types of CD, the largest specific bread volumes were observed
for 4% «-CD, 2% (-CD, and 2% y-CD, which resulted in an increase of 14%, 9%, and 7%
in specific bread volume, respectively. However, only the bread with 4% «-CD were
significantly larger than the control sample. When higher concentrations of the three
types of CDs were added, the specific bread volume decreased, especially when 3-CD was
applied. All bread with the exception of the 8% x-CD, and 4% and 8% (3-CD supplemented
version, displayed acceptable crust and crumb structure as perceived by visual and manual
inspection (see Supplementary Materials). In contrast, for the exceptions, it was observed
that the crumb of the bread had partially collapsed, had an irregular crumb, and was very
dense at the bottom. An irregular and uneven crust was observed at the top of the bread
as if air had escaped. This indicates that the gluten network had been adversely effected
by the addition of CD, preventing the development of a suitable gluten network with
sufficient stability from supporting the dough foam.
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Figure 3. Specific bread volume for wheat bread with the addition of different types and concentra-
tions of CD (Breadmaking I). The error bars indicate the standard deviation. Different letters indicate
the significant difference between the treatments (p < 0.05).

Similar bread was produced using a kitchen mixer (Breadmaking II). 8% addition of
CD was omitted, as this concentration resulted in a significant decrease in specific bread
volume. During the preparation of the dough pieces for the analysis, it was noted that
the dough stickiness increased with increasing CD concentration. In contrast to the bread
produced in the domestic bread maker (Breadmaking I), no significant difference in specific
bread volume between the bread with and without CD could be observed. The specific
bread volumes in this trial ranged from 3.6-3.9 mL/g.

These results only partly confirm the results presented in other studies, where, in
general, significant increases in bread volume could be observed in the range of 1-3%
added CD. Kim and Hill [11] showed that an increase in bread loaf volume of 12% could be
obtained in the range of 0.8 to 1.4% (3-CD added for wheat bread. Mutsaers and Eijk [34]
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reported a 14-20% increase in loaf volume for two types of wheat bread supplemented with
1.5-2% (3-CD. The addition of 3-CD was found to be on par with the addition of shortening
(3%), CGTase, and amylase in an American straight dough process judged from bread loaf
volume [34]. Zhou et al. [12] found a slight increase in specific loaf volume until 1.5% 3-CD
after which the specific volume decreased below the specific volume of the control without
B-CD. Zhou et al. [13] found a maximum increase in a specific volume at 2% «-CD and 3%
v-CD in a study in which the range of added CD was 0.5 to 3%. Both Zhou et al. [12] and
Zhou et al. [13] observed a change in bread crumb pore distribution towards smaller and
more uniform pores for the bread supplemented with either 2% «-CD, 1.5% [3-CD, or 3%
v-CD. Furthermore, multiple studies have used CGTases in the production of wheat bread
and found bread volume increments, which is assigned to the production of CDs [34,35,37].
Although our results, at least for the Breadmaking II data set, did not fully corroborate
the data obtained on a domestic bread maker (Breadmaking I), we can partly confirm
the tendency that the addition of small amounts (1-2%) CD may lead to an increase in
bread volume. On the other hand, our results clearly demonstrate that the addition of
larger amounts of CD, e.g., >4%, leads to a loss of bread volume compared to the control.
However, the changes in bread volume are, as shown, somewhat dependent on production
conditions and procedure. Although significant increases in bread volume based on the
addition of CDs could not be unequivocally verified, our results underline that acceptable
bread with respect to bread volume and quality may be achieved for additions of all three
native CDs up to at least 4%.

The results obtained for the effects of CDs on bread volume, in essence, corroborates
the tendencies obtained from the alveograph analysis of the doughs, including minor in-
creases in parameters correlated to bread quality (volume; e.g., le) at low CD concentrations,
followed by large decreases at high CD concentration. This is to some extent expected since
both alveograph analysis and the foam producing step in breadmaking involves bubble
inflation causing biaxial extension of the dough matrix [52]. This substantiates that the
tendencies found for the effects of CD on bread volume are caused by the interaction of
the CD with the proteins in the gluten network, facilitating minor improvements of the
network quality (as judged by bread volume) at low concentration and larger adverse
effects at high CD concentration.

To evaluate the effects of the CDs on the staling of the bread, the bread crumb from
bread stored at room temperature were analyzed by texture analysis and LE-NMR to detect
changes in the firmness and in the water distribution, respectively.

The result of the texture analysis can be seen in Figure 4. The firmness of the bread
crumb gradually increased with longer storage time for all the bread. Increasing firmness
of bread crumb is often used as a measure of bread staling [53]. No significant difference in
the firmness measurements between the bread with and without CD during the storage
could be found, indicating that the three types of CD did not retard the staling of the bread
as judged by firmness.

To further elucidate a potential effect on staling, LE-NMR analysis on breadcrumb was
conducted. The use of LF-NMR in food science is well established [54]. The LF-NMR data
were analyzed to label discrete exponential decays, representing distinct water populations.
Three populations of protons were identified in all bread samples with relaxation time
Ty varying between 0.5-2.1 ms, Ty 2.8-7.7 ms, and Tp3 17.4-36.6 ms (see Supplementary
Materials). The ranges of T, values are similar to those presented in the literature [55,56].
The relaxation time Tp; represents the least-mobile proton population and, therefore, the
most tightly bound, and vice versa, Tp3 represents the most mobile proton population.
No apparent systematic development of the T, values during storage was found. The
corresponding My-values, which are the abundances of the three proton populations,
presented in Figure 5 indicate the relative concentration of the different proton populations.
The figures show a stable distribution up until 7 days of storage for all treatments with
a reproducible signal. After 7 days, the samples display considerable variation among
the triplicate measurements within each treatment, suggesting variations within the bread
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crumb. A weak tendency of proton exchange between the two faster relaxation times,
T>; and T»y, is also observed, in which it should be noted that M, is a relative indicator.
Selective loss of water during the staling process will thus give the same impression.
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Figure 4. Firmness of bread without and with the addition of x-CD (a), 3-CD (b), and y-CD (c) for
different storage time. The error bars indicate the standard deviation.

No systematic change in the distribution of water populations could be observed
between the control and the CD supplemented bread. This corroborates the firmness
studies carried out on the same series of bread (Figure 4). However, the literature suggests
that an anti-staling effects may be achieved by the addition of CDs to wheat bread. 3- and
v-CD have been found to have a small (but significant) retarding effect on the staling rate
of wheat bread stored at room temperature, while no significant decrease in staling has
been observed for the addition of «-CD [14,15]. Tian et al. [14] suggested that retarding
effect of 3-CD on staling was caused by the formation of an amylose-lipid-3-CD complex,
which retard the transformation of the crystalline starch types in the crumb. Furthermore,
the retarding effect of 3-CD on the retrogradation of various starches has been presented
in several studies [43,44,57-59]. The addition of CGTases has also in multiple studies been
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shown to inhibit the staling in bread, but it is also presumed to be linked to the amylolytic
activity of the enzymes and not solely the effects of the CD produced [35-38].
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Figure 5. The relative abundances (My) of the three different proton populations in the breads with
different types and concentrations of x-CD (a), 3-CD (b) and y-CD (c) for different storage time. The
error bars indicate the standard deviation.

Despite that several studies have found an anti-staling effect by the addition of
CDs in bread, no such effect could be identified in this study. This discrepancy may
originate in differences in ingredients, water addition, processing methods, and method for
assessing a potential anti-staling effect, as several of the abovementioned studies apply DSC
measurements together with texture analysis. It may also underline that an anti-staling
effect of CDs, if any, may be small and lower than the random variation of the experiments.

3. Materials and Methods
3.1. Materials
Two batches of commercial wheat flour (Lantmannen Cerealia) were obtained from

Lantmdnnen Unibake, Hatting, Denmark. The first batch, which was used for consistogra-
phy, alveography, and bread baking for volume measurement, had a moisture content of
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14.2% and a protein content of 12.6% (dry matter basis). The second batch, which was used
for bread baking for staling measurements, had a moisture content of 14.1% and a protein
content of 14.5% (dry matter basis). The moisture content of the flour was determined
according to AACC method 44-15.02 [60], and the protein content was determined by the
Kjeldahl method as described in AACC method 46-11.02 [61]. a-cyclodextrin (food grade),
B-cyclodextrin (pharma grade), and y-cyclodextrin (food grade) were provided by Wacker
Chemie. Sodium chloride was from VWR, and dry yeast (Lesaffre) was obtained from the
local supermarket.

3.2. Consistographic and Alveographic Analysis

The flour was tested with and without 1, 2, 4, or 8% (of flour weight) of «-, 3-, and
v-CD. The consistograph and alveograph measurements was made on AlveoLab (Chopin
Technologies, Villeneuve-La-Garenne, France). All measurements were made in triplicate.
The different concentrations and types of CDs were tested using the constant hydration
consistograph test AACC method 54-50.01 [62]. In short, CDs were added on top of the
required amount of flour, and a dough with a fixed water content was made. During
mixing, the consistency of the dough was measured by monitoring the pressure on one
side of the mixer. The maximum dough consistency was used to find the water absorption
value HydHA, which was the hydration equivalent to a maximum pressure of 2200 mbar
on the basis of 15% H,O (flour basis).

The flour with different CD type and concentrations was analyzed by alveography as
described in the AACC method 54-30.02 [63], except the amount of flour and the water
addition were based on the HydHA value determined in the consistograph analyses [64].
The parameters P (tenacity, related to the maximum height of the curve), L (biaxial extensi-
bility, length of the curve at bubble rupture), W (deformation energy, related to the area
under the curve), and le (elasticity index, ratio between the height of the curve at 40 mm
and the maximum height) was found from the bubble inflation air pressure curves.

3.3. Breadmaking I

Bread with and without 1, 2, 4, or 8% (based on flour weight) of «-, 3-, and y-CD
were made in triplicates using the recipe in Table 1. The bread was made on a domestic
breadmaker (model 48319, Morphy Richards, Swinton, United Kingdom) using the settings
program 5 (French bread), 450 g loaf, and 5 in crust darkness. In this program, the dough
was kneaded for 13 min, rested for 40 min, kneaded again for 17 min, proofed for 30 min,
kneaded shortly, proofed for a further 50 min, and baked for 60 min. The bread volume
was measured using the mustard seed displacement method. The volume was calculated
by subtracting the volume of seeds held by a container with a baked product from that of
the volume of seeds without the baked product. The volume of the mustard seeds was
determined by their weight using a density of 0.759 g/mL. All weights were determined
on an analytical scale (Kern PFB 1200-2A, Balingen, Germany). The specific bread volume
was found by dividing the bread volume with the weight of the bread.

Table 1. Recipe for bread used in Breadmaking I and Breadmaking II.

Ingredient Ratio in Grams
Flour 100
Tap water 60
Sodium chloride 1
Dry yeast 0.8
«-, -, or y-CD 0,1,2,4,0r8

3.4. Breadmaking 11

Bread for assessment of staling rate was made using the recipe in Table 1, except
doughs with 8% CD were omitted. Doughs were made for each type and concentration of
CD and mixed for 5 min with a kitchen mixer (Kenwood Chef XL, Havant, UK) at mixing

10
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speed 3 with a final dough temperature of 26 °C. The dough was divided into 300 g pieces,
rounded, and molded by hand, proofed at ambient temperature (26 °C) under a linen cover
for 90 min and baked at 200 °C for 12 min in an oven (Rational SCC WE 101, Heerbrugg,
Switzerland). The loaves were cooled at room temperature for 1 h, after which the breads
were weighed, and bread volume was measured using the mustard seed displacement
method allowing the specific bread volume to be calculated. Immediately hereafter, the
breads were brushed with sodium benzoate solution, sealed in plastic bags, and stored at
19 °C for aging studies.

3.5. Crumb Firmness Measurements

A texture analyzer TA XTplus (Stable Micro Systems, Surrey, UK) was used to measure
force-time curves according to the AACC standard 74-09.01 [65] with modifications. At
day 1, 4,7, 10, 14, and 17, bread slices (2.5 cm thick) were compressed to a deformation
level of 40% of the original sample height by a 25 mm cylindrical probe (P25) at a test speed
of 1.7 mm/s. The peak force of compression was reported as firmness (g). Measurements
in triplicates were used for the evaluation of the bread staling.

3.6. Low Field Nuclear Magnetic Resonance Spectroscopy Measurements

To identify possible differences in the water distribution (or rather proton populations)
in the bread supplemented with different concentrations and types of CDs, bread samples
from day 1,4,7,10,14, and 17 were analyzed by IH low field nuclear magnetic resonance
(LE-NMR) spectroscopy (MQR Spectro-P spectrometer, Oxford Instruments, Oxfordshire,
UK, operating at 20 MHz). Approximately 1.5 g of bread crumb was sampled from a slice
of bread using a cork borer and placed into a glass tube for NMR measurements. Data
were collected using a Carr—Purcell-Meiboon-Gill (CPMG) sequence at 25 °C with the
parameters: Recycle delay of 5 s, T-delay of 100 ps, and 16 scans averaged. Data from
6000 echoes were acquired with a receiver gain of 5.0. All measurements were prepared
in triplicates on distinct samples. Transverse relaxation times (T,) of different relaxation
components were obtained using an in-house MATLAB (version R2019a, The Math-Works)
script designed for fitting the relaxation curves to a series of exponential decays according
to Equation (1).

N
I(t) =Y M, e /T 1
n=1

In which I(t) is the echo intensity as a function of relaxation time, N is the number of
relaxation components, the transverse relaxation time for site n is T»,, and the correspond-
ing abundance is M;. N is determined by visual inspection of the residuals after model
fitting. Each LF-NMR recording was fitted individually. All M;,-values were presented as
percentage of total intensity to eliminate sample size differences.

3.7. Statistical Analysis

Statistical analysis of the results was carried out in R (version 3.6.1., R Core Team)
using analysis of variance (ANOVA) with Tukey’s multiple comparison procedure with a
significance level of 5%.

4. Conclusions

a-, -, and y-CD affects the mixing and extensional properties of wheat dough de-
pendent on concentration and CD type. 3-CD displayed the largest effects, which may
be caused by its potentially stronger (compared to «- and y-CD) direct interaction with
the proteins in the gluten network. The addition of up to 4% CD did not significantly
affect the bread volume, in general, expect 4% «-CD, which resulted in a minor, significant
increase in bread volume in one of the breadmaking trials. No significant effect of the
CDs on staling of the bread could be detected. The results suggest that up to 4% CD can
be added to bread with only minor effects on dough properties and without a significant
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decrease in the bread quality. This opens up for the use of CD supplemented wheat bread
for nutraceutical purposes.

Supplementary Materials: Pictures of CD-supplemented breads and a figure with relaxation time
(Tppn) from the LE-NMR measurements are available in the supplementary materials.
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Abstract: Over the years, cyclodextrin uses have been widely reviewed and their proprieties provide
a very attractive approach in different biomedical applications. Cyclodextrins, due to their char-
acteristics, are used to transport drugs and have also been studied as molecular chaperones with
potential application in protein misfolding diseases. In this study, we designed cyclodextrin polymers
containing different contents of 3- or y-cyclodextrin, and a different number of guanidinium positive
charges. This allowed exploration of the influence of the charge in delivering a drug and the effect
in the protein anti-aggregant ability. The polymers inhibit Amiloid 3 peptide aggregation; such an
ability is modulated by both the type of CyD cavity and the number of charges. We also explored the
effect of the new polymers as drug carriers. We tested the Doxorubicin toxicity in different cell lines,
A2780, A549, MDA-MB-231 in the presence of the polymers. Data show that the polymers based on
v-cyclodextrin modified the cytotoxicity of doxorubicin in the A2780 cell line.

Keywords: aggregation; cancer; doxorubicin; nanoparticles

1. Introduction

Cyclodextrins (CyDs) are cyclic oligosaccharides of «-1,4-linked D(+)-glucopyranose
with the unique property to act as molecular containers. They have been used in biomedical
applications for their ability to include drugs or several biomolecules, such as cholesterol [14].

CyD properties can be modulated through their chemical modification. In recent years,
CyDs represented an important nanocarrier family, thus developing into sophisticated
drug delivery systems [5-7]. Nanoparticles based on CyD, have allowed encapsulation of
drugs to protect them and improve their bioavailability. These systems have higher stability
constants than those of the corresponding CyD monomers; they show excellent properties
in drug release kinetics, mechanical properties and stimuli-responsiveness [8-11]. Further-
more, these polymeric systems can be used in a clinical setting, such as controlled drug
and gene delivery systems [12]. Successful examples of linear CyD polymers specifically
designed as drug carriers are Cyclosert and CALAA-01 [13]. CyD polymers modified
with choline, amino or carboxylic groups have been investigated to increase their drug
loading ability.

Due to the ability to include aromatic molecules of appropriate sizes, CyDs have
also been investigated as protein chaperones [14-16]. 3-CyD reduced the -amyloid
aggregation in vitro at millimolar concentration. The protective effects of 3-CyD were also
proven in vivo. The interaction between Amyloid beta peptide (AB) and o, 3- and y-CyD
was correlated to the ability to include Phel9 and Phe20 side chain of AB [16]. Other
studies have suggested the higher antiaggregant activity of some functionalised CyDs with
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aromatic moieties [17]. CyD dimers were also found to act as inhibitors of A4 aggregation
at 1 mM concentration [18,19]. We investigated amino-cyclodextrin oligomers as promising
CyD derivatives in inhibiting the aggregation of A at micromolar concentration [20].

Inspired by the properties of multi-cavity systems and the importance of function-
alisation to improve CyD properties, in this paper we report the synthesis of new linear
polymers of 3- and y-CyD with different contents of guanidinium positive charge and
number of CyD cavities. We also assayed the polymer systems as antiaggregant agents and
as drug carriers to explore the effects of multi-cavity systems and their functionalisation
for biological applications (Figure 1).
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Figure 1. PGA-cyclodextrin (CyD)-Arg polymers, PGA is N-butyl-polyglutamate, a) 4-(4,6-
Dimethoxy-1,3,5-triazin 2-yl)-4-methylmorpholinium chloride (DMTMM), H,O pH 8, rt, 12 h.

It is well known that cancer cells have a deficiency of Arg amino acid and their
requirement for arginine is higher than that for other amino acids. Certain tumours lose the
ability to synthesise arginine dependently. Therefore, arginine depletion can be considered
the weak point in cancer treatment for arginine auxotrophic tumours [21,22]. We used
doxorubicin (DOX) as a drug model to test the activity of the new CyD derivatives as
nanocarriers. Several studies have highlighted that CyDs can stabilise DOX in solution
and enhance its dissolution rate [23,24]. Complexation of DOX with CyDs can increase
permeability across the blood-brain barrier, due to the disruption of the membrane [25].

2. Results and Discussion
2.1. Synthesis and Characterisation

Charged CyD polymers were synthesised in water, starting from the polypeptide
N-butyl-polyglutamate (PGA), ArgOCHj3; and CyD 3-amino derivatives, using 4-(4,6-
Dimethoxy-1,3,5-triazin 2-yl)-4-methylmorpholinium chloride (DMTMM) as the condens-
ing agent, as reported elsewhere [26]. We found that this method gave high conjugation
yield using a green synthetic route. This procedure is appropriate for modulating the
number of CyD cavities and charged groups of Arg in the PGA backbond [27].

We synthesised various polymers with different amounts of Arg and CyD units to
explore the effect on polymer properties.

All the new polymers were characterised by NMR (Figures 51-511). In Figure 2 the
NMR spectra of PGABCyDArgl and PGABCyDArg4 are reported. 'H NMR spectra of
all the derivatives show common patterns; the protons of CyD resonate at 5 ppm (H-1),
and 4.0-3.4 ppm (H-3,-6,-5,-4,-2). Protons of arginine and the glutamic acid side chain of
PGA resonate at 3.3 ppm and 2.5-1.8 ppm region. Butyl protons of PGA are also evident
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between 1.5 ppm and 1.0 ppm. We determined the number of CyD units linked to the PGA
backbone for each polymer derivative by calculating the integral ratios of the signal of Hs-1
of CyD, the signal of the ethylene chain protons of PGA or the N-buthyl chain protons.
Moreover, the integral ratio of signal due to the y-CHj; of Arg moieties at 3.3 ppm and the
signals of PGA ethylenic protons or the N-buthyl protons was used to value the number of
Arg moieties grafted to the polymer. The results obtained from NMR for each bioconjugate
are reported in Table 1.

ss so 45 40 35 30 25 20 15 10 05
ppm
Figure 2. TH NMR spectra of PGAB-CyDArg 1 (top), PGABCyDArg4 (bottom) (D,0O, 500 MHz).

Table 1. Features of PGA-CyD-Arg derivatives.

Polymer CyD Units Arg Units Z Potential (mV) Mw (Da)
PGABCyDArgl 19+1 4+1 8+1 25,500
PGABCyDArg2 15+1 7+1 7.7+05 21,700
PGAyCyDArg3 12+1 10+1 23405 21,100
PGABCyDArg4 6+1 15+1 45+ 5 13,600
PGAyCyDArg5 5+1 15+1 37+3 13,300

The 3C NMR spectra of the derivatives show signals due to guanidium carbons at
about 160 ppm and signals around 174 ppm due to the carboxyl group of PGA and arginine
methyl ester, in addition to the signals of CyD units in the aliphatic region.

CyD polymers were also characterised by dynamic light scattering (DLS) and Zeta
potential values were also measured (Table 1). The hydrodynamic diameters increase with
the number of cavities linked to the PGA backbone. The Z potential values increased
when the number of Arg units increased from negative values (—58 mV for PGA alone)
to positive values, in keeping with the progressive increase in positive charges due to the
guanidinium groups.

Spectrometric measurements were also carried out further to characterise the structural
features of the new polymers. The MALDI spectra recorded in linear mode (Figure 512)
mainly contain a wideband; the m/z values of the highest peaks match to those obtained by
the NMR studies (Table 1), within the experimental errors, thus confirming the calculated
molecular weight (Mw) of the new CyD polymers.

17



Molecules 2021, 26, 1724

As for PGABCyDArgl, the MALDI spectrum is resolved into several components
(Figure 3). The average difference between two successive relative peaks is 1280 =+ 20. This
value suggests that the repeat unit contains both the CyD (MW 1135) and glutamic acid
(MW 147) moieties, as expected.
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Figure 3. MALDI-TOF MS spectrum of PGABCyDArgl. The raw spectrum (gray line) was properly
smoothed (black line) in order to obtain the m1/z values of all the relative peaks.

2.2. Antiaggregant Activity

The abnormal aggregation of Af is one of the main hallmarks of Alzheimer’s disease
(AD). In the pathological pathway, the amyloid peptide firstly forms soluble and highly
toxic oligomers; then, the growing dimensions of the aggregated species lead to the for-
mation of fibrillary and insoluble structures, mainly accumulated into brain plaques [28].
Finding new molecules able to inhibit the formation of amyloid-type aggregates represents
an important strategy to prevent the onset of AD or attenuate the development of this
devastating disorder. Therefore, we tested the effect of all the PGA polymers on the self-
induced aggregation of A by using a turn-on fluorescent dye Thioflavin T (ThT), sensitive
to the formation of fibril species.

The fluorescence data recorded for the amyloid-type aggregation of Af fit to a sigmoid
curve. The maximum fluorescence gain (Fj;.x — Fo) is 33 £ 1 and the lag phase lasts 24 + 2 h.
When the compounds of interest are co-incubated with A, the kinetic parameters of the
aggregation process could be modified due to non-covalent interactions between A3 and
the PGA polymers. Fy;;x — Fo is proportional to the amount of A fibrils, whereas during
the lag phase (f},;) only small aggregated species form. As a consequence, the lower
Fiax — Fo is and/or the higher #,, is, the better the antiaggregant activity.

Figure 4 shows the F;,;x — F values obtained by the aggregation of A3 alone (control
(CTRL)) or in the presence of each PGA polymer. Several amounts of the compounds have
been tested, the (AB)/(Polymer) molar ratio ranging from 1:1 to 1:8.
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Figure 4. Maximum fluorescence gain values (F;ax — Fo) of the samples containing AB1-49 (20 uM)
alone (control (CTRL)) or in the presence of the PGA polymers, the (Ap)/(Polymer) molar ratio
ranging from 1:1 to 1:8. (* p < 0.05, ** p < 0.01, ** p < 0.001 vs. CTRL, ANOVA test).

The co-incubation of any polymer with Af3 in a 1:1 molar ratio induced little or no
effect on the final extent of the aggregation process. Higher amounts of the polymers
significantly decrease the F;,y — Fg values and the antiaggregant activity is exerted in a
dose-dependent manner, as reported in Figure 5 in the case of PGACyDArg2.
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Figure 5. Representative kinetic profiles of the amyloid aggregation due to the co-incubation of
AB1-49 (20 uM) with PGABCyDArg2, the (AB)/(Polymer) molar ratio ranging from 1:1 to 1:8. Single
points represent the experimental data, whereas the straight lines are the fitted curves (adjusted R? is
0.9766, 0.9481 and 0.7227 for 1:1, 1:2, 1:8 (AB)/(Polymer) molar ratio, respectively).

As for the PGA polymers containing 3-CyD (PGARCyDArgl, PGABCyDArg2 and
PGABCyDArg4), the antiaggregant activity is very comparable among the polymers,
when the Af3/polymer molar ratio was 1:2. Instead, these 3-CyD-containing polymers
differently affect the amyloid aggregation extent when the 1:8 Af3 /polymer molar ratio
was tested. In particular, it seems that the greater the number of Arg units, the greater
the inhibition effect of the amyloid aggregation. Such a trend is also observed when the
v-CyD-containing polymers were taken into account (PGAyCyDArg3 and PGAyCyDArg5).
However, the inhibition activity of these y-CyD polymers is slightly lower than that shown
by the corresponding 3-CyD polymers (PGABCyDArg2 and PGABCyDArg4). Such a
difference could be reasonably ascribed to the structural differences between the (3- and
v-CyD cavities that, in turn, could affect the non-covalent interaction between the amyloid
peptide and the polymers. A similar trend has been reported for single CyDs [14].
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The lag phase of the amyloid aggregation was not significantly modified by the
polymers (data not shown), meaning that the interaction between the A3 and these PGA
polymers is not altered by the number of CyD and Arg units.

Above all, the antiaggregant activity towards the self-induced formation of amyloid
aggregated species exerted by the PGACyD polymers could reasonably be due to the
effects of both the CyD cavity and charged units (Arg and PGA). The effect of positive and
negative charges of carbohydrate polymers on the on-pathway Af3 aggregation has been
recently ascertained [29], thus corroborating these results.

2.3. Solubility Experiments

We explored the different affinity of the polymers for the guest DOX by solubility
experiments. The effect of the polymers on the solubility can provide a comparison of
the affinity for a guest. Data were reported in Figure S13. We found that water solubility
of DOX (2.2 x 10~* M) increased in the presence of all the polymers at concentration
25 mg/mL. Particularly the polymers based on y-CyD showed an effect higher than that of
-CyD polymers at physiological (pH 7.4). PGAyCyDArg4 with more y-CyD cavities was
also more effective than that with a lower numerv of CyDs. This trend is in keeping with
the highest affinity of yCyD cavities for DOX [26,30].

2.4. Antiproliferative Activity (MTT Assay)

New polymers were studied as drug delivery systems for the topoisomerase inhibitor
DOX. We performed cell proliferation assays on A2780, A549 and MDA-MB-231 cancer
cell lines. Complexes polymer/DOX (1:10 molar ratio) were prepared and assayed. Data
obtained are reported in Table 2. Polymers alone did not show toxicity for cells (data
not shown).

Table 2. Half maximal inhibitory concentration (ICsg) values (nM) of doxorubicin (DOX) in the presence of CyD polymers

in human tumor cells.

Cell Line PGABCyDArgl PGAPRCyDArg2 PGAyCyDArg3 PGAPBCyDArgd PGAyCyDArg5 DOX
A2780 2 47 +1.7°b 59+1.6 12.7 +24¢ 100+ 1.74 11.7 £ 04° 7.7 £3.9
A549 55.2 4 10.0 52.2 +10.1 70.0 £ 16.6 52.6 + 4.4 56.2 + 2.9 54.6 +19.2
MDA-MB-231 37.7 £11.8 409 + 6.5 50.6 £+ 22.5 60.2 + 15.2 65.3 + 16.7 409 +13.8

2 p =0.0003, as detected by ANOVA; ® p = 0.0657 vs. DOX; © p = 0.0001 vs. PGABCyDArgl; 4 p = 0.0016 vs. PGABCyDArg1; € p = 0.0007 vs.
PGABCyDArgl, all calculated by Bonferroni/Dunn post-hoc analysis of data.

Overall, the data show that the polymers did not change the antiproliferative activity of
DOX significantly. In fact, in A549 and MDA-MB-231 cell lines, the half maximal inhibitory
concentration (ICsp) values do not change significantly depending on the type of function-
alisation. Conversaly, in A2780 cells the complexes with PGAyCyDArg3 (p = 0.0028), and
PGABCyDATrg5 (trend, p = 0.0738) showed higher ICsy values compared to free DOX.

In the case of the polymers based on y-CyD, the higher affinity for DOX suggested by
solubility data may explain the effect on the cytotoxicity, as reported for similar systems
studied by us [26]. The reduction in the antiproliferative effect was observed for many
systems and only in vivo studies may provide information on the potential of the drug
carriers [31].

Only PGABCyDArgl/DOX showed a slight trend towards a higher antiproliferative
activity (p = 0.0657) than free DOX and a significant difference compared to PGAyCyDArg3,
PGAyCyDArg4, and PGABCyDArg5 (Table 2).

3. Materials and Methods

3.1. Materials

The water-soluble polymer butyl-polyglutamate (20) sodium salt (3 KDa, PGA)
was acquired from IRIS Biotech gmbh. 3A-amino-3A-deoxy-2A(S),3A(R)-B-cyclodextrin
(BCyD3NH2), 3A-amino-3A-deoxy-2A(S),3A(R)-y-cyclodextrin (YCyD3NH2) and DOX
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were acquired from TCI (Tokyo Chemical Industry). L-Arginine methyl ester dihydrochlo-
ride was acquired by SIGMA Aldrich. Af31.49 (Bachem) was properly treated, as previously
reported [32]. Inclusion complexes of DOX with CyD polymers were prepared by mixing
the stock solution of DOX with solutions of CyD polymers for 2 h.

3.1.1. Synthesis of PGABCyDArgl

BCyD3NH; (50 mg in 1 mL of H,O), and DMTMM (18.26 mg in 350 puL) were added
to PGA (6.61 mg in 350 uL) every 30 min in three aliquots. The pH of the reaction mixture
was adjusted to 8. After 24 h, ArgOCHj3(2 mg) and DMTMM (18 mg) were added to the
solution (during 30 min). The reaction mixture was stirred at r.t. for 24 h.

The polymer was isolated with Sephadex G-15 column chromatography. The various
fractions collected were examined using TLC, (eluent PrOH/AcOEt/H,O/NHj3 5:2:3:1).
The main product was characterised by NMR spectroscopy.

'H NMR (500, in D,0) & (ppm): 5.20-4.80 (H-1 of CyD); 4.28 (s, CH Glu); 4.2 (m, CH
Arg); 4.2-3.2 (m, H-3, -6, -5, -2,-4 of CyD, OCH3); 3.2 (m, Yy CH; Arg); 2.60-1.50 (m, 3- and
v-CH, PGA); 1.35 (m, CH; butyl chain of PGA); 1.26 (m, CH, butyl chain of PGA), 0.88 (m,
CHj; butyl chain of PGA).

13C NMR (125 MHz, in D,0) & (ppm): 24.5 (B-CHj of Arg), 26.8 (-CH, of Arg), 31.8
(B-CH; of PGA), 40.5 (6 CH; butyl chain of PGA), 52.3 (CH Arg), 52.9 (C-2 of CyD and
OCHj3 of Arg), 53.0 (CH of Glu), 60.0 (C-6 of CyD), 71.6 (C-3 of CyD ), 73.0 (C-5 of CyD),
80.4 (C-4 of CyD), 101-105 (C-1 of CyD), 160 (C=N of Arg), 173-174 (CNH PGA-CyD,
PGA-Arg), 174.72 (CO methyl ester of Arg).

Dimension (DLS, Z average): 49 £ 5; PDI (DLS): 0.4; Zeta potential: 8 + 1 mV (pH =7.4).

The other polymers were synthesised in the same manner as PGABCyDArgl with
different amounts of the reagents.

3.1.2. Synthesis of PGABCyDArg?2

The synthesis was carried out as described above with PGA (7 mg), DMTMM (18 mg),
ArgOCHj; (6 mg), DMTMM (10 mg) and 3CyD3NH; (50 mg).

'H NMR (500 MHz, in D,0) & (ppm): 5.16-4.75 (H-1 of CyD); 4.28 (s, CH Glu); 4.20
(m, CH Arg); 4.10-3.20 (m, H-3, -6, -5, -2, -4 of CyD, OCHj3); 3.13 (m, y-CH, Arg); 2.58-1.60
(m, y-CH, PGA,)); 1.35 (m, CH; butyl chain of PGA), 1.6 (m, CH; butyl chain of PGA ); 1.28
(m, CH; butyl chain of PGA), 0.89 (m, CHj3 butyl chain of PGA).

Dimension (DLS, Z average): 35 & 2 nm; PDI (DLS): 0.5; Zeta potential: 7.7 = 0.5 mV
(pH =7.4).

3.1.3. Synthesis of PGAyCyDArg3

The synthesis was carried out as for PGABCyDArg2 with PGA (10 mg), DMTMM
(19 mg), ArgOCH3 (8 mg), DMTMM (20 mg) and yCyDNH; (67 mg).

'H NMR (500 MHz, in D,0) & (ppm): 5.20-4.77 (m, H-1 of CyD); 4.32 (m, CH Arg);
4.23 (s, CH Glu); 4.12 (m, H-3A of CyD); 3.93-3.49 (m, H-3, -6, -5, -2, -4 of CyD and OCH3
of Arg); 3.12 (y-CH; Arg); 2.57-1.45 (3- and - CH,; PGA, CH; Arg); 1.38 (m, CH; butyl
chain of PGA), 1.21 (m, CH; butyl chain of PGA); 0.77 (m, CHj3 butyl chain of PGA).

Dimension (DLS, Z average): 29 £ 3 nm; PDI (DLS): 0.4; Zeta potential: 2.3 £ 0.5 mV
(pH =7.4).

3.1.4. Synthesis of PGABCyDArg4 and PGAyYCDArg5

The synthesis was carried out as described above with PGA (25 mg), DMTMM (48 mg),
ArgOCHj; (33 mg), DMTMM (21 mg) and 3CyD3NH; (59 mg) or yYCyD3NH,; (72 mg).

PGABCyDArg4
'H NMR (500 MHz, in D,0) & (ppm): 5.22—4.80 (m, H-1 of CyD); 4.32 (m, CH Arg);
4.23 (s, CH Glu); 4.12 (m, H-3A of CyD); 3.93-3.50 (m, H-3, -6, -5, -2, -4 of CyD and OCH3
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of Arg); 3.12 (y-CH; Arg); 2.60-1.49 (3- and - CH,; PGA, CH; Arg); 1.39 (m, CH; butyl
chain of PGA), 1.20 (m, CH; butyl chain of PGA); 0.78 (m, CHj3 butyl chain of PGA).

13C NMR (125 MHz, in D,0) § (ppm): 24.4 (B-CHj of Arg), 27.6 (-CH, of Arg), 31.3
(B-CH; of PGA), 40.5 (6 CHj; butyl chain of PGA), 52.34 (CH Arg), 52.8 (C-2 of CyD and
OCHj3; of Arg), 52.9 (CH of Glu), 60.0 (C-6 of CyD), 71.4 (C-3 of CyD), 72.5 (C-5 of CyD), 80.3
(C-4 of CyD), 101. 7 (C-1 of CyD), 160 (C=N of Arg), 173-174 (C-NH PGA-CyD, PGA-Arg),
174.7 (CO methyl ester of Arg).

Dimension (DLS, Z average): 79 & 8 nm; PDI (DLS): 0.6; Zeta potential: 45 £ 5 mV
(pH =7.4).

PGA~yCyDArg5

'H NMR (500 MHz, in D,0) & (ppm): 5.22-4.70 (m, H-1 of CyD); 4.32 (m, CH Arg);
4.23 (s, CH Glu); 4.12 (m, H-3-A of CyD); 4.05-3.32 (m, H-3, -6, -5, -2, -4 of CyD and OCH3
of Arg); 3.12 (y-CH; Arg); 2.59-1.46 ($3- and - CH, PGA, CH; Arg); 1.37 (m, CH; butyl
chain of PGA), 1.21 (m, CH; butyl chain of PGA); 0.78 (m, CHjz butyl chain of PGA).

13C NMR (125 MHz, in D,0) & (ppm): 24.4 (3-CH; of Arg), 27.7 (x-CH; of Arg), 31.3
(B-CH; of PGA), 40.4 (6 CH; butyl chain of PGA), 52.4 (CH Arg), 52.8 (C-2 of CyD and
OCHj; of Arg), 52.9 (CH of Glu), 60.0 (C-6 of CyD), 71.5 (C-3 of CyD), 72.0 (C-5 of CyD), 80.4
(C-4 of CyD), 101. 7 (C-1 of CyD), 160 (C=N of Arg), 173-174 (CNH PGA-CyD, PGA-Arg),
174.72 (CO methyl ester of Arg).

Dimension (DLS, Z average): 59 &+ 6 nm; PDI (DLS): 0.6; Zeta potential: 37 £ 3 mV
(pH=74).

3.2. Instrumentation

'H and '*C NMR spectra were recorded at 25 °C with a VARIAN UNITY PLUS-500
spectrometer at 499.9 and 125.7 MHz, respectively, using Varian library standard pulse
programs. All samples were prepared in deuterated solvents (D,0); 'H NMR spectra were
referred to the HOD signal and '*C NMR spectra to acetone (external reference). In all the
experiments, the pulse at 90° lasted about 7 pus. 2D experiments (COSY, HSQC and HMBC)
were acquired using 1K data points and 256 increments.

UV-Vis spectra were recorded with a VersaWave microvolume UV /Vis spectropho-
tometer (Expedeon, Ottawa, ON, Canada). The molar absorptivity of DOX
10,410 (mol~! L ecm™1) at 482 nm was used.

3.2.1. Dynamic Light Scattering and Zeta Potential Measurements

Dynamic light scattering (DLS) and zeta potential (ZP) measurements were performed
at 25 °C with a Zetasizer Nano ZS (Malvern Instruments, Oxford, UK) operating at 633 nm
(He—Ne laser). The mean hydrodynamic diameter (d) of the NPs was calculated from
intensity measurement after averaging the five measurements. The samples (1 mg/mL)
were diluted in phosphate buffer (pH = 7.4) prepared in ultrapure water filtered (0.2 um).

3.2.2. Mass Spectrometry

MALDI-TOF MS experiments were performed using an AB SCIEX MALDI-TOF/TOF
5800 Analyzer (AB SCIEX, Foster City, CA, USA) equipped with a nitrogen UV laser
(A =337 nm) pulsed at a 20 Hz frequency by using a set up previously described [26].
Briefly, the mass spectrometer operated in the linear mode and the laser intensity set above
the ionisation threshold (4500 in arbitrary units). Mass spectra were processed using Data
Explorer 4.11 software (Applied Biosystems, Warrington, UK). 2,5-di-hydroxybenzoic acid
(DHB) was used as the matrix, dissolved in water/acetonitrile 1:1 containing 0.03% of
CF3COOH. Molar-mass averages (M and My,) values were also calculated using Data
Explorer software (Applied Biosystems, Warrington, UK).
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3.3. Cell Culture and Antiproliferative Assay

A2780 (ovarian carcinoma), A549 (lung carcinoma) and MDA-MB-231 (breast carci-
noma) cells (all obtained from ICLC, Genova, Italy) were grown as monolayers in Roswell
Park Memorial Institute (RPMI 1640) or Dulbecco’s Modified Eagle’s Medium (DMEM)
media (EuroClone, Pero, Italy) supplemented with 10% fetal bovinum serum (FBS) (Euro-
clone), antibiotics (EuroClone), and non-essential amino-acids (only DMEM, EuroClone).
For the assay, cells plated into flat-bottomed 96-well microtiter plates were treated after
6-8 h with the complexes (five 1:5 scalar solutions, 20 pL, starting from 1 uM concentra-
tion). Seventy-two hours later, cells were analysed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium Bromide (MTT) assay as described elsewhere [33].

ICs values were calculated from the analysis of single concentration-response curves.
Final values are the mean of 4-12 experiments.

3.4. AB Aggregation Assay

The antiaggregant effect of the newly synthesised compounds on the self-induced ag-
gregation process of A3 was assayed as previously reported [32]. Briefly, AB (20 uM), ThT
(60 uM) and the compounds of interest were incubated in phosphate buffered saline (pH
7.4) at 37 °C in a multiplate reader (Varioskan Flash, Thermo Scientific, Leiden, The Nether-
lands). The fluorimetric readings (excitation and emission wavelengths were 450 nm and
480 nm, respectively) were collected every 10 min up to 60 h. Data of all the measurements,
carried out in triplicate, were fitted to Equation (1).

P(t) = Fy 4 20 m
1+e*r

Fyux — Fo is the higher fluorescence increment recorded all over the aggregation
process; the lag phase (f},¢) is the time interval preceding the formation of amyloid-type
species sensitive to ThT. The t;,, values were calculated by using Equation (2)

tiag =t —2/k 2)
The parameters of each set of measurements were expressed as the mean + SD.

3.5. Solubility Experiments

DOX hydrochloride (0.017 M, water solution) was added to the solutions containing
different concentrations (25 mg/mL, 12 mg/ML, 6 mg/mL) of all the polymers in phos-
phate buffer (50 mM, pH 7.4). The suspensions were sonicated for 3 min, incubated at
25 °C in the dark and centrifugated after 2 h. DOX was determined in the supernatant with
UV /Vis spectroscopy, at 482 nm.

3.6. Statistical Analysis

For statistical analysis the one way ANOVA was used followed by the post-hoc
Bonferroni/Dunn analysis of data.

Supplementary Materials: The following are available online, Figures S1-S11: NMR spectra of the
polymers, Figure S12: MALDI-TOF MS spectra of the PGACyDArg polymers, Figure S13: Solubility
of DOX in the presence of the PGACyDArg polymers.
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Abbreviations
A2780 Human ovarian carcinoma
A549 Human Caucasian lung carcinoma
ApB Amyloid beta
AD Alzheimer’s disease ArgOCHj arginine methyl ester
CyD Cyclodextrin
CTRL control
DHB 2,5-di-hydroxybenzoic acid
DLS Dynamic light scattering
DMEM Dulbecco’s Modified Eagle’s Medium
DMTMM 4-(4,6-Dimethoxy-1,3,5-triazin 2-yl)-4-methylmorpholinium chloride
DOX Doxorubicin F
FBS Fetal Bovinum Serum
IC5 half maximal inhibitory concentration
MTT 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium Bromide
MDA-MB-231 Human Caucasian breast adenocarcinoma
PGA N-butyl-polyglutamate
PGACyDArg  N-butyl-polyglutamate Cyclodextrin Arginine
RPMI Roswell Park Memorial Institute
ThT Thioflavin T
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Abstract: Risperidone (RSP) is an atypical antipsychotic drug used in treating schizophrenia, be-
havioral, and psychological symptoms of dementia and irritability associated with autism. The
drug substance is practically insoluble in water and exhibits high lipophilicity. It also presents
incompatibilities with pharmaceutical excipients such as magnesium stearate, lactose, and cellulose
microcrystalline. RSP encapsulation by randomly methylated 3-cyclodextrin (RM-p-CD) was per-
formed in order to enhance drug solubility and stability and improve its biopharmaceutical profile.
The inclusion complex formation was evaluated using thermal methods, powder X-ray diffractom-
etry (PXRD), universal-attenuated total reflectance Fourier transform infrared (UATR-FTIR), UV
spectroscopy, and saturation solubility studies. The 1:1 stoichiometry ratio and the apparent stability
constant of the inclusion complex were determined by means of the phase solubility method. The
compatibility between the supramolecular adduct and pharmaceutical excipients starch, anhydrous
lactose, magnesium stearate, and cellulose microcrystalline was studied employing thermoanalytical
tools (TG-thermogravimetry /DTG-derivative thermogravimetry/HF-heat flow) and spectroscopic
techniques (UATR-FTIR, PXRD). The compatibility study reveals that there are no interactions be-
tween the supramolecular adduct with starch, magnesium stearate, and cellulose microcrystalline,
while incompatibility with anhydrous lactose is observed even under ambient conditions. The
supramolecular adduct of RSP with RM-f3-CD represents a valuable candidate for further research
in developing new formulations with enhanced bioavailability and stability, and the results of this
study allow a pertinent selection of three excipients that can be incorporated in solid dosage forms.

Keywords: risperidone; inclusion complex; randomly methylated -cyclodextrin; compatibility
studies; excipients; solubility; stability

1. Introduction

Risperidone (RSP), 3-[2-[4-(6-fluoro-1,2-benzoxazol-3-yl)piperidin-1-yl]ethyl]-2-methyl-
6,7,8,9-tetrahydropyrido[1,2-a]pyrimidin-4-one (Figure 1), is a benzoxazole derivative
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used in treating schizophrenia, behavioral, and psychological symptoms of dementia
and irritability associated with autism [1,2]. This atypical antipsychotic drug blocks the
serotonin-2 (5TH2) and dopamine-2 (D2) receptors in the brain. RSP is a member of the class
of pyridopyrimdines that is practically insoluble in water and presents high lipophilicity
(log P of 3.49), which makes it a class II candidate of the Biopharmaceutics Classification
System (BCS) [1,3,4]. It exhibits the tendency of forming polymorphs [1], which could
present different solubility, dissolution rates, and stability, leading to variations in the
biopharmaceutical profile of its drug substance [5].

O\N

\

N
‘ N
N/

Figure 1. Chemical structure of risperidone.

Solubility is an essential feature of drugs, being one of the most critical and important
characteristics that influence their bioavailability. Among the various approaches used to
enhance the solubility of BCS II class drugs, encapsulation of the active pharmaceutical
substances in cyclodextrins is a valuable strategy [5].

Cyclodextrins (CDs) are cyclic glucose oligomers consisting of six, seven, or eight
glucose units («, 3, and y-cyclodextrin), linked by 1,4-x-glycosidic bonds. CDs possess
a hydrophobic internal cavity that provides a microenvironment for appropriate sized
molecules and a hydrophilic outer surface responsible for their water-solubility. This partic-
ular structure of CDs confers them multiple applications in the pharmaceutical field, food,
cosmetics, textile, and chemistry industry based on their property of forming guest—host
inclusion complexes [6-10]. The inclusion complexation leads to an increase in the solubil-
ity of insoluble drug substances, including the antiviral drug remdesivir [11] to improve
the chemical stability, the biological activity, and the bioavailability of guest molecules,
to prevent drug-excipient or drug-drug interactions, to reduce/eliminate the unpleasant
taste or odors and also ocular and gastrointestinal irritation [10,12-22]. Therefore, the
encapsulation of the drug in the CD cavity results in a remarkable improvement of physic-
ochemical, biopharmaceutical properties, and therapeutic potential of the guest [23-25].
Despite its low aqueous solubility, f-cyclodextrin (3-CD) has achieved pharmaceutical
relevance due to its availability, lack of toxicity, appropriate internal cavity size for a wide
variety of drug substances, and economic advantages [6,21,26]. The random substitution
of any 3-CD hydroxyl group creates a disruption of stable hydrogen bond system around
the CD rim generating an intensive enhancement of its aqueous solubility. Thus, several
CD derivatives of pharmaceutical interest have been developed, among them methylated
B-CD [27,28].

Several papers have reported the interaction between RSP and CDs such as 3-CD,
hydroxypropyl-3-CD (HP-3-CD), and methyl-3-CD, in solid state and in solution [4,29,30].
In addition, the solubility of RSP in aqueous solution of «-, 3-, Y- and HP--CDs has been
evaluated [31]. In our recent paper, we have investigated in both solution and solid state
the encapsulation of RSP in two methylated CDs, heptakis(2,6-di-O-methyl)-3-cyclodextrin
(DM-B-CD) and heptakis(2,3,6-tri-O-methyl)-3-cyclodextrin (TM-3-CD) [22].

The efficiency, safety, quality, and stability of pharmaceutical dosage forms, which
are the result of the active pharmaceutical ingredients (API) combination with excipients,
are of major importance in the drug development process. A proper formulation design
involves the selection of suitable excipients; although these pharmacologically-inactive
substances are considered inert molecules, during the formulation stage and/or under
storage of final product, interactions may occur even in solid state, leading to a diminution
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of concentration of API [32-34]. Potential interactions between an API and excipients have
to be evaluated because the incompatibilities between the components of a dosage form can
affect the bioavailability, stability, potency, and safety of drug products [35,36]. According
to the International Conference on Harmonisation (ICH) Q8 recommendations, a drug
substance/excipient compatibility study should be evaluated as a part of pharmaceutical
development [37].

Within this framework, the aim of this study was to investigate the encapsulation
of RSP in randomly methylated 3-CD (RM-f3-CD) and to evaluate the compatibility of
supramolecular adduct with selected pharmaceutical excipients. According to our knowl-
edge, there is no study focused on RSP inclusion complex compatibility with excipients. In
the present paper, the RSP/RM-{3-CD inclusion complex has been characterized using solu-
bility studies, thermal methods, spectroscopic techniques, and molecular modeling studies.
Later, the interaction between the binary system and excipients, namely starch (STR), micro-
crystalline cellulose (CEL), magnesium stearate (MgSTE), and anhydrous lactose (LCT) has
been studied by means of thermoanalytical tools (TG—thermogravimetry/DTG—derivative
thermogravimetry /HF—heat flow), powder X-ray diffractometry (PXRD), and universal
attenuated total reflectance Fourier transform IR spectroscopy (UATR-FTIR).

2. Results and Discussion
2.1. Inclusion Complex Characterization
2.1.1. Phase Solubility Studies

The stoichiometry of the RSP/RM-{3-CD inclusion complex and its stability constant
were investigated by means of phase solubility studies. The phase solubility diagram of RSP
with RM-{3-CD was obtained at 25 °C by plotting the apparent equilibrium concentration
of the drug against RM-3-CD concentration. The apparent solubility of RSP increased
linearly (R? =0.9980) as a function of RM-B-CD concentration in the 0-50 mM concentration
range, as shown in Figure 2. The RSP solubility enhancement in phosphate buffer 0.1 M
(pH 7.4) confirms the interaction between the drug substance and the CD. The linear
relation between RSP concentration and RM-f3-CD concentration indicates an Ay type
phase solubility diagram defined by Higuchi and Connors [38]; also, the slope value
(0.1965) is less than unity, revealing that a soluble inclusion complex in 1:1 molar ratio
was formed between the guest and host molecule in phosphate buffer 0.1 M (pH 7.4). The
apparent stability constant (Kj.1) of the inclusion complex calculated from the slope of the
phase solubility diagram, using Equation (1) is 173.38 4+ 5.54 M~1; this value is within the
range of 100 and 5000, which is considered ideal for the formation of an inclusion complex
that may improve the bioavailability profile [39,40].

y = 0.1965x + 1.1646
R’ = 9980

0 T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55 60

[RM--CD] (mM)

T T T T T 1

Figure 2. Phase solubility diagram of risperidone (RSP) in the presence of randomly methylated
-cyclodextrin (RM-p-CD) in phosphate buffer 0.1 M, pH 7.4, at 25 °C.
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2.1.2. Molecular Modeling

Molecular modeling is a powerful tool employed by theoretical chemistry for quantita-
tive predictions on guest-host interaction. The molecular docking analysis was performed
using the Autodock 4.2.6 software together with the AutoDockTools [41]. The software
applies a semi-empirical free energy force field and grid-based docking to assess conforma-
tions during docking process. The force field includes six pair-wise assessments (V) and an
estimate of the conformational entropy lost upon binding (ASconf):

AG = (VbLo;iSd B Vu%iboﬁmd) + (VbI(;ZZd o Vﬁzgund) + (Vbl;;nLd o Vbz;;(gund + ASCO”f) @
where L makes mention of the “ligand” and T refers to the “target” in a ligand-target
docking calculation. Each of the pair-wise energetic terms includes evaluations for dis-
persion/repulsion, hydrogen bonding, electrostatics and desolvation [42]. Following the
redocking analysis, the root-mean-square deviation (RMSD) values lower than 0.4 A have
been calculated, suggesting the robustness and repeatability of the docking analysis.

The binding free energy value calculated for RSP/RM-f3-CD inclusion complex (1:1)
was —3.26 kcal/mol. Figure 3 presents the theoretical RSP/RM--CD inclusion complex,
as rendered in the PyMOL [43] and Discovery Studio molecular visualization system:s,
simulated in a 1:1 molar ratio.

Analyzing the 3D images of the RSP/RM-3-CD (1:1) interaction, we noticed the
presence of two Pi-sigma interactions, between pyrimidin-4-one cycle and the hydrogen
(hydrogen methyl group) of a glucopyranose (2.28 and 2.73 A). Two non-classical hydrogen
bonds occur between the nitrogen group from the 4,5-dihydro-isoxazole heterocycle and
the hydrogen from position 4 of a carbohydrate moiety. Four non-classical hydrogen bonds
occur between the 1,2-oxazole heterocycle and the carbohydrate moiety hydrogen, with
lengths of 2.3 A approximately.

Figure 3. Molecular docking for 1:1 RSP/RM-3-CD inclusion complex. Figures (a,b) show the inclusion complex from
the secondary face of RM-3-CD’s cavity. The RSP molecule is represented in green and blue spheres while RM-f3-CD is

represented in red sticks (a); RSP is presented in sticks colored by element, RM-3-CD is presented in spheres colored by
element (b); Image (c) show contacts between RSP and RM-3-CD, RSP is colored by element, while CD is presented in balls

and sticks.
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2.1.3. Thermal Analysis

In order to evaluate the interaction between RSP and RM--CD in solid state, the
thermal behavior of parent substances, their physical mixture (PM), and kneaded product
(KP) have been investigated using TG, DTG, and HF. The thermoanalytical curves of RSP,
CD, RSP/RM-B-CD binary systems obtained by physical mixture (PM) and by kneading
(KP) are shown in Figure 4a—d.
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Figure 4. The thermal profile (TG-thermogravimetry /DTG-derivative thermogravimetry /HF-heat flow) of: RSP (a); RM-3-
CD (b); RSP/RM-3-CD physical mixture (c); and kneaded product (d) in air atmosphere (100 mL/min), temperature range
of 40-500 °C and heating rate of 10 °C/min.

Detailed interpretation of the RSP thermal profile is presented in our previous pa-
per [22]. The drug substance exhibits thermal stability up to 206 °C, which is a temperature
that marks the onset of its decomposition; then, a continuous mass loss process is observed
up to 510 °C (Am = 55.6%). As the DTG curve shows, RSP thermal decomposition takes
place in three stages: the first one is noticed between 200 and 226 °C (peak at 209 °C); the
second is in the temperature range of 226-350 °C (main peak at 319 °C); and the last one is
between 350 and 474 °C (peak at 391 °C) [22]. RSP melting is revealed as an endothermic
peak at 173 °C in the HF curve (Figure 4a) [30,44]. In addition, a small exothermic peak is
noticed at 259 °C that corresponds to the first process of RSP thermal degradation; above
474 °C, the degradation occurs rapidly confirmed by the exothermic effect on HF and the
rapid mass loss on the TG curve [22].

The thermoanalytical curves of RM-3-CD reveal a small mass loss (Am = 5.3%) be-
tween 40 and 85 °C and an endothermic effect (peak at 52.0 °C) which relates to the
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crystallization water loss (Figure 4b). A stability stage of CD is observed in the temperature
range of 85-270 °C, but above 270 °C, the mass loss continues, and the degradation process
takes place as the exothermic event (peak at 361.0 °C) of the HF curve indicates [19].

The thermal curves of RSP/RM-3-CD binary systems present significant differences
as compared to those of the pure substances. Both the endothermic melting peak of RSP
and the RSP exothermic effect are no more present neither in the HF curve of PM nor
in that of KP. In addition, the endothermic events at 361.0 °C and 500 °C from the HF
curve of RM-3-CD are displaced at lower temperature in HF curves of PM (357 °C and
477 °C, Figure 4c) and KP (the first event disappeared, second at 487 °C, Figure 4d). On
the other hand, the TG curves of binary systems reveal a decrease in thermal stability of
RSP (Am = 55.6%) in temperature range of 38-510 °C in both PM (Am = 89.7%) and KP
(Am = 89.2%); this phenomenon may be a consequence of the crystallinity reduction of drug
substance as a result of interaction with RM-3-CD [45]. Furthermore, the decomposition
pathway of RSP in the PM and KP differs from that of pure drug substances as the DTG
curves show; two distinct regions can be noticed in the DTG of KP, while the DTG of PM
shows only one stage.

Thermal methods are valuable tools frequently used to investigate the interaction
between CD and drug substances and to prove the encapsulation of guest molecule in the
host cavity [46—48]. The guest-host interaction is characterized by changes in the thermal
profiles of guest substances in the inclusion complex. The melting point of the guest
molecule, which is embedded in the CD cavity, generally shifts to a different temperature
and decreases its intensity or disappears [14,21,49]. The above-mentioned changes in
the RSP thermal profile in the RSP/RM-{3-CD binary products provide evidence for an
interaction between the drug substance and CD as a result of inclusion complex formation.

2.1.4. Powder X-ray Diffractometry

The diffraction profiles of RSP, RM-{3-CD, and their RSP/RM-3-CD PM and KP are
depicted in Figure 5.
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Figure 5. Powder X-ray diffractometry (PXRD) pattern of RSP, RM-p3-CD, and RSP/RM-3-CD binary
products physical mixture (PM) and kneaded product (KP).

The RSP crystalline nature is emphasized by the two crystalline reflections of high
intensity at 14.19 and 21.27 26 in addition to other characteristic reflections at 14.79; 16.42;
18.44; 18.93; 19.74; 23.15; and 29.00 20 [22]. The diffraction pattern of RM-{3-CD reveals
two broad peaks and many undefined, diffused peaks of low intensities, reflecting its
amorphous nature [19,50]. The PXRD pattern of both RSP/RM-3-CD PM and KP present a
marked diminution of RSP characteristic diffraction peaks along with the disappearance
of several RSP characteristic reflections in the diffractogram of both PM (at 16.42; 18.44;
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18.93 26) and KP (at 14.79; 16.42; 18.44; 18.93; 23.15 and 29.00 26), which indicate a reduction
in drug crystallinity in the binary products. Furthermore, new peaks are observed in the
diffraction patterns of the RSP/RM-{3-CD binary systems both PM (at 9.42; 11.43; 17.40 20)
and KP (at 9.42; 11.42; 17.44 20). These data suggest that interaction occurs between the
drug substance and the CD and demonstrate the inclusion complex formation in solid state,
confirming the results obtained using thermal methods.

2.1.5. UATR-FTIR Spectroscopy

Universal-attenuated total reflectance Fourier transform infrared (UATR-FTIR) spectra
of RSP, RM-3-CD, and their corresponding PM and KP are presented in Figure 6.
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Figure 6. Universal-attenuated total reflectance Fourier transform infrared (UATR-FTIR) spectra of
RSP, RM-B-CD, and RSP/RM-{3-CD binary systems PM and KP.

The UATR-FTIR spectrum of RSP presents characteristic bands at 3063, 2936, 2812,
2759, 1648, 1534, 1449, 1414, 1352, 1130, 1027, 959, 854, and 816 cm ! that have been
assigned to the functional groups from the drug structure in our previous study [22]. RM-
B-CD shows a broad absorption band in the 3600-3100 cm ! region corresponding to the
O-H stretching vibration from the non-methylated hydroxyl moieties and a large region
below 1500 cm~! which exhibits distinct peaks, which is most probably characteristic to
the cyclodextrin ring [19,51].

In the spectral patterns of binary products, several differences are noticed as compared
with those of the parent compounds. Thus, the band assigned to the C-N stretching
vibration shifted from 1352 cm ™! in the RSP spectrum to 1364 cm~! in both PM and KP
spectra. In addition, the C=0O stretching vibration (from tetrahydropyrido-pyrimidinone
ring) characteristic band from 1648 cm ™! in the drug substance spectrum is displaced to
1649 cm ™! and 1642 cm ! in the PM and KP spectra and is markedly reduced in intensity
in both binary compounds. In addition, the spectral band attributed to aliphatic C-H
stretching vibration from 2936 cm~! in RSP shifted to 2929 and 2924 cm ! in the spectral
pattern of PM and KP, respectively. In the spectral region of 1050-1000 cm ™! the parent
substances, RSP and RM-p-CD, exhibit bands at 1028 and 1027 cm !, while in the spectral
pattern of binary products, two bands can be observed, at 1009 and 1035 cm ™! in PM and
at 1006 and 1037 cm ™! in KP, respectively. A marked reduction in intensity and a shift to
different wavenumbers (1535 cm™!) in the PM and KP spectra is also noticed for the band
assigned to the C=C stretching vibration of the aromatic ring from 1534 cm ! in the RSP
spectrum. Furthermore, the bands from 2812, 2759, and 1130 cm~! in the RSP spectrum
disappeared in binary KP and PM spectra.

The UATR-FTIR spectroscopy pointed out a decreasing in the intensity of RSP char-
acteristic bands along with the shifting to different wavenumbers and the disappearance
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of several peaks in the spectral pattern of PM and KP. These data give evidence about the
interaction between the antipsychotic drug substance and RM-3-CD.

2.1.6. Solubility Profile of RSP /RM-{3-CD Inclusion Complexes

The solubility of the drug substance in the inclusion complex has been evaluated
using the shake-flask method [18,19,52]. The drug concentration in saturated solution was
assessed using UV spectrophotometry. RM-f3-CD in phosphate buffer 0.1 M (pH 7.4) does
not present absorption in the spectral range of 210-310 nm (Figure 7a); an RSP calibration
curve accomplished using the absorbance values from 277 nm at 25 °C (Figure 7b) was
employed in order to quantify the drug in the inclusion complex.

—— RM-3-CD 130 pg/mL 25

—— RSP 20 pg/mL
—— RSP 30 pg/mL
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Figure 7. The absorption spectra of RM-3-CD and RSP in phosphate buffer 0.1 M (pH 7.4), in the spectral range of
210-310 nm, at 25 °C (a); RSP calibration curve at 277 nm (b).

The solubility of the included RSP as KP obtained as an average of five experimental
determinations is 1392.949 + 0.016 pg/mL. In standard controlled experiments, clear
solution was obtained when 29.31 mg of RSP/RM-f3-CD KP were dissolved in 5mL 0.1 M
phosphate buffer (pH 7.4) at room temperature.

The results of the saturation solubility studies reveal RM-{3-CD’s ability to increase
RSP solubility in phosphate buffer 0.1 M (pH 7.4) by 2.58-fold as compared with free RSP
(540.007 % 0.003 pug/mL).

2.2. Compatibility Studies of RSP/RM-B-CD Inclusion Complex with Excipients

The compatibility of RSP with several pharmaceutical excipients, namely microcrys-
talline cellulose, anhydrous lactose, starch, sodium lauryl sulfate, and magnesium stearate
has been assessed and drug—excipient incompatibility has been reported in the presence
of magnesium stearate, lactose, and microcrystalline cellulose [44]. In order to evaluate
the ability of RM-3-CD to prevent the incompatibilities between drug substance and the
mentioned excipients, compatibility studies of inclusion complex and excipients were
conducted using thermal and spectroscopic techniques.

2.2.1. Thermoanalytical Studies

The thermoanalytical TG/DTG/HEF curves of the RSP /RM--CD inclusion complex
and its mixture with pharmaceutical excipients, recorded in dynamic air atmosphere and
heating rate of 10 °C-min~! are presented in Figure 8a—c.
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Figure 8. TG (a), DTG (b), and HF (c) curves of RSP/RM-3-CD inclusion complex (1) and its mixtures with excipients, as
follows: RSP/RM-B-CD + STR (2); RSP/RM-B-CD + CEL (3); RSP/RM-B-CD + MgSTE (4); RSP/RM-B-CD + LCT (5).

The TG/DTG curves of RSP/RM-3-CD inclusion complex suggests its thermal degra-
dation in the following temperature ranges: 35-86 °C (Am = 5.2%, dehydration process),
197-338 °C (Am = 32%, DTGpeak at 309 °C), 338-414 °C (Am = 28.8%, DTGpeax at 351 °C) and
414-510 °C (Am = 13.2%, DTGpeqk at 490 °C). The HF curve of inclusion complex reveals
two exothermic events, a small one at 313 °C and another one at 487 °C, corresponding to
the decomposition of the complex.

Regarding the inclusion complex—excipients physical mixtures, in all situations, thermo-
analytical TG/DTG curves show a mass loss process at temperatures lower than 110 °C due
to the release of water from complex and/or excipient. For the mixtures with CEL and LCT,
the dehydration occurs at temperatures below 100 °C, as follows: RSP/RM-p-CD + CEL
has water loss up to 92 °C, with Am = 4.47% and RSP/RM-f3-CD + LCT has water loss up
to 68 °C, with Am = 1.71%. In the case of mixtures with STR and MgSTE, the dehydration
takes place up to higher temperatures, as follows: RSP/RM-3-CD + STR reaches constant
mass at 124 °C, after a mass loss Am = 7.98%, while for RSP/RM-{3-CD + MgSTE, the
dehydration is complete at 106 °C, with a corresponding Am = 4.31% (DTG process in
94-107 °C temperature range, DTGnax at 103 °C).

The stability profile of mixtures with excipients in an anhydrous state is good, as
revealed by the thermoanalytical curves. Accordingly to this, the RSP/RM-3-CD + STR
mixture shows no thermal events in the 124-214 °C, while with the increase of thermal
stress, the decomposition begins. TG/DTG curves reveal a continuous mass loss process in
the temperature range 214-510 °C (DTGmax at 292 °C), with a corresponding Am = 77.78%.
The HF curve does not reveal significant events up to 289 °C, when some exothermal
processes are observed, due to the oxidative thermolysis of organic edifice (HFpax at

35



Molecules 2021, 26, 1690

301 °C, 338 °C and 457 °C, respectively). In the case of the RSP/RM-{3-CD + CEL mixture,
thermoanalytical data suggest that the anhydrous mixture is stable in the 92-232 °C
temperature range, since none of the three thermoanalytical curves reveal any process.
In the temperature range 232-510 °C, a consistent mass loss is observed (Am = 91.37%),
which is sustained by the DTG profile (main process between 233 and 391 °C, DTGy at
322 °C, shoulder at 349 °C), secondary process between 391 and 510 °C, DTGmax at 459 °C).
The HF curve reveals oxidative thermodegradation at temperatures over 233 °C, with
HFmax at 264, 334, and 459 °C, respectively. The mixture RSP/RM-f3-CD + MgSTE shows
the most complex thermoanalytical profile, due to complexity of excipient composition,
being known that pharmaceutical-purity MgSTE is a mix of different fatty acid salts that
may vary in proportion, and additionally, its properties heavily depend on its moisture
content [53,54]. After the dehydration, the RSP/RM-3-CD + MgSTE shows stability in the
106-218 °C temperature range, without revealing any interactions between the components
of this matrix. The main mass loss process takes place in the 218-510 °C (Am = 81.64%), with
several DTG peaks at 321, 354, 422, 444, and 519 °C, respectively), and it is accompanied by
several HF peaks corresponding to an endothermic event—dehydration (96-111 °C, HF peax
at 104 °C), and with the increase of temperature with exothermic ones, in the 303-510 °C
range: 327, 356, 428, and 524 °C, respectively. Last, for the RSP/RM-f3-CD + LCT sample,
the stability in anhydrous state is observed in the range 68-110 °C; then, a small mass loss
takes place in the range 110-143 °C (Am = 1.65%), which is followed by the main mass
loss process that takes place in the range 196-510 °C (Am = 66.18%). The DTG profile is
more complex in this case, revealing peaks up to 210 °C at 63, 117, and 133 °C), and in the
temperature range 200-510 °C at 238 (main), 272, 283, 322, and 482 °C, respectively). The
HF curve reveals some endothermal events at 119 °C and 221 °C, while the thermal events
associated with the thermooxidation of complex are no longer visible at temperatures
over 300 °C. This behavior is a clear indication that some incompatibilities take place in
this system, which are mainly due to the fact that they are facilitated by the presence of
the melted excipient (LCT), which occurs in the range 203-243 °C (HFpeak at 221 °C). The
stability profile of mixtures with excipients in an anhydrous state is good, as revealed by the
thermoanalytical curves, and no interactions are revealed between the inclusion complex
and three of the selected excipients (STR, CEL, and MgSTE), while for mixture with LCT,
interactions are observed during the thermal treatment of the samples. For this last sample,
a concrete evaluation of interactions can be realized solely by the implementation of two
other investigational tools, namely UATR-FTIR and PXRD.

2.2.2. UATR-FTIR Studies

UATR-FTIR spectroscopy is commonly used as screening technique for assessing the
potential physicochemical interaction between an API and the excipients employed in
the pharmaceutical dosage forms. Usually, UATR-FTIR spectroscopy is used as a comple-
mentary tool along thermal analysis for the evaluation of compatibility /incompatibility
between API and excipient, which is kept under ambient conditions.

The disappearance of an absorption band, a reduction of the band intensity, or the
appearance of new bands reveal the existence of interactions between the API and the
studied excipient [34,55-58]. This method provides information about the chemical groups
to avoid in the excipients in order to develop stable pharmaceutical formulations [55].

The UATR-FTIR spectra of the inclusion complex RSP/RM-f3-CD and its physical
mixtures with selected excipients recorded at ambient temperature are shown in Figure 9.
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Figure 9. UATR-FTIR spectra of RSP/RM-f3-CD inclusion complex and its physical mixtures with
selected excipients.

The UATR-FTIR spectrum of RSP/RM-{3-CD inclusion complex exhibits a broad
band between 3500 and 3300 cm ! (peak at 3387 cm™!) related to hydroxyl groups (O-H
stretching vibration) and other several bands noticed in Table 1; they are presented in
Section 2.1.5.

Table 1. UATR-FTIR characteristic bands for RSP/RM-{3-CD and its mixtures with excipients.

Analysis of UATR-FTIR Spectral Regions (cm~1)

Sample
3600-2700 1700-1000 1000-650
1642; 1535; 1450; 1415; 1364; 1272; 1194; R
RSP/RM-3-CD 3387; 2924 1154; 1083; 1037; 1006 959; 857; 758
1649; 1535; 1459; 1416; 1364; 1272; 1195; P
RSP/RM-3-CD + STR 3386; 2919; 2847 1152; 1083:1035; 1006 962; 857; 758

1649; 1535; 1458; 1416; 1364; 1272; 1194;

RSP/RM-B-CD + CEL 3386; 2930 155 1083 1034: 1009 956; 858; 758
1639; 1572; 1541; 1465; 1418; 1365; 1272; o
RSP/RM-B-CD + MgSTE 2957; 2916; 2850 1192, 1154, 1083, 1038, 1007 961; 857; 722
RSP/RM-B-CD + LCT 3338; 2945; 2931; 2901 1642;1535; 1420; 1369;1254; 1195; 1157; 989; 968; 877; 761

1142; 1118; 1083; 1068; 1031; 1018

The spectral data collected in Table 1 along with the spectra depicted in Figure 1
reveal that the characteristic bands of RSP/RM-3-CD are present in the mixture of the KP
with excipients either at the same wavenumber as in inclusion complex or slightly shifted
to different wavenumbers, except for the case of the physical mixture of KP with LCT,
where the spectral bands form 1465 and 1006 cm ™! have disappeared from the mixture
spectrum. This situation indicates an interaction between the inclusion complex and
LCT even in ambient conditions, which are results that were previously suggested by the
thermoanalytical methods.

2.2.3. PXRD Studies

X-ray diffractometry has been used as a complementary tool for evaluating the possible
interactions between the RSP/RM-{3-CD inclusion complex and the excipients, which
correlate with changes in the crystallinity profile of the samples.
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The X-ray diffraction patterns of the RSP/RM-f3-CD inclusion complex, selected
excipients, and their physical mixtures are depicted in Figure 10a—d.

RSP/RM-8-CD + STR

o RSP/RM-B-CD + CEL

E 3

~ ©

2 >

7] o

E 9

- [

STR - -
RSP/RM-B-CD RSP/RM-B-CD
T T T T T T T 1 T T T T T T T 1
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
20 (degrees) 20 (degrees)
(a) (b)
RSP/RM--CD + MgSTE Mﬂ RSP/RM-B-CD + LCT
3 -
L) S
> s
D 2
c o
S 2
1= M MgSTE 8 LCT
[
RSP/RM-B-CD
RSP/RM-3-CD
T g T g T E T E T T T T T N 1
5 10 15 20 25 30 35 40 é 1-0 115 2|0 2.5 3.0 3.5 4.0
20 (degrees) 20 (degrees)
(c) (d)

Figure 10. X-ray diffraction profiles of RSP/RM-3-CD inclusion complex, selected excipients, and their physical mixtures:
starch (STR) (a); microcrystalline cellulose (CEL) (b); magnesium stearate (MgSTE) (c); lactose (LCT) (d).

The diffraction profile of the RSP/RM-3-CD inclusion complex presents three char-
acteristic reflections of higher intensity at 9.42, 11.42, and 17.48 26 and others of lower
intensity at 14.17, 19.87, and 21.47 20. In the diffractograms of STR and CEL, there are
several main broad peaks and numerous undefined ones, with low intensities indicating
the amorphous nature of the excipients (Figure 10a,b). In the case of physical mixture
of the RSP/RM-3-CD inclusion complex with STR, the diffraction pattern reveals the
disappearance of the high intensity crystalline reflection of the inclusion complex from
9.42 20; the other two characteristic peaks of the inclusion complex can be observed at 11.64
and 14.47 260, while the rest of the bands are overlapped over the broad bands of excipient.
The PXRD pattern of the inclusion complex—CEL physical mixture exhibits an overlap of
characteristic peaks of both the RSP/RM-f3-CD inclusion complex observed at 9.45, 11.50,
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14.29, 17.52, 19.90, 21.32 26, and the excipient, indicating a lack of interaction between
the components.

The diffractogram of MgSTE shows characteristic crystalline reflections at 26 of 5.35,
7.20, 8.90, 21.78, and 22.53, suggesting its crystalline state [18] (Figure 10c). The diffraction
profile of physical mixtures of the inclusion complex with MgSTE represents a sum of
characteristic peaks of KP that appear at 26 of 9.42, 11.45, 14.27, 17.47, 19.84, and 21.30,
and excipient peaks that appear at 5.41, 7.23, 9.02, 21.93, and 22.71 26, highlighting no
interaction between the inclusion complex and MgSTE.

The crystalline profile of LCT is demonstrated by the high intensity crystalline re-
flections at 19.22, 19.69, 20.11, 20.77, and 21.09 26 and other peaks with lower intensity at
10.61, 12.62, 16.53, 23.85, 24.75, 25.67, 31.85, and 33.32 260, which are present in its diffraction
pattern (Figure 10d). The diffractogram of the inclusion complex-LCT mixture shows
all the characteristic crystalline reflections of excipient (at 10.57, 12.58, 16.48, 19.17, 19.63,
20.06, 20.72, 21.03, 23.84, 24.71, 25.61, 31.78, and 33.24 26), but some corresponding to
RSP/RM-{3-CD KP are greatly attenuated (at 14.14 and 21.30 26) or shifted (9.36, 11.36, and
17.17 26), confirming the interaction in solid state between the inclusion complex and LCT
that was previously demonstrated by thermal analysis and UATR-FTIR spectroscopy.

3. Materials and Methods
3.1. Materials

Risperidone (as Pharmaceutical Secondary Standard) was acquired from Sigma-
Aldrich, (Steinheim, Germany) and randomly methylated -cyclodextrin (DS~12) was
purchased from Cyclolab R&L Ltd. (Budapest, Hungary). The pharmaceutical grade excip-
ients, namely starch, microcrystalline cellulose, magnesium stearate, anhydrous lactose,
and methylcellulose were obtained from Sigma-Aldrich (Steinheim, Germany). All other
reagents and chemicals used were of analytical purity.

3.2. Phase Solubility Studies

Phase solubility studies were performed according to the method reported by Higuchi
and Connors [38] in 0.1 M phosphate buffer of pH 7.4, at 25 °C. An excessive amount
of RSP (10 mg) was added to 3 mL of solution containing RM-3-CD in concentration of
0-50 mM. The obtained suspensions were vigorously shaken at 25 °C for 5 days. After
the equilibrium was reached, the samples were filtered using a 0.45 um nylon disk filter
and suitably diluted. The RSP concentration in filtered solutions was evaluated using UV
spectroscopic measurements at 277 nm. Spectronic Unicam—UYV 320 UV-Visible double
beam spectrophotometer (Spectronic Unicam, Cambridge, UK) with 1 cm matched quartz
cells was used for all UV spectrophotometric measurements.

The apparent stability constant (K.1) was calculated from the phase solubility diagram,
using the following equation:

Slope

Kia = So (1 — Slope)

@

where Sy is RSP solubility in phosphate buffer 0.1 M (pH 7.4) in the absence of RM-{3-CD.

3.3. Molecular Docking Studies

Molecular docking studies were carried out to characterize the interaction between
drug substance and CD. The RM-3-CD structure used in this work was generated from
the curated coordinates of ligand 2QKH (X-ray diffraction, resolution 1.9 A) downloaded
from the Protein Data Bank database [59]. Methyl groups were manually added on free
hydroxyl groups in order to obtain a degree of substitution equal with 12 (GaussView 5,
Semichem Inc). Substituents were added on the 3-cyclodextrin natural core, namely, 4-CHs
on the O,- position for the 2, 3, 4, and 6 glucopyranose units, 5 groups on the O3- for the 1,
2,4,5, and 7 glucose residues, and finally, 3-CH3 on 1, 5, and 7 glucopyranose units on the
Og¢- position. All dihedral angles of the methoxy groups were homogenized, the resulting
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conformations being compatible with an unhindered CD cavity. CD was optimized in the
same manner with RSP (DFT/B3LYP/6-311G). Three-dimensional coordinates of RSP was
generated using the Gaussian program suite at DFT/B3LYP/6-311G optimization.

The molecular docking analysis was carried out using the Autodock 4.2.6 software
together with the AutoDockTools [41]. The docking between RSP and RM-3-CD involves
adding all the polar hydrogens, computing the Gasteiger charge; a grid box was created
using Autogrid 4 with 50 x 50 x 50 A in x, y and z directions with 0.375 A spacing from
CD center. All the calculations were performed in vacuum. For the docking process, we
chose the Lamarckian genetic algorithm (Genetic Algorithm combined with a local search),
with a population size of 150 and a number of 50 runs. In order to generate the molecular
modeling figures, we exported all Autodock results in the PyYMOL (The PyMOL Molecular
Graphics System, Version 2.0 Schrodinger, LLC, New York, NY, USA) [43]. To validate the
repeatability and reproducibility of the docking method, we performed redocking and then
expressed the results as RMSD in A using Discovery Studio software. All the calculations
were performed in triplicate and expressed as an average.

3.4. Preparation of the Solid Inclusion Complex and Physical Mixtures with Excipients

The kneading method in a 1:1 molar ratio was employed to prepare the inclusion
complex of RSP with RM-3-CD. For this purpose, 0.2851 g of RSP and 0.9149 g of CD were
weighed, and the mixture was pulverized in an agate mortar and triturated with 1.2 g
ethanol:HC1 0.1 M solution (1:1, m/m). Then, the thick slurry was kneaded for 45 min, and
during the process, a few drops of solvent were added to maintain a suitable consistency.
Thus, the product obtained was dried at ambient temperature and then in the oven at
40 °C for 24 h. The dried kneaded product was pulverized and passed through a 75-um
size sieve. In addition, a physical mixture of RSP with RM-3-CD in 1:1 molar ratio was
obtained by mixing in the agate mortar and pestle for 10 min in a solvent-free manner.

The physical mixtures of RSP/RM-3-CD inclusion complex and each excipient were
prepared by mixing in an agate mortar with pestle for approximately 5 min in the ratio of
1:1 (m/m).

3.5. Thermal Analysis

The pure RSP, RM-3-CD, and RSP/RM-3-CD physical mixture and kneaded product
and also the mixtures of KP and selected excipients were analyzed using a Perkin-Elmer
DIAMOND TG/DTA instrument. Samples with masses around 3—4 mg were weighed in
aluminum crucibles and studied under air atmosphere at a flow rate of 100 mL/min, over
the temperature range of 40-500 °C, with a heating rate of 10 °C/min.

3.6. Powder X-ray Diffractometry

PXRD studies were carried out using a Bruker D8 Advance powder X-ray diffractome-
ter (Bruker AXS, Karlsruhe, Germany). The X-ray diffraction patterns were collected at
ambient temperature, using CuK« radiation (40 kV, 40 mA) and a N filter, over the interval
of 10-45° angular domain (26).

3.7. UATR-FTIR Spectroscopy

The UATR-FTIR spectroscopic analysis was performed using a Perkin Elmer SPEC-
TRUM 100 device. The data were collected directly on solid samples in the spectral domain
4000-600 cm~! on an UATR device. Spectra were built up after a number of 16 co-added

acquisitions, with a spectral resolution of 4 cm 1.

3.8. Solubility Profile of RSP/RM-B-CD Kneaded Product

The saturation shake-flask method was employed in order to evaluate the RSP sol-
ubility upon complexation with RM-f3-CD. To this end, an excessive amount of drug
substance and RSP/RM-f3-CD kneaded product were added in 5 mL of phosphate buffer
0.1 M (pH 7.4), so that saturated solutions were obtained. The samples were shaken for
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24 h at room temperature, and then the solutions were separated from the insoluble drug
substance by filtration using a 0.45 pm nylon disk filter. After appropriate dilution, the
filtrate was subjected to UV-spectrophotometric analysis at 277 nm. The RSP quantification
was realized using a calibration curve. A set of RSP solutions in phosphate buffer 0.1 M
with concentration in the range of 10-70 pg/mL were prepared, and their absorbance was
recorded at 277 nm. The standard curve was obtained by plotting the absorbance (A) vs.
the concentration (C); the equation of the RSP calibration curve is: A = 0.02801-C + 0.00677,
with R = 0.99981.

4. Conclusions

This study investigates the encapsulation of antipsychotic drug RSP by RM--CD
and the compatibility of the inclusion complex with several excipients commonly used in
pharmaceutical dosage forms. The RSP/RM-{3-CD binary product was obtained using the
kneading method and was evaluated by experimental and theoretical approaches. The
experimental results provided by thermal methods, powder X-ray diffractometry, and
UATR-FTIR spectroscopy demonstrate the inclusion complex formation between RSP and
RM-3-CD in 1:1 molar ratio as the solubility studies indicated. As a result of inclusion
complex formation, the RSP solubility was increased by 2.58-fold as compared with free
RSP, highlighting the solubilizing effect of CD.

Since the corroboration of thermoanalytical data suggested that the inclusion complex
is compatible with three of the selected excipients (namely STR, CEL, and MgSTE), but
incompatible with LCT, two complementary investigational tools were used, namely UATR-
FTIR spectroscopy and PXRD. These last two instrumental techniques allow the evaluation
of compatibility /incompatibility between the components of a complex matrix in ambient
conditions. It was shown that interactions between the RSP /RM--CD and LCT occur in
solid state even under ambient conditions, and they are accentuated by the thermal stress.
In the development of new generic forms containing RSP formulated as a supramolecular
adduct with RM-3-CD, precautions should be taken in the selection of excipients, without
using lactose in the final product.
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Abstract: Cyclodextrins (CDs) have been widely used as pharmaceutical excipients for formulation
purposes for different delivery systems. Recent studies have shown that CDs are able to form
complexes with a variety of biomolecules, such as cholesterol. This has subsequently paved the way
for the possibility of using CDs as drugs in certain retinal diseases, such as Stargardt disease and
retinal artery occlusion, where CDs could absorb cholesterol lumps. However, studies on the retinal
toxicity of CDs are limited. The purpose of this study was to examine the retinal toxicity of different
beta-(3)CD derivatives and their localization within retinal tissues. To this end, we performed cyto-
toxicity studies with two different CDs—2-hydroxypropyl-fCD (HPBCD) and randomly methylated
-cyclodextrin (RMBCD)—using wild-type mouse retinal explants, the terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay, and fluorescence microscopy. RMBCD was
found to be more toxic to retinal explants when compared to HPBCD, which the retina can safely
tolerate at levels as high as 10 mM. Additionally, studies conducted with fluorescent forms of the
same CDs showed that both CDs can penetrate deep into the inner nuclear layer of the retina, with
some uptake by Miiller cells. These results suggest that HPBCD is a safer option than RMBCD for
retinal drug delivery and may advance the use of CDs in the development of drugs designed for
intravitreal administration.

Keywords: cyclodextrin; retinal explant; cytotoxicity; uptake

1. Introduction

Cyclodextrins (CDs) are cyclic oligosaccharides consisting of («-1,4-)-linked «-D-
glucopyranose units with a hydrophobic central cavity and a hydrophilic outer surface.
They can form water-soluble inclusion complexes with numerous lipophilic drugs provided
that their structure (or part of it) fits in the CD cavity. No covalent bonds are formed or
broken during the complexation and drug molecules in the complex are in rapid equilibria
with free molecules in the aqueous complexation media [1]. The complexation affects
many physicochemical properties of drugs, such as their aqueous solubility and chemical
stability [2]. Natural CDs (i.e., xCD, fCD, and yCD) have a limited solubility in water and,
thus, CD derivatives with an improved solubility have been synthesized and are currently
used as solubilizing complexing agents in various marketed pharmaceutical products,
particularly 2-hydroxypropyl-3-cyclodextrin (HPBCD) and sulfobutylether-f3-cyclodextrin
(SBEBCD), as well as randomly methylated 3-cyclodextrin (RMBCD), although to a lesser
extent [1]. CDs have also undergone extensive safety studies and have been approved
by both the European Medicines Agency (EMA) and the Food and Drug Administration
(FDA) for pharmaceutical use and in dietary supplements [3,4]. CDs have been the subject
of numerous review publications [5-13].
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Drugs for the treatment of retinal diseases are most often delivered via intravitreal
injections or implants, where the drug is administered directly into the vitreous humor,
which is the hydrogel-type fluid that occupies the space between the lens and the retina.
The vitreous mainly consists (99%) of water in a network of collagen and hyaluronic acid.
In humans, the volume of the vitreous humor is about 4 mL [14]. Drug molecules must be
dissolved in the aqueous vitreous to permeate into the retinal tissue. After an intravitreal
injection, hydrophilic and high molecular weight drugs (e.g., proteins and peptides) are
known to be excreted via an anterior route to the aqueous humor, while small lipophilic
drugs easily pass the retina and are removed via the posterior choroidal flow [15]. The
half-life of a dissolved drug in the vitreous humor is typically less than 10 to 24 h, where
small molecules have a shorter half-life than biomolecules such as proteins [16,17]. It
is expected that the hydrophilic CD molecules (molecular weight between about 1000
and 2000 Da) are readily removed from the vitreous humor after an intravitreal injection.
CDs might be able to enhance the retinal delivery of poorly soluble lipophilic drugs after
intravitreal administration.

The ability of CDs to complex biomolecules depends upon the molecular structure
and the CD binding constants and generally follows the order carbohydrates << nucleic
acids << proteins < lipids [18]. Therefore, most biological effects of CDs are based on their
interaction with membranes rich in lipids and their ability to extract lipids (e.g., phospho-
lipids and cholesterol) from the plasma membrane [18]. In ophthalmic drug delivery, CDs
have mainly been applied topically to the eye, with little or no reports on their intravitreal
administration [19-21]. Although hydrophilic CDs, such as HPBCD and SBEBRCD, have
been shown to be well-tolerated when applied topically to the eye, with no detectable side
effects, their parent CD and RMBCD are known to extract cholesterol from cell mem-
branes and form cholesterol/CD complexes [22-24]. Furthermore, Nociari et al. observed
that BCD extracted lipofuscin bisretinoids from the retinal pigment epithelium (RPE) [25].
Based on these observations, it was proposed that CDs can be used to develop therapeutic
candidates for many retinal degenerative diseases, such as Stargardt disease, which is an
inherited form of macular degeneration causing central vision loss and sometimes referred
to as juvenile macular degeneration. The cause of Stargardt disease is characterized by an
abnormal accumulation of lipofuscin in the retina [26]. Similarly, the topical administra-
tion of HPBCD as eye drops over 3 months has shown a significant efficacy in reducing
amyloid-beta and inflammation in aged mouse retina, consequently improving the retinal
function by elevating retinal pigment epithelium-specific protein 65 (RPE 65), which is
a key molecule in the visual cycle [27]. Even oral HPBCD treatment in mice resulted in
a reduction in the retinal cholesterol content and changes in the retinal sterol, gene, and
protein levels [28].

Our study aimed to examine the cytotoxicity of CDs in mouse retinal explants using
BCD derivatives to explore their applicability for future ophthalmic formulations. Ad-
ditionally, fluorophore-conjugation to the same CDs was used to trace the uptake and
localization within the retina (Figure 1).
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Figure 1. Chemical structures of (a) 2-hydroxypropyl-p-cyclodextrin (HPBCD), (b) randomly methylated (-
cyclodextrin (RMBCD), (c) 6-deoxy-6-[(5/6)-fluoresceinylthioureido]-HPBCD (FITC-RMBCD), (d) 6-deoxy-6-[(5/6)-
fluoresceinylthioureido]-RMBCD(FITC-HPBCD), and (e) 6-deoxy-6-[(5/6)-thodaminylthioureido]-HPBCD (RBITC-
HPRCD).

2. Results and Discussion
2.1. Particle Size and TEM Data Analysis

The particle size of 100 mM CD aggregates was measured by Nano Sight and con-
firmed by Transmission Electron Microscopy (TEM) (Figure 2). CDs tend to form nano-sized
aggregates when their concentration is increased [29]. Although the aggregation in pure
aqueous CD solutions is generally low, the aggregation is frequently enhanced by the for-
mation of drug/CD complexes. Furthermore, the aggregation and the size of the aggregates
increase with an increasing CD concentration [30].
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Figure 2. Transmission electron microscopy images of cyclodextrin (CD) aggregates at a magnitude
of 30 K. (a) 100 mM HPBCD and (b) 100 mM RMBCD. The average diameter of RMBCD aggregates
appeared to be around two times larger than that of HPCD.

The concentration of CDs used in pharmaceutical formulations depends on the type
of CD used, but due to their favorable toxicological and pharmacological profiles, the
CD concentrations can be relatively high [31]. However, the limited solubility of the
natural CDs, especially BCD, can limit their concentration [1]. Both HPBCD and RMBCD
are very soluble in water (Section 3.1), so we used very high concentrations of these
CD derivatives to observe their potential toxicity on retinal explants. Aggregates were
observed in aqueous HPBCD and RMBCD solutions. The average diameter of the HPFCD
aggregate, as determined by Nano Sight, was 148 nm and that of RMBCD was 305 nm.
Larger aggregates (diameter > 100 nm) do not have a spherical shape like smaller ones
(<100 nm). Instead, they look like clusters of smaller, spherically-shaped aggregates [32].
The aggregate diameters observed with TEM are smaller than those determined by Nano
Sight. This can be explained by the TEM sample preparation, where the aggregate size or
structure can change during sample preparation.

Generally, it is thought that only the free drug molecules, which have dissociated from
the CD complex, are able to permeate cell membranes [1]. However, recent findings have
revealed that CD molecules can enter the cells by endocytosis [33] and this may also be
true for drug/CD complexes [34]. However, it appears highly unlikely that the large and
hydrophilic CD aggregates can enter cells.

2.2. Cytotoxicity of B-Cyclodextrin Derivatives in Retinal Explant Cultures

The terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay
was employed to quantify the number of dying cells in histological sections from retinal
explant cultures incubated with CDs (Figure 3).

The relative cytotoxicity of the CDs was expressed as the percentage of TUNEL
positive cells in the respective part of the retinal tissue section. They were counted in
both the outer retina (outer nuclear layer, ONL) and inner retina (inner nuclear layer, INL)
(Figure 3a). TUNEL positive cells were not counted in the ganglion cell layer (GCL) as
most of the cells typically degenerate quickly after explant tissue preparation due to the
cutting of the optic nerve.

10 and 100 mM CDs were applied on top of the retinal cultures, i.e., the side closest to
the GCL, which is the route the CDs would naturally follow after an intravitreal injection.
For 100 mM, the TUNEL positive cell values in the INL were about 0.5%, 5%, and 0.6% for
the control, RMBCD, and HPBCD, respectively, while for the ONL, they were about 3%,
12%, and 6% for the control, RMBCD, and HPBCD, respectively (Figure 3b). Therefore,
both types of CDs were toxic compared to the control when used in 100 mM concentrations.
RMBCD was significantly more toxic compared to HPBCD, both in INL and ONL. HPRCD
was predominantly toxic to ONL cells, i.e., where the cell bodies of photoreceptors are
located. At the 10 mM concentration, RMBCD still exhibited significant toxicity and killed
cells in both ONL and INL, while the number of TUNEL positive cells for HPRCD was
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similar to the control. This demonstrated that the retina could safely tolerate levels as high
as 10 mM HPRCD.

Control 10 mM RMBCD

10 mMHPBCD

(a)

100 mM RMBCD 100 mM HPBCD

(b)

* % %

TUNEL positive cells %
»
1

TUNEL positive cells %

Inner retina Outer retina

Figure 3. Cytotoxicity of -derivatives of cyclodextrin in retina explant cultures. (a) Sections of
retinal cultures to which different CD solutions were applied; saline solution was used as the control.
The terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay (red) was used
to detect dying cells. DAPI (blue) was used as a nuclear counterstain. Cultures were derived from
wild-type mice at postnatal day (P) 13. CDs were added at P15 and incubated with the cultures for a
duration of 48 h. ONL = outer nuclear layer, INL = inner nuclear layer, and GCL = ganglion cell layer.
(b) Analysis of average TUNEL positive cells (%) in both INL and ONL from cultures with different
CD solutions and the control. Results represent the mean + SD for n = 3 explant cultures per group.
Statistical analysis was performed using one-way ANOVA with Tukey’s multiple comparisons test
(= 0.05) and asterisks represent the significant difference (** = p < 0.01 and *** = p < 0.001).

The higher toxicity of RMBCD at both concentrations compared to HP3CD may be
due to various reasons. RMBCD is a modified CD where about two-thirds of the hydroxy
groups have been replaced by methoxy groups, while in the case of HPRCD, only a few
of the CD-hydroxyl groups have been substituted by 2-hydroxypropyl groups, which
makes RMBCD more lipophilic, with a logP value of —6 [12,35,36]. The logP value for
HPBCD is about —11. The lipophilicity of the CDs clearly affects other properties, such
as the solubilizing capacity, tissue irritating effect, hemolytic activity, and surface activity.
The more lipophilic the compound, the easier it penetrates the cell layer, even though the
permeability of CDs through biological membranes is negligible, as explained by Loftsson
et al. [12], because of the size and hydrophilicity of the CD molecules.

Recently, it has been shown that RMBCD can penetrate the epidermis and dermis
of the human skin [37]. In addition, relatively high amounts of HPFCD and dimethyl-f3-
cyclodextrin were absorbed via the rectum of rats and excreted into the urine, suggesting
CD complexes may be absorbable through the rectal mucosa [38]. However, the latest
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findings regarding the endocytosis of CDs gave a whole new perspective of CDs being
able to enter cells [33]. CD molecules can easily form complexes with natural hydrophobic
molecules including the cellular components based on the host-guest interaction. Phospho-
lipids are the preferred cellular target for «CD and cholesterol for 3CD [39]. Because of
this property, they have also been described to induce lysis of cell membranes by removal
of membrane components such as cholesterol, phospholipids, and proteins [23,40,41].

Cholesterol is one of the major components of the cell membrane constituting 30% of
total lipids and plays an important structural role in membrane stability [42]. Since CD
has an affinity for cholesterol, this CD can induce the release of cellular cholesterol directly
affecting the cell and biological barriers [40]. Consequently, the cholesterol content of the
membranes can decrease thus affecting the function of the cell membrane and disrupting the
barrier function of the cell layers [39]. Additionally, it was found that cholesterol extraction
caused the destabilization of tight-junction protein complexes, which are localized in lipid
rafts [39]. Methylated (3-cyclodextrins tend to interact strongly with lipids [43,44], and there
is a correlation between the cytotoxic effect and the cholesterol complexation properties
of BCD such that the higher complexation with cholesterol increases the toxicity to the
cells [22].

In the retina, cholesterol represents >98% of total sterols [45]. The stronger interaction
of CD with the lipids/cholesterol in retinal cells can aid in more vigorous cell membrane
destabilization and more cell death. Likewise, there are similar reports on Miiller glia cells
where the cholesterol status plays an important role. Low cholesterol is harmful to the
retinal cells; hence, more cholesterol extraction by RMBCD likely causes more toxicity [45].
This idea was further supported by our phase solubility studies of cholesterol with different
-cyclodextrin derivates (Figure 4).
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Figure 4. Phase-solubility diagrams of cholesterol in various aqueous p-cyclodextrin derivatives
at room temperature. The diagram shows the CD concentration plotted against the cholesterol
concentration. Overall, cholesterol was solubilized about five-fold more by RMBCD than by HPBCD.
Each point represents the mean of triplicate experiments. Key: o = HPRCD and OJ = RMBCD.

Cholesterol was solubilized five times more effectively by RMBCD compared to
HPBCD (Figure 4). Cholesterol had the highest affinity for the lipophilic RMBCD but had a
lower affinity for the very hydrophilic cyclodextrins like HPBCD. Cholesterol solubilization
was also affected by the structure of the CD derivative, like the number and position of the
methyl groups and the presence of ionic groups [22].

Similar results have been obtained when the toxicity of these CDs was tested on
different cell lines. The cytotoxicity of methylated CDs was found to be very high
in intestinal Caco-2 cell cultures, while substitution of the BCD with hydroxyl groups
drastically decreased the cytotoxicity [46]. However, in another study, HPBCD presented
no cytotoxicity up to 200 mM on the same cell lines [22].
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Furthermore, RMBCD possesses surface-active properties [47,48] and it even shows a
detergent-like mechanism of lipid solubilization when interacting with lipid vesicles. Here,
RMBCD was first adsorbed onto the vesicle surface, which was followed by RMBCD parti-
tioning from the aqueous medium into the phospholipid bilayers forming lipid-RMB3CD
mixed assemblies and finally the lipid solubilization into micelle like aggregates [49]. The
cells in the ONL are photoreceptor cells, and cholesterol is an important component of
photoreceptor membranes, relevant for the cells function [50,51]. Hence, photoreceptors
might suffer more from the cholesterol extraction capacity of the CDs, something that might
be particularly relevant for the higher toxicity observed with RMPCD. Additionally, the cell
death in the ONL might be exacerbated by an overall higher sensitivity of photoreceptors,
when compared to INL cells.

2.3. Fluorescent Microscopy of Fluorescently-Labeled Cyclodextrin Derivates to Study Cellular
Uptake in Retinal Cultures

Following this, we investigated the overall distribution of fluorescently-labeled CDs
in the retina. To this end, RBITC-HPBCD, FITC-HPRCD, and FITC-RMBCD were used
and the fluorescent intensity in the inner and outer retina was quantified (Figure 5) and
compared to the control specimen to account for auto-fluorescence coming from the tissue
itself. No difference between FITC-labeled CDs was observed for the inner and outer
retina, indicating that the HPBCD and RMBCD distribute similarly within the retina.
Therefore, the difference in cytotoxicity between the two compounds was likely due to
their respective effect on the cells, as discussed above, and not because of differences in the
overall tissue distribution.

Some subtle differences between FITC-labeled CDs were observed. For FITC-HPRCD,
a string-like structure was seen, spanning across the inner and outer retina. This was not as
prominent in cultures where FITC-RMBCD was applied (Figure 5a). This type of staining
suggests that the CDs had partly been taken up by Miiller glial cells.

When using a rhodamine-labeled CD, we observed an elevated signal in the retina.
The signal-to-noise ratio was higher for RBITC-HPCD than for FITC-HPRCD (Figure 5b,c).
This allowed us to detect specific uptake in photoreceptors, which supported the result
from the cytotoxicity analysis, where HPBCD mainly killed cells in the outer retina.

However, these results should be taken with a grain of salt as the dye labelling
could also have affected cell uptake. First of all, we did not observe the same Miiller cell
uptake in retinas with RBITC-HPBCD, compared with retinas with FITC-HPBCD. Since the
rhodamine molecule is positively charged, the rhodamine-conjugated CDs might bind to
negatively charged cell membranes and extracellular matrix elements, possibly facilitating
cellular uptake. FITC and RBITC derivatives behave differently and are internalized
by different processes. The labelling increases the molecular weight and may alter the
properties of the parental CDs, while these still retain high water solubility and cannot
cross the cell membrane by passive diffusion. However, there are reports suggesting that
endocytosis was observed in fluorescent CDs as well [34]. Miiller cells have the capacity to
assemble and secrete lipoproteins which can be utilized by photoreceptors or inner retinal
neurons, serving as an intraretinal source of cholesterol [52]. This could explain the Miiller
cell uptake of HPBCD.

While the fluorescent CDs do not behave exactly as their non-fluorescent form, these
studies enhance the understanding of the behavior of labelled CD derivatives at the tissue
level [53]. Together with the toxicity analysis, these results may be employed in further the
development of CDs as drugs or drug carriers for the treatment of retinal diseases.
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Figure 5. Uptake of fluorescently-labeled CDs in the retina explant culture. (a) Overview of tissue
sections from wild type (WT) mice explant cultures to which three different fluorescently-labeled
CDs were added to the side facing down in the image. (b) Close-up images of the sections were
taken for an analysis of the fluorescent signal. Images from control sections (without added CDs)
were used to measure the intensity of the red and green auto-fluorescence (AF) coming from the
tissue itself. For this analysis, the outer retina is defined as the area from the outer nuclear layer
(ONL) to the retinal pigment epithelium (RPE), while the inner retina encompasses the area from
the ganglion cell layer (GCL) to the inner nuclear layer (INL). Seg. = segments of the photoreceptors
(inner and outer segment). * membrane on which the retinal explant was cultured. (c) Analysis of the
average fluorescent intensity coming from either the inner or outer retina. For both inner and outer
retina, a high signal was detected from RBITC-labeled CDs, while the signal was lower and similar
for FITC-labeled CDs. Results represent the mean =+ SD for n = 3, where 1 is the number of animals.

3. Materials and Methods
3.1. Materials

Randomly methylated (-cyclodextrin (RMBCD, also referred to as RAMEB) with a
degree of substitution (DS) of 12.6 (molecular weight, MW 1312) was purchased from
Wacker Chemie (Munich, Germany), and cholesterol from Sigma Chemical Co. (St. Louis,
MO, USA), while 2-hydroxypropyl-B-cyclodextrin (HPRCD) with DS 4.2 (MW 1380) was
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kindly provided by Janssen Pharmaceutica, Belgium. The solubility of HPBCD in water is
>600 mg/mL, while that of RMBCD is >500 mg/mL [1].

6-deoxy-6-[(5/6)-fluoresceinylthioureido]-RMBCD, 6-deoxy-6-[(5/6)-fluoresceinyl
thioureido]-HPBCD and 6-deoxy-6-[(5/6)-thodaminylthioureido]-HPBCD were kindly
provided by CycloLab, Budapest, Hungary. Milli-Q water and sterile saline solution were
used for the preparation of CD solution and all other chemicals were commercially available
products (Sigma-Aldrich, Saint Louis, MO, USA) of special reagent grade.

3.2. Methods
3.2.1. Animals

The C3H wild-type mouse linewas used in all studies [54]. Animals were used
irrespective of gender and were housed with free access to food and water under standard
white light with 12 h light/dark cycles. They were sacrificed at postnatal day (P) 13 by
CO; asphyxiation, followed by cervical dislocation. All procedures were performed in
accordance with §4 of the German law on animal protection and approved by the animal
protection committee of the University of Tiibingen (Einrichtung fiir Tierschutz, Tierirztlichen
Dienst und Labortierkunde; Registration No. AK02/19M, 3 April 2019).

3.2.2. Assessment of the Retinal Cytotoxicity of 3-Cyclodextrin Derivatives
Culturing of Organotypic Retinal Explant Cultures

To study the cytotoxicity of CDs on the retinal tissue, retinas from mice were iso-
lated for culturing for an extended period of time. The detailed protocol is described
elsewhere [55], but will be summarized here. Immediately after animal sacrifice, the eyes
were enucleated and incubated for 5 min at room temperature (RT) in R16 serum-free
culture medium (Gibco, Carlsbad, CA, USA). To promote the removal of the sclera and
choroid, the eyes were transferred to a preheated (37 °C) solution of 0.12% proteinase K
(MP Biomedicals, Illkirch-Grafenstaden, France) and incubated for 15 min. Afterwards, the
eyes were soaked in 1:4 mixtures of 10% FBS/medium to stop the protease reaction. The
eyes were dissected under sterile conditions. The retina with the retinal pigment epithelium
(RPE) attached was isolated and cultured on a Transwell membrane (polycarbonate, 0.4 pm
pore size, COSTAR, NY) with the RPE side facing down in a 6-well plate. Then, 1 mL
complete medium (CM, R16 medium with supplements; detailed under [55]) was added to
each well. The explants were allowed to recover from the explantation procedure in a sterile
incubator (37 °C, 5% CO,) for 48 h. The CM was exchanged every second day by removing
0.7 mL of the CM in the plate and adding 0.9 mL fresh CM to account for evaporation and
conserve neuroprotective agents produced by the retinal culture. At P15, CD and saline
solution were applied to the cultures for a 48 h incubation period. Here, 20 pL of isotonic
CD solutions (adjusted by NaCl) was carefully placed on the top of the retina to cover
the whole tissue. Either 10 or 100 mM CD was used. For fluorescently-tagged CD, 5 mM
was applied. Alternatively, a 0.9% NaCl solution was added as a control. All solutions
were passed through sterile filters (PES, 0.22 pm, Merck Millipore, Ireland) before being
introduced to the culture.

Preparation of Retinal Tissue Sections

After the culturing of organotypic retinal explants with CD or saline, the cultures
were fixed in a 4% paraformaldehyde/PBS solution for at least 45 min. The explants
were cryoprotected by introducing an incremental amount of sucrose to the well plate, i.e.,
10% sucrose, 20% sucrose, and 30% sucrose for 10, 20, and 30 min (at RT), respectively.
Afterwards, the area of the retina culture attached to the Transwell membrane was cut
out with fine scissors, and the membrane piece was submerged in an embedding medium
(Tissue-Tek O.C.T. Compound, Sakura Finetek Europe, Netherlands), followed by snap
freezing in liquid nitrogen. The frozen specimens were sectioned on an NX50 cryostat
(ThermoFisher, Waltham, MA) to produce 14 um thick sections on Superfrost Plus object
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slides (R. Langenbrinck, Emmendingen, Germany) used for direct imaging or further
staining.

Assessing Cell Death in Retinal Sections Using the TUNEL Assay

A terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay was
used to stain the nuclei with damaged (nick-end) DNA [56]. This was done to quantify
the number of dying cells in retinal cultures after CD or saline was applied to assess the
cytotoxicity of the CDs. Firstly, microscopy slides with retinal sections were rehydrated
with PBS. A proteinase K solution preheated to 37 °C (0.21 pg/mL, Tris-buffered saline
(TBS) (Sigma-Aldrich, Saint Louis, MO, USA) was added and incubated for 5 min at 37 °C.
After washing with TBS, a solution of ethanol/acetic acid was added and incubated for
5 min before washing. A blocking solution consisting of 1% bovine serum albumin, 10%
normal goat serum, 3% Triton-X (Sigma-Aldrich, Saint Louis, MO, USA), and 2.5% fish
gelatin in PBS was incubated on the sections (1 h, RT). A TUNEL reaction solution consisting
of the enzyme solution and labeling solution from the In Situ Cell Death Detection Kit
(TMR red, Product No. 12156792910, Sigma Aldrich) was prepared at a 1:9 ratio, diluted
in blocking solution (1:1), and incubated with the slides at 37 °C for 1 h. The slides were
washed with PBS, and a mounting medium with DAPI (Vectashield, Vector Laboratories,
USA) was added. Samples were kept at 2-8 °C for at least 30 min before imaging with
fluorescent microscopy (Axio Imager Z2 ApoTome, Carl Zeiss Microscopy GmbH), using
a CCD camera with a 20x objective. Ex./Em. of 548/561 nm was used to detect TUNEL
labeling at random locations of the section. Image acquisition was conducted by recording
z-stacks, each with 10 images 1 um apart. Values such as the exposure time for the red
(TUNEL) channel, binning, and brightness/contrast of each image were kept consistent. To
quantify the number of dying cells, in either the inner or outer nuclear layer in the tissue
section, the following equation was used:

TUNEL positive cells (%) = ATUNEL positivenuclei ;500 (g
Area of layer / Average area of nuclei

To analyze the statistical significance within the dataset, one-way ANOVA with
Tukey’s multiple comparisons test (x = 0.05) was performed using GraphPad Prism 8.

Determining the Retinal Uptake of Fluorescently-Labeled 3-Cyclodextrin

Fluorescently-labeled CD (FITC-HPBCD, RBITC-HPBCD, and FITC-RMBCD) was
added to organotypic retinal explant cultures, as described previously. Slides with retinal
tissue sections were rehydrated in PBS for 10 min before mounting medium with DAPI
(Vectashield, Vector Laboratories, USA) was added. Images were recorded with fluorescent
microscopy, as described above. A green (Ex./Em. 493/513) and red (Ex./Em. 558 /575)
channel were used to detect the fluorescein or rhodamine labeling, respectively. Image
acquisition was conducted by recording z-stacks, each with 14 images 1 um apart. Values
such as the exposure time for the green and red channel, binning, and brightness/contrast
of each image were kept consistent. Sections from the saline-treated retinas were imaged
using the same parameters to determine the level of green and red auto-fluorescence from
the cultures. Alternatively, tile pictures showing the entire retinal section were recorded by
stitching together adjacent projected z-stacks in the image acquisition software (ZEN 2.6,
Carl Zeiss Microscopy GmbH).

3.2.3. Particle Size Measurement
Nano Sight Wave

The laser-based light scattering analysis of CD particles was performed with Nano
Sight NS300 (Malvern, Worcestershire, UK), fitted with an O-ring top-plate. Nanoparticle
tracking analysis (NTA) software was used to capture images and process data, representing
the concentration, size distribution, and intensity of particles in the sample. Sample
measurement was done in static mode using a capture time of 60 s and five repeats. The
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camera level was adjusted to 11 so that all particles were visible. The same camera level
was used for all the samples. A suitable detection level was selected for data analysis
to limit the detection of non-particles and was between levels 4 and 12. The result for
each sample was based on the average of five measurements obtained from the NTA and
represented by the average particle concentration, average particle size (i.e., mean size),
and mode size (i.e., the size that displays the highest peak).

Transmission Electron Microscopy (TEM) Analysis

The size and morphology of the CD in an aqueous solution were evaluated by using
Model JEM-1400 Transmission Electron Microscopy (JEOL, Tokyo, Japan). The negative
staining technique was utilized. Firstly, a small amount of clear CD solution (3 uL) was
dropped on a 300-mesh coated grid and dried at 37—40 °C for one hour. Then, a drop of
centrifuged 4% w/v uranyl acetate (26 uL) was added to the loaded grid. After 6 min of
staining, the sample was dried overnight at room temperature. Finally, the stained grid
was placed in the sample holder and inserted into the microscope.

3.2.4. Phase-Solubility Studies

The phase-solubility studies of cholesterol were performed by dissolving cholesterol
(20 mg/mL) in methylene chloride, followed by solvent evaporation (0.3 mL per vial) under
a flow of nitrogen in cylindrical vials. This left a very thin layer of cholesterol on the inner
surface of the vials. Aqueous CD solutions were added to the vials, which were tightly
sealed and heated in an autoclave (121 °C for 20 min) [57]. The vials were opened after
equilibrating them at room temperature overnight and a small amount of solid cholesterol
was added to each vial, which were again allowed to equilibrate at room temperature for
an additional 6 days. The seeding with cholesterol was performed to reduce the possibility
of complications caused by differences in the solid-state of cholesterol. Finally, the aqueous
cholesterol suspensions were filtered through a 0.45 um nylon membrane filter, and the
filtrate was analyzed using high-pressure liquid chromatography (HPLC).

Quantitative determination of cholesterol was performed on a reversed-phase HPLC
system from Merck-Hitachi (Darmstadt, Germany) consisting of an L 4250 UV-Vis de-
tector operated at 203 nm, L 6200 A Intelligent pump, AS-2000A Autosampler, D-2500
Cromato-Integrator, and Phenomex Luna (Cheshire, UK) 5 pm C18 reversed-phase column
(150 x 4.6 mm). The mobile phase consisted of methanol, acetonitrile, isopropyl alcohol,
and tetrahydrofuran (50:25:25:0.1).
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Abstract: The effect of microsolvation on excited-state proton transfer (ESPT) reaction of 3-
hydroxyflavone (3HF) and its inclusion complex with y-cyclodextrin (y-CD) was studied using
computational approaches. From molecular dynamics simulations, two possible inclusion complexes
formed by the chromone ring (C-ring, Form I) and the phenyl ring (P-ring, Form II) of 3HF insertion
to y-CD were observed. Form II is likely more stable because of lower fluctuation of 3HF inside the
hydrophobic cavity and lower water accessibility to the encapsulated 3HF. Next, the conformation
analysis of these models in the ground (Sp) and the first excited (S) states was carried out by density
functional theory (DFT) and time-dependent DFT (TD-DFT) calculations, respectively, to reveal the
photophysical properties of 3HF influenced by the y-CD. The results show that the intermolecular
hydrogen bonding (interHB) between 3HF and y-CD, and intramolecular hydrogen bonding (in-
traHB) within 3HF are strengthened in the S; state confirmed by the shorter interHB and intraHB
distances and the red-shift of O-H vibrational modes involving in the ESPT process. The simulated
absorption and emission spectra are in good agreement with the experimental data. Significantly, in
the 5; state, the keto form of 3HF is stabilized by y-CD, explaining the increased quantum yield of
keto emission of 3HF when complexing with y-CD in the experiment. In the other word, ESPT of
3HF is more favorable in the y-CD hydrophobic cavity than in aqueous solution.

Keywords: 3-hydroxyflavone (3HF); y-cyclodextrin (y-CD); excited-state proton transfer (ESPT);
molecular dynamics (MD); density functional theory (DFT)

1. Introduction

Fluorescent organic molecules with strong intramolecular hydrogen bonds (intraHBs)
connected by proton donating and accepting groups have gained considerable attention
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in recent years owing to their unique fluorescent emission in term of large Stokes shift
without self-absorption [1]. Their unique properties harnessing from the excited state
intramolecular proton transfer (ESIntraPT) could be typically described by the charac-
teristic four-level photocycle. Initially, the molecule in an enol form (E) in the ground
(Sp) state absorbing light in the shorter wavelength region results in the photoexcitation
process from the Sy state into the excited (S;) state. The intraHB of E is strengthened
in the S; state because of the charge redistribution upon photoexcitation, leading to the
transfer of proton from the donor (D: —NH,, —OH) to the acceptor (A: C=0, —N=), which
changes the enol form (E*) to the keto form (K*) in the S; state. After that, the K* emits
the fluorescence in the remarkably longer wavelength than the absorption and relaxes to
the Sy state, resulting in the notably large Stokes shift (the difference between positions
of absorption and emission peaks). Then the K changes to the E through the back proton
transfer (BPT) process spontaneously in the Sy state due to the PT barrierless and high
exothermic reaction. Generally, their photophysical properties can be easily modulated
using many strategies [2,3] such as introducing electron-donating and withdrawing sub-
stituents, the heteroatom substitution, and the mt-conjugation into the main core structure,
to give the desirable absorption and emission spectra as well as large Stokes shift. The
ESIntraPT molecules with such tunable photophysical properties including derivatives
of salicylates [4-6], salicylideneanilines [7-9], flavones [10-13], benzazoles [14-18], and
chalcones [19-21] have been reported and widely used in various applications ranging
from chemical sensing to light-emitting diodes [22-27].

Among various ESIntraPT molecules, 3-hydroxyflavone (3HF), which consists of a
chromone ring (C-ring) and a phenyl ring (P-ring), is one of the best-known molecular
systems. 3HF exhibits ESIntraPT and gives dual fluorescence corresponding to its E*
and K* forms with a large Stokes shift and photostability [28-30]. Thus, 3HF has been
used as a prototype for the ESIntraPT processes and as sensitive fluorescence probes for
discovering binding sites in various bio-relevant targets such as DNA, protein, and bio-
membranes [31-33]. The photophysical properties and ESPT processes of 3HF in organic
solvents have been extensively studied [34—42]. In non-polar solvent, only the K* emission
peak of 3HF in toluene was observed at 530 nm with large Stokes shift [33] because the
ESIntraPT process effectively occurs, giving only K* form. However, in a protic solvent, the
dual emission peaks from E* and K* of 3HF in methanol were observed at 409 and 528 nm,
respectively [33], because the IntraHB of 3HF is disrupted and the intermolecular hydrogen
bonds (interHBs) between 3HF and protic solvents is formed depending on the nature of
solvents and the arrangement of protic solvent around 3HF. This favorable formation of
interHBs could reduce the formation of K*, resulting in the low quantum yield in protic
solvents or aqueous solution [40—44].

One of the strategies to enhance the K* emission intensity of 3HF in an aqueous
solution is disrupting the interHBs of 3HF-water cage-like network using cyclodextrin
(CD) [45-47]. The reduction of polarity and restricted environment inside CD’s cavity is
essential for many aspects of photophysical phenomena by inclusion complexes between
3HF and CD [45-47]. CDs are the cyclic oligosaccharides consisting of the crucial «-D-
glucose unit, which exhibit the conical shape and the a-D-glucose units of 6, 7, and 8 are
represented as o-, 3-, and y-cyclodextrins (x-, 3-, and y-CDs), respectively [48]. S. Das
and N. Chattopadhyay experimentally studied the fluorescence anisotropy of the inclusion
complexes of 3HF in «-, 3-, and y-CDs compared to 3HF in the aqueous medium. The
fluorescence anisotropy of these probes decreased following the order «-, 3-, and y-CD,
which is attributed to the disruption of the 3HF-water network in an aqueous medium [46].
It can be stated that the micro-environment of 3HF derivatives was able to alter and prevent
the self-aggregation effectively by using CDs, especially y-CD. From the investigation
on ESPT processes of 3HF in -, and y-CDs [45,47], the intensity of K* of 3HF/y-CD
inclusion complex is higher than that of 3HF/3-CD inclusion complex. Consequently, the
encapsulation in CDs should be a possible method to tune the fluorescence emission of
3HF derivatives and other hydrophobic compounds [45-47,49-52].
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From the studies of the multi-spectroscopic approaches and molecular docking of
the encapsulation of 3HF in different small-ring CDs, the 3HF/y-CD complex showed
the strongest interaction, and it provided a higher fluorescent yield than that in water
medium [45-47]. Understanding the role of CD in enhancement of the fluorescent yield
at atomic level might help us to be able to adjust the fluorescent wavelength to fit for
fluorescence probes for bio-labeling in aqueous medium. However, to the best of our
knowledge, the detailed information of ESPT reaction in the Sy and S; states of 3HF in y-CD
at atomic level has not been reported. In this work, we aimed to systematically investigate
the effect of a water molecule on the photophysical properties and ESPT reactions of an
isolated 3HF and its encapsulation. All-atom molecular dynamics (MD) simulations for
300 ns were performed to study the structure and dynamics properties of the two possible
3HEF/v-CD complexes. The detailed information of each complex both in the Sy and S;
states was then investigated using density functional theory (DFT) and time-dependent
DFT (TD-DFT) methods. The important distances and simulated infrared (IR) vibrational
spectra from the optimized structures as well as the topology analysis were used to describe
the hydrogen-bonded strength. The frontier molecular orbitals (MOs) were analyzed to
provide the charge distribution of the complex. The simulated absorption and emission
spectra were calculated and compared with the experimental data. Moreover, the energies
of E and K forms of 3HF in each system at the Sy and S; states were discussed to explain
why the fluorescent yield of K* in aqueous medium increases when encapsulating 3HF
into y-CD.

2. Results and Discussion
2.1. Possible Inclusion Complexes

From the docking study, 3HF could form two possible inclusion complexes with y-CD
through its chromone ring (C-ring, Form I) or phenyl ring (P-ring, Form II) insertion into
the hydrophobic cavity as depicted in Figure 1B. Although a higher occurrence (65%) was
found for Form I, the interaction energies of both forms were likely comparable (Form
I: —21.42 kcal/mol and Form II: —20.78 kcal/mol). Additionally, the previous docking
studies [46,47] suggested that Form II was more stable. Thus, in the present work the
3HEF/v-CD complexes in both forms were further studied by MD simulations and DFT
calculations.

(A) 3HF (B) 3HF/y-CD

- A Forml Formll
Phenyl(P)ring Chromone(C)ring 65% (—21.42 kcal/mol) 35% (—20.78 kcal/mol)

Figure 1. (A) Chemical structure of 3-Hydroxyflavone, 3HF. (B) Docked structures of the two possible
3HF/v-CD complexes, Form I and Form II, where their percentage of occurrence and the lowest
interaction energy retrieved from 100 independent docking runs are also given.

2.2. 3HF Mobility in y-CD Cavity and Water Accessibility

To study the inclusion complexes in solution, the four different initial structures of
Form I and Form II obtained from molecular docking and QM calculation were simulated
by 300-ns MD simulations (MD1-MD4). All trajectories were analyzed and discussed as
follows. The plots of RMSD and Rgyr of complex in Supplemental Figure S1 suggested that
in Form I 3HF spontaneously released from the y-CD cavity at ~68 ns, ~54 ns, and ~198 ns
for MD1, MD2 and MD3. Interestingly, it feasibly moved back to form a complexation with
v-CD, resulting in Form I (MD3 ~201 ns) and Form II (MD1 ~70 ns and MD2 ~57 ns) as
considerably seen by the plot of distance between the center of mass (Cp,) of each 3HF ring
and the Cp, of the primary rim of the y-CD in Figure 2, and the plot of distance between
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dn [Cm(Primary rim) — Cm(Ring)] (A)
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the Cy, of each 3HF ring and the Cy, of the secondary rim of the y-CD in Supplementary
Materials Figure S2. This is in contrast for Form II, in which the 3HF was well encapsulated
inside the hydrophobic cavity in all MD1-MD4 systems throughout the simulation time
(RMSD of 1.2-4.0 A, and Rgyr of 6.0—-7.0 A). Moreover, it can be noticeable that the both
rings of 3HF in Form I (MD3 and MD4) were fluctuated higher than those in Form II,
suggesting that the complex in Form II was found to be more stable in aqueous solution; in
other words, the P-ring insertion is the suitable binding mode of 3HF for encapsulation
with v-CD in consistent with the lower water accessibility to the encapsulated 3HF (n(r)
of 2.0 + 0.7 and 2.5 & 1.2 at O1 and O2, respectively, in Figure 3). In Form I, the hydroxyl
oxygen O1 of 3HF positioned closer to the wider rim of y-CD had a significantly higher
interaction with waters (4.4 £ 0.8), and in vice versa less waters (2.0 + 0.2) can access to
the carbonyl oxygen O2. No peak detected within ~2.8 A of the O3 of 3HF, suggesting
that this atom had a very weak hydration interaction as found in some flavonoids/CD
complexes [53,54]. It is worth noting that such accessible water molecules at O1 and O2
sites may involve into proton transfer processes either blocking ESIntraPT or assisting
ESInterPT in 3HF/v-CD inclusion complex. To study the water assisted PT in 3HF/y-CD
either ground state or excited state, the model of 3HF/y-CD with a water molecule placed
between these two sites of 3HF was further investigated by DFT and TD-DFT calculations
and discussed in the next sections.

® d; (C-ring) ® d; (P-ring)

| wio4

Il wio4

T - T T T T T T l T - T T -
2 0o 1 2 0o 1 2 0o 1 2 3
Time (x10° ns)

Figure 2. The plots of distance measured from the Cy, of each 3HF ring to the Cp, of the primary rim of y-CD (all 7 O6
atoms) for the four MD simulations MD1-MD4 with different initial structures of complexes in Form I and Form IL

2.3. Structural Optimizations

All optimized E forms of 3HF, 3HFW, and 3HF encapsulated in the y-CD cavity (Form
I, Form II, Form I-W and Form II-W) with important labeled atoms and distances (O—H
covalent bonds, intraHB, and interHBs) in the Sy state are shown in Figure 4, where the
measured distances in the Sy and S; states are summarized in Table 1.
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Figure 3. (A) Radial distribution function (RDF or g(r)) of water oxygen atoms around the O1-O3
atoms of 3HF encapsulated in the y-CD cavity over the last 50-ns MD simulations for Form I (MD3-
MD4) and Form II (MD1-MD4 with initial structures in this form and additional MD1-MD2 from
re-encapsulation process found in Form I). (B) Average integration number, n(r), up to the first
minimum derived from RDF plots, corresponding to the number of water molecules pointing toward

the focused oxygens of 3HE.

Form | Form Il Form I-W Form II-W

Figure 4. All Sy optimized structures of 3HF, 3HFW, and the different conformations of the 3HF /y-CD inclusion complexes
(Form I and Form II) as well as its inclusion complex with a water molecule (Form I-W and Form II-W) computed by
PBEQ/def2-SVP level of theory. The blue and green dot lines represent intraHB in 3HF and interHBs between 3HF and a
water molecule, respectively.

From Table 1, for the compounds without a water molecule (3HF, Form I, and Form
II), the O1-H1 covalent bond at the 3HF hydroxyl group slightly increases from the Sy
to S; states around 0.015-0.034 A. Whereas, the length of O2. - - H1 intraHB between the
hydroxyl group and carbonyl group of 3HF significantly decreases in the S; state at 0.214,
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0.174, and 0.097 A for 3HF, Form I, and Form II, respectively. The length of O2. .- H1
intraHB of Form I and Form II is longer than that of the isolated 3HF because the O2 of
3HF forms a stronger interHB with a hydroxy group at the primary rim of y-CD (O6-H)
for Form I and at the secondary rim of y-CD (O2-H) for Form Il in the S; state. Overall,
these results indicate that the strength of an intraHB in the S; state of 3HF, Form I, and
Form Il is stronger than that in the Sy state. Consequently, the ESIntraPT process might
easily occur in the S; state.

Table 1. A summary of the important bonds and distances involving PT process of enol form for all complexes in the Sy and

S, states.
Important Bond Distance (A)
Compound So State S; State
O1-H1 02..-H1 Ow---H1 Ow-Hw 02 - -Hw O1-H1 02..-H1 Ow- - -H1 Ow-Hw 02 - -Hw
3HF 0.983 1.920 1.017 1.706
3HFW 1.000 2.387 1.630 0.984 1.723 1.069 2.439 1.394 1.008 1.572
Form I 0.979 1.978 1.002 1.804
Form II 0.981 2177 0.996 2.080
Form I-W 1.009 2.390 1.585 0.977 1.808 1.030 2.415 1.503 0.978 1.903
Form II-W 1.004 2.429 1.612 0.983 1.733 1.078 2.452 1.375 1.006 1.581

For the compounds with a water molecule (3HFW, Form I-W, and Form II-W), a water
molecule forms interHBs with 3HF, therefore an O2. - - H1 intraHB of these complexes
is dramatically longer than that of the compounds without a water molecule. It can be
stated that a water molecule might block ESIntraPT process and support ESInterPT process.
The O1-H1 and Ow-Hw covalent bonds of 3HFW /Form II-W are slightly increased from
the Sy to Sp states at 0.069/0.074 A for O1-H1 and 0.024/0.023 A for Ow—Hw covalent
bonds. While the lengths of Ow---H1 and O2. - - Hw interHBs of 3HFW /Form II-W
are significantly decreased from the Sy to S; states around 0.236/0.237 A for Ow- - - H1
and 0.151/0.152 A for O2. - - Hw interHBs, so ESInterPT may easily take place more than
ESIntraPT for 3BHFW and Form II-W due to the strong interHBs in the S; state. For Form
I-W, the length of Ow- - - H1 interHB decreases (0.082 A), while the length of O2. - - Hw
interHB increases (0.095 A) in the S state because Hw of a water molecule forms a stronger
interHB with O6 at a primary rim of y-CD instead of O2 acceptor of 3HF in the S; state.
Consequently, ESInterPT of Form I-W is quite difficult to occur because the O2- - - Hw
interHB between 3HF and a water molecule is weaker (elongated length) in the S; state.
Furthermore, the strength of intraHBs and interHBs in the S; state will be further discussed
in the next section.

2.4. O—H Stretching and Topology Analysis

In general, the strength of the intraHBs and interHBs in the S; state could be revealed
based on monitoring the red-shift of vibrational modes involving the hydrogen-bonded
formation and the topology analysis at bond critical points (BCPs) using the QTAIM
method. The calculated IR spectra of all studied compounds in the conjunct vibrational
regions of the O-H stretching modes related with PT process both in the Sy and S; states are
listed in Table 2. These O-H stretching modes can be classified into the O1-H1 stretching
mode of 3HF and Ow-Hw stretching mode of a water molecule.

For 3HF, the O1-H1 stretching vibrational mode of 3HF is located at 3544 cm ! and
3003 cm~! for the Sy and S; states, respectively, giving a large red-shift of 541 cm™!.
Moreover, the large red-shift of the O1-H1 stretching vibrational mode is also observed for
Form I (367 cm~!) and Form II (244 cm ™). Therefore, the strength of the O2. - - H1 intraHB
for these compounds is increased in the S; state providing ESIntraPT process.

For the compounds with a water molecule, the O1-H1 stretching vibrational modes
of 3HFW, Form I-W, and Form II-W are located around 2967-3129 cm ! in the S state.
Note that these vibrational modes changed to be around 2575-2599 cm~! in the S; state,
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which evidently demonstrates that the red-shift is induced by the strengthening of the
O1-H1. - - Ow interHB after photoexcitation. Similarly, the Ow-Hw stretching modes
of these compounds are also red-shifted. In addition, the red-shift value of 3HFW and
Form II-W is larger than that of Form I-W, indicating that the O1-H1- - - Ow and Ow-
Hw- - - O2 intermolecular hydrogen-bonded strength of 3HFW and Form II-W in the S;
state is stronger than that of Form I-W. Overall, these results show that O-H stretching
vibrational frequencies shift to lower frequencies in the S; state compared with the S state,
which confirms that the hydrogen bonding interaction is stronger in the S; state.

Table 2. A summary of the values of the O1-H1 and the Ow-Hw stretching vibrational modes of
enol form for all compounds in both Sy and S; states and their spectral shifts (Av in cm ™).

Wavenumber (cm—1)

Compound O1-H1 Ow-Hw
S() 51 Av S() Sl Av
3HF 3544 3002 541
3HFW 3129 2599 530 3510 3074 436
Form I 3617 3250 367
Form II 3574 3330 244
Form I-W 2967 2575 392 3662 3499 163
Form II-W 3063 2577 486 3526 3111 415

A topology analysis of the electron density was used to further determine the strength
of the intraHB and interHBs in the excited-state structures (E* form) of all compounds. The
following parameters at BCPs were analyzed: the electron density p(r), the potential energy
density V(r), the Laplacian of the electron density V2p(r), the Lagrangian kinetic energy
G(r), the Hamiltonian kinetic energy density H(r), and the electron delocalization index
(DI) between the proton acceptor and transferred proton, which are an O2- - - H1 intraHB,
and the Ow- - -H1 and O2. .- Hw interHBs for all studied compounds. Additionally,
the hydrogen-bonded energy (Eyp) can be calculated by using the Espinosa’s equation:
Eyp = 3|V(rpcp)|. These results are summarized in Table S1 in the Supplementary
Materials. From Table S1, Eyp of O2. .- H1 intraHB of 3HF (0.0224 a.u.) is the highest
among the compounds without a water molecule. Then, Epp is slightly decreased for Form I
(0.0175 a.u.) and Form II (0.0111 a.u.). These results indicate that the intraHB of isolated 3HF
is stronger than that the inclusion complexes. Nevertheless, this intraHB of all compounds
can facilitate ESIntraPT processes. For the compounds with a water molecule, Eyp of
Ow- - -H1 and O2- - - Hw of 3HFW /Form II-W are 0.0696/0.0649 and 0.0306/0.0317 a.u.,
respectively. The Ow- - - H1 interHB of 3HFW /Form II-W is stronger than the O2- - - Hw
interHB, indicating that the proton might transfer via a water molecule from O1-H1 bond-
breaking before Ow-Hw bond-breaking. However, only Eyyg of Ow- - - H1 of Form I-W is
obviously dropped (0.0253 a.u.). The result implies that the ESInterPT process might occur
in 3HFW /Form II-W better than Form I-W. Overall, it can be observed that the intraHB and
interHBs are strengthened in the 51 state confirmed by the shorter distances of important
bonds involving in the ESPT process, the red-shift observed by IR vibrational spectral
calculations, and a high value of Eyjp from topology analysis of the electron density.

2.5. Frontier MOs Analysis and Simulated Spectra

To further investigate behaviors of charge distribution and charge transfer in the S
state, the frontier MOs of the highest occupied molecular orbitals (HOMO) and the lowest
unoccupied molecular orbitals (LUMO) of all studied compounds were analyzed because
the main electronic transition is only related with these orbitals in range of 98% (HOMO —
LUMO), which is assigned as 7 to 7t* characters, and illustrated in Figure 5. It can be noted
that electron density of both HOMO and LUMO is fully localized on the 3HF moieties
and no electron density is located on water or y-CD, indicating that no intramolecular
charge transfer within 3HF and no intermolecular charge transfer between 3HF and water
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or y-CD. Moreover, the HOMO and LUMO are localized on different parts of 3HEF. For the
HOMO orbitals, the electron density is distributed more on P-ring and partially on C-ring
of 3HE. Whereas, that of LUMO is distributed completely on the whole molecule of 3HFE.
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Figure 5. Frontier MOs of all studied compounds.

The UV-Vis absorption and emission spectra of all studied compounds were simulated
based on their optimized Sy and S; structures, respectively and then plotted in Figure S3.
Furthermore, the absorption band maxima of E form (Ayps of g), emission band maxima of E*
(Aemis of g*) and K* forms (Agmis of x*), the excitation energy (Eex), and the oscillator strength
(f) as well as the major MOs contribution (%) of the absorption band for all compounds
are reported in Table 3. From the detailed information in Table 3, the simulated absorption
peaks of the complexes without and with a water molecule are around 341-345 nm and
350-353 nm, respectively, which are in good agreement with the experimental value of
341 nm for 3HF in water and 340 nm for 3HF in y-CD [46,47]. Moreover, the predicted
maximum wavelength for dual emission spectra of all studied compounds is also consistent
with the experimental data [46,47], in which the Agpis of g+ in water and in y-CD are reported
at 410 and 404 nm, respectively, while the Aep;s of k+ in Water and in y-CD are 511 and
538 nm. The deviations from the experimental data around 59-69 nm (0.52-0.61 eV) indicate
that the chosen method at TD-PBE0/def2-SVP level of theory is adequate to describe the
electronic spectra and provide the insight understanding of the ESPT process.

Table 3. UV /Vis absorption band maxima of enol form (Aps of g), emission band maxima of enol (Aemis of ) and emission
band maxima of keto forms (Aemis of k), the excitation energy (Ecx), and the oscillator strength (f) as well as their major
contribution (%) calculated by TD-PBE0/def2-SVP level of theory.

UV/Vis Absorption Emission
Compounds
Aabs of E Eex o, : s Aemis of E* Eex Aemis of K* Eex
(am) V) f MOs (%contribution) (nm) V) f (am) V) f

3HF 341 3.63 0.4907 HOMO—LUMO (98%) 390 3.18 0.5454 514 241 0.4632
3HFW 351 3.53 0.4857 HOMO—LUMO (98%) 408 3.04 0.5335 504 2.46 0.4619
Form I 345 3.59 0.4618 HOMO—LUMO (98%) 392 3.16 0.5123 524 2.36 0.3692
Form II 345 3.59 0.4081 HOMO—LUMO (98%) 393 3.15 0.4689 528 2.35 0.3792
Form I-W 353 3.51 0.4288 HOMO—LUMO (98%) 399 3.11 0.5213 529 2.34 0.3708
Form II-W 350 3.54 0.4174 HOMO—LUMO (98%) 412 3.01 0.4575 508 2.44 0.3899

The relative energy of E and K forms of all studied complexes at the Sy and S; states
was investigated to explain the ESPT phenomena as illustrated in Table 4. The results show
that the E form is more stable than the K form in the Sy state for all complexes with the
energy differences at 6.63-16.85 kcal/mol. Moreover, most of K forms were stabilized in the
v-CD cavity except only Form I. However, in the S; state, the K* form is more stable than
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the E* form for all complexes. It is predicted that both ESIntraPT and ESInterPT processes
are favorable in the S; state but not in the Sy state. In case of the complexes without a
water molecule (Form I and Form II), K* of Form II is more stable than Form I. So, the
ESIntraPT process of Form II may be more effective than that of Form I, related to the MD
results that Form II is favorably more stable. For the complexes with a water molecule,
the ESInterPT via interHBs network is feasible to occur in both Form I-W and Form II-W
especially Form II-W because of the slightly higher oscillator strength and the lower energy
of K*. In addition, from our previous work, the ESInterPT of 3HFW is hard to occur due
to the higher ESInterPT barrier and the rearrangement of a water molecule surrounding
3HF [40]. Therefore, it can be predicted that the encapsulating 3HF into y-CD assists the
disruption of the 3HF-water network in aqueous solution leading to an increment of the
fluorescent yield of K* in aqueous solution from the ESIntraPT process.

Table 4. The relative energy and computed energy differences between the E and K forms (AE =
Eenol — Exeto) in the Sg and Sy states for all complexes.

Relative Energy (kcal/mol)

Complex So S1
AE at Sy AE at $4
E K E* K*

3HF 0 10.74 75.19 65.81 10.74 —9.38
3HFW 0 10.27 74.92 63.41 10.27 —11.51

Form I 0 16.85 74.79 71.16 16.85 —3.63

Form II 0 8.47 72.39 64.68 8.47 —-7.71

Form I-W 0 6.63 71.24 63.43 6.63 —7.81

Form II-W 0 8.35 73.12 64.72 8.35 —8.40

3. Methodology
3.1. Model Preparation

The 3D structure of 3HF (Figure 1A) was generated by GaussView version 6.0 [55].
To investigate the effect of water on PT process, a water molecule near the PT site of 3HF
was placed between the H1 and O2 atoms to model 3HF with a water molecule (3HFW).
The 3HF and 3HFW structures were fully optimized with DFT and TD-DFT methods
using Gaussian 16, Revision C.01 [56]. The y-CD structure extracted from the co-crystal
structure of cyclo/maltodextrin-binding protein in complex with y-CD (PDB code: 2ZYK)
was used in this study. To obtain the inclusion complex, encapsulation of the optimized
3HF into y-CD’s cavity was performed by molecular docking with 100 runs using the
CDOCKER module in the Accelrys Discovery Studio 2.5 (Accelrys Software Inc., San Diego,
CA, USA). The three docked inclusion complexes with the lowest CDOCKER interaction
energy for the chromone ring (C-ring, Form I) and phenyl ring (P-ring, Form II) insertion
into the hydrophobic cavity of the y-CD were selected for MD simulations (MD1-MD3
for Form I and Form II). The most stable 3HF /y-CD inclusion complexes in Form I and
Form II from a docking study were fully optimized at PBE0/def2-SVP level of theory for
investigating PT reaction. Note that, these Form I and Form II were used as the additional
initial structures for MD simulations, MD4. To study the effect of water associated in PT
for 3HF encapsulated in y-CD, a water molecule was added to form interHBs with 3HF
both in Form I and Form Il namely Form I-W and Form II-W, respectively. Then, Form I-W
and Form II-W were fully optimized with DFT and TD-DFT methods.

3.2. Molecular Dynamics Simulations

MD simulations of the 3HF /y-CD complexes in Form I and Form II using the four
different initial structures (eight complexes in total) were carried out using the AMBER16
program package [57]. The partial atomic charges and parameters of 3HF were generated
in accordance with the previous standard procedures [58-60]. The general AMBER force
field [61] and the Glycam06j carbohydrate force field [62] were applied for 3HF and y-CD,
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respectively. The models were solvated by a truncated octahedral box of TIP3P water
molecules with a spacing distance of 15 A from complex. Afterward, all added water
molecules were minimized using 1000 steps of steepest descent (SD) and continued by
3000 steps of conjugated gradient (CG). Next, the minimizations with the same steps were
performed on the whole system. All studied models were heated up from 10 K to 298 K with
a constant volume ensemble (NVT) for 100 ps and followed by all-atom MD simulations
with a constant pressure ensemble (NPT) at 1 atm and 298 K for 300 ns. All chemical
bonds involving hydrogen were constrained using the SHAKE algorithm [63]. The particle
mesh Ewald’s method [64] was performed for the treatment of the long-range interactions.
The cpptraj module of AMBER16 program was used to calculate the root-mean-square
displacement (RMSD), the radius of gyration (Rgyr), and the distance between guest and
host molecules as well as the radial distribution function (RDF).

3.3. Quantum Chemical Calculations

Al E and K forms of 3HF, 3HFW, and 3HF/vy-CD inclusion complexes in Form I and
Form Il in the Sy and S; states were studied by PBEO and TD-PBEO methods, respectively
with def2-SVP basis set by using Gaussian 16, Revision C.01 [56]. The solvation effect
was taken into account by means of the non-equilibrium implementation of the conductor
polarized continuum model (C-PCM) framework [65,66], so-called PCM-LR [67]. To con-
firm that the optimized structures (E, K, E*, and K*) are located at the local minimum, no
imaginary frequency from vibrational calculations was found for all optimized structures
both in Sp and S; states. A hydrogen-bonded strength was determined by the important
distance parameters involving ESIntraPT and ESInterPT processes namely the covalent
O-H bond of 3HF and a water molecule, the intraHB between proton donor and proton
acceptor of 3HF, and the interHBs between 3HF and a water molecule for the case study of
water assisted effect. The strength of all intraHB and interHBs was further confirmed by the
red-shift values of the O-H stretching vibrational frequencies between the Sy and S; states
from the simulated IR spectra, together with the topology analysis at bond critical point
(BCP) from quantum theory of atoms in molecules (QTAIM) performed by Multiwfn [68],
which was employed in previous studies [69-71]. The electronic spectra and frontier MOs
were also calculated. Additionally, the absorption and emission spectra of all complexes
were simulated to investigate the photophysical properties.

4. Conclusions

The effect of water microsolvation on the strength of hydrogen bonding, ESIntraPT
and ESInterPT reactions as well as photophysical behaviors of 3HF and its inclusion com-
plexes in y-CD has been systematically studied using MD simulations and DFT/TD-DFT
at PBEO/TD-PBEOQ with def2-SVP basis set. Two possible 3HF/y-CD inclusion complexes;
C-ring and P-ring insertions (Form I and Form II), were observed from molecular docking.
From MD results, a lower 3HF mobility in the hydrophobic cavity and a lower water
accessibility to the encapsulated 3HF in Form II suggest that this form is favorably more
stable. From the static calculation results, the strength of hydrogen bonding of all stud-
ied compounds increases upon photoexcitation into the S; state leading to being easier
deprotonation, confirmed by the change of important bond lengths (the increasing of
the covalent O-H bond length of proton donor, together with decreasing of the O---H
intraHBs and interHBs), the red shift of the O-H stretching modes, and the bond energy
from the topology analysis. In addition, frontier MOs confirm that the main contribution
for vertical Sy to Sy transition is 7t to 7* attributed from HOMO () to LUMO (7*). For
simulated spectra, the Azps of B, the Aemis of B+ and the Agpis of k* are in good agreement with
the experimental data (in the range of 0.52-0.61 eV relative differences) indicating that the
present method is adequate to provide the information on their spectra and the possibility
of ESPT processes. Besides, the ESIntraPT processes of the inclusion complexes (Form I
and Form II) can occur easily like in the case of 3HF in aprotic solvents. Furthermore, the
ESInterPT processes via interHBs of Form I-W and Form II-W inclusion complexes are
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feasible to take place. In addition, K* of Form II/Form II-W is more stable than that of Form
I/Form I-W due to the lower energy and the higher oscillator strength. Consequently, the
ESIntraPT and ESInterPT might be likely to occur in P-ring insertion in accordance with the
MD results, in which P-ring insertion is the majority of the 3HF/y-CD inclusion complexes
with lower water accessibility. However, it is already known that the ESInterPT of 3HF
in aqueous solution is hard to occur due to the higher ESInterPT barrier and the higher
fluctuation of the water-rearrangement surrounding 3HF, which leads to a decrease of the
fluorescence intensity. Thus, from the present work, we found that 3HF is stable inside the
v-CD hydrophobic cavity and promotes ESIntraPT by suppressing the 3HF-water network.
This leads to the increment of fluorescent intensity. In the other word, the fluorescence
intensity of K* could be efficiently tuned via host-guest complexation.

Supplementary Materials: The following are available online. Figure S1: RMSD plots for all atoms
and Ry of the two orientations of C-ring insertion (Form I), and P-ring insertion (Form II) inclusion
complexes for four different MD runs of each system, Figure S2: The plots of distance measured from
the C, of each 3HF ring to the Cp, of the secondary rim of y-CD (all 7 O2 atoms) for the four MD
simulations MD1-MD4 with different initial structures of complexes in Form I and Form II, Figure
S3: The simulated absorption spectra of E, and the simulated emission spectra of E* and K* for all
studied compounds computed at TD-PBE0/def2-SVP level of theory, Table S1: Electron density p(r),
the Lagrangian kinetic energy G(r), potential energy density V(r), the Hamiltonian kinetic energy
density H(r), the Laplacian of the electron density V2p(r), the electron delocalization index (DI), and
hydrogen-bonded energy (Eyp) at selected BCPs in the S; state (a.u.) for all compounds.
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Abstract: Efavirenz is an antiretroviral drug of widespread use in the management of infections with
human immunodeficiency virus type 1 (HIV-1). Efavirenz is also used in paediatrics, but due to its
very poor aqueous solubility the liquid formulations available resort to oil-based excipients. In this
report we describe the interaction of y-cyclodextrin with efavirenz in solution and in the solid state.
In aqueous solution, the preferential host—guest stoichiometry was determined by the continuous
variation method using 'H NMR, which indicated a 3:2 host-to-guest proportion. Following, the solid
inclusion compound was prepared at different stoichiometries by co-dissolution and freeze-drying.
Solid-state characterisation of the products using FT-IR, 1*C{'H} CP-MAS NMR, thermogravimetry,
and X-ray powder diffraction has confirmed that the 3:2 stoichiometry is the adequate starting
condition to isolate a solid inclusion compound in the pure form. The effect of y-cyclodextrin on the
solubility of efavirenz is studied by the isotherm method.

Keywords: cyclodextrin inclusion; solution-phase; solid state; antiretroviral

1. Introduction

Efavirenz (EFV) is a potent antiretroviral of widespread use as first-line therapy for
patients with HIV infection. Administered in the form of a tablet and requiring only
one dose per day [1], efavirenz is a practical therapeutic option. It is classified by the
Biopharmaceutical Classification System (BCS) as a class II drug, that is, it is poorly
water soluble and highly permeable [2]. Several approaches to improve the solubility
of efavirenz are reported, from the manipulation of polymorphs [2] and blending with
superdisintegrants [3] or into solid dispersions [4,5], to a broad variety of encapsulation
strategies, which include liposomes [6], micelles [7,8], lipidic nanoparticles [9,10], and
polymeric nanoparticles [11].

Molecular encapsulation of efavirenz with cyclodextrins is a less explored but quite
promising solution for the amelioration of the physicochemical and organoleptic properties
of this drug. Besides having low aqueous solubility, efavirenz presents a very bitter
taste, and for this reason it may benefit from the taste-masking effect resulting from
inclusion of each efavirenz molecule into the cavity of the cyclodextrin host. Cyclodextrins
are cyclic oligosaccharides formed by natural or biotechnological enzymatic action on
starch. The most abundant native cyclodextrins occur with six («-CD), seven (3-CD), or
eight (y-CD, Figure 1a) D-glucose units, linked together by «-1,4 glycosidic bonds. The
unique molecular geometry of cyclodextrins, with the shape of a truncated cone having
the secondary hydroxyl groups facing the wider rim and the primary hydroxyls at the
narrower rim, while the cavity is lined with protons, gives them hydrophobicity at the
cavity in tandem with good aqueous solubility [12,13]. Cyclodextrins are thus used as

73



Molecules 2021, 26, 519

biocompatible, solubilising, stabilising, and taste-masking agents for a variety of drugs [14],
with highlight to the antiviral remdesivir [15] and to ozalin, a recently approved paediatric
sedative and the only known commercial drug to contain y-CD in its composition, acting
as a solubiliser and taste-masking agent [16]. Cyclodextrins are gaining increased interest
in medicinal applications, being employed as co-adjuvants in vaccines [17] or even as
experimental drugs in disorders associated with lipid buildup, as Niemann-Pick disease
or focal segmental glomerulosclerosis [18].

Figure 1. Chemical structure and atom labelling of (a) y-cyclodextrin; (b) efavirenz.

Efavirenz is, thus far, only known to form inclusion complexes with two chemical
derivatives of beta-cyclodextrin: HPBCD (randomly (2-hydroxy)propylated 3-CD) and
RAMEB (randomly methylated 3-CD); inclusion into the native 3-CD was also investigated
but the formation of an authentic inclusion complex in the solid state was not demon-
strated [19]. The study, conducted by Sathigari et al., further showed that the freeze-dried
adducts with RAMEB and HPBCD increased efavirenz solubility in water (at 180 min)
from 5.64 £ 1.149% (pure drug) to 54.25 + 1.031% and 43.13 £ 0.331%, respectively. In a
preliminary approach to the inclusion of efavirenz into native cyclodextrins, we investi-
gated the possibility of using 3-CD and y-CD as hosts for efavirenz [20]. Efavirenz and
each cyclodextrin were co-dissolved in a water/alcohol solution and the mixture was
co-precipitated by cooling; in the batch of efavirenz with 3-CD, the precipitate consisted of
crystals of the two separate components [20], which confirmed that 3-CD does not have
adequate cavity size for efavirenz. Our results were, therefore, in good agreement with the
findings of Sathigari et al. [19]. In the batch of efavirenz and y-CD, a new, low-crystalline
phase was formed, indicating the formation of an inclusion complex [20]. The preliminary
findings on the formation of y-CD-EFC prompted further investigation on this host-guest
system, which is herein presented. Studies were conducted both in the aqueous solution
phase and in the solid state. Results indicate the presence of a complex with 3:2 host-guest
stoichiometry, in both the solution and solid phase.

2. Results and Discussion
2.1. Stoichiometry in a Water—Methanol Solution

Inclusion stoichiometry in solution was first assessed as a means to understand the
preferences of this host-guest system. For this, 'H spectra were collected for series of
solutions of EFV and y-CD, prepared by the continuous variation method (see Section 3.3
for details).

The plot of x(y-CD) x Ad against the x(y-CD), for the two protons of y-CD located
at the inner cavity (H3 and H5), is represented in the Figure 2. The maximum of the
experimental points, indicative of the host-to-guest proportion in the inclusion complex,
is found at the x(y-CD) value of 0.6, thus indicating that the preferred stoichiometry is
3:2, that is, the most abundant species in this liquid medium is (y-CD)3-(EFV),. Note that
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the presence of other species, namely the 1:1 complex, i.e., (y-CD)-(EFV), albeit in lower
abundance, cannot be excluded [21-23].
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Figure 2. Job plot of the host protons H3 and H5 for the inclusion of efavirenz into y-CD, measured
in a mixed solution of D,O and CD30D (1:1).

2.2. Solid-State Studies

Procedures for the preparation of inclusion complexes of efavirenz and y-CD as solid
materials comprised combining two separate solutions of each component. Efavirenz,
dissolved in ethanol, was mixed with y-CD, dissolved in ultrapure water, to obtain a
clear mixed solution that was subsequently subjected to snap-freezing and freeze-drying.
In agreement with the information obtained from the studies in solution, two different
host-to-guest stoichiometries were tested, 3:2 and 1:1.

2.2.1. FI-IR Spectroscopy

Infrared spectroscopy can provide a quick insight into the formation of inclusion
complexes, in particular for guests that contain, like efavirenz, oscillators sensitive to
the hydrophobic environment of the host cavity and located in a spectral area free from
host bands (which could eventually superimpose with it). The carbonyl (C=0) group of
efavirenz is thus an excellent probe for inclusion. The carbonyl stretching frequency occurs
at 1741 cm~! in the spectrum of pure efavirenz, appearing blueshifted and with maxima
centred at 1751 and 1746 cm ™! in the spectra of the 3:2 and the 1:1 products, respectively
(Figure 3). A blueshift, i.e., an increase in the stretching energy of an oscillator, can be
the result of the lower polarisation of the C=0O group, with increased electron density in
the double bond. It is frequently the result of an apolar environment around the affected
oscillator, such as that caused by inclusion into the cavity of y-CD. For the 1:1 product,
the smaller blueshift can be interpreted as the combined result of two contributions, one
from the inclusion complex and a second one originating from a small contamination with
non-included efavirenz.
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Figure 3. Fourier-transform infrared spectra of efavirenz (EFV), y-CD and the two freeze-dried solid
products starting from mixed solutions with y-CD:EFV proportions of 3:2 and 1:1 (FD).

2.2.2. Powder X-ray Diffraction

Powder X-ray diffraction (PXRD) is a very useful tool in identifying the formation
of inclusion complexes. It also contributes to investigate the presence of any eventual
impurities that may appear, such as crystallites of the host or the guest. PXRD data is
presented in Figure 4. Efavirenz presents a diffractogram with several well-resolved peaks
that are indicative of its high crystallinity. The most intense reflections occur at 6.3, 10.5,
11.4,11.9,12.6,19.3, 20.0, 20.5, 20.8, 21.2, 21.6, 23.0, 24.7, 25.0 and 27.6 degrees of 26.

A first attempt at collecting diffractograms of the two freeze-dried products revealed
them to be mostly amorphous (results not shown), which was expected as a result of the
preparation method. Restoration of the hydration waters in these samples was performed as
a means to increase their crystallinity. The process consisted in placing the bulk materials at
ambient temperature in a water-saturated atmosphere during ca. 16 h. PXRD patterns of the
rehydrated freeze-dried compounds present overall quasi-similar diffraction patterns and
they comprise essentially a new phase, with no traces of crystallites of y-CD heptahydrate.
The diffractogram of the sample with 3:2 stoichiometry exhibits reflections peaking at 5.3,
6.1,7.5,8.6,10.7,11.5,12.3,13.7,14.2,15.0, 15.7, 16.1, 16.6, 16.9, 18.9, 20.1, 20.9, 21.6, 22.2 and
22.6 degrees of 20. For the compound prepared with a starting stoichiometry of 1:1 (sample
FD 1:1 in the Figure 4), the diffractogram is less well resolved, with the main reflections
presenting some broadening and peaking at 7.6, 11.5, 11.9, 12.3, 13.7, 15.0, 16.0 and 16.9
degrees of 20. It should be noted that the peak centred around 11.9 degrees in the latter
sample, albeit poorly resolved, coincides with the most intense reflection of pure efavirenz,
thus indicating some degree of contamination with non-included efavirenz (similarly to
the observations made from FT-IR data).

Figure 4 also shows the calculated diffractogram of y-CD-12-crown-4-ether [24], which
is herein used as a representative model for the only known isostructural series of y-CD
inclusion complexes [25]. The diffractogram of the 3:2 freeze-dried sample shows an overall
diffraction envelope that is similar to that of the model complex, which suggests it belongs
to this isostructural series [25]. It is, thus, fair to assume the inclusion complex of y-CD and
EFV should present the host molecules stacked in infinite channels, similarly to the host

76



Molecules 2021, 26, 519

Inclusion complex ¢ ,’é, o 5 R, W RN AN
/ , N
(model pattern) | _\Z( O , ) 5,5‘*,\%‘:1{

organisation reported for the complexes of this isostructural series and herein exemplified
for y-CD-12-crown-4-ether (inset in Figure 4).
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Figure 4. Experimental powder X-ray diffractograms of y-CD, efavirenz (EFV), and the freeze-dried samples (FD) with
v-CD:EFV stoichiometries of 1:1 and 3:2 (rehydrated prior to data collection to increase their crystallinity). For comparison
it also shows the trace of the inclusion complex y-CD-12-crown-4-ether [24], calculated from its atomic coordinates using
Mercury 3.5.1 (Copyright CCDC 2001-2014). The inset depicts the structure of y-CD-12-crown-4-ether, as viewed from the

top (crystallographic ¢ axis) and from the side (a axis); the molecules of the crown ether guest are represented in purple for
differentiation from those of the y-CD macrocycle.

2.2.3. BC{1H} CP-MAS NMR

The solid-state NMR spectra of efavirenz, y-CD heptahydrate and the two freeze-dried
products of y-CD with EFV are depicted in Figure 5.

The spectrum of efavirenz presents a set of well-resolved resonances, with multiple
signals observed for its carbons with the exception of C,. Signal multiplicity for EFV
carbons was previously reported by Rodrigues de Sousa et al., having been attributed
to the presence of more than one polymorphs of efavirenz and to different molecular
conformations [26]. The host, y-CD, exhibits multiple sharp resonances for each type of
carbon atom, which is ascribed, for C; and Cy4 carbons, to differences in the conformation
about the «-1,4 bonds, and, for carbons located closer to the rims, as is the case of Cg, to
ambient changes in the hydrogen-bonding network and the varying number of hydration
water molecules [27,28]. In the spectra of (y-CD)3-(EFV), and y-CD-EFV, the host carbons
appear as single broad resonances, thus indicating symmetrisation of the y-CD as a result of
inclusion of EFV and of the spatial organisation into channels. Regarding the guest signals,
and as previously noted for FT-IR results, the 1:1 sample, y-CD-EFV, shows contamination
with pure efavirenz. In '3C{'H} CP-MAS NMR, this is particularly evident when one
observes the carbonyl region. The spectrum of y-CD-EFV exhibits two resonances for the
carbonyl (Cy, see Figure 1) with chemical shift similar to those of pure efavirenz, thus
indicating the presence of non-included guest. In turn, the spectrum of (y-CD)3-(EFV),,
bears only one resonance for the carbonyl. This indicates the presence of the pure inclusion
complex, in which inclusion into the cavity of y-CD resulted in a more symmetrical
chemical environment for the C=0.
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Figure 5. 13C{!H} CP-MAS NMR spectra of (a) EFV, (b) v-CD, (c) (y-CD)3-(EFV),, and (d) y-CD-EFV
(see labelling in Figure 1). Efavirenz carbons were assigned as in Rodrigues de Sousa et al. [26].

2.2.4. Thermogravimetric Analysis

The thermograms of efavirenz, y-CD heptahydrate and the two freeze-dried products,
(y-CD)3-(EFV); and y-CD-EFV, are represented in Figure 6. The thermogram of pure
efavirenz shows no mass losses from ambient temperature until about 185 °C, temperature
that marks the onset of its decomposition. The absence of mass losses at temperatures
lower than 100-130 °C indicates the absence of hydration waters, which is expectable due
to the apolar nature of this compound. In turn, the thermogram of y-CD heptahydrate is
marked by an initial dehydration step that starts at ambient temperature and proceeds up
to 95 °C. This step features a mass loss of 9% that translates into seven hydration waters,
being thus coherent with the original specifications.
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Figure 6. Thermogravimetry traces for efavirenz, y-CD, and the freeze-dried adducts (y-CD)3-(EFV),
and y-CD-EFV.

The thermogravimetric traces of the two freeze-dried products are marked by an
increase in the number of hydration waters. This is evidenced by a more intense dehy-
dration step, rounding 15.5%. For the 3:2 complex, the results allow inferring a general
formula of (y-CD)3-(EFV),-(H20)39. The increase in the number of hydration waters in
comparison to those exhibited by the host is a characteristic of y-CD inclusion complexes
and it results from their distinctive tetragonal symmetry. As described in the section refer-
ring to PXRD, y-CD molecules pack, with the guest molecules lodged inside the channel
cavity and also with the formation of wide inter-channel spaces that are able to retain
a large number of water molecules (see inset in Figure 4). Literature examples of y-CD
complexes with a large number of hydration waters include y-CD-quercetin-(H,O)17 [29],
v-CD-fisetin-(H20O)17 [30], and (y-CD)3-(resveratrol)s-(HyO)gy [31], to name only a few.

The presence of a strong dehydration step in the trace corresponding to the 1:1 sample
is also indicative of the presence of an inclusion complex, however, the mass loss observed
between ca. 180 and 220 °C denotes contamination with some amount of pure efavirenz
that decomposes at this temperature. It is important to highlight that the step associated
with efavirenz thermal decomposition is absent from the thermogram of (y-CD)s-(EFV),,
which provides definitive corroboration of the presence of the pure inclusion complex in
this sample.

2.3. Effect of y-CD on Efavirenz Solubility

The solubilising effect of medicinal applications of y-CD on efavirenz was evaluated
by collecting the solubility isotherm for this API while in the presence of increasing con-
centrations of the host. Results are shown in Figure 7. The aqueous solubility reported
for efavirenz is very low, with values between 0.0127 mM [32] and 0.0263 mM [33]. The
isotherm data herein shown demonstrates that the presence of 37.7 mM y-CD in solution
increases the solubility of efavirenz to 0.124 mM, that is, by at least 5-fold. Efavirenz
solubility increases further with the increase in concentration of y-CD in aqueous solution,
with 0.565 mM of EFV dissolved when y-CD concentration is 75.0 and 1.424 mM of EFV
dissolved for the y-CD concentration of 112.5 mM. After this point, a plateau is reached,
indicating the formation of aggregates containing only y-CD molecules. Self-aggregation
of y-CD molecules is well known, and it can be attributed to their symmetry and extensive
intermolecular hydrogen bonding.

79



Molecules 2021, 26, 519

1.6 -
1.4 *
1.2
1.0

0.8

[EFV] (mM)

0.6

0.4 4

0.2

0.0 T T T T
0.0 375 75.0 112.5 150.0

[y-CD] (mM)

Figure 7. Phase solubility isotherm for efavirenz (EFV) in the presence of y-CD.

For a brief discussion of these results, it is worth comparing them with those of 3-CD,
HPBRCD, RAMEB and HPyCD, previously reported as solubilisers for EFV. The effect
of RAMEB on EFV solubility was equivalent to that of y-CD, with 80 mM of RAMEB
solubilising roughly 0.5 mM of this guest [19]. Nevertheless, RAMEB is only approved
for topical use (at the nasal and ocular mucosa), which limits its interest as a solubilising
agent [14]. Regarding HPBCD, the literature shows contradictory data, one study depicting
it as a good solubiliser, with 60 mM increasing EFV solubility to roughly 1 mM [19], whereas
our previous report, in which the isotherm data were collected under the same conditions
as those of the present study, revealed it to perform worse than y-CD, since a concentration
of 125 mM of HPBCD was required to solubilise ca. 0.5 mM of EFV [20]. Our study also
evaluated HPyCD, which had an isotherm similar to that of HPBCD up to 150 mM and
performed slightly worse at higher concentrations [20].

3. Materials and Methods
3.1. Materials

Pharmaceutical-grade y-CD (Cavamax W8 Pharma) from Wacker-Chemie was kindly
donated by Ashland Specialty Ingredients (Diisseldorf, Germany). Efavirenz was obtained
from Smillax Pharma (Heiderabad, India).

Ultrapure water was used for the inclusion procedures. All organic solvents were of
analytical grade, except otherwise specified.

3.2. Equipment

Laboratory powder XRD data were collected at ambient temperature on an Empyrean
PANalytical diffractometer (Cu K« o X-radiation, A; = 1.540598 A; Ay = 1.544426 A)
equipped with an PIXcel 1D detector and with the sealed tube operating at 45 kV and 40 mA
(Bruker AXS, Karlsruhe, Germany). Intensity data were collected by the step-counting
method (step 0.01°), in continuous mode, in the ca. 3.5 < 268 < 50° range.

Solution-phase 'H nuclear magnetic resonance (NMR) spectra were recorded on
an Avance 300 spectrometer (Bruker Biospin, Rheinstetten, Germany) at 300.13 MHz, at
ambient temperature. A 50:50 solution of deuterated water and deuterated methanol
was used as solvent, with the residual proton signal of methanol (*H 3.31 ppm) and
tetramethylsilane (TMS) being used as internal references. The chemical shifts are quoted
in parts per million.

IBC{'H}CP/MAS NMR spectra were recorded at 100.62 MHz on a (9.4 T) Avance III
400 spectrometer (Bruker Biospin), with an optimised 7t/2 pulse for 'H of 4.5 us, 3 ms
contact time, a spinning rate of 12 kHz, and 4 s recycle delays. The chemical shifts are
quoted in parts per million from TMS.
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Infrared spectra were obtained as KBr pellets in a 7000 FTIR spectrometer (Mattson,
Oakland, CA, USA) (resolution 2.0 cm™!; 128 scans per spectrum).

TGA studies were performed on a Shimadzu TGA-50 thermogravimetric analyser
(Kyoto, Japan), using a heating rate of 5 C min~!, under air atmosphere, with a flow rate of
20 mL min~!. The sample holder was a 5 mm @ platinum plate and the sample mass was
about 5 mg.

UV-Vis data for the solubility isotherms were collected on a spectrophotometer Ana-
lytik Jena Specord 200 Plus.

3.3. Continuous Variation Method

The continuous variation method reported by Job [34] provides an estimate of the
preferred stoichiometry in solution based on the measured changes in a physical parameter
(in the present case, the chemical shift of sample protons). A series of solutions were
prepared using as solvent a 1:1 mixture of deuterated water and deuterated methanol. In
each solution, the ratio of host and guest, r, varied in steps of 0.1 while their sum (y-CD]y +
[EFV]p) was kept constant, at a value of 0.01 M. For the host, y-CD, r is thus defined as:

ry-cp = [y-CDlo/{[y-CDlo + [EFV]o}) @

3.4. Preparation of the Inclusion Complexes as Solid Materials
3.4.1. y-CD with EFV in the 3:2 Stoichiometry

A solution of y-CD (213.1 mg, 0.15 mmol) in ultrapure water (1.5 mL) at 40 °C was
treated with another solution of EFV (31.5 mg, 0.10 mmol) in ethanol (0.2 mL). The mixed
solution was stirred for 3 min and then subjected to snap-freezing in liquid nitrogen.
Solvents were subsequently removed by freeze-drying to obtain a white solid.

FT-IR: v(tilde) (cm~') = 3405 s, 2934 m, 2894 sh, 2254 w, 1751 m, 1647 m, 1502 m,
1456 sh, 1417 m, 1385 m, 1373 m, 1337 m, 1302 m, 1252 m, 1200 m, 1161 s, 1102 sh, 1080 s,
1054 sh, 1027 vs, 1002 s, 944 m, 933 m, 864 w, 830 vw, 760 m, 743 w, 707 m, 693 w, 656 w,
610 w, 585 m, 531 w, 482 w.

13C{'H} CP-MAS NMR: § (ppm) = 147.3 (EFV C;), 134.4 (EFV C3), 133.1 (EFV Cy),
130.0 (EFV Cy), 128.4 (EFV C14), 126.8 (EFV Cg), 118.7 (EFV Cs), 114.2 (EFV Cy4), 103.1 (y-CD
C1), 96.1 (EFV Cyp), 82.2 (y-CD Cy), 79.3 (EFV Cy), 73.0 (y-CD Cy35), 66.0 (EFV Cy), 60.7
(‘Y-CD C6), 8.8,7.3 (EFV C12,13), -03,-09, -1.7 (EFV Cll) ppm.

3.4.2. v-CD with EFV in the 1:1 Stoichiometry

A solution of y-CD (142.0 mg, 0.10 mmol) in ultrapure water (1.5 mL) at 40 °C was
treated with another solution of EFV (31.5 mg, 0.10 mmol) in ethanol (0.2 mL). The mixed
solution was stirred for 3 min and then subjected to snap-freezing in liquid nitrogen.
Solvents were subsequently removed by freeze-drying to obtain a white solid.

FT-IR: v(tilde) (cm™!) = 3390 s, 2932 m, 2893 sh, 2252 w, 1746 m, 1637 m, 1499 m,
1458 m, 1414 m, 1383 m, 1372 m, 1335 m, 1302 m, 1249 m, 1198 m, 1187 m, 1159 s, 1099 sh,
1079 s, 1052 sh, 1025 vs, 1000 s, 942 m, 931 sh, 861 w, 838 vw, 760 m, 742 w, 706 m, 691 w,
674 vw, 671 vw, 655 w, 608 w, 580 m, 566 sh, 528 w, 480 w

13C{IH} CP-MAS NMR: § (ppm) = 149.2, 147.3 (EFV C;), 134.5 (EFV C3), 133.1 (EFV
Cs), 130.2 (EFV Cy), 128.4 (EFV Cy4), 126.8 (EFV Cg), 118.7 (EFV Cs), 114.9, 114.2 (EFV Cy),
103.1 (y-CD Cy), 96.8, 95.6 (EFV Cyy), 82.2 (y-CD, C), 79.1 (EFV Cy), 73.0 (y-CD Cy35), 66.1,
64.9 (EFV Cy), 60.8 (y-CD C), 8.8, 7.5 (EFV Cj3,13), —0.1, —0.8, —1.7 (EFV Cy;) ppm.

For comparison, the data for efavirenz is as follows:

FT-IR data of efavirenz: v(tilde) (cm™1) = 3255 s, 3183 s, 3094 m, 3020 w, 2951 w, 2876 w,
2253 s, 1894 vw, 1741 vs, 1705 s, 1602 s, 1498 vs, 1457 m, 1428 w, 1403 m, 1134 m, 1060 m,
1333 vs, 1280 s, 1251 vs, 1184 vs, 1168 vs, 1096 s, 1073 s, 1028 s, 976 s, 948 s, 931 s, 884 m,
866 m, 835 m, 824 s, 755 m, 742 m, 711 s, 689 s, 668 w, 656 m, 568 m, 556 m, 541 m, 518 w,
484 m, 460 w, 417 w.
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13C{1H} CP-MAS NMR of efavirenz: § (ppm) = 149.3, 147.5 (C1), 134.5 (C3), 133.2 (C¢),
130.7, 130.2 (Cy), 128.4 (C14), 126.8 (Cg), 118.8 (Cs), 114.8, 114.2 (Cy4), 96.8, 95.5 (C1), 79.0
(C2), 66.0, 64.9 (C9),9.4,8.9,8.1,7.5 (EFV Cy 13), —0.1, —0.8, —1.0, —1.8 (EFV Cy1).

3.5. Solubility Isotherms

Excess amounts of EFV were added to 20 mL of unbuffered aqueous solutions of
increasing concentrations of y-CD. Solutions were stirred for 48 h at room temperature.
Aliquots were filtered (0.22 um), diluted with a 1:1 mixture of water and isopropanol and
their absorbance was measured at 293 nm.

4. Conclusions

The results described in the present report demonstrated that inclusion of efavirenz
into y-CD occurred both in solution and in the solid state, forming a complex with 3:2
stoichiometry, that is, (y-CD)3-(EFV),. The bulky nature of efavirenz, with a quasi-planar
central bicyclic benzoxazin-2-one ring, and two substituents, a cyclopropylethynyl and a
trifluoromethyl, protruding laterally from the main plane of the rings, implies that a host
with a large cavity is required for molecular encapsulation. It is noteworthy that, even
though we employed y-CD, a host with a wide cavity diameter, inclusion required 1.5 host
units per each molecule of efavirenz—the host-to-guest stoichiometry of 3:2 is quite rare
for y-CD inclusion complexes.

Powder X-ray diffraction further evidenced that the complex belongs to the isostruc-
tural series of y-CD inclusion complexes with tetragonal symmetry in which the molecules
of y-CD are stacked in infinite channels with the guest molecules located inside. This
contributed to the symmetrisation of the environment around the carbons of efavirenz, par-
ticularly C1, which is part of a carbonyl group, and that was observed as a single resonance
in solid-state NMR and as a blueshifted vibrational band in FI-IR. The solubilising effect of
v-CD over the efavirenz guest was evaluated by collection of the solubility isotherm for
this host-guest system to reveal a Bs-type diagram [35], that is, the association with y-CD
increases EFV solubility but only to a certain point, which is followed by a plateau. Besides
the solubilising action of y-CD on efavirenz, its ability to mask the bitter taste of this drug
is another attractive application for the inclusion complex that warrants demonstration in
future studies.
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Abbreviations

API Active pharmaceutical ingredient

CP-MAS  Cross-polarisation with magic angle spinning (a solid-state NMR method)
FT-IR Fourier-transform infrared spectroscopy

v-CD Gamma-cyclodextrin

HPBCD  (2-hydroxy)propyl-beta-cyclodextrin
HPyCD  (2-hydroxy)propyl-gamma-cyclodextrin

EFV Efavirenz
NMR Nuclear magnetic resonance
ppm Parts per million

PXRD Powder X-ray diffraction
RAMEB  Randomly methylated beta-cyclodextrin

TGA Thermogravimetric analysis
TMS Tetramethylsilane
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Abstract: The thermal degradation of linalool-chemotype Cinnamomum osmophloeum leaf essential oil
and the stability effect of microencapsulation of leaf essential oil with 3-cyclodextrin were studied.
After thermal degradation of linalool-chemotype leaf essential oil, degraded compounds including
[-myrcene, cis-ocimene and trans-ocimene, were formed through the dehydroxylation of linalool;
and ene cyclization also occurs to linalool and its dehydroxylated products to form the compounds
such as limonene, terpinolene and «-terpinene. The optimal microencapsulation conditions of leaf
essential oil microcapsules were at a leaf essential oil to the 3-cyclodextrin ratio of 15:85 and with a
solvent ratio (ethanol to water) of 1:5. The maximum yield of leaf essential oil microencapsulated
with -cyclodextrin was 96.5%. According to results from the accelerated dry-heat aging test, [3-
cyclodextrin was fairly stable at 105 °C, and microencapsulation with (3-cyclodextrin can efficiently
slow down the emission of linalool-chemotype C. osmophloeum leaf essential oil.

Keywords: Cinnamomum osmophloeum; linalool; 3-cyclodextrin; microencapsulation

1. Introduction

Natural products from cinnamon plants (Cinnamomum spp., Lauraceae) exhibit various
bioactivities, such as antimicrobial, insecticidal, anti-inflammatory, antidiabetic activities
and, etc. [1-5]. Cinnamomum osmophloeum Kanehira is commonly used as folk medicines
and food flavors. It is scientifically reported that extracts and essential oils of C. osmophloeum
exhibit the antioxidant, antibacterial, anxiolytic, xanthine oxidase inhibitory effects, and so
forth [6-9].

Parts of natural plant products, especially essential oils, are highly volatile in the
ambient environment and, therefore, may result in thermal oxidation/degradation. Mi-
croencapsulation or nanoencapsulation of the essential oils and extracts could provide
protection and enhance the stabilization [10-12]. Encapsulation materials used include
gelatin, cyclodextrins, gum arabic, caseinates, alginates, cellulose derivatives, chitosans,
etc. [13-16]. Properties of natural plant products after microencapsulation would be influ-
enced by the kinds of core-shell structures and coating materials [17-20].

Cyclodextrins are amphiphilic hollow cyclic oligosaccharides and form the inclu-
sion complexes with versatile molecules [17,21,22]. 3-Cyclodextrin, composed of seven
a-D-glucopyranose units, is the most common cyclodextrin product and of good dura-
bility; it is a multifunctional encapsulation material to keep the bioactive ingredients
from volatilization, oxidization, and etc. [23-25]. Many researchers have reported the mi-
croencapsulation of the bioactive constituents, essentials oil, or supercritical fluid extracts
with B-cyclodextrin [9,10,26,27]. Ramos et al. proved that the inclusion of isopulegol, an
alcoholic monoterpene, in 3-cyclodextrin is an effective method to improve its antiede-
matogenic and anti-inflammatory activities [28]. Cyclodextrins are appropriate carriers
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for delivering or releasing natural products in the pharmaceutical, food and cosmetic
industries [16,29-33].

The aims of this study were to investigate the thermal degradation of linalool-chemotype
C. osmophloeum leaf essential oil, find the optimal reaction conditions of microencapsulation
of leaf essential oil with 3-cyclodextrin, and evaluate the stabilization of leaf essential oil
microcapsules. Through our research, it is expected to reveal the changes in the chemical
structure of linalool during thermal decomposition and properly preserve the linalool-
chemotype C. osmophloeum leaf essential oil by microencapsulating with 3-cyclodextrin.

2. Materials and Methods
2.1. Hydrodistillation

Fresh C. osmophloeum leaves were collected from Lienhuachih Research Center of
Taiwan Forestry Research Institute in Nantou County, Taiwan. Leaves were hydrodistilled
in a Clevenger apparatus for 6 h to obtain the leaf essential oil. The yield of leaf essential
oil was 3.46 =+ 0.06% (w/w). Leaf essential oil was stored in the dark glass bottle and kept in
the refrigerator at 4 °C.

2.2. GC-MS Analysis

The constituents of the leaf essential oil were analyzed by Thermo Trace GC Ultra gas
chromatograph equipped with a Polaris Q MSD mass spectrometer (Thermo Fisher Scien-
tific, Austin, TX, USA). Each 1 pL analyte was injected into the DB-5MS capillary column
(Crossbond 5% phenyl methyl polysiloxane, 30 m length x 0.25 mmi.d. x 0.25 um film
thickness). The temperature program was: 60 °C initial temperature for 1 min; 4 °C/min
up to 220 °C and hold for 2 min; and 20 °C/min up to 250 °C and hold for 3 min. The flow
rate of carrier gas helium was 1 mL/min, and the split ratio was 1:10. Constituents were
identified by comparing the mass spectra (m/z 50-600 amu) with NIST and Wiley library
data, Kovats index (KI) [34] and authentic standards. Quantification of constituents was
analyzed by integrating the peak area of the chromatogram using GC equipped with the
flame ionization detector (FID).

2.3. Microencapsulation

Leaf essential oil microencapsulated with 3-cyclodextrin was using the co-precipitation
method with slight revisions [35-37]. 3-Cyclodextrin (5 g) was first dissolved in 300 mL
different ratio of ethanol/water solution at 50 °C for 5 min; the solution was cooled down
to 25 °C. Linalool/leaf essential oil (0.88 g) was dissolved in 10 mL ethanol; and then added
to the 3-cyclodextrin solution, stirred at 600 rpm for 1 h. The solution was kept in the
refrigerator at 4 °C overnight; the co-precipitated microcapsules were filtered and then
washed with 50 mL distilled water. Microcapsules were dried at 50 °C in the oven for 24 h.
The yield of leaf oil microcapsules was calculated by the following Formula (1).

Yield (%) = microcapsules (g)/[B-cyclodextrin (g) + leaf essential oil (g)] x 100 (1)

2.4. Accelerated Dry-Heat Aging Test

An accelerated dry-heat aging test (ISO 5630-1; CNS 12,887-1) was used to evaluate
the thermostability of leaf oil microcapsules. Microcapsules were heated at 105 °C in a
ventilated oven. Weights of leaf oil microcapsules were measured during the accelerated
dry-heat aging test (1, 2, 4, and 8 days). After the aging test, weight losses of leaf oil
microcapsules were calculated.

2.5. Statistical Analysis

Results data were statistically analyzed using Scheffé’s test of the SAS system (version 9.2,
Cary, NC, USA) with a 95% confidence interval. Scheffé’s test is a post hoc multiple com-
parison method with stringent error control.
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3. Results and Discussion
3.1. Changes in Composition of C. osmophloeum Leaf Oil after Thermal Degradation

Constituents of C. osmophloeum leaf essential oil were analyzed by GC-MS; a gas
chromatogram of leaf essential oil is shown in Figure 1A. The main constituent of leaf
essential oil was linalool (93.30%), the other minor constituents were 2-methyl benzofuran
(1.99%), a-pinene (0.66%), cinnamyl acetate (0.63%), limonene (0.61%), 3-caryophyllene
(0.59%), methyl chavicol (0.57%), and trans-cinnamaldehyde (0.52%), as listed in Table 1.
Due to the high content of linalool, C. osmophloeum leaf essential oil was classified into the
linalool-chemotype.
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Figure 1. Gas chromatogram of linalool-chemotype C. osmophloeum leaf oil after thermal degradation. (A) 25 °C; (B) 100 °C;
(C) 150 °C.

As presented in Figure 1B, several significant peaks occurred in the gas chromatogram
of leaf essential oil after the heat treatment at 100 °C for 30 min. The content of the main
constitute, linalool, was reduced from 93.30% to 64.01% (Table 1). New constituents were
observed for 3-myrcene (5.56%), o-phellandrene (0.91%), «-terpinene (1.49%), cis-ocimene
(4.70%), y-terpinene, and terpinolene (2.53%) in the thermally degraded leaf essential oil.
Major variations were found for the increasing contents of limonene and trans-ocimene,
which were 0.61% and 0.32% in the raw leaf essential oil and obviously increased to 7.77%
and 7.94% in the thermally degraded specimen.

Similar degradation was observed from the gas chromatogram of leaf essential oil
after the heat treatment at 150 °C for 30 min (Figure 1C). Linalool had a remarkable
decrease in content from 93.30% in the original leaf essential oil to 27.54% in the 150 °C-
degraded specimens. The peaks of the new compounds generated under more severe heat
treatment became more obvious; frans-ocimene was present in the degraded leaf essential
oil of 20.08%, B-myrcene 17.89%, cis-ocimene 11.72%, limonene 11.40%, terpinolene 3.37%,
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and o-terpinene 1.69%, in comparison with the original leaf essential oil, where these
contents were much smaller. The increased amount (65.22%) of these compounds was
close to the decrease in linalool (65.76%). Figure 2 illustrates the degradation mechanism
of linalool and chemical structures of degradation products. After heat treatments at
100 °C and 150 °C, compounds -myrcene, cis-ocimene and frans-ocimene were formed
through the dehydroxylation of linalool. Moreover, ene cyclization occurred to linalool
and its dehydroxylated products, further formed the compounds limonene, terpinolene
and o-terpinene.

Table 1. Compositions of linalool-chemotype Cinnamomum osmophloeum leaf essential oil after
thermal degradation.

Rt Content (%)
KI rKI Constituent

(min) Original 100 °C 150 °C
6.03 938 939 «-Pinene 0.66 0.36 0.29
7.21 982 979 -Pinene 0.28 0.07 0.06
7.47 991 990 [-Myrcene - 5.56 17.89
8.01 1007 1002 «-Phellandrene - 0.91 0.98
8.32 1017 1017 a-Terpinene - 1.49 1.69
8.70 1027 1029 Limonene 0.61 7.77 11.40
8.86 1032 1037 cis-Ocimene - 4.70 11.72
9.20 1049 1050 trans-Ocimene 0.32 7.94 20.08
9.60 1055 1059 v-Terpinene - 0.86 0.97
10.48 1082 1088 Terpinolene - 2.53 3.37
10.94 1100 1096 Linalool 93.30 64.01 27.54
13.48 1180 - 2-Methylbenzofuran 1.99 1.23 1.07
14.17 1186 1188 a-Terpineol 0.28 1.50 1.12
14.28 1198 1196 Methyl chavicol 0.57 - -
16.80 1273 1270 trans-Cinnamaldehyde 0.52 0.15 0.74
21.64 1420 1424 -Caryophyllene 0.59 0.22 0.17
22.42 1445 1446 Cinnamyl acetate 0.63 0.02 -

RT: retention time (min); KI: Kovats index relative to n-alkanes (C9 — C24) on a DB-5MS column; rKI: Kovats index

on a DB-5MS column in the reference [34].
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Figure 2. Schematic illustration of the thermal degradation of linalool.

Leiner et al. (2013) investigated the pyrolysis behavior of linalool. Linalool was
pyrolyzed in a temperature range of 350-600 °C under nitrogen and underwent ene-
type cyclization reactions leading to plinols, four cyclopentanol compounds [38]. The
result varied from this study may be due to the different heating temperatures and the
environment (under N2 or under air).
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3.2. Optimization of Microencapsulation of Leaf Essential Oil with B-Cyclodextrin

The preparation method of microencapsulation can influence the property of (3-
cyclodextrin microcapsules. Kfoury et al. (2016) studied the aroma release effect from
the solid inclusion complexes of 3-cyclodextrin with trans-anethole by two preparation
methods, freeze-drying (FD) and co-precipitation coupled to FD (Cop-FD). Cop-FD micro-
capsules retained more efficiently trans-anethole than that of FD microcapsules; it revealed
co-precipitation method provide superior inclusion characteristics [12].

The specimen to (3-cyclodextrin ratio and the solvent ratio is the important factors
that influence the yield of microcapsules. Yields of linalool and leaf essential oil microen-
capsulated with (3-cyclodextrin by different reaction conditions are presented in Table 2.
B-Cyclodextrin completely dissolved in the solution (ethanol/water, 1:2 v/v) by heating
at 50 °C for 5 min, then the solution was cooled down to 25 °C without adding the core
material, and no powders/crystals formed or precipitated even at 4 °C. The highest yield
of microcapsule was 94.2% at the linalool to the 3-cyclodextrin ratio of 15:85 (w/w), which
was quite close to the molar ratio (linalool:3-cyclodextrin) of 1:1.

Table 2. Yields of linalool and leaf essential oil microencapsulated with (3-cyclodextrin.

Specimen: 3-CD EtOH: H,O

Specimen (wlw) /o) Yield (%)
0:100 1:2 0.0 + 0.0 9%
5:95 1:2 543 4+ 3.12*
Linalool 10:90 1:2 86.9 +0.2P
15:85 1:2 942 +04°¢
20:80 1:2 91.0 + 0.5bc
15:85 1:7 933+ 068
15:85 1:5 98.14+0.1€
Linalool 15:85 1:3 97.0+04°C
15:85 1:2 942+ 048
15:85 1:1 83.4+1.84
Leaf essential oil 15:85 1:5 96.5+0.2

*: Different letters (*4 and AC) in Table refer to statistically significant difference at the level of p < 0.05 according
to Scheffé’s test.

As for the ethanol/water ratio, the highest yield of microcapsule was 98.1% under
the 1:5 ratio of ethanol to water. There was no statistically significant difference in the
microcapsule yields between the solvent ratio of 1:3 and 1:5 (p < 0.05). Using the optimal
reaction conditions, the yield of linalool-chemotype leaf essential oil microencapsulated
with -cyclodextrin was 96.5%.

3.3. Stabilization and Release of Leaf Essential Oil Microcapsules

The constituents of common essential oils from aroma plants are small molecular
weight and highly volatile. The encapsulation of limonene would influence its prop-
erties, such as evaporation, stabilization and controlled release, by different encapsula-
tion methods and selected materials. The retention of limonene in extruded starch (non-
encapsulation) was quite low (8.0%) compared with that of limonene microencapsulated
with 3-cyclodextrin (92.2%) [20].

Using the accelerated dry-heat aging test to evaluate the stability and release of leaf
essential oil microcapsules. Figure 3 shows the weight losses of 3-cyclodextrin (3-CD),
linalool-chemotype leaf essential oil (LL oil), and leaf oil microcapsules (3-CD/LL oil)
at 105 °C during the accelerated aging period. The weight loss of 3-CD was very slight
(less than 0.5%) after 8 days of the accelerated aging test; it indicated that 3-CD was
thermostable at 105 °C. Trotta et al. (2000) investigated the thermal behavior of 3-CD; the
decomposition temperature of 3-cyclodextrin was 250 °C by using the thermogravimetric
analysis (TGA) [39]. Weight losses of linalool-chemotype leaf essential oil was 99.1% after
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30 min at 105 °C (data not shown in Figure 2); leaf essential oil exhibited highly volatile
in the high-temperature environment. Weight losses of leaf essential oil microcapsules
were 6.73%, 9.33%, 12.14%, and 13.40% after 1, 2, 4, and 8 days of the aging test, respec-
tively. Results revealed that microencapsulation with 3-cyclodextrin slowed down the
release/emission of leaf essential oil in the dry-heat aging test and improved the thermal
stabilization of linalool-chemotype leaf essential oil.

e ee e OO0 day
100 =
B1day
@2 days
— 80 m4 days
B3
a = @8 days
o
= 60
=
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o
=
40
20 r
c d d
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Figure 3. Changes in weight loss of leaf essential oil microcapsules during the dry-heat aging period.
-CD: B-cyclodextrin; LL oil: C. osmophloeum leaf oil; 3-CD/LL oil: leaf oil microcapsules; different
letters (a—e) in the figure refer to the statistically significant difference at the level of p < 0.05 according
to the Scheffé’s test.

4. Conclusions

The thermal degradation of linalool-chemotype C. osmophloeum leaf oil is investi-
gated by GC-MS. After the heat treatment, compounds (3-myrcene, cis-ocimene and
trans-ocimene form through the dehydroxylation of linalool and compounds limonene,
terpinolene and o-terpinene by a further ene cyclization. The significantly high microcap-
sule yield of 96.5% is obtained from the optimal reaction conditions with the leaf essential
oil to the B-cyclodextrin ratio of 15:85 and ethanol to water ratio of 1:5. Based on the
accelerated dry-heat aging assay, 3-cyclodextrin is stable under the environment at 105 °C,
and microencapsulation with 3-cyclodextrin effectively slows down the release/emission
of leaf essential oil.
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Abstract: Synthetic glucocorticoids such as budesonide (BUD) are potent anti-inflammatory
drugs commonly used to treat patients suffering from chronic inflammatory diseases. A previous
animal study reported a higher anti-inflammatory activity with a 2-hydroxypropyl-f-cyclodextrin
(HPBCD)-based formulation of BUD (BUD:HPBCD). This study investigated, on cellular models
(A549 and A-THP-1), the effect of BUD:HP(D in comparison with BUD and HPBCD on the effects
induced by oxidative and inflammatory stress as well as the role of cholesterol. We demonstrated
the protective effect afforded by BUD:HPBCD against cytotoxicity and ROS generation induced
by oxidative and inflammatory stress. The effect observed for BUD:HPBCD was comparable to
that observed with HPACD with no major effect of cholesterol content. We also demonstrated
(i) the involvement of the canonical molecular pathway including ROS generation, a decrease
in PI3K/Akt activation, and decrease in phosphorylated/unphosphorylated HDAC2 in the effect
induced by BUD:HPBCD, (ii) the maintenance of IL-8 decrease with BUD:HPBCD, and (iii) the
absence of improvement in glucocorticoid insensitivity with BUD:HPB3CD in comparison with BUD,
in conditions where HDAC2 was inhibited. Resulting from HPBCD antioxidant and anticytotoxic
potential and protective capacity against ROS-induced PI3K/Akt signaling and HDAC?2 inhibition,
BUD:HPBCD might be more beneficial than BUD alone in a context of concomitant oxidative and
inflammatory stress.

Keywords: cyclodextrins; HPBCD; budesonide; inflammation; ROS; Akt; HDAC; cholesterol

1. Introduction

Inhaled corticosteroids were first discovered 50 years ago and are used as anti-inflammatory
drugs. They are very effective controllers of asthma and largely used in chronic obstructive pulmonary
disease (COPD) to prevent exacerbations and improve quality of life in COPD patients [1,2] despite
the appearance of corticosteroid insensitivity [3]. Several alternatives to glucocorticoids have been
developed in the past few years [4-6] but efforts are still essential to address the lack of treatment
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options in COPD smoking patients for whom a loss of sensitivity to glucocorticoids is observed [7].
The cellular and molecular mechanisms underlying steroid insensitivity in severe asthma and COPD
are still not fully understood [7]. Oxidative stress, an increase in phosphoinositide-3-kinase/Akt
(PIBK/Akt) signaling leading to the phosphorylation of HDAC?2, associated with a loss of HDAC2
activity, could be critical [3,8].

Budesonide (BUD) is one of the most extensively used inhaled glucocorticoids including in the
prophylactic management of asthma [9] and smoking-induced COPD [10,11]. However, frequent dosing
remains a major concern in the use of budesonide. Moreover, the therapeutic potential of budesonide
might be limited by its low solubility at a physiological pH. The development of budesonide
formulations that can enhance drug solubility and the dissolution rate in biological fluids will
likely achieve higher tissue concentrations and effectiveness.

With the aim to improve the use of inhaled corticoids with sustained release, Dufour et al. [12]
evaluated in a mouse model of asthma a new formulation where budesonide was complexed with
cyclodextrin (2-hydroxypropyl-f-cycodextrin, HPBFCD). In a model of smoking-induced COPD in
mammals, Cataldo et al. (Cataldo et al., Patent, 2014) suggested a potential interest in a pharmaceutical
preparation resulting from the complexation of budesonide with HPBCD.

Cyclodextrins are typically cone-shaped cyclic oligosaccharides of six («-CD), seven (3-CD) or
eight (y-CD) glucose units. They possess a hydrophobic cavity allowing them to host hydrophobic
molecules. They are widely used as complexing agents for low water-soluble drugs to improve their
physicochemical properties including solubility, bioavailability and stability, but they also have many
other applications in food, cosmetics, or textiles, for example [13-16]. 3-CD and its derivatives can
form a soluble inclusion complex with cholesterol and are often used to extract it from biological
material [15]. Among 3-CDs, methyl-3-CD (MBCD) is the most effective and the most used method to
extract cholesterol but has limited clinical application, unlike HPBCD whose clinical application is
broader [17-20].

The main anti-inflammatory mechanism of glucocorticoids involves the activation of glucocorticoid
receptors in the cytosol after glucocorticoid binding, leading to their translocation to the nucleus,
where they recruit histone deacetylase 2 (HDAC2) to the activated inflammatory gene complex.
HDAC?2 then reduces the acetylation of histones and glucocorticoid receptors, allowing chromatin
condensation and the trans-repression of inflammatory transcription factors, respectively [21,22].
Through a decrease in activity and expression of HDAC?2 in lung airways and alveolar macrophages,
corticosteroid treatment is poorly effective for patients suffering from COPD [21,22]. Based on the
characterized interaction between cyclodextrins and cholesterol, we hypothesized that this interaction
could be involved in the effects of the BUD:HPBCD complex. Cholesterol is largely known for its
effect on biophysical membrane properties and cholesterol-enriched domains are linked to membrane
signaling [23-26] including pathways involved in PI3K/Akt signaling and inflammation processes.
On giant unilamellar vesicles (GUVs) and lipid monolayers, BUD:HPBCD induced the disruption
of cholesterol-enriched raft-like liquid ordered domains—an increase in membrane permeability
and fluidity [27]. Except for membrane fluidity, all these effects were enhanced when HPBCD
was complexed with budesonide as compared with HPBCD [27]. On cellular models, this could
involve signal transduction pathways such as ROS generation, inflammatory cytokines expression and
cell death.

The current study aimed to characterize the effect of the BUD:HPBCD complex in comparison
with BUD and HP3CD on the response of human alveolar epithelial cells (A549) or human monocytes
(A-THP1) to a mix of hydrogen peroxide and lipopolysaccharide (H,O, + LPS) mimicking stressful
effects including those from cigarette smoke [28-30] or from environmental toxicants. In detail,
we pursued four objectives: first, to establish the potential interest of BUD:HPCD on the cytotoxicity
induced by oxidative and inflammatory stressors; second, to investigate the cellular effect of
BUD:HPBCD on the signaling pathway involved in corticosteroid effects including ROS generation,
PI3K/Akt activation, HDAC2 activity and the release of pro-inflammatory cytokines such as IL-8;
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third, to question the role of cholesterol in the effect induced by BUD:HPBCD on ROS generation
and PI3K/Akt activation, with the two first membranous events leading to inflammation, and fourth,
to determine the effect of BUD:HPBCD as compared to BUD in glucocortioid resistance and the role of
HDAC?2 in mediating the loss of the glucocorticoid anti-inflammatory effect.

This study is a part of the continuing efforts to develop novel drug delivery systems, as the
complex between budesonide and cyclodextrins, with the aim to improve the treatment of patients
suffering from smoking-induced COPD.

2. Results

2.1. BUD:HPBCD Complex and HPBCD Attenuate HyO, + LPS-Induced Cytotoxicity

Since alveolar cell death is one feature observed in the lung of patients suffering from
smoking-induced COPD [31], the potential effect of BUD:HPBCD on A549 human alveolar epithelial
cells submitted to oxidant and inflammatory stressors was investigated. Cells were incubated with
H,O, + LPS for 2 h. Cytotoxicity, as reflected by lactate dehydrogenase (LDH) release, was observed
with a 1.7-fold increase as compared to untreated cells (Figure 1A). The increase in cytotoxicity between
2 and 6 h is low (1.8-fold at 6 h) suggesting the cytotoxicity almost reached its maximum at 2 h.
H,O, + LPS-induced cytotoxicity seemed to result from the addition of H,O, and LPS.

The effect of the BUD:HPBCD complex on cytotoxicity induced by H,O, + LPS was followed.
Incubation of A549 cells with the BUD:HPBCD complex together with H,O, + LPS induced a decrease
in cytotoxicity (Figure 1D). This protective effect appeared to not evolve further after 2 h of incubation.
A similar effect was recorded with HPBCD (Figure 1C), whereas BUD showed no effect whatever the
dosage (Figure 1B). These results suggest that the BUD:HPBCD complex and HPBCD would have
anticytotoxic potential against HyO, + LPS-induced cytotoxicity in A549 cells.

5 |-~ H02+LPS (1 mM+100 pg/mL) - H;0;+LPS (1 mM+100 pgimlL)
&~ H207 (1000 pM) -4~ +BUD (1 uM)
4_+ LPS (100 pg/mlL) =¥~ +BUD (10 uM)
™y =¥~ CITRI A| |- +BUD (100 uM) B
@ = - CITRL
12
g ‘3: 3" aaa asa aaa asa
- x
8 E 24 el
I5
9%,
&
0-
5 - Hy0,+LPS (1 mM+100 pg/mlL) - H;O0,+LPS (1 mM+100 pg/mlL)
I-&— HPBCD (25 uM) -4~ BUD:HPBCD (1:25 pM)
4_+ HPBCD (250 ) F¥—  BUD:HPBCD (10:250 puM)
—_ -~ HPBCD (2500 um) C| M BUD:HPBCD (100:2500 uM) D
® 3 - CITRI - CTRL
9=
g g s aaa
- xzx
e g l
I
a2
©
~
T T T T L T

o 4
(o]

0 2 4 6 8 0 2 4
time (h) time (h)

Figure 1. Lactate dehydrogenase (LDH) release after A549 cells incubation with HO,,
Lipopolysaccharides (LPSs), and H,O, + LPS for up to 6 h (A) and effect of budesonide (BUD) (B),
HPRCD (C), and BUD:HPBCD complex (D) on H,O, + LPS-induced cytotoxicity. Each point represents
the mean + SEM of at least 4 independent means of triplicated measures; where not visible, error
bars are included in the symbol. The difference was considered significant for a p-value < 0.05. (aaa)
indicates p < 0.001 versus untreated group; (**) and (***) corresponds to p < 0.01 and 0.001 versus H,O,
+LPS-treated group, respectively.
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To determine if apoptosis is involved in the cell death process for which BUD:HPBCD could
protect, apoptosis was monitored by counting condensed/fragmented nuclei using HOECHST dye on
H,0O; + LPS-treated cells. We also determined if the BUD:HPCD complex as well as BUD, and HPBCD
could attenuate apoptosis.

Ab549 cells were incubated for 2 h with HyO, + LPS with/without BUD:HPB3CD in comparison
with BUD or HPBCD. H,0O, + LPS induced significant apoptosis, which appeared to result from
the addition of the individual effects of H;O, and LPS (Figure 2A). Concomitant incubation with
each of the selected compounds induced a concentration-dependent decrease in H,O, + LPS-induced
apoptosis. These results suggest that the BUD:HPCD complex (Figure 2D) and HPBCD (Figure 2C),
at the highest selected dosages could protect cells against H,O, + LPS-induced apoptosis in A549 cells.
A non-significant decrease was observed with BUD (Figure 2B).
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Figure 2. A549 cells apoptosis after treatment with H,O,, LPS, and H,O, + LPS for 2 h (A) and effect of
BUD (B), HPBCD (C), and BUD:HPBCD complex (D) on H,O, + LPS-induced apoptosis. Apoptosis was
quantified by counting condensed/fragmented nuclei after HOECHST staining. Each bar represents the
mean of 3 + SEM or 2 independent measures. A one-way ANOVA with Dunett post-test was used to
compare the mean of a test group with the mean of the untreated group or HyO, +LPS-treated group.
The difference was considered significant for a p-value < 0.05. (aa) indicates p < 0.01 versus untreated
group, (*) indicates p < 0.05 versus H,O, +LPS-treated group.

2.2. BUD:HPBCD Complex and HPBCD Protect against HyO, + LPS-Induced Oxidative Stress in A549 Cells:
Dose and Time-Dependent Effects

Because oxidative stress is critical for numerous pathologies including smoking-induced
COPD [32], and with the aim to understand the mechanism of action behind the effects observed
with BUD:HPBCD, the potential antioxidant effect of the BUD:HPBCD complex in A549 human
alveolar epithelial cells was monitored. A549 cells were incubated for 2 h with a HyO, + LPS mix
to model a concomitant oxidative and inflammatory environment. ROS generation induced by the
BUD:HPBCD complex was monitored in comparison with the effect induced by budesonide or HPBCD.

In comparison with control cells, we observed a 1.6-fold significant increase in intracellular ROS
production when cells were incubated with H,O, + LPS (Figure 3A) This effect was similar to the
effect induced by treatment with H,O, alone (1.5-fold increase), unlike the treatment with LPS alone,
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which did not show any significant effects, suggesting that H,O, + LPS-induced oxidative stress would
be mainly driven by HyO; in A549 cells.
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Figure 3. ROS generation in A549 cells after treatment with H,O,, LPS, or H,O, + LPS for 2 h (A) and
effect of BUD (B), HPBCD (C), and BUD:HPBCD complex (D) on H,O, + LPS-induced ROS generation.
ROS generation was evaluated by measuring the fluorescence of dichlorofluorescein (DCF). Each bar
represents the mean + SEM of 4 independent means of triplicated measures. A one-way ANOVA with
Dunett post-test was used to compare the mean of a test group with the mean of untreated group or
H,0; + LPS-treated group. The difference was considered significant for a p-value < 0.05. (aa), and (aaa),
indicate p < 0.01, and 0.001 versus untreated group, respectively); (**), and (***), correspond to p < 0.01
and 0.001 versus HyO, + LPS-treated group, respectively.

A concomitant incubation of A549 cells with H,O, + LPS and increasing concentrations of the
BUD:HPBCD complex (1:25, 10:250, 100:2500 uM; Figure 3D) was associated with a decrease in ROS
production as compared with the experimental conditions in which the complex was not present.
This suggests a protective effect of the BUD:HPBCD complex against the oxidative stress induced by
H,0, + LPS. A similar effect was observed with increasing concentrations of HPBCD (25-2500 uM;
Figure 3C). In contrast no effect of BUD (1-100 uM; Figure 3B) was observed.

Regarding the effect of time (Figure 4), ROS production in the presence of HyO, + LPS was already
marked after 30 min compared to untreated cells. This effect was maintained throughout the entire
time period investigated (6 h) and seemed to evolve in parallel with untreated cells after 2 h. When the
BUD:HPBCD complex was added together with HyO, + LPS, a lowering effect on ROS production was
observed throughout the entire time period investigated (Figure 4B). The extent of the effect depended
upon the dose and was largely similar to the effect observed in the presence of HPRCD (Figure 4C).
No significant change was observed after 2 h of incubation with HyO, + LPS. Again, during the entire
period investigated, no significant effect was observed in the presence of BUD (Figure 4A). Altogether,
these results suggest that the BUD:HPBCD complex and HPCD have a similar antioxidant potential
against HyO, + LPS in A549 cells.
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Figure 4. Effect of BUD (A), BUD:HPBCD complex (B) and HPBCD (C) on H,O; + LPS-induced ROS
generation for 0 to 6h of incubation. ROS generation was evaluated by measuring the fluorescence of
dichlorofluorescein (DCF). Each bar represents the mean + SEM of 3 independent means of triplicated
measures. These results and the results illustrated in Figure 3 are independent. When deviations
are not visible they are too small to be seen. The difference was considered significant for a
p-value < 0.05. (aaa) corresponds to p < 0.001 versus untreated group; (***) indicates p < 0.001 versus
Hy0O; + LPS-treated group.

2.3. BUD:HPBCD Complex and HPBCD Attenuate HyO, + LPS-Induced Phosphoinositide-3-Kinase/Akt
Signaling in A549 Cells

Oxidative stress-induced glucocorticoid insensitivity involves an increase in PI3K/Akt
signaling [8,33,34] as reflected by Akt phosphorylation. To validate in in vitro model the relationship
between oxidative stress and increase in PI3K/Akt signaling, the phosphorylation of Akt, in the
absence or in the presence of antioxidants (N-acetyl-L-cysteine (NAC), vitamin C (Vit C)) and of
a PI3K inhibitor (LY294002) (Figure 5A,C) was measured. An incubation of A549 cells with H202
+ LPS for 2 h increased Akt phosphorylation. Concomitant incubation with NAC or vitamin C or
LY294002 was associated with a lower phosphorylation of Akt (of approximately 36% (NAC) and
65% (Vit C)) or a complete suppression of phosphorylation (LY294002) (Figure 5A,C). Regarding the
effect of the BUD:HPBCD complex or of HPBCD at a concentration at which a significant antioxidant
effect was observed, we demonstrated a decrease in Akt phosphorylation (Figure 5B,D). The decrease
was approximately 32% both for the BUD:HPBCD complex and for HPBCD (Figure 5B,D). Thus,
the BUD:HPBCD complex and HPBCD inhibited H202 + LPS-induced PI3K/Akt signaling increases
in a similar way in A549 cells.
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Figure 5. Akt phosphorylation induced by H,O, + LPS in A549 cells. Effect of N-acetyl-L-cysteine
(NAC), vitamin C (VitC) and LY294002 (A,C) and BUD:HPBCD complex and HPBCD (B,D) after 2 h of
incubation. Data are expressed in absolute values (A/B; with representative blots) or in relative values
(in comparison with the pAkt/Akt ration of cells incubated with H,O, + LPS; C/D). Akt phosphorylation
was quantified after a Western blot by measuring the proportion of phosphorylated-Akt (p-Akt) blot
luminescence intensity/total Akt (Akt) blot luminescence intensity. Each bar represents the mean of
3 independent measures. A one-way ANOVA with Dunett post-test was used to compare the mean
of each test group with the mean of untreated group or H,O, + LPS-treated group. The difference
was considered significant for a p-value < 0.05. (aaa) correspond to p < 0.001 versus untreated group,
(*) and (***) indicate p < 0.05, and 0.001 versus H,O, + LPS-treated group, respectively.

2.4. Cholesterol Might Limit the Effects of BUD:HPBCD Complex and HPBCD in ROS Generation and
PI3K/Akt Signaling Induced by H,O, + LPS

To give insight on the molecular mechanisms involved in the protective effect of BUD:HPBCD
and HPBCD, the potential role of cholesterol on ROS generation and PI3/Akt phosphorylation
induced by HyO, + LPS as well as the protective effects of the BUD:HPBCD complex and HPCD were
investigated. The rationale was derived from the ability of cyclodextrins to interact with cholesterol [35],
the effects of BUD:HPBCD and HP3CD on the biophysical membrane properties of cholesterol-enriched
domains [27], the importance of lipid-ordered domains enriched in cholesterol in membrane called
rafts for ROS generation [36,37] and PI3K/Akt signaling [23,26].
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2.4.1. Cholesterol Content Might Influence the Effects of the BUD:HPBCD Complex and HPBCD in
ROS Generation Induced by H,O, + LPS

In conditions where cholesterol was partly depleted (see Figure S1) we observed (Figure 6A) an
increase in basal intracellular ROS levels, although non-significant. A greater and significant increase
in H,O,- and H,O, + LPS-induced intracellular oxidant generation was also observed, suggesting that
cholesterol content plays a role in H,O, + LPS-related oxidative signaling in A549 cells.

EEE NON- detpleted cells == non-depleted cells
= cholesterol-depleted cells == cholesterol-depleted cells
150
A B
c -~
24 100 * ud *
g £ h x> e -
< e
5 £
N'a 50
g8
H,0, (1 mM) - + - + + + + +
LPS (100 pg/mL) - - + + + + + +
BUD (uM) 0 0 0 0 0 1 10 100
HPBCD (uM) 0 0 0 0 0 0 0 0
E= non- detpleted cells mm non-depleted cells
= cholesterol-depleted cells £ cholesterol-depleted cells
150
Cc D
S E * *k
® € 1000 — - *k
a = L —
532 E3
> £
N o 501
s
36-
E E F
c o __
282
® 5 'c 204.
2c 2
s 2
o T8
=
8 g5 101
<z
[
°
o-
H20, (1 mM) + + + + + + + +
LPS (100 pg/mL) + + + + + + + +
BUD (uM) 0 1 10 100 0 0 0 0
HPBCD (uM) 0 25 250 2500 0 25 250 2500

Figure 6. ROS generation in cholesterol-non-depleted or cholesterol-depleted A549 cells after treatment
with HyO,, LPS, or H,O, + LPS for 2 h (A) and effect of BUD (B), BUD:HPBCD complex (C) and
HPBCD (D) on H,O, + LPS-induced ROS generation. Panels E and F show the difference (A) between
the effect observed in cholesterol-depleted and -non-depleted cells of BUD:HPBCD complex (E) and
HPBCD (F) on HyO, + LPS-induced oxidant generation after treatment for 2 h. Each bar represents
the mean + SEM of 4 independent means of triplicated measures. HyO, + LPS-treated bar is the same
for each panel. A one-way ANOVA with Dunett post-test was used to compare the mean of each test
group in panels (E,F) with the mean of the H,O, + LPS-treated group. A two-way ANOVA with Tukey
multiple comparison post-test was used to compare the mean of non-depleted group with the mean of
cholesterol-depleted group in the same concentration (panels A-D). The difference was considered
significant for a p-value < 0.05. (*) and (**) indicate, respectively, p < 0.05 and 0.01 between non-depleted
and cholesterol-depleted group (panels A-D).

Compared to non-depleted cells, the ability of the BUD:HP3CD complex (Figure 6C) and HPBCD
(Figure 6D) to protect against HyO, + LPS-induced ROS production was preserved. Moreover, when the
difference between H,O, + LPS-induced ROS production in cholesterol-depleted and non-depleted cells
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was considered, a concentration-dependent increase in this protective effect was observed (Figure 6E,F),
although this was non-significant. Again, no matter the cholesterol status of the cells, budesonide did
not show any protective effects (Figure 6B). Thus, cholesterol content might influence the antioxidant
effect of the BUD:HPBCD complex and HPBCD.

In contrast with cholesterol, sphingomyelin, another major component from raft and also
interacting with HPBCD did not play a critical role on neither the oxidant generation induced
by H;O, + LPS nor on the ability of the BUD:HPBCD complex and HPBCD to protect against
H,O, + LPS-induced oxidant generation (Figure S2).

2.4.2. Cholesterol Limits the Effects of the BUD:HP3CD Complex and HPBCD in PI3K/Akt Signaling
Induced by H,O, + LPS

Since cholesterol-enriched plasma membrane domains may also play a critical role in the activation
of PI3K/Akt signaling [23,25,26], which could be modulated by oxidative stress, the effect of cholesterol
depletion on the protective effects of the BUD:HPBCD complex and HPB3CD on the phosphorylation
of Akt was studied. A decrease in Akt phosphorylation was preserved (Figure 7), without difference in
cholesterol-depleted or not depleted cells.
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Figure 7. Effect of the BUD:HPBCD complex versus HPBCD on HyO, + LPS-induced Akt
phosphorylation (p-Akt) in cholesterol-depleted and non-depleted A549 cells after 2 h of incubation with
representative blot (cholesterol-depleted cells); each bar represents the mean of 3 independent measures.

2.5. BUD:HPBCD Complex and HPBCD Protect against HyO, + LPS-Induced Increase in HDAC2
Phosphorylation in A549 Cells

The increase in PI3K/Akt signaling induced by oxidative stress results in the phosphorylation of
HDAC?2, a critical step in oxidative stress-related glucocorticoid insensitivity [38,39]. The relationship
between oxidative stress and HDAC2 phosphorylation as well as the relationship between the increase
in PI3K/Akt signaling and HDAC2 phosphorylation was investigated by using NAC and LY294002,
respectively (Figure 8A,C). The treatment of A549 cells with HyO, + LPS for 2 h was associated
with an increase in phosphorylated HDAC2. Concomitant incubation with NAC or LY294002 was
associated with a lower phosphorylation of HDAC?2 of approximately 62% (NAC) and 40% (LY294002)
(Figure 8A,C). This confirms that HyO, + LPS increases HDAC2 phosphorylation through a mechanism
involving oxidative stress and PI3K/Akt signaling in A549 cells.

A concomitant incubation with the BUD:HPBCD complex or HPBCD with H,O, + LPS was
associated with a lower phosphorylation of HDAC?2 of approximately 53% (BUD:HP3CD) and 74%
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(HPBCD) (Figure 8B,D). Thus, the BUD:HPBCD complex and HPBCD inhibited the decrease in HDAC2
activity induced by HyO, + LPS treatment in A549 cells with a higher effect induced by HP3CD.
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Figure 8. HDAC2 phosphorylation induced by HyO, + LPS in A549 cells. Effect of NAC and LY294002
(A) and the BUD:HPBCD complex versus HPBCD (B) after 2 h of incubation. Data are expressed
in absolute values (A/B; with representative blots) or in relative values (in comparison with the
pHDAC2/HDAC?2 ration of cells incubated with H,O, + LPS; C/D). HDAC2 phosphorylation was
quantified after a Western blot by measuring the proportion of phosphorylated-HDAC2 (p-HDAC?2)
blot luminescence intensity/total HDAC2 (HDAC?2) blot luminescence intensity. Each bar represents
the mean of 3 + SEM or 2 independent measures. A one-way ANOVA with Dunett post-test was used
to compare the mean of each test group with the mean of the control group (H,O, + LPS-treated group).
The difference was considered significant for a p-value < 0.05. (*) indicate p < 0.05 versus control group.

2.6. BUD:HPBCD Complex and HPBCD Attenuate HyO; + LPS-Induced Inflammatory Response in THP-1 Cells

Since persistent inflammatory response in the lung is a major feature of smoking-induced
COPD [31], the anti-inflammatory potential of the BUD:HPBCD complex in comparison with BUD
or HPBCD was evaluated. Thus, the effect of the BUD:HPRCD complex, BUD or HPRCD on
H,0, + LPS-induced IL-8 release in A549 cells and TH-P1 cells was determined. Because A549 cells
appeared not sensitive to LPS [40], phorbol myristate acetate-activated THP-1 (A-THP-1) cells [41],
a widely used model for human monocytes, which are highly sensitive to LPS treatment, were used.
For the sake of comparison, we also treated A549 cells with TNF-« for inflammatory stress.
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First, the incubation of A-THP-1 cells with HyO, + LPS for 2 h was significantly associated with
an 8.6-fold increase in IL-8 release (Figure 9A). Treatment with LPS alone induced a significant 6.6-fold
increase, whereas H,O; alone did not induce any effects on IL-8 expression [41].

Concomitant incubation of the BUD:HPBCD complex with H,O, + LPS was associated with a
lower release of IL-8 of approximately 45% no matter the concentration of the BUD:HPBCD complex
used (Figure 9D). In the presence of BUD, a decrease in of IL-8 release was also observed. The effect
was similar with that induced by the BUD:HPBCD complex (budesonide 1 and 10 uM), but higher
at higher budesonide concentration (100 M) (67%) (Figure 9B). The presence of HPBCD was also
associated with a non-dependent dose-type decrease in IL-8 release. The effect was slightly lower
as compared to BUD and the BUD:HPRCD complex (approximately 34%) (Figure 9C). These results
suggest that the BUD:HP3CD complex and BUD have similar anti-inflammatory properties, except at
high concentrations at which budesonide was more efficient.
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Figure 9. IL-8 release by A-THP-1 cells after treatment with H,O,, LPS or H,O, + LPS for 2 h
(A) and effect of BUD (B), HPBCD (C), and BUD:HPBCD complex (D) on H,O, + LPS-induced
IL-8 release. IL-8 release was measured in the extracellular medium by sandwich ELISA. Each bar
represents the mean + SEM of 3 independent means of triplicated measures. A one-way ANOVA with
Dunett post-test was used to compare the mean of each test group with the mean of untreated group
or HyO, + LPS-treated group. The difference was considered significant for a p-value < 0.05; (aaa),
indicate p < 0.001 versus untreated group; (*), (**), and (***) correspond to p < 0.05, 0.01 and 0.001 versus
Hy0O; + LPS-treated group, respectively.

A similar effect on IL-8 release was reported when comparing the effect of TNFx on A549 cells
with the effect LPS on A-THP1. An anti-inflammatory potential of BUD (1 uM) and the BUD:HPBCD
complex (1:25 uM) was observed with a lower potential of HPBCD to decrease IL-8 release (Figure 10).
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Figure 10. IL-8 release by A549 cells after treatment with HyO, + TNF-« for 2 h (A) and effect of the
BUD:HPBCD complex versus BUD and HPBCD on H,O, + TNF-a-induced IL-8 release (B). IL-8 release
was measured in the extracellular medium by sandwich ELISA. Results on panel B were normalized
relative to untreated cells (0%) and H,O, + TNF-a-treated cells (100%). Each bar represents the
mean + SEM of 3 independent means of triplicated measures. (*), (**), and (***), indicate, respectively,
p < 0.05,0.01, and 0.001 versus non-treated cells (A) or HyO,+LPS-treated cells (B).

As HDAC?2 is recruited by the activated glucocorticoid receptor to repress the transcription of
proinflammatory genes [42] and to study the potential role of HDAC2 in the protection afforded by the
BUD:HPBCD complex in comparison with BUD or HPBCD on IL-8 release, IL-8 release induced by
TNF-« in conditions where cells were preincubated with or without trichostatin, a pharmacological
HDAC2 inhibitor [43], was measured. We pretreated for 30 min A549 cells with increasing concentrations
of trichostatin (0-250 nM) and determined IL-8 release after incubation for 2 h of cells with TNF-«
(20 ng/mL) and BUD:HPBCD complex or BUD or HPBCD (Figure 11).
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Figure 11. Percentage of IL-8 released after A549 cells pretreatment for 30 min with trichostatin (TSA)
and incubation for 2 h with TNF-« in presence of BUD:HPBCD complex, BUD or HPBCD. Results are
expressed in percentage of IL-8 released. 100% corresponds to cells preincubated for 30 min with TSA and
incubated for 2 h with TNF-« only. IL-8 release was measured in the extracellular medium by sandwich
ELISA. Data are from 3 independent experiments in triplicates. YHPBCD; ¢ BUD:HPCD; m BUD.

IL-8 release induced by TNFx was markedly reduced (around 70%) by BUD and BUD:HPBCD
whereas HPBCD alone did not shown any effect or a very slight effect. When trichostatin was used
in preincubation to inhibit the HDAC?2 activity, the IL-8 release was increased, in a dose-dependent
fashion in the presence of BUD or BUD:HPBCD. BUD:HPRCD failed to improve the response of
glucocorticoids in the condition of HDAC?2 inhibition. Again, no or a very slight effect was observed

with HPBCD (Figure 11).
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3. Discussion

In animal models, Dufour et al. [12] suggested that budesonide (BUD) complexed with
2-hydroxypropyl-p-cyclodextrin (HPBCD) might be an alternative to BUD alone in the treatment of
smoking-induced COPD. The current study was designed to characterize the effect of the BUD:HPBCD
complex on the response of human alveolar epithelial cells (A549) or human monocytes (A-THP1)
to a mix of hydrogen peroxide and lipopolysaccharides (H,O, + LPSs) mimicking stressful effects
including those from cigarette smoke [28,44,45] or from environmental toxicants. We characterized the
effect of the BUD:HPBCD complex on (i) ROS generation (oxidative stress), (ii) Akt phosphorylation
(PI3K/Akt signaling activation), (iii) HDAC2 phosphorylation (HDAC2 inhibition of activity), and (iv)
IL-8 release (inflammatory response) in comparison with the effects induced by BUD or HPBCD.

We demonstrated the protective effect afforded by BUD:HPRCD against cytotoxicity and ROS
generation induced by oxidative and inflammatory stress in comparison with BUD. The effect observed
for BUD:HPBCD was comparable to that observed with HPBCD and might be limited by cholesterol.
We also demonstrated (i) the involvement of the canonical molecular pathway including ROS generation,
decrease in PI3K/Akt activation, decrease in HDAC?2 activity and insensitivity to glucocorticoid in the
effect induced by BUD:HPBCD, (ii) maintenance of IL-8 decrease with BUD:HPBCD—even BUD at a
high concentration (100 uM) induced a slightly higher effect—and (iii) the absence of improvement in
glucocorticoid insensitivity with BUD:HPBCD in comparison with BUD, in conditions where HDAC2
was inhibited.

Improvement of cell viability after oxidative and inflammatory stress induced by BUD:HPBCD
is likely due to HPBCD and linked to a decrease in ROS generation. The literature has reported
that cyclodextrins, including HPBCD, may improve the toxicological profile of drugs by complexing
them [46,47]. Additionally, the antioxidant potential of HPBCD has been reported. Anraku et al. [48]
showed HP3CD remove pro-oxidants such as uremic toxins from the blood in a rat model of chronic
renal failure. Zimmer et al. [49] showed that HPBCD decreases aortic ROS generation in a mouse
model of atherosclerosis. Other reports reviewed by Lopez-Nicolas et al. [50] described HPRCD as a
protective agent of lipophilic nutrients and antioxidants against oxidation in foods. The demonstration
of HPBCD'’s antioxidant potential is interesting given the major role played by oxidative stress in
numerous pathologies including COPD [51]. Here, the molecular mechanism leading to a decrease
in ROS is still unclear but a direct effect through the interaction of HPBCD with H,O, (Figure S3)
is unlikely.

An indirect effect through changes in biophysical membrane properties could be suggested as an
alternative explanation. We initially suggested that membrane cholesterol would play a major role in
the occurrence of BUD:HPRCD-related cytoprotective effects. It has been extensively demonstrated
that BCDs, including HPRCD, can interact with lipid membranes, and change membrane biophysical
properties [17,35] closely related to signal transduction. This agrees with our previous experiments on
giant unilamellar vesicles (GUVs), since we demonstrated BUD:HPBCD and HPBCD disrupted the
liquid-disordered/liquid-ordered (Ld/Lo) phase separation observed in the presence of cholesterol for
the benefit of the Ld phase, a process hindered in the presence of cholesterol [27]. Here, we observed
an increase in BUD:HPBCD-related antioxidant effects in cholesterol-depleted cells suggesting that
cholesterol might hinder ROS generation. The BUD:HPBCD-related antioxidant effect was preserved
and even increased in cells partially depleted in cholesterol (50% cholesterol depletion after 30 min
exposition to MBCD at 5 mM; no or very small cholesterol depletion induced by HPBCD for 2 h at
the highest concentrations used in this work; Figure 54). Extracellular mechanisms are unlikely since
we observed (i) no cellular uptake of HPBCD over the entire incubation period (Figure S5), and (ii)
no neutralization of extracellular signals potentially responsible for oxidative stress, namely H,O,
and free radicals (Figure S3). BUD:HPBCD and HP3CD-related cytoprotective effects could be seen
as a membrane-mediated mechanism involving membrane lipid disorganization with limited lipid
extraction after 2 h (cholesterol extraction induced by BUD:HPBCD or HPBCD reached 18% and 12%,
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respectively, while no cholesterol extraction in cholesterol-depleted cells was observed (Figure 54)),
agreeing with the work of Lopez et al. [52].

One remaining question is the cross-talk between the antioxidant effect and inhibiting effect on
oxidant-induced PI3K/Akt signaling. NAC and Vit C concentrations that inhibit more than 75% of ROS
generation after 2 h of incubation (Figure 56) showed a protective effect against HyO + LPS-induced
increase in PI3K/Akt signaling of about 36% (NAC) and ~65% (Vit C). The effect was not related to
the effect of LPS which might induce an increase in PI3K/Akt signaling [53,54] since we observed
that HyO, + LPS-induced increase in PI3K/Akt signaling was almost exclusively associated with the
presence of HyO, (Figure S7). The activity of endogenous antioxidant enzymes GSH peroxidase against
H,0; [55], difference in the location within the bilayer between the effect induced by BUD:HPBCD and
the location of enzymes involved in ROS generation or PI3K/Akt activation could be also involved.

Focusing on the final attempt for BUD:HPBCD, meaning its ability to decrease the release of
inflammatory cytokines after oxidant and inflammatory stress, we could have expected a higher
anti-inflammatory effect of the BUD:HPACD complex compared to the BUD alone. Dufour et al. [12]
in a murine asthma model showed that similar anti-inflammatory effects could be obtained with a
2.5-fold lower BUD concentration when given as a complex with HPBCD. Zimmer et al. [49] reported
anti-inflammatory effects of HPBCD in vivo in a mice model of atherosclerosis. At the cellular level,
George et al. [56] assumed an anti-inflammatory property of HPBCD after showing that its presence
along with plasticized poly(vinyl chloride) (PVC) reduced LPS-induced TNF-« expression in human
monocyte-like U937 cells while PVC alone had no effect. Matassoli et al. [57] showed that HPRCD can
inhibit LPS-induced TNF-« secretion in primary human monocytes. The higher effect on reduction of
IL-8 release induced by BUD at a high concentration (100 uM) as compared to the effect of BUD:HPBCD
could be linked to an inflammatory effect observed at high doses of HPBCD [58]. Cell-type cellular
components of inflammation [59] and changes in the release of BUD from HPBCD hydrophobic cavity,
depending upon the concentrations, could also play a role.

Lastly, in a potential translational perspective, the design of studies and concentrations have to
be questioned. First, cells were exposed with BUD and H,O, + LPS at the same time, meaning that
BUD had time to prevent the inflammatory response before the decrease in glucocorticoid sensitivity
induced by oxidative stress could take place. We reproduced experiments by changing the time course
and by preincubating cells for 30 min with the oxidant and inflammatory stress before the incubation of
cells with BUD:HPBCD for 2 h. No differences were observed. Another critical parameter would be the
equilibrium between the free and bound forms of BUD or HPBCD [60]. In the presence of a lipophilic
membrane, drug partitioning from the complex into the membranes can occur, promoting drug release
from the CD hydrophobic cavity. The latter point agrees with our work. Indeed, we showed that in pure
phospholipid monolayers there is an increase in membrane surface pressure with the BUD:HPBCD
complex but not with HPBCD. This increase is usually associated with the insertion of a molecule
within the monolayer. Since the only difference between HPRCD and the BUD:HPBCD complex is
the presence of BUD, we could assume that BUD was inserted within the membrane. The critical
importance of the equilibrium between free and complexed budesonide was also evidenced when we
determined the effect of a mix of BUD and HPBCD on IL-8 release for cells treated with increasing
concentrations of trichostatin, a pharmacological inhibitor of HDAC2. The protective effect against
IL-8 release of the mixture was higher than that afforded by the complex (Figure S8).

Second, BUD concentrations and/or amount of oxidant and inflammatory stressors used
are relevant for patho-physio-logical conditions. BUD dry powder for inhalation (Pulmicort®),
was recommended for COPD patient administration—up to 1000 pg/day on average. If we assume
that about 30% of the nominal dose inhaled with a dry powder inhaler might reach the lungs [61,62],
therefore 300 pg of BUD dry powder in Pulmicort® administered in patients might reach the lungs.
If the 300 pg of BUD will disperse in the lung lining fluid (20-40 mL in a human of 70 kg) [63],
then the pulmonary BUD concentration could be approximately 17-35 uM, which is in the range of
concentrations used in our study (1-100 pM). However, we must remain cautious since the amount of
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BUD deposited in the lung is difficult to predict. The question of the relevance of the quantity of H,O,
+ LPS is also raised. Here again, it appears difficult to properly assess the exposition of alveolar cells to
H,0; and LPS during smoking—e.g., many factors should be considered, such as the frequency of
smoking, the number and type of cigarettes smoked per day, the duration of smoking, the distribution
of smoke in the lungs, the half-life of each molecular species generated in cigarette smoke, their own
biodisponibility, and so on. Nakayama et al. [28] and Hasday et al. [45], respectively, reported that
extract amounts of HyO, ranging from 500 nmol to 4 pmol of H,O, per cigarette and 6 to 9 pg of active
LPS per gram of a cigarette can be extracted. The amount of H,O, used in this work appears less
important (up to 200 nmol in 200 uL), whereas the amount of LPS appears in the same range (up to
10 pg in 100 pL).

In conclusion, we demonstrated the anticytotoxic, antioxidant, anti-inflammatory properties
of the BUD:HPBCD complex with protective activity against PI3K/Akt signaling activation and
HDAC2 inhibition induced by oxidative stress. The antioxidant and anticytotoxic properties appeared
essentially due to HPCD while the anti-inflammatory properties appeared mainly to be due to BUD.
Further investigations are clearly needed for a more complete view of the potential of the BUD:HPBCD
complex in other relevant models of oxidative stress-induced glucocorticoid insensitivity in vitro or
in vivo.

4. Material and Methods

4.1. Material

A549 (ATCC® CCL185™) and THP-1 (ATCC® TIB-202™) cells were purchased from the American
Type Culture Collection (Manassas, VA, USA). HPBCD was obtained from Roquette, Lestrem, France.
H,0,, Lipopolysaccharides (LPSs), Budesonide (BUD), Phorbol Myristate Acetate (PMA), MBCD,
sphingomyelinase from Bacillus cereus, N-acetyl-L-cysteine (NAC), 2,2-Diphenyl-1-picrylhydrazyl
(DPPHe), and r-ascorbic-acid (vitamin C) were ordered from Sigma-Aldrich (Saint Louis, MO, USA).
A Cytotoxicity Detection KitPLUS (LDH) was ordered from Roche (Mannheim, Germany) and
HOECHST® 33,342 staining solution from Life technologies (Eugene, OR, USA). 1Y294002 was
ordered from Gibco (Camarillo, CA, USA). Phospho-Akt (Ser473) (D9E) XP® and Akt rabbit
monoclonal antibodies were obtained from Cell Signaling Technology® (Beverly, MA, USA).
B-actin (C4), mouse IgGk light chain binding protein (m-IgGk BP) conjugated to horseradish
peroxidase (HRP) and mouse antirabbit IgG-HRP monoclonal antibodies were obtained from Santa Cruz
Technology (Dallas, TX, USA). Horseradish Peroxidase (HRP) was ordered from Thermo Scientific™
(Rockford, IL, USA). Anti-HDAC2 (Ab-394) and Anti-phospho-HDAC?2 (pSer394) antibodies produced
in rabbit were ordered from Sigma-Aldrich (Saint Louis, MO, USA). Phenolsulfonphtalein (phenol red)
was obtained from Merck (Darmstadt, Germany). A Human IL-8/CXCL8 DuoSet ELISA kit was
obtained from R&D systems (Minneapolis, MN, USA). Trimethylsilyl-3-propionide acid-d4 (TMSP) and
deuterium oxide (99.96% D) were purchased from Eurisotop (Gif-sur-Yvette, France). Certified maleic
acid and phosphate buffer powder were provided by Sigma-Aldrich (Karlsruhe, Germany).
NMR measurements were recorded on a Bruker Avance spectrometer operating at 500.13 MHz
for the proton signal acquisition and equipped with a 5-mm TCI cryoprobe with a Z-gradient.

4.2. BUD:HPBCD Complex Stock Solution Preparation and Characterization

We adapted the method of Dufour et al. [64]. The BUD:HPBCD complex stock solutions were
prepared by adding 200 mM HP3CD (molar substitution = 0.64) in deionized water to BUD powder ata
final concentration of 8.13 mM (BUD:HPBCD 1:25 molar ratio). The solution was then thoroughly mixed
for 1 h 30 min (13,500 rpm) with a T25 basic Ultra-Turrax® homogenizer from IKA (Staufen, Germany)
and filtered (0.22-pum filter unit). BUD and HPPACD were quantified in the solution obtained by
HPLC-UV and 'H-NMR, respectively, and checked for complexation as described by Dufour et al. [64].
Solutions were stored at 4 °C and renewed every 2 months.
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4.3. Cell Handling

Ab549 [40] and THP-1 [41] cells were grown in DMEM (1X) and RPMI-1640 medium (1X) (Gibco,
Paisley, UK), respectively, and were both supplemented with FBS (10%) and penicillin-streptomycin
(1%) (Gibco, Grand Island, NY, USA) at 37 °C in a 5% CO, humidified atmosphere. Sub-cultures were
performed according to the manufacturer’s instructions. To activate THP-1 in macrophage-like
cells (A-THP-1), cells were resuspended in fresh media, and phorbol 12-myristate 13-acetate (PMA)
was added (final concentration 200 pg/L) to the THP-1-containing medium [65]. A549 and THP-1
cells were then seeded in culture microplates, dishes or flasks depending on the experiment and
incubated until sub-confluent (A549, ~80%) or 24 h (THP-1) at 37 °C in a 5% CO, humidified
atmosphere. For experiments, test molecules were dissolved in 1% FBS-supplemented medium,
unless otherwise mentioned. When prior cell cholesterol or sphingomyelin depletion was required,
cells were preincubated for 30 min with 5 mM methyl-B-cyclodextrin (MBCD) or 50 mU/mL of
sphingomyelinase from Bacillus cereus [66] in 1% FBS-supplemented medium, respectively.

4.4. Cytotoxicity Studies

4.4.1. Lactate Dehydrogenase Assay

Ab549 cells in 96-well plates were incubated with increasing concentrations of BUD, HPBCD,
or BUD:HPBCD complex, or with H,O, + LPS with/without increasing concentrations of BUD, HP3CD,
or BUD:HPRCD complex. The activity of lactate dehydrogenase (LDH) released by non-viable cells
in the supernatant was quantified using the Cytotoxicity Detection KitPLUS (LDH) from Roche
(Mannheim, Germany) according to the manufacturer’s instructions.

4.4.2. HOECHST Nuclear Staining

Ab549 cells in ibiTreat p-slides 2 wells from ibidi (Martinsried, Germany) were incubated with
H,0O, + LPS with/without BUD, HPBCD, or BUD:HPRCD complex. Cells were then washed with
PBS, covered with a 2000-fold dilution of HOECHST® 33,342 staining solution (Life technologies,
Eugene, OR, USA) in PBS, and incubated 5 min at room temperature protected from light. Cells were
then washed with PBS and imaged with a fluorescence microscope (Aex/em = 350/461, DAPI filter set).
Cells with bright and/or fragmented nuclei were considered apoptotic. The proportion of apoptotic cells
was calculated from a total cell count of 400/well. H,O, + LPS concentrations were those preselected
for LDH assay.

4.5. DCF Assay for Determining ROS Generation

We adapted the method of Wang and Joseph [67]. Briefly, A549 cells in 96-well plates were incubated
for 30 min with 10 or 50 UM membrane-permeant and non-fluorescent 2’,7’-dichlorofluorescein diacetate
(DCFDA) (Sigma-Aldrich, Saint Louis, MO, USA), which was deacetylated by non-specific intracellular
esterases into the membrane-impermeant and non-fluorescent DCFH,. Cells were then washed with
Hank’s balanced salt solution (HBSS) and incubated with H,O, + LPS with/without BUD, HPRCD,
or BUD:HPBCD complex in HBSS. Oxidative stress was evaluated through the measure of the
fluorescence of DCF resulting from the oxidation of DCFH, by intracellular oxidants (Aex = 490 nm;
Aem = 523 nm).

4.6. Evaluation of Protein Quantity by Western Blotting

A549 cells in 6-well plates or 60 X 15 mm culture dishes were incubated with H,O, + LPS
with/without BUD, HPBCD, or BUD:HPBCD complex. After incubation, cells were washed with
ice-cold PBS and scraped off with a cold scraper in the presence of ice-cold RIPA or Biovision’s cell
lysis buffer supplemented with protease and phosphatase inhibitor cocktails. Detached cells in lysis
buffer were then incubated for 30 min at 4 °C with agitation in a 2-mL microcentrifuge tube and
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centrifuged for 10 min (10,000x g, 4 °C). The supernatant (whole-cell lysate) was stored at —80 °C
at least overnight. A quantity of 30 pg of proteins per sample was mixed with 1X NuPAGE LDS
sample buffer and 1X NuPAGE sample reducing agent (Thermo Scientific™, Carlsbad, CA, USA) and
heated for 10 min at 70 °C. Samples were then electrophoresed on precasted NuPAGE Bis-Tris gels
in the presence of MOPS (3-(N-morpholino)propanesulfonic acid) running buffer 1X, transferred to
PVDF (Polyvinylidene difluoride) transfer membranes (Thermo Scientific™, Rockford, IL, USA) in the
presence of NuPAGE transfer buffer 1X (Thermo Scientific™, Carlsbad, CA, USA) and blocked for 1 hin
5% non-fat dry milk in 20 mL of tris-buffered saline 1X containing 0.05% Tween 20 (TBS-T). Membranes
were incubated overnight at 4 °C with primary antibodies with gentle agitation, washed 3 times with
TBS-T, then incubated for 1 h at room temperature with the appropriated HRP-conjugated secondary
antibodies. The manufacturer’s recommendations were followed for antibody dilutions. After washing
3 times with TBS-T, blots were revealed using the SuperSignal West Pico Chemiluminescent Substrate
(Thermo Scientific™, Rockford, IL, USA), the Fusion Pulse 7 apparatus and Fusion Capt Advance
Pulse 7 software. To reveal proteins with similar migration profiles, membranes were washed in
TBS-T after the first reveal, and antibodies were stripped with a 10-min bath in Restore™ Western
Blot Stripping Buffer (Thermo Scientific™, Rockford, IL, USA) and washed again with TBS-T. Then,
the Western blot protocol was repeated from the block for 1 h in 5% non-fat dry milk in 20 mL of TBS-T.

4.7. Evaluation of Inflammatory Cytokine (IL-8) Expression by Sandwich ELISA

A-THP-1 cells in 96-well plates were incubated with H,O, + LPS with/without BUD, HPBCD,
or BUD:HPBACD complex. A 4-fold dilution of the supernatant in RPMI-1640 medium was
stored overnight at —80 °C. IL-8 cytokine levels in diluted supernatant were quantified using the
Human IL-8/CXCL8 DuoSet ELISA kit (R&D systems, Minneapolis, MN, USA) according to the
manufacturer’s instructions.

4.8. Data Analysis

GraphPad Prism® (version 4.03 for Windows, GraphPad Prism Software, San Diego, CA, USA)
was used for graphic illustrations and statistical analysis. The statistical tests used to study the
significance of the results are described in the captions of the corresponding figures.

Supplementary Materials: The following are available online. Figure S1: Cholesterol content in A549
cells untreated (control), incubated with methyl-B-cyclodextrin (MBCD) for 30 min, and incubated with
methyl-p-cyclodextrin (MBCD) for 30 min and thereafter in medium for 2 h. Figure S2: Effect of the BUD: HPCD
complex (green) and HPBCD (blue) on oxidant generation induced by HyO, + LPS after treatment for 2 h in
non-depleted and sphingomyelin-depleted A549 cells. Figure S3: Effect of the BUD:HPBCD complex versus
HPBRCD on Hy,O; (A) and 2,2-Diphenyl-1-picrylhydrazyl (DPPHe) (B) after 25 min (A) and 1 h of incubation
(B). Figure S4: Cholesterol content in A549 cells incubated with the BUD:HPBCD complex, HPRCD or BUD
for 2 h. Figure S5: HPBCD relative quantity in A549 extracellular medium after 2 h of incubation with the
BUD:HPBCD complex (green bars) and HPBCD (blue bars). HPBCD was quantified using proton nuclear
magnetic resonance spectroscopy. Figure S6: Oxidant generation kinetic in A549 cells after treatment with H,O,
+ LPS (1 mM + 100 pg/mL) for 6 h and effect of N-acetyl-L-cysteine (NAC) and Vit C on H,O, + LPS-induced
oxidant generation. Figure S7: Akt phosphorylation induced by H,O, + LPS, H,O, and LPS in A549 cells after 2
h of incubation. Figure S8: Percentage of IL-8 released after A 549 cells pretreatment for 30 min with trichostatin
(TSA) and incubation for 2 h with TNF-« in presence of BUD + HPBCD complex, BUD or HPBCD [68-71].
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Abstract: Drug concentration plays an important role in the interaction with drug carriers affecting
the kinetics of release process and toxicology effects. Cyclodextrins (CDs) can solubilize hydrophobic
drugs in water enhancing their bioavailability. In this theoretical study based on molecular
mechanics and molecular dynamics methods, the interactions between 3-cyclodextrin and piroxicam,
an important nonsteroidal anti-inflammatory drug, were investigated. At first, both host-guest
complexes with native 3-CD in the 1:1 and in 2:1 stoichiometry were considered without assuming
any initial a priori inclusion: the resulting inclusion complexes were in good agreement with literature
NMR data. The interaction between piroxicam and a 3-CD nanosponge (NS) was then modeled
at different concentrations. Two inclusion mechanisms were found. Moreover, piroxicam can
interact with the external NS surface or with its crosslinkers, also forming one nanopore. At larger
concentration, a nucleation process of drug aggregation induced by the first layer of adsorbed
piroxicam molecules is observed. The flexibility of crosslinked (3-CDs, which may be swollen or
quite compact, changing the surface area accessible to drug molecules, and the dimension of the
aggregate nucleated on the NS surface are important factors possibly affecting the kinetics of release,
which shall be theoretically studied in more detail at specific concentrations.

Keywords: [3-cyclodextrin; inclusion complexes; solubilization; nanosponge; nanocarriers;
pharmaceutical applications; molecular recognition phenomena; molecular dynamics simulations;
drug delivery; drug concentration

1. Introduction

Cyclodextrins (CDs) are cyclic oligosaccharides known for more than 100 years, recognized as
pharmaceutical adjuvants for the past 20 years [1-3]. Thanks to their capability to form noncovalent
water-soluble complexes, they are useful as functional excipients for solubilization, delivery, and greater
bioavailability of drugs in many different applications [4,5]. Cyclodextrins have an approximatively
truncated cone shape and may be described as a bucket with a hydrophilic outer surface and a
hydrophobic central cavity. CDs may thus form noncovalent host-guest complexes hosting hydrophobic
drugs and some hydrophilic guests. The intermolecular interactions are due to electrostatic interactions,
weak van der Waals contributions, hydrogen bonds with secondary and/or primary rims, and
hydrophobic interactions within the cavity and the nonpolar groups or 7 electrons of the guest. In an
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aqueous solution, natural CDs can interact. The more water-soluble cyclodextrin derivatives have
a low tendency to form aggregates [6]. Cyclodextrin derivatives can be hydrophilic or relatively
lipophilic based on their substitution and these properties can give insights into their ability to act
as permeability enhancers. Natural CDs are «-CD, 3-CD, and y-CD composed of six, seven, and
eight units of p-glucopyranose, respectively, with «-1,4 linkages. Low cost, easy synthetic accessibility,
and suitable cavity size (0.60—0.65 nm) for the inclusion of small- and medium-sized drugs result in
the wide use of 3-cyclodextrin (3-CD) in pharmaceutical and food industries, on the early stages of
pharmaceutical applications. Drugs often have various problems: they are hydrophobic, with low
solubility in water and low stability either in vivo or in vitro. All these factors reduce the therapeutic
effect of the drug. In order to overcome these problems, 3-CD has been widely used. The drug can
interact with the 3-CD hydrophobic cavity and form host-guest inclusion complexes, possibly with
different stoichiometries. Therefore, CDs enhance the bioavailability of insoluble drugs by increasing
their solubility, dissolution, drug permeability, by making the drug available at the surface of biological
barriers so that the in vivo and in vitro stability increases.

Over the past 20 years, it has been shown that CDs and CD complexes self-associate to form an
aggregate or micelle-like structures [7,8]; sometimes, it is very difficult to detect them. Furthermore,
the formation of drug/CD complex nanoparticles appears to increase the ability of CDs to enhance
drug delivery through some mucosal membranes. Recently, chemically modified 3-CD derivatives
have been synthesized [9-14] and also theoretically studied [15] in order to improve cyclodextrin
interactions with hydrophobic drugs and to enhance drug release through cell membranes. One of
the possible modifications is to chemically bind aliphatic chains of different lengths on the primary or
secondary CD rim in order to obtain amphiphilic cyclodextrins (aCD) [9]. This modification allows
increasing the cyclodextrin interactions with biological membranes, improving their interaction with
hydrophobic drugs, and inducing a higher self-assembly capacity in aqueous solutions compared to
native 3-CD [16]. This last property has been used to obtain 3-CD-based nanosized carriers. Again,
in the last years, new CD derivatives enhancing solubility and bioavailability have been synthetized
considering both linear polymerized (3-CDs [10] or crosslinked systems, such as 3-CD nanosponges
(B-CD NS) and chemically modified 3-cyclodextrin derivatives [11-14].

Piroxicam (PX) is one of the most efficient nonsteroidal anti-inflammatory agents widely used
for the treatment of rheumatoid arthritis, osteoarthritis, and acute pain in musculoskeletal disorders
(see Scheme 1).

/’ 0 OH
N
N N =
H
/N\S
VN
dN

Scheme 1. Chemical structure of the piroxicam drug molecule.

Because of its very low solubility in gastrointestinal fluids, it has poor bioavailability after oral
administration. The formation of inclusion complexes with 3-CD may be a useful strategy in order to
overcome solubility and bioavailability problems that are very important, in particular, for pediatric and
geriatric patients. In 1992, Fronza et al. [17] reported an NMR study of a 1:1 3-CD/PX inclusion complex.
Significant nuclear Overhauser effects were observed between inner protons of CD and the protons
of both aromatic rings of the piroxicam molecule. The data indicated the possibility of having two
different inclusion complexes with two different equilibrium constants within the investigated range
of concentrations; furthermore, at smaller concentrations, the complex was found to be completely
dissociated. Therefore, the possibility of identifying two types of host-guest inclusion compounds and
the influence of the concentration for the stability and formation process are important factors that
should be better investigated. In 2003, Guo et al. [18] investigated 3-CDs and PX host-guest complexes
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using steady state fluorescence and NMR techniques, again indicating a strong interaction between the
hydrophobic drug and the hydrophobic cavity of 3-CDs, in particular forming stable complexes in a
1:1 stoichiometry and probably in a 1:2 stoichiometry. In order to enhance both the solubility and the
fast release of PX, in 2019, Dharmasthala et al. [19] proposed a very interesting formulation for an oral
film containing the 3-CD/PX inclusion complex, studying the dissolution process in vitro, indicating
fast drug diffusion, and permitting to obtain a better therapeutic efficiency.

Over the past 20 years, molecular mechanics (MM) and molecular dynamics (MD) simulations
have been demonstrated to be a useful tool in order to atomistically investigate and describe
non-covalent interactions in different systems ranging from protein adsorption on surfaces of
biomaterials to formation and self-aggregation of host—guest complexes, including their stoichiometry
and self-aggregation in an nonpolar solvent or in water [20-26]. Molecular simulation studies offer
great insights into these phenomena in very good agreement with experimental data [20,27-29].

In this paper, a theoretical study of the host—guest inclusion complexes between 3-CD and PX is
reported with no a priori assumption about the inclusion stoichiometry and geometry in a 1:1 and
in a 2:1 stoichiometry as suggested by NMR data. Then, the interaction with a nanosponge (NS)
model containing 3-CDs connected with a pyromellitic dianhydride (PMA) crosslinker [30] is studied
(PMA NS). The NS was generated by linking 8 3-CDs (Model 2 in [29]) through PMA moieties (see
Scheme 1 in [30]). Accordingly, each CD carries two PMA linking agents bound to primary hydroxyls
at diametrically opposite sides of the macrocycle. Increasing the number of drug host molecules, a
ratio between the number of 3-CDs in the NS model and the number of PX molecules (8:4, 8:8, 8:16,
8:40), i.e., a p-CD/PX ratio of 2:1, 1:1, 1:2, 1:5 was investigated. The results for the interaction with
the NS at different drug concentrations are then reported. The conformational changes during the
MD runs are also investigated. The types of inclusion complexes also formed in a crosslinked system
and the surface interaction will be highlighted. The drug concentration influencing formation of the
host—guest complexes and the surface 3-CD/drug interactions related to the NS flexibility as well as
the drug self-association will also be described.

2. Results and Discussion

2.1. B-CD/PX Interaction

In this section, the 3-CD/PX interaction forming host—-guest inclusion complexes in 1:1 and 2:1
stoichiometries in implicit water is studied. The theoretical results are reported and discussed in
comparison with NMR experiments in the literature.

2.1.1. B-CD/PX Interaction: Complex Formation in a 1:1 Host-Guest Stoichiometry

At first, the PX conformation was studied, and then the 3-CD reported by Raffaini [22] was
considered for the interaction between piroxicam and 3-CD in a 1:1 stoichiometry considering possible
host-guest inclusion arrangements without assuming any a priori inclusion complexes. Using a
simulation protocol adopted in the previous work [20,21], four different starting geometries between
piroxicam and the primary and secondary rim of 3-CD are considered in the 1:1 stoichiometry as
reported in Figure 1.
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‘h& Primary rim !

L Initial geometries B-CD/Piroxicam —]

L Secondary rim

Figure 1. Side view of the four initial non-optimized geometries studied for the interaction between

PX and (3-CD with the primary rim and with the secondary rim at the top and the bottom, indicated
respectively as (a—d). The two molecules are colored by atoms. Color codes: C atoms are grey, O atoms
are red, N atoms are blue, S atoms are yellow, and H atoms are white.

These four initial geometries were optimized and after the initial energy minimizations, favorable
host-guest complexes were formed. The final optimized arrangements found after these MM
calculations are shown in Figure 2.

Initial optimized geometries

B-CD/Piroxicam

Figure 2. Side view of the 1:1 host—guest complexes formed by PX with 3-CD, in the initial optimized

geometries found after the MM calculations, starting from the four geometries reported in Figure 1
indicated respectively as (a-d). The 3-CDs are green, the PX molecule is colored by atoms. Color codes:
C atoms are grey, O atoms are red, N atoms are blue, S atoms are yellow, and H atoms are omitted
for clarity.

After these initial energy minimizations, starting from all the four different geometries, MD runs
were performed in implicit water and the final conformations assumed by the system at the end of each
MD run were analyzed. Two different inclusion complexes were found, the most and the less stable
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host—guest inclusion complexes in the 1:1 stoichiometry being reported in Figure 3, while Table 1 reports
the potential energy, the calculated interaction energies, and the information about the intermolecular
and -CD intramolecular H-bonds for all four optimized geometries. In Figure S1, the two metastable
geometries reported in Table 1 indicated as B and C D are shown. The animation of the MD runs is
shown in Supplemtary Information SI.

1:1 host-guest complexes
B-CD/Piroxicam

Figure 3. The side view and the top view with intermolecular H-bonds (light blue dotted line) of the
1:1 host—-guest complexes formed by PX with 3-CD (A) in the most stable and (C) in the less stable
optimized geometries found after the MM, MD calculations. The 3-CD is green, the PX molecule is
colored by atoms (color codes: C atoms are grey, O atoms are red, N atoms are blue, S atoms are yellow,
and in the side view, H atoms are omitted for clarity). Below, the conformation of the optimized isolated
PXis reported with the diagnostic hydrogen highlighted.
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Table 1. Potential energy and interaction energy in kJ/mol calculated in the optimized geometries
assumed at the end of the MD runs for the most and the less stable final geometries. Intermolecular
-CD/PX H-bonds and intramolecular 3-CD H-bonds are reported.

Intramolecular

Geometry Epot (kJ/mol) E;,+ (kJ/mol) Intermolecular H-Bonds 3-CD H-Bonds
A) Most stable 766.5 -173.2 1 bidentate (with II rim) 16
B) Metastable 769.4 -170.3 1 (with I rim) 17
C) Less stable 776.6 -163.1 1 (with II rim) 8
D) Metastable 771.5 -168.1 1 bidentate (with II rim) 12

As reported by Fronza et al. [17] using NMR experiments, two different inclusion complexes
having different stability were found. The most stable geometry reported in Figure 3 (geometry A)
displays the pyridyl aromatic part of PX included in the hydrophobic cavity of 3-CD near the primary
rim interacting with its hydrogens, while the second geometry of Figure 3 (geometry C) is less stable,
and displays the pyridyl moiety included in the hydrophobic 3-CD cavity facing the secondary rim
interacting with the latter hydrogens. The most stable geometry has an interaction energy equal to
—173.2 kJ/mol, while the other one is less stable by 10 kJ/mol; similar favorable interactions stabilize
these host—guest complexes thanks to the hydrophobic interaction in the B-CD cavity and to the
H-bonds at the primary and especially at the secondary rim. It is important to underline that these
theoretical results are in good agreement with the NMR data reported by Fronza et al. [16] who proposed
two different inclusion compounds. It is interesting to note that these two inclusion complexes are
also found when (3-CD are crosslinked in the PMA NS model as it will be reported later in Section 2.2.
Guo et al. [18] proposed a partial inclusion due to the absence of a Nuclear Overhauser Effect NOE of
H-2, H-3 guest hydrogens (see Figure 3, H-2 and H-3 are the hydrogens of the PX phenyl ring) and
diagnostic hydrogen 3-CD, suggesting that the dimension of 3-CD is too small to host the whole PX.
In fact, in the most stable geometry with a 1:1 stoichiometry reported in Figure 3 (geometry A), the
hydrogens of the phenyl ring are far from the 3-CD cavity; only in the less stable and less populated
inclusion complex, the phenyl ring is in the midst of the hydrophobic cavity, relatively closer to H-5’
protons, while the pyridyl moiety is exposed to the solvent far from the secondary rim (geometry C
in Figure 3). Guo et al. reported the 2D-ROESY (Rotating-Frame Overhauser Effect Spectroscopy)
spectrum. In this spectrum, strong sizable contacts between the guest H-6, H-7, and H-8 protons
(the hydrogens of the pyridyl moiety) and the host H-3" and H-5" are shown, probably due to deeper
insertion, indicating that both phenyl and pyridyl rings are in the 3-CD cavity. For this reason, Guo
also suggested the presence of a 3-CD and PX complex in a 2:1 stoichiometry with CDs facing their
secondary rims. It will be important to carry out new reliable NMR experiments for the determination
of the structure of cyclodextrin inclusion complexes in a solution [31], in particular, off-resonance
ROESY or T-ROESY (Transverse Rotating-frame Overhauser Enhancement Spectroscopy) experiments
must be carried out in order to determine the structure of complexes in a solution. In this work,
increasing the CD concentration, a theoretical study of host-guest complexes in a 2:1 stoichiometry
was carried out as reported in the next Section.

2.1.2. B-CD/PX Interaction: Complex Formation in a 2:1 Host-Guest Stoichiometry

The 3-CD/PX in a 2:1 host-guest geometry was investigated considering both the most and the
less stable inclusion complexes in a 1:1 stoichiometry reported in Figure 3: four different interaction
geometries between these complexes and another 3-CD facing both the secondary and the primary
rim were considered (Figure 52). After the MD runs and final energy minimizations, the optimized
geometries for the most stable and the less stable arrangements are shown in Figure 4. In Figure S3,
the two metastable geometries are reported.
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Inclusion complexes in a 2:1 stoichiometry
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Figure 4. The side view (left) and the top view with H-bonds (light blue dotted lines) (right) of the
2:1 host-guest complexes formed by PX with two (3-CDs, (A) in the most stable and (C) in the less
stable optimized geometries found after the MD runs. The 3-CD of the first 1:1 complex is in green,
the second one facing the secondary rim is in light blue. The piroxicam molecule is colored by atoms.
Color codes: C atoms are grey, O atoms are red, N atoms are blue, S atoms are yellow. In the side view,
the H atoms are omitted for clarity.

In both cases, the dimers formed facing the secondary rims of two CDs display a more favorable
interaction energy than the 1:1 inclusion complex (see Table 2), indicating a stabilization more than
twice as large. Only few intermolecular 3-CD/drug H-bonds were found in these dimers, one in the
most stable geometry and two in the less stable one involving not only PX oxygen atoms, but also
the nitrogen of the pyridyl moiety. As proposed by Guo et al. from the 2D-ROESY spectrum, PX can
effectively interact with two CDs facing their secondary rims in the most stable complexes in a 2:1
stoichiometry. The concentration of 3-CD in a solution as indicated by Fronza et al. and by Guo et
al. influences the type of the inclusion complex, so that it becomes important to study the variable
concentration of host molecules [6-8]. It will be necessary to confirm the presence of the 2:1 complex or
others complexes by Isothermal Titration Calorimetry (ITC) experiments [32].

Table 2. Interaction energy of the optimized geometries assumed at the end of the MD runs for the
most stable and the less stable final geometries in a 2:1 stoichiometry. Intermolecular 3-CD/PX and
-CD H-bonds and intramolecular 3-CD H-bonds are also reported.

E E Intermolecular Intermolecular Intramol.first Intramolsecond
Geometry pot int B-CD/PX B-CD B-CD :
(J/moD) (kJ/moD) H-bonds H-bonds H-bonds B-CD H-bonds
A) Most stable 233.4 -381.7 1 (with II rim) 5 9 8
B) Less stable 247.6 -322.8 2 (with IT rim) 4 18 15
C) Metastable 241.4 —348.8 1 (with II rim) 3 13 15
D) Metastable 242.8 -342.5 2 (1 with T and II rims) 5 16 18
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2.2. PMA B-CD NS Model/PX Interaction at Different Concentrations

In this Section, the PX interaction with a nanosponge (NS) model containing 3-CDs connected
by a pyromellitic dianhydride PMA crosslinker [30] is investigated. The NS model was generated by
linking 8 3-CDs (Model 2 in [30]) through PMA moieties (see Scheme 1 in [30]). Accordingly, each CD
carries two PMA linking agents bound to a primary hydroxyl at diametrically opposite sides of the
macrocycle. An increasing number of host molecules was considered, with 3-CD:PX equal to 8:4, 8:8,
8:16, 8:40, therefore, with -CD:PX in a 2:1, 1:1, 1:2, 1:5 ratio.

Since it will be relevant in the following, it is important to report that the solvent-accessible surface
area calculated for the 3-CD NS model reported in Figure 5 is equal to 4,315 A2 and the radius of
gyration is equal to 12.5 A. In the following, the interaction between the PMA 3-CD NS model [30]
and PX molecules considered at smaller and larger concentrations were studied and the results are
reported and discussed.

Figure 5. The solvent-accessible surface area of a 3-CD NS (3-cyclodextrin Nanosponge) model with a
pyromellitic dianhydride (PMA) crosslinker as reported in Model 2 in [29] colored by atoms. Color
codes: C atoms are grey, oxygen atoms re red, and hydrogen atoms are white.

2.2.1. NS/PX Interaction: 8 3-CDs in the NS Model and 4 PX Molecules (3-CD/Drug in a 2:1
Stoichiometry)

Using the simulation protocol proposed in the previous work [20-22], as the first step, energy
minimization of the NS model and 4 PX molecules, considering the 3-CD/drug in a 2:1 stoichiometry,
was carried out starting from a random disposition. An MD simulation run was then performed
in order to understand possible conformational changes and interactions, in particular, the possible
inclusion complexes or the surface interaction with the exposed PMA 3-CD NS atoms. In Figure 6,
the potential energy and the van der Waals contribution calculated during the MD run are reported.
After an initial energy decrease, some conformational changes of the nanosponge take place in order to
maximize its interactions with the four PX molecules, increasing the surface area accessible to the drug
molecules. It should be noted that hydrophobic drug/drug interactions are absent. The final optimized
conformation assumed by the system is reported in Figure 7. See the animation file of the MD run in SI.
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Figure 6. The potential energy and the van der Waals contribution calculated during the MD run for
the NS model interacting with 4 piroxicam molecules.

Figure 7. Panel (a) shows the optimized geometry assumed by the NS/4 PX molecules system at the
end of the MD run displaying two included molecules in a 1:1 stoichiometry (see the yellow arrows)
and two PX molecules interacting on the external surface of the NS model. The NS is in green for
clarity and the PX molecules are colored by atoms, see the color codes in Figure 3. Panel (b) shows the
solvent-accessible surface area without the PX molecules for clarity (see the color codes in Figure 5).

It is interesting to note that upon removal of the PX molecules as shown in panel b) of Figure 7,
the solvent-accessible surface area of the NS in the optimized final geometry is equal to 5,263 A2, with
an increase of about 20% compared to the starting geometry, while the radius of gyration increases by
more than 90% to a value of 23.3 A. It is well-known that 3-CD nanosponges are able to swell in a
water solution [14,30]. They are very flexible systems that can have significant conformational changes
in order to maximize the favorable interactions with drugs. Significant flexibility was displayed by
this 3-CD crosslinked system during the MD run. The final optimized geometry reported in panel a)
of Figure 7 displays an evident elongation of the NS structure interacting with PX molecules forming
two different host-guest complexes (see the yellow arrows) in a 1:1 stoichiometry studied and reported
in Section 2.1; one complex displays the hydrogens of the pyridyl part preferentially in the 3-CD cavity
and the phenyl part far from the hydrophobic cavity and the second one displays the pyridyl part far
from the 3-CD cavity. Interestingly, these geometries are very similar to the two inclusion complexes
considering the native 3-CD discussed in Section 2.1.1 and reported in Figure 3 (see geometries A and
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C in Figure 3). Again, it is important to note that the other two piroxicam molecules interact with the
external part of the NS, in particular, with the exposed crosslinker (see the green arrows in Figure 7).

2.2.2. NS/PX Interaction: 8 3-CDs in the NS Model and 8 PX Molecules (3-CD/Drug in a 1:1
Stoichiometry)

In this Section, the interaction between PMA 3-CD NS with PX was studied considering 8 drug
molecules. The NS contains 8 3-CD [30], so that the 3-CD/drug in a 1:1 stoichiometry is investigated.
Using the same strategy as before, after the MD run in the final optimized geometry reported in
Figure 8, PX was found to interact both with the NS in the accessible hydrophobic cavities and with
the NS surface. The NS shows large conformational changes in order to adsorb the PX molecules well.
Interestingly, at this concentration, possible drug/drug hydrophobic interactions take place. In the
final optimized geometry, again, two types of inclusion complexes are found together with the surface
interaction on the exposed atoms of this flexible crosslinked system. As already found for the smaller
concentration, the nanosponge maximizes the possible interaction with a drug.

Figure 8. In the Figure, panel (a) shows the optimized geometry assumed by the NS/8 PX drug
molecules system at the end of the MD run displaying two types of interactions with hydrophobic
cavities (see the yellow arrows) and six PX molecules interacting on the external surface of the NS. The
NS is in green for clarity and the PX molecules are colored by atoms according to the color codes in
Figure 3. Panel (b) shows the solvent-accessible surface area without the PX molecules for clarity (see
the color codes in Figure 5).

The NS becomes well-elongated due to the favorable interactions with the PX drug forming
two inclusion complexes (see the yellow arrows) and interacting with the crosslinkers (an example is
highlighted by the green arrow). At this larger concentration, two PX molecules interact owing to the
hydrophobic drug/drug interactions (see Figure 8, top left). Interestingly, the solvent-accessible surface
area of the NS (see panel b) in Figure 8) is equal to 6,112 A? with the increase of 40% with respect to the
initial geometry, and the radius of gyration increases by more than 90% to a value of 25.5 A.
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2.2.3. NS/PX Interaction: 8 3-CDs in the NS Model and 16 PX Molecules (3-CD/Drug in a 1:2
Stoichiometry)

In this Section, the results concerning the 3-CD NS/drug in a 1:2 stoichiometry will be presented
and discussed. After the initial energy minimization of the NS and 16 PX molecules in a random
disposition, an MD simulation run was performed as before in order to understand the possible
inclusion complexes or surface interactions between piroxicam and the NS. Figure 9 reports the
potential energy and the van der Waals components calculated during the MD run.
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Figure 9. The Figure shows the potential energy and the van der Waals components calculated during
the MD run for the NS interacting with 16 PX molecules.

After the initial energy decrease, some conformational changes of the NS take place in order to
maximize the interactions with the 16 PX molecules. The final optimized conformation assumed by
the system at the end of the MD run is reported in Figure 10. During the MD run at this larger PX
concentration, an equilibrium between a more compact NS conformation with a PX aggregate on its
surface (see panel a) in Figure 10) and a more elongated NS conformation maximizing the interactions
with the PX molecules (see panel b) in Figure 10) are observed.

125



Molecules 2020, 25, 2848

Figure 10. Panel (a) shows the optimized geometry assumed by the NS/16 PX drug molecules system
at the end of the MD run lasting 100 ns and panel (b) displays the optimized geometry assumed by the
system at 96 ns. In the top part of each panel the NS is in green for clarity and the PX molecules are
colored according to the color codes of Figure 3, and in the bottom part, the solvent-accessible surface
area without the PX molecules is reported for clarity (see the color codes in Figure 5). Panel (c) shows
the geometry assumed by the system at 60 ns.

The solvent-accessible surface areas of the optimized system calculated at 100 ns and 96 ns are
reported in Figure 10. In particular, this area is equal to 5,664 A2 with a 30% increase over the initial
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geometry for the conformation assumed at 100 ns, while the radius of gyration is equal to 17.0 A, with
the increase of 35%. The more compact conformation assumed by the system at 96 ns corresponds to a
lower potential energy value, 2424 kcal/mol, compared to 2534 kcal/mol for the optimized geometry
assumed by the system at the end of the MD run. The solvent-accessible surface area reported in
Figure 10 in panel b) (bottom) without the PX molecules is equal to 5161 Az, with the increase of 20%,
while the radius of gyration is equal to 13.0 A, with a 13% increase. It is interesting to note in Figure 10
the formation of a nanopore in the central part of the 3-CD NS in the optimized conformation at 96 ns.
It is more evident that during the MD run, the system maximizes the interaction with PX owing to high
NS flexibility. In both cases, there are some inclusion complexes and a PX drug aggregate interacting on
the external NS surface at 100 ns and 96 ns formed by 10 and 11 PX molecules, respectively, therefore,
with about the same number of molecules that is stable in time.

Interestingly, during the MD run at 60 ns, a spherical aggregate formed by 6 molecules of the
PX drug detaches from the NS surface as shown in Figure 10 (panel c)). For the animation file of the
MD run, see SI. The potential energy of the system calculated during the simulation is the lowest one,
indicating also an equilibrium during the MD run between the drug molecules still attached on the NS
surface for the larger part of the MD run and the detached ones diffusing as a single cluster for some
ns before the new adsorption on the NS surface. The solvent-accessible surface area of the system at
60 ns is equal to 5,026 A2, with a 16% increase over the initial geometry, while the radius of gyration is
equal to 13.0 A, with the increase of only 4%.

2.2.4. NS/PX Interaction: 8 3-CDs in the NS and 40 PX Molecules (3-CD/Drug in a 1:5 Stoichiometry)

Finally, the results concerning the 3-CD/drug in a 1:5 stoichiometry of these NS/PX systems are
presented and discussed. Using the same methodology as before, the potential energy and the van
der Waals components calculated during the MD run are reported in Figure 11. In this case, at the
largest piroxicam concentration considered here, after the initial fast decrease of the system energy,
fluctuations around average values were observed with the NS in a compact structure in contact with
the PX aggregate due to drug association owing to hydrophobic 77 interactions induced by the first
layer of PX molecules adsorbed on the NS surface. For the animation file of the MD run, see SI.
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Figure 11. The figure shows the potential energy calculated during the MD run and the van der Waals
components for the NS model and 40 PX molecules.
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The optimized conformation assumed by the system at the end of the MD run is reported in
Figure 12 (panel a)).

Figure 12. Panel (a) shows the optimized geometry assumed by the NS/40 PX drug molecules system at
the end of the MD run displaying some host—guest inclusion complexes (see the arrows). All the other
molecules are on the external surface of the NS. Panel (b) shows the solvent-accessible surface area
without the PX molecules for clarity (see the color codes in Figure 5). Panel (c) shows the PX aggregate
formed by 32 molecules adsorbed on the NS surface well-ordered in an almost spherical shape in detail.

In the optimized conformation assumed at the end of the MD run (see panel a) in Figure 12), some
inclusion geometries are found, in particular, two host-guest complexes in a “type A” geometry (see
the yellow arrows), the most stable one being reported in the left part of Figure 3 having the pyridyl
moiety in the hydrophobic 3-CD cavity, and one host-guest complex in a “type C” geometry (see
the green arrow, the less stable geometry) in the right part of Figure 3 with an included phenyl. All
the other drug molecules interact with the external surface of the NS. In particular, it is interesting to
note the almost spherical aggregate that is nucleated on the external surface after the initial favorable
interaction of the first layer of adsorbed PX molecules. 3-CD acts as a surface of the nucleation process
which subsequently takes place thanks to 7t— interactions between the drug molecules. Considering
this final optimized geometry, a self-ordered structure is clearly seen in the right part of panel a) of
Figure 12, with a parallel arrangement of the aromatic rings of the drug molecules producing an almost
spherical aggregate formed by 32 PX molecules represented in another orientation in panel c). The
conformation of the 3-CD NS having the PX aggregate adsorbed is compact and, in fact, its radius of
gyration is equal to 13.5 A, larger only by 7% with respect to the isolated NS, and the solvent-accessible
surface area is equal to 4,920 A2 (see panel b) in Figure 12), larger by 14% than in the isolated NS.
Interestingly, in this case, the calculated increase was smaller than in the simulations at relatively
smaller PX concentrations.

3. Materials and Methods

The interaction of PX with the 3-CD NS model was studied using molecular mechanics (MM) and
molecular dynamics (MD) methods at the constant temperature of 300 K. The MM and MD simulations
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are performed using the consistent valence force field (CVFF) [33], and the Materials Studio and
Insight Il/Discover packages [34] adopting the same simulation protocol as proposed in yjr previous
work [20-23]: after the initial energy minimization, MD runs were carried out until the equilibrium
state was achieved followed by final geometry optimizations of the final configuration and of some
conformations assumed during the MD run. The PX structure (see Scheme 1) was generated using
the Insight II/Discover Module Builder and the final most stable geometry (Figure 3) was obtained
after an MD run lasting for 1 ns, with the final optimization of different conformations assumed by the
system during the MD run. At first, the possible 3-CD/PX inclusion compounds in a 1:1 and in a 2:1
stoichiometry were studied. Then, the interaction between the 3-CD NS model and PX was considered.
The structure of the 3-CD NS model reported by Raffaini [30] was generated by linking 8 3-CD (Model
2 in [30]) with pyromellitic dianhydride (PMA): each 3-CD carries two PMA linking agents bound to a
primary hydroxyl at diametrically opposite sides of the macrocycle, linking also two topologically
distant 3-CDs. The drug molecules were initially placed in a random distribution cell far from to
the NS surface in order to study the interactions without assuming any a priori inclusion complexes.
The interaction was studied considering 4, 8, 16, and 40 PX molecules randomly distributed around
the NS model in a 220 A cubic cell with a varying CDs/PX ratio. All simulations were performed
in implicit water using a distance-dependent dielectric constant with periodic boundary conditions.
All energy minimizations were carried out up to an energy gradient < 4 x 1073 k] mol~! A~!. The
MD simulations were performed in an NVT ensemble (canonical ensemble, see Abbreviations) at a
constant temperature (300 K) controlled using a Berendsen thermostat. The integration of dynamical
equations was carried out with the Verlet algorithm using a time step of 1 fs and the instantaneous
coordinates were periodically saved for further analysis. The MD runs in implicit water lasted for 10
ns in Section 2.1 and 100 ns for the NS systems in Section 2.2. During the MD runs, the time evolution
of the potential energy and of the van der Waals components was calculated in order to monitor the
significant conformational changes.

4. Conclusions

Drug concentration plays an important role in the interaction with drug carriers affecting the
kinetics of the release process and the toxicology effects. Hydrophobic drugs can be solubilized in
water through CD in order to enhance their bioavailability. Solubility of PX, an important nonsteroidal
anti-inflammatory drug, is enhanced by 3-CDs. In the present work, MD simulation of their host-guest
complexes in a 1:1 and a 2:1 stoichiometry are reported, with results in good agreement with the NMR
experimental literature data. Different host-guest inclusion geometries were obtained considering
both native 3-CD and crosslinked 3-CD nanosponges (NS). When PX interacts with an NS, at
smaller concentration, the drug molecules form inclusion complexes and feature some interactions
on the external NS surface, dynamically forming some H-bonds or hydrophobic interaction with
the PMA crosslinker, while at larger concentrations, they also aggregate on the NS surface, forming
spherical droplets. Therefore, the 3-CD NS enhances the solubility of hydrophobic PX. At small
drug concentration, during the MD runs, the NS shows equilibrium between an extended structure,
when the NS maximizes the interactions with drug molecules exposing a larger surface area, and a
more compact structure, also forming a temporary nanopore when drug/drug self-aggregation due
to m—m interactions takes place on its external surface. The noncovalent interactions are favored by
the great NS flexibility, enhancing solubilization and PX transport. The drug concentration plays an
important role. At larger concentrations, a spherical PX nanoaggregate is observed on the external NS
surface besides drug inclusion complexes, because the first layer of adsorbed PX molecules induces
aggregation of other hydrophobic molecules, the NS acting as a nucleation surface. During an MD
run, an equilibrium is also observed between the drugs adhered on the NS surface and the detached
ones in a small aggregate that diffuses before subsequent adsorption on the NS surface. Finally, it is
important to highlight that the 3-CD/drug and the drug/drug interactions and association will likely
also affect the kinetics of the release process, depending on the site of interaction and on the flexibility
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of the crosslinked (3-CDs. It will be important to theoretically investigate this system at a specific
concentration to model the release process in order to better understand the specific interactions and
the geometry and stability of the aggregates, which may affect the kinetics of the release process.
Theoretical and experimental studies of the 3-CD NS/PX interaction in a specific stoichiometry and
drug release are in progress and will be published in a separate paper.
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Author Contributions: Conceptualization, G.R.; data curation, G.R.; formal analysis, G.R.; funding acquisition,
G.R.; investigation, G.R.; methodology, G.R.; resources, G.R.; supervision, G.R. and FG.; validation, G.R,;
visualization, G.R.; writing—original draft preparation, G.R.; writing—review and editing, G.R. and EG.; funding
acquisition, G.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by MIUR (Ministero dell'Istruzione, dell'Universita e della Ricerca)—FIRB
(Fondo per gli Investimenti della Ricerca di Base) Futuro in Ricerca 2008 (Surface-Associated Selective
Transfection—SAST, grant RBFRO8XHOH) and by INSTM (Consorzio Interuniversitario Nazionale per la Scienza e
Tecnologia dei Materiali) (INSTMMIP07 project) (G.R.).

Acknowledgments: G. Raffaini gratefully acknowledges financial support from MIUR—FIRB 2008
(Surface-Associated Selective Transfection—SAST, grant RBFROSXHOH) and from INSTM (INSTMMIP07 project)
(G.R.). Helpful discussions with Roberto Vittorio Pivato are gratefully acknowledged.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

MM molecular mechanics

MD molecular dynamics

B-CD -cyclodextrin

PX piroxicam

PMA pyromellitic dianhydride

NS nanosponge

3-CD NS f-cyclodextrin nanosponge

NVT ensemble Number of particles, Volume and Temperature are constant
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Abstract: This study aims to evaluate the bioeffects of glutathione-responsive 3-cyclodextrin-based
nanosponges (GSH-NSs) on two- (2D) and three-dimensional (3D) cell cultures. The bioeffects of
two types of GSH-NS formulations, with low (GSH-NS B) and high (GSH-NS D) disulfide-bond
content, were evaluated on 2D colorectal (HCT116 and HT-29) and prostatic (DU-145 and PC3)
cancer cell cultures. In particular, the cellular uptake of GSH-NS was evaluated, as their effects on
cell growth, mitochondrial activity, membrane integrity, cell cycle distribution, mRNA expression,
and reactive oxygen species production. The effect of GSH-NSs on cell growth was also evaluated
on multicellular spheroids (MCS) and a comparison of the GSH-NS cell growth inhibitory activity,
in terms of inhibition concentration (IC)5q values, was performed between 2D and 3D cell cultures.
A significant decrease in 2D cell growth was observed at high GSH-NS concentrations, with the
formulation with a low disulfide-bond content, GSH-NS B, being more cytotoxic than the formulation
with a high disulfide-bond content, GSH-NS D. The cell growth decrease induced by GSH-NS was
owing to Gy cell cycle arrest. Moreover, a significant down-regulation of mRNA expression of the
cyclin genes CDK1, CDK2, and CDK4 and up-regulation of mRNA expression of the cyclin inhibitor
genes CDKN1A and CDKN2A were observed. On the other hand, a significant decrease in MCS
growth was also observed at high GSH-NS concentrations, but not influenced by the nanosponge
disulfide-bond content, with the MCS ICs( values being significantly higher than those obtained on
2D cell cultures. GSH-NSs are suitable nanocarries as they provoke limited cellular effects, as cell
cycle arrest only occurred at concentrations significantly higher than those used for drug delivery.
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1. Introduction

The ideal nanoparticle-based drug delivery system assures the safe delivery and selective action of a
drug to a target site. Indeed, nanomaterials can add further functionality to the conjugated/loaded drug
and, taking advantage of their unique size, are able to play a crucial therapeutic role. This has triggered
an increased interest in nanopharmaceuticals [1,2] and the development of a wide range of nanoparticle
systems, such as liposomes, nanoparticles, micelles, dendrimers, and nanotubes [3-5]. However, only a
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few nanoparticle-based systems have been FDA-approved for cancer therapy to date [6,7]. Although
nanoscience in drug development is in its early stages, the fusion of engineered nanomaterials and
nanopharmaceutical research is paving the way for the development of stimuli-responsive drug delivery
systems, especially in cancer treatment. Interestingly, several chemically modified polymers [8,9]
and cross-linked cyclodextrin-based polymers have been proposed to obtain compounds responsive
to the external environment [10]. In this regard, cyclodextrin-based nanosponges are of particular
interest [11,12].

Nanosponges are hyper-cross-linked cyclodextrin polymers generally obtained from «, 3, and y
cyclodextrins, containing suitable amounts of linear dextrin cross-linked with a proper cross-linking
agent. A cage-like structure is obtained via the cross-linking of cyclodextrins, thus creating nanochannels
in the polymer matrix that can be modulated employing different types of cross-linking agents and/or
varying the amount used [13,14]. It is worth noting that active carbonyl compounds, like carbonyl
diimidazole, diphenyl carbonate, and organic dianhydrides such as pyromellitic dianhydride, can be
used as cross-linker in the preparation of nanosponges [15,16].

Nanosponges offer several features, such as sustained and controlled release, improvement of
aqueous solubility, bioavailability, and stability of the hosted molecules, which could be advantageously
exploited for drug delivery [15,17,18]. Indeed, previous research highlighted the capability of
nanosponges to encapsulate different active molecules and magnify their activity in either in vitro
or in vivo studies [15,19,20]. In particular, several anticancer drugs such as doxorubicin, paclitaxel,
and camptothecin have been efficiently incorporated in cyclodextrin-based nanosponges, showing an
improved antitumor effect [21-24].

Interestingly, nanosponge-based drug delivery systems can be tuned to form ‘stimuli-responsive’
nanocarriers that modify their structure in response to external changes, such as pH or redox
potential [25-27]. Therefore, glutathione (GSH)-responsive nanocarriers have been developed for
targeted intracellular anticancer drug release [28], as the GSH tripeptide has a higher intracellular than
extracellular concentration [29]. Several intracellular compartments, such as cytosol, mitochondria,
and the cell nucleus, contain higher GSH concentrations than do extracellular fluids and circulation.
Moreover, GSH intracellular concentration is further increased in cancer cells and, above all,
in chemoresistant cells [30]. Oxidative stress has long been implicated in cancer development
and progression [31]. An increase in reactive oxygen species (ROS) usually induces a cell adaptive
response and the compensatory up-regulation of antioxidant systems to restore redox homeostasis;
GSH/GSH disulfide is the major redox combination in mammalian cells [32]. Moreover, many primary
tumors have high levels of overexpression of antioxidant enzymes [33,34].

Trotta et al. have developed a next generation of nanosponges that are bioresponsive to GSH
external concentration [35]. This behavior may be an ideal trigger for rapid nanocarrier destabilization
inside cells, leading to efficient intracellular drug release through disulfide-bond cleavage [35].
Indeed, the disulfide bridge remains stable in extracellular fluids for long periods before being
reduced upon internalization in the cytosol, having a higher GSH concentration, thus improving
drug bioavailability [36]. As depleting endogenous antioxidants, like GSH, make cancer cells more
chemosensitive, this reduction-sensitive nanosystem is further suited to anticancer therapy owing to its
ability to enhance the anticancer activity of such drugs. Previously, the encapsulation of doxorubicin
and strigolactone analogues in GSH-responsive nanosponges was in vitro and in vivo evaluated.
In vitro release kinetics studies from GSH-NS revealed a GSH concentration-based drug release profile
over time. Moreover, the GSH-NSs were able to release the payload as a function of in-cell GSH
concentration [37,38]. This behavior might favor the selectively controlled release in target cancer cells
and enhance the cytotoxic effect. Indeed, both of the compounds loaded in GSH-NS were more effective
in inhibiting the cell viability than the corresponding free drugs, particularly in cancer cells presenting
a higher GSH content. In addition, a greater reduction of prostate cancer growth was observed for
doxorubicin incorporated in GSH-NS compared with the free drug in xenograft mice models [37].
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The fact that GSH-NS may well represent an efficient stimuli-responsive drug delivery system for
anticancer drugs prompted in-depth study into their biological effect per se on cell growth reported
herein. As preliminary cellular evaluations of nanocarriers are usually carried out on 2D cell cultures,
previously, the effects of cyclodextrin-based nanosponges have been widely tested in 2D cell monolayer
cultures. However, 3D cell cultures, such as multicellular spheroids (MCS), have various in vivo tissue
characteristics including the production of an extracellular matrix [39,40]. This study reports a series
of experiments carried out to evaluate the bioeffects of GSH-NS containing two different amounts of
disulfide bridges either on 2D cell cultures or on 3D cell cultures of human cancer cells, differing in
cancer type and intracellular GSH level, namely, human colorectal, HCT116 and HT-29, and human
prostatic, DU145 and PC-3, cancer cell lines.

2. Results

2.1. Characterization of Glutathione Responsive B-cyclodextrin-Based Nanosponges

GSH-NSs have a size of about 200 nm and a negative surface charge, in agreement with our previous
papers [35,37,38]. Table 1 reports the average diameters, polydispersity indices, and zeta potentials
of blank and 6-coumarin loaded GSH-NS type B and D. The different content of disulfide bridges in
the two type of GSH-NS (B and D) did not affect their physico-chemical characteristics. Fluorescent
labeling did not significantly alter the values of these parameters. Transmission electron microscopy
(TEM) analysis of GSH-NS shows the spherical shape and smooth surfaces of the nanosponges.

Table 1. The physico-chemical characteristics of glutathione-responsive p-cyclodextrin-based
nanosponge (GSH-NS) formulations.

Average Diameter + SD  Polydispersity Index Zeta Potential + SD

(nm) (PDI) (mV)
Blank GSH-NS B 183.4 +15.3 0.23 +0.02 —31.58 + 3.82
Blank GSH-NS D 180.5 = 6.7 0.21 = 0.01 -31.24 +3.05
Fluorescent GSH-NS B 188.3 = 10.2 0.22 +0.01 —29.98 +2.74
Fluorescent GSH-NS D 185.9 +12.5 0.22 +0.02 —30.55 + 2.66

2.2. D Cell Culture Cytotoxicity of Glutathione Responsive f-cyclodextrin-Based Nanosponges

The basal level of reduced glutathione was measured in each of the different cell lines, which were
grouped according to cancer type. The results show that HT-29 (Figure 1A) and PC-3 cells (Figure 1B)
display significantly lower GSH levels than those in HCT116 (Figure 1A) and DU145 cells (Figure 1B).
Dose-response curves were then performed by exposing human colorectal cancer, HCT116 and HT-29,
and human prostatic carcinoma, DU145 and PC-3, cell monolayers to various concentrations (0.5, 1.0,
2.0, and 3.0 mg/mL) of the two types of GSH-NSs with increasing disulfide bridge content (GSH-NS B
and D), for 24, 48, and 72 h. Table 2 reports the IC; and ICs( values of GSH-NS, which were determined
at 24, 48, and 72 h of exposure.

Figure 2 reports GSH-NS ICs, values according to disulfide-bond content and exposure time.
These data highlight the remarkable cytotoxicity difference between the two nanosponge formulations
in colorectal cancer cell lines, as lower ICsy values were observed for the nanosponge formulation
with the lower disulfide bridge content (GSH-NS B) at 24, 48, and 72 h (Figure 2A,B). In prostatic
cancer cell lines, no significant differences in ICsy values were detected for the two nanosponge
formulations in DU145 cells (Figure 2C), which were characterized by the highest GSH cell content
(Figure 1). Meanwhile, in PC-3 cells, a significant cytotoxicity difference was observed between the two
nanosponge formulations, as the ICs) values determined by the GSH-NS B formulation were lower
compared with what was observed in colorectal cancer cells, even if only at 24 and 48 h (Figure 2D).
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Figure 1. Intracellular glutathione-responsive p-cyclodextrin (GSH) level according to cell type.
The reduced glutathione content of human colorectal cancer cell lines, HCT 116 and HT-29 (A), and
human prostatic carcinoma cell lines, DU145 and PC-3 (B), was measured at a basal level, that is,
in untreated cells, and was expressed as nmol/ug protein. The results are mean values + SD of three
independent experiments performed in triplicate. Statistically significant difference between cell lines:
*p <0.05.

Table 2. Glutathione-responsive 3-cyclodextrin-based nanosponge (GSH-NS) inhibition concentration
(IC) values on 2D cell cultures.

HCT116 IC Values (mg/mL * St.Dev) on 2D Cultures
24h GSH-NSB GSH-NSD 48 h GSH-NSB GSH-NSD 72h GSH-NS B GSH-NSD

1Cy 0.27 £ 0.03 0.51 + 0.04 1Cy 0.47 £ 0.03 0.65 £+ 0.03 1Cy 0.50 + 0.04 0.66 + 0.05
) (@) 1.86 + 0.31 2.62+039* 1Cs59 1.60 + 0.27 235+£040% 1Cs 1.54 +0.19 238 £0.41*

HT-29 IC Values (mg/mL * St.Dev) on 2D Cultures
24h GSH-NS B GSH-NS D 48 h GSH-NSB GSH-NS D 72h GSH-NSB GSH-NSD

1Cy 0.05 = 0.00 0.05 £ 0.00 (@) 0.15 +0.01 0.65 + 0.03 * 1C 0.27 £ 0.02 0.65 +0.03 *
) (@) 1.71 +0.25 276 £035* 1Cs9 1.58 +0.21 2.80+£045% (@) 1.37 £ 0.30 239 +£0.31*

DU145 IC Values (mg/mL + St.Dev) on 2D Cultures
24h GSH-NS B GSH-NS D 48 h GSH-NSB GSH-NS D 72h GSH-NSB GSH-NSD

1Cy 0.01 +0.00 0.05 £ 0.00 (@) 0.05 + 0.00 0.03 + 0.00 (@) 0.17 £ 0.01 0.12 +0.01
(@) 1.85 +0.40 234 +0.36 1Csg 1.37 £0.28 1.57 £ 0.32 1Csg 1.38 +£0.25 1.56 + 0.30

PC-3 IC Values (mg/mL * St.Dev) on 2D Cultures
24h GSH-NS B GSH-NS D 48 h GSH-NSB GSH-NSD 72h GSH-NSB GSH-NSD

| (@) 0.04 £ 0.00 0.05 + 0.00 (@) 0.06 + 0.01 0.43 +0.03 * (@) 0.35 £ 0.02 0.43 + 0.03
ICsp 1.65+£0.27 2.56 +0.38 * 1Csg 1.20 £ 0.22 2.09+0.25* 1Csg 1.37 +£0.31 1.68 £ 0.27

Statistically significant difference between the two nanosponge formulations: * p < 0.05.

Therefore, the nanosponge formulation with the lower disulfide-bond content, GSH-NS B,
was found to be more cytotoxic than the nanosponge formulation with the higher disulfide-bond
content, GSH-NS D, in all of the cell lines, with the exception of DU145 cell line (Table 2 and Figure 2).
Moreover, lower GSH-NS D ICy; values were observed on DU145 and PC-3 cells than on HCT116
and HT-29 cells at 48 and 72 h of exposure (Table 2 and Figure 2), suggesting that the nanosponge
formulation with the higher disulfide bridge concentration, GSH-NS D, has a higher cytotoxic effect in
prostatic cancer cells than in colorectal cancer cells.
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Figure 2. Cytotoxicity of glutathione responsive B-cyclodextrin-based nanosponges in 2D cell cultures.
HCT116 (A), HT-29 (B), DU145 (C), and PC-3 (D) cells were incubated with GSH-NS B and GSH-NS D
at different concentrations (0.5, 1.0, 2.0, 3.0 mg/mL) for 24, 48, and 72 h. Cell proliferation was evaluated
by WST-1 assay and the values of the concentration required for a 50% cell growth inhibition (IC5() were
determined by the proliferation curves obtained using the CalcuSyn 2.11 software (Biosoft, Cambridge,
UK). The results are mean values + St.Dev of three independent experiments, replicated eight times for
each condition. Statistically significant difference between nanosponge formulations: * p < 0.05.

2.3. Glutathione Responsive -cyclodextrin-Based Nanosponge Cellular Uptake on 2D Cell Cultures

The cellular uptake of non-cytotoxic (IC;) and cytotoxic (ICsp) concentrations of fluorescent
GSH-NS was analyzed by flow cytometry and fluorescence microscope imaging after 24 h exposure.
HCT116, HT-29, DU145, and PC-3 cell monolayers were exposed to 6-coumarin loaded GSH-NS B
or 6-coumarin loaded GSH-NS D for 24 h. Significant dose-dependent differences in nanosponge
cellular uptake were observed (Figure 3A-D). Interestingly, higher nanosponge cellular uptake was
observed in colorectal cancer cells (Figure 3A,B) than in prostatic cancer cells (Figure 3C,D). In particular,
the highest nanosponge cellular uptake was observed in HCT116 cells (Figure 3A) and the lowest in
PC-3 cells (Figure 3D). As ICs values at 24 h of incubation in colorectal and prostatic cell line were
very similar (Table 2), the lower fluorescent GSH-NS intracellular uptake in prostatic cells suggests
that they are more highly sensitive to the nanosponge cytotoxic effect than the colorectal cancer cell
lines. In particular, Figure 3E-G show images of untreated HCT116 cells with nuclear counterstaining
(Figure 3E) and after 24 h exposure to 6-coumarin loaded GSH-NS B (Figure 3F) or 6-coumarin loaded
GSH-NS D (Figure 3G).
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Figure 3. Fluorescent glutathione responsive p-cyclodextrin-based nanosponge cellular uptake.
HCT116 (A), HT-29 (B), DU145 (C), and PC-3 (D) cells were exposed to the respective IC; and
IC5p of 6-coumarin loaded GSH-NS B and 6-coumarin loaded GSH-NS D for 24 h and analyzed
by flow cytometry. Cellular uptake was expressed as integrated mean fluorescence intensity
(iMFI). Representative fluorescence images of HCT116 untreated cells (E), HCT116 cells exposed
to 6-coumarin loaded GSH-NS B ICs (F), and 6-coumarin loaded GSH-NS D ICs (G) for 24 h using
4’ 6-diamidino-2-phenylindole (DAPI) (blue) as nuclear counterstain (63x magnification). Statistically
significant difference between IC; and ICsp: ** p < 0.01; *** p < 0.001.

2.4. The Effect of Glutathione Responsive B-cyclodextrin-Based Nanosponges on Cell Death and Cell Cycle

As an increase in the number of dead or plasma membrane-damaged cells results in an increase
in lactate dehydrogenase (LDH) in the culture supernatant, we measured the LDH leakage of HCT116,
HT-29, DU145, and PC-3 cells after 24, 48, and 72 h of incubation with an experimental medium
containing different GSH-NS B or GSH-NS D concentrations (0.5, 1.0, 2.0, and 3.0 mg/mL). No significant
increase in LDH leakage percentage over untreated control cells was observed under any of the test
conditions (data not shown). The lack of apparent plasma membrane-damaged cells in the LDH
assay would appear to contrast significantly with the decrease in cell growth observed by WST-1 cell
proliferation assay (Table 2 and Figure 2), which was performed at the same incubation times with
the same GSH-NS concentrations. This finding prompted us to investigate the cell cycle using flow
cytometry to assess any arrest of cell cycle progression.

We then performed cell cycle analyses on the ICsj values of each cell line after 24 h of GSH-NS B
or GSH-NS D incubation (Table 2). A significant increase in cell percentages in the Go/G; phase and a
significant decrease in 5/G,/M cell percentages were observed across the entire cell population after
exposure at the respective GSH-NS B or GSH-NS D ICs( values (Figure 4). Moreover, the sub-Gy/G
peak was absent in all cell lines. This suggests that the observed decrease in cell proliferation (Table 2
and Figure 2) was the result of alterations of cell cycle progression owing to a block in the Go/G;
phase. Furthermore, the Go/G; phase cell population percentage was higher in both colorectal cancer
(Figure 4A,B) and prostatic cancer (Figure 4C,D) cells after incubation with the lower disulfide-bond
content nanosponge (GSH-NS B).
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Figure 4. Glutathione responsive p3-cyclodextrin-based nanosponge effect on cell cycle and mRNA
expression. HCT116 (A,B), HT-29 (C,D), DU145 (E,F), and PC-3 (G,H) cells were exposed to the
respective GSH-NS B or GSH-NS D ICsj for 24 h. Cell cycle distribution was analyzed by flow
cytometry and the data were expressed as a percentage of cells in the different phases of the cell
cycle (A,CE,G). RRN18S (ribosomal RNA 18S) was used for the mRNA gene expression analysis as a
reference gene to normalize the data and the nanosponge-induced alterations in mRNA levels were
compared with those of the controls, that is, untreated cells, fixed at 1 and shown by the dotted line.
Statistically significant difference versus control: * p < 0.05; ** p < 0.01; *** p < 0.001.

Thus, to confirm these data, an analysis of mRNA expression of the different cyclin-dependent
kinases (CDK) was performed, as they participate in cell cycle regulation, especially during the G; to S
phase transition. It was observed that CDK1, CDK2, and CDK4 mRNA expression was down-regulated
in almost all cell lines, as compared with untreated cells (Figure 4B,D,EH). Interestingly, the mRNA
expression of the CDK activator, CDC25A, was either unaffected or down-regulated, compared
with untreated cells, whereas the mRNA expression of the CDK inhibitors, CDKN1A and CDKN2A,
was up-regulated compared with untreated cells (Figure 4B,D,FH). No significant differences in
the extent of cell cycle arrest were observed between the two nanosponge formulations. However,
the formulation with the higher disulfide-bond content, GSH-NS D, seemed to induce a higher
down-regulation in CDK mRNA and higher up-regulation in CDKN2A mRNA in HT-29 and DU145
cells, whereas GSH-NS B induced a higher CDKN1A mRNA expression in HCT116 and PC-3 cells.
Furthermore, no significant differences were observed in terms of the extent of cell cycle arrest and gene
expressions between cell lines with higher (Figure 4A-F) and lower GSH content (Figure 4C,D,G,H).

2.5. The Effect of Glutathione Responsive S-cyclodextrin-Based Nanosponges on Reactive Oxygen
Species Production

After exposure to the respective GSH-NS B and GSH-NS D ICsj values at 24 h, the dichlorofluorescein-
diacetate (DCFH-DA) assay did not indicate a significant intracellular ROS increase at 1, 12 (data not
shown), and 24 h (Figure 5) in all cell lines considered, except for HCT116 cells, where a significant
increase in intracellular ROS was observed at 24 h (Figure 5A) after both GSH-NS formulations incubation
(Figure 5A).
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Figure 5. Glutathione responsive p3-cyclodextrin-based nanosponge reactive oxygen species (ROS)
production. HCT116 (A), HT-29 (B), DU145 (C), and PC-3 (D) cells were treated with GSH-NS B
or GSH-NS D at the respective ICs5 for 24 h. ROS levels, detected by dichlorofluorescein-diacetate
(DCFH-DA) assay by flow cytometry, were expressed as the integrated median fluorescence intensity
(iMFI) ratio and nanosponge-induced ROS levels were compared to those of control, that is, untreated
cells, fixed at 1 and shown by the dotted line. Statistically significant difference versus untreated cells:
**p <0.01; *** p < 0.001.

2.6. Glutathione Responsive B-cyclodextrin-Based Nanosponge Cytotoxicity in Three-Dimensional
Cell Cultures

The next step was the analysis of GSH-NS cytotoxicity in the colorectal and prostatic cancer cell
lines with the highest GSH basal level, HCT116 and DU145, which were three-dimensionally cultured
as multicellular spheroids (MCSs), cellular aggregates organized in a specific cell-to-cell and cell-matrix
interaction, closer to in vivo features [41]. Dose response curves were obtained by exposing HCT116
and DU145 on 3D model to different concentrations (0.5, 2.0, 4.0, and 6.0 mg/mL) of GSH-NS B and
GSH-NS D, for 24, 48, and 72 h to obtain the respective IC; and ICsq values (Table 3 and Figure 6A,G).
The MCS uptake of non-cytotoxic (IC;) and cytotoxic (ICsg) concentrations of fluorescent GSH-NS was
confirmed by fluorescence microscope imaging after 24 h of exposure (Figure 6B,C,H,I).

Table 3. GSH-NS IC values in the 3D cell cultures.

HCT116 IC Values (mg/mL + St.Dev) on 3D Cultures
24h GSH-NS B GSH-NS D 48 h GSH-NS B GSH-NS D 72h GSH-NS B GSH-NS D

ICy 001+000  0.02=+0.00 IC; 0014000  0.01+0.00 IC; 001+000 0.1 +0.00
ICso 392095  419+098 ICso 275+018  3.05+0.31 ICso 198+015  222+021

DU145 IC Values (mg/mL + St.Dev) on 3D Cultures
24h GSH-NS B GSH-NS D 48 h GSH-NS B GSH-NS D 72h GSH-NS B GSH-NS D

1Cy 0.02 £ 0.00 0.04 £ 0.00 1Cy 0.03 £ 0.00 0.02 £ 0.00 1Cy 0.07 £ 0.01 0.02 + 0.00
) (@) 538+1.15 5.80+1.78 1Cs9 2.68 £0.25 3.24 +£0.34 ICsq 2.01+024 226 £0.23

Statistically significant difference between the two nanosponge formulations: ns.

GSH-NS B and D gave similar ICs values in both cell lines (Table 3, Figure 6A,G) and across all
incubation times, whereas GSH-NS B gave a higher cytotoxic effect in HCT116 cells than GSH-NS D in
the monolayer cultures (Table 2 and Figure 2A). Interestingly, the nanosponge cytotoxic effect was time
dependent in both cell lines (Figure 6A,G). This also differs from the results obtained in the monolayer
cultures (Figure 2A,C). Moreover, significantly higher GSH-NS B and GSH-NS D ICs( values at 24 h
were observed in DU145 cells than in HCT116 cells (Figure 6G), suggesting a lower cytotoxic effect
of the GSH-NS at 24 h in DU145 cells than in HCT116 cells. These results differ from those observed
in monolayer cultures, where the nanosponge formulation with the higher disulfide-bond content,
GSH-NS D, was more cytotoxic in DU145 cells than in HCT116 (Figure 2A,C). Figure 6 shows images
of 72 h untreated HCT116 MCS (10.51 + 1.74 um?® panel D) and DU145 MCS (11.66 + 0.92 um?, panel
J), which are compared to GSH-NS B and GSH-NS D treated HCT116 MCS (4.03 + 0.09 umS3, panel E
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and 4.55 + 0.77 um?, panel F, respectively) (p < 0.05) and DU145 MCS (4.63 + 0.27 um?, panel K and
5.12 + 0.60 um3, panel L, respectively) (p < 0.05).
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Figure 6. Glutathione responsive 3-cyclodextrin-based nanosponge cytotoxicity and uptake on 3D
culture. HCT116 (A) and DU145 (G) multicellular spheroids (MCSs) were incubated with GSH-NS B
and GSH-NS D at different concentrations (0.5, 2.0, 4.0, and 6.0 mg/mL) and MCS volume was measured
after 24, 48, and 72 h. Representative images at 24 h of HCT116 and DU145 MCS uptake of 6-coumarin
loaded GSH-NS B ICsq (B,H, respectively) and of 6-coumarin loaded GSH-NS D ICs (CI, respectively).
Representative phase contrast images at 72 h of HCT116 MCS: untreated (D), treated with GSH-NS B
ICs (E) and GSH-NS D ICsq (F). Representative phase contrast images at 72 h of DU145 MCS: untreated
(), treated with GSH-NS B ICs (K), and GSH-NS B ICs (L). Images are at 10x magnification.

3. Discussion

Understanding the effect that nanoparticles have on cells is crucial to predict their in vivo toxicity
and avoid any undesirable nanoparticle activities. Although there are numerous in vitro cytotoxicity
assays that can be applied for the general screening of nanoparticles [42,43], it is of vital importance
that the research covers nanoparticle cytotoxicity itself. In this contest the use of strictly controlled
in vitro experimental conditions can ensure that the measured effect is the result of nanoparticle toxicity
and not unstable culturing conditions [44]. Moreover, up to nowadays, there has been no single
analysis able to provide sufficient information to correlate the biomaterial chemistry and surface with
biological response [45]. Herein, we investigated the in vitro biological effects of a stimuli-responsive
nanosystem, that is, glutathione responsive 3-cyclodextrin-based nanosponges (GSH-NS), in various
cancer cell lines, characterized by their GSH basal content, as this nanosystem is designed to be a GSH
responsive anticancer drug carrier.

GSH plays a key role in cellular defense against oxidative stress [46] and its increased redox
capacity in cancer cells is well-known [34,47]. Consequently, GSH has been recognized to be an ideal
intracellular trigger for selective drug delivery by responsive nanocarriers, as many compounds exert
their therapeutic effects only inside cells. As disulfide chemistry is particularly versatile, a wide range
of GSH-responsive nano-vehicles, such as micelles, nanoparticles, and nanogels, have been recently
developed [28]. Among them, glutathione responsive 3-cyclodextrin-based nanosponges incorporate
high payload and provide controlled drug release over time, with the further advantage of triggered
intracellular drug delivery in response to cell GSH content. In addition, GSH-NSs are able to protect
degradable drugs from the external environment. It is foreseen that 3 cyclodextrin-based nanosponges
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will have a significant positive impact on anticancer therapeutic scenarios [13,24,37,38]. Taking into
account the promising results concerning the efficacy of GSH-NSs as an anticancer drug delivery
system [37,38], the biological safety of the nanosponge itself is a critical parameter for their future
clinical application.

-cyclodextrin toxicology has been evaluated in in vitro and in vivo studies that have reported it
as non-toxic and well tolerated even at very high doses [48]. Previous in vitro studies showed no signs
of cytotoxicity after cell exposure to unloaded nanosponges in the 10-100 pg/mL concentration range
used for the delivery of therapeutic drugs [23,49,50]. In addition, in vivo experiments have shown
that 3-cyclodextrin-based nanosponges prepared with pyromellitic dianhydride as a cross-linking
agent have been orally administered to rats without showing any toxic side effects at selected doses
in an acute and repeated dose toxicity study [51]. Previously, GSH-NSs have been investigated as
doxorubicin carrier. No acute cardiotoxic effects were observed in mice after the in vivo administration
of doxorubicin-loaded GSH-NS [37]. Recently, the hepatotoxicity of this nanoformulation was
investigated either in vitro on human HepG2 cell line or ex vivo on rat precision-cut liver slices (PCLSs),
where a good nanosponge safety profile was demonstrated, showing a comparable hepatotoxicity to
that of free doxorubicin [52].

As no reports have been published on the effects at a cellular level of GSH-NS as such, it was
decided to study the effect of GSH-NS per se on HCT116, HT-29, DU145, and PC-3 cancer cell lines
with various GSH content in a concentration range that is about fifty times higher than that used in
the above mentioned studies to ensure the use of cytotoxic concentrations. HCT116 and DU145 cells
showed the highest GSH values in colorectal and prostatic cancer cell lines, respectively; previous
research studies have shown that DU145 cells have the highest GSH content [53]. Non-toxic (IC;)
and cytotoxic (IC5p) GSH-NS concentrations were determined by a 2D cell assay, which measured
mitochondrial activity. A decrease in cell growth with significantly different IC; or ICs5q values was
observed when the two nanosponge formulations were compared in all cell lines, except in DU145 cell
line, where no statically significant difference was observed.

DU145 cell line was the most sensitive to the GSH-NS D cytotoxic effect among all cell lines
tested. Notably, DU145 cells are more resistant to electrophilic toxicity than other cells owing to
their high levels of redox-sensitive transcription factor, nuclear factor erythroid 2-related factor-2
(Nrf2), which activates cytoprotective pathways against oxidative injury, such as GSH synthesis [54,55].
As this nanosystem has the ability to disrupt itself in the presence of GSH, we can hypothesize that it
is the high GSH content in DU145 cells that allows GSH-NS to exert their cytotoxic effect, whatever
the disulfide-bond concentration. Further studies are needed to investigate whether agents able to
modulate intracellular GSH, such as N-acetyl cysteine or buthionine sulfoximine [56] could affect
nanosponge intracellular drug release and cytotoxicity.

Our study shows that colorectal cancer cells, in particular HCT116 cells, have the most pronounced
GSH-NS B and D cellular uptake. This difference in nanosponge cellular uptake in this cell line
may be owing to differing uptake mechanisms, as cell surface thiols have been reported to affect
disulfide-conjugated peptide cell entry [57]. Indeed, disulfide bridge cleavage may start at the cell
surface via thiol/disulfide exchange reactions catalyzed by redox proteins such as thioredoxines [58].
Therefore, the 2D data on IC5p would appear to indicate that prostatic cancer cell lines are more
sensitive to GSH-NS cytotoxic effects.

Worthy of note is that cell cycle analyses revealed a significant cell cycle arrest in the Go/G; phase
in all cell lines at 24 h ICsy values. Thus, to further investigate this cell cycle arrest, we analyzed a
panel of genes that are involved in cell cycle regulation. Notably, the results show significant mRNA
over-expression in the cell cycle progression regulators at G;, CDKN1A, and CDKN2A, which code
for p21 and p16 that inhibit the cyclin-CDK2 and -CDK4 complexes, respectively. Apart from this,
the mRNA expression of CDC25A, CDK1, CDK2, and CDK4 was either unaffected or down-regulated
in all cell lines. These data demonstrate that GSH-NS inhibition of cell proliferation is essentially
owing to Gy cell cycle arrest, in agreement with previous reports by Choi et al. [59]. Interestingly,
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only HTC116 cells showed significant ROS production after GSH-NS exposure, which is most likely
owing to their high GSH-NS cellular uptake.

Lastly, the investigation of nanosponges effects on MCS growth was carried out. The results were
interesting as differences in the 2D study were observed. There were no significant differences between
the two GSH-NS formulations in HCT116 and DU145 MCS, whereas there was a significant difference
in the 2D HCT-116 culture. Indeed, ICsy values were significantly lower in the 2D cultures than in
the 3D cultures, especially after 24 h incubation, where similar values were reached only after 72 h of
incubation. For example, IC5y was twofold higher after 24 h in 3D cultures for HCT116 and three-fold
higher in DU145 than in their respective monolayers. On the other hand, IC; concentrations were
significantly lower in HCT116 MCS than in HCT116 cell monolayers, whereas IC; was quite similar
both in DU145 spheroids and monolayers.

GSH-NS cytotoxicity might appear to be linked to disulfide-bond content in 2D cell monolayers as
the formulation with the higher disulfide-bond content, GSH-NS D, had the lowest cytotoxic effect in
all cell lines, except for the DU145 cell line. On the other hand, GSH-NS cytotoxicity was not influenced
by the disulfide-bond content in MCS and the most pronounced cell growth decrease was observed in
the colorectal cancer cell line, HCT116, after 24 h of exposure to GSH-NS. Tissue-like morphology and
phenotypic change may be identified as the major factors in diminishing toxicity on MCS. This means
that in vitro 3D cell culture models could act as an intermediate stage and bridge the gap between
in vitro 2D and in vivo studies, which would extend current cellular level cytotoxicity to the tissue
level and improve the predictive power of in vitro nanoparticle toxicology [60]. Finally, GSH-NSs
showed a limited toxicity, leading to G; cell cycle arrest, without membrane damage or oxidative
stress generation at significantly higher concentrations about fifty times those used for the delivery of
anticancer drugs.

4. Methods

4.1. Synthesis of Glutathione Responsive f-cyclodextrin-Based Nanosponges

Glutathione-responsive 3-cyclodextrin-based nanosponges (GSH-NSs) were synthetized according
to the method developed by Trotta et al. [35].

Briefly, GSH-NSs were obtained using a one-step synthetic route by reacting 3-cyclodextrin and
pyromellitic dianhydride, in the presence of 2-hydroxyethyl disulfide to insert disulfide bridges in the
NS nanostructure [35]. Varying amounts of 2-hydroxyethyl disulfide were used to obtain a series of
GSH-NS with different disulfide bridge percentages in the polymer matrix. In particular, 2-hydroxyethyl
disulfide/B-cyclodextrin molar ratios of 1:20 and 1:5 were used for the synthesis of GSH-NS with low
(GSH-NS B) and high disulfide-bridge content (GSH-NS D), respectively. The reaction was estimated
at room temperature under stirring for 24 h. The nanosponges were then purified by Soxhlet extraction
with acetone for a few hours. The percentage of sulfur in the two types of GSH-NS was measured by
elemental analysis and was 0.62 and 1.90 for GSH-NS B and GSH-NS D, respectively.

4.2. Preparation of Glutathione Responsive B-cyclodextrin-Based Nanosponge Nanosuspension

GSH-NS nanosuspensions were prepared following the preparation protocol previously
reported [35,38]. A weighed amount of GSH-NSs was suspended in a saline solution (NaCl 0.9%) at
a concentration of 10 mg/mL. The suspension was homogenized by a high shear homogenizer
(Ultraturrax®, TKA, Konigswinter, Germany) for 5 min at 24,000 rpm. The sample was then
homogenized on a high-pressure homogenizer (EmulsiFlex C5, Avastin, Mannheim, Germany)
for 90 min at a back pressure of 500 bar to further reduce the size of the nanosponges. The aqueous
nanosponge nanosuspension was subsequently purified by dialysis (membrane cutoff 12,000 Da)
to eliminate potential synthesis residues. The nanosuspension was stored at +4 °C and used for
all experiments.
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4.3. Preparation of Fluorescent Glutathione Responsive -cyclodextrin-Based Nanosponges

Fluorescent GSH-responsive nanosponges were obtained by adding 6-coumarin (0.1 mg/mL) to
the aforementioned aqueous GSH-NS nanosuspensions (previously described) (10 mg/mL) under
stirring for 24 h at room temperature in the dark.

4.4. Characterization of Glutathione Responsive p-cyclodextrin-based Nanosponges

The two types of GSH-NS (GSH-NS B and D), either blank or 6-coumarin loaded, were characterized
in vitro to measure their physico-chemical parameters. The average diameters, polydispersity indices,
and zeta potential values were determined by photon correlation spectroscopy (PCS) and electrophoretic
mobility using a 90 Plus Instrument (Brookhaven, NY, USA) at a fixed angle of 90° and a temperature
of +25 °C. The analyses were performed on diluted GSH-NS samples (1:30 v/v). For zeta potential
determination, the samples were placed in an electrophoretic cell where an electric field of approximately
15 V/cm was applied. Three batches were analyzed for each NS type and each measured value was
the average of ten repetitions. Nanosponge morphology was evaluated by transmission electron
microscopy (TEM) (Philips CM10 instrument, Eindhoven, Netherlands) after the diluted aqueous
nanosponge nanosuspensions were sprayed onto a Form war-coated copper grid and air-dried.

4.5. Cell Culture and Treatment with Glutathione Responsive f-cyclodextrin-Based Nanosponges

Human colorectal cancer cell lines, HCT116 and HT-29 (ICLC, Interlab Cell Line Collection,
Genova, Italy), and human prostatic carcinoma cell lines, DU145 and PC-3 (ICLC), were cultured in
McCoy’s 5A Medium and RPMI-1640 Medium, respectively. These media were supplemented with
2 mM L-glutamine, 100 UIl/mL penicillin, 100 pg/mL streptomycin, and 10% (v/v) heat-inactivated
fetal calf serum (Sigma, ST Louis, MO, USA) in a humidified atmosphere of 5% CO; air at 37 °C.
At 85% confluence, cells were harvested with 0.25% trypsin and sub-cultured into 75 cm? flasks,
6-well plates or 96-well plates according to need. Cells were allowed to attach to the surface for 24 h
prior to treatment. GSH-NS B and D were then suspended in a cell culture medium and diluted to
the appropriate concentrations. After treatment, the cells were harvested to determine cytotoxicity,
cell cycle distribution and ROS production. The cells that were not exposed to GSH-NS were used as
control conditions for each experiment.

4.6. Measurement of Basal Intracellular Reduced Glutathione Levels

The total glutathione level (GSSG + GSH) in HT-29, HCT116, DU154, and PC-3 cells were
assayed by the Glutathione Assay Kit (Sigma, Milano, Italy), according to manufacturer’s instructions.
The protein concentration (ng/mL) was quantified by the Qubit fluorometer (Invitrogen, Milan, Italy)
and the Quant-IT Protein Assay Kit (Invitrogen, Milano, Italy). Calibration was performed by the
application of a two-point standard curve, according to the manufacturer’s instructions.

Briefly, reduced glutathione (GSH) reacts with 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB) in a
recycling assay and produces glutathione disulfide (GSSG) and the 1,3,5-trinitrobenzene (TNB) anion,
which can be detected by absorbance. In turn, the enzyme glutathione reductase then reduces GSSG,
which release GSH that can react with another DTNB molecule. Therefore, the rate of TNB production
is measured rather than a single determination of how much DTNB react with GSH, as it is proportional
to the initial amount of GSH [61]. The plate was read at 412 nm on a microplate reader Asys UV 340
(Biochrom, Cambridge, UK) and the amount of GSH was expressed in nmol/ug protein.

4.7. Cell Proliferation Assay

The effect that GSH-NS B and D had on HCT116, HT-29, DU145, and PC-3 cell growth was
evaluated by WST-1 cell proliferation assay (Roche Applied Science, Penzberg, Germany). Briefly,
2.0 x 10° HT-29, 1.5 x 10° HCT116, 5.0 x 10> DU145, and 1.2 x 10° PC-3 cells were seeded in 100 uL
of growth medium in replicates (1 = 8) in 96-well culture plates; the seeding density of each cell line
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was chosen according to the best proliferation rate. The medium was removed after 24 h and the
cells were incubated with in an experimental medium containing differing GSH-NS B or GSH-NS D
concentrations (0.5, 1.0, 2.0, and 3.0 mg/mL). At 24, 48, and 72 h, WST-1 reagent (10 uL) was added and
the plates were incubated at 37 °C in 5% CO, for 1.5 h. Well absorbance was measured at 450 and
620 nm (reference wavelength) on a microplate reader Asys UV 340.

Cell proliferation data were expressed as a percentage of control, that is, untreated cells. At 24,
48, and 72 h, the inhibition concentration 50% (ICsg), defined as the dose of compound that inhibited
50% of cell growth, was interpolated from the growth curves, as was the inhibition concentration 1%
(ICy), defined as the dose of compound that inhibited 1% of cell growth. Thus, to compare the effects
of GSH-NS on the different cell lines, the IC; and ICsy values obtained were used to carry out the
following experiments.

4.8. Nanosponge Cellular Uptake Assays

Coumarin 6-loaded GSH-NS cellular uptake was assessed by cytofluorimetric analysis using a C6
flow cytometer (Accuri Cytometers, Ann Arbor, MI, USA) and imaging analysis using a DMI4000B
fluorescence microscopy (Leica, Wetzlar, Germany). For flow cytometry analysis, 5.0 X 10* cells were
seeded in a six-well culture plate. Forty-eight hours after seeding, HT-29, HCT116, DU145, and PC-3
cells were treated with the respective not-cytotoxic (IC;) and cytotoxic (ICsp) concentrations of either
fluorescent GSH-NS B or fluorescent GSH-NS D at 24 h. After a 24 h incubation, the cells were
washed three times with phosphate-buffered saline PBS, suspended in 250 puL PBS, and run on the
flow cytometer with 488 nm excitation. Intracellular fluorescence was expressed as integrated mean
fluorescence intensity (iMFI), which was the product of the frequency of 6-coumarin-loaded GSH-NS
positive cells and the mean fluorescence intensity.

Microscopy observation was carried out after glass coverslips were placed in 24-well plates and
the cells seeded at a density of 5.0 X 10* cells/coverslip for 48 h of incubation. The coumarin 6-loaded
nanosponges were then added at the respective ICs5y values for GSH-NS B and D, and incubated for
24 h. The cells were incubated with 1 ng/mL of 4’,6-diamidino-2-phenylindole (DAPI) for nuclear
counterstaining 30 min before the programmed stop time. After the cells were washed with PBS,
the cells on the coverslip were mounted on a glass slide, observed under a fluorescence microscope,
and photographed.

4.9. Lactate Dehydrogenase Leakage Assay

Lactate dehydrogenase (LDH) is an enzyme that is widely present in cytosol and catalyzes the
conversion of lactate to pyruvic acid. If plasma membrane integrity is disrupted, the LDH leaks into
culture media, increasing its extracellular level, and the amount of LDH release is proportional to the
number of damaged cells [62]. The LDH leakage was evaluated by the LDH-Cytotoxicity Detection
Kit (Roche Diagnostic, Indianapolis, USA), according to manufacturer’s instructions. Briefly, 96-well
plates were seeded with HT-29, HCT116, DU145, and PC-3 cell lines at a density of 2.0 X 103, 1.5 x 103,
5.0 x 10%, and 1.2 x 10° cells/100 pL culture medium, respectively. Twenty-four hours after the seeding,
100 pL of different concentrations (0.5, 1.0, 2.0, and 3.0 mg/mL) of GSH-NS B or GSH-NS D was added
to the wells. The plates were then incubated for 24, 48, and 72 h, at 37 °C, in a humidified atmosphere
of 5% CO; air. Cell-free culture media were then collected and incubated with the same volume of
reaction mixture for 30 min. LDH activity was measured at 490 nm on a microplate reader Asys UV
340. The background control was obtained by measuring the LDH activity of the assay medium,
the untreated control by measuring the LDH activity of untreated cells, and the positive control by
measuring the maximum releasable LDH activity after the treatment with the lysis buffer. The LDH
leakage percentage was calculated as follows: LDH leakage (%) = (experimental value—untreated
control)/(positive control—untreated control) x 100, and is the mean of three independent wells.
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4.10. Cell Cycle Analysis

Cell cycle distribution was evaluated 24 h after cell treatment with the respective ICsy of GSH-NS
B or GSH-NS D. The occurrence of the so-called sub-Gp/G; peak, which is a distinct cell population
characterized by subdiploid DNA fluorescence and might correlate with the internucleosomal DNA
fragmentation typical of apoptosis (Pozarowski and Darzynkiewicz, 2004), was also evaluated. Briefly,
1 x 10 HCT116, 1 x 10° HT-29, 1 x 10° DU145, and 1 x 10° PC-3 cells were incubated with 2 uM of the
live cell staining Vybrant Dye Cycle Green (Invitrogen) for 30 min at 37 °C. The samples were run on a
flow cytometer with 488 nm excitation to measure Vybrant Dye Cycle Green staining and data analysis
was performed by FCS Express software version 4 (BD Bioscience, Milano, Italy).

4.11. Real Time Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)

Total RN A was isolated from the HCT116, HT-29, DU145, and PC-3 cells, 24 h after incubation with
the respective GSH-NS B or GSH-NS D ICsy. Briefly, the cells were collected in RNA Cell Protection
Reagent (Qiagen, Milano, Italy) and stored at —80 °C. Total RNA was obtained by the RNeasy Plus Mini
Kit (Qiagen Milano, Italy). Total RNA concentration (pg/mL) was determined using the fluorometer
Qubit (Invitrogen) and the Quant-IT RNA Assay Kit (Invitrogen). Calibration was carried out by
applying a two points standard curve, according to the manufacturer’s instructions. RNA sample
integrity was determined by the Total RNA 6000 Nano Kit (Agilent Technologies, Milano, Italy) using
the Agilent 2100 Bioanalyzer (Agilent Technologies, Milano, Italy).

Real-time RT-PCR analysis was carried out using 1 pg of total RNA, which was reverse transcribed
in a 20 uL cDNA reaction volume using the QuantiTect Reverse Transcription Kit (Qiagen, Milano,
Italy). Each 10 pL real-time RT-PCR reaction was obtained using 12.5 ng of cDNA, according to the
manufacturer’s instructions. Quantitative RT-PCR was performed by the SsoFast EvaGreen (Bio-Rad,
Milan, Italy) and the QuantiTect Primer Assay (Qiagen, Milano, Italy) was used as the gene-specific
primer pair for the studied gene panel (Table 4).

Table 4. Gene description.

Gene Primer Codes Description
CDC25A QT00001078 cell division cycle 25 homolog A

CDK1 QT00042672 cyclin-dependent kinase 1

CDK2 QT00005586 cyclin-dependent kinase 2

CDK4 QT00016107 cyclin-dependent kinase 4
CDKN1A QT00031192 cyclin-dependent kinase inhibitor 1A, p21
CDKN2A QT00089964 cyclin-dependent kinase inhibitor 2A, p16
RRN18S QT00199367 18S ribosomal RNA

The transcript of the reference gene 185 ribosomal RNA (RRN18S) was used to normalize mRNA
data and real-time RT-PCR was performed by the MiniOpticon Real Time PCR system (Bio-Rad, Milan,
Italy). The PCR protocol conditions were as follows: a HotStarTaq DNA polymerase activation step at
+95 °C for 30 s, followed by 40 cycles at +95 °C for 5 s and +55 °C for 10 s. All runs were performed
on at least three independent cDNA preparations per sample and all samples were run in duplicate.
At least two non-template controls were included in each PCR run. Quantification data analyses were
performed by the Bio-Rad CFX Manager software version 1.6 (Bio-Rad, Milan, Italy), according to the
manufacturer’s instructions. These analyses were performed in compliance with MIQE guidelines
(Minimum Information for Publication of Quantitative Real-time PCR Experiments) [63].

4.12. Reactive Oxygen Species Production Assay

The production of intracellular reactive oxygen species (ROS) was measured by flow cytometry
using dichlorofluorescein-diacetate (DCFH-DA) (Sigma, Milano, Italy) as the oxidation-sensitive probe.
Briefly, after 1, 12, and 24 h cell exposure to the respective GSH-NS B or GSH-NS D IC; and ICsq
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at 24 h, HT-29, HCT116, DU145, and PC-3 cells were washed twice with PBS in six-well plates and
incubated with 10 uM DCFH at 37 °C in the dark for 30 min. The cells were then washed with PBS,
trypsinized, collected in 500 uL of PBS, and analyzed. ROS production was expressed as iMFI ratio,
that is, the difference between the iMFI of treated and untreated cells over the iMFI of untreated cells
(iMFl is the product of the frequency of ROS-producing cells and the median fluorescence intensity).

4.13. Cell Growth and Nanosponge Cellular Uptake Assays on Three-Dimensional Cell Culture

Cell suspensions (250-cell spheroids) 40 uL were dispensed into the access hole at each cell culture
site to form a hanging drop on a Perfecta3D® 96-well Hanging Drop Plate (3D Biomatrix, Ann Arbor,
MI, USA). On day 8 of the HCT116 and DU145 spheroid culture, 15 puL of different GSH-NS B or
GSH-NS D concentrations (0.5, 2.0, 4.0, and 6.0 mg/mL) was added to each cell hanging drop and MCS
growth was analyzed at 24, 48, and 72 h after nanosponge incubation. Noteworthy is the fact that we
had to use a different concentration range for 3D cell growth assay (0.5, 2.0, 4.0, and 6.0 mg/mL) to
obtain the dose-response data necessary to calculate the ICsy values from the one used in the 2D cell
growth assay (0.5, 2.0, 4.0, and 3.0 mg/mL). Phase contrast photographs were taken by the DMI4000B
microscope (Leica, Milano, Italy) and the diameter of each MCS was measured by Leica Application
Suite Software (Leica) and the volume (V) was calculated using the equation V = 4/3mr®. Coumarin
6-loaded nanosponge uptake by MCS at the respective ICsg at 24 h for GSH-NS B or GSH-NS D was
analyzed by fluorescence microscopy using a DMI4000B microscope (Leica).

4.14. Statistical Analysis

The results are expressed as the average value + standard deviation (St.Dev) of three independent
experiments. Median-effect analysis was performed by CalcuSyn software version 2.11 (Biosoft,
Cambridge, UK) to calculate the values of the concentration required to cause a 1% inhibition of
cell growth (IC;) and for a 50% inhibition of cell growth (ICsp) for each nanosponge formulation.
Statistical analyses were performed on Prism software version 6 (Graph-Pad, La Jolla, CA, USA) using
a Student’s t-test and one-way analysis of variance (ANOVA) to calculate the threshold of significance
as appropriate. Statistical significance was set at p < 0.05.
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Abstract: Sulfamethazine is a representative member of the sulfonamide antibiotic drugs; it is still
used in human and veterinary therapy. The protonation state of this drug affects its aqueous solubility,
which can be controlled by its inclusion complexes with native or chemically-modified cyclodextrins.
In this work, the temperature-dependent (298-313 K) interaction of sulfamethazine with native and
randomly methylated (3-cyclodextrins have been investigated at acidic and neutral pH. Surprisingly,
the interaction between the neutral and anionic forms of the guest molecule and cyclodextrins with
electron rich cavity are thermodynamically more favorable compared to the cationic guest. This
property probably due to the enhanced formation of zwitterionic form of sulfamethazine in the
hydrophobic cavities of cyclodextrins. Spectroscopic measurements and molecular modeling studies
indicated the possible driving forces (hydrophobic interaction, hydrogen bonding, and electrostatic
interaction) of the complex formation, and highlighted the importance of the reorganization of the
solvent molecules during the entering of the guest molecule into the host’s cavity.

Keywords: cyclodextrin; sulfamethazine; zwitterion; host-guest complex; thermodynamics

1. Introduction

Formation of host-guest type inclusion complexes typically occurs when the host molecule uses its
cavity to encapsulate a guest through noncovalent interactions. According to the significant practical
utility of macrocyclic molecules, such as calixarenes [1,2], cavitands [3,4], and cyclodextrins (CDs) [5,6]
in host-guest complex formations, chemists, biologists, and material scientists got interested the
physical properties, chemical nature, and related biological activity of these molecules. However,
utilization of these noncovalent interactions (hydrogen-bonding, 7-stacking, electrostatic interaction,
van der Waals force, and hydrophobic/hydrophilic attraction) are still a great challenge [7-10]. CDs,
a fascinating class of macrocycles, are composed of six, seven, or eight glucose units, called «-, 3-,
and y-CDs, respectively. CDs are used as host components for the construction of various interesting
supramolecular structures [11,12]. Sulfonamide antibiotics are widely used in both human medicine
and livestock production to treat some bacterial infections of the urinary tract, ears, lungs, skin, and soft
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tissues [13,14]. Furthermore, sulfonamides can appear as contaminants in various foods, which may
cause adverse health effects [15-17]. The host-guest type complex formation of these antibiotics with
CDs is an extensively studied field [18-24]. Zoppi et al. focus on the increased water solubility of
sulfonamide drugs in the presence of native and methylated (3-CD [23,24]. In the case of sulfamethazine
(SMT), their nuclear magnetic resonance (NMR) and molecular modeling results demonstrate that
SMT included the substituted pyrimidine ring into the 3-CD cavity. Contradictory, NMR and quantum
chemical results of Bani-Yaseen and Mo’ala revealed that complex formation is favorable with inclusion
of the aniline moiety through the 3-CD cavity [18].

Several studies have been performed to get an insight into the factors which affect the thermodynamic
and kinetic stability or selectivity of host-guest complexes [25,26], because the deeper understanding of
these interactions has high importance. The pH-responsive host-guest encapsulation is also a highly
studied field in material sciences [27] and in pharmacology [28,29]. Therefore, besides the complex
stability and stoichiometry of SMT — 3-CD complex and along the contradictory description of the
related structures [18,23,24], the investigation of the pH dependence interaction of SMT with CDs is
also reasonable.

In our recent study [30], we demonstrated the importance of pH-dependent dipole moment of
SMT molecule, which phenomenon can affect the complex geometry formed with 3-CD (BCD) and
randomly methylated 3-CD (RAMEB) (Figure 1). Now we focus on the thermodynamic properties of
the formation of inclusion complexes at different pH values. Our aim is to analyze the weak interactions
between the pH dependent ionic and neutral forms of SMT and native or methylated CDs at molecular
level to clarify the previous contradictory results. In this way, the involvement of weak molecular
interactions (electrostatic forces and hydrogen bonds) have been tested by the temperature-dependent
measurements and molecular modeling studies.

CHa
N -

|
HNAN CH;,

0=8=0

NH,

Figure 1. Chemical structures of sulfamethazine (SMT), native -cyclodextrin (BCD), and randomly
methylated 3-cyclodextrin (RAMEB).

2. Results and Discussion

2.1. Temperature Dependence of the Association Constants of Sulfamethazine-CD Complexes at Different pH

Figure 2 shows the van’'t Hoff plot of SMT-CD complexes, based on association constants
determined at different temperatures. In accordance with our earlier findings [30], significant difference
between the association constants at elevation pH (pH = 5 and pH = 7) and at strong acidic environment
(pH = 2) has been found. The slight dependence of complex stabilities on the temperature reflects
low enthalpy changes, i.e., weak interactions between the molecules. At pH 7, where the nonionic
and anionic guest molecules are dominant, higher stability is associated to the complexes at decreased
temperatures. In contrast, in the presence of considerable amount of cationic guest at pH 2, the complex
stability increases with the elevation of the temperature. Although, only one form of the guest molecule
(nonionic SMT) is available at pH 5, the substitution of the 3-CD affects the change of the association
constants with the temperature. The association constants of CD complexes generally decrease with
the elevation of the temperature [19,31]. However, one of our earlier work showed an opposite
example [32]. The thermodynamic parameters have been also determined to analyze further the
related processes.
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Figure 2. The van’t Hoff plots of SMT-BCD and SMT-RAMEB complex formations at different pH values.
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Thermodynamic parameters (Table 1) were calculated from the slopes and the intercepts of
the lines fitted to the experimental data based on the van’t Hoff plot (Equation (1), see Figure 2).
The negative AG values yield spontaneous complex formation between SMT and CDs. Results showed
exothermic association at high pH (pH = 7), while an endothermic molecular association was obtained
atlow pH (pH = 2). At pH 5, the endothermic character of the complex formation was just changed
to exothermic as a result of the methyl substitution of BCD. In each interaction, an entropy gain was
observed; however, the entropy increase during the complex formation correlates with the enthalpy
change. The entropy increase during the association reaction was probably due to the process when
SMT enters the CD cavity (it releases its solvation shell). Furthermore, higher entropy gain associated
with positive or less negative enthalpy, which property reflects to the removal of more or less water
molecules from the solvation shell regarding the molecules interacted during formation of complexes.
Decreased AS at higher pH values suggest the release of less water molecules from the solvation shell
of SMT molecules, because the stabilization is also supported by the attractive coulomb forces between
the negatively charged SMT and the dipole moments of the solvent molecules. The correlation between
the enthalpy and the entropy changes can be described by the changes of the solvation shell of guests,
since the removal of less water molecules from the solvation shell costs less energy. This description
agrees with the enthalpy-entropy compensation and highlights that the exothermicity of molecular
association usually restricts the movement of the constituents, thereby causing growing entropy loss.

Table 1. Thermodynamic parameters associated to the formation of SMT-CD complexes. Data are
determinate based on temperature-dependent fluorescence spectroscopic measurements. (AH [k] mol~!],
AS [J K~ mol~1] AG298K [k] mol~1]).

pH
Host 2 5 7
Species
AH AS AGaosK AH AS AGosk AH AS AGaosi

BCD 154+08 900+25 -114+15 22+05 633+17 -167+10 -22+05 51.0+17 -173+1.0
RAMEB 189+0.8 102.7+26 -11.7+16 -64+10 372+33 -175+20 -85+12 288+38 -171+23

2.2. Modeling Studies

To get a deeper insight into the complex formation processes, molecular modeling studies were
performed at semi-empirical level. During these calculations, the energetically favorable deprotonation
route of SMT molecule was determined first in aqueous solutions considering the presence of other ions
as described in the Materials and Methods section. Sulfamethazine exists as cationic (SMT™), anionic
(SMT"), nonionic (SMTY) and zwitterionic (SMT*/~) forms in aqueous solutions. Figure 3 shows that
the aromatic amine moiety, which is protonated at low pH loses first the proton while the second
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deprotonation occurs at the sulfonamide nitrogen. The associated experimental pKa; and pKa, values
at room temperature were 2.07 and 7.49, respectively. We should mention here that the Gibbs free
energy difference between the nonionic and zwitterionic forms of SMT was found to be 12.3 k] mol ™!
in this environment. This result suggests presence of SMT in nonionic rather than zwitterionic form in
the solutions, however, it is known that zwitterionic form can stabilized e.g., in adsorbed state [33].
Then the interactions of these three forms of SMT (cationic, nonionic and anionic) were examined with
BCD and RAMEB host molecules in the aqueous buffer. Due to the huge computation time of the large
systems, in the case of RAMEB the electron releasing property of the methyl groups was considered
as negatively charged specie of the native BCD molecules. Thus, the repulsive Coulomb interaction
between the negatively charged RAMEB cavity (simulated by —1 BCD) and the deprotonated SMT
species will reduce the secondary interactions between the host and guest molecules. In contrast,
the charged SMT species showed stronger interactions with the negatively charged cavity of RAMEB.
Furthermore, the host molecules formed even more stable complexes with the anionic form of the
guest. From the point of view the enthalpy (Table 2), the following process is responsible for these
unexpected results: at low pH the cationic SMT molecule enters into the host cavity with its aromatic
amine moiety. However, at higher pH, SMT molecule enters with its methyl substituents. In the former
cases, hydrogen bridges between the (guest amine) N-H --- O (host hydroxyl), while in the latter cases,
the hydrogen bridges between the (guest methyl) C-H --- O (host hydroxyl) are moderate the weak
interactions between the host and guest (Figure 4). Noted here, that this pH dependent orientation of
guest molecule in the complexes support the earlier described structures based on the inclusion of the
aniline moiety [18] as well as the pyrimidine ring [24] through the CD cavity.

SMTH == SMTO == SMT-
1|v AG=12.3 kJ mol-

SMT+-

¢ l'g [ ¢ l'k
g

Figure 3. The energetically most favorable deprotonation routes of SMT (cationic: left, nonionic:
middle, anionic: right, zwitterionic: bottom) determined by MINDO/3 approximation using the TIP3P
solvation model for the buffer [34]. Gibbs free energy between the nonionic and zwitterionic forms
suggest presence preferably of nonionic form in the solution.

Table 2. Thermodynamic parameters associated to the formation of SMT-CD complexes. Semiempirical
MINDO/3 method with TIP3P solvation model is applied. (AH [k] mol™1], AS [J K~ mol~1)).

Guest’s Charges
Host _ Host +1 (Cationic) 0 (Nonionic) 0 (Zwitterionic) -1 (Anionic)
Specie Simulated as
AH AS AH AS AH AS AH AS
BCD 0BCD 16.3 93.0 9.3 78.2 54 68.4 -3.7 47.5
RAMEB -1 BCD 19.1 105.4 14.3 99.7 -8.7 35.2 -94 26.4
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(b)

Figure 4. Equilibrium conformation of SMT-BCD complexes. (a) SMT molecules with their aromatic
amine moiety and (b) with their methyl groups enter into the cavities of hosts.

Furthermore, the inclusion of SMT by its aromatic amine moiety in case of RAMEB host enhances
formation of zwitterionic form of SMT in the cavity. This is due to the tautomerization of the proton
from the sulfonamide to the aromatic amine moiety enhanced by the Coulomb interaction of the proton
with the negatively charged cavity of RAMEB. With the aim to justify this conception of the SMT’s
zwitterion formation in the RMAEB’s cavity, simultaneous analysis of complexation behavior has been
done using infrared (IR) spectroscopy. In general, our results are in agreement with the IR analyses
of SMT-BCD complexes prepared by a freeze-drying method [23], the characteristic bands of SMT
shifted and are more or less intense in the presence of CD. Moreover, IR spectra of the SMT-RAMEB
complexes and the species interacted support our idea described above (Figure 5): significant changes
of two characteristic vibrations of SMT molecules were observed upon complexation by the RAMEB
host as follows. Quantum chemical analysis revealed that belting vibration of SNH bond angle at
sulfonamide moiety (1103 cm™!) disappeared while the bond stretching associated to the aromatic
NHj is appeared at 2812 cm™! in the experimental IR spectra of the complexes. These changes in the
experimental IR spectra indicate the stabilization of the zwitterionic form of SMT in the RAMEB cavity.
This phenomenon has not been observed in the case of the BCD host.

1.09 ;
094715
08

0.7 1

0184 28120m" \_/

0.5 1103 em”
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sulfamethazine + cyclodextrin
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Figure 5. Infrared spectra of SMT — RAMEB complexes.

In all eight situations, the interactions show an increased entropy term (Table 2). This property is
associated with two facts: the solvent water molecules leave the host’s cavity prior to the complex
formation and the guest molecules (at least partly) lose their hydration shell. Both processes increase
the entropy. In particular, the entropy gain decreases by the second deprotonation step. This is probably
due to the increase in the stability of the hydration shell regarding the anionic SMT molecules.

Considering that the formation of hydrogen bridges between the host and guest always assumes
dehydration of the appropriate part of the host and guest molecules, the energy cost of dehydration
compensated by the entropy gain associated to the increased freedom of the water molecules after

155



Molecules 2019, 24, 4565

the dehydration. This assumption is supported by the good agreement between the measured and
calculated thermodynamic parameters.

2.3. Driving Forces of the SMT-CD Complex Formations

Taking into account the binding conformations suggested by theoretical modeling, we can discuss
in detail the thermodynamic parameters of complex formation between CDs and SMT. However,
it should be noted here, that thermodynamic parameters derived from temperature- dependent
spectroscopic measurements assume that these parameters are constants within the temperature range
of investigation. Furthermore, these data reflect not only for the temperature-dependent change of
the association constants, but also for the way how the association constants have been determined.
Spectroscopic identification of association constant based on changes of the environment around the
guest when the molecule enters from the polar aqueous media the hydrophobic cavity of the CD.
Therefore, the related enthalpy changes and entropy changes describe the complex formation without
solvent interaction in the bulk phase. Isothermal titration calorimetry is the accurate technique to solve
this problem and to measure directly thermodynamic properties of host-guest complex formation.
However, in this work, the thermodynamic parameters were determined based on fluorescence
spectroscopic measurements, using the van’t Hoff equation. Relevant experiments showed [19] that the
results of calorimetric studies are similar to the spectroscopic findings regarding host-guest type CD
complexes, and the data of thermodynamic parameters only slightly differs between the two methods.
This property supports our conclusions made on the spectroscopic data.

The possible driving forces which stabilize the host-guest complexes of CDs are electrostatic interaction,
van der Waals interaction, hydrophobic interaction, hydrogen bonding, relief of conformational strain,
charge transfer interaction, and release of water molecules from the hydrophobic cavity of the host to
the bulk phase [35]. The values of thermodynamic parameters consist the contribution of the species’
desolvation and the different kind of noncovalent interactions listed above. In general, the combination
of both negative or positive enthalpy and entropy changes indicate that van der Waals forces and
hydrogen bonding or hydrophobic interaction take places in complex formation, respectively. While
higher negative values of AH combined with positive AS have found for the electrostatic driving
forces combined with hydrogen bonds of ionized groups [36]. However, the given values can be
strongly affected by intensive dehydration and solvent reorganization. In the discussion of the present
experimental data (Table 1) we focus on two tendencies observed in the thermodynamic parameters:
both the enthalpy and entropy changes associated to the complex formation decrease while the charge
of the guest SMT molecules varies from +1, 0 to —1. On this base, considering the attractive forces
between the anionic cavity of the host and the cationic guest at pH = 2, highly negative enthalpy
changes should be observed in vacuo. However, the desolvation of the guest costs more energy than
it is causes during the association of SMT with BCD, therefore a positive enthalpy change can be
observed. The ordered structure of solvent molecules in the solvation shell is destroyed after the
complex is formed and the free solvent molecules gain the entropy. Results related to the complexation
of the neutral form at pH = 5 suggest preference of the latest effect: weaker stability of the solvation
shell assumes much lower energy costs for its destroying, therefore the enthalpy change lowered
instead the weaker contribution of the attractive coulomb forces. As parallel effect on the entropy,
weaker stability of solvent molecules in the solvation shell of the guest assumes higher entropy content
of the solvent molecules prior complex formation which property causes lower entropy gain during
the interaction with the CD hosts. The complex formation, however, is also affected by the formation
of zwitterion of the guest at pH = 5 and this property enhances the decrease of the enthalpy when
the positively charged NH3 group of SMT interact the more negatively charged cavity of the RAMEB
while the negative sulfonamide nitrogen of SMT interact with the positively charged methyl groups
of the host. These three processes (coulomb interaction, desolvation of the guest prior formation of
the complex and the formation of zwitterionic derivative of the SMT) will then compete. At pH =7
comparable amount of neutral and anionic form of SMT are presented in aqueous solution. The further
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decrease of both the enthalpy and entropy changes associated to the complex formation highlighted
the complex stabilization effect of the deprotonated sulfonamide nitrogen. Presence of competition of
the processes above was then confirmed by the analysis of enthalpy — entropy compensation.

The enthalpy-entropy compensation is still a widely observed and unresolved phenomenon in
chemical thermodynamics [37-39]. The linear correlation when the experimentally found AH and
AS values are plotted against each other is believed to play an important role in the formation of
weak interactions. However, for similar systems, the Gibbs free energy remains the same. Figure 6
shows the AH vs. AS plots for SMT-CD complexes analyzed in the present work. Both experimentally
and theoretically determined data are presented. Although the processes have been investigated in
a small temperature range (298-313 K), the compensation temperature determined from the slope
of the good straight line (387 K and 374 K experimental and theoretical data, respectively) are far
to the average temperature. This small difference could arise from the indirect determination of
the thermodynamic parameters based on spectroscopic measurements. The difference between
the AG values (~6.1 k] mol™! in the present systems) brings the experimental and compensation
temperature farther [38]. In biological supramolecular systems, also in CD chemistry, the studies of
enthalpy-entropy compensation have been started early and it has been widely investigated. Twenty
years ago, a review comprises more than 1000 thermodynamic data of the inclusion complexes of native
and chemically-modified CDs [40]. Based on the analyzes of the enthalpy-entropy compensation plot
of native and modified CDs or the o-, 3- and y-CDs, it was found that the linearity and the slope of the
straight line could be affected by the difference between the conformational change of the native and
modified CDs, by the desolvation of both host and guest molecules, and by the ring size and flexibility.
However, in recent studies [35,37], the compensation effect is mainly interpreted based on the changes
in the level of hydration and reorganization of the solvent molecules. The considerable effect of the
solvent is not surprising, since solvation known to affect the electronic structure of molecules, so affects
the interactions between electrons of different atomic or molecular orbitals. Therefore, it affects also
the molecular interactions, especially when they are weak [41,42]. In the present case, if the anionic
guest molecule keeps the part of its solvation shell, then the higher ordered structure of the complexes
(included by its solvation shell) explain the deprotonation enhanced entropy gain decreases. Because
there is no significant difference between the cavity size and flexibility of BCD and RAMEB and the
enhanced electron rich character of the methylated CD should result in opposite effect than we have
found, the small entropy term differences can be explained by poor solubility of native BCD (owing to
the highly ordered water molecules in its solvation shell) [43]. When the guest molecule enters into
the CD cavity, the interaction (at least partly) destroys the solvation shell of the host and weakens
the CD-solvent interaction. Similarly to our earlier findings [32], when the solvent molecules leave
the host’s cavity, reorganization of the more ordered BCD-water structure results in a higher entropy
change vs. the less ordered RAMEB-water system.
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Figure 6. Enthalpy-entropy compensation plot of SMT-BCD and SMT-RAMEB complexes.
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3. Materials and Methods

3.1. Reagents

Sulfamethazine (SMT) was purchased from Alfa Aesar (Kandel, Germany). Stock solutions of
SMT (5000 uM) were prepared in methanol (spectroscopic grade, Reanal, Budapest, Hungary). Diluted
solutions of SMT were prepared by evaporating the methanol under relatively low pressure, then SMT
was dissolved in appropriate volumes of the phosphate buffer of interest. CDs, including 3-cyclodextrin
(BCD) and randomly methylated (3-cyclodextrin (RAMEB) were obtained from CycloLab Cyclodextrin
Research and Development Laboratory, Ltd. (Budapest, Hungary). All the other analytical grade
chemicals were purchased from VWR International Ltd. (Debrecen, Hungary). Phosphate buffer
solutions have been prepared by mixing (0.1 M) H3PO4 and (0.1M) Nay,HPOy, (0.01 M) H3PO, and
(0.01 M) NapHPO4 or (0.01 M) KH,PO4 and (0.01 M) NayHPOj, stock solutions until the requested
pH 2, 5 or 7 were reached, respectively. Ultrapure water (conductivity < 0.1 uS/cm,) were prepared by
an Adrona (Riga, Latvia) water purification system.

3.2. Fluorescence Spectroscopic Studies

Highly sensitive Fluorolog tau3 spectrofluorometer (Jobin-Yvon/SPEX, Longjumeau, France) was
used to investigate the fluorescence spectra of the different solutions. For data collection, the photon
counting method with 0.1 s integration time was used. Excitation and emission bandwidths were
set to 4 nm. A 10 mm thickness of the fluorescent probes with right-angle detection was applied.
Temperature-dependent steady-state fluorescence spectroscopic measurements were carried out at
different temperatures: 298.2 K, 303.2 K, 308.2 K, and 313.2 K. The fluorescence emission spectra of
SMT (30 uM) was recorded in the absence and presence of increasing concentration of BCD or RAMEB
(0-3 mM) in different phosphate buffers, using 280 nm excitation wavelength. Similarly, to our previous
studies [30,44,45], overall and stepwise association constants of the complex formation were calculated
by non-linear fitting, based on the fluorescence emission data obtained, employing the HyperQuad2006
program package [46].

To determine the thermodynamic parameters, temperature dependence of the complex stabilities
was examined. According to the van’t Hoff Equation (1) the temperature-dependence of the association
constants offers possibility to determine the thermodynamic parameters related to the formation of the
SMT-BCD and SMT-RAMEB complexes:

AG AH AS
ZI’ZKZ—E :_ﬁ_._?' (1)
where the AH and AS stand for the enthalpy and entropy changes of the complex formation, while AG
is the Gibbs free energy change. R stands for the gas constant, while T is the temperature in Kelvin.

3.3. Infrared Spectroscopy

Fourier transform infrared spectra of SMT, BCD, RAMEB and SMT-BCD and SMT-RAMEB
complexes were recorded on Platinum Alpha T FI-IR Spectrometer (Bruker, Ettlingen, Germany).

1

Droplets of samples is used for these measurements. Average of ten scans with 5 cm™" resolution

is applied.
3.4. Modeling Studies

The thermodynamic parameters of the SMT-BCD or SMT-RAMEB complexes were determined
at 298 K as follows: The enthalpy change considered as the energy change calculated by subtracting
the total energies of the reactants from the total energies of the products. Similarly, the entropy
changes were calculated by subtracting the entropy terms of the reactants from the entropy terms of the
products. The entropy terms of the species interacted were calculated applying Boltzmann statistics.
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The higher contribution to the entropy comes from the vibrational motions. Therefore, after calculating
the vibrational frequencies using the harmonic approximation, the entropy was then determined as the
following equation implemented in the HyperChem code:

h; /KT o
Soip = RZ{ (i /KT) _ _ln[l_e( ! ’/m]} (2)

where the v; is the frequency of vibration and T is the temperature (298.16 K).

The total energies of the species interacted have been calculated at semi-empirical MINDO/3 level
using HyperChem 8 code. After the geometry optimization at MINDO/3 level the vibrational-rotational
analysis was performed in harmonic approximation using AM1 approximation. Neutral aqueous
environment was considered by the TIP3P solvation model implemented in HyperChem code [47].
Considering that in the present studies ionic species are interacted, the ionic strength of the buffer
were considered by the additional PO,3~, K*, Na* and H3;0" ions as described in an earlier study [34].
Accordingly, the final cube for representing solvents has 30 A x 30 A x 30 A sizes and contained water,
PO,%, HPO,%,K*, Na* and 9 H;0* according to the composition of the buffer solution while the pH
varied from 7, 5 and 2. After 10 ps MD simulation to equilibrate the system at room-temperature at
MM+ level, the calculations for the complexes and the separated species interacted were performed
at MINDO/3 level. To reduce the huge computational time, the random-methylated CD derivative
(RAMEB, which have electron-rich cavity) was considered as negatively charged species of the native
BCD [48,49].

4. Conclusions

The complex formation between different sulfonamides and cyclodextrins still has attract much
attention. Previous studies described the ability of cyclodextrin to increase the solubility of these
drugs in water [23,24]. Subsequently, efforts were made to study the structure of the complexes by
experimental and molecular modelling techniques [18,23,24]. Earlier studies focus on the buffer free
solution, suspension or freeze-dried solid state complexes. According to our present knowledge our
work is the first study to describe the sulfamethazine—f3-cyclodextrin and sulfamethazine-randomly
methylated 3-cyclodextrin complexes in aqueous solution at different pH and temperature values
using combined experimental and theoretical techniques. Both spectroscopic measurements and
molecular modeling studies highlight the importance of the reorganization of the solvent molecules
during the guest molecule enters the host’s cavity. Results highlight formation of zwitterionic
sulfamethazine molecule in the cyclodextrin cavity which affect significantly the stability of SMT-CD
complexes. The pH-affected structures of the complexes investigated explain the previous contradictory
findings. The presented results might relevant for the preparation of orally administreted products of
sulfamethazine-cyclodextrin complexes.
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Abstract: Cyclodextrins (CDs) are a series of cyclic oligosaccharides formed by amylose under the
action of CD glucosyltransferase that is produced by Bacillus. After being modified by polymer-
ization, substitution and grafting, high molecular weight cyclodextrin polymers (pCDs) containing
multiple CD units can be obtained. pCDs retain the internal hydrophobic-external hydrophilic cavity
structure characteristic of CDs, while also possessing the stability of polymer. They are a class of
functional polymer materials with strong development potential and have been applied in many
fields. This review introduces the research progress of pCDs, including the synthesis of pCDs and
their applications in analytical separation science, materials science, and biomedicine.

Keywords: cyclodextrin polymers; synthesis; separation science; materials science; biomedicine

1. Introduction

Cyclodextrins (CDs) [1] is the general term for a series of cyclic oligosaccharides
produced by amylose under the action of enzymes that are produced by Bacillus. They
usually contain 6 to 12 glucopyranose units, and natural CDs are divided into x-CD, 3-
CD, and y-CD with cavity sizes of ~0.5, 0.6, and 0.8 nm, respectively [2]. While single
CD molecules can no longer meet the present practical application needs [3-5], the de-
velopment of polymers has continued because of their excellent properties. They have
become an important field of materials research and have brought new opportunities for
CDs [6-9]. Studies involving CDs have demonstrated that they can also be used to form
living polymers [10-12]. CD polymers (pCDs) can effectively address issues related to the
manipulation of CD molecules, and they can endow unique functions and physical and
chemical properties that are absent in single CD molecules. The advantages of the cavity
structure of dextrin [13] include the simple formation of inclusions with guest molecules,
control of the direction and rate of release of the guest molecules, and modifiability of the
groups at the edge of the cavity; additionally, they can combine the excellent properties of
polymers, including the mechanical strength and hardness, high relative molecular weight,
and good thermal stability. In some cases, pCDs are also called cyclodextrin nanosponges
(CD NSs). They do not appear all at once. They have undergone a long development.
Since they were proposed in 1990, they have overcome the limitations of CDs, especially in
water solubility. Great breakthroughs have been made in synthesis and application, and
the form of cyclodextrins has been continuously changed in subsequent developments,
especially in the past 50 years. The development of current pCDs started from a relatively
simple cross-linking network in the 1960s, which was later developed into a multifunctional
polymer [14]. Therefore, pCDs are widely used in various fields, including pharmaceutical,
food, chemistry, chromatographic, catalysis, biotechnology, agriculture, cosmetics, hygiene,
medicine, textile, and environmental fields [15-18].
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This article introduces research progress in pCDs, including the synthesis of pCDs
and their applications in analytical separation science, materials science, and biomedicine.
It focuses on applications in biomedicine, and in particular, the technological innovations
for application as drug delivery vehicles. Finally, the trends related to the development of
pCDs are summarized and directions for future research are discussed.

2. Synthesis of pCDs

pCDs are polymer compounds containing CD units. They include crosslinked pCDs,
linear pCDs, fixed pCDs, pCD inclusion compounds, and hyperbranched pCDs (Figure 1).
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Figure 1. Five kinds of cyclodextrin polymers (pCDs) that containing cyclodextrin units.

pCDs have different synthesis methods that depend on the final form. Crosslinked
pCDs are obtained by pCDs and their derivatives using crosslinking agents with bifunc-
tional or multifunctional groups. Commonly used crosslinking agents are citric acid,
peroxides, isocyanates, acid anhydrides, and N,N-methylene bisacrylamide [19]. As an
example, citric acid is a non-toxic crosslinking agent that has been used to graft -CD
onto cellulose fibers [20,21]. Ghorpade et al. [22] prepared a 3-cyclodextrin-carboxymethyl
cellulose (3-CD-CMC) hydrogel film via the esterification crosslinking method with citric
acid for controlled release of ketoconazole (model drug). 3-CD helps minimize the sudden
release of the drugs. In crosslinked pCDs, the CDs are polymerized through the special
functional groups of the crosslinking agent. The synthesis method is relatively simple, has
strong operability, and can produce polymers with a high relative molecular weight, but
the products have poor mechanical properties.

Linear pCDs are polymer compounds prepared from modified CD through alkenyl
copolymerization or condensation polymerization of other special functional groups. In
this process, the CD is first modified and then polymerized with almost no side reactions.
Linear pCDs will not destroy the cavity structure of the CDs, so they have high potential
for applications including for ion exchange, drug loading, separation, and adsorption.
For example, the supramolecular linear polyacrylamide (SL-PAM) synthesized by You
et al. [23] is a combination of 3-CD and adamantane-terminated polyacrylamide (AT-PAM).
It was prepared by the interaction between the host and the guest. SL-PAM samples were
investigated using 2D NOESY NMR and thermal analysis to verify the formation of the
inclusion compounds.

Fixed pCDs are polymer compounds formed by bonding CDs and its derivatives to a
carrier. The material properties vary with the carrier, which includes inorganic polymers
(such as silica gel and graphene) [24], natural polymers (such as cellulose and chitosan) [25],
synthetic polymers (such as polystyrene, polyacrylate) [26]. For example, Shang et al. [27]
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synthesized an immobilized polyvinyl alcohol/CD ecological adsorbent and studied its
application for removing ibuprofen from pharmaceutical wastewater. The adsorbent was
prepared by solution blending (2-hydroxypropyl)-f-cyclodextrin (HPBCD) and polyvinyl
alcohol (PVA), followed by glutaraldehyde treatment. The experimental process was simple
and the product could be easily obtained. It can also be quickly reused via a simple soaking
procedure. Immobilized pCDs have the advantages of good mechanical properties and a
wide range of stable applications.

pCDs that form clathrates are produced by complexation between the polymer and
the CDs. This inclusion compound has significantly better structure and properties than cy-
clodextrin and polymers. For example, CDs can improve the solubility of the guest [28-30].
Their synthesis methods include the saturated aqueous solution method, the ultrasonic
method, grinding, colloid milling, freeze drying, and spray drying [31-33]. There are
various synthetic methods that are widely used in the field of biomedicine and their ap-
plications will be explained in detail below. It is worth mentioning that the cyclodextrin
polyrotaxane is a kind of pCD inclusion compound. Its structure includes a linear axis,
multiple rings connected to the linear axis, and two end-capping groups connected to the
linear axis. At each end, when the end of the linear shaft becomes larger than the inner
diameter of the ring, or when molecules larger than the ring are bound to the end of the
shaft, the ring on the polyrotaxane cannot be dissociated from the dumbbell-shaped shaft
to make the polymer stably exist. The association constant K, is a quantitative indicator
reflecting the progress of the complex reaction. Angelina Angelova et al. [34] first reported
a method for determining the association constant of amphiphilic water-soluble drugs.
The amphiphilic peptide antibiotic polymyxin B (PMB) reacts with CD and assuming that
CD and the compound drug are surface-inactive, and the two substances do not affect the
surface properties of free PMB, the formula is calculated:

Cp — [D]

K=t~ Ch+ D)D)

)

where D represents PMB, C], and C[, respectively represent the total concentration of CD
and PMB, [D] needs to use the concentration dependence of surface tension to be evaluated.

Further extended to water-insoluble drugs, the authors of [35] inferred the formula of
the complexation of retinol (RL) and CD:

_ [RL}y — [RL]

k= RLCD] @

Among them, [RL] and [CD] represent the remaining interface concentration and
the concentration of free CD molecules after RL molecules are exhausted. Here [RL]7
represents the RL concentration before depletion. From this we can quantify the output of
pCD, and this method is widely used in applications.

Similar to CDs, hyperbranched polymers also have a certain cavity structure and hy-
drophilic and hydrophobic properties. Some hyperbranched polymers have been used in
the field of self-assembly [36]. The so-called hyperbranched polymer, i.e., a macromolecule
with a highly branched structure, has the advantages of low viscosity and non-crystallinity.
It has a highly branched structure with cavities and a large number of terminal functional
groups. These characteristics give hyperbranched polymers the advantages of high solu-
bility and reactivity [37]. Hyperbranched pCDs [38] have been developed on the basis of
previous polymers, and are divided into three categories: (1) Bonding CDs to hyperbranched
polymer; (2) complexing CDs to hyperbranched polymer, where the inclusion compound is
formed on the polymer; (3) hyperbranched polymers synthesized with CDs as the core [38].
These methods combine the advantages of hyperbranched polymers and CDs, and have
advantages such as good reactivity, high solubility, and broad application prospects.

Research needs to rethink traditional craftsmanship and request the latest synthesis
methods. The new method is not mature enough, but with the development of the process,
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the yield and degree of polymerization will also become mature. It is worth noting that
pCDs most commonly react with a suitable cross-linking agent in an organic polar aprotic
solvent such as N, N-dimethylformamide (DMF) solution, but there will be some pollution.
In recent years, people have been exploring solvent-free/green synthesis methods. Rubin
Pedrazzo et al. proposed a green synthesis method through mechanochemical methods [39].
The test method is simple and the product is no different from the traditional organic solvent
method. It is obtained by rotating anhydrous cyclodextrin and carbonyl diimidazole in a
ball mill, washing with deionized water and acetone, and finally extracting. Max Petitjean
et al. [40] cross-linked [3-cyclodextrin-functionalized chitosan, xanthan gum, and locust
bean gum to form a polymer under solvent-free conditions. The polymer has high stability,
a large degree of crosslinking, and the method is simple, but homogenization of the solid
mixture may occur. The article mentions that a small amount of water can be used to knead
the mixture to prepare a paste solution, which has potential in the treatment of biologically
active phenolic compounds, the purification of wastewater or the reuse of agricultural
waste. Giancarlo Cravotto et al. [41] used low-boiling epoxy reagents in high-energy ball
mills (HEBM) to simplify the preparation and purification of low-substitution (2-hydroxy)
propylated (3-and y-cyclodextrins (3 /y-CDs). Compared with traditional methods, the
properties of mechanically synthesized pCD, such as the degree of complexation, are
different, and most of them are better. There are many such examples, which shows that
the solvent-free/green synthesis method of pCDs, as a new direction, has attracted more
and more attention and has great development potential.

The above text introduced the basic attributes and synthesis techniques for pCDs. So,
what applications does the brand have in reality? The following mainly introduces research
progress on pCDs from the latest applications in the fields of analysis and separation
science, materials science, and biomedicine. It is worth noting that applications in the
field of biomedicine, especially as a drug delivery system, have become a topic of intense
research interest in recent years, and continued technological progress has also promoted
the continuous development of pCDs and realization of their potential (Figure 2).
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Figure 2. Multi-domain applications of CDs [42-47]. Adapted with permission from ref. [42].
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3. Application of pCDs in Analytical Separation Science
3.1. Application of pCDs in Wastewater Treatment and Water Purification

Over the past 30 years, water-related inorganic and organic micropollutants (such as
heavy metals, drugs, and endocrine-damaging chemicals) are increasingly present in global
water resources, and environmental issues have become a primary concern for society, pub-
lic institutions, and industries [48-52]. The adsorption method has been extensively studied
because it is economical, highly efficient, recyclable, and has good selectivity [53-55]. New
pCDs can simultaneously adsorb and encapsulate a variety of organic and inorganic im-
purities, such as polycyclic aromatic hydrocarbons [56], pesticides [57], heavy metals [58],
dyes [59], phenol compounds [60,61], phthalates [62], and pharmaceutically active com-
pounds [63,64]. Hence, they have become topics of intense research interest because of their
low cost and reusability. For example, 3-CD/chitosan polymer was prepared by using
glutaraldehyde as a cross-linking agent through solution polymerization, which could be
developed as a new type of wastewater treatment purification material. Compared with
traditional activated carbon, it has many advantages, such as renewability, low energy
consumption, and low cost [65].

Laura et al. [66] studied the organic matter adsorption capacity of 3-pCDs beads
(BCPB) with different chemical compositions and thicknesses in solution. BCPB is a
macromolecule produced by crosslinking 3-CD with epichlorohydrin. They used a model
solution containing ibuprofen and a total organic carbon (TOC) analyzer to determine the
adsorption capacity. The results show that BCPB has excellent adsorption capacity for
active organic drugs. Alsbaiee et al. [67] developed a porous CD derivative that crosslinked
3-CD with rigid aromatics to form a high surface area mesoporous polymer. It was
capable of quickly adsorbing a variety of organic impurities and it had 15 to 200 times the
adsorption rate constant of traditional activated carbon. [68] Additionally, the polymer
could be reused. Zhao et al. [42] reported a chitosan-EDTA-{3-cyclodextrin (CS-ED-CD)
multifunctional adsorbent prepared using EDTA as a crosslinking agent for the adsorption
of toxic metals and organic trace pollutants in wastewater. The fixed CD cavity captured
organic compounds while the EDTA-group complexed with the metal. This multifunctional
adsorbent had improved potential for complex practical applications. The work provided
new insights for the future design and preparation of sustainable materials for water
purification. With continued development of CD and its derivatives, they are likely to
become increasingly important in wastewater treatment and water purification, especially
with the development of 3-CD, which makes efficient water treatment possible (Figure 3).
The above-mentioned relatively single treatment method has become increasingly unable
to meet people’s needs. Scientists are exploring a non-polluting, efficient, and recyclable
material to deal with pollution problems, and solar energy can be used to treat water
pollution. Xuejiao Hu et al. [69] synthesized a new type of magnetic carboxymethylated
-CD-based porous polymer with fast adsorption performance and superparamagnetism
in the water phase. The polymer has large pores and is adsorbed in the printing and dyeing
wastewater through positive and negative electric attraction. The widespread anionic dyes
are renewable materials with great potential. Garcia-Diaz et al. [70] developed a ROS-
resistant fluorinated pCDs, which uses its adsorption capacity to adsorb pollutants near the
catalyst, improves the utilization rate of photo-living oxygen, and optimizes the coating
thickness on TiO, microspheres. To improve the efficiency of pollutant degradation, the two
microspheres combined to form CDP-TiO; are expected to be used in photocatalytic water
treatment. Sanaz Khammar et al. [71] grafted carboxymethyl-p-cyclodextrin (CM-{3-CD) to
the surface of core-shell titanium dioxide magnetic nanoparticles and successfully prepared
recyclable CMCD-Fe;04@TiO,, which is conducive to the adsorption of pollutants, protects
nanoparticles, and promotes the photocatalytic activity of TiO,. Its cost-reduction, simple
material, non-volatile and non-toxic properties have excellent application value in reducing
the toxicity of polluted oil.
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Figure 3. The schematic illustration of the related adsorption mechanisms of CS-ED-CD toward
Cd(II) and BPS [42]. Adapted with permission from ref. [42]. Copyright 2017 Springer Nature.

3.2. Application of pCDs in Analysis and Detection

Chirality is ubiquitous in nature [72,73] and it is very important in scientific research.
For example, complex biological activity in the human body requires chirality [74,75].
However, the analysis and detection of chiral compounds is difficult [76]. Generally,
achiral separation analysis of PMA and BMA [77-82] is not satisfactory. The unique cavity
structure of pCDs and the molecule itself has multiple chiral centers, so it has good chiral
resolution capabilities and can be used for analysis and detection. For example, by means
of the different affinities between the 3-CD unit and the two configurations of the racemate,
enantioselective separation and detection of the racemate can be achieved.

Immohra et al. [83] applied the chiral characteristics of CD using the CD derivatives
(hydroxypropyl-3-CD, CD oligomer, sulfobutyl ethyl ether)-3-CD, triacetyl-3-CD and
hepta(2,6-di-O-methyl)-3-CD) identified as D- and L-glutamic acid, for the chiral recogni-
tion of t-asparagine, L-praziquantel, and its racemates. Ryvlin et al. [43] used the cavity
structure of CDs and permethylated pCDs to detect and remove trichlorofluoromethane,
which is harmful to the environment. The reaction produced a stable supramolecu-
lar molecule, which is a color transparent crystal complex that can be used repeatedly.
Girschikofsky and Maiko [84] used permethyl, perethyl, and allallyl which substituted
a-CDs, -CDs, and y-CDs as the sensitive sensor materials. Liang et al. [85] used the
CD molecule itself to obtain multiple chiral centers, and they synthesized benzylureido-
B via the reaction of 6-amino-B-cyclodextrin and reactive benzyl isocyanate. The -CD
was bonded to silica gel through an addition reaction to obtain a new chiral stationary
phase (BzCDP) based on benzylureido-@-cyclodextrin; it was successfully used to separate
phenylthioglycolic acid (PMA) and benzyl mercapto acid (BMA) enantiomers, which have
been shown to be biomarkers in human urine for benzene and toluene exposure. The
separation of enantiomers has also been optimized through the study of their related
factors. BzZCDP is of great significance for the in-depth study of the presence and content
of chiral markers in human urine, and for better understanding and evaluating of the
harmful effects of benzenes on humans. Poor and Miklos [86] studied CDs and certain
mycotoxins to form host-guest complexes, and removed alternan from aqueous solutions
using insoluble 3-CD bead polymers (BBP). Carcu-Dobrin et al. [87] studied the use of CD
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derivatives as chiral selectors to identify an optimized method for the chiral identification
of amlodipine (AML) enantiomers. Carboxymethylethyl-3-CD (Cm-3-CD) was selected for
enantiomeric identification. Through analysis and research, several factors were modified
simultaneously to obtain an optimized separation method. Zheng et al. [88] used 3-CD-gel
and D- or L-tryptophan (homotype D-or L-Trp-gel) modified polyacrylamide-based gel for
visible chiral recognition. In the NaCl aqueous solution, due to the obvious changes, the
-CD gel successfully distinguished the D- and L-Trp gels macroscopically, and the chirality
difference becomes obvious, which will be very conducive to more in-depth research. It
will also be more conducive to the understanding of chirality in the general public. The
pCDs have shown their unique advantages in the field of analysis and testing in recent
years, and they are a promising research direction.

4. Application of pCDs in Materials Science
4.1. Application of pCD Films

In recent years, membrane technology has been widely used in many fields of produc-
tion because of its high separation efficiency, easy operation, and the absence of secondary
pollution [89-93]. Compared with pCDs membranes, molecular sieves are expensive and
have high energy consumption, and these issues are difficult to resolve. Because CD
is produced at a large scale from starch, it has the advantages of being sustainable [94],
non-toxic [95], and inexpensive; furthermore, it has been proven to be suitable for a variety
of separations [96] and the production process is well established [97]. CD has been used
as filler in films, a part of film-forming polymers, and as surface modifiers. pCDs mem-
branes have excellent potential for applications, including in isomer separation and metal
ion transport.

Villalobos et al. [44] studied the molecular level design of a new type of crosslinked
CD filter membrane, which forms a CD film through interfacial polymerization. The filter
membrane is cheap macrocyclic glucose with a shape similar to that of a hollow truncated
cone (Figure 4). The channel-shaped cavity of the CD creates many pathways with a
defined pore size in the separation layer, which can effectively distinguish molecules. The
transport of molecules through these membranes is highly shape-sensitive. In addition, the
cavities are hydrophobic and the ester-crosslinked outer part is hydrophilic, resulting in
the high permeability of these membranes for polar and non-polar solvents (Figure 4).

Pangeniet et al. [98] used titanium glycinate-N,N-dimethylphosphonate to prepare
cross-linked sulfonated polyvinyl alcohol membranes; then, they modified them by in-
corporating sulfonated 3-CD. The ion exchange capacity of the membrane was found to
be in the range of 1.40 to 2.55 meq/g. A high-precision impedance analyzer was used
to evaluate the proton conductivity of the membrane at different temperatures and 100%
relative humidity. The membranes containing 16% by mass and 20% by mass of sulfonated
-CD exhibited excellent proton conductivity of 0.121 and 0.143 S/cm at 80 °C, respec-
tively. Wang, Yunze, and Lin et al. [99] proposed a new strategy to improve the flux and
antifouling performance of ethylene vinyl alcohol (EVAL) membranes by blending with
macrocyclic hyperamphiphiles (CD). A CD-rich layer was formed on the membrane surface.
During the phase inversion process, the synergistic interaction between the hydrophobic
and hydrophilic segments of the amphiphilic pCDs increases the membrane flux and
increases the surface roughness and hydrophilicity of the membrane. In addition, the
macrocyclic super amphiphilic hybrid membrane exhibited improved antifouling perfor-
mance compared with the original EVAL membrane. The introduction of pCDs enabled
the formation of a hydrophilic membrane surface, which has high application potential for
practical membrane applications.
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Figure 4. (a) Schematic showing how a 3-CD membrane separates molecules based on their shape.
Cross-section SEM image corresponds to a 3-CD membrane prepared using 2 m NaOH aqueous
solution. (b) UV-vis absorption spectra of a methanol solution with PPIX (orange molecule) and RB
(pink molecule) to evidence the separation performance of the 3-CD membrane [44]. Adapted with
permission from ref. [44]. Copyright 2020 John Wiley and Sons.

4.2. Application of CDs Functionalized Graphene Materials

The introduction of CD into the graphene family of materials is an important direction
for graphene research. Graphene-based materials are widely used in macro/microstructures,
sensors, oil/water separation membranes, and biomimetic interfaces [100-104]. CDs can im-
prove their water solubility, biocompatibility, and supramolecular screening ability; hence,
it may introduce new and interesting properties for these materials. CD-functionalized
graphene materials have the properties of graphite, the inherent properties of olefins (high
surface area, easy functionality [105], biocompatibility [106]), and the inherent properties
of CDs.

Liu et al. [45] synthesized an excellent water-soluble nanosensor based on CD deriva-
tives and graphene oxide; it was a supramolecular system in which the CD was loaded
on the graphene oxide. The supramolecular system was very sensitive to Al**, and the
large specific surface area of the graphene oxide could capture Al**. Simultaneously, the
introduction of CDs could enhance the water solubility of graphene oxide, and this was
the first self-assembled nanosensor composed of graphene oxide and CD derivatives. Its
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water solubility and excellent sensing activity effectively improved the application value of
fluorescent nanosensors for tracking and detecting AI3* in the environment and organisms.
Chen et al. [107] developed a new type of 3-CD with a large adsorption capacity and
high throughput to effectively remove bisphenol A (BPA) (an environmental endocrine
disruptor that can affect human health), i.e., a fine (3-CD) modified graphite oxide (CDGO)
film. CDGO nanosheets are made by chemically grafting 3-CD molecules to both sides of
the GO nanosheets. The 3-CD molecules can recognize and form stable complexes with
BPA molecules to achieve efficient BPA removal, and the 3-CD molecules on both sides of
the CDGO nanosheets have a high grafting density, large surface area, and an interception
efficiency of ~100%; its adsorption capacity is several times higher than the traditional
method. Further, it could go through multiple operation cycles and is very promising
for water treatment and molecular separation applications. Hu et al. [108] developed a
host-guest recognition method using (3-CD and Azo to prepare a new sandwich-type
graphene/CD/Cgy nanohybrid, which loaded 3-CD through a one-pot reduction reaction.
On graphene, it can be used to control the release of Cgy and has better nitric oxide (NO)
quenching ability than other graphene/Cg nanohybrids, which can serve as an effective
nanoplatform against oxidative damage. The hybridization of rGO, 3-CD, and Azo-Cgg
enhanced cell uptake and limited the aggregation of C¢y and showed enhanced protection
against NO-induced cytotoxicity. The rGO/3-CD platform can also be reused. Because
host—guest chemistry and diazo chemistry are universal and generally applicable, this
strategy can also be used to prepare other light-responsive nanohybrids, which should be
valuable in the life science and materials science fields. Wang and Zhe [109] successfully
synthesized 3-CD functionalized three-dimensional graphene foam (CDGF) using a simple,
one-step hydrothermal method. The effect of pH on the material was studied. Because the
anion species of Cr(VI) are partially located on the positively charged surface of CDGF,
when the pH of the Cr(VI) solution = 3, the CDGF has good selectivity for Cr(VI). As the
pH increases, the adsorption capacity gradually decreases and the hydroxyl groups on
CDGEF play a major role in the adsorption process, which is a simple separation strategy.
After adsorption of Cr(VI), CDGF maintains a fixed form and the separation process is
simplified. This work provides a novel material for the adsorption of hexavalent chromium
from water, and it provides direction for easy and fast solid-liquid separation strategies for
adsorption and other applications (Figure 5).
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Figure 5. The 3-CD functionalized three-dimensional structured graphene foam (CDGF) was applied for the adsorption of

Cr(VI) with the easy and rapid separation strategy [109]. Adapted with permission from ref. [109]. Copyright 2019 Elsevier.
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5. Application of pCDs in Biomedicine
5.1. pCDs Reduce the Toxicity of Some Exogenous Organisms

The amorphous cavity of pCDs can capture a variety of drugs, thereby adjusting the
physical and chemical properties of the guest molecule. Forming highly stable host—guest
complexes with pCDs will reduce the biological effects of the guest molecules, and the im-
proved bioavailability would reduce the toxicity of some exogenous organisms [110-113].

Guo et al. [46] prepared an inclusion compound of podophyllotoxin (PPT) and -CD,
which could greatly reduce the toxicity of PPT. The behavior, characterization, and water
solubility of the inclusion compound were carefully studied using multiple techniques. The
inclusion compound was formed with a ratio of 1:1 and had a considerable stability constant
K-s (4245.5 Lmol~!). The anti-cancer activity of the inclusion compound was better than
that of cisplatin (DDP, positive control). Faisal et al. [114] studied the protective effect of -CD
on the toxicity of HeLa cells and zebrafish embryos induced by zelaketone. Under certain
conditions, sulfobutyl, methyl, and succinyl substituted CDs formed stable complexes,
which significantly reduced or even eliminated the toxicity of azilenone. In addition, co-
treatment with -CD also significantly reduced the sublethal effect of zaraketone. Studies
have also shown that the formation of a stable zelenone-CD complex can significantly
reduce or even eliminate the toxicity of zelenone in vivo and in vitro. Therefore, CD is
expected to become a new mycotoxin binder.

5.2. Application of pCDs in Drug Delivery

The bioavailability of drugs is often limited by poor water solubility [115-118]. pCDs
have been used for drug encapsulation, which improves the stability of drugs and effec-
tively regulates their release. pCDs can greatly improve the solubility of poorly water-
soluble drugs; additionally, they can also be used to prepare carrier systems that control
drug release over a long time. CD has a special structure, which can enhance the biocompat-
ibility and degradability of the drug by forming an inclusion compound, as well as a high
loading rate of drug molecules and improvement of the controlled release performance.
CDs can control the release of drugs and reduce their toxicity [119,120].

Oliveria et al. [47] used a high-yield reaction route based on polyglutamic acid, and
used 3-CD or y-CD for the synthesis. The novel polymer had an average of ~17 CD
cavities and was characterized using nuclear magnetic resonance, MALDI-MS, and DLS.
It was determined to be a carrier of doxorubicin in human tumor cells, and this inclusion
compound has antiproliferative activity in the tumor cells. Bisphosphonate is a mature
drug with a wide range of applications in medicine. However, the side chain and nature of
the phosphorus group may cause poor water solubility, thereby affecting its bioavailability.
Mallard et al. [121] proved that CDs can be used as a bisphosphonate carrier. Through
bisphosphonate functionalized CD, a cyclodextrin/bisphosphonate polymer (CD/BP)
was synthesized and characterized. The formation of CD/BP was characterized by one-
dimensional and two-dimensional nuclear magnetic resonance spectroscopy, isothermal
titration, calorimetry, and ultraviolet-visible spectrophotometry, which showed that cy-
clodextrin is an effective carrier for bisphosphonates. CD/BP can be used to treat parasitic
diseases, in particular, to prevent Chagas disease [122,123]. This provides a better treatment
plan for the treatment of sleeping sickness caused by parasites. Ho et al. [124] proposed a
submicrocarrier with an average hydrodynamic size of 400 to 900 nm through electrostatic
gelation of anionic 3-CD and chitosan (SMCs). This could address the issues of poor
solubility of drugs and the limited bioavailability and pharmacological effects. It was used
to improve the solubility and clinically relevant anti-infective controlled release properties
of ciprofloxacin. In the study, it was found that when the encapsulation efficiency (~90%)
and load capacity (~9%) of sMC were maximized, the molar ratio of ciprofloxacin to 3-CD
was 1:1. The results showed that regardless of their size, after 24 h of incubation, the cells
absorbed sMC well without pathological changes. The sMC was non-toxic and had very
good biocompatibility, and it is a suitable system with promising prospects for the treat-
ment of extracellular lung infections. Khelghati et al. [125] focused on reducing the side
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effects of adriamycin by designing a pH-sensitive magnetic hyperbranched 3-CD as a nano-
level drug carrier. Nanoparticles were released more under acidic conditions and were
released less under neutral alkaline conditions. The results of hemolysis analysis showed
that the synthesized nanocarriers were completely biocompatible. In vitro studies have
shown that free doxorubicin has a higher cytotoxicity than doxorubicin-loaded nanocarri-
ers, demonstrating its high potential to deliver doxorubicin to tumor tissues. Li et al. [126]
reported the design and synthesis of a new multifunctional nuclear initiator based on octa-
norbornene functionalized v-CD, which is an eight-arm star polymer [127,128] prepared by
a nuclear-preferred ring-opening metathesis polymerization reaction. Hexaethylene glycol
functionalized with norbornene was used to graft from the initiator. Using norbornene-
functionalized polyethylene glycol (PEG) to extend the chain of the omega functional group
to produce water-soluble diblock brush arm star copolymer (DBASC), the size of DBASC
was between 10-11 nm, with very good thermal stability, long-range order, and crystallinity.
Because of the introduction of y-CD, DBASC has excellent solubility, enhanced drug bind-
ing ability, shows low toxicity, and has a strong inhibitory effect on MCF-7 breast cancer
cells. Star polymers represent a new type of modular polymer platform with potential ap-
plications in nanostructure self-assembly and drug delivery. Das et al. [129] used 3-CD as a
drug delivery vehicle for drug cells with amino acid-based ionic liquid (AAIL) substitutes,
which could improve the bioavailability of the therapeutic agent. Therefore, the use of
B-CD is preferred to stabilize AAIL in our work, and AAIL can be further separated in a
controlled manner. Because of its importance in the field of biotechnology, electrodialysis
separation, and drug delivery, AAILs, i.e., proline nitrate PN and (3-CD are proposed as a
model system. In this work, the experimental measurements were theoretically related to
quantum chemistry methods. Two-dimensional correlation experiments show the charac-
teristics of PN and 3-CD binding. These fascinating results were clarified with the help of
molecular docking simulation studies. The confirmation with antibacterial research was
consistent with the experimental results. The new AlLs-based inclusion compounds have
little toxicity and can be used as potential carriers. The results reported were encouraging
for the practical application of AAIL and 3-CD. Viale et al. [130] synthesized fibrin gel
(FBG) and an amino-pCDs inclusion complex (0CD-NH; /Dox) in 2019, demonstrating that
the FBG can be used in clinical or experimental applications to release different doxorubicin
(Dox) nanoparticles. The fibrinogen (FG) and Ca?* concentrations may change this activity.
In vivo data support that the overall and local toxicity of FBG loaded with oCD-NH, /Dox
is lower than that of FBG loaded with Dox. The results indicate that when administered
locally via FBG loaded with oCD-NH,/Dox, the therapeutic index of Dox may increase,
providing the possibility for using these delivery systems to treat neuroblastoma. Haley
et al. [131] reported that a drug delivery system made of pCDs allowed for local admin-
istration of amphotericin B (AmB) (the leading drug for the treatment of clinical fungal
infections), which can reduce toxicity to the host cells while maintaining the ability to
eliminate fungal activity. By exploiting the molecular interaction between the CD cavity
and the drug, a slow and sustained delivery rate of AmB was achieved. Lin [132] reported
that 3-cyclodextrin-{poly(lactide)-poly(2-(dimethylamino)ethylmethacrylate)-poly[oligo(2-
ethyl-2-oxazoline)methacrylate]},; [3-CD-(PLA-PDMAEMA-PEtOXMA ), ] monomolec-
ular micelles act as gold nanoparticles (GNP); the in situ formation and subsequent Dox
encapsulated template were applied for the development of anti-cancer drug delivery
and computer tomography (CT) imaging to form a pH-responsive therapeutically reactive
nanocomposites in situ. Through a combination of experiments and dissipative particle
dynamics (DPD) simulations, the formation, microstructure, and distribution of GNP and
Dox were studied. Under acidic tumor conditions, Dox-loaded micelles had an encap-
sulation efficiency of 41-61%, showing rapid release (88% after 102 h). Both in vitro and
in vivo experiments have shown excellent anti-cancer efficacy and effective CT imaging per-
formance for 3-CD-(PLA-PDMAEMA-PEtOXMA);; / Au/DOX. Single-molecule micelles
represent a class of multifunctional nanocarriers for therapeutic diagnostics. Nanoparticle
carriers are now a hot frontier field, and the intelligentization of drug loading can greatly
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increase chances of curing diseases such as cancer and NPC. In recent years, research on
biodegradable nanocarriers has gradually increased, and pCDs have been used in new
forms of drug delivery. Liu et al. [133] synthesized a new type of star-shaped nanocarrier
(C12Hz25)14-B-CD-(SS-mPEG); (CCSP) for anti-tumor activity in 2019. The DOX-loaded
nanocarrier CCSP has good biocompatibility, high drug loading, good stimulus response
release performance, and low leakage, which have potential in anti-cancer intelligence. It
is worth noting that Ran Namgung et al. [134] designed a new type of nano-assembled
drug delivery system formed by the interaction between polymer-cyclodextrin conjugate
and polymer-paclitaxel conjugate, which is the most popular CD polymer. This is one of
the successful drug delivery systems. Nano-components have high stability, which can
effectively deliver paclitaxel to targeted cancer cells through passive and active targeting
mechanisms and effectively release them. Ying et al. [135] introduced the cationic CD loop
into the multi-arm PEG backbone in a sterically selective manner, and developed a multi-
arm pCD polyrotaxane nanocarrier platform that protectively encapsulates the interleukin
12 (IL-12) encoding plasmid for immune gene therapy of colon cancer. Compared with
the linear pCD polyrotaxane, the multi-arm polymer design significantly improves the
circulating half-life, and the reported tumor suppressor effect is excellent and non-toxic.
Nowadays, pCD as an APl is a hot topic in the field of biomedicine. For example, Atsushi
Tamura et al. [136] have developed an acid-labile 3-CD/Pluronic P123-based polyrotaxane
for the treatment of a fatal metabolic disease, Niemann-Pick Type C (NPC), compared to
the general 2-hydroxypropyl -cyclodextrin (HP-3-CD) drug treatment, it can not only
promote cholesterol excretion and prolong the life of the animal in animal models, and the
required dose is greatly reduced, which has huge advantages compared with traditional
medicine. In addition, in order to enhance the pharmacokinetics and biodistribution char-
acteristics, and thereby improve the efficacy at lower doses, Aditya Kulkarn et al. [137]
designed a 3-CD-based polymer prodrug ORX-301, which is composed of 3-CD two. It
is formed by the polymerization of azide monomer and bifunctional ketal. It overcomes
the main limitations of current 3-CD-based NPC therapy, and is a potential alternative to
existing treatment methods (Table 1).

Table 1. Abstracts of papers for pCDs used as drug delivery vehicles.

Formulations Drugs Carried Application Effect System Size Ref.
PGABCyD Doxorubicin Inhibit tumor tissue growth, R.e.duce the side 55nm [47]
effects of doxorubicin
. Inhibit tumor tissue growth, Reduce the side
PGAYCyD. Doxorubicin effects of doxorubicin 5.5 nm [47]
CD/BP Bisphosphonate Treat parasitic diseases ND [121]
sMC Ciprofloxacin Improve the solubility and release of the drug 400-900 nm [124]
HPG-B-CD Doxorubicin Reduce the side effects of doxorubicin 30 nm [125]
DBASC Doxorubicin Inhibit tumor tissue growth, I‘{e.duce the side 10.0-11.0 nm [126]
effects of doxorubicin
PN-B-CD Real drug cell drugs Non—tox%c, drug-accepta.ble, IOW-CQSt’ and ND [129]
environmentally friendly carrier
CD-NH, /Dox Doxorubicin Treatment of neuroblastoma 3.2nm [130]
pCDs AmB Treatment of clinical fungus 2-15 kDa [131]
B-CD-(PLA-PDMAEMA-PEtOxMA )y Doxorubicin Inhibit tumor tissue growth 27-28 nm [132]
CCSP Doxorubicin Reduce drug leakage and increase drug 40-50 nm [133]
load content
Polymer—cyclodextrin conjugate PolyIr;(e;\j—ug:iltaxel Confer high stability to the nano-assembly 54.6 + 11.6 nm [134]
pCD polyrotaxane interleukin 12 Protective packaging 193 £+ 6.2 nm [135]
(3-CD/Pluronic P123-based polyrotaxane B-CD Treating NPC 29,000 Da [136]
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6. Conclusions

pCDs have many advantages, including a sustainable source of raw materials, low
cost, multiple synthetic methods, and a simple synthesis procedure. They not only have
the characteristics of cyclodextrin molecules, such as an internal hydrophobic-external
hydrophilic cavity structure and hand-shaped features, but they also have the excellent
mechanical strength, hardness, and good thermal stability of polymers.

This article introduced the research progress of pCDs, including their synthesis and
applications in analytical separation science, materials science, and biomedicine. The
field of analysis and separation science mainly uses the cavity structure and hand shape
characteristics of pCDs to realize separation and detection. In the field of materials science,
CDs have been incorporated into various materials. Compared with traditional materials,
pCDs have the characteristics of a high flux and solubility, resulting in practical materials
with superior properties. In the field of biomedicine, compared with traditional materials,
pCDs have the advantages of specific identification, non-toxicity, and good biocompatibility.
In short, pCDs have been increasingly applied in the fields of analysis and separation
science, material science, and biomedicine because of their unique characteristics.

While emphasizing the multi-field applications of pCDs, this article focused on its
scientific and technological innovation as drug delivery vehicles, using the latest research
as examples to illustrate their potential for cancer treatment and the elimination of fungi.
A summary of the development trend in pCDs from multiple fields and perspectives
illustrates the large growth in the amount of pCD research and the large potential for
development, and this work provides direction for future research.
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Abstract: Cyclodextrins (CDs) are naturally occurring cyclic oligosaccharides consisting of multiple
glucose subunits. CDs are widely used in host-guest chemistry and biochemistry due to their
structural advantages, biocompatibility, and ability to form inclusion complexes. Recently, CDs have
become of high interest in the field of medical imaging as a potential scaffold for the development of
a large variety of the contrast agents suitable for magnetic resonance imaging, ultrasound imaging,
photoacoustic imaging, positron emission tomography, single photon emission computed tomography,
and computed tomography. The aim of this review is to summarize and highlight the achievements
in the field of cyclodextrin-based contrast agents for medical imaging.

Keywords: medical imaging; contrast agents; x-cyclodextrin; 3-cyclodextrin; y-cyclodextrin; MRI;
PET; CT; SPECT; PAI

1. Introduction

Cyclodextrins (CDs) are chemically stable naturally occurring cyclic oligosaccharides consisting
of multiple glucose subunits connected by «-1,4 glycosidic bonds [1,2]. There are three main types
of CDs that contain six (x-CD), seven (3-CD), and eight (y-CD) glucose subunits in a ring (Figure 1).
These cyclodextrin macromolecules are cone-shaped with a hydrophobic interior cavity and polar
exterior surface [3]. Due to their non-toxic nature [1,4-6] and water solubility [7-9], CDs became
widely used in various biomedical fields such as drug solubilization [7,10-12], drug delivery [8,13-17],
and nucleic acid transfer [18-20].
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Figure 1. Chemical structure of (a) a-cyclodextrin, (b) 3-cyclodextrin, and (c) y-cyclodextrin.

Compared to other macrocyclic hosts, cyclodextrins are by far the most extensively used in
host—guest chemistry applications and medical imaging [21-25]. They tend to be the macrocycle
of choice due to their structural advantages and robust ability to form inclusion complexes [21,26].
An inclusion complex is formed when a guest molecule, commonly a small drug, is partially or fully
encapsulated inside the host’s interior cavity [1,3]. In the case of cyclodextrins, their preferred guest
molecules tend to be hydrophobic, making them suitable for binding in the hydrophobic interior.
Therefore, cyclodextrins possess the ability to form inclusion complexes with a wide variety of
hydrophobic guest molecules [26-28]. Formation of inclusion complexes, or molecular encapsulation,
can affect the physiochemical properties of the drug or molecule itself, such as solubility and rate
of dissolution [3]. CDs are often exploited because of this property in addition to enhancing water
solubility of water-insoluble molecules [3]. The exterior of cyclodextrin is predominantly hydrophilic
due to the extensive hydrogen bonding network, making it a biocompatible agent for a wide range of
applications [1-3,6-17]. These structural factors are largely why CDs are favored when synthesizing
inclusion complexes. Electronics and thermodynamics both play a role in determining if a CD will
form an inclusion complex with a guest molecule [1]. The driving force for inclusion complexation
involves various noncovalent interactions such as desolvation, or removal, of water molecules from the
interior cavity and formation of Van der Waals, hydrophobic, and hydrogen bonding interactions [29].
The major driving forces for cyclodextrin complexation are van der Waals interaction and hydrophobic
interaction, whereas hydrogen bonding and electrostatic interaction mostly affect the conformation
of a particular inclusion complex [29]. CD’s ability to form inclusion complexes with small organic
molecules has pioneered the field of supramolecular chemistry. More recently, CDs have successfully
been used to build various molecular architectures such as catenanes, rotaxanes, pseudorotaxanes,
polyrotaxanes, and other molecular machines [30,31].

During the past few decades, cyclodextrins have become of interest as contrast agents and potential
biosensors for different medical imaging modalities [32]. In the context of imaging, CDs have been
used primarily as a scaffold to support and/or solubilize smaller molecules that produce or quench a
signal for enhanced imaging. However, in a few cases, the unique supramolecular nature of the CD
is essential in producing the signal for imaging. Examples of CD-containing constructs that can be
imaged by a wide variety of modern imaging technologies are discussed herein.

Magnetic resonance imaging (MRI) was the first imaging modality to utilize cyclodextrins as
contrast agents [33]. CD-based MRI contrast agents produced contrast through the reduction in
spin-lattice relaxation (T;) time of the water protons. There are two different established methods
of synthesis of CD-based MRI contrast agents: (1) host-guest interactions between CD cavity and
metal-organic complexes [33,34] and (2) by direct conjugation of CDs to the metal-organic complexes
through the external hydroxyl groups of CD molecule [35,36]. The reduction in T; relaxation for
CD-based contrast agents, and therefore their contrast, is substantially stronger compared to the
metal-organic complexes on their own [34,37].

Secondly, positron emission computed tomography (PET) utilizes CD-based molecular imaging
probes [25]. The PET probes emit positron, which annihilates with a stationary electron from the
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surroundings producing two gamma-photons, which are detected [38]. The PET tracers based on CD
can be divided in two classes. The first class contains CD-based nanoparticles (NPs) radiolabeled
with either **Cu [25] or '8F [39]. Another recently developed type of CD-based PET imaging agents
contains CD molecules conjugated to the p-NCS-benzyl-NODA-GA (NODAGA) chelator labeled
with %Ga [40,41]. Followed by PET, the CD-based contrast agents were developed for single photon
emission computed tomography (SPECT). SPECT contrast agents were created by radiolabeling of
CD-based NPs either with 2™Tc [42] or 12°1 [43].

Recently, CDs were applied as contrast agents for ultrasound (US) and photo-acoustic imaging
(PAI). The mechanism of contrast creation for US imaging relies on the substantial differences in the
acoustic impedances between the biological tissue and the CD-based agents [44]. The mechanism of
PA imaging is more complicated. The PA tracer absorbs the light with subsequent heating. Due to the
temperature increase, the contrast agent undergoes thermoelastic expansion resulting in emission of the
ultrasonic acoustic waves that can be detected by US receiver [45,46]. The developed CD photoacoustic
contrast agents absorbed the light in the infrared range [47-49].

Lastly, multiple studies were conducted to evaluate the performance of the CD-based contrast
agents for computed tomography (CT) [50-52]. All of the developments were focused on CD-based NPs
that contained metal atoms (Au, Yb, Dy) [50-53]. The presence of the element with high atomic number
rises up the X-ray absorption coefficient yielding to the contrast increase. These CD-based contrast
agents demonstrated better performance compared to conventional iodine-based CT agents [50,51].

The purpose of this review is to provide an update on recent developments in CD-based contrast
agents. A comparison of the developed contrast agents to the clinically available are presented as well
as a comparison between different CD-based agents.

2. CD-Based Contrast Agents for MRI

MRI was the first medical imaging modality that began to develop CD-based contrast agents.
The vast majority of the developed CD-based contrast agents reduce T; relaxation of the surrounding
protons and were used to produce substantial contrast on T;-weighted images. Nevertheless, several
studies demonstrated the potential of T CD-based contrast agents as well. An overall summary of the
achievements and developments in CD-based MRI contrast agents and molecular imaging probes is
presented in detail below.

Due to the wide disfavor of traditional MRI probe modalities, mainly consisting of
diethylenetriamine pentaacetic acid (DTPA) and dodecane tetraacetic acid (DOTA)-derived small
molecule Gd(III) complexes, the continuous development and synthesis of innovative contrast agents is
needed [54]. Cyclodextrin-based MRI contrast agents have gained notoriety in the last two decades and
prove to be viable, robust candidates as potential MRI sensors for biomedical imaging [54]. In addition
to their high biocompatibility and ability to form inclusion complexes, their large molecular weights,
ease of functionalization and conjugation, and multivalent loading capacity make them well-suited
as a new class of paramagnetic macromolecules [35,55,56]. CDs have proved to enhance contrast,
sensitivity, and diagnostic imaging time [35]. This is attributed mainly due to their large molecular
weights, which allow for longer and tunable rotational times [35,54].

2.1. Contrast Agents Based on Host—Guest Complexation between CDs and Metal-Organic Chelates

2.1.1. In Vitro Studies of the Host-Guest CD-Based MRI Contrast Agents

The genesis of CD-based MRI contrast agents occurred in 1991 when Aime et al. [33] applied
Freed’s theory [57] to predict that the relaxation rates of the solvent protons increase when the
paramagnetic ion or complex is bound to a macrocycle. This principle became a fundamental
base for the future development of CD-based MRI contrast agents. Aime et al. reported
numerous results for the inclusion complexes formation between CD and gadolinium chelates
such as DOTA and DTPA. Host-guest interaction is dependent on internal cavity size: «x-CD did
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not demonstrate host—guest interaction, while 3-CD non-covalently bonded with DOTA/DTPA
with significant increase in proton relaxivity in vitro (reciprocal spin-lattice relaxation time (1/T1))
observed for both 3-CD-DOTA and 3-CD-DTPA contrast agents [33]. Subsequent studies utilizing
Gd(III)-bis(benzylamide)diethylenetriaminepentaacetic acid (BBA-DTPA) [34], gadolinium (III)
3,6,9,15-tetraazabi-cyclo[1,3,9]pentadeca-1(15),11,13-triene-3,6,9-triacetic acid (PCTA) complexed with
poly-p-CD [58], and DOTA-benzyloxymethyl (DOTA(bom)3z) [59] demonstrated increasing water
proton relaxivity due to the larger quantity of paramagnetic complexes accumulating in the region of
interest due to interactions with a 3-CD polymers [59]. The relaxivity of the developed poly- 3-CD
contrast agents exceeded up to six times the clinical analogues (r; = 61 mM~1s71) [59]. Furthermore,
the results of modified GA(III)-PCTA in blood serum suggested the possibility of application of this
developed CD-based contrast agent in MRI angiography [58]. Despite such promising results, the
relaxation measurements were conducted at 20 MHz NMR spectrometer at 0.5 T magnetic field far
below the clinical MRI magnetic fields (1.5 or 3.0 T).

Larger CD-based NPs have also been the subject of recent research. These NPs have the
potential for lower toxicity [60] compared to Gd-CD-based contrast agents. Examples of a proposed
-CD-based Gd-loaded NPs include a supramolecular assembly between DO3A-based gadolinium
chelate (conjugated to adamantane through an acetamide spacer), poly--CD, and modified dextran [60]
and cleavable 3-CD-based Gd(IlI)-loaded nanocapsules, a promising agent as a redox-sensitive MRI
contrast agent [61]. Besides toxicity reduction in Gd chelates, the proposed NPs are utilized the
concept of further increasing of the number of Gd(III) atoms per unit of contrast agent resulting in
increasing relaxivities.

2.1.2. In Vivo Imaging of the Host-Guest CD-Based Contrast Agents

The performance of some CD-based MRI imaging agents has been evaluated in vivo. Lahrech et al.
demonstrated imaging of C6 glioma rats using a Gd-«-CD complex to quantify cerebral blood
volume [62]. Although performance of Gd-«-CD contrast agents was significantly better compared
to Gd-DOTA in terms of relaxation rates (r; = 7.3 mM~!s7! at 9.4 T), the developed supramolecular
agent did not accumulate in tumors and almost no enhancement was observed on Tq-weighted images
during the first hour after Gd-«-CD injection. On the contrary, the CBV fraction was successfully
measured using rapid steady state T; method and Gd-«-CD contrast agent.

More advanced CD-based contrast agents were demonstrated by Sun et al. who created
a supramolecular complex between bridged bis(permethyl-3-cyclodextrin)s with Mn-porphyrin
bearing polyethylene glycol side chains (Mn-TPP) [63]. Mice injected with this supramolecular
polymer demonstrated strong contrast observed in the blood, kidneys, and bladder (Figure 2) [63].
A supramolecular polymer built using the non-covalent interaction between Mn(II)-TPP and bridged
tris(permethyl-3-CD)s resulted in a longitudinal relaxivity only 7% higher compared to previously
developed Mn(Il)-containing linear polymer [63,64].

Work by Feng et al. conducted on CD-based NPs as MRI contrast agents demonstrated neodymium
doped NaHoF, NPs as T, imaging agents cultured with human mesenchymal stem cells injected into
the brain hemisphere of nude mice. This combination of CD-based contrast agents and stem cells [23]
supports the idea of using stem cells as an MRI contrast agent carrier. Furthermore, due to the high
relaxivity of the developed probe (r; = 143.7 mM~!s™! at 11.7 T) [23], use of the developed contrast
agent will be beneficial for ultrahigh field MRI imaging, since the transverse relaxivity increases highly
with the magnetic field strength [23,65,66].
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Figure 2. (a) Molecular structure of Mn(II)-TPP and bridged bis(permethyl-3-CD)s polymer.
(b) Representative 2D coronal T1-weighted MR images of the mice at 2, 5, 10, 20, and 25 min
after intravenous injection of Mn(II)-TPP/bridged -CD magnetic resonance imaging (MRI) contrast
agents at 0.03 mmol of Mn/kg [63]. The images are reprinted with permission from publisher [63].

2.1.3. In Vivo Tumor Imaging

Imaging of cancer is one of the hot topics in modern medical imaging field. Despite the numerous
developed contrast agents discussed above, only Zhou et al. used multiple 3-CDs attached to a
polyhedral oligomeric silsesquioxane nano globule at a targeted nano globular contrast agent from
host—guest assembly for magnetic resonance cancer molecular imaging [67]. The host—guest contrast
agent bonds to ay 33 integrinin 4T1 malignant breast tumor through cyclic RGDfK peptide and
gives greater contrast enhancement, due to the «, 33 that is overexpressed in tumors (Figure 3a—).
This designed contrast agent produced superior contrast and signal enhancement compared to the
clinically used Gd-based ProHance and non-targeted control cRAD-POSS-bCD-(DOTA-Gd)-Cy5
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contrast agent. Molecular structure of cRGD-POSS-CD-(DOTA-Gd)-Cy5 imaging agent is shown
on Figure 3d.
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Figure 3. Magnetic resonance molecular imaging with cRGD-POSS-BCD-(DOTA-Gd)-Cy5 in
mice bearing 4T1-Luc2-CFP tumor xenografts. The representative 2D axial fat-suppressed
T1-weighted spin-echo MRI images before and at 5, 15, and 30 min post-injection of ProHance (a),
cRAD-POSS-bCD-(DOTA-Gd)-Cy5 (b), and cRGD-POSS-bCD-(DOTA-Gd)-Cy5 (c) at 0.1 mmol-Gd/kg.
The injection of cRGD-POSS-BCD-(DOTA-Gd)-Cy5 creates superior signal enhancement in tumor
region. The images are reprinted with permission from publisher [67]. (d) Molecular structure of the
developed cRGD-POSS-BCD-(DOTA-Gd)-Cyb5 contrast agent.

2.2. Direct Labeling of the CD Molecules

Another approach of synthesis of CD-based contrast agents for MRI imaging purposes is to
conjugate metal-organic Gd(IlI)-containing complexes to the CD molecule through covalent bonds.
We refer to this method as direct labeling of CD molecules. The key advantage of this approach is the
availability of CD cavity for host—guest interaction with other molecules that can be effectively used
for drug delivery study and imaging of molecular interactions.
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Synthetically, modifying CDs in order to meet the criteria of an ideal contrast agent can be
summarized by three key components: having a point of functionalization to attach the chelating group,
designing a rigid linker in order to slow local movements, and lastly, conjugation of the macrocyclic
complex in order to encapsulate multiple lanthanide chelates—thus, overall enhancing MRI signal,
while improving overall stability and relaxivity profiles [35,54-56,68].

Various synthetic approaches have been explored, which demonstrates CD’s ability to be
functionalized and conjugated in a robust fashion dependent on the desired application(s) [35,54-56,68].
Bryson et al. synthesized a monodisperse 3-CD Click cluster containing seven paramagnetic chelates
encompassing two water exchange sites [35]. Using Click chemistry, an alkyne-functionalized dendron
was reacted with the per-azido-f-CD to yield the desired product (Figure 4). Using similar methods,
Champagne et al. recently reported the synthesis of a different 3-CD MRI probe containing seven
iminodiacetate arms connected at the C6-position of 3-CD by a triazole-based linker following a
copper(I)-mediated 1,3-dipolar cycloaddition [54]. In addition, CDs can be differentially conjugated
to produce multifunctional probes. Kotkova et al. synthesized a novel bimodal fluorescence/MRI
probe using a 3-CD scaffold [55]. 3-CD was labeled first using fluorescein isothiocyanate (FITC) and
subsequentially with an isothiocyanate derivative containing a DOTA-based ligand [55]. The rigidity
of the linker between the CD and the Gd-containing ligand plays an important role in increasing
TR, thus enhancing the overall MRI signal [35,55]. Additionally, multifunctional NPs have been
modified using an asymmetrically functionalized 3-CD-based star copolymer by conjugating 3-CD
using doxorubicin (DOX), folic acid (FA), and DOTA-Gd moieties [54]. Similar to the work of
Bryson et al. [35] and Champagne et al. [54], the key conjugation method used was azide-alkyne
Huigsen cycloaddition, creating rigid triazole linkers.
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Figure 4. Multivalent 3-CD “Click cluster”, containing seven paramagnetic chelating groups, each with
two water exchange sites linked via triazole-based linkers. The 3-CD “Click cluster” was synthesized
from per-azido-p-CD precursor and conjugated using the well-established Huigsen cycloaddition
reaction. Figure adapted from Bryson et al. with permission from publisher [35].

2.2.1. In Vitro Development

Skinner et al. demonstrated the first labeling of CD macrocycle with a GA(III) chelate albeit the CD
cavity was still used for non-covalent binding to another Gd(III) chelate in order to increase the proton
relaxivity. [69]. Relaxivity of this complex increased when it was bound noncovalently to another
gadolinium complex with the addition of two phenyl moieties.

Bryson et al. created a contrast agent with a ten-fold increase in relaxivity at 9.4 T
compared to clinically available Magnevist by labeling of per-azido-f3-cyclodextrin core with seven
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diethylenetriaminetetraacetic acid (DTTA) Gd(III) chelates [35]. This development can be attributed
to the increased Gd(IIlI) ions per molecule and further increase in relaxivity due to conjugation to
the macrocycle. In addition to the high relaxivity, unoccupied cavity of 3-CD makes the developed
contrast agent an excellent host scaffold to functionalize through noncovalent assembly with biological
receptor-specific targets.

Bimodal MRI-fluorescence probes were demonstrated by Kotkova et al. [55] who combined
a DOTA-based ligand with fluorescein functionality to simultaneously obtain fluorescence and
MR images. Although the developed CD-based agent was studied in vitro, the benefit of this
scaffold for MRI visualization under in vivo conditions was assumed due to its low cytotoxicity
and high cell uptake. Fredy et al. developed cyclodextrin polyrotaxanes as a highly modular
platform for an imaging agent [70]. Selectively functionalized cyclodextrins with a Gd(III) complex
or BODIPY fluorescent tag were put on to a polyammonium chain to form polyrotaxanes. From
this, polyrotaxanes could be assembled with fluorescent CDs and CDs with dia- or paramagnetic
lanthanide complexes. Each threaded cyclodextrin was molecularly defined, which is an advantage
over statistical post-functionalization of CD-polyrotaxanes. In vitro studies demonstrated that the
Gd-bearing polyrotaxanes have relaxivities that are five times higher than Gd-DOTA, which makes
them effective contrast agents for MRI applications [70].

NPs fabricated using biological macromolecules have been demonstrated by both Liu et al. [68]
and Su et al. [71]. Liu designed pH disintegrable 3-CD-based micellar NPs, while Su reported star-like
dextran wrapped superparamagnetic iron oxide NPs. Both groups reported dual effects: an imaging
contrast agent and cytotoxicity to HeLa cells at high concentrations, making these molecules both
imaging probes and potential chemotherapeutics agents. Later, the synthesis of the contrast agent that
affects the spin-spin (T) relaxation was suggested by conjugating 3-CD to magnetic NPs [72].

2.2.2. In Vivo Imaging of CD-Based MRI Contrast Agents Based on the Direct Labeling of CD Cavity

In vitro studies have paved the way for a number of groups to demonstrate CD-based MRI contrast
agents in vivo. Vascular imaging has long been a molecular imaging goal allowing investigators
the ability to image the vasculature with high contrast. The G2/MOP-DTPA-Gd contrast agents
synthesized from polyester dendrimers with 3-CD core have been demonstrated with high yield
and fast synthesis while providing for 2.7 times the relaxivity of Magnevist (DTPA-Gd) [24]. This
contrast agent is rapidly hydrolyzed at the pH of 7.4 in the presence of esterase and slowly hydrolyzed
at an acidic pH. The superior signal enhancement in vivo was observed following 0.1 mM Gd/kg
injection (Figure 5a) and was significantly higher compared to Magnevist (Figure 5b) Furthermore,
the G2/MOP-DTPA-Gd contrast agent (Figure 5c) did not show tissue retention, making the ideal
blood pool and kidney imaging agent.

Zhou et al. synthesized Gd(III)-1,4,7,10-Tetraazacyclododecane-1,4,7-triacetic-2-hydroxypropyl-f3-
CD/Pluronic polyrotaxane contrast agent [73]. Interestingly, Gd-DO3A-HPCD/Pluronic polyrotaxane
construct circulated for more than 30 min in the living mouse and caused about 100-fold vascular
enhancement when compared to the monomeric form (Figure 6a). Furthermore, the polyrotaxane
derivative showed a much higher signal enhancement after 5 min in the heart than the
monomeric form but underwent rapid elimination by renal filtration, preventing blood enhancement.
Thus, the Gd(III)-DO3A-HPCD/Pluronic polyrotaxane (Figure 6b) is a promising contrast agent,
which enables higher anatomic detail of blood vessel organization.
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Figure 5. Representative T1 weighted multislice image of the mice heart after 0.1 mM Gd/kg injection of
G2/MOP-DTPA-Gd contrast (a) and Magnevist (b). The superior contrast-to-noise ratio was observed
from the heart after the G2/MOP-DTPA-Gd injection. The images (a) and (b) are reprinted with
permission from publisher [24]. (c¢) The molecular structure of the developed G2/MOP-DTPA-Gd
CD-based contrast agent.
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Figure 6. (a) T1 weighted 3D maximum intensity projection images of Balb/c mice. Mice were injected
with Gd(III)-DO3A-HPCD (top row) or Gd(III) -DO3A-HPCD/Pluronic polirotaxane (bottom row) at
a 0.03 mM-Gd/kg dose. Contrast agent distribution is shown in the images for pre injection and 5,
15, and 30 min after injection in to the tail vein with Gd3+ complexes. Images have been re-printed
with permission from publisher [73]. (b) Molecular structure of the Gd(III)-DO3A-HPCD/Pluronic
polirotaxane developed by Zhou et al.
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2.2.3. In Vivo Imaging of Cancer

Cancer metastasis is the final insult leading to patient mortality. The early detection of metastasis
is therefore a primary concern in the field of oncology. CD-based MRI contrast agents hold promise
for the imaging of metastasis. Although CD-based contrast agents have yet been clinically tested,
a number of groups have demonstrated these contrast agents in mammalian models.

Zhou et al. [74] reported the enhancement of MRI of liver metastases with a zwitterionized
biodegradable dendritic CD-based contrast agent. Traditionally, the sensitivity in the liver for MR
imaging of metastases is low due to the accumulation of the contrast agent in the Kupffer cells and
hepatocytes instead of cancer cells. Zhou et al. used a novel dendritic contrast agent with 3-CD
core and the net size of 9 nm. The developed dendritic contrast agent reduces background signals
in the liver significantly by avoiding being uptakes by hepatocytes and Kupffer cells through the
zwitterionization, while increasing the signal in tumors through the enhanced permeability and
retention effect. This CD-based zwitterionized dendritic contrast agent also showed shorter Gd(III)
retention in all organs and tissues, because it could degrade into small fragments.

Zhang et al. developed polyethyleneimine- 3-CD (PEI-3-CD) as a novel vector for carrying ferritin
gene modified by alpha-fetoprotein promoter [75] to create a highly specific endogenous T, contrast
agent for hepatocellular carcinoma. In vitro Tp-weighted and T, -weighted MRI was used to examine
the effect of ferritin heavy gene transfection. Zhang et al. observed the significant T,/T, -induced
MRI signal decay (up to 40%) from the BEL-7402 hepatocellular carcinoma cells treated with the
developed PEI-3-CD/ferritin gene. Therefore, it was proposed that the ferritin gene carried by PEI-
3-CD has a high potential to be used for early-stage MRI detection as an endogenous contrast agent
for hepatocellular carcinoma imaging.

Gd (III) oxide NPs coated with folic acid functionalized poly (B-CD-co-pentetic acid)
(Gd,O3@PCD-FA) as a biocompatible targeted nano-contrast agent was proposed by Mortezazadeh
et al. [76]. Mortezazadeh et al. observed that Gd,O3@PCD-FA demonstrated significantly higher
r; and r, relaxivities at 3T (r; = 3.95 mM™'s7!; r, = 4.6 mM~'s7!) than GA(II)-DOTA. On the
other hand, the measured relaxivities were lower compared to the pure Gd,O3 (r; = 4.86 mM~!s7};
r; = 5.97 mM~'s7!) due to the reduced water accessibility to Gd,O3 core in Gd,O3@PCD-FA. In order
to study the performance of the developed NPs in vivo, the Gd,O3@PCD-FA contrast agent has been
evaluated in the animal tumor model. Maximization of CNR was observed in 1h post-injection of
the Gd,O3@PCD-FA contrast agent. Interestingly, Gd,O;@PCD-FA NPs demonstrated almost no
cytotoxicity after 12 and 24 h administering to MCF-10A human normal breast cell lines.

Han et al. developed a hypoxia-targeting dendritic MRI contrast agent based on internally
hydroxy dendrimer (IHD) with 3-CD core [77]. The disturbance of the zwitterionic surface reduces
unspecific cellular uptake by normal cells. In vivo imaging of an orthotopic breast tumor in mice
injected with the developed contrast agent showed the maximization of CNR in 1 h post-injection. Han
et al. observed CNR reaching the level of 10, remaining constant during the second hour, and slightly
decaying 3 h post-injection.

2.3. Cyclodextrin-Based Contrast Agents for Hyperpolarized MRI

Although molecular imaging using MRI is challenging due to the lack of sensitivity of this imaging
modality [78,79], progress has been made with the development of hyperpolarized (HP) MRI [79,80].
HP MRI utilizes the advantage of a metastable state with spin population excess significantly larger
compared to the thermal equilibrium state [81]. Hyperpolarization of noble gases (such as *He and
129Xe) is conducted via spin exchange optical pumping (SEOP), whereas polarization of *C or 'H
containing molecules is created through dynamic nuclear polarization (DNP) [82-85].
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2.3.1. Hyperpolarized '*C CD-Based Contrast Agents

Due to the high signal enhancement, molecular imaging using HP '3C-containing molecule
becomes possible. 3-CD was used to create a contrast for HP 13C MRI [86]. Keshari et al. showed
that the host-guest interaction between a 3-CD cavity and HP benzoic acid substantially decrease the
T; relaxation of both HP 3C nuclei resulting in negative image contrast (decrease in signal intensity)
induced by the presence of supramolecular cage (Figure 7). Based on this result, the authors proposed
that similar mechanism of the negative contrast can be used to study the interaction of ligand-receptor
pairs in vivo.
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Figure 7. In vitro experiment at 14T demonstrating the potential application of 3-CD as a contrast
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agent for hyperpolarized (HP) 13C MRI. (a) Proton gradient echo image demonstrating the position of
phantoms with a different concentration of -CD (0-10 mM). The HP '3C imaging was performed after
the administration of 2.5 mM HP [1-13C] benzoic acid. It can be seen that the MRI signal decreases with
B-CD concentration. (b) Relative MRI 13C signal dependence on 3-CD concentration [86]. The images
are reprinted with permission from publisher [86].

DNP was used to create a CD contrast agent for DNP HP MRI [87]. Caracciolo et al. observed
the polarization level of 10%. Unfortunately, the T; relaxation of 3-CD protons was equal to 1s
at 300 K, which made HP 3-CD inapplicable for molecular imaging purposes. On the other hand,
HP B-CD can be of interest in the fields, which require the production of strong 'H NMR signal
from CD molecules [87]. Following this work was the hyperpolarization of methylated 3-CD [88].
The methylation has been conducted using '*CHj3l, which enriched the potential contrast agent with
13C and 'H nuclei. Methylated B-CDs underwent DNP and polarization levels of 7.5 and 7% were
achieved for 'H and '3C, respectively. The proton T; relaxation times were found to be similar to
those published in [87]; however, the T relaxation time of 13C nuclei was equal to 3.3 and 4.9 s for
fully methylated 3-CDs and partially methylated 3-CDs, respectively. These relaxation times allow
further application of HP 3-CD as contrast agents in the molecular imaging field. In addition, authors
demonstrated the method of further increasing relaxation times [88].

2.3.2. CD-Based Molecular Probes for Hyperpolarized 2*Xe MRI

Current studies of molecular imaging with HP 12*Xe MRI utilizes hyperpolarized chemical
exchange saturation transfer (HyperCEST) [89,90]. The HyperCEST effect relies on a constant chemical
exchange between the dissolved HP >’Xe nuclei in the solution and supramolecular host that can
effectively encapsulate 12?Xe [79]. Following selective depolarization of the 12°Xe nuclei encapsulated
in the supramolecular cage, the decrease in the dissolved phase 12?Xe MRI signal can be observed as a
result of the exchange dynamic [79,89].

The interaction between HP 2?Xe and the «-CD cavity was studied for the first time in 1997 [91].
Authors observed that spin polarization induced nuclear Overhauser effect (SPINOE) and related
transfer of nuclear polarization to the «-CD protons [91]. However, this approach did not become
widely used in the field of molecular imaging using HP 27 Xe.

CD-based contrast agents for HyperCEST molecular imaging became of interest recently.
The first detection of HyperCEST effect using «-CD-based molecules was achieved from the
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a-CD pseudorotaxane complex with five carbon diethylimidazolium bar in aqueous solution [92].
The observed HyperCEST depletion was equal to 30%, which is significantly smaller compared
to other molecular imaging probes [89,93]. The first 3-CD-based molecular imaging probe for
HyperCEST detection has been developed recently [94]. The HyperCEST contrast agent was realized
as cucurbit[6]uril-based rotaxane in which 3-CDs played the role of a stopper. Although rotaxane
interaction with 2?Xe was through cucurbit[6]uril cavity and no HyperCEST effect was observed from
3-CDs, the presence of 3-CDs was required in order to increase the solubility of the end groups [94].

Finally, the HyperCEST effect from y-CD-based pseudorotaxane was observed after the
complexation of y-CD with bisimidazolium guest [95]. Although y-CD cavity is too large to sufficiently
interact with HP 129Xe, the cavity size can be decreased by threading it with a long alkyl chain.
Threading these guest molecules through the cavity of y-CD reduces the cavity size in order for
adequate HP '?°Xe binding to occur, thus making it suitable for HyperCEST detection (Figure 8a).
Potentially, this same concept can be applied for any supramolecular cage with a reasonably large
cavity. The HyperCEST effect detected from y-CD-based pseudorotaxanes was equal to 47.5% on
average, which makes them interesting candidates for further application in vivo [95]. The main
advantage of the HyperCEST contrast agents based on pseudorotaxane architecture over the other
studied HP '2°Xe hosts is the ease synthesis and of functionalization of the pseudorotaxanes.
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Figure 8. (a) Schematic representation of how CD-based ternary complexes are formed in the presence
of HP 12Xe. The guest is threaded through the hydrophobic cavity of cyclodextrin and HP 12Xe
is introduced. Detection via HyperCEST is obtained in order to determine if HP 2?Xe is bound in
the cavity of CD. The images are reprinted with permission from publisher [95]. (b) The developed
cyclodextrin-based pseudorotaxane used for in vitro HyperCEST detection [95].

In addition, y-CD pseudorotaxane complexes prove to be a sufficient paradigm for HP '2?Xe MRL
The synthesis of the threads proceeds in one step and can be functionalized with different terminal
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end groups as well as different chain lengths. The 8- and 10-carbon alkyl chains were functionalized
with ethylimidazoliums (Figure 8b), strategically used to enhance water solubility of the inherently
hydrophobic alkyl chain [95]. The y-CD pseudorotaxane was comparable to that of CB6, a known
xenon cage that has been responsive to in vivo HP 12Xe MRI [80]. Similar to CB6, the maximum
HyperCEST depletion for y-CD pseudorotaxanes was present when the samples were irradiated at
a frequency of +128 ppm [95]. y-CD pseudorotaxanes exhibited binding on the order of 10° at 1:1
host-guest complexation, proving to be sufficient association for HP 12?Xe. In addition, binding proved
to be two magnitudes of order lower in fetal bovine serum, indicating that this system would work
sufficiently as a potential biosensor in vivo [95].

3. CDs-Based Contrast Agent for Ultrasound Imaging and Photoacoustic Imaging

In addition to MRI contrast agents, CDs have been used for ultrasound (US) imaging. The first
approach of synthetizing the potential contrast agent was developed by Cavalieri et al., in 2006 [96].
Air-filled polymer microbubbles functionalized with p-CDs were used as a source for contrast.
The contrast originates from significant difference between acoustic impedance of tissue and air
encapsulated inside of a microbubble. Cavalieri et al. found that conjugating microbubbles to 3-CD
preserves them from random coil to «- helix conformation transition. In addition, due to the presence
of 3-CD, these contrasts allow hosting molecules with hydrophobic features [96].

After nearly a decade of inactivity, the second attempt of using a 3-CD-based contrast agent
for US imaging was made in 2015 [44]. The authors demonstrated use of a perfluorinated FC-77/
3-CD complex. A visible blurring of signal from FC-77/3-CD caused by a disruption of the inclusion
complexes under US was detected [44].

Another US medical imaging modality that utilized CD-based contrast agents was PAI The first
CD-based contrast agent was synthetized by surface modification of oleic-acid (OA) stabilized
upconversional NPs (UCNPs) NaYF;:Yb3*, Er3* with a-CD [49]. «-CD formed an inclusion complexes
with an OA yielding to luminescence quenching of UCNPs and production of a strong PA signal
instead (Figure 9a). Cytotoxicity studies demonstrated no toxicity of a«-CD/UCNPs contrast agents.
Following in vitro imaging (Figure 9b), the first PAl in a living mouse was conducted using 980 nm
excitation laser. These results demonstrated the ability of a-CD/UCNPs to be an efficient PAI contrast
agent for diagnostic purposes [49].
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Figure 9. (a) High-resolution PA signal originated from upconversional NPs (UCNPs) in cyclohexane
(black curve), distilled water (green curve), and «-CD/UCNPs (red curve) in water. The excitation was
conducted using 980 nm nanosecond pulsed laser. (b) Photo-acoustic imaging (PAI) of tissue-mimicking
phantom containing chambers filled with a-CD/UCN in water (green arrow) and distilled water (white
arrow) [49]. The images are reprinted with permission from the publisher [49].
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An effective PAI agent for imaging prosthetic joint infection (PJI) [48] was demonstrated by
conjugation of 3-CD to indocyanine green (ICG). The 3-CD-ICG PAI agent was demonstrated in the
mice model of PJI. Wang et al. found that conjugation of ICG to 3-CD improves its PA signal generation.
Although the PAI signal increase was not significant with 3-CD-ICG contrast, it still demonstrated the
ability to serve as a contrast agent for non-invasive diagnostic of PJI [48].

Yu et al. recently developed a CD-based PAI contrast agent sensitive to tumor environment [47].
Gold NPs (AuNP) were modified initially with pyridine-2-imine-terminated single stand DNA via
gold-thiol bonds, and «-CDs were capped on the end of DNA through hydrophobic interaction with
CD'’s cavity. The x-CD-AuNP agent produced no PA signal under neutral pH conditions, but upon
entering the tumor, a-CDs separate from the DNA ends due to reduction in non-covalent forces.
This study demonstrated that a developed a-CD-AuNP contrast agent can be successfully used as a
tumor-selective theranostic agent [47].

4. Radiolabeled CD-Based Contrast Agents

PET and SPECT are imaging modalities that require probe radiolabeling to produce tomographic
images. These modalities have superior sensitivity and deeper tissue penetration compared with
luminescence-based imaging and MRI [97]; they require lower dose of imaging agent for functioning.
However, the application of PET/SPECT tracers is limited to the half-life of radiolabeled isotopes and
biodistribution in the living organism.

The first demonstration of the CD-based PET molecular imaging probe was done by Bartlett et al.,
in 2007 [25]. CD-containing NPs were studied as delivery agents for transferrin (Tf)-targeted delivery
to tumors of siRNA molecules. Nontargeted and Tf-targeted siRNA NPs were synthetized by using
cyclodextrin-containing polycation. One percent of the targeted NPs containing adamantane-PEG
molecules on the surface were modified with Tf. Si-RNA were conjugated with DOTA to the 5" end
with further ®*Cu labeling [25]. MicroPET revealed negligible impact of the attachment of the Tf
targeting ligand to the NPs on biodistribution. Unfortunately, nearly identical tumor localization
kinetics of both targeted and nontargeted *Cu-DOTA-siRNA NPs were observed; tumor accumulation
was also similar at 1 day after injection (~1% ID/cm?). However, bioluminescent imaging showed the
intracellular localization and functional activity of siRNA delivered by Tf-targeted NPs in the tumor
cells 1 day after injection.

Interestingly, the presence of CD in therapeutic compounds allows radio isotopic labelling for
PET imaging of the drug circulation. In vivo biodistribution of the IT-101, clinically developed drug
for cancer treatment, in mice with Neuro2A tumors was studied by Schluep et al. [98]. IT-101 contains
molecule drug camptothecin (CPT) conjugated with 3-CD based polymers (CDP), which acts as
a carrier system for active molecule. The CDP site was labeled with ®*Cu through attaching of
DOTA complex for microPET imaging; the obtained nanoparticle was similar to the IT-101 structure.
Plasma pharmacokinetics of 64Cu-IT-101 ere studied at 1, 4, and 24 h after injection with microPET/CT.
It was shown that a low-molecular-weight fraction cleared rapidly through kidneys due to biphasic
elimination profile, whereas remaining NPs circulated with a terminal half-life of ~13 h. Biodistribution
of IT-101 was examined at 24 h after administration; the highest tissue concentration was found in the
tumor followed by the liver.

Another study conducted to investigate the effect of CD inclusion in NPs for drug delivery revealed
the possibility of CD-based SPECT imaging agent [42]. Areses et al. compared the adhesive abilities
and biodistribution of orally administered poly(anhydride) NPs and CD containing NP (CD-NP) in rats
utilizing labeling with **™Tc for SPECT imaging. *™Tc-NP showed activity only in the gastrointestinal
tract on SPECT images, whereas ™ Tc-CD-NP revealed extended residence time in stomach: about
13% of ?MTc-CD-NP administered dose and 3% of *™Tc-NP given dose were found in the stomach
after 8 h.

Liuetal., in 2011 [39], studied the improvement of the biodistribution of NPs using CD. Rare-earth
UCNPs were modified by «-CD and OA for increasing of the water-solubility. UCNP-OA-CD
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complexes with Tm inclusion were labeled with 18F (BF-UCNP(Tm)-OA-CD) for microPET imaging of
ex vivo and in vivo biodistribution in mice at 5 min and 2 h. This was the first labeling of CD-based
probe with an 8F. Ex vivo imaging displayed rapid accumulation of NPs in the liver (~90.8% injected
dose(ID)/g) and spleen (~62.5% ID/g) at 5 min and further decreasing of liver uptake to ~57.6% ID/g,
while increased spleen accumulation to 118.9% ID/g after 2 h post-injection. In vivo microPET images
were consistent with ex vivo biodistribution results and showed intense radioactive signals in the liver
and spleen at 5 min after injection.

In addition to the previously discussed reports, a pre-targeted approach for molecular imaging
probe development was presented by Hou et al. [99]. This work was based on biorthogonal
conjugation chemistry between NPs, which have tendency to accumulate in tumors to enhanced
permeability and retention (EPR) effect and radiolabeled imaging agents for PET imaging. One of NPs
components was synthesized from CD-grafted polyethyleneimine (CD-PEI) and trans-cyclooctene
N-hydroxysuccinimide (TCO-NHS), resulted in TCO/CD-PEI building block. Actual tumor-targeting
NP (TCOCSNPs) was prepared via self-assembly from four different blocks TCO/CD-PEI, CD-PEI,
adamantane-grafted polyamidoamine (Ad-PAMAM), and Ad-grafted polyethylene glycol (Ad-PEG)
and injected to the tail vein of the mice with U87 glioblastoma cells. After EPR-driven accumulation
in tumor, TCOresulted in TCO/CD-PEI building block. Actual tumor-targeting NP (TCOCSNPs
can dynamically disassemble to release TCO/CD-PEI. After 24 h post-injection of TCOCSNPs,
freshly prepared tetrazine compound radiolabeled with *Cu through DOTA (#*Cu-Tz) was injected.
Subsequently, distributed ®*Cu-Tz can undergo biorthogonal reaction with TCO/CD-PEI parts
left after TCOCSNPs disassembling in vivo, yielding the dihydropyrazine conjugation adduct
64Cu—DHP/CD-PEI, which acts as a contrast agent for tumors. Multiple microPET and anatomical
CT images were acquired following the injection of pre-targeted NPs and **Cu-Tz compound with
in vivo reaction (Figure 10a), along with two series of control PET imaging of a fully ex vivo prepared
64Cu-DHP/CD-PEI adduct (Figure 10b) and free radiolabeled reporter **Cu-Tz (Figure 10c). Pre-targeted
studies showed the accumulation and retention of radioactivity mainly in the glioblastoma tumor and
liver and some nonspecific uptake by tissues. Supramolecular nanoparticles (SNP) control and probe
(®*Cu-Tz) imaging did not present highly distinguishable tumor uptake. Although, high radioactivity
was observed in the liver in all three cases, which can be explained by #*Cu?* dissociation from DOTA
ligand. This issue can be eliminated by using different radioisotopes for labelling.

Modification of CD by grafting alkyl chains (C6-C14) can lead to self-organization of obtained
derivatives into NPs potentially useful for drug delivery [100]. Further co-nanoprecipitation of
bio-esterified alkylated cyclodextrins with PEGylated phospholipids (PEG) can lead to surface-modified
NPs [101]. Perret et al. researched the effect of the PEG chain length on the plasma protein
absorptivity and blood kinetics of NPs [43]. 3-CD derivatives with C10 alkyl chain (3-CD-C10) were
co-nanoprecipitated with PEG with chain length of 2000 (*?°I-BCD-C10-PEGy0o-NP) and 5000 Da
(1%°1-BCD-C10-PEG5000-NP) and radiolabeled with 12°T for SPECT ex vivo and in vivo biodistribution
studies. In vivo SPECT/CT images were acquired at 10 min, 1, 3, 6, and 24h following the injection of NPs
without PEG (°I-3CD-C10-NP) and with PEG (1?°I-3CD-C10-PEGg0o-NP, 2°I- 3 CD-C10-PEGs5000-NP).
Hepatic activity was observed with all NPs; however, splanchnic activity was observed only with
1251_3CD-C10-NP. Additionally, 12513 CD-C10-PEGs00o-NP systems showed reduced elimination
and increased circulating concentration following in vivo intravenous injection in comparison with
other NPs.

[3-CD-based rotaxane were used in developing theranostic shell-crosslinked NPs (SCNPs) by
Yu et al. for improving drug delivery and controllable release in supramolecular medicine [102].
The core-shell-structured self-assembling NPs were obtained from polyrotaxanes consisted of
amphiphilic diblock copolymer and the primary-amino-containing B-CD (3-CD-NH;), which
undergoes complexation with poly(e-caprolactone) (PCL) segment. In the gained structure, amphiphilic
deblock copolymer acts as the axle, and 3-CD-NH; acts as a wheel in complex with PCL, whose chains
can experience hydrophobic interactions along with the perylene diimide (PDI) stoppers, which has a
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tendency to 7-7t stacking interactions. Obtained SCNPs were labeled with radioactive **Cu through
DOTA attachment to SCNPs (®*Cu SCNPs@DOTA) for PET imaging of the dynamic biodistributions
and accumulations of SCNPs in the main organs. HeLa tumor-bearing mice were imaged at various
time-points after intra-venous injection 150 uCi of ®*Cu SCNPs@DOTA. Images revealed the high liver
uptake of #Cu SCNPs@DOTA along with increasing of tumor uptake from the point of injection to
12 h post-injection with further start of clearance at 48 h.

a) Pretargeted 24h Oh 24h
I | | B
Injection of Injection of microPET/CT

TCOCSNPs SCu-T2 tumor imaging

.
>

Injection of microPET/CT
S Cu-DHPCSNPs tumor imaging
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Figure 10. Timeline of the injection protocol employed for (a) pre-targeted, (b) SNP control
(64Cu-DHPCSNPs), and (c) free radiolabeled reporter (64Cu-Tz) studies. Representative in vivo
microPET/CT images of the mice (n = 4/group) subjected to the three studies at 24 h p.i. Labels T, L,
K, and B refer to the tumor, liver, kidney, and bladder, respectively. Dashed lines correspond to the
transverse cross-section through the center of each tumor mass, whose image is shown in the right
panel [99]. The images are reprinted with permission from publisher [99]. (d) The chemical structure of
the tumor targeting imaging probe developed by Hou et al. [99].
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Another study utilized PET for investigation in vivo distribution of 2-Hydroxypropyl-3-CD
(HPBCD), p-cyclodextrin derivative, and an orphan drug for the Niemann-Pick disease
treatment [40]. Six-deoxy-6-monoamino-(2-Hydroxypropyl)-3-CD (NH2-HPBCD) was conjugated
with p-NCS-benzyl-NODA-GA (NODAGA) and radiolabeled with ®*Ga for PET/CT imaging. Ex vivo
and in vivo studies on healthy mice showed that ¥Ga-NODAGA-HPBCD was mainly excreted
through the urinary system with low uptake of the abdominal and thoracic organs and tissues at 30
and 90 min post-injection.

The most recent study in the area of CD-based PET molecular imaging probes containing tumor
targeting compounds was done by Trencsenyi et al., in 2019 [41]. Their aims were to develop novel
radiolabeled compound specific to the prostaglandin E2 (PGE2), which plays an important role in
tumor progress and formation of metastases. The high affinity of PGE2 to the randomly methylated
B-CD (RAMEB) was reported by Sauer et al. [103]. Trencsenyi et al., in their research, aimed to
synthesize PGA-specific RAMEB labeled with ®Ga through NODAGA (®®Ga-NODAGA-RAMEB)
for investigation of its tumor-targeting properties and in vivo biodistribution using PET. PancTu-1
and BxPC3 tumor-bearing SCID mice were intravenously injected with Ga-NODAGA-RAMEB.
The injection was followed with dynamic and static microPET imaging at 0-90 min. The accumulation
of ¥¥Ga-NODAGA-RAMEB was significantly higher in BxPC3 tumors than in the PancTu-1; the highest
post-injection tumor-background ratio (I/M) was obtained at 80-90 min post-injection. The T/M
standardized uptake values (SUVs) were 10-fold lower in the PancTu-1 than those of BxPC3 tumors
confirming the high PGE2 selectivity of ®®Ga-lebeled cyclodextrin.

5. CD-Based CT Contrast Agents

The initial development of CD-based contrast agents for CT was used to investigate multimodality
imaging potential of phosphorescent-modified NaDyF4; NPs (DyNPs) [53]. OA-coated DyNPs
underwent complexation with x-CD followed by conjugation with GA(III)-DTPA complex. The last
stage of contrast agent formation was the loading of phosphorescent Ir(Dbz),(Pbi) complex with in the
hydrophobic layer of Gd-«-CD-DyNPs [53]. Besides the contrast creation potential for fluorescence
and MRI, Zhou et al. considered the developed Ir-Gd-«-CD-DyNPs as a potential contrast agent
for CT due to the presence of heavy atoms of Dy, Gd, and Ir. The measured Hounsfield units (HU)
value of 10 mg/mL Ir-Gd-«-CD-DyNPs aqueous solution was equal to 158 at 80 kV X-ray energies.
Following in vitro experiments, Ir-Gd-o-CD-DyNPs were used for CT scanning of tumor-bearing mice
(Figure 11). The original HU value of 109 for the tumor increased to 212 HU after intratumoral injection
of 100 ul of 3 mg/mL Ir-Gd-«-CD-DyNPs (Figure 11G) solution. As a result, approximately 100% signal
enhancement was observed on the CT scans.

Another multimodal CD-based contrast agent that was developed for CT scanning was a
core-shell-structured alkali ion-doped CaF;:Yb,Er UCNP [50]. Similar to the NPs discussed above, the
core of NPs was coated with OA with subsequent complexation with «-CD. The final x-CD/UCNPs
contrast agent was compared to well-known iopromide 300 CT clinical contrast agent. Yin et al.
found that developed «-CD/UCNPs have 45% higher HU value at concentration 80 mM/L. This high
X-ray absorption originates from the present high atomic number elements. In addition, investigated
a-CD/UCNPs were loaded with doxorubicin, and the ability of simultaneous cancer imaging and
treatment using this contrast agent was suggested [50].

The next achievement in the CT contrast agent development was obtained in 2017 by conjugating
3-CD to poly(methyl vinyl ether-alt-maleic anhydride) (PVME-alt-MAH) with a subsequent reaction
using modified dextran to create gel microspheres [104]. To make dextran microspheres visible for
CT, they were loaded with iodine in n-hexane. Through the micro-CT phantom imaging, Zhu et al.
observed the subsequent improvement of contrast after iodine loading.
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Figure 11. In vivo 3D volume-rendered (A,B) and maximum intensity projections in axial (C,D) and

coronal (E,F) view CT images of the tumor-bearing mouse obtained pre- (A,C,E) and post- (B,D,F)
injection of Ir-Gd-«-CD-DyNPs contrast agent [53]. The images are reprinted with permission from the
publisher [53]. The position of the tumor was marked by red circles. The chemical structure of the
developed CT contrast agent is shown in (G).

Another study, conducted in 2017, demonstrated synthesis of 3-CD-{poly(e-caprolactone)-poly
(2-aminoethyl methacrylate)-poly[poly(ethylene glycol) methyl ether methacrylate]},; (3-CD-(PCL-
PAEMA-PPEGMA),;) with stable unimolecular micelles formed in aqueous solution [51].
3-CD-(PCL-PAEMA-PPEGMA);; had used a template for the creation of gold NPs (AuNPs) with
uniform sizes, followed by the encapsulation of doxorubicin (DOX). The CT performance of the
final 3-CD-(PCL-PAEMA-PPEGMA);,1/AuNPs/DOX contrast agent was compared to the clinically
available Omnipaque both in vitro and in vivo. At a concentration of 800 uM, Lin et al. found the X-ray
absorption of 3-CD-(PCL-PAEMA-PPEGMA);1/AuNPs/DOX solution to be approximately 23% higher
compared to Omnipaque. In vivo imaging of 3-CD-(PCL-PAEMA-PPEGMA);1/AuNPs/DOX contrast
agent in HepG2 mice tumor model demonstrated significant enhancement of CT signal compared to
the clinical iodine analogue [51].
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Another step in the development of CD-based CT contrast agents was done
by creation an unimolecular micelle system synthesized from 2l-arm star-like polymer
B-CD-{poly(lactide)-poly(2-(dimethylamino) ethyl methacry late)-poly[oligo(2-ethyl-2-oxazoline)
methacrylate]}y; (3-CD-(PLA-PDMAEMA-PEtOxMA);;) followed by production of 3-CD-(PLA-
PDMAEMA-PEtOxMA),1/AuNPs/DOX [105]. The developed Au-loaded B-CD-based contrast
agent was tested in the animal HepG2 tumor model. Lin et al. found that intravenously
injected 3-CD-(PLA-PDMAEMA-PEtOxMA);1/AuNPs/DOX produces substantially higher CT contrast
compared to iodine-based Omnipaque, which was used for control scans.

Following the previous studies, the most recent advance in the field of CD-based CT
contrast agents was achieved by the same group [106]. The authors synthetized 21-arm star-like
polymers -CD-g-{poly(2-(dimethylamino)ethyl methacrylate)-poly(2-hydroxyethyl methacrylate)-
poly[poly(ethylene glycol) methyl ether methacrylate]} (3-CD-g-(PDMA-b-PHEMA-b-PPEGMA)).
By adding HAuCly solution into 3-CD-g-(PDMA-b-PHEMA-b-PPEGMA) aqueous solution and
triggering subsequent reduction with DMA, the AuNPs at the core of unimolecular micelles were
formed. The CT contrast of 3-CD-g-(PDMA-b-PHEMA-b-PPEGMA)/AuNPs agent was compared
to contrast created by Omnipaque in vitro. Lin et al. found that, at a concentration of 800 uM,
the X-ray attenuation of 3-CD-g-(PDMA-b-PHEMA-b-PPEGMA)/AuNPs was approximately 37%
bigger than that of Omnipaque. The developed (3-CD-g-(PDMA-b-PHEMA-b-PPEGMA)/AuNPs
demonstrated slightly higher X-ray absorption compared to previously synthetized [-CD-
(PCL-PAEMA-PPEGMA);;/AuNPs [51,106]. However, the average HU values of 3-CD-g-(PDMA-b-
PHEMA-b-PPEGMA)/AuNPs at each concentration were slightly lower than previously developed
3-CD-g-(PLA-b-PDMA-b-PEtOXMA),1/AuNPs [105,106].

6. Discussion

Starting in the early 1990s, CDs became of large interest for developing contrast agents and
molecular probes for medical imaging. Although the primary application of CDs in medical imaging
was the basis for developing novel Gd-based MRI contrast agents, CD-based contrast agents commence
to be utilized by other imaging modalities such as PET, CT, US, and PAI This growing interest is
caused by excellent biocompatibility, low toxicity, and relative ease of modifying of CD molecules.
Currently, the most frequently used CD molecule for contrast agent development is 3-CD. Despite
the extensive development of 3-CD-based contrast agents, some of the medical imaging areas started
utilizing «- and y- CD-based contrast agents and molecular probes as well.

The working mechanism of the vast majority of CD-based contrast agents for conventional MRI
relies on the Freed’s theory [57] and the decreasing of the relaxation times of the solvent protons
once either paramagnetic ion or metal-organic complex containing the paramagnetic ion binds to
a supramolecular cage. Initially, this binding was done through hydrophobic interaction between
CDs cavity and metal-organic complexes. Although contrast agents synthesized using this approach
demonstrated significantly better performance compared to the clinically available analogs, the main
disadvantage of this technique is blocking the supramolecular cage cavity, which makes the developed
contrast agents and molecular probes uncapable to image some drug transport, biodistribution, and
treatment monitoring. In addition, the number of paramagnetic ions per molecule is also limited,
since usually only one metal-organic complex enters the cavity. This issue was overcome by creating
different CD-based polymers and dendrimers, and the number of macromolecules determined the
maximum number of paramagnetic ions per molecule. Starting from the early 2000s, the direct labeling
of the CD macrocycles with chelates containing paramagnetic ions has been developed intensively.
This method allows keeping the CD cavity free for interactions with different molecules. Therefore, the
contrast agents based on the direct labeling of the CD macromolecules have a significantly larger field
of applications compared to agents developed using non-covalent interactions.

Currently, CD-based MRI contrast agents contain mostly Gd(III) ions and are designed as T
contrast agents. On the other hand, the development of CD-based T, and T," contrast agents have
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been demonstrated in vitro and in vivo [23,71,75]. Although some of the developed CD-based contrast
agents for proton MRI demonstrated an overall low level of cytotoxicity, dedicated toxicology studies
are needed prior to the further translation of this imaging agents into clinics. In addition, the vast
majority of the relaxivity measurements were conducted at low magnetic fields, which are not for
clinical imaging purposes, such as 0.47 and 0.5 T. The studies that focused on animal imaging were
mostly conducted at high magnetic fields, such as 7 and 9.4 T. In order to facilitate the potential clinical
transition of the developed CD-based contrast agents, the accurate measurement of relaxivities and
comparisons to clinical analogs should be performed at 1.5 and 3 T, which are currently used for clinical
MRI. During the last eight years, CDs drew attention from researchers working with hyperpolarized
MRI. Although only a few studies were conducted, the obtained results demonstrated the high potential
of CD macromolecules to become a basis for further development of hyperpolarized probes. Recently,
Hane et al. demonstrated that y-CD-based pseudorotaxanes can be a valuable platform for developing
the molecular imaging probes that utilizes the HyperCEST effect [95]. The alkyne chains have a
high affinity to the y-CD cavity and can be easily designed to serve as a high-affinity probe that has
a selective binding to the disease site. Functionalizing the alkyne chain should be done carefully
such that there is no effect on the interaction with hyperpolarized ?’Xe. The HyperCEST depletion
observed was only around 50% indicating partial depolarization of hyperpolarized >’Xe encapsulated
by y-CD-based pseudorotaxanes. An accurate study for radiofrequency saturation pulses is required to
maximize the HyperCEST depletion and to translate y-CD-based pseudorotaxanes to in vivo imaging
applications. Although the demonstrated results of hyperpolarized MRI molecular imaging probes
look promising, further in vivo imaging studies are needed, as well as biodistribution and toxicity
evaluations of the proposed biosensors.

Following the success of the CD-based MRI contrast agents, several attempts have been made to
use CDs as a contrast agent for US imaging [44,96]. The developed US CD-based contrast agents caused
significant acoustic impedance difference between the tissue and the contrast agents. Despite successful
in vitro demonstration of this proof-of-principle [44], there was no further development of the CD-based
contrast agent for US imaging purposes during the last five years. On the contrary, CD-coated NPs
became of interest for the PAIL It was found that coating of UCNPs with «-CD cause photoacoustic
signal enhancement [49] and, therefore, can serve as efficient PAI contrast. The most recent achievement
in the field demonstrated PAI detection of prosthetic joint infection using 3-CD-conjugated indocyanine
green in mice [48]. All studies with CD-based PAI tracers were conducted in small animals. Since the
PAI tracers required irradiation with infrared light to emit ultrasound, further studies should move
to the larger animals in order to evaluate penetration depth of the excitation light and to estimate
the performance of PAI contrast agents prior to clinical translation. Furthermore, the development of
larger pallet of PAI contrast dedicated for specific diseases would be beneficial to facilitate the future
translation into the clinic.

The vast majority of the radiolabeled CDs derivatives were used for PET and SPECT imaging
of the drug delivery and biodistribution in vivo. To be suitable for PET, multiple CD-based tracers
containing **Cu,%Ga, and '8F were developed. For SPECT imaging purposes, CD macrocycles were
radiolabeled with either “™Tc or 1?°I. The further widening of the radiolabeled CD derivatives might
become a useful tool for pharmaceutics and drug development.

The most recent CD-based NPs were studied as contrast agents for CT. To be able to produce a
sufficient contrast, the CD-based NPs must contain atoms with a high atomic number. The heavy
atoms absorb X-rays with higher efficiency, increasing the X-ray attenuation coefficient of the tissue
in which the contrast agent is present [107-109]. With modern advances in X-ray detection allowing
lower dose image acquisition [110-113], the utilization of the novel CD-based NPs containing heavy
elements will be highly beneficial for accurate anatomical imaging purposes. In addition, the novel
dual energy CT approach [114,115] will benefit even more from the implementation of the novel
CD-based NPs. Implementation and further development of the demonstrated NPs with substantially
higher X-ray attenuation compared to currently available iodine and barium contrasts could potentially
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allow a superior improvement of CNR of the dual energy CT image. CT contrast of CD-based NPs
was initially observed from contrast agents developed for multimodal imaging [50,53]. Only during
the last three years has the research in synthesis of dedicated CT CD-based contrast agents been
conducted extensively. Currently, the vast majority of the CD-based CT contrast agents were developed
specifically for cancer imaging, whereas only one agent for angiography was developed. Therefore, it
might be potentially useful to develop CD-based contrast agents suitable for different types of clinical
CT imaging. In addition, the potential CD-based CT contrast agents must undergo an accurate toxicity
study prior to further translation to in vivo imaging. Furthermore, special attention should be given
to the investigation of extraction pathways of the contrast agents from the living organism during
in vivo studies.

One of the potential approaches for further advances in the field of CD-based contrast agents is
the development of a contrast agent that can serve for dual imaging modalities such as PET/MRI and
PET/CT. Usually, the PET-active component of the tracer is small, and therefore, the development of
the PET/MRI and PET/CT contrast agents could be built around radiolabeling of the existing CD-based
agents for MRI and CT imaging modalities, respectively.

Overall, CDs are of high interest in the medical imaging field and are currently a very promising
basis for developing various contrast agents. The successful clinical translation of CD-based contrast
agents for proton MRI can help significantly improve the quality of clinical MRI scans. Further
development of functionalized CD-based imaging agents for MRI has the potential to make molecular
imaging using clinical proton MRI possible. Despite the enormous development level of CD-based
contrast agents for conventional proton MRI, other imaging modalities started utilizing CD-based
contrast agents recently and further developments and investigations are needed prior to successful
clinical translation. Nevertheless, CD-based contrast agents demonstrated exceptional performance in
the areas of CT, PET, and PAI
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Abstract:  (-Cyclodextrin (3-CD) is an oligosaccharide composed of seven units of
D-(+)-glucopyranose joined by «-1,4 bonds, which is obtained from starch. Its singular trunk
conical shape organization, with a well-defined cavity, provides an adequate environment for several
types of molecules to be included. Complexation changes the properties of the guest molecules and
can increase their stability and bioavailability, protecting against degradation, and reducing their
volatility. Thanks to its versatility, biocompatibility, and biodegradability, 3-CD is widespread in
many research and industrial applications. In this review, we summarize the role of 3-CD and its
derivatives in the textile industry. First, we present some general physicochemical characteristics,
followed by its application in the areas of dyeing, finishing, and wastewater treatment. The review
covers the role of 3-CD as an auxiliary agent in dyeing, and as a matrix for dye adsorption until
chemical modifications are applied as a finishing agent. Finally, new perspectives about its use in
textiles, such as in smart materials for microbial control, are presented.

Keywords: cyclodextrin; dyeing; textile finishing; textile wastewater

1. Introduction

Since the first publication on cyclodextrins (CDs) in 1891, and the first patent in 1953,
many technological advances have occurred, and the application of CDs has expanded [1]. According
to Szejtli [2], over the years, CDs have been used in many diverse areas, and are identified, among all
the receptor molecules, as the most important.

This scenario is no different in the textile sector, which constantly seeks technological innovation,
especially in the dyeing, finishing, and water treatment sectors. With the market and consumers
increasingly demanding environmental improvements, the development of new features combined
with green processes has become a constant challenge [3]. Among the various materials that can be
used for this purpose CDs stand out; they are oligosaccharides made up of glucose units that are

209



Molecules 2020, 25, 3624

organized in a conical trunk shape, providing a well-defined cavity for the formation of host-guest
complexes with a series of molecules [4]. This versatility allows complexation with drugs, dyes,
insecticides, essential oils, cosmetics, and other compounds [5-9], allowing this class of molecules to
assume a leading role in the textile industry.

For the period from 1948 until today, since the term cyclodextrin started to be used as a research
topic, 46,989 research papers have been reported by SCOPUS, and this number is continually increasing,
as shown in Figure 1. This growth became significant in 1996, when the terms cyclodextrin and textile
were combined and used as a research topic. These data were downloaded on 6 June 2020.
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Figure 1. Number of publications available from SCOPUS when cyclodextrin (CD); textile (TE); dyeing
(DY); textile finishing (FI); and textile wastewater (WA) are selected as keywords.

Furthermore, due to the presence of numerous hydroxyl groups either in the interior or exterior,
CDs are susceptible to the addition of new functional groups, which may yield new properties and
functionalities. Additionally, CDshave a set of outstanding characteristics, such as high biodegradability,
high biocompatibility, and approval by Food and Drug and Administration (FDA), which makes
them human and environmental-friendly [10]. Therefore, this review presents an overview of the use
of cyclodextrins, especially beta CD and its derivatives, in the textile field. Although some general
physicochemical characteristics are presented, the scope of the work is focused on the application of
CDs in the areas of dyeing, finishing, and wastewater treatment.

2. General Characteristics of Cyclodextrins

Initially known as Schardinger dextrins [11], the widespread use of CDs as hosts in supramolecular
chemistry is relatively recent. Because they are natural products, CDs are biocompatible and accepted
in biological applications; therefore, there is a growing interest in them both scientifically and
industrially [12]. The optimization of methods for obtaining and applying CDs is, as a result, constantly
evolving [7].

CDs are obtained through the enzymatic degradation of potatoes, corn and rice starch, which gives
a mixture of linear, branched, or cyclic dextrins [13]. Initially, the cyclization reaction of the starch
glucopyranose linear chains occurs by the enzyme cyclomaltodextrin-glucanotransferase (CGTase) [14],
produced for example by Bacilus firmus. This step results in a mixture of x-CD, 3-CD and y-CD,
composed of six, seven and eight units of D-(+)-glucopyranose, respectively, joined by «-1,4 bonds [15].

Subsequently, the separation and purification of these three CDs are required [5,16]. Among the
methods used for this purpose, the most simple and widely used to isolate -, 3- and y-CD is selective
precipitation, forming inclusion complexes with an appropriate guest molecule—for example, «, 3
and y-CD crystallize with 1-decanol, toluene, and cyclohexadec-8-en-1-one, respectively [7]. However,
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separation has a relatively high cost, making the entire synthesis process expensive. Fortunately,
over time, research intertwined with the production of CGTase has evolved and allowed the isolation of
«, 3 and y-CGTase, increasing yield and consequently decreasing the production costs of the CDs [7].

As a structural consequence of the glucose units connecting through «-1,4 bonds, CDs occur as
conical trunk shaped structures which are capable of solubilizing and encapsulating hydrophobic
molecules in an aqueous environment [4,17,18].

The structure of CDs consists of primary hydroxyl groups (C6) located at the end of the rings,
and secondary hydroxyls (C2 and C3) located at the outer edge of the rings. Ether type oxygen and polar
hydrogen groups (C3 and C5) are present inside the trunk of the CDs. While the external hydroxyls
are responsible for the relative solubility of CDs in water and micro-heterogeneous environments,
the glycosidic oxygen bridges and, consequently, their pairs of non-binding electrons facing the interior
of the cavity give this region, in addition to its Lewis basic character, hydrophobicity [18,19], making
it capable of complexing nonpolar molecules [20]. The chirality caused by the five chiral carbons of
the D-glucose unit associated with the rigidity of the macrocycle due to the intramolecular hydrogen
interactions between the 2- and 3-hydroxyl groups are fundamental characteristics of the chemistry of
CDs. Table 1 lists the physical properties of natural CDs.

Table 1. Some physicochemical properties of cyclodextrins [2,21].

Properties «x-CD B3-CD v-CD
Empirical formula C36H6OO30 C42H70035 C48H80040
Molecular weight (g/mol) 972 1135 1297
Glucopyranose units 6 7 8
Cavity diameter (nm) 0.47-0.57 0.60-0.78 0.83-0.95
Internal cavity volume (nm3) 1740 2620 4720
Number of water molecules in the cavity 6 11 17
Aqueous solubility (g/L) 1295 184 249.2
Temperature of degradation (°C) 278 298 267

The data presented in Table 1 indicate an apparent regularity in some properties, however,
irregularities have been observed regarding the degradation temperature and solubility. Szejtli [2]
has suggested that the lower solubility of 3-CD is associated with intramolecular hydrogen bonds
occurring at the edge. Although it has the lowest solubility, 3-CD and its derivatives are the most used
due to factors such as simplicity in obtaining it, lower price, reduced sensitivity and irritability to skin,
and the absence of mutagenic effects [22].

The limitations imposed by the reduced solubility combined with the expressive attractiveness
cause CD derivatives to be synthesized industrially. The CD derivatives that are most industrially
produced include methylated 3-CD, heptakis (2,6-dimethyl)-3-CD, heptakis (2,3,6-trimethyl)-3-CD,
hydroxypropyl-3-CD, peracetylated 3-CD, sulfobutyl ether-CD, and sulfated CD [10,23,24]. All have
greater solubility in water compared to natural CDs, expanding the spectrum of applications in the
controlled release of drugs, increasing blood solubility and bioavailability of medicines and textile
deodorants, and assisting in polymerization [5,21,25]. Studies on their toxicology, mutagenicity,
teratogenicity, and carcinogenicity have been carried out, and have shown negative results [7,26,27].
CDs also have hemolytic activity in vitro; 3-CD has the highest and y-CD the lowest activity [27,28].

The industrial applications of CDs are very diverse; they have been used in the pharmaceutical
industry, in agriculture, in the textile area, in food technology, in chemical and biological analysis,
in tenvironmental protection, and in cosmetics [6,9,29,30].

CDs play a significant role in the textile industry, as they can be used to remove surfactants from
washed textile materials [31], as leveling agents in dyeing [32-34], in textile finishing [35-39], and in
wastewater treatment [40—43].
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Host-Guest Complex Formation

A striking feature of CDs is that they can form inclusion complexes with a variety of organic or
inorganic compounds, allowing for the subsequent controlled release of these active compounds [44,45].
The fundamental factor for the guest molecule to be able to form a complex with the CD (host
molecule) is its suitability within the cavity, which can be integral or partial [38,46,47]. Note that in the
complexation, no covalent chemical bonds occur between the guest-molecule, nor is the compound
closed within the macromolecular structure, which makes this type of complexation unique in terms of
behavior as a modeler for the release of compounds [21,37].

Thus, the appropriate choice of the CD to be used for the possible formation of a complex is of
great value. For small molecules, it is easier to form stable complexes with x-CD and 3-CD, due to the
compatibility of the volume of the guest molecule and the size of the CD cavity (Table 1). In the case of
v-CD, if the guest molecule is too small, the fit becomes unfavorable due to the much larger size of the
cavity [19,48].

The general trend of CD complexation thermodynamics can be understood based on the concept
of size; that is, by the analysis of the size and shape of the included molecule, and critical factors in the
van der Waals interactions. Therefore, due to the fact that the cavity diameter of «-CD is much smaller
than that of 3-CD, and because the van der Waals forces are dependent on the distance between the
molecules, it is expected that the forces induced by the complexation of extended chain molecules will
be greater for «-CD than for 3-CD [49].

As long as the fit-size requirements are satisfied, a number of other factors contribute to
the complexation thermodynamics of the guest molecule in CDs. Considering only the aqueous
environment, the following can be mentioned: (i) the entry of the hydrophobic portion of the
guest-molecule into the CD cavity, (ii) the dehydration of the guest molecule and the exclusion of water
molecules from the interior of the cavity, (iii) interactions of the hydrogen bonds between specific
groups of the guest molecule and the OH of the receptor, and (iv) changes in conformation and/or stress
reduction [49]. Although the preference for inclusion is of the hydrophobic portion (i), since charged
species and hydrophilic groups are located in the bulk, certain groups with a hydrophilic character,
such as phenolic OH, penetrate the cavity [50] and interact (iii) with the receptor.

According to Venturi et al. [48], after complexation in an aqueous environment, the new chemical
environment experienced by the guest molecule causes changes in its chemical reactivity. In numerous
cases, an increase in stability, reduction in volatility, stabilization against light, heat and oxidation [47,51],
solubility of the guest molecule in the solution, increase in the speed of dissolution [52,53],
and bioavailability [54,55] were observed. However, depending on the experimental condition and
type of CD, the inclusion can be deleterious for the guest, for example, enhancing the chlorpromazine
photodegradation as observed by Wang et al. [56].

In terms of the stoichiometry of the inclusion complex, the four most common types of complexes
are considered in CDs: guest molecules with a 1:1, 1:2, 2:1 and 2:2 ratio [57]. However, Pinho et al. [10]
point out that the most common cases of complexation are 1:1 and 1:2. These configurations are
dependent on the size and structural aspect of the guest-molecule in relation to the cavity of the CDs,
allowing the formation of stable inclusion complexes [58].

However, Rama et al. [59] highlight that the chemical composition of the guest molecule, as well as
its solubility, ionization state, and molecular mass, in addition to the conditions of the medium, such as
the pH, temperature, solvent used, and other parameters, influence the process. The choice of the
appropriate medium, working temperature, pH, and other factors will determine the best conditions
for the interaction between the CD and the guest molecule [60,61]. Voncina et al. [62] highlight that an
increase in temperature in the dyeing of polyacrylonitrile with cationic dyes using 3-CD improves
complexation, which reaffirms the importance of these parameters in the process. Other determining
factors are related to the type of cyclodextrin used and the method of preparation: physical mixing [63],
kneading [64], atomization [65], lyophilization [66], or coprecipitation [67].
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The mechanism of the formation of inclusion complexes can be divided into several steps;
an illustration is shown in Figure 2. In the complexation of a substance in aqueous solution, the ends
of the isolated CD cavity are opened in such a way that the guest molecule can enter the CD ring from
both sides. There is, in principle, the absence of the guest molecule, and the slightly non-polar cavity,
which acts as a host, is occupied by water molecules that are energetically unfavorable, as seen in
Figure 2a. Given the nature of the polar—non-polar interaction, they can be easily replaced by a guest
molecule that is less polar than water [14,68] (Figure 2b).

Cyclodextrin Water molecules Cyclodextrin/water

°°°
°°0 u ¢°¢ -
°°° 0°°

Aqueos substrate Cyclodextrin/water Complex

Figure 2. Complexation system. (a) Inclusion of water molecules in the cyclodextrin cavity;
(b) complexation mechanism of the guest molecule in aqueous medium.

The molecules interact with each other as they are influenced by forces arising from the
characteristics that are specific to each substance. Then, a complex phenomenon of molecular
interaction occurs, since each interaction corresponds to a set of distinct forces [48]. Complexation is
characterized by the absence of formation and the breaking of covalent bonds [69]. The driving force of
the process is the increase in the entropy caused by the exit of water molecules present in the cavity and
their consequent freedom [21]. Other forces also contribute to the maintenance of the complex, such as
the release of the ring tension (especially for a-cyclodextrin), van der Waals interactions, hydrogen
bonds, and changes in the surface tension of the solvent used as a medium for complexation [37,70].

3. Application of Cyclodextrins in the Textile Area

The wide range of applications of CDs has attracted the attention of many industries; however,
according to Venturini et al. [48], initiatives for the industrial application of CDs have not been widely
considered for three reasons: their scarce quantity and high prices, incomplete toxicological studies,
and the fact that the knowledge obtained about CDs was not yet broad enough to envision their use in
industry. The 1970s and 1980s were of fundamental importance for the diffusion of CDs in industry.
Several studies have been successful in the production of CDs and their derivatives, and reliable tests
have reduced doubts about their toxicity [2]. Their introduction into textile-related studies took on
increasing relevance from the 1990s, according to SCOPUS data.

Bhaskara-Amrit et al. [31] emphasize that CDs have a very important role in textile processing
and innovation; their use provides immediate opportunities for the development of environmentally
friendly products and eco-textiles, in addition to having great potential in various applications.
Cyclodextrins can be applied in the areas of spinning [71], pretreatment [72], dyeing [62,68,73],

213



Molecules 2020, 25, 3624

finishing [44,74-78], and dye removal [40,79-81], with dyeing, finishing, and water treatment being
the most applicable in the textile area registered so far.

3.1. Dyeing Process

The use of cyclodextrins in the dyeing process can include their use as a dyeing aid, forming a
complex with the dye [33,82], or as a chemical modification of the surface [83,84]. Figure 3 shows these
two processes.

CDs can form a variety of inclusion complexes with textile dyes (Table 2), and this inclusion
changes their properties, directly influencing the quality of the dyeing. Therefore, cyclodextrins can be
used as auxiliaries in the dyeing process.

Table 2. Examples of dyeing CD applications, as a textile aid and as a chemical modifier.

?Zl})rlzll(l)fif::t)::r?sf Fiber Dye Reference

Disperse [73]
Polyester Synthetic [85]
Disperse Orgnge 30, Disperse Red 167, [86]

Disperse Blue 79
Methylene Blue [84]
Disperse Red 60 [87]
Auxiliary agent Polyamide 6 Disperse [88]

Synthetic [32,89,90]

Nylon, polyester and cotton Synthetic, reactive and disperse dye [91]
Cellulose Acetate Azo disperse [92]
Polyacrylic Basic Blue 4 [62]
Cotton Direct [82]
Wool Natural (Bixa orellana) [93]
Pigment inks carbon black, magenta, [94]

Polyester yellow and cyan
Disperse Red 60, D_isperse Yellow, [83]

Disperse Blue 56, Disperse Red 343
Cellulose Acetate Disperse Red 60 and 82 [75]
Vinylon fibre Reactive Red 2 [95]
Chemical modification

Cotton Acid [96]
Cotton and cotton/polyester Basic Rigﬁi;f;f;féule;’ Basic [97]
Polyester/Wool Disperse Redb_";ill ;r11§3167, Disperse (98]
Polypropylene Disperse, acid and reactive [99]

3.1.1. Cyclodextrin as an Auxiliary Agent in Dyeing

The introduction of new auxiliaries in the textile industry is feasible when they are used in low
concentrations, are biodegradable, and do not affect the quality of the effluent. In addition to being
biodegradable, CDs do not cause problems in textile effluents, and they improve the biodegradability
of many toxic organic substances [17,68]. Their use is due to their formation of complexes with dyes,
and they can be used to improve the uniformity of dyes and washing processes [31,82,86]. However,
for the cyclodextrin to act as an auxiliary, the formation of the CD:dye complex is essential; if it is not
formed, there will be no improvement in the quality of the dyeing [75,95].
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Dyeing using cyclodextrin Fabric with chemical
as an additive modification in bath
Biodegradable
2
3
p-CD:Dye complex
+Better uniformity in dyeing * Better exhaustion
+ Retarding agent + Greater color intensity
«Increased residual + Formation of covalent bond
solubility on the bath between fiber and dye

Figure 3. Use of cyclodextrins in dyeing.

In the dyeing of polyester fibers, dyes of the dispersed type are used for the coloring of the
substrate [100]. These dyes are poorly soluble in water and generally require the use of surfactants [73],
which are products from non-renewable sources that cause environmental problems and must be
replaced to reduce damage [85]. Therefore, cyclodextrins are an alternative to these products that can
maintain the quality of the coloring of the textile article [68].

Carpignano et al. [73] conducted studies on the application of 3-CD with dispersed type dyes and
polyester, and stated that the presence of 3-CD positively affects color uniformity, intensity, and bath
exhaustion when compared to dyeing using commercial surfactants. The insertion of cyclodextrins
into the dyeing process decreases the amount of free dye molecules [33], causing the dyeing rate to
decrease and favoring leveling [91]. This is due to the fact that the complex (CD:dye) has a molar
mass greater than that of free dye, hindering its diffusion into the fiber, thus favoring the dye delay
mechanism, which causes better leveling [101].

Another important synthetic fiber in the textile area is polyamide. This fiber presents, at the
ends of its chains, carboxylic and amine groups, which gives it a substantivity for several classes of
anionic dyes [102]. Commercially, acid dye is the most used due to the dye—fiber interaction in the acid
medium, the leveling results, and the achieved colors [103]. Dispersed dye is seldom used due to its
low adsorption and the possibility of a barre effect; therefore, in order to be able to use dispersed dyes
for the dyeing of polyamide, it is necessary to improve the leveling and adsorption of this dye by the
fiber. This can be achieved when using cyclodextrins as an auxiliary agent in dyeing [32].

Ferreira et al. [87] studied the dyeing of a polyamide 6 microfiber using dispersed dye complexed
with cyclodextrins, and found that the complex changes the dyeing kinetics, improving its distribution
in the fiber. There are also changes related to the thermodynamics of dyeing, since the dyeing also
proved to be more intense, with greater adsorption of the dye by the fiber related to the increase in the
dispersibility of the dye in the aqueous phase [88]. Similar results were found by Savarino et al. [89]
when they dyed polyamide 6 with dispersed dyes, showing changes in the kinetic and thermodynamic
phases of the dyeing. This indicates that cyclodextrins can replace additives from non-renewable
sources and improve the dyeing and the effluent generated.

With regards to natural fibers, cotton is one of the most important textile fibers [104] and, in its
dyeing, the use of reactive and direct dyes stands out. Reactive dye has structure groups that covalently
bond with the fiber, improving the solidity; however, they have low affinity, requiring high amounts of
electrolytes for good dyeing to occur [105]. Direct dye, on the other hand, has a high affinity for the
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cotton fiber [106] and it is often necessary to use retarding agents, such as alkaline salts, to prevent
stains on the fabric and thus achieve better leveling [107].

The use of cyclodextrins can help to solve these dyeing problems. Parlat et al. [91] dyed cotton
with reactive dye using cyclodextrins as an auxiliary. In this case, as a result of the complexation of
the reactive dye, there was a good diffusion of the dye into the fiber, increasing its uniformity and
color intensity.

In the works of Cireli et al. [82], the insertion of CDs occurred in the process of dyeing cotton with
direct dye. The CDs acted as a retarding agent, forming complexes with the dye molecules, causing
the dyeing speed to decrease, which improved the leveling.

Other works performed dyeing using 3-CD, such as those of Voncina et al. [62], who dyed
polyacrylonitrile with cationic dye and observed an improvement in color intensity and exhaustion
when compared to the use of quaternary ammonium. Shibusawa et al. [92], who dyed cellulose acetate
with dispersed dye, found that the complex formed between CD: dye changed the speed at which the
chemical balance of the process was achieved, making it slower.

In general, cyclodextrins inserted as an auxiliary affect both the properties of the dyes and the
dyeing kinetics, allowing improvements in exhaustion, uniformity, and in the quality of the effluent
water. However, it is worth mentioning that this is only achieved when inclusion of the dye in the
cavity of the CD is achieved.

3.1.2. Dyeing Chemical Modification

Some textile fibers present difficulty in dyeing due to the terminal groups present in their chains,
causing some dyes to fail to create interactions, as is the case with polypropylene fibers [99] and vinylon
fibers [95]. Other fibers present selectivity for dyes, such as cotton, which is not dyed by acidic and
dispersed dyes [108]. However, promoting the modification of the surface of these fibers can cause
new possibilities for the interactions between the dye and the fibers [109].

Cyclodextrins are polymers that can cause this chemical modification through incorporation
into the fiber [99]. This incorporation can be seen as a pre-treatment for the dyeing or as a finishing,
depending on the actions taken after modification. In this section, only the modifications for dyeing
will be addressed and, in the next, finishing will be explored.

With cyclodextrins incorporated into the fabric, new groups and pores through which the dyes
can fix become available. One fiber that presents difficulty in dyeing is cellulose acetate fiber, due to
its compact structure, low content of polar groups, and hydrophobicity [110]. These factors make it
difficult for dyes to diffuse in the fiber. To obtain better results in the dyeing process, Raslan et al. [75]
treated the cellulose acetate fabric (38.5% acetyl) with monochlorotriazinyl-f-cyclodextrin (MCT-3-CD)
using the padding technique to improve its dyeability. As a result, they were able to perform dyeing
at a low temperature, improving the color intensity, and they also increased the diffusion of the dye
within the fiber by about 70%.

In the case of polyester fibers, some authors have performed the process of acetylation [83] or
coating [97] to modify the surface with CDs. This results in an improvement in the solidity of the
dyeing [98], in addition to the possibility of dyeing with other classes of dyes. Zhang et al. [97],
after performing the modification of polyester fiber, dyed this fabric with cationic dye. The fabric
showed a gain in hydrophilicity, a reduction in the dyeing temperature to 70 °C, and interaction
between the crosslinking carboxylate groups and the cationic dye, in addition to its complexation by
the CDs.

Another work that used the modification of the polyester surface with cyclodextrins was carried
out by Chen et al. [94]. In this work, the modification enabled a 47% increase in the color intensity
in the stamping process, a fact associated with the greater sharpness and depth achieved by the
dyes. In addition, the CDs, when chemically bonded to the fabric, can act as an anti-migration agent,
because during the drying or curing of polyester fabrics dispersed dyes tend to migrate to the fabric
surface and the CDs act as a dye sequestrant, consequently preventing this dyeing defect [83].
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In the case of the modification of cotton fiber with cyclodextrins, several routes are possible, but
the most used is esterification using citric acid or 1,2,3,4-butane tetra-carboxylic acid (BTCA) [111]
as crosslinking. These changes will be covered in more detail in the next section. Rehan et al. [96]
carried out the modification of cotton fiber with CDs and citric acid to perform dyeing with acid
dye. These dyes present low affinity for the dyeing of cellulosic fiber [108]. After the modification,
the authors realized that the dye was adsorbed by the cyclodextrins, which allowed the dyeing to
achieve satisfactory solidity.

In general, the modification of the fiber surface through the insertion of cyclodextrins increases
the adsorption of dye and allows a greater variability of dye classes in fibers that have no affinity,
often achieving better color standards in multi-fiber items [97,98] and improving the efficiency of the
dyeing process for fibers that require greater use of auxiliaries to achieve the proper color standard.

3.2. Textile Finishing

In the area of textile finishing, cyclodextrins can have many applications; they are able to absorb
unpleasant odors, and act as an encapsulation agent for essential oils [38,76,78,112,113], vitamins [114],
hormones [77] and biocides [6,115] in order to preserve compounds and/or control their release,
as shown in Figure 4. The loading of active ingredients allows the incorporation of specific and
desired functions into textile materials, which may act differently under particular uses, such as in
medicine [116], cosmetics [117], and engineering [118].
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Figure 4. Use of cyclodextrins in textile finishing.

In numerous cases, the complexation of active ingredients by CDs improves their physicochemical
properties, controls their release, maintains bioavailability, increases shelf life, provides storage
conditions, reduces environmental toxicity, increases chemical stability, protects against oxidation,
and favors resistance to repeated washing [6,7,114,119,120].

In order to make it possible to incorporate these active molecules into the textile substrate, there is
a need to fix the CDs in the fiber. Several methods have been proposed for the permanent fixation
of CDs into textile fibers, and in some cases, there is a need for a first step—the modification of the
cyclodextrins—so that they can be incorporated into the fabric. The selection of the best method for

217



Molecules 2020, 25, 3624

fixing CDs into a textile substrate depends on different factors, the main ones being reactivity of the
cyclodextrins to the final application, and the type of fiber [23,121].

3.2.1. Preparation of Cyclodextrins

Cyclodextrins are capable of forming complexes with a wide range of molecules, but they cannot
form a direct covalent bond with textile materials; therefore, some cyclodextrin derivatives have
been synthesized with reactive groups to allow them to chemically bond to various substrates [122],
as shown in Figure 5.

oH B-CD o

0 .0,
o [OH Hom~
© OH 54
OH

OH

HO ’
Y oS
; OH HO™ .:O
©. oH ho
?D o on O
HO -0 OH
[ TP A o)
O
HO
Modification
Cyanuric [Anh Acryloyl Laccase
acid Nal1, PO, TEA/DMF (TEMPO)
HO OH
~o 0 i oo ,on
L oo o
° CIJH o OH O HO ¢ HO“ '.1"0;0 \’O v
HO._T |"OH HO«\"_"OAOH OH ’éf“ HO gy O o
HO 0.0 0 o] =0 Lo oo <
°._on "2 ° o ‘JIO"h A0 " 0”‘%H HHO 0 0 ‘\i"‘OH HO”
0. > oS ) Lon o
HO J-OMHO o Lgiy HO o MO 6o MO/ HO oy MO ) o 68 e
Wt o Oy .l OH I [¢] ) S0y L0 H01’ s
ol © H / OH HO.- 5\0H 0% % W ~on wot-0 0O
O\ oH HO |_ o] OH HO o)
i 9 o 7.0 7=° o OH HO 7=,
W Ho-/ MO on MO cH o-r . wo P oTy
L~ O 70N ‘C‘:H o) -0
c” N el 009 ko 2 o
(:::o )
Ha ,0
SC%H
CHy
@) (b) (© (d)

Figure 5. Modification of 3-CD by: (a) cyanuric acid; (b) itaconic anhydride (IAnh); (c) acryloyl chloride
and (d) laccase/2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) enzyme.

One of the most common reactive derivatives of cyclodextrins is MCT-3-CD, as seen in Figure 5a,
synthesized through the reaction between cyanuric chloride and 3-cyclodextrin [123]. MCT--CD
is the most interesting derivative used on cellulosic substrates due to the simple bonding process
in relatively mild conditions. The monochlorotriazine groups incorporated into the CDs react by
a nucleophilic substitution mechanism, and form covalent bonds with the hydroxyl groups of the
cellulose [124]. Another product that can be synthesized from MCT-f3-CD is the cyclodextrin polymer
(62-O-triazine-B-cyclodextrin), produced by polycondensation using 3-CD and cyanuric chloride [125].
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Formation occurs due to nucleophilic substitution, in which the hydroxyl groups of the CDs
react with the chlorine contained in the cyanuric chloride, and thus form the 3-CD copolymer [125].
From the formation of this compound it is possible to create interactions with the hydroxyl groups
present in the textile fibers; this occurs by substitution.

The modification of CDs can also be performed using itaconic acid (Figure 5b) containing carboxyl
and vinyl groups. This bifunctional compound can be linked to the CDs via an esterification reaction,
and its vinyl group can perform polymerization by free radicals [5,122]. Itaconic anhydride is obtained
from itaconic acid at 110 °C in the presence of sodium hypophosphite [122]. From the modification
of the CDs, the end containing the itaconic anhydride is able to bond with the textile fibers through
covalent reactions.

Another CD modification for incorporation in textiles can be carried out via a reaction with
acryloyl derivative (Figure 5c). The CDs are dissolved in dimethylformamide (DMF), mixed by stirring
with triethanolamine (TEA), and reacted with acryloyl chloride dissolved in DMEF, forming an acryloyl
ester derivative [126]. The compound has a vinyl group on the side chain that is able to react with
hydroxyl groups, and can be incorporated into the fibers [23,124].

In addition to the reaction through the incorporation of new chemical groups into the CDs, to make
them more reactive hydroxyl groups can be oxidized, as can be seen in Figure 5d. The hydroxyl
groups in the polysaccharides can be oxidized by a laccase/2,2,6,6-tetramethylpiperidine-1-oxyl enzyme
catalyzed to convert the hydroxyl groups of the CDs into aldehyde groups that are capable of reacting
with the amino groups of polyamide, silk, and wool [127].

3.2.2. Grafting of Cyclodextrins onto Textile Substrates

The most common procedure in the application of cyclodextrin into textiles is esterification,
which can be done using modified cyclodextrins (Figure 5), or through a reaction using dimethylol
urea [128], citric acid [111], BTCA [78,129], or other products.

Esterification can be defined as a nucleophilic substitution reaction of the acyl group catalyzed by
a mineral acid, involving a carboxylic acid and an alcohol [130]. From there, a proton transitions from
one oxygen to another, resulting in a second tetrahedral intermediate, and converts the -OH group into
a leaving group, culminating in the loss of a proton that regenerates the acid catalyst, originating the
ester [131].

Figure 6 shows the procedure for incorporating MCT-3-CD into cellulosic fiber. The interaction
occurs due to the availability of the chlorine group present in MCT-f3-CD and the hydroxyl group of
cellulose, thus representing a second order nucleophilic substitution reaction [132].

MCT-3-CD s fixed on cellulosic fibers in alkaline conditions and, due to the covalent bond between
the cellulosic chain and MCT-3-CD, the durability of 3-CD in textile products is excellent [23,133].

Ibrahim et al. [134] also used MCT-3-CD for the functionalization of wool by a method of fixation in
foularding. Due to the presence of -OH groups in the protein, it is also possible to perform nucleophilic
substitution. As with polyamide fabrics and polyester/cotton blends, this 3-CD derivative has also
been grafted, making the fabric antibacterial and a receptor for drugs and essential oils, in addition to
improving thermal stability and dyeability [128,130].

The MCT compound was also used to make polyester a functional fabric, made from alkaline
hydrolysis, which created reactive hydroxyl groups on the surface of the polyester fibers able to react
with MCT-3-CD covalently [39]. From the interaction with the cyclodextrins, the modified polyester
can adsorb bioactive molecules [112].

Cyclodextrin compounds treated with itaconic anhydride can bind to cellulosic and polyamide
fibers. In the case of cellulosic fibers, the fabric must be treated with a mixture of nitric acid (1%)
and cholic ammonium nitrate to generate free radicals and, after drying, the cotton is treated with a
derivative of CD itaconate, which is able to covalently bond to cellulosic fibers [5,122].

In addition to the processes using modified cyclodextrins, esterification between cyclodextrins
and textile fibers can be achieved. In this case, the esterification reaction requires a crosslinking agent
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such as citric acid, BTCA, or other polycarboxylic acids [135]. The disadvantage of using citric acid is
the yellowing of the cellulosic fabric in the curing phase [136]. This process includes two steps; in the
first, a cyclic anhydride is formed between two groups of adjacent carboxylic acids and, in the second,
the esterification reaction occurs between the acid anhydrides previously formed and the hydroxyl
groups of the macromolecules of the fiber and of the cyclodextrins, to form ester bonds [23].
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Figure 6. Nucleophilic substitution reaction of MCT-3-CD with cellulose.

Figure 7 illustrates the bonding between CDs, through BTCA as a crosslinking agent, and -OH
groups of fibers.

For the esterification reaction to occur, both sodium hypophosphite and the cure are used as
catalysts [38]. The same process can be performed on other fibers that have -OH groups, such as
cellulose, silk, polyamide, and wool [78].

Regarding the insertion of cyclodextrins into polyester fibers, they can be functionalized by
forming a network of CDs that cover the fiber, forming a reticulated coating between (3-CD and BTCA
through a polyesterification reaction [38,137].

As shown in Figure 5d, the hydroxyl groups of the CD can be oxidized by enzymes, converting
them into aldehyde groups, which are able to react with the amine groups of the wool fibers through a
Schiff-based reaction [127]. Figure 8 shows this reaction.

In this way, the application of CDs in fibrous polymers occurs. The substrate undergoes a change
at the surface that can transform it, in the future, into functionalized fabrics after the complexation of
the bioactive molecules by the CDs present on the surface of the materials.
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Figure 7. Direct connection of the 3-CD to the textile fiber via crosslinking.

Table 3 shows some studies that used cyclodextrin for the functionalization of finished textiles.

Table 3. Studies that used cyclodextrin to graft finishes in textiles.

Fiber Effect Active Molecule Reference

Octenidine dihydrochloride [138]

Silver [139,140]

Antimicrobial Phenolic compounds [76,141]
Cotton Ketoconazole [115]
ZnO, TiO2 and Ag nanoparticles [142]
Miconazole nitrate [143]
Triclosan [144]

Fragrance, antimicrobial Essential Oils [74,145]
Insect repellent Cypermethrin and Prallethrin [146]
Nocturne?l r(.egulation of sl.eep and Melatonin (771

antioxidant properties

For coetaneous affections Hydrocortisone acetate [147]
Polyamide Perfum[;z{/r-r;(i)sttelil;i.ze and 2-ethoxynaphtalene (neroline) [119]
Antibiotics Ciprofloxacin [148]

221



Molecules 2020, 25, 3624

Table 3. Cont.

Fiber Effect Active Molecule Reference
Tencel Sunscreen Octyl methoxycinnamate [149]
Fragrance. antimicrobial and Vanillin, benzoic acid andlodine,
grance, + llent N,N-diethyl-m-toluamide and [44]
mnsect repetien dimethyl-phthalate
Antibiotics Ciprofloxacin [150]
Polyester -
Antimicrobial Curcumin (151]
4-tert-butylbenzoic acid [152]
Wool Insect repellent Citronella essential oil [78]
Cotton and Polyester Insect repellent Citronella essential oil [38]
[-citronellol, camphor, menthol,
Cotton, wool and polyester Fragrance cis-jasmone and benzyl acetate [153]
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Figure 8. Functionalization of wool fibers with 3-CD after oxidation.

3.3. New Trends in Textile Finishes Using Cyclodextrins

The use of citric acid as a reticulating agent was also a strategy adopted by Castriciano et al. [154] to
design polypropylene fabric finished with hydroxypropyl 3-CD. After complexation with tetra-anionic
5,10,15,20-tetrakis(4-sulfonatophenyl)-21H,23H-porphine (TPPS), the textile device was evaluated as a
biocidal agent via antimicrobial Photodynamic Therapy (aPDT)—an alternative treatment to overcome
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the drug resistance associated with the indiscriminate use of antibiotics. The base of aPDT is the
irradiation of a photosensitizer (PS) in the presence of oxygen, to generate reactive oxygen species
(ROS) which attack the microorganisms at the target site (Figure 9). The PP-CD/TPPS fabric, containing
0.022 + 0.0019 mg cm~2 of the TPPS, was capable of photokilling 99.98% of Gram-positive S. aureus,
with low adhesion of bacteria to the textile. The aPDT approach was also used by Yao et al. [155]
to develop biocidal materials based on beta cyclodextrins modified with hyaluronic acid (HA) for
coating purposes. After the inclusion of PS methylene blue (MB), HA-CD/MB was tested against
S. aureus, eradicating 99% of the bacteria at 0.53 + 0.06 ug cm~2. The use of aPDT in textile finishing
may represent a new class of smart textiles with high anti-microorganism potential.

Light
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Figure 9. Finishing textiles with photodynamic potential.

3.4. Cyclodextrins in Textile Effluent Treatment

Cyclodextrins, in addition to being used as additives for the dyeing process when seeking
improvements in washing, color intensity, and leveling, and as a functionalization agent, can be used to
remove dyes and auxiliaries present in industrial effluents [40,156]. In the wastewater from the dyeing
process, the presence of several types of dyes, surfactants, and salts can be an issue [157]. The dyes
used in dyeing are compounds that are stable to oxidizing agents and light, have a complex structure,
are non-biodegradable, and are highly soluble in water. Therefore, they are difficult to remove and can
easily enter the ecosystem, affecting flora and fauna [79,158-162].

Various technologies for the treatment of water from the textile industry are used, such as
photocatalytic oxidation [163], electrochemical oxidation [164], membrane separation [165],
coagulation/flocculation [166], ozonation [167], and biological treatment [168], among others; however,
there are restrictions regarding these processes, due to the high energy consumption and sludge
generation. Thus, the search for processes that can eliminate residues from the dyeing and finishing
processes is essential to alleviate major environmental problems. Lin et al. [169] and Crini et al. [170]
point out that, among the different treatment systems, adsorption should be highlighted. It has been
increasingly used, mainly due to its adaptability, easy operation, and low cost.

Among the adsorbents used, cyclodextrins are seen as a promising product [40] due to the
high reactivity of the hydroxyl groups present in CDs for the adsorption process [171]. In addition,
other advantages are related to its biodegradability, non-toxicity, availability [172], and the possibility
of them interacting with the hydrophobic chain of surfactants, keeping them within its cavity [173].
In this way, they can form an insoluble CD:dye:surfactant system that can be removed from the
water [79]. In general, Crini et al. [170] showed that the use of cyclodextrins as a dye adsorbent can be
carried out by two methods, shown in Figure 10.
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Figure 10. The role of 3-CD as a dye adsorbent.

In the first method, cyclodextrins are incorporated into an insoluble matrix (nanoparticles,
composites, nanotubes, and others), while in the second, CDs form an insoluble polymer capable
of adsorbing the dyes. Table 4 shows some studies that have used cyclodextrin for the removal of
textile dyes.

Table 4. Use of cyclodextrins as a removal agent in the textile process.

Method Dye Reference
Crystal Violet [162]
Reactive Black 5 [80]
Methylene Blue [174]
Methyl Orange [175]
o ) ) Safranin O, Brilliant Green and Methylene Blue [161]
Cyclodextrin incorporated into a matrix
Methylene Blue and Safranine T [176]
Methylene Blue, Acid Blue 113, Methyl Orange [177]
and Disperse Red 1
Remazol Red 3BS, Remazol Blue RN, Remazol [178]
Yellow gelb 3RS 133
Methyl Blue [169]
Acid Blue 25, Reactive Blue 19, Disperse Blue 3, [81]
Basic Blue 3 and Direct Red 81
Basic Blue 3, Basic Violet 3 and Basic Violet 10 [170]
Direct Violent 51, Methyl Orange, And [179]
Tropaeolin 000
Congo Red and Methylene Blue [41]
B-cyclodextrin polymer Evans Blue, Chicago Sky Blue, Benzidine, P- [180]
hloroaniline
Methylene Blue And Methyl Orange [42]
Congo Red, Methylene Blue, Methylene Orange [156]
Basic Orange 2, Rhodamine B, Methylene blue [40]
trihydrate, and Bisphenol A
Methyl orange, Congo Red, Rhodamine B [181]
Direct Red 83:1 [171]
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3.4.1. Cyclodextrin Matrix

A material used for the adsorption of dyes present in effluents must have a high adsorption
capacity, ease of regeneration, mechanical resistance, and ability to adsorb a variety of dyes [182].
This last characteristic is often neglected, with experiments being carried out on solutions that contain
only one type of dye; however, Debnath et al. [161] showed that most wastewater contains a mixture
of different dyes, which affect the behavior of the adsorption system differently to a single dye system.

Therefore, cyclodextrins, due to their well-defined structure, can guarantee high reactivity for the
adsorption of various dyes [171], and this can be improved if they are inserted into other adsorbent
materials. These hybrid materials have a high adsorption capacity due to large specific surfaces and
pore volume [43].

One of the techniques used for the production of promising adsorbent materials is
electrospinning [183]. Abd-Elhamid et al. [162] produced nanocomposites using polyacrylic as
an incorporation matrix and graphene oxide and cyclodextrin as adsorbent materials. According to the
author, the nanocomposite is easy to prepare and has a high sorption capacity and is easy to remove
from water. The combination of cyclodextrins and graphene to obtain a hybrid adsorbent material was
also used by Liu et al. [176], who, in this case, also used poly(acrylic acid). This nanocomposite showed
efficiency in pollutant adsorption, water dispersibility due to the hydrophilicity of the polymer, ease of
regeneration, and a small loss of adsorption capacity.

Cyclodextrins can also be used in the production of biosorbents, together with chitosan. Chitosan
is a compound rich in hydroxyl and amino groups, which allows interactions with organic and inorganic
compounds [184,185]. However, chitosan, if not modified, can dissolve in acidic solutions because of the
protonation of amino acids, hindering the adsorption of dyes [186]. To avoid such a problem, chitosan
can be crosslinked with carboxylic acids and, to improve this biosorbent, Zhao et al. [187] chemically
incorporated cyclodextrins into chitosan by means of esterification using citric acid, obtaining a
biosorbent with a high capacity for adsorption of reactive dyes from textile effluents.

Chen et al. [157] showed that some researchers have grafted 3-CD into insoluble solids, such as
zeolite, activated carbon, silica gel and magnetic materials, obtaining good adsorption results.
These characteristics show that adsorbent materials with cyclodextrin incorporation have great
potential for applications in wastewater treatment, due to their large amount of hydroxyl groups,
hydrophobic cavity, and interactions with organic and inorganic compounds.

3.4.2. Cyclodextrin Polymers

The synthesis of cyclodextrin polymers, especially those that are insoluble in water, has aroused
growing interest given their applications in water treatment. Among the various methods of obtaining
them, deprotonation stands out, in which the hydroxyl anion can be used in SN2 type polymerization
reactions, direct dehydration in the presence of appropriate diodes and diacids, and condensation in
the presence of a series of linkers [188]. In addition to polymerization, some studies have used 3-CD
for the development of organic-inorganic hybrid systems for the removal of dyes, such as magnetic CD
polymers [40,189] and Halloysite—Cyclodextrin Nanosponges [190].

Crini et al. [81], using epichlorohydrin as a crosslinking agent for obtaining (3-CD polymers,
evaluated their efficiency in removing various dyes (acid blue (AB25), basic blue (BB3), reactive blue
(RB19), dispersive blue (DB3) and direct red (DR81)). The capability to remove dyes by these polymers
followed the order AB25 > RB19 > DB3 > DR81 >> BB3, with AB25 being close to 100% removed.
The same author also prepared [3-CD/carboxy methylcellulose polymers using the same crosslinking
agent for the removal of Basic Blue 3, Basic Violet 3 and Basic Violet 10. Kinetic and equilibrium studies
suggested that the process occurs by chemisorption, with an adsorptive capacity of 53.2, 42.4 and 35.8
mg of dye per gram of polymer for BV 10, BB 3 and BV 3, respectively [160].

Pellicer et al. [171] also used epichlorohydrin as a crosslinking agent to synthesize polymers of 3-CD
and HP-B3-CD, which were used to remove the azo dye Direct Red 83:1. The adsorption capacity of the
polymer synthesized from (3-CD was approximately six times greater than that obtained using HP-3-CD.
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Ozmen and Yilmaz [191] used -CD polymer, prepared using 4-4-methylene-bis-phenyldiisocyanate
(MDI), to remove Congo red dye. The authors observed 80% removal after one hour of contact in
solution at pH 5.8. The same authors, using MDI and hexamethylene diisocyanate (HMDI) with
crosslinking agents, synthesized 3-CD polymers and evaluated their adsorptive capacities against the
azo dyes Evans Blue and Chicago Sky Blue. At pH 2, the polymers showed around 50% removal.

Jiang et al. [192] synthesized a new polymer of 3-CD for the removal of methylene blue. The strategy
used by the authors was the use of tetrafluoroterephtalonitrile (TFPN) as a crosslinking agent, which,
after being hydrolyzed, generates sites of carboxylic acids that interact electrostatically with the MB
at the appropriate pH. A maximum adsorption capacity of 672 mg/g of the polymer was observed
and, even after four cycles of adsorption/desorption, the capacity of the material remained high.
The same group of researchers used a similar strategy for the synthesis of 3-CD polymers, however,
the nitrile groups of TFPN were modified with ethanolamine. This strategy enabled the selective
removal of MO in a mixture of MO and MB. The polymer also showed a high adsorptive capacity
for MO (602 mg/g) and Congo red (1085 mg/g). Recently, the selective removal of the anionic dye
Orange G in a mixture with methylene blue has also been carried out by modifying the TFPN nitriles
to form amide groups [41]. An innovative strategy using molecularly imprinted polymers (MPI) from
chitosan and 3-CD was used for the selective separation of Remazol Red 3BS in a trichromatic mixture.
This new polymer also showed a high adsorption capacity after four cycles of use [168].

Some multifunctional CD polymers have also been developed for the simultaneous removal of dyes
and other contaminants (bisphenol and heavy metals). Zhou et al. [42] synthesized a polymer of 3-CD
using citric acid as a crosslinking agent, which, after esterification, was grafted with 2-dimethylamino
ethyl methacrylate monomer (DMAEMA) for the polymerization reaction. This elegant strategy allows
modulating of the zeta potential of the adsorbent with the pH, enabling its electrostatic interaction
with anionic (MO) or cationic (MB) dye. Simultaneously, the material can adsorb Bisphenol A inside
the CD, and its interaction with the CD is unchanged between pH 2 to 10. The adsorption capacity
at equilibrium for Bisphenol A was 79.0 mg/g, while the adsorption capacity of MO and MB was,
respectively, 165.8 and 335.5 mg/g.

Zhao et al. [193] presented an elegant strategy for the treatment of industrial wastewater by means
of a bifunctional adsorbent, consisting of a polymer of ethylene diamine tetra-acetic acid and 3-CD
(EDTA-B3-CD). This bifunctional agent can simultaneously remove metals and dyes from wastewater,
since 3-CD has the ability to include dyes while EDTA becomes a site for metals. In experiments with
binary systems containing Cu?* and dyes (methylene blue, safranin O or crystal violet), the authors
observed an increase in the adsorption capacity of the metal, but no significant change in the adsorption
of the dyes, compared to experiments in systems with the isolated metal. The increase in the adsorption
of the metal in binary Cu?*-dye systems was attributed to the presence of the complexed dye in the CD,
which provides extra groups containing nitrogen that become new sites for the adsorption of metals.

Despite the efficiency of the CD-based polymer in removing dyes and other agents in the textile
process, some important points should be highlighted. Most of the studies presented above still need
to be applied at a high scale level (in a real industrial system). Another important issue that should be
emphasized is the regenerability of the CDs, making the process more ecofriendly and viable, with a
lower cost.

4. Final Considerations and Future Perspectives

The increasing use of CDs in the textile industry is the result, among other factors, of the versatility
of these cyclic molecules and the benefits of their use across the productive chain of this sector.
Their unique ability to form an inclusion complex with a wide variety of molecules allows their
use in several sectors. CDs are able to include dyes, repellents, insecticides, essential oils, caffeine,
vitamins, drugs and surfactants, among other substances. Although they are used in the spinning
and pretreatment areas, it is in the dyeing, finishing, and water treatment processes that 3-CD and its
derivatives have the greatest applicability.
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The advantages of using CDs in dyeing include changes in bath exhaustion, color uniformity;,
less effluent treatment, dye savings, and the fact that they are biodegradable. They can be used as a
dyeing aid, or as a surface modifying agent that absorbs more dye.

With regard to finishing, different types can be made with CDs, expanding the range of applications
for these textiles and giving rise to a new class of materials called functional or intelligent textiles.

It is foreseeable that the use of CDs will continue to expand to keep up with the demands for
differentiated products, and fill the gap that still exists in the literature around their application in the
textile area, aiming at the optimization of the processes and viable results for industrial use.

This functionalization of CDs in substrates opens the door for the development of new products,
such as medical textiles. With the new reality caused by the SARS-CoV-2 pandemic, the development of
antiviral textiles is on the rise, and many of these new materials could be generated from technologies
that use CDs. Furthermore, the transposition of new medical treatment technologies into textile
materials from CDs is already a reality. An example is the use of 3-CD for the development of textiles
aiming at the photodynamic inactivation of microorganisms.

Finally, the capacity of CDs to adsorb and separate pollutants (dyes, metals, surfactants, etc.)
from industrial waste is important with regards to environmentally sustainable industrial processes.
In addition to adaptability and ease of operation, their biodegradability and lack of toxicity make CDs
stand out in different areas.

Without a doubt, the use of CDs in basic and applied research around the development of
new materials is fundamental, and should be the focus of many future studies seeking sustainable
alternatives in the textile area.
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