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Cyclodextrins (CDs) are cyclic oligosaccharides bearing several glucopyranose residues connected by α-1,4

glycosidic bonds. Natural cyclodextrins contain six, seven, or eight glucopyranose units (α-, β- and γ-cyclodextrin,

respectively) and are natural products, biodegradable, and generally lacking in toxicity. Cyclodextrins have toroidal

shapes, with the smaller opening of the toroid (primary rim) corresponding to the C -OH primary hydroxyls and the

larger opening (secondary rim) to the C -OH and C -OH secondary hydroxyls. 

drug–cyclodextrin inclusion complexes  nanosponges  cyclodextrin nanofibers

bioavailability enhancement  cyclodextrin synthesis

1. Introduction

The functionalization of natural cyclodextrins is very important for pharmaceutical applications. Although natural

CDs are hydrophilic, their aqueous solubility is relatively low due to their tendency to generate aggregates by

intermolecular hydrogen bonding. This may cause some nephrotoxicity, especially in the case of β-CD, due to the

renal accumulation of insoluble cyclodextrin crystals or cyclodextrin–cholesterol complexes. Thus, much effort has

been devoted to the chemical modification of natural cyclodextrins in order to improve their solubility and

complexation capacity. Over 11,000 cyclodextrin derivatives have been prepared by incorporation of various

moieties such as amines, amino acids, peptides, and aromatic rings. Moreover, more sophisticated supramolecular

systems such as polymers, metal–organic frameworks, hydrogels, and other supramolecular assemblies have also

been assembled from cyclodextrins .

The chemical modification of cyclodextrins is carried out via reactions in nucleophilic hydroxyl groups. However,

selective cyclodextrin functionalization, as opposed to random substitution, is a challenging task because their

hydroxyl groups exhibit only slight differences in their reactivity. There are, nevertheless, some characteristic

properties for each position that may allow for selective modification if moderately reactive reagents are employed:

the hydroxyl group at position 2 is the most acidic, the hydroxyl at position 6 is the most nucleophilic, and the

hydroxyl residue at position 3 is the least accessible due to steric hindrance and hydrogen bonding, and hence the

least reactive . On the other hand, cyclodextrins can form complexes with reagents in different ways depending

on the size of the cavity and the solvent, modifying their reactivity and sometimes making their performance

unpredictable  (Figure 1A). To add an additional layer of complexity, many different functionalization patterns can

be obtained for the cyclodextrins resulting from a functionalization reaction (Figure 1B).
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Figure 1. (A) Basic functionalization rules for cyclodextrins. (B) Positional isomers of difunctionalized (upper row)

and trifunctionalized (bottom row) derivatives of α-cyclodextrin. The capital letters represent the individual glucose

units.

Three main strategies can be employed for the preparation of functionalized cyclodextrins :

Straightforward selective modification of the desired positions. This is chemically challenging due to the

competition between the hydroxyl groups at positions 2, 3, and 6 of the glucopyranose.

Protection–deprotection strategies which involve taking advantage of the different reactivity of the hydroxyl

groups toward protection and deprotection conditions. Deprotected hydroxyl groups can then undergo the

desired modifications.

Non-selective modification of hydroxyl groups to provide a mixture of derivatives that is then purified to isolate

the desired one. This method generates a large number of undesired by-products, requires tedious purifications,

and is not chemically efficient.

2. Selective Modification of the Primary Rim

2.1. Monosubstitution at C -OH

Primary hydroxyl groups are more nucleophilic than their secondary counterparts, making modification of the

primary rim of cyclodextrins relatively straightforward. Electrophiles react with the hydroxyl groups at C-6, yielding

the desired product and an acid, which is neutralized by a base added to the reaction medium in order to avoid

decomposition of acid-sensitive cyclodextrins. Common strong electrophiles suitable for nucleophilic attack by C -

OH include alkyl, sulfonyl, phosphoryl, silyl, and acyl chlorides . Some representative transformations are

summarized in Figure 2, and will be discussed below.
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Figure 2. Representative monofunctionalization reactions at the cyclodextrin primary rim.

Monosubstituted O-sulfonylcyclodextrins are commonly used as substrates for the attack of nucleophiles to

introduce functional groups at position 6. Mono-6-tosylcyclodextrin, for instance, is prepared via the reaction of the

starting cyclodextrin with tosyl chloride in an aqueous basic environment  and can be further attacked by

nucleophiles to yield 6-monofunctionalized cyclodextrins after chromatographic purification. Preactivation of the

tosylate with imidazole improves selectivity toward 6-O-monotosylation . The reaction with p-toluenesulfonic

anhydride, on the other hand, does not require purification via chromatography since unreacted anhydride can be

simply removed using filtration . Strong bases need to be avoided because they can deprotonate the more acidic

hydroxyl group in position 3, generating an alkoxide that displaces the leaving group at C-6 yielding a bicyclic

structure.

Aldehydes are versatile groups for further functionalization. α, β, and γ-cyclodextrins can be converted to their

mono-6-formyl derivatives in a straightforward manner using the Dess–Martin periodinane reagent . An

alternative, indirect way to obtain 6-formylcyclodextrins involves the reaction of the corresponding O-tosyl

derivatives with DMSO and collidine .

The direct introduction of a single aromatic thioether is achieved via a thio-Mitsunobu reaction where β-cyclodextrin

is mixed with thiophenol and diisopropyl azodicarboxylate in dimethylacetamide to yield the mono-6-phenylthio

derivative with relatively good selectivity over the di- and trisubstituted by-products. The relative amounts of

differently functionalized cyclodextrins could be tuned by modification of the reaction conditions .
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A solid phase method provides mono-6-functionalized α and β-cyclodextrins bearing a variety of complex

substituents bridged through a phosphodiester link from the unprotected native cyclodextrins. The Novagel amino

solid support was derivatized with 4-hydroxy-3-nitrophenylacetic acid, which was then functionalized with a suitable

phosphoramidite derivative containing the structural fragment to be attached to the cyclodextrin (e.g., a

saccharide). Cyclodextrins were added to this support in the presence of 1-(mesitylene-2-sulfonyl)-3-nitro-1,2,4-

triazole (MSNT) as a coupling reagent, and this was followed by treatment with aqueous ammonia .

Mono-6-azidocyclodextrins are accessible through a reaction of α, β, or γ-cyclodextrins with lithium azide,

triphenylphosphine, and carbon tetrabromide . However, di- and triazido cyclodextrins are formed as well,

making a purification step necessary. Azido cyclodextrins can be readily reduced to the corresponding amino

derivatives using the Staudinger reaction  or hydride donors  and are good 1,3-dipoles for click chemistry.

Together with tosylation, halogenation is the most common starting point for cyclodextrin functionalization. The

most convenient and general route to these halo derivatives uses N-halosuccinimides as the halogenating reagent

. These halides (and also the tosylates) can be readily transformed by nucleophilic substitution. For instance,

their reaction with an excess of sodium or lithium azide quantitatively provides an alternative route to mono-6-

deoxy-6-azido-cyclodextrins.

Selective mono-6-esterification of β-cyclodextrin has been achieved through its reaction with maleic acid or itaconic

acid to selectively yield the corresponding monoesters using phosphate as a catalyst in a semi-dry process .

In another approach, selective protection of the secondary rim makes the primary rim readily available for

modifications. Taking advantage of their higher basicity, the secondary hydroxyl groups at position 2 of β-

cyclodextrins can be selectively protected with t-butyldimethylsilyl chloride using NaH as base. The introduction of

these bulky groups allows for the primary hydroxyls to undergo reactions with electrophiles without competition

from the C-2 or C-3 hydroxyls. The mild removal of silyl protective groups from the secondary rim is then

accomplished using tetrabutylammonium fluoride .

2.2. Disubstitution at C -OH

Compared with monosubstitution, the synthesis of disubstituted cyclodextrins entails an additional issue: the

formation of regioisomers, which need to be separated using chromatographic techniques. However, in some

cases it is possible to guide the reaction toward the formation of a specific regioisomer.

Some of the first cyclodextrin capping strategies involved the introduction of aromatic residues from aromatic

disulfonyl chloride reagents. Highly regioselective capping was found in the case of benzophenone-3,3′-

disulfonylchloride, which mainly resulted in the AC regioisomer, while biphenyl-4,4′-sulfonyl chloride mainly afforded

the AD capping product (Figure 3) .
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Figure 3. Regioselective AC and AD capping of β-cyclodextrin.

Diiodide derivatives obtained from disulfonyl cyclodextrins can also serve as substrates for further modifications

through nucleophilic attack. Sulfonyl groups are displaced via reaction with iodide ion to yield the corresponding

diiodo cyclodextrins . Similarly, diazido cyclodextrins can be readily obtained from sulfonyl derivatives .

The selective synthesis of AD diols at the primary side is achieved through a DIBAL-H-mediated regioselective

deprotection of the primary hydroxyl groups of perbenzylated α, β, and γ cyclodextrins . For steric reasons, this

bis-debenzylation takes place at the opposite glucose rings and involves two independent Lewis acid-assisted

debenzylations (Figure 4). It was possible to stop the deprotection after the first debenzylation and isolate the

monohydroxy cyclodextrin .

Figure 4. Selective debenzylation of the AD primary hydroxyls in α-cyclodextrin by DIBAL-H.

Perbenzylated α-cyclodextrins can be functionalized using an iterative process that predictably directs the

debenzylation steps to access cyclodextrins with two, three, and five points of attachment for one, two, or three
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different new functions . In a refinement of the method, through five consecutive site-directed debenzylations

mediated by diisobutylaluminium hydride (DIBAL-H), a 2,3-tetradecabenzylated cyclodextrin hexa-hetero-

functionalized with six different substituents at the primary hydroxyls was accessed .

2.3. Other C -OH Substitution Patterns

Trisubstitution of cyclodextrins is a difficult goal for the variable substitution degree the reactions provide as well as

for the generation of numerous positional isomers. However, some methods have successfully introduced three

substituents in the primary side of cyclodextrins. Thus, complex di- and trifunctionalization patterns on the primary

side of α-cyclodextrins are readily accessible owing to selective, iterative deprotections of perbenzylated α-

cyclodextrin, where the first steps guide the selectivity of the subsequent ones. These modifications allow to

selectively deprotect certain positions and also introduce deoxymethyl and deoxyvinyl residues at C-6 . Similarly,

perbenzylated α-cyclodextrins were selectively deprotected to yield a variety of primary-rim-functionalized

compounds such as an ABD trihydroxy perbenzylated cyclodextrin and an AD diol, CF O-diTBS-protected

perbenzylated cyclodextrin containing three pairs of functionalities on its primary rim .

Regarding the complete functionalization of primary alcohols at the primary rim of cyclodextrins, it has, in principle,

the advantage that no positional isomers are generated. Nevertheless, factors such as steric crowding and

complex formation decrease the yield as the degree of substitution increases. Sulfonylation with tosyl chloride is a

good approach to perfunctionalize cyclodextrins, and has been applied to α- , β- , and γ-  cyclodextrins.

Persulfonylated cyclodextrins are generally used as intermediates toward other functionalized CD derivatives.

Perhalogenated cyclodextrins also represent a good intermediate for further functionalization, with a higher stability

than sulfonyl derivatives but with compromised solubility in non-polar solvents. Direct per-6-iodination of α and β-

cyclodextrins can be achieved through reaction with iodine and triphenylphosphine in DMF. Similarly, the reaction

of β-cyclodextrin with triphenylphosphine and bromine yields the corresponding per-6-brominated β-cyclodextrin

. α, β, and γ-cyclodextrins react with chloromethylenemorpholinium chloride and bromomethylenemorpholinium

bromide in DMF to furnish the per-6-chlorinated and per-6-brominated cyclodextrins, respectively . These per-6-

halo cyclodextrins are very useful starting materials for additional functionalization processes such as the synthesis

of per-amino derivatives and amino acid derivatives . The use of per-6- iodo-per-6-deoxy-β- and γ-cyclodextrins

for the synthesis of azido or mercapto derivatives has been performed under solvent-free conditions in a planetary

ball mill. This mechanochemical protocol simplified the isolation and purification processes, while also allowing an

efficient scale-up .

Per-6-alkylation of cyclodextrins is not a straightforward transformation and requires the adoption of a protection–

deprotection strategy. An example with α-cyclodextrin involves, in this order, selective protection of the primary

hydroxyls as silyl ethers, benzylation of the secondary hydroxyls, selective desilylation of the primary side, reaction

of the primary hydroxyls with methyl iodide under strongly basic conditions (sodium hydride), and a final

hydrogenolysis of the benzyl ethers .
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The selective introduction of azido groups at all primary hydroxyls is achieved by the reaction of β-cyclodextrin with

triphenylphosphine, lithium azide, and carbon tetrabromide in DMF with further treatment with acetic anhydride to

yield heptakis(6-azido-6-deoxy)-β-cyclodextrin-tetradeca(2,3)acetate . Per-azido cyclodextrins have been

investigated as substrates for copper-catalyzed azide–alkyne cycloadditions .

3. Selective Modification of the Secondary Rim

In general, chemical modification of this side of cyclodextrins is not as straightforward as at the primary rim. This

side is more crowded and hydroxyl groups at positions 2 and 3 establish hydrogen bonds making it more rigid.

Furthermore, 2 and 3 hydroxyls differ in their reactivity: while the hydroxyl group C-2 is the most acidic of the

glucopyranose and is selectively deprotonated with strong bases such as NaH, the C-3 hydroxyl is the least

reactive.

3.1. Monosubstitution at C -OH

β-cyclodextrin can be transformed into the corresponding 2-monotosyl-β-cyclodextrin via reaction with m-

nitrophenyl tosylate . The ability of cyclodextrins to form complexes with chemical reagents through the

hydrophobic cavity modifies their reactivity, and this feature is used here to selectively direct the reaction to the

secondary rim of the cyclodextrin instead of the more reactive primary rim. This complex-formation-based

approach was optimized with the design of a more efficient tosyl donor, 1-(p-tolylsulfonyl)-1,2,4-triazole . An

additional method to selectively synthesize monotosyl α and β-cyclodextrins involves their reaction with N-

tosylimidazol in DMF and molecular sieves  or under solid-state conditions, using mechanochemical activation

. 2-Monotosyl cyclodextrins are key intermediates for the functionalization of not only C-2 but also the C-3

position through the formation of an epoxide.

Direct alkylation at position 2 of β-cyclodextrin is achieved through its reaction with dialkyl sulfates in dilute

aqueous alkali . An indirect method to reach position 2, as well as position 3, is the regioselective bis-O-

demethylation of 2,3,6-permethylated α and β-cyclodextrins with DIBAL-H in toluene to yield 2A,3B-diol

permethylated cyclodextrins as major products, allowing for selective functionalization of a single 2 hydroxyl and/or

a single 3 hydroxyl .

3.2. Disubstitution at C -OH

The reaction in DMF of γ-cyclodextrin with benzophenone-3,3-disulfonylimidazole, a rigid disulfonyl precursor,

selectively yields 2AB-disulfonylated γ-cyclodextrin . A related rigid disulfonyl imidazole reagent, 1,4-dibenzoyl

benzene-3′,3″-disulfonyl imidazole, selectively orients the sulfonylation toward the positional isomer 2AC in α, β,

and γ-cyclodextrins . The design of a longer disulfonyl imidazole bridge yielded the positional isomer 2AD in α,

β, and γ-cyclodextrins, with a better selectivity for β . These 2-disulfonyl cyclodextrins can serve as versatile

building blocks for further modifications at position 2 as well as position 3 through the formation of an intermediate

epoxide or by treatment with ammonia to yield the corresponding amine.
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3.3. Persubstitution at C -OH

Persubstitution at position 2 is favored by the use of strong bases that deprotonate C -hydroxyls. However, the

successive introduction of electrophiles makes the secondary rim increasingly crowded, making subsequent

substitutions more difficult and shifting the reactivity toward the primary hydroxyls. To avoid this, per-2-tosylations

and per-2-alkylations are often carried out after the protection of primary hydroxyls with silyl groups, which can be

deprotected afterward . An exception is the selective per-2-methylation of β-cyclodextrin with methyl iodide,

sodium hydride, and DMSO , or using N-tosylimidazole and a catalytic amount of Cs CO  in DMF .

A different approach for the selective per-2-alkylation of cyclodextrins starts with the selective per-2,6-silylation of

β-cyclodextrin with tert-butyldimethylsilyl chloride and pyridine. Then, during the reaction with methyl iodide and

sodium hydride, the silyl groups at the C-2 hydroxyls migrate to the C -OH groups, and the deprotected position 2

is selectively methylated. A final desilylation affords the per-2-methylated cyclodextrin . This C -OH to C -OH

migration is also observed in other cases where a more complex substitution pattern is present .

3.4. Monosubstitution at C -OH

C-3 in cyclodextrins are the least reactive hydroxyls in the glucopyranose ring due to their low accessibility. A

common strategy to functionalize position 3 consists of the tosylation at C -OH and treatment with a base to

generate an epoxide, followed by the introduction of nucleophiles . This provides a mixture of 2- and 3-

substituted products that can be separated with chromatographic techniques, with substitution at position 3 being

highly favored in most cases. The combination of N-benzoylimidazole and carbonate buffer in DMF gave mainly

acylation C-3 hydroxyl groups of β-CD, which was ascribed to acylation at both C -OH and C -OH accompanied by

C -OH to C -OH acyl migration . In other transformations, reagent complexation in the cyclodextrin cavity may

direct the reaction to C -OH. For instance, the 3-sulfonylation of α-cyclodextrins is achieved by direct reaction with

β-naphtalenesulfonyl chloride . A particular case of alkylation is the selective introduction of an alkyl group at just

one 3 position of β-cyclodextrins through the reaction of per-6-terbutyldimethylsilylated β-cyclodextrin with N-

methyl-4-chloromethyl-2-nitroaniline in the presence of lutidine .

3.5. Di- and Trisubstitution at C -OH

In a similar way to that of monosubstitutions at position 3, the manno-2,3-epoxycyclodextrin is a common

intermediate used for the introduction of nucleophiles. The positional isomers obtained depend on the initial 2-

ditosylate involved in the route. Also, 3-sulfonylation of α-cyclodextrins is achieved via reaction with β-

naphtalenesulfonyl chloride and further isolation of the 3-disulfonylated derivatives, particularly a mixture of

positional isomers 3AC and 3AD disulfonyls that are obtained due to an oriented synthesis owing to complex

formation between the β-cyclodextrin and sulfonyl chloride . The mixture of regioisomers is easily resolved with

reverse-phase column chromatography.

The sulfonylation of β-cyclodextrin with β-naphtalenelsulfonyl chloride in basic aqueous acetonitrile was selectively

found to yield the 3ACE-trisulfonylated isomer .
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3.6. Persubstitution at C -OH

Perfunctionalization at position 3 of cyclodextrins is a challenging task because 3-hydroxyls are the least reactive

and are involved in hydrogen bonding with 2-hydroxyls. Furthermore, they are located in a crowded side of the

cyclodextrin which becomes even more crowded after protection of 2-hydroxyls, hindering further reactions.

Despite all these setbacks, perbenzylated α-cyclodextrin can be selectively deprotected at position 3 with Et SiH

and I  to provide a 2A–F,6A–F-dodeca-O-benzyl α-cyclodextrin. This strategy works as well starting from a 2A–

F,3A-F,6A-E-heptadec-O-benzyl α-cyclodextrin and a 2A–F,3A-F,6BCEF-hexadec-O-benzyl α-cyclodextrin to yield

the corresponding 3-deprotected derivatives with one or two deprotected hydroxyls in the primary side,

respectively. These derivatives stand out as useful starting materials for the selective perfunctionalization of the

relatively unreactive position 3 .

4. Persubstitution of the Primary and Secondary Rims

Although steric hindrance of persubstituted cyclodextrins make the introduction of substituents increasingly difficult,

the absence of regioisomers is a major advantage in the synthesis of 2,3,6-perfunctionalized cyclodextrins.

Perbenzylation of α and β-cyclodextrins is performed in excellent yield (>90%) by treatment with benzyl chloride

and sodium hydride . Similarly, peralkylation of β-cyclodextrin is achieved in 74% yield via reaction with methyl

iodide and sodium hydride in DMSO .

5. Cyclodextrin-Based Polymers

CD-based polymers are the basis for new CD-based materials for different types of application fields for

pharmaceutical and biomedical applications, but are also useful in cosmetic and food science .

5.1. Radical Polymerization Reactions

Atom transfer radical polymerization (ATRP) is a type of radical polymerization having as the key step a transition

metal-catalyzed C-C bond generation. Generally, an alkyl halide R-X is used as the initiator and a complex formed

by a transition metal (e.g., Cu ) and a chelating agent is used to generate radicals via a one-electron transfer

process, while simultaneously the transition metal is oxidized to a higher oxidation state (Figure 5).
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Figure 5. Mechanism of atom transfer radical polymerization (ATRP).

α-Haloester moieties attached to cyclodextrin-based monomers have been widely employed for performing ATRP

processes. These moieties can be introduced by direct per-acylation of β-CD with 2-bromoisobutyryl anhydride

(Figure 6A) . Alternatively, the primary rim can be selectively functionalized starting from the corresponding

mercaptocyclodextrin using a radical thiol–ene reaction (Figure 6B) . As an example of one of these

polymerizations, the researchers summarize in Figure 6C the synthesis of a 21-arm star polymer via a core-based

approach, with the core being a molecule of β-cyclodextrin. To this end, heptakis [2,3,6-tri-O-(2-bromo-2-

methylpropionyl]-β-cyclodextrin, prepared via the peracylation method described above, was treated with methyl

methacrylate in the presence of copper bromide and n-propyl-2-pyridylmethanimine as a bidentate ligand for

copper complexation.

Figure 6. (A) Synthesis of per-acylated β-CD via treatment with 2-bromoisobutyryl anhydride. (B) Selective

functionalization of the cyclodextrin primary rim using a radical thiol–ene reaction. (C) Core-based synthesis of a

21-arm star polymer using the ATRP method.
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In a reverse approach, the acrylate moiety required for the polymerization process can be introduced first into the

cyclodextrin. Thus, treatment of 6-monopiperazino-β-cyclodextrin, obtained from the corresponding 6-monotosyl

derivative, with glycidyl methacrylate afforded a mono-methacrylate substituted cyclodextrin via epoxide opening

(Figure 7A) . A similar type of starting material can be obtained by means of copper-mediated azide–alkyne

couplings (CuAAC) of azido-cyclodextrins (Figure 7B) .

Figure 7. (A) Synthesis of a β-cyclodextrin derivative containing an acrylate moiety by opening of the epoxide

moiety in glycidyl methacrylate with 6-monopiperazino-β-cyclodextrin. (B) Synthesis of a β-cyclodextrin derivative

containing an acrylate moiety via a CuAAC reaction. (C) Synthesis of a CD-pendant polymer using the ATRP

method.

Mono-methacrylate cyclodextrins are useful as starting materials for radical polymerization reactions. Thus,

poly(ethyleneglycol)-β-poly(cyclodextrin) (PEG-β-PCD), can be easily synthesized via atom transfer radical

polymerization using a poly(ethylene glycol) macroinitiator (Figure 7C). This well-defined, hydrophilic, CD-pendant

copolymer was able to include a variety of guest molecules and self-assembled into advanced nanostructures due

to the synergistic effect of CD moieties .

Reversible addition–fragmentation chain transfer (RAFT) polymerization is another relevant modality of radical-

induced polymerization that has proved to be an excellent tool to access a range of well-defined macromolecular

architectures. This technique involves the use of a chain-transfer agent, usually a thiocarbonylthio compound,

which helps to achieve control over the generated molecular weight and polydispersity during free-radical

polymerization (Figure 8) .
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Figure 8. Simplified mechanism of the RAFT polymerization process.

Thiocarbonylthio functional groups can be installed onto cyclodextrin molecules by a simple acylation process

using benzyl (3-chloro-3-oxopropyl) carbonotrithioate, an acid chloride , or the corresponding acid in the

presence of dicyclohexylcarbodiimide (DCC) and hydroxybenzotriazole (HOBT) as a coupling reagent . RAFT

polymerization of this starting material in the presence of 2-hydroxyethyl acrylate (HEA), using 2,2′-

azobisiobutyronitrile (AIBN) as initiator, afforded CD-based polymers with seven-arm star architectures  (Figure

9).

Figure 9. Application of the RAFT polymerization process to a cyclodextrin substrate.

5.2. Ring-Opening Polymerization (ROP)

Cyclodextrins can serve as core structures for anionic ring-opening polymerization (ROP) processes, which involve

CD derivatization using cyclic esters . Thus, treatment of β-cyclodextrin acetylated at its secondary rim with ε-

caprolactone in the presence of Sn(Oct)  as a catalyst resulted in polymers with narrow dispersity by esterification

of the primary rim. The polymer arms were then coupled with DCC to carboxyl-terminated poly(ethylene glycol) to

form amphiphilic copolymers that were able to undergo micellization (Figure 10) . The ring opening

polymerization of ε-caprolactone can also be carried out in the presence of wet β-cyclodextrin and has been

performed in pressurized (12–13 MPa) batch reactors . Lactide (3,6-dimethyl-1,4-dioxane-2,5-dione) is also
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widely employed to generate cyclodextrin-based polymers and, in the presence of 4-dimethylaminopyridine as an

organocatalyst, has allowed the quantitative functionalization of α-, β-, γ-, and 2,3-dimethyl-β-cyclodextrins, with

narrow molecular weight distributions (dispersity < 1.1) .

Figure 10. Ring-opening polymerization carried out on a cyclodextrin substrate.

5.3. CuAAC-Based Polymerization

Although ATRP is a suitable tool for the core-first synthesis of multiarmed polymers, it has some limitations

because the polymerization of many arms from one core can lead to steric hindrance and a high local

concentration of free radicals that facilitates star–star coupling and other termination events. This can be improved

by use of the so-called grafting-to approach, where a functional core is coupled to a functional polymer, where the

most extended reaction for such coupling is the copper-catalyzed azide–alkyne cycloaddition (CuAAC) , which is

frequently associated with ATRP polymerization. To this end, a polymer containing an alkyne moiety joined to

poly(N-isopropylacrylamide) (PNIPAM) is prepared via the ATRP polymerization technique (Figure 11A) and this

precursor is then coupled to an azido-CD, which can be prepared via nucleophilic displacement of halogens at the

primary rim of cyclodextrins (Figure 11B). In order to involve all cyclodextrin hydroxy groups, the primary rim can

be modified via the CuAAC reaction and the secondary rim is used as the substrate of an ATRP or ROP

polymerization. Alternatively, per-acylation with 2-bromopropionic bromide followed by bromide nucleophilic

displacement with sodium azide affords a per-azidocyclodextrin, which is then submitted to a CuAAC reaction with

the alkyne-PNIPAM polymer to furnish a 21-star polymer (Figure 11C) .

[74]

[75]
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Figure 11. (A) Synthesis of PNIPAM, a polymer containing an alkyne moiety joined to poly(N-isopropylacrylamide.

(B) Coupling of PNIPAM to a primary rim azido-CD via the CuAAC reaction. (C) Synthesis of a 21-star polymer via

a CuAAC reaction of a per-azidocyclodextrin with PNIPAM.

6. Cyclodextrin-Embedded Covalently Crosslinked Networks

Hydrogels are three-dimensional crosslinked polymeric networks . These biomaterials show unique

characteristics such as their biocompatibility, water retention ability, and morphological similarity to bodily tissues

that make them very useful for many biomedical applications. The incorporation of cyclodextrins, combining

hydrophilic exteriors with hydrophobic inner pockets able to form inclusion complexes, provides an interesting

approach to the design of hydrogels. The main crosslinking methods employed to prepare CD-based materials are

summarized in Figure 12 and include radical polymerization, CuAAC-based polymerization, and polymerization

processes based on nucleophilic addition or substitution reactions.

[77][78]
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Figure 12. Main methodologies to access covalently CD-embedded hydrogels.

One interesting example of cyclodextrin-based networks are nanosponges, which can be described as colloidal

structures that contain solid, three-dimensional, hyper-reticulated nanoporous structures that protect the entrapped

molecules from degradation and help to improve the solubility of lipophilic compounds . Cyclodextrin-based

nanosponges (CDNSs), in particular, can be efficiently engineered for drug delivery purposes, especially in cancer

therapy . Indeed, due to the existence of lipophilic cavities in the cyclodextrin building blocks and the

possibility to install a hydrophilic network in the nanosponge itself, depending on the nature of the crosslinker,

these materials are ideal candidates to increase the stability of sensitive and volatile compounds, as well as the

solubility of both lipophilic and lipophobic compounds .

The synthesis of these nanostructures is achieved following the general scheme shown in Figure 13, where a

suitable difunctional cross-linking reagent generates covalent bridges between cyclodextrin molecules by reacting

with their hydroxyl groups to generate carbamate, carbonate, diester, or diether links. These transformations can

be promoted under a number of experimental conditions, including, among others, solution conditions in

conventional or non-conventional solvents, the joint melting of the CD and the linker , and ultrasound-assisted

, microwave-assisted , and mechanochemical  conditions.

[79]

[80][81][82]
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Figure 13. Structure and synthesis of CD-based nanosponges.
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