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| 1. Introduction

The European Medicines Agency (EMA) distinguishes almost 600 different types of dosage forms in standard use, a large
share of which are oral medications &, According to financial reports, oral formulations contributed to about 42.2% of the
drug market share in 2021, of which 53.1% was held by tablets alone @8], Pharmaceuticals prepared for oral intake are
convenient to use, but their activity is disturbed due to diverse processes of drug disposition in the organism—absorption,
distribution, metabolism, and excretion (ADME). Since the efficiency of the drugs is dose-dependent, absorption is usually
named as the most influential part of the metabolic journey of orally administered pharmaceuticals. In the case of
extremely poor oral intake characteristics, e.g., instability in gastrointestinal environment or intestinal wall permeability
limitations due to the structural properties or electric charge of the drug, a new route of administration should be
considered. No drug presents perfect pharmacokinetic parameters in oral use; thus, the formulation development in the
pharmaceutical industry is still valid.

Knowing that the drug displays a suitable pharmacodynamic effect, research on improving bioavailability and reducing
adverse effects is required. These objectives can be achieved by chemical modification of the drug itself (e.g., the
formation of prodrugs or better-absorbed drug forms) or by implementation of a pharmaceutical into the transport systems.
Finding the optimal drug delivery system for a given drug is difficult, due to a series of factors, like complex stability, the
toxicity of the formulation, or the influence on the drug’s pharmacokinetic parameters or synthesis costs, which are crucial
for proper therapeutic effectiveness and optimization of the technological processes of drug formulations’ production.

The last 50 years have witnessed the evolution of drug manufacturing, caused by implementation of numerous new
formulating agents. As the 21st century arrived, a vigorously developing branch of nanotechnology arose, exerting a major
influence on electronics, and also being used in biological applications. In the last 15 years, nanosponge particles (named
for their sponge-like structure) have been intensively studied due to their possible applications, e.g., as drug carriers, toxin
removal agents, or catalysts in organic syntheses ZIBIGI78],

| 2. Cyclodextrin-Based Drug Delivery Systems—A Short Summary
2.1. Cyclodextrins

Cyclodextrins (hereinafter referred to as CDs) are cyclic oligosaccharides composed of a-d-glucopyranose units combined
with a-(1 - 4)-glycosidic bonds. Native CDs are a product of the enzymatic degradation of starch, in which cyclodextrin
glycosyltransferases produce cyclic oligomers consisting of six (a-CD), seven (B-CD, Figure 1a), or eight (y-CD) glucose
units BIOA2Z pye to restricted rotation of glycosidic bonds and the chair conformation of each glucose unit, CDs
possess the specific shape of a truncated cone with a hollow cavity (Figure 1b) LLI[22113][14][15]
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Figure 1. (a) Cyclodextrin structure based on B-CD with glucose units in chair conformation. The numbering order of
carbon atoms of the glucose subunit is marked in orange. (b) Schematic representation of the CD shape, with labeled
primary and secondary hydroxyl groups on the outer surfaces of the narrower and wider edges, respectively.

The inner surface of CDs is lined with skeletal C-H groups and ethereal oxygen atoms that contribute to the lipophilic
character of the cavity. The outer surface is composed of primary (at Cg, narrower edge) and secondary (at C, and Cg,
wider edge) hydroxyl groups that are responsible for the hydrophilic features of CDs (Figure 1b). Amphiphilic properties
enable the binding of lipophilic drugs inside the CD cavities in the form of host—guest inclusion complexes LEIL7ILEI19]
Complexation of the drug and stabilization of the obtained complex are the result of conformational changes in the CD
structure (steric relaxation of the ring) and the formation of various non-covalent bonds, i.e., van der Waals, hydrophobic,
dipole—dipole, electrostatic interactions, hydrogen bonds, or dispersion forces Q29211221231 Onp the other hand, the
hydrophilic outer surface is responsible for increasing drug solubility through interactions with aqueous media via hydroxyl
groups. Thus, CDs are great candidates for drug transport systems [2I[L1[12][13][14][19][20][24]

2.2. Cyclodextrin-Based Nanosponges

In addition to enhancing solubility and bioavailability, CDs have several drawbacks. Based on cavity size, CDs are usually
capable of binding only one drug molecule (fully or partially), showing poor drug loading capacity. Additionally, relatively
low stability constants of drug—CD complexes contribute to easy dissociation and release of their contents [I[24I16][25]126]
However, due to highly reactive hydroxyl groups, CDs can act as polyfunctional monomers (2428 polymerization of CDs
leads to the formation of cyclodextrin-based nanosponges (CDNSs) 18291 For CDNS synthesis, both natural and
synthetic derivatives of cyclodextrins, e.g., 2-hydroxypropyl-B-CD (2-HP-B-CD), carboxymethyl-3-CD, sulfobutylether-[3-
CD, tosyl-B-CD, and a variety of methylated derivatives, can be used 3181930 Nevertheless, B-CD is the most
commonly used, owing to its non-toxic nature, low production costs, and highest stability constants in complexes with
drugs [3IBLIEABS]  Nanosponges are formed using linking agents called cross-linkers, which are highly reactive
substances containing at least two active sites capable of covalent binding with hydroxyl groups of CDs. Cross-linking is a
condensation polymerization reaction requiring the activation of CD hydroxyl groups by an electron-withdrawing group of
the cross-linker. Activated hydroxyl groups are attacked with nucleophilic sites of the cross-linker, which usually binds with
the primary hydroxyl group at Cg 41281341,

Nanosponge particles are spherical and have a maximum diameter of 1 uym. The three-dimensional structure of CDNSs
consists of parent CDs with their lipophilic cavities and nanochannels created between cross-linked CD units and cross-
linkers (Figure 2). The hydrophilic properties of nanochannels are the result of the presence of multiple hydrophilic
moieties of cross-linker molecules and free hydroxyl groups of CDs. Amphiphilic properties enable CDNSs to encapsulate
a variety of drugs, both hydrophilic and lipophilic, in the form of non-inclusion or inclusion complexes. The former are
made due to drug absorption on the CDNS surface, and they then migrate into hydrophilic channels. The latter are
created through diffusion of the drug through the CDNS structure and inside the CD cavity BSI38I3738] The obtained
drug—-CDNS complexes present one of the highest stability constants for known non-covalent complexes (approx. 108
M~1), much more stable in comparison with drug—CD complexes (50-2000 M~1) [B2ll49] High stability could indicate the
formation of irreversible complexes; however, in reality, the stability is disturbed in aqueous media, and the drug can be
vigorously or gradually released from the CDNS. This phenomenon is the basis of the modifiable drug release properties
of CDNSs, one of the most important properties of drug-CDNS complexes, which also reduces the likelihood of adverse
effects (181, Moreover, CDNSs are non-toxic, thermally stable up to 300 °C, chemically stable in environments of pH 1 to
11, and protect the drug against physical and chemical factors. Their production is simple, low-cost, and easy to scale up;
they are compatible with most vehicles and excipients and are insoluble in most organic solvents and water, which is



helpful in their purification and incorporation into CDNSs. As drug carriers, CDNSs can be formulated for oral, topical,
parenteral, or inhalation use. Lastly, they are highly biodegradable—hydrolysis of CDNSs leads to parent CDs, which are
completely degraded to glucose or maltodextrins by the colonic microflora. All of these properties make CDNSs versatile
drug delivery systems with multiple possible medical applications [L4I[31[32][38][41][42][43][44][45][46]

Figure 2. The structure of cyclodextrin-based nanosponges: Blue beads represent cross-linker molecules, which bind
mostly to Cg hydroxyl groups on the narrower edge of the CD units (schematic structure, for visualization purposes only;
degree of cross-linking not preserved).

However, further studies on using CDNSs as drug carriers should be performed, which, in turn, would earn the approval of
the U.S. Food and Drug Administration (FDA) or the European Medicines Agency (EMA) for general use. At present, no
drug—CDNS complex has received such approval. In 2023, there were 129 different formulations of drug—CD complexes
recognized for medicinal general use, whereas ten years previously there were only 48 44, This looks promising in
relation to CDNSs, which present better physicochemical properties required for good drug delivery systems as compared
with CDs.

CD-based nanosponges can be divided into four generations 4127:

e First generation: plain nanosponges (Figure 3)—CDs polymerized with a cross-linker, used to obtain higher
generations of CDNSs; cross-linker choice subdivides the generation into four types:

a. Carbamate nanosponges—based on urethane compounds, e.g., hexamethylene diisocyanate (HMDI) or toluene-
2,4-diisocyanate (TDI);

b. Carbonate nanosponges—based on active carbonyl compounds, e.g., diphenyl carbonate (DPC), dimethyl
carbonate (DMC), or 1,1'-carbonyldiimidazole (CDI);

c. Ester nanosponges—based on di- or polycarboxylic acids or their dianhydrides, e.g., citric acid (CA), pyromellitic
dianhydride (PMDA), or ethylenediaminetetraacetic dianhydride (EDTA);

d. Ether nanosponges—based on epoxide-bearing cross-linkers, e.g., epichlorohydrin (EPI); since EPI was found to be
toxic to humans, safety concerns were raised about its use in nanosponge production; however, it was proven that
EPI-based CDNSs are non-toxic, owing to the fast hydrolysis of free EPI into harmless products during CDNS
degradation 148!,

« Second generation: modified nanosponges—equipped with chemical groups ensuring additional chemical or physical
properties, such as fluorescence (ADME in vivo) or electric charge (binding polar drugs, increasing the stability of
CDNS suspensions by inducing repulsive negative potential between particles).



e Third generation: stimulus-responsive nanosponges—sensitive to environmental stimuli such as temperature, pH, or
redox potential, which can alter their physicochemical properties to trigger or enhance the release of the drug.

e Fourth generation: molecularly imprinted polymer nanosponges (MIP-NSs)—possessing binding sites with the
imprinted structure of the drug, giving CDNSs high selectivity and affinity for target molecules.
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Figure 3. Chemical structures of the most frequently used cross-linkers. The donor moieties of each cross-linker group
are labeled with red.

Krabicova et al. #9 highlighted the possibility of the development of a fifth CDNS generation that, due to grafting the
biological ligands on the CDNS surface, would bind with specific molecular targets to improve the drug’s bioavailability
and the therapeutic effect. Apart from drug carrier applications, CDNS properties have been applied to other medicinal
uses, such as protein 2% and enzyme B delivery systems, taste-masking agents B2, biosensors B3l54] gas transporters
[BSI561I57] and in fabric functionalization procedures [S8159],

2.3. Methods of CDNS Synthesis

There are four basic techniques of CDNS synthesis [181[20][60](61]:

* The melting method, during which CDs and cross-linkers are combined by melting at a temperature of up to 130 °C for
several hours—Ilonger synthesis results in nanosponges with a higher cross-linking degree;

e The solvent method, in which CDs and cross-linkers are solubilized in organic solvents, usually N,N-dimethylformamide
(DMF) or dimethyl sulfoxide (DMSO), the use of which is justified by solvation of CDNSs and drug release from CD in
an aqueous environment; cross-linking is initiated at a temperature ranging from 10 °C to the reflux temperature of the
solvent and can last for up to 48 h;

« The ultrasound-assisted method, which uses ultrasound as a homogenizer in the presence of a solvent or in a solvent-
free environment; the reaction proceeds at 90 °C for five hours in an ultrasonic bath filled with water;

* The microwave-assisted method, where microwave irradiation plays the role of homogenizing agent, reducing the
reaction time and ensuring proper homogenization of substrates.

Each cross-linker type requires a different synthesis approach. The use of dianhydrides requires the addition of
triethylamine (Et3N) as a catalyst. Et3N is a nucleophile and helps to reorganize the cross-linker structure to obtain free
ester and carboxyl groups that can react with the hydroxyl groups of CDs 2631641 since CDI might react with only one
CD, fresh CDI-based nanosponges still contain slight amounts of active imidazolyl carbonyl groups, resulting in the
formation of dead ends in the polymer structure. This can be avoided by treating CDNSs with water, which enables an
almost full elimination of imidazolyl carbonyl groups in 8 h 3. A similar situation occurs for DPC and phenol moieties as
residuals of the synthesis process.

Every method of synthesis includes a suitable purification process, where the various unreacted substrates, byproducts,
solvents, and impurities are removed 24, The most frequently used purification method is Soxhlet extraction using water
or organic solvents (ethanol or acetone) 14, Water removes unreacted CDs, while the ethanol/acetone extraction
eliminates the unreacted cross-linker and impurities (181651,

The four commonly used synthesis approaches have easily modifiable parameters, creating transparent differences
between synthesis runs. More sophisticated methods are also in use and worth mentioning; however, they are often
related to more complex chemistry or require the application of specialized equipment. The emulsion solvent diffusion
method relies on the emulsification process, where the internal phase (consisting of a mixture of drug and CD in a volatile
solvent) is added dropwise to the external phase (emulsifying solution) with continuous stirring until evaporation of the
internal-phase solvent B8] |n the interfacial condensation method, the nanosponges are formed at the interface of a



strongly alkaline phase (usually potassium hydroxide solution with pH > 10) with dissolved CD and an organic phase
containing the cross-linking agent B8] A more environmentally friendly approach is provided by mechanochemical
synthesis, where no solvent is used. Instead, the synthesis is driven by the application of mechanical forces, which
provide the energy necessary for the formation of chemical bonds. These types of syntheses are carried out by ball-milling
(on a small scale) or using a twin-screw extruder (on a large scale) B39,

The synthesis of CDNSs requires the use of appropriate amounts of CD and the cross-linker. The precise mass of each
substrate is not significant, but their molar ratio gives valid information about chemical composition.

The structure of synthesized CDNSs can vary at the molecular level, due to different 1:n values. The appropriate
synthesis method and conditions are key factors to obtain more rigid structures, related to the higher degree of probe
crystallinity. The creation of conditions appropriate for an efficient polymerization process results from even
homogenization of the mixture. Thus, using methods with high-intensity mixing, e.g., ultrasound- or microwave-assisted
methods, one could produce nanosponges with a highly organized and rigid crystalline structure, whereas basic methods
like the melting method do not provide a suitable degree of homogenization, resulting in the formation of CDNSs with a
geometrically less-organized, paracrystalline structure 29,
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