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1. Hydrogels 
 
Hydrogels are three-dimensional networks of crosslinked hydrophilic polymers, which are able 

to retain considerable amounts of water.1 Since their introduction as soft contact lenses by pioneers 
Wichterle and Lim in the 1950s and 1960s,2,3 hydrogel materials have been widely applied in 

pharmaceutical and biomedical applications, due to their excellent and tailorable chemical and 
physical properties.1,4-9 The high water content of the hydrogel networks leads to soft and rubbery 

material properties, which minimizes irritation of surrounding tissue and often results in a good 
bio- and protein-compatibility.10,11 Hydrogels have therefore often been loaded with biological 

substances, such as protein-based pharmaceuticals or cells for their use as drug delivery device or 
tissue engineering scaffolds.12,13 

In aqueous environment, hydrogels are held together by crosslinks which can be either based on 
covalent bonds or on physical (reversible) interactions, or on combinations thereof (see Figure 1).4 

Examples of chemical crosslinking methods that introduce covalent bonds between hydrophilic 
polymer chains, are chemically- or UV-initiated radical polymerization,14-19 enzyme-mediated 

coupling20 as well as conjugation of complementary reactive groups, e.g. by click-chemistry,21,22 
Michael additions23-26 and native chemical ligation.27 Due to the covalent crosslinks, chemically 

crosslinked hydrogels generally have high mechanical strengths. On the other hand, the chemical 
reactions required to form crosslinks might potentially affect the structure and biological activity 
of encapsulated pharmaceuticals.28 Moreover, chemical crosslinking often requires crosslinking 

reagents or catalysts that are toxic towards cells.29,30 Because of these drawbacks, many hydrogel 
systems have recently been developed, in which the formation of crosslinks is driven by physical, 

non-permanent interactions, such as ionic interactions,31,32 hydrophobic interactions,33-35 hydrogen 
bonds,36,37 crystallinity,38 stereocomplex formation,39-43 and specific biomimetic interactions.44-47  

 

 
Figure 1. Schematic representation of chemically (A) and physically (B) crosslinked hydrogels. 

 
A physical interaction that has been exploited in recent years to design physically crosslinked 

gels is inclusion complex formation between cyclodextrins (CDs) and lipophilic guest 

molecules.48-59 CDs are cyclic oligosaccharides composed of D-glucose units coupled via α-1,4-
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glucosidic linkages.60,61 The mostly applied CD subtypes consist of 6, 7 and 8 glucose units, and 
are commonly referred to as αCD, βCD and γCD, respectively. The hydroxyl groups of the CD 

molecule are located at its outer surface, which renders its inner cavity relatively hydrophobic. As 
shown in Figure 2, this cavity can accommodate many hydrophobic guest molecules, such as 

adamantanecarboxylic acid (ACA; shown in Figure 2)62-64 and cholesterol (interaction used in this 
thesis).65,66  Formation of these so-called host/guest inclusion complexes is predominantly driven 

by hydrophobic and van der Waals interactions.64,67,68 
 

O

OH
HO

OH

O

O

HO

HO
OH

O

OHO

OH

OH

O

O

HO
OH

OH

OO

OH

OH

HO

O

O
OH

OH
HO

O

O

OH

HO

HO

O

O

OH
HO

OH

O

O

HO

HO
OH

O

OHO

OH

OH

O

O

HO
OH

OH

OO

OH

OH

HO

O

O
OH

OH
HO

O

O

OH

HO

HO

O OHO

H
H

H

= = =

OHO

H
H

H

ACA CD Inclusion complexβ

 
Figure 2. Schematic representation of inclusion complex formation between adamantanecarboxylic acid (ACA) and 
βCD. Three-dimensional structures have been drawn to scale. Produced with permission from ref. 64. Copyright 
2005 American Chemical Society. 

 
It has been shown that formation of physically crosslinked gels, often referred to as 

supramolecular or self-assembled gels, can occur in aqueous solutions and under mild conditions 
in terms of pH and temperature, which makes these systems particularly suitable to encapsulate 

labile pharmaceuticals, such as therapeutic proteins. However, physically formed hydrogels are 
generally weaker than chemically crosslinked hydrogels and changes in the external environment 

(i.e. pH, temperature and ionic strength) can affect the network rigidity.  
The properties of both physically and chemically crosslinked hydrogels can often be controlled 

by a wide variety of parameters, such as the number of crosslinks, the chemical structure of the 

polymer main chain and the water content.1 To avoid surgical removal of empty gel devices from 
the body after performing their function, biodegradable hydrogels are required, of which the 

degradation products should be metabolized into harmless products and/or eliminated by renal 
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excretion. Many degradable hydrogels have been developed by incorporation of degradable linkers 

or polymers that can be cleaved either by hydrolysis (e.g. ester bonds)15,40,69 or enzymes.70-73   
 

 

2. Natural and synthetic hydrogels 
 
Recently, a diverse range of polymers, either of natural or synthetic origin, has been used to 

prepare hydrogels. Examples of natural polymers are polysaccharides, including hyaluronic 
acid,33,74-77 chitosan,78-80 dextran15,20,32,38 and alginate,31,81-83 and proteins, such as collagen,84 

gelatin85,86 and fibrin.87,88 Natural polymers are harvested from organisms, which often limits 
large-scale production, and increases the risk of high batch variability, immunogenicity, and the 

presence of contaminants, such as pathogens. Consequently, synthetic polymers, such as 
poly(ethylene glycol) (PEG),14,43,44,69,89-91, poly(glycerol) (PG),17,18 poly(2-hydroxypropyl 

methacrylamide) (pHPMAm),92,93 poly(vinyl alcohol) (PVA)76,94,95 and poly(hydroxyethyl 
methacrylate) (pHEMA),96-98 have also commonly been used to design hydrogel systems. 

Compared to natural polymers, synthetic polymers offer a higher degree of control over the 
polymer chemistry and architecture, which is required to prepare hydrogels with reproducible 

mechanical strengths and well-tailorable network properties.  
 
 

3. PEG-based hydrogels 
 

Of all synthetic hydrogels, especially PEG-based systems have gained considerable attention in 
the last two decades.99 Due to its high hydrophilicity, PEG has a low immunogenicity, is inert to 

most biological molecules (i.e. proteins) and can be excreted by renal filtration up to molecular 
weights of approx. 50 kg·mol-1, which makes it biocompatible.1,100 The US Food and Drug 

Administration has approved the use of PEG in a wide variety of clinical products.1 Besides its 
good aqueous solubility, PEG can be dissolved in a wide variety of organic solvents (e.g. 

dichloromethane, tetrahydrofuran and dimethylformamide) as well,101 which is beneficial for 
chemical modifications to prepare crosslinkable PEG molecules. PEG-based hydrogels have been 

prepared by electron beam irradiation of aqueous PEG solutions,102,103 and have also been prepared 
by crosslinking of linear, branched or star-shaped PEG (see Figure 3) of which the terminal 

hydroxyl groups were derivatized with chemically crosslinkable groups, including 
methacrylates,104-107 acrylates108 and fumarates109-111 or complementary reactive groups, such as 

thiols and vinyl-sulfones,23,72 or azide and alkyne functionalities.22,112  To yield biodegradable 
systems, hydrolytically cleavable ester bonds104-106,108 or enzyme-sensitive peptide sequences71, 72, 

113-115 have structurally been incorporated in the PEG-based hydrogel precursors.  
Besides chemically crosslinked PEG hydrogels, also physically crosslinked PEG systems have 

been developed. For instance, many amphiphilic block copolymers built of PEG and hydrophobic 
PLA,34,39,43 poly(lactide-co-glycolide) (PLGA),116-118 poly(propylene glycol) (PPG),119,120 poly(ε-

caprolactone) (PCL),73,121 or pHPMAm-lactate,35,122,123 have been prepared. In aqueous solution, 
these block copolymers self-assemble due to hydrophobic interactions, leading to gel formation. In 
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another approach, Yamaguchi et al. derivatized the hydroxyl end groups of 4-arm star-shaped PEG 
with heparin moieties and demonstrated gel formation after combining the polymer with a dimeric 

heparin-binding growth factor (VEGF).124   
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Figure 3. Chemical structure (A) and different existing architectures (B) of PEG. 

 
 

4. In situ gelling systems 
 

For many biomedical applications, injection of so-called in situ forming hydrogels is preferred 

over surgical implantation of preformed hydrogels. In situ gelling systems are administered as a 
liquid, after which a gel is formed at the site of injection.13,125-128 Physically crosslinked gels (see 

section 1) are particularly suitable as in situ gelling devices. Due to their reversible nature, many 
physically crosslinked gels behave fluid-like, when subjected to shear stresses in the needle and 

syringe.32,120,129 These injectable, shear-thinning hydrogels often exhibit relatively low mechanical 
strengths in situ. Therefore, in situ gelling systems have also been developed, in which association 

of physically interacting groups and thus gelation occurs in response to a certain trigger, such as 
changes in temperature,35,116-118,130,131 diffusion of co-solvents,132,133 or combining two 

complementary hydrogel precursors.40,41 In situ formation of chemically crosslinked hydrogels has 
been achieved by crosslinking of aqueous polymer solutions via photopolymerization of 

(meth)acrylates106,115,134 or Michael additions between thiols and acrylates or vinyl 
sulfones.23,24,71,72 To minimize leakage of the gelling solution into the surrounding tissue, it is 

important that gelation at the site of injection occurs within a few minutes.135  
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5. Applications of hydrogels 
 
During the past decades, the biotechnological production of protein-based pharmaceuticals has 

significantly contributed to the treatment of serious life-threatening diseases, such as cancer, viral 
infections and hereditary deficiencies.136 Because protein drugs generally demonstrate poor oral 

bioavailabilities and short half-lives in circulation due to renal filtration and/or enzymatic and 
chemical degradation, mostly used types of administration to still obtain a therapeutic effect are 

repeated injections or continuous infusion of the protein, which is rather inconvenient for the 
patient and might lead to adverse side effects.136 To avoid these problems, the development of 

hydrogels as sustained release devices, in which proteins are protected and can be released in a 
prolonged and controlled way, has raised great attention.12 The aqueous environment of hydrogel 

networks is beneficial for preservation of the structure and biological activity of entrapped 
proteins, while release rates of the proteins can be manipulated by adjusting the hydrogel 

properties.  
To meet the tremendous need for organs and tissues, as demonstrated by the ever-increasing 

waiting lists for donor organs,137 the field of tissue engineering started to develop some 15-20 
years ago. Tissue engineering involves the regeneration of human tissues and/or organs through 

the use of three-dimensional matrices, referred to as scaffolds, loaded with cells and bioactive 
molecules (i.e. drugs and growth factors).8,9,13,137,138 A scaffold acts as a synthetic extracellular 
matrix (ECM) to which the proliferating cells can attach and gives mechanical support until the 

cells have organized and have formed a natural ECM. Commonly used scaffolds are based on the 
biodegradable polymers PLGA and PLA, because they provide strong mechanical properties and 

are FDA-approved for a number of biomedical and pharmaceutical applications.137 However, their 
relative hydrophobicity and harsh processing conditions often hampers the encapsulation of viable 

cells. As an alternative, hydrogels have been applied as scaffold materials, because of their 
biocompatibility and controllable degradability.9,13,137,138 Their high water content renders them 

compatible with cells and facilitates the diffusion of cellular nutrients and metabolites. Whereas 
hydrogels show hardly any interactions with cells due to their hydrophilic nature, for tissue 

engineering applications it is crucial that cells adhere to the scaffold. To improve cell adhesion to 
hydrogel matrices, hydrogel precursors have previously been derivatized with cell adhesion 

peptides, such as RGD sequences.114,139 Moreover, by introducing peptide sequences cleavable by 
ECM enzymes, i.e. plasmin and matrix metalloproteinases (MMPs), ECM-mimicking hydrogels 

have been prepared, which demonstrated a degradation behavior responsive to cellular growth and 
activity.70-72,114,115,140  
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6. Aim and outline of this thesis 
 
The aim of the work presented in this thesis was the design and characterization of a novel 

supramolecular hydrogel technology, based on host-guest inclusion complexes between β-

cyclodextrin (βCD) and cholesterol, that is suitable for pharmaceutical purposes, such as for the 
controlled and sustained delivery of protein therapeutics. In our approach, 8-arm star-shaped PEG 

molecules were modified with either βCD or cholesterol units with the intention to create 
physically crosslinked hydrogels when combining the resulting PEG derivatives (referred to as 

PEG8-βCD and PEG8-chol) in aqueous solution (Figure 4).  
 

 

Figure 4. Concept studied in this thesis to obtain physically crosslinked hydrogels. PEG8-βCD (A) and PEG8-chol 
(B) are combined in aqueous solution. Proteins (C) can be encapsulated in the resulting physical networks. 

 
Chapter 2 gives a literature overview of currently developed polymeric networks that contain 

cyclodextrins. The unique property of cyclodextrin to form so-called inclusion complexes with a 
wide variety of guest molecules or polymers is discussed. Moreover, applications of cyclodextrin-

based polymeric systems in the pharmaceutical and biomedical field are described.   
Chapter 3 reports on the synthesis and characterization of the novel self-assembled hydrogel 

system based on the formation of inclusion complexes between β-cyclodextrin (βCD) and 

cholesterol. Hydrogel building blocks were prepared by end-modification of 8-arm star-shaped 
PEG with either βCD or cholesterol moieties. Both rheological analyses and 2D-NMR 

spectroscopy were used to characterize the formed gels obtained after mixing βCD- and 
cholesterol-derivatized 8-arm PEG in aqueous solution. Furthermore, the (thermo)reversible 
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properties of the gels and the influence of the gel composition on the hydrogel strength were 

studied. 
In Chapter 4, the rheological properties of the hydrogels are investigated in more detail to get a 

better insight into the molecular network structure and physical interactions responsible for 
gelation. Hydrogels containing βCD- and cholesterol-derivatized PEGs with different structural 

architectures were analyzed by rheological measurements, and data were fitted with existing 
rheological models.  

Chapter 5 describes the in vitro degradation and protein release behavior of the self-assembled 
hydrogels. Hydrogels of different compositions were loaded with three model proteins (lysozyme, 

BSA and IgG) as well as a peptide (bradykinin), and protein/peptide release was monitored over 
time. To better understand the relationship between gel degradation and protein release, also the 

release of a dye molecule, which is immobile inside the gels, was followed over time. Moreover, 
experimental release data were fitted to mathematical release models and the protein mobility in 

the physical networks was studied with fluorescence recovery measurements after photobleaching 
(FRAP). 

In Chapter 6, an alternative strategy is presented to design physically crosslinked hydrogels 
based on cholesterol inclusion complexes with crystalline βCD clusters. Hydrogels composed of 

free unmodified βCD molecules and cholesterol-modified 8-arm or linear PEG were prepared. X-
ray diffraction measurements as well as rheological analyses were used to investigate the driving 
forces behind gel formation. Also the mechanical properties were studied as a function of the 

hydrogel composition.  
Chapter 7 deals with the potential applicability of the self-assembling hydrogels composed of 

βCD- and cholesterol-derivatized 8-arm PEG, as an injectable, in situ forming hydrogel. The 
mechanical properties of the gels in response to an imposed stress were monitored by rheological 

analyses to simulate the flow behavior of the gels when injected through a needle. Subsequently, 
specific gel formulations either with or without additives capable to temporarily break the gel 

structure, were injected through needles that are used in the clinic. Besides the injectability, also 
the chemical degradability of the hydrogels and their components was investigated. 

Chapter 8 focuses on the potential in vivo applicability of the PEG8-βCD/PEG8-cholesterol 
gels. The cytotoxicity of the hydrogel components was tested in vitro on a cultured cell line. Also 

the influence of tissue and serum components on the gel stability was evaluated. Furthermore, the 
hydrogel degradation behavior in vivo was followed after subcutaneous implantation of well-

defined gel cylinders in a rat and was correlated to in vitro studies.  
In Chapter 9, the findings in this thesis are summarized and suggestions are given to further 

develop this hydrogel technology for in vivo applications.  
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Abstract 
 

This review describes the synthesis, properties, and in particular biomedical and pharmaceutical 

applications, of an upcoming class of polymeric networks and assemblies based on cyclodextrins 
(CDs). CDs are cyclic oligosaccharides composed of α-1,4-coupled D-glucose units, which 

contain a hydrophobic internal cavity that can act as a host for various, generally lipophilic, guest 
molecules. Because of this unique physicochemical property, commonly referred to as inclusion 

complex formation, CDs have often been used to design polymeric materials, such as hydrogels 
and nanoparticles. Polymeric systems based on CDs exhibit unique characteristics in terms of 

mechanical properties, stimuli-responsiveness and drug release characteristics. In this contribution, 
firstly, an outline is given of covalently crosslinked polymeric networks in which CD moieties 

were structurally incorporated to modulate the network strength as well as the adsorption and 
release of low molecular weight drugs. Secondly, physically assembled polymeric systems are 

discussed, of which the formation is accomplished by inclusion complexes between polymer-
conjugated CDs and various guest molecule-derivatized polymers. Due to their physical nature, 

these polymeric systems are sensitive to external stimuli, such as temperature changes, shear 
forces and the presence of competing CD-binding molecules, which can be exploited to use these 

systems as injectable, in situ gelling devices. In recent years, many interesting CD-containing 
polymeric systems have been described in literature. These systems have to be optimized and 
extensively evaluated in preclinical studies concerning their safety and efficacy making future 

clinical applications of these materials in the biomedical and pharmaceutical field feasible.  
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1. General introduction 
 

1.1. Cyclodextrins. Cyclodextrins (CDs), also known as cycloamyloses, cyclomaltoses or 
Schardinger dextrins, are cyclic oligosaccharides composed of D-glucose units that are joined by 

α-1,4-glucosidic linkages. CDs can be produced by the enzymatic degradation of starch derived 
from potatoes, corn, rice or other sources. This was coincidentally discovered in 1891 by the 

French scientist Villiers, who isolated a crystalline product after bacterial digestion of starch.1 The 
product was called ‘cellulosine’ due to its chemical behavior similar to cellulose, i.e. resistance 

towards hydrolysis and absence of reducing power. More than 10 years later, the Austrian 
microbiologist Schardinger showed that the microbe, Bacillus macerans was responsible for the 

production of two CD subtypes (α and β).2,3 Moreover, he identified βCD as the ‘cellulosine’ 
described by Villiers. In the following decades, more CDs were discovered and chemical 
structures of the cyclodextrin subtypes were elucidated.4,5 In the 1970s, advances in the 

biotechnology field created opportunities to improve the production of CDs. Using genetic 
engineering techniques, highly active and specific enzymes, cyclodextrin glucosyltransferases 

(CGTases), were isolated, which are able to (almost) selectively produce one CD subtype.6 
Nowadays, the use of these enzymes as well as progress in purification processes has led to a high 

yield production of pure (>99 %) CD subtypes at large scale. 
Due to steric factors, cyclodextrins built from less than 6 glucose units do not exist. The most 

commonly used CD subtypes are αCD, βCD and γCD (Figure 1), which consist of 6, 7 and 8 D-
glucose units, respectively, although larger cyclodextrins have been reported as well.7,8 The 3-

dimensional structure (Figure 2) of these CDs can be considered as a truncated cone. The CD’s 
hydroxyl groups are located at the outer surface of the molecule, i.e. primary hydroxyls at the 

narrow side and secondary hydroxyls at the wider side, which makes CDs water-soluble, but 
simultaneously generates an inner cavity that is relatively hydrophobic. Because of their 

hydrophobic interior cavity, CDs can either partially or entirely accommodate suitably sized 
lipophilic low molecular weight molecules (Figure 3) or even polymers. The main driving forces 

behind the formation of these so-called host-guest inclusion complexes are hydrophobic and van 
der Waals interactions, although other factors also play a role, including release of CD ring strain, 

changes in solvent-surface tensions, and hydrogen bonding with CD’s hydroxyl groups.9-12 Besides 
complexes that consist of 1 CD and 1 guest molecule (as in Figure 3), also complexes with other 

guest/CD stoichiometries have been identified, i.e. higher order complexes with guest molecules 
encapsulated by more than 1 CD (e.g. guest/CD = 1:2)) and lower order complexes  where 1 CD 

interacts with multiple guests (e.g. guest/CD = 2:1)).13-16 Due to their capability to form inclusion 
complexes, low price and good availability, CDs have frequently been applied in pharmacy,4,5,12-

14,17-26 analytical sciences,27,28 separation processes (e.g. for environmental protection),29,30 and 
catalysis,31,32 as well as in the cosmetic,33 textile,34 food35,36 and packaging industry.36-38 
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Figure 1. Chemical structures of αCD, βCD and γCD. 

 

 
Figure 2A. 
 

 
Figure 2B. 
 
Figure 2. Schematic 3D representation of a cyclodextrin molecule (A) and physical dimensions indicated for αCD 
(n=6), βCD (n=7) and γCD (n=8) (B).17,39  
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Figure 3. Schematic representation of inclusion complex formation (1:1) between CD and a guest molecule. 

 
In the pharmaceutical field, CDs have primarily been applied as solubilizer for lipophilic drugs 

to enhance their bioavailability and/or reduce adverse effects after oral, parenteral or other routes 
of administration.4,5,12-14,17-26 After administration of a drug/CD complex, its dissociation leads to 

drug release in relevant body compartments, which is mediated by dilution effects, competitive 
replacement by tissue/serum components (e.g. lipids or cholesterol), and drug binding to cellular 

membranes or other tissue structures.24 CDs are hardly susceptible towards hydrolytic cleavage or 
degradation by human enzymes, which explains that after intravenous injections CDs are mainly 

excreted in their intact form by renal filtration.17,26 Due to their hydrophilic exterior, oral 
administration of CDs leads to a poor absorption from the gastrointestinal tract (max. oral 

adsorption ~ 3 %), so that for certain applications parenteral administration is required.17 The 
inertness and low tissue penetration of CDs generally renders them safe excipients. However, 

dependent on the CD subtype, dose and route of administration (i.e. parenteral administration), 
adverse side effects of CDs have been reported occasionally.26,40,41 For example, at high 

concentrations, CDs can extract cholesterol and other lipid membrane components from cells (e.g. 
erythrocytes), leading to disrupture of cell membranes.13,26 In addition, related to internal hydrogen 

bonding between CD’s hydroxyl groups, unmodified βCD has a relatively low aqueous solubility 
(18.5 mg·mL-1) compared to αCD and γCD  (~145 mg·mL-1 and 232 mg·mL-1, respectively).17 

Consequently, after parenteral administration of CDs (particularly βCD) at high doses, crystalline 
precipitates of CDs or their complexes with e.g. cholesterol can be formed in the kidneys, leading 

to nephrotoxicity.40,41 To improve solubility and minimize potential side effects, hydroxyl groups 
of CDs have been chemically modified by a wide variety of synthetic procedures.5,17,19,20 

Promising CD derivatives are for instance 2-hydroxypropyl-βCD (HP-βCD) and sulfobutylether-
βCD (SBE-βCD), which are well tolerated in humans without toxic side effects also after 

parenteral administration, and have been applied in several injectable drug formulations approved 
by the U.S. Food and Drug Administration (FDA).4,13,17,42  

 
1.2. Cyclodextrin-containing polymeric systems. In recent years, CDs and their derivatives 

have also been used as building blocks for the development of a wide variety of polymeric 

networks and assemblies. Polymeric materials, i.e. hydrogels, nano-/microparticles and micelles, 
are frequently studied for pharmaceutical and biomedical applications, such as the sustained and 

targeted release of bioactive substances (e.g. low molecular weight drugs, peptides, proteins and 
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genetic material, such as pDNA and siRNA), and for tissue engineering and medical diagnostics.43-

45 Many novel polymeric networks have recently been designed that are either chemically 
(permanently) crosslinked or physically assembled, with unique mechanical properties, stimuli-

responsiveness and adjustable drug release characteristics.   
This paper gives an overview of this upcoming class of polymeric systems based on CDs. 

Different synthetic strategies used to prepare these systems are discussed, as well as their 
physicochemical properties and applications in the biomedical and pharmaceutical field. 

 
 

2. Covalent polymer networks containing cyclodextrins 
 
2.1. Crosslinking of cyclodextrins. Although originally designed as column material for 

separation chromatography,29 the first CD-containing polymer networks for pharmaceutical 

purposes were prepared in the 1980’s.46-48 In these and later studies, network formation was 
accomplished by chemical crosslinking of CD (α, β or γ) with epichlorohydrin (EPH) as a 

bifunctional crosslinking agent in alkaline media (Figure 4),46,47,49-52 resulting in the formation of 
polymeric hydrogels. Several studies showed the capability of these networks to complex a wide 

variety of poorly water-soluble drugs.46,47,53 Mura et al. demonstrated that EPH-crosslinked βCD 
gels could be loaded with large quantities of the non-steroidal anti-inflammatory drug naproxen, 

thereby exceeding ~30 its maximum aqueous solubility (27 mg·L-1 at 25 oC).53 Other studies 

showed the complexation of low molecular weight drug molecules (i.e. butylparabene, 

hydrocortisone, cinnarizine and furosemide) inside EPH-crosslinked βCD networks, which was 
tuned by the degree of crosslinking.46,47  
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Figure 4. Reaction scheme (only reactions on primary hydroxyl groups are shown) and schematic representation (at 
the right) of CD crosslinking using EPH. Reproduced with permission from refs. 51 and 13. Copyright 1997 Elsevier 
and Copyright 2004 MacMillan Publishers Ltd, respectively. 
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To improve swelling properties, reduce toxicity (e.g. membrane disrupture (section 1.1)) and 
increasing drug loading efficacies, EPH crosslinking has also been performed in the presence of 

cationic or anionic compounds. Li et al. prepared positively charged networks by crosslinking 
βCD with EPH in the presence of choline chloride.54 Although the encapsulation efficiency and 

release of naproxen was slightly lower than for neutral EPH crosslinked systems, the cationic 
networks showed reduced toxicity towards erythrocytes, which is beneficial for its application as 

drug carrier. In another study, Fenyvesi et al. described the synthesis of negatively charged EPH-
crosslinked βCD networks containing carboxymethyl groups, which may be used as drug releasing 

wound powders or chewing gum formulations against sore throat and mucosal infections.55 These 
anionic networks were loaded with cationic drugs, including the disinfectants ethacridine lactate 

(EAL) and cetylpyridinium chloride (CPC), and sustained release of these compounds was 
dependent on a combination of ionic interactions and drug/βCD inclusion complexes. Besides 
EPH, examples of other crosslinking agents commonly used to create CD-based networks are 

diepoxides (e.g. alkylene glycol di(epoxypropyl)ethers),56-58 diisocyanates (e.g. hexamethylene 
diisocyanate (HMDI)),59-61 and anhydrides.62-65  

CD derivatives, among which methyl-βCD, SBE-βCD and HP-βCD, have also been crosslinked 
to yield networks able to absorb considerable amounts of water up to 10 times their dry 

weight.57,58,66 Rodriguez-Tenreiro et al. showed for instance that immersing hydrogels composed 
of methyl-βCD or HP-βCD in aqueous suspensions of estradiol (a poorly water-soluble steroid 

hormone; max. solubility = 5.17 mg·L-1) led to a 500 higher drug loading than predicted based on 

estradiol’s maximum solubility and gel swelling properties.57 Moreover, release of estradiol from 
these gels was sustained for several days, and similar to the high drug loading capacity, this was 

related to binding of estradiol in the hydrophobic CD pockets. More recently, Leprêtre et al. used 
crosslinked HP-βCD to impregnate microporous hydroxyapatite (HA) for the design of long-term 

antibiotic-releasing bone implant materials.66  
 

2.2. Covalently linked networks by combining polymers and cyclodextrins. To tailor the 
mechanical properties of polymerized CD networks, EPH-, diepoxide or diisocyanate-mediated 
crosslinking has often been performed in the presence of polymers, such as poly(vinyl alcohol) 

(PVA) or hydroxypropyl methylcellulose (HPMC).55,57,58,67-69 In addition, Nozaki et al. coupled 
poly(N-isopropylacrylamide) (pNIPAAm) with terminal carboxylic acid groups to amine-

functionalized EPH-crosslinked βCDs.70 The resulting βCD-pNIPAAm gels (Figure 5) shrunk 
when the temperature increased from 10 to 60 oC, due to the tendency of pNIPAAm chains to 

aggregate above its lower critical solution temperature (LCST, 32 oC). Collapsed pNIPAAm 
chains blocked the CD cavities, which hampered the complex formation of CD with a hydrophobic 

fluorescent dye, 1-anilino-8-naphthalene sulfonate (ANS), leading to temperature-dependent 
dye/CD association constants. 
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Figure 5. Schematic representation of temperature-responsive inclusion of ANS inside βCD-pNIPAAm gels. Left: 
swollen hydrogel accommodates ANS molecules; middle: at higher temperatures, the system shrinks, but can still 
(partially) host ANS; right: at the highest temperature (60 oC), the system shrinks to a greater extent and pNIPAAm 
chains block the βCD units, which prevents ANS/βCD complex formation. Reproduced with permission from ref. 70. 
Copyright 1997 John Wiley & Sons, Inc. 

 

Besides polymerization of CDs using low molecular weight crosslinking agents, covalently 
crosslinked systems have also been developed by coupling either modified or unmodified CDs to a 

wide variety of pre-existing polymers (or their networks). Many cyclodextrin-containing polymer 
networks have been prepared for example by using CD as a crosslinking agent. Several groups 

showed the formation of crosslinked networks after heating aqueous solutions containing 
poly(acrylic acid) (pAA) and βCD to 90-120 oC.71-74 Network formation was ascribed to 

esterification of CD’s hydroxyl groups with pAA’s carboxylic acid groups and anhydride 
formation between the pAA chains.71,73  Bibby et al. performed this reaction in a water-in-oil 

emulsion to obtain CD-containing microspheres.71 The microspheres were then loaded with the 
dyes phenolphthalein and rhodamine B as model drugs and their release was monitored.72 The 

presence of βCD in this system, however, did not affect the release of the hydrophobic dyes, and 
was explained by the limited crosslink density giving rise to rapid swelling, or remaining organic 

solvent and steric hindrance of CD moieties, which prevented formation of drug/CD complexes. 
Paradossi et al. crosslinked a natural polymer, chitosan, with oxidized (aldehyde-containing) βCD 

using reductive amination to obtain a gel system that after loading with copper (II) ions was found 
applicable as heterogeneous biocatalyst.75,76 More recently, hydrogel formation was accomplished 

by a highly selective copper(I) catalyzed 1,3-dipolar cycloaddition (‘click chemistry’) between 
alkyne-modified CD and an azide-functionalized copolymer, poly(N-isopropylacrylamide-co-

hydroxyethyl methacrylate) (poly(NIPAAm-co-HEMA), as shown in Figure 6.77 This reaction 
provides several advantages over other crosslinking methods, including relatively mild reaction 
conditions and control of gelation rate. 
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Figure 6. Formation of poly(NIPAAm-co-HEMA)/βCD based gels via click chemistry.                     
N,N,N,N”,N”-pentamethyldiethylenetriamine (PMEDTA) was used as Cu(I) ligand. Reproduced with permission 
from ref. 77. Copyright 2009 Wiley-VCH Verlag GmbH & Co. KGaA. 
 

The most widely applied strategy to prepare CD/polymer networks is copolymerization (i.e. 
chemically or radiation induced) of vinyl- or (meth)acryloyl-modified CD monomers (shown in 

Figure 7) with other commonly used vinyl monomers, such as acrylic acid (AA), 2-hydroxyethyl 
methacrylate (HEMA) and N-isopropylacrylamide (NIPAAm).78-85   
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Figure 7. Examples of polymerizable CD monomers: acrylamidomethyl-CD (A), maleic anhydride (MAH) modified 
CD (B), methacryloyl-CD (C) and mono-substituted vinyl CD synthesized by subsequently modifying CD with p-
toluenesulfonyl chloride, ethylenediamine and glycidyl methacrylate (D). For the sake of simplicity, only primary 
OH groups are shown. n represent the number of substituted OH groups; x = 6, 7 and 8 for αCD, βCD and γCD, 
respectively.  

 
According to this synthetic procedure, several research groups have created hydrogels based on 

βCD-functionalized poly(hydroxyethyl methacrylate) (pHEMA), which are considered useful as 
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sustained drug-releasing soft contact lenses.78-80 Siemoneit et al. reported on CD-containing pAA-

based hydrogels prepared by free radical polymerization of acrylate (sodium salt), 
acrylamidomethyl-γCD (Figure 7A) and N,N’-methylene-bis(acrylamide) as (additional) 

crosslinker.81 The resulting gels showed pH-dependent swelling properties due the ionizable 
carboxylic groups (pKa 4.5) in the pAA backbone. Release behavior of two model drugs from the 

γCD-containing gels was compared to γCD-free pAA hydrogels. Release of the hydrophilic drug 
propanolol from the gels occurred in less than 2 hours and was hardly affected by the presence of 

γCD. In contrast, the presence of γCD led to a 3 fold retardation of the release of a hydrophobic 
corticosteroid triamcinolone acetonide (TA) and its release was independent on pH (Figure 8), 

indicating that TA/CD complexes were present in the pAA-γCD networks. 
 

 
Figure 8. Release of TA from PAA-based hydrogels with (black symbols) or without (open symbols) 9.4 % (w/w) 
acrylamidomethyl-γCD in 0.1 N HCl (●,○) and phosphate buffer, pH 6.8 (■,□). Reprinted with permission from ref. 
81. Copyright 2006 Elsevier. 

 
In a similar manner, Liu et al. prepared βCD-containing hydrogels by copolymerization of 

maleic anhydride-modified βCD (MAH-βCD; Figure 7B) and NIPAAm.82,83 Swelling of the 

resulting gels was dependent on both temperature and pH, due to the collapse of pNIPAAm chains 
at high temperatures (vide supra) and ionization of the carboxylic acid groups of MAH-βCD 

above pH 5, respectively (Figure 9A). The resulting hydrogels were loaded with the anti-cancer 
drug chlorambucil (CLB), capable of forming drug/βCD inclusion complexes. CLB release from 

the gels was investigated at pH 1.4 and 7.4 at 37 oC, and compared to a gel without βCD. Figure 
9B shows the release of CLB from gels with increasing contents of βCD (6.4, 12.1 and 14.7 % 

(w/w)) during subsequent incubations in pH 1.4 and pH 7.4 buffers at 37 oC. This figure 
demonstrates that increasing contents of βCD in this system generally led to faster release of CLB 

and eventually complete release at pH 7.4. Changing the pH from 1.4 to 7.4 resulted in a burst 
release related to gel swelling caused by pH-induced network ionization. The faster release of 

CLB from the βCD-containing gels compared to βCD-free gels, was attributed to hydrophobic 
interactions between CLB and dehydrated pNIPAAm chains (above the LCST), which were 

(partially) prevented by CLB/βCD inclusion complexes.  
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In addition to copolymerization of CD derivatives with acrylic or vinyl monomers, other 
tailorable hydrogels have been prepared by radical polymerization of CD derivatives with vinyl-

substituted polymeric macromers, such as (meth)acrylated hyaluronic acid and poly(lactide) as 
well as a MAH-substituted block copolymer of Pluronic F68 and poly(ε-caprolactone).86-88 

 

 
Figure 9A.  
 

   
Figure 9B. 
 
Figure 9. (A)  Swelling ratio (SR) of a pNIPAAm/MAH-βCD hydrogel (composition: pNIPAAm/MAH-βCD = 
21.1:78.9 % (w/w)) as a function of temperature and pH. (B) Release profile of CLB from pNIPAAm gels without 
(▼) or with 6.4 (□), 12.1 (○) and 14.7 % (w/w) (Δ) MAH-βCD. Reprinted with permission from refs. 82, 83. 
Copyright 2002 Elsevier and Copyright 2004 Wiley-VCH Verlag GmbH & Co. KGaA, respectively.  

 

Formation of covalently linked polymer/CD networks can also be achieved by reacting CDs 
with reactive polymer end groups. Different research groups used end-modified poly(ethylene) 
glycol (PEG) to crosslink CDs, because PEG is commonly considered as a biocompatible, non-

immunogenic polymer.44 Salmaso et al. reported on βCD/PEG hydrogels prepared by reacting 
amino-functionalized PEG (Mn = 1.9 kg·mol-1) with hexamethylene diisocyanate (HMDI)-

activated βCD (>2 HMDI groups/βCD molecule).89 With increasing CD content (molar ratios 
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CD/PEG between 1:4 and 2:1), stronger gels with lower degrees of swelling were obtained related 

to higher crosslink densities. Three model compounds with different physicochemical properties 
(lysozyme, estradiol and quinine) were loaded into the gels by incubating preformed gels in 

solutions of the model drugs, and release of these compounds was investigated for different gel 
compositions. While loading and release of lysozyme (which is a protein of 14.7 kg·mol-1) 

depended on the network density, loading and release of the hydrophobic low-MW drugs estradiol 
and quinine was mainly based on interactions with gel-bound CD moieties. In another study by 

Cesteros et al., similar networks (although with lower CD content) were obtained after reacting 
isocyanate end-capped poly(ethylene glycol) (PEG) with βCD to form urethane bonds (Figure 

10).90,91 Immersing these materials in water led to swollen hydrogels of which the swelling 
properties were dependent on their composition, i.e. higher PEG molecular weights and increased 

βCD contents led to faster and a higher degree of swelling. In a follow up study, the synthetic 
route was adjusted to increase the usefulness of this system as biomedical drug release device.92 

Instead of isocyanate end-capped PEG, acyl chloride end-modified PEG was used for βCD 
crosslinking to introduce ester linkages, which unlike urethane groups are prone to hydrolytic 

cleavage. Unlike the urethane-linked gels, the ester-linked gels were indeed degradable under 
physiological conditions with degradation kinetics dependent on their composition (max. 

degradation time: 6 days). Moreover, these gels could be efficiently loaded with 1-naphthol, a CD 
binding model compound. The biocompatible nature of the PEG building block, loading capacity 
for hydrophobic drugs and degradability, which prevents post-treatment gel removal by surgery, 

makes the latter gels interesting candidates for the development of biomedical devices.  
 

 
Figure 10. Synthetic route towards covalently crosslinked βCD-PEG networks. DBTDL and DMF correspond to 
dibutyltin dilaurate and dimethyl formamide, respectively. Reproduced with permission from ref. 90. Copyright 2006 
John Wiley & Sons, Inc.  

 

In the CD networks mentioned thus far, CD moieties were coupled to a polymeric backbone via 
multiple reactive sites. In many cases, this may significantly reduce the CDs’ rotational freedom 

and their accessibility towards guest molecules. Polymer networks have therefore also been 
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prepared with CD derivatives that contain only one reactive group. Synthesis of these mono-
substituted CD derivatives requires a careful control of reaction conditions and extensive 

purification steps, because of the inherent polyfunctionality of CD (multiple hydroxyl groups).93 
The most commonly applied method to prepare mono-functionalized CD involves reaction of p-

toluenesulfonyl chloride (p-TsCl) with the primary hydroxyl groups at the 6-position of CD. As 
shown in Figure 11, the resulting mono-6-tosylated CD can then be converted into other mono-6-

substituted CD derivates by attack of suitable nucleophiles, including azides, amines (e.g. alkyl 
amines and hydroxylamine), iodides, and thioacetate.93,94 Several research groups have 

successfully synthesized mono-vinyl-substituted CDs, using mono-6-tosylated CD as intermediate 
product.95-98 Liu et al. for example synthesized a mono-vinyl modified CD after reacting mono-6-

tosylated CD with ethylenediamine and subsequent coupling of glycidyl methacrylate (Figure 
7D).95 By copolymerization of this CD derivative with hydroxyethyl acrylate (HEA) initiated by 
an ammonium persulfate/sodium bisulfite redox system, poly(hydroxyethyl acrylate) (pHEA)-

based hydrogels were obtained with CDs incorporated as pendant groups that significantly slowed 
down the release of the encapsulated drug melatonin.99 Mono-functionalized CDs, such as mono-

amino derivatized CDs have particularly been used to prepare polymers for self-assembled 
systems, because they can be coupled to polymers without creating crosslinked or branched 

materials as will further be discussed in the next section. 
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Figure 11. Commonly applied syntheses of mono-6-substituted CDs via monotosylation of a primary hydroxyl 
group. Nu: represents a suitable nucleophilic compound. Purification is generally done by chromatography and/or 
precipitation procedures. 
 
 

3. Self-assembled polymer systems based on host-guest cyclodextrin inclusion    
complexes 

 
3.1. Supramolecular hydrogels driven by cyclodextrin inclusion complexes. Preparation of 

covalently crosslinked polymer systems, as discussed in section 2, often requires the use of toxic 
crosslinking agents and relatively harsh reaction conditions, i.e. high temperature, high pH, and 

use of organic solvents, which might affect the chemical structure of encapsulated drugs. Most 
drugs are therefore loaded after network formation, which results in relatively low drug loading 

efficiencies. Moreover, medical applications of covalently crosslinked networks are often limited, 
because administration often requires surgical implantation (e.g. subcutaneous implantation of 
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drug delivery devices). To overcome these drawbacks, several polymeric systems based on CDs 

have recently been designed, in which network formation is driven by physical, reversible 
interactions. In covalently crosslinked systems, CDs were incorporated to improve hydrogel 

characteristics, i.e. drug release or mechanical strength, whereas in physically crosslinked systems, 
the inclusion of guest molecules in CD cavities is used as the driving force behind network 

formation.  
In many cases, inclusion complexes between adamantane (ADA) derivatives and βCD have 

been exploited to design self-assembled polymeric networks, due to their high binding constants 

(e.g. Ka for adamantanecarboxylic acid (ACA) and βCD = 3.2104 M-1). Li et al. for instance 

prepared two complementary polymers by grafting either 6-monoamino-functionalized βCD or an 
amino-functionalized adamantane derivative (N-(2-aminoethyl)-adamantane-1-carboxamide) to 

poly(acrylic acid) (pAA) with dicyclohexylcarbodiimide (DCC) as coupling reagent (Figure 
12A).100 Mixing of both polymers in aqueous solution led to the formation of a reversible polymer 

network (Figure 12B) that could be broken by adding competitive non-bound βCD or increasing 
temperatures (>40 oC). The strongest networks were obtained at equimolar ratios of grafted βCD 

and ADA groups, indicating that binary (1:1) interactions between these functional groups were 
responsible for network formation. 

 

 
Figure 12A. 
 

 
Figure 12B. 
 
Figure 12. (A) Synthesis of βCD- and 1-(2-aminoethyl)amidoadamantyl-modified PAA in N-methyl-2-pyrrolidone 
(NMP) as solvent. (B) Network formation after mixing both polymers in aqueous environment. Reprinted with 
permission from ref. 100. Copyright 2008 American Chemical Society. 
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Similar systems composed of associating polymers based on ADA/βCD-inclusion complexes 
have been described by Auzély-Velty and coworkers.97,101-106 In their work, natural 

polysaccharides chitosan103-105 and hyaluronic acid97,101,102 were first derivatized with either βCD- 
or adamantane-groups and then mixed in aqueous environment to yield self-assembling structures. 

Rheological analyses were used to investigate the dynamic properties of these systems, and 
demonstrated that so-called ‘fourfold junction points’ in which associated polymer chains 

interchange their partner, played an important role in the formation of viscoelastic networks 
(Figure 13A).101,106 The strength and dynamics of network formation were dependent on the 

number of grafted functional groups, polymer concentration, temperature as well as the addition of 
free competitive βCD.101-103 In addition, hyaluronic acid was also grafted with bivalent βCD- or 

adamantane-moieties, which were able to form dimeric βCD/ADA complexes with a higher 
association constant as compared to monovalent βCD/ADA inclusion complexes (Figure 
13B).101,102 The presence of these bivalent groups significantly slowed down the dynamics of the 

associated polymer system. Alternatively, βCD-modified chitosan was combined with ADA-
modified PEGs of increasing molecular weights.105 It was found that addition of bifunctional PEG-

ADA (PEG-diADA) to a solution of βCD-modified chitosan also led to associative thickening of 
the polymer solution. The viscosity proportionally increased with the used molecular weight of 

PEG-diADA (and was not caused by PEG-diADA’s inherent viscosity), which indicated that the 
effective connectivity of the system was enhanced by the use of longer PEG chains. Recently, 

Zhang et al. described the development of an easily tunable thermo-responsive system based on a 
combination of well-defined star-shaped pNIPAAm comprising a βCD core and PEG-diADA in 

aqueous solutions.107 Higher LCSTs were observed in the presence of PEG-diADA, because the 
PEG blocks associated to the star polymers increased the overall hydrophilicity. 

 

          

Figure 13. (A) Schematic representation of a fourfold junction point that acts as network crosslink. (B)  Network 
formation between hyaluronic acid containing dimeric βCD- and ADA-moieties. Published with permission from 
refs. 101, 102. Copyright 2007 American Chemical Society. 
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In several other studies, βCD was crosslinked with EPH (as described in Figure 4, section 2.1), 

but to avoid generation of covalently crosslinked networks, the crosslinking reaction was stopped 
just before the gelation point to obtain a water-soluble polymer of βCD (pβCD-EPH). Although 

EPH-crosslinking of βCD is a random process, Koopmans et al. showed that addition of toluene 
during the crosslinking reaction resulted in pβCD-EPH with a relatively linear structure, due to 

toluene/βCD inclusion complexes that promoted linear linking.108 Despite the relatively poorly 
defined structure of pβCD-EPH, it has frequently been used as host polymer for a broad range of 

ADA-containing polymers, including PEG-diADA,109-111 ADA-modified poly(N-
[tris(hydroxymethyl)methyl]acrylamide) (pTHMMA-ADA),112,113 poly(β-malic acid-co-β-

ethyladamantyl malate) (pMLA-ADA),114 ADA-modified poly(N,N-dimethylacrylamide-co-
hydroxyethylmethacrylate) (pDMA-co-HEMA-ADA),115,116 and copolymers of 2-acrylamido-2-

methyl-1-propanesulfonic acid (AMPS) and adamantyl-acrylates.108 The resulting reversible gel 
systems are considered particularly useful as injectable drug delivery depot. 

Other strategies to obtain ADA/βCD-based supramolecular polymer networks have been 
applied. Kretschmann et al. mixed aqueous solutions of ADA-containing N,N-dimethylacrylamide 

or NIPAAm copolymers with an aqueous solution of a βCD dimer, leading to stable gels within 
seconds (Figure 14).117 Interestingly, complexation of βCD dimers with ADA moieties along the 

pNIPAAm chains significantly lowered the cloud points of the NIPAAM copolymers by about 9 
oC. Bistri and Lecourt et al. synthesized βCD dimers, in which the βCD moieties were connected 
by either a short alkyl spacer (C8) or a more hydrophilic spacer containing oligo(ethylene 

oxide).118,119 Besides preparation of singly bridged βCD dimers, also dimers were made in which 
the CD moieties were linked by two C8 or oligo(ethylene oxide) spacers. Whereas mixing these 

doubly bridged βCD dimers with ADA-modified chitosan led to self-associated networks, this was 
not observed for the singly bridged βCD dimers.119,120 Furthermore, oligo(ethylene oxide)-linked 

dimers showed higher solubilities than alkyl-linked dimers, which resulted in a higher availability 
of the oligo(ethylene oxide)-bridged dimers to associate with ADA-modified chitosan.119 These 

results indicated that the ability of a βCD dimer to crosslink ADA-modified chitosan was 
significantly affected by the dimer’s architecture giving rise to different molecular rigidity and 

solubility. 
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Figure 14. Hydrogel formation after mixing aqueous solutions of ADA-containing N,N-dimethylacrylamide (1) or 
NIPAAm (2 and 3) copolymers with a (terephthalic acid bridged) cyclodextrin dimer. Reproduced with permission 
from ref. 117. Copyright 2006 Wiley-VCH Verlag GmbH & Co. KGaA. 

 
Besides adamantane moieties, also other molecules have been utilized as guest compounds for 

the formation of CD inclusion complexes. For example, Weickenmeier et al. coupled mono-

deprotonated βCD (OH group at 2-position) or 4-tert-butylaniline (guest molecule) to poly(maleic 
anhydride-alt-isobutene).121 Combining the resulting polymers in aqueous environment led to 

physically crosslinked gels that showed a 100-1000 fold higher viscosity compared to solutions of 
the separate polymers. The viscosity of the gels decreased when applying high shear stresses on 

the materials, which indicated that mechanical forces induce (partial) dissociation of the host-guest 
complexes. Other groups recently developed physically crosslinked networks after combining 

alkyl- (e.g. octadecyl or dodecyl), N-acylurea- and naphthyl-modified polymers (e.g. pAA, 
hyaluronan, and poly(acrylamide) (pAAm)) with their βCD-derivatized counterparts.122-126  

Our group described a self-assembled hydrogel system based on inclusion complex formation 

between βCD and a naturally occurring sterol, cholesterol.127 Gels were formed after hydration of 
a mixture composed of two complementary hydrogel building blocks, i.e. 8-arm star-shaped PEGs 

end-modified with either βCD (PEG8-βCD) or cholesterol (PEG8-chol) via a hydrolytically 
sensitive succinyl linker (Figure 15A). Gel mechanical properties could easily be tailored by a 

broad range of parameters, such as polymer concentration, molar ratio βCD/cholesterol moieties, 
molecular weight and architecture of the PEG-based gel components, temperature and addition of 

free 1-adamantanecarboxylic acid (ACA) as competitive inclusion complexing agent.127,128 By 
proper selection of these parameters, strong gels could be obtained with storage moduli (G’) 

higher than 30 kPa at 37 oC, which offers perspectives for potential applications as scaffolds for 
tissue engineering, where mechanical properties need to resemble those of hard surrounding 

tissues, such as cartilage.129 We demonstrated that degradation of the hydrogels occurred via 
surface erosion (dissolution) of dissociated hydrogel building blocks, and evoked a nearly zero-

order release (e.g. Figure 15B) of three entrapped model proteins with increasing sizes lysozyme 
(MW = 14.7 kDa), bovine serum albumin (MW = 67 kDa) and immunoglobulin G (MW =150 
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kDa)).130 Its high tunability, unique protein release mechanism, and easy preparation from 

biocompatible and well-available building blocks, renders the PEG8-βCD/PEG8-chol gel system an 
interesting candidate as (injectable) drug delivery matrices, tissue engineering scaffold, and for 

other biopharmaceutical applications. In a recent study, star-shaped PEG-based gels were designed 
according to an alternative strategy.131 In this system, PEG8-chol was combined with 0.5 to 4 

equivalents of free (unmodified) βCD (relative to cholesterol groups), which led to the formation 
of hydrogels that were even 5-10 fold stronger at 37 oC than the abovementioned gels composed of 

PEG8-chol together with PEG8-βCD. Network formation was ascribed to the formation of 
crystalline nanodomains of βCD, which could host PEG-coupled cholesterol moieties (by 

inclusion complexes) and thereby acted as (additional) crosslinkers. Previously, network formation 
due to crystalline βCD clusters was also observed after adding high amounts of βCD to solutions 

of hydrophobically modified polysaccharides (i.e. hexadecyl-modified hydroxyethylcellulose and 
octyl-bearing alginate).132,133  
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Figure 15B. 
 
Figure 15. (A) Schematic representation of hydrogel formation after mixing PEG8-βCD (1) and PEG8-chol (2) in 
aqueous environment. Proteins (3) can be loaded into the physical networks. (B) Zero-order release of lysozyme from 
gels composed of PEG8-βCD (MW = 10 kDa; ~8 βCD moieties per PEG8 molecule) and PEG8-chol (MW = 20 kDa; 
~ 6 cholesterol moieties per PEG8 molecule). Reproduced with permission from ref. 130. Copyright 2009 Wiley-
VCH Verlag GmbH & Co. KGaA. 
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Nowadays, carbon nanotubes (CNTs), which can either be single-walled (SWCNTs) or multi-
walled (MWCNTs) have received a great deal of interest, because of their unique electronic, 

thermal and mechanical properties.134-136 These hollow nanotubes are considered useful as carrier 
for therapeutic molecules. However, because CNTs are fully built up of carbon, the main 

limitation is their low solubility in pharmaceutically relevant solvents. CNTs have therefore been 
chemically derivatized to improve their aqueous solubility. Recently, CNTs were modified with 

βCD, either by sonification of CNTs in the presence of mono-pyrene-derivatized βCD137 or by 
click chemistry.138 The resulting βCD-modified CNTs were then dispersed in aqueous solution and 

mixed with solutions of dodecyl-carrying pAA or poly[isobutylene-co-(maleic anhydride)-co-
(maleic acid-(4-tert-butylphenyl)amide)], respectively, to yield physically crosslinked networks. 

Inside the physical networks, βCD-modified CNTs were homogeneously dispersed and their 
sedimentation was prevented.  

Based on their physical nature, the aforementioned networks formed by (polymer-)conjugates of 

CD and guest molecules attached to polymers, are often sensitive to external stimuli, such as 
mechanical forces, temperature, and the addition of competitive inclusion complex forming 

molecules. Such responsive systems are interesting candidates for the design of injectable, in situ 
gelling devices.139 Various examples exist of CD-containing polymeric systems that also 

demonstrate responsiveness to other environmental stimuli, such as pH, redox potential or UV 
light. The most commonly used strategy to prepare such polymeric networks is by selecting guest 

molecules that change their structural properties and ability to bind CDs upon an environmental 
trigger. Azobenzene (AZOB) (or derivatives thereof) is such an example, which forms inclusion 

complexes with αCD as well as βCD, and is capable to convert from a trans isomer to a cis isomer 
when illuminated with UV light of around 360 nm and gradually turns back to the trans state when 

absorbing visible light (>440 nm).140,141 Because this photoresponsive isomerization significantly 
affects the binding mode (and thus binding strength) of AZOB with CDs, AZOB derivatives have 

widely been exploited to design light-sensitive polymeric systems.126,142-145 Takashima et al. for 
example combined pAAm carrying pendant AZOB moieties (pAAm-AZOB) with βCD-

derivatized poly(allylamine) in water.142 While mixtures of pAAm-trans-AZOB with the βCD-
polymer gave viscoelastic gels, changing pAAm-trans-AZOB into pAAm-cis-AZOB by 

illumination with UV light (λ = 360 nm) led to liquids with low viscosity. In another study, two 
different αCD bearing pAAs were synthesized in which αCDs were connected to the polymer 

chains either via the 3-position of a glucose ring (pAA-3αCD) or via the 6-position (pAA-6αCD) 
(Figure 16A).143 In semidilute solutions, these polymers were then mixed with pAA modified with 

AZOB via a dodecamethylene linker (pAA-AZOB). Combination of these polymers led to 
increased solution viscosities due to AZOB moieties interacting with the polymer-coupled αCDs. 

2D 1H NMR (NOESY) analyses demonstrated that αCDs in pAA-3αCD could host AZOB 
moieties, while αCDs in pAA-6αCD interacted with AZOB groups as well as part of the 

dodecamethylene spacer. This latter complex displayed higher association constants (K) and thus 
higher viscosities for the pAA-6αCD/pAA-AZOB system than for the pAA-3αCD/pAA-AZOB 

system (K = 1.2104 M-1 vs. 1.4102 M-1). More importantly, the viscosity of the self-assembled 

systems was significantly influenced by repetitive illuminations with UV and visible light (Figure 

16B). Whereas for the pAA-3αCD-containing system, irradiation with UV light (~360 nm; trans-
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to-cis isomerization of AZOB) caused a decrease in viscosity, the viscosity of the pAA-6αCD-

containing system, however, slightly increased. Subsequent illumination with visible light (cis-to-
trans isomerization of AZOB) led to reverse effects. The opposite photoresponses of the pAA-

3αCD- and pAA-6αCD-based systems were related to the different binding modes of AZOB in the 
polymer-bound αCD groups during light illumination (Figure 16C). UV illumination renders high 

amounts of cis-AZOB, which does not fit in the αCD-pockets. For the pAA-3αCD/pAA-AZOB 
system, this leads to dissociation of AZOB/αCD inclusion complexes and concomitant disruption 

of the polymer network, while in the pAA-6αCD/pAA-AZOB system interlocked inclusion 
complexes are formed in which the dodecamethylene-linker replaces AZOB in αCD’s cavity. 

 

 
Figure 16A. 
 

 
Figure 16B. 
 

 
Figure 16C. 
 
Figure 16. (A) Chemical structures of two different αCD-containing pAAs and complementary guest polymer pAA-
AZOB. (B) Viscosity (η) of aqueous pAA-αCD/pAA-AZOB mixtures during repeated illumination with UV and 
visible light. (C) Binding modes of pAA-bound AZOB in pAA-3αCD (1) and pAA-6αCD (2) during both 
illumination stages. Reproduced with permission from ref. 143. Copyright 2006 American Chemical Society. 
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Besides the photo-responsive systems mentioned above, other studies have reported on self-
assembled CD-based hydrogels that are pH-sensitive.146-153 One strategy to develop such systems 

was described by Yui and coworkers, which involved the combination of αCD- or βCD-
conjugated poly(ε-lysine) (αCD-PL or βCD-PL) with pH-induced ionizable guest molecules, such 

as 3-(trimethylsilyl)propionic acid (TPA) or various TPA analogs.146 αCD-PL and βCD-PL were 
synthesized by coupling monoaldehyde activated αCD and βCD, respectively, to poly(ε-lysine) 

(PL). Addition of TPA to an aqueous solution of αCD-PL led to gel formation, caused by 
complexation of TPA by multiple αCDs as well as ionic interactions between (negatively charged) 

TPA included in the CD cavities and (positively charged) amino-groups of the PL backbone.147 
Gels were also formed by mixing βCD-PL with TPA as physical crosslinker.148-150 In contrast to 

complexation of TPA by multiple αCDs, βCDs form 1:1 inclusion complexes with TPA, which 
suggests that gel formation is mainly the result of ionic interactions between positively charged 
amino-groups of βCD-PL and negative carboxylic acid groups of complexed TPA. Due to its 

unique molecular architecture, the system was both pH- and temperature-sensitive. Figure 17 
shows schematically the molecular processes responsible for the observed stimuli-responsiveness. 

At high pH (>8.0), the carboxylic acid group of complexed TPA is negatively charged and leads to 
a repulsion of the polymer chains, which results in liquid behavior of the system. At lower pH (e.g. 

pH 7), part of βCD-PL’s amino-groups become protonated and thus positively charged. Ionic 
interactions between the positively charged amino-groups of βCD-PL and the negatively charged 

TPA bound in the βCD cavities then lead to gel formation. In addition, increasing temperature 
causes dissociation of TPA/βCD inclusion complexes and breaks the network structure. The 

system’s sensitivity (i.e. gel-to-sol transitions) towards pH, temperature and ionic strength could 
be tuned by replacing TPA with other hydrophobic acids that have higher or lower βCD-binding 

constants, such as trimethylacetic acid (TMA), tert-butylacetic acid (TBA) and trimethylhexanoic 
acid (TMHA).151  

 
 
Figure 17. Building blocks of the βCD-PL/TPA hydrogels and a schematic representation of pH- and 
thermosensitive gel-to-sol transitions. Adapted from ref. 146, Copyright 2006, with permission from Elsevier. 
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In another study, self-assembled pH-sensitive polymeric systems were prepared after mixing 

aqueous solutions of neutral or positively charged (trimethylaminoalkyl-derivatized) pβCD-EPH 
(i.e. water soluble polymer of interconnected βCD (Figure 4)) and 2-carboxycyclohexyl carboxyl 

(CCH)-modified dextran (Dex-CCH).152 The system based on neutral pβCD-EPH and Dex-CCH 
showed network formation at low pH (<5), but at higher pH, this network disappeared, due to 

deprotonation of CCH’s carboxylic acid functionality leading to lower binding affinity for the 
βCD cavities. Replacing pβCD-EPH by its positively charged analog led to inverse pH sensitivity, 

i.e. viscous liquids at low pH and gel formation at pH 7. This was related to the lower binding 
affinity of neutral CCH groups to the positively charged βCD-polymer at low pH, against 

attractive electrostatic interactions between charged CCH groups and βCD-polymer together with 
increased numbers of host-guest inclusion complexes at higher pH.  

 
3.2. Self-assembled nano- and microparticles. Besides for macroscopic hydrogel networks, as 

discussed in the previous sections, the interaction between CD-containing polymers and guest 
molecule-carrying polymers has also been exploited to design self-assembled nano- or 

microparticles. Microparticles can be used as formulations for local delivery of drugs and 
pharmaceutical proteins after e.g. subcutaneous or intramuscular injections. Nanoparticles have 

gained a lot of interest, because they are capable of remaining in the circulation for relatively long 
times and deliver drugs to specific tissues,154,155  e.g. sites of inflammation, making use of the so-
called EPR (enhanced permeability and retention) effect.156 The last decade, many CD-based 

physically assembled polymeric nano- and microparticles have been developed using strategies 
similar to those discussed for self-assembling hydrogel systems in the former section.  

While mixtures of hydrophobically modified polysaccharides with pβCD-EPH (water soluble 
polymer of epichlorohydrin (EPH)-crosslinked βCD) formed macroscopic hydrogels at high 

polymer concentrations (see also section 3.2),157-159 Gref et al. prepared self-assembled nanogel 
formulations by mixing diluted (≤ 10 g·L-1) aqueous solutions of dodecyl-modified dextran (Dex-

D) and pβCD-EPH (Figure 18A).160-164 When using high molecular weight pβCD-EPH (Mn > 

1106 g·mol-1) and Dex-D (Mn = 40000 g·mol-1; % dodecyl-substituted glucose units = 4%), the 

sizes of the nanogels were in the range of 100-200 nm and could be tailored by the polymer 

concentration (1-10 g·L-1).162,164 At concentrations < 2.5 g·L-1, nanogel suspensions could be 
freeze-dried and reconstituted without significant change of the nanogels’ size and structure, but 

nanoassemblies were stable at 37 oC for more than 12 days only at the lowest concentrated 
suspensions of 1 g·L-1.162,164 The nanogels were loaded with the hydrophobic molecules anticancer 

drug tamoxifen (TM) or the sunscreen agent benzophenone (BZ) by adding these compounds to 
the Dex-D and/or pβCD-EPH solutions before mixing them.161,163,164 Inside the nanogels, both TM 
and BZ were complexed into CD cavities of pβCD-EPH, but were also solubilized by hydrophobic 

dodecyl-chains of Dex-D. Although the encapsulated compounds competed with the dextran-
bound dodecyl-chains for the CD cavities, the formation of nanogels was not dramatically 

impaired. The stability of TM loaded nanogels, however, was rather low and fusion of nanogels 
led to formation of a macroscopic gel within 5 minutes. On the other hand, suspensions of BZ 

loaded nanogels remained stable upon storage at both 21 oC and 37 oC, and BZ was released after 
dilution of the nanoassemblies in water. In a follow-up study, Dex-D/pβCD-EPH nanogels with 
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incorporated gadolinium (GdIII) complexes were prepared and showed promising applicability as 
magnetic resonance imaging (MRI) contrast agent.160 Since Dex-D/pβCD-EPH nanogels can easily 

be prepared in an aqueous environment, and macroscopic gels composed of identical polymers 
previously showed good in vivo biocompatibility,157 they can be considered as promising drug 

carriers. At present, however, no data is available about in vivo stability and circulation kinetics of 
these particles. Using a similar particle preparation method, i.e. mixing of two aqueous solutions 

containing complementary (βCD-/guest-conjugated) polymers, Nielsen et al. prepared nano- and 
microparticles (0.1-1 μm) composed of βCD-conjugated poly(vinylpyrrolidone) (PVP-βCD) and 

benzoate-functionalized dextran.165 Particle destabilization could be triggered by adding 
hydroxyadamantane, which displaces dextran-coupled benzoate groups from the βCD cavities. 

These particles might therefore be exploited for triggered drug delivery purposes. 
Instead of mixing two hydrophilic polymers, hydrophilic βCD-containing polymers and 

hydrophobic polymers modified with guest molecules were mixed to obtain polymeric particles 

with sizes below one micron. Jiang and coworkers for example dissolved ADA-end capped poly(ε-
caprolactone) (PCL-ADA) and PVP-βCD in NMP, which is a common solvent for both polymers. 

Adding the resulting mixed polymer solution (in NMP) dropwise to an excess volume of water or 
dialyzing it against water led to physically assembled polymeric nanoparticles with either a 

multicore or a core-shell architecture (Figure 18B).166 The same researchers also prepared stable 
polymeric micelles by adding a large volume of water to a mixed solution of ADA-derivatized 

poly(tert-butyl acrylate-co-hydroxyethyl acrylate) (PtBA-ADA; hydrophobic polymer) and βCD-
carrying poly(glycidyl methacrylate) (PGMA-βCD; hydrophilic polymer) in dimethyl formamide 

(DMF).96 The core of the micelles mainly contained hydrophobic PtBA-ADA, whereas the outer 
shell was composed of PGMA-βCD. The architecture with βCD moieties exposed at their outer 

surface made it possible to physically modify the particles by adding negatively or positively 
charged inclusion complex forming compounds, i.e. adamantanecarboxylic acid (ACA) and 

adamantanamine (ADAm). In this way, the zeta-potential of the particles could easily be 
controlled. Additionally, chemical crosslinking of the hydrophilic PGMA-βCD-containing shell 

with EPH, followed by suspending the particles in DMF at 50 oC to extract the hydrophobic core, 
resulted in hollow spheres of PGMA-βCD (Figure 18C). Thus far drug release studies and in vivo 

evaluations of these particles have not been reported. 
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Figure 18. Examples of polymeric particles based on CD/guest inclusion complexes. (A) Dex-D/pβCD-EPH 
nanogels.160-164 (B) PCL-ADA/PVP-βCD166 polymeric micelles. Particles with multiple PCL-ADA cores (upper 
particle) and single PCL-ADA core (particle below) have been prepared. Reproduced with permission from ref. 166. 
Copyright 2009 John Wiley & Sons, Inc. (C) Polymeric micelles with PtBA-ADA core and PGMA-βCD shell. Zeta-
potential can be controlled by adding + or - charged adamantane derivatives (left). Hollow spheres can be generated 
after crosslinking the outer shell followed by core (PtBA-ADA) extraction in DMF. Reproduced with permission 
from ref. 96. Copyright 2006 American Chemical Society. 

 
Zhang and Ma recently described polymeric core-shell assemblies based on inclusion 

complexes of a wide variety of guest molecules (free or polymer-conjugated) with a copolymer 

composed of a polyaspartamide block carrying βCD units and a PEG block (PEG-b-PCD).167 
Although PEG-b-PCD is completely hydrophilic, complexation of βCD and hydrophobic guest 

molecules renders the block co-polymer amphiphilic, leading to formation of 20-200 nm sized 
core-shell structures in aqueous environment with PEG blocks forming the hydrophilic shell of the 

particles. Polymeric assemblies were prepared by first dissolving all components in dimethyl 
sulfoxide (DMSO) at 50 oC, followed by dialysis of the resulting solution against water for 24 h. 
To illustrate the usefulness of these assemblies for drug delivery purposes, polymeric micelles 

were prepared with the hydrophobic drugs indomethacin (nonsteroidal anti-inflammatory drug) 
and coumarin 102 (anticoagulant) as guest molecules. During incubation of these assemblies in 

buffer, a sustained release of these compounds was achieved for ~10 days. Drug release could be 
accelerated by adding ACA as competitive guest compound. Instead of free hydrophobic guests, 

also various hydrophobic polymers derivatized with guest molecules, including poly(β-benzyl L-
aspartate) and poly(D,L-lactide) (PLA), have been combined with PEG-b-PCD to create molecular 

assemblies. It was found that addition of competitive βCD-binders, e.g. potassium iodide and 
benzyl alcohol, led to detachment of the outer PEG shell and subsequent aggregation of the non-

stabilized hydrophobic cores into clusters of ~0.5-1 μm. The chemically triggered shedding of the 
PEG shell followed by particle aggregation might be beneficial for further drug and gene delivery 
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applications, since PEG shells often hamper cellular particle binding and internalization 
processes.168 In another study, Cho and Allcock demonstrated that formation of polymeric micelles 

can also be established by following an opposite strategy.169 They synthesized a completely 
hydrophobic polymer composed of an ADA-carrying polyphosphazene block and a polystyrene 

block. Addition of βCD then resulted again in a (pseudo-) amphiphilic polymer (due to ADA/βCD 
complexes), which tends to form micellar structures (~200 nm) in water. 

Besides mixing CD-containing polymers and guest molecules (either free or conjugated to 
polymers), vesicular nanostructures have been prepared from amphiphilic CD derivatives, such as 

alkyl- (e.g. C12,  C16, C2 and C6)
170,171 and cholesteryl-modified (hydroxyethylated) βCD.172,173 

Biologically active compounds (i.e. drugs) can be loaded inside the hydrophilic aqueous core or in 

the hydrophobic membrane of the vesicles, but depending on the chemical structure of the 
encapsulated compounds, they can also form CD/drug inclusion complexes.173 The presence of 
βCD at the outer surface of the vesicles makes it possible to decorate them with physically bound 

guest molecules and/or guest-bound polymers.174 This was further exploited by Lim et al., who 
induced triggered aggregation of the vesicles after addition of Ni2+ ions and oligo(ethylene glycol) 

ethylenediamine-conjugated adamantane that besides binding to CD, also formed metal-ligand 
interactions.175 

Ma et al. synthesized PLA or poly(lactide-co-glycolide) (PLG) of which one terminal 
carboxylic acid was derivatized with either monoamino-derivatized βCD or an ethylenediamino 

bridged βCD dimer.176-178 Nanoparticles were obtained after dropping solutions of the βCD-end 
capped polymers in acetone into an excess volume of water. Alternatively, particles were produced 

by solvent evaporation of a double (W/O/W) emulsion (organic phase = dichloromethane/acetone 
(1:1 (v:v)). During both particle preparation methods, particles (100-500 nm) were also loaded 

with bovine serum albumin (BSA) by dissolving this protein in the water phase. By using the 
double emulsion method, a BSA encapsulation efficiency of ~70 % could be reached. Release of 

BSA was studied by suspending BSA-loaded particles in buffer. For the PLA-based particles, a 
burst release (15 %) was found after which BSA was released in a sustained manner for more than 

30 days. Since PLG is hydrolyzed much faster at pH 7 than PLA, BSA release from the PLG-
based nanoparticles was faster than from PLA-based particles, and the release could be controlled 

by the glycolide/lactide ratio in the PLG-based particles. Interestingly, the structural integrity of 
released BSA was preserved, which was ascribed to stabilizing interactions between βCD and 

BSA’s amino acid residues. 
Various groups prepared self-assembled CD-containing polyplexes that can effectively deliver 

polynucleic acids, such as DNA and RNA (e.g. small interfering (si)RNA). Davis et al utilized 
cationic polymers that contained βCD moieties in their backbone structure (Figure 19).179 To 

prepare such polymers, first a diiodo-functionalized βCD was synthesized that was further 
derivatized with cysteamine to obtain a diamino-functionalized βCD derivative. Polymers were 

synthesized by polycondensation of the disubstituted βCD monomer with dimethylsuberimidate 
(DMS).180-183 By combining the resulting cationic polymers (CDP) with negatively charged 
plasmid DNA or siRNA, polyplexes were formed driven by electrostatic interactions.180-183 The 

presence of βCD could be exploited to decorate the particles with a broad range of molecules that 
improved the particle’s stability or targeting to specific cells. For example, ADA-modified PEG 
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with or without targeting ligands, such as transferrin (Tf, for cancer cell targeting), galactose (for 

hepatocyte targeting) or antibody fragments were coupled to polyplexes via ADA/βCD inclusion 
complexes.184-186 The nucleic acid delivery efficacy of ADA-PEG-Tf decorated CDP/pDNA (or 

siRNA) polyplexes has also been demonstrated in several in vivo (e.g. murine and primate) tumor 
models.187-192 After intravenous administration, these targeted polyplexes were specifically taken 

up by tumor cells, and showed tumor inhibition via knock down of oncogenic mRNA or increased 
expression of tumor suppressor genes, such as p53. Currently, one siRNA-loaded polyplex 

formulation aimed for treating solid tumors in adult humans, has reached phase I clinical trials.179 
Davis et al recently reported on polyplexes based on another cationic CD-containing polymer, i.e. 

βCD-grafted linear or branched poly(ethyleneimine) (PEI), which led to accumulation and 
expression of nucleic acids in the liver and did not show toxic effects after tail vein injections into 

mice.193  

 
 
Figure 19. Synthetic route toward linear polymers with βCD in their backbone and schematic representation of an 
ADA-PEG-Tf/ADA-PEG decorated polyplex. Reproduced with permission from ref. 13. Copyright 2004 Macmillan 
Publishers Ltd. 

 
Amiel et al. used another approach to design CD-containing polyplexes with DNA.194,195 Here, 

pβCD-EPH (water-soluble polymer of crosslinked βCD; mentioned earlier), cationic compounds 
capable of forming CD inclusion complexes, e.g. n-dodecyltrimethylammonium chloride (DTAC) 

or positively charged ADA derivatives, and DNA were combined in aqueous solution. Since 
inclusion complexes between the cationic guest molecules and pβCD-EPH yielded a (pseudo-

)cationic polymer, addition of negatively charged DNA resulted in self-assembled particles based 
on electrostatic interactions. In vitro DNA transfection levels for these particles in several cell 

culture lines were found similar to those observed when using DOTAP (a commonly used cationic 
lipid for gene transfection).194 No in vivo studies with these formulations have been reported yet.  

 
3.3. Poly(pseudo)rotaxane-based systems. Another extensively investigated class of self-

assembled CD-based polymeric systems includes so-called polypseudorotaxane- and 

polyrotaxane-based systems (Figure 20). Polypseudorotaxanes are inclusion complexes, in which 
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(often multiple) cyclic molecules, in this case CDs, are threaded onto a polymer chain.196 Although 
polypseudorotaxane formation was initially observed for polymers not directly suitable for in vivo 

applications,196,197 in later studies polypseudorotaxane formation was also observed for a broad 
range of biocompatible and/or biodegradable polymers, such as PEG and aliphatic polyesters (e.g. 

PLA and PCL).196 Threading of CD units onto polymer chains is generally  established in polar 
solvents, and involves a highly negative binding enthalpy, for which van der Waals and 

hydrophobic interactions as well as hydrogen bond formation between adjacently polymer-
threaded CD molecules are responsible.15 Although the use of hydrophobic polymers result in 

thermodynamic stable complexes, their poor solubility in polar solvents often slows down the CD 
threading kinetics, and for extremely hydrophobic polymers, such as poly(ethylene), 

polypseudorotaxane formation even becomes practically impossible. Guest polymers mostly used 
for polypseudorotaxane formation therefore have moderate hydrophilic-hydrophobic balances 
(HLB) to evoke a proper balance between polypseudorotaxane complex stability and threading 

kinetics. By modifying the end groups of polypseudorotaxane polymer chains with bulky 
molecules, polyrotaxanes are generated, in which dethreading of CDs is prevented.39 Both 

polypseudorotaxane- and polyrotaxane-structures have been utilized to construct a great variety of 
polymeric systems that are promising for drug and gene delivery applications as well as 

biomedical purposes. The synthesis, unique properties and pharmaceutical utility of these systems 
has already been described in other review papers.15,39,196-203 In this section, we therefore highlight 

only a small selection of promising poly(pseudo)rotaxane-based polymeric systems.  
 

 
Figure 20. Schematic representation of a polypseudorotaxane (1) and polyrotaxane (2). 

 
Since Harada et al. discovered in 1990 that highly crystalline polypseudorotaxanes were formed 

after addition of aqueous PEG-solutions to saturated solutions of αCD, these PEG/αCD 

polypseudorotaxanes have often been exploited to design physically and chemically crosslinked 
hydrogel systems.204 Since αCDs are densely packed onto the PEG chains, they form crystalline 
domains via hydrogen bonds. A wide variety of self-assembled hydrogels has been reported, in 

which these crystalline domains of PEG/αCD polypseudorotaxanes serve as physical crosslinks.198 
Gels have for example been prepared by combining αCDs with linear (>10000 g·mol-1)205 and 

hyperbranched PEG,206 but also with PEG-grafted polysaccharides, including chitosan,207 
dextran208 and hyaluronic acid.209 These gels were found to have relatively low stabilities (<1 
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week) when exposed to excess amounts of water, which limited their application as long-term drug 

delivery devices. To obtain more stable hydrogels, Li et al. therefore mixed aqueous solutions of 
αCD and amphiphilic block copolymers built of PEG as hydrophilic block and poly((R)-3-

hydroxybutyrate) (PHB),210 poly(propylene glycol) (PPG)211,212 or PCL213 as hydrophobic blocks. 
The higher stability of these systems (~1 month in PBS) was explained by aggregation of the 

hydrophobic polymer blocks, which contributed to network formation in addition to the crystalline 
PEG/αCD polypseudorotaxane domains. Because the polypseudorotaxane hydrogels are retained 

by physical crosslinks, their viscosity decreased in response to shear forces and gradually restored 
after stress removal. As previously shown for other physical gel systems, this thixotropic behavior 

opens up the possibility to apply the gels through injection needles as in situ gelling systems.214-217 
Higashi et al. prepared polypseudorotaxanes composed of αCD and γCD with PEGylated 

insulin and lysozyme.218-220 Whereas only one PEG chain was inserted in the αCD cavities, γCD, 
which has a larger inner binding space, formed polypseudorotaxanes by incorporation of two PEG 

chains in its cavity.221 In both systems, colloidal particles rather than hydrogels were formed, from 
which the PEGylated insulin or lysozyme slowly dissolved. These complexes may therefore be 

useful for the sustained release of PEGylated protein-based drugs. Indeed, subcutaneous 
administration of γCD/PEGylated insulin polypseudorotaxanes in rats led to significantly 

prolonged plasma levels of PEGylated insulin (for 12 hours) and concomitant hypoglycemic effect 
compared to PEGylated insulin solutions without γCD.220  

Yui et al. developed a unique class of degradable hydrogels, which are based on chemically 

crosslinked PEG/αCD polyrotaxanes.222-225 Polyrotaxanes were synthesized by threading αCD onto 
PEG chains followed by derivatization of  PEG’s terminal ends with bulky groups (chain stoppers) 

that could be cleaved by hydrolysis, i.e. ester-linked L-phenylalanine (L-Phe) or cholesterol. The 
resulting polyrotaxanes were subsequently crosslinked by coupling of diamino-modified PEG to 

complexed αCD units using carbonyldiimidazole as coupling reagent. When incubated in buffer at 
physiological conditions, hydrogel degradation was initiated by hydrolysis of the polyrotaxane’s 

bulky end groups, which led to dethreading of αCDs followed by dissolution of the hydrogel 
building blocks. Depending on the number of polyrotaxane chains (i.e. hydrolyzable bulky chain 

stoppers) and crosslink density, hydrogels degraded between 20 and 90 days at physiological 
conditions. Because of their relatively high stability and tailorable mechanical and swelling 

properties, these gels have been evaluated as scaffold for tissue engineering. It was demonstrated 
that PEG/αCD polyrotaxane-based gels could be successfully seeded with cells (e.g. fibroblasts, 

chondrocytes and osteoblasts) without loss of their proliferation capabilities, and these gels are 
therefore attractive materials for bone and cartilage regeneration.226-228  

Besides for the formation of hydrogel systems, many polyrotaxane-based systems have also 
been used to design supramolecular drug carrier and targeting vehicles. Yui and coworkers 

synthesized polyrotaxane-chains composed of PEG and hydroxypropylated-αCD (HP-αCD) that 
were end-capped with enzymatically cleavable chain stoppers (peptide-linked L-Phe). The 

complexed HP-αCDs were chemically conjugated with theophylline (i.e. an asthma model drug) 
via a non-degradable spacer.229 In vitro studies showed that HP-αCD-conjugated theophylline was 

completely released (by dethreading) in 50-250 h after cleavage of the polyrotaxane chain stoppers 
by hydrolytically active enzymes, including papain and α-chymotrypsin. This system is regarded 
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as a promising drug carrier system, since it offers possibilities for site-specific drug delivery by 
tailoring the degradability of the polyrotaxane chain stoppers as well as the linker between HP-

αCD and the drug.196 For this reason, current research now focuses on similar systems containing 
bulky chain stoppers and/or drug/HP-αCD-linkers that are cleaved under specific environmental 

conditions, i.e. pH change or presence of specific enzymes.230-232 In addition, polyrotaxanes have 
been derivatized with model ligands (e.g. maltose and biotin) that bind specific proteins to further 

enhance targeting of the particles.233,234  
Polyrotaxanes have also been studied for gene delivery purposes. Li et al. synthesized a class of 

cationic polyrotaxanes by combining oligoethylenimine (OEI)-grafted αCDs or βCDs with random 
and triblock copolymers of PEG and PPG, followed by endcapping of the polymer chains with 

trinitrobenzene sulfonic acid (for OEI-αCD chains) or a dimer thereof (for OEI-βCD chains).235-238 
The resulting (pseudo)cationic polymers formed strong complexes with DNA, showed low 
cytotoxicity and in vitro DNA transfection efficacies similar or even higher than polyplexes based 

on high molecular weight (25 kDa) poly(ethylenimine) (PEI). In another study, similar DNA-
containing polyplexes were prepared, which were composed of a polyrotaxane based on threaded 

dimethylaminoethyl-grafted αCDs onto PEG that was endcapped by a cleavable disulfide-linked 
chain stopper.239 Polyplexes based on this polyrotaxane showed high pDNA transfection 

efficiencies, which the authors ascribed to improved intracellular trafficking and increased 
accumulation of pDNA in the cell nucleus after polyplex degradation.  

 
3.4. Other CD-based polymeric systems. Instead of using CD-grafted polymers, researchers 

have also focused on the formation of supramolecular structures completely built up of low 
molecular weight molecules containing complementary cyclodextrin and guest units.199 As 

pioneers in this field, Harada et al. demonstrated the formation of self-assembled dimeric and 
trimeric cyclic structures after dissolution of 6-monocinnamoyl-derivatized αCD and βCD in 

water, which was ascribed to inclusion complex formation between cinnamoyl-moieties and CD 
groups.240 By dissolving 3-monocinnamoyl-derivatized αCD instead of 6-monocinnamoyl-

derivatized αCD in water, larger supramolecular structures built of ~20 cinnamoyl-αCD molecules 
were formed, related to stronger inclusion complexes between the cinnamoyl-moieties and αCD.241 

In other studies, dimers of ADA were mixed with CD dimers in water.242-244 The structures of the 
formed supramolecular assemblies were dependent on the dimer concentration and rigidity of the 

spacer in the ADA- and CD-dimers, e.g. while a flexible spacer led to cyclic supramolecular 
oligomers, dimers with rigid spacers formed linear supramolecular polymers in aqueous 

environment. Using the concept of building supramolecular structures by low molecular weight 
compounds with guest and/or CD molecules, several research groups have constructed 

supramolecular networks in aqueous environment.245,246 Deng et al. obtained a hydrogel after 
dissolving trinitrophenyl-aminocinnamoyl-derivatized βCD in water by generation of 

supramolecular polymers that formed networks via hydrogen-bonding.245 In another study, 
networks were obtained after combining an oligo(ethylene glycol)-linked CD-dimer with a 
trifunctional phenyl derivative of melamine in a water/acetonitrile (1:1 (v/v)) mixture.246 Although 

further investigations and optimizations in terms of biocompatibility and stability are still required, 
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these systems entirely built up of low molecular weight building blocks hold great promise for 

future pharmaceutical applications (e.g. loading of protein pharmaceuticals). 
Besides their use as building blocks in a broad range of covalently and physically crosslinked 

polymeric systems (described in this review), free CDs have been used as modulator of pre-
existing hydrogels and nanoparticulate systems as well. As described in various papers, self-

assembled systems based on hydrophobic interactions could be destabilized by adding free CD 
molecules (or derivatives thereof).247-256 For example, Akiyoshi et al. added (methylated) βCDs to 

hydrogel nanoparticles based on cholesterol-grafted poly(L-lysine),248  or pullulan,249-251 which 
caused the hydrophobic cholesterol groups to be captured by βCD complexation leading to partial 

or complete destabilization of nanogels, and evoked the release of a loaded model protein 
(carbonic anhydrase B). Interestingly, nanogels reformed after adding excess amounts of ACA 

(competitive CD binder), due to displacement of cholesterol-groups from the CD cavities, 
resulting in re-established hydrophobic cholesterol-cholesterol interactions (Figure 21).248,249  

 

 
Figure 21. Schematic representation of (βCD-driven) reversible association and dissociation of nanogels composed 
of cholesterol-grafted pullulan. Adapted from ref. 249 with permission from The Chemical Society of Japan, 
Copyright 1998.  

 

Simultaneous addition of free guest molecules and CDs to polymeric systems has also been 
applied to obtain photo- and redox-reversible hydrogel systems.126 This was accomplished by 

Tomatsu et al., who added a combination of free CD with either 4,4’-azodibenzoic acid (AZOB-
acid; photoresponsive guest molecule) or ferrocenecarboxylic acid (FCA; redox-responsive guest) 

to self-assembled hydrogels composed of dodecyl(C12)-modified pAA (pAA-C12).257,258 Initially, 
the conformation of the guest molecules favored binding to the free CDs, so that hydrophobic 

interactions between the polymer-bound C12 chains unaffectedly occurred and led to gel 
formation. After exposure of the gels to external stimuli, i.e. illumination of AZOB-acid and CD-
containing gels with UV-light of ~355 nm, or oxidation of FCA and CD supplemented gels, the 

guest molecules (AZOB-acid and FCA) changed their molecular conformation. Since this 
conformation prohibited inclusion of the guest molecules inside the CD cavity, empty CDs became 

available to complex the pAA-bound C12 chains, leading to disruption of the physical pAA-C12 
network. Interestingly, this gel-to-sol transition was reversible and could be inversed by irradiation 
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of the AZOB-acid/CD/pAA-C12 system with visible light, or by reduction of the FCA/CD/pAA-
C12 system.  

 
 

4. Conclusions and perspectives 
 

In this chapter, the main strategies that have been exploited to design a broad range of CD-
containing polymeric systems have been described. It is clear that the use of CDs has opened 

opportunities for designing highly versatile materials with often improved properties compared to 
conventional (non-CD) polymeric systems. Numerous hydrogel systems with CDs as building 

blocks have been developed, which are regarded as promising materials for drug delivery purposes 
and tissue engineering applications. It is interesting to notice the recent development of self-
assembled CD-based hydrogel systems (described in section 3), which are often responsive to 

external stimuli, including shear forces and changes in pH and temperature. These ‘smart’ systems 
might be applicable as injectable, in situ gelling devices, so that surgical implantation of these 

materials is not required. In addition to hydrogels, the use of CDs has also accelerated the 
development of carrier vehicles (e.g. micro- and nanoparticles, polyplexes, etc.) for targeted 

delivery of a wide variety of medicines and genetic material to specific body and tissue 
compartments. 

Because many CD-based polymeric systems show excellent properties in terms of drug release 
kinetics, mechanical properties and stimuli-responsiveness, it is somewhat surprising that of all 

these systems, only one has currently reached phase I clinical trials (i.e. siRNA-loaded polyplexes 
by Davis et al., see ref. 179). This might likely be explained by the fact that many CD-based 

systems often show differences between in vitro and in vivo experiments in terms of toxicity and 
functional performance. In the upcoming years, it is therefore important that besides focusing on 

further expansion of the already immense number of existing CD-based polymeric systems, 
research is done towards optimization of existing gel systems. In this perspective, it is already 

encouraging to observe that many of the more recent CD-based polymeric systems are built up of 
biocompatible and/or biodegradable polymers (e.g. PEG and aliphatic polyesters) and contain CD 

derivatives that are neither disruptive for biological membranes nor lead to renal toxicity. It is 
recommended that these (optimized) CD containing polymeric systems are extensively evaluated 

in animal studies concerning their safety, biodegradability and biocompatibility on the one hand 
and their efficacy on the other hand. These preclinical studies should lay the foundation for further 

clinical evaluation and implementation of the most promising systems. Because of their tailorable 
properties it is expected that CD-based polymeric systems will find their way to clinical 

applications, such as controlled drug and gene delivery systems, or as tissue engineering scaffolds.  
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Abstract 
 

In this chapter a novel self-assembling poly(ethylene glycol) hydrogel system based on inclusion 

complexes between β-cyclodextrin (βCD) and cholesterol is described. Hydrogels are formed after 
hydration of a mixture of star-shaped 8-arm poly(ethylene glycol) (PEG) end-modified with βCD 

groups and the same star-shaped PEG end-modified with cholesterol moieties. Rheological 
analysis as well as 2D-NMR spectroscopy demonstrated that the obtained gels are due to 

formation of βCD/cholesterol inclusion complexes. As also observed by rheology, the hydrogels 
are fully thermoreversible upon repetitive heating and cooling steps. Hydrogel properties were 

dependent on polymer concentration, the βCD/cholesterol stoichiometry and the molecular weight 
of the star-shaped PEG. Because of their assumed biocompatibility and expected physiological 

clearance, hydrogels based on star-shaped PEG and βCD/cholesterol inclusion complexes offer 
excellent opportunities as drug delivery matrices and for other pharmaceutical and biomedical 

applications. 
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1. Introduction 
 

Hydrogels are hydrophilic polymer networks, which absorb substantial amounts of water and 
are under investigation for biomedical and pharmaceutical applications.1-3 Hydrogels can be 

prepared by either chemical or physical crosslinking of hydrophilic polymers.4 Chemical 
crosslinking methods introduce covalent crosslinks between the polymer chains, e.g. by radical 

polymerization of methacrylate-derivatized polymers.5-7 Because the crosslinking agents may 
potentially damage the loaded substances (e.g. pharmaceutical proteins, cells), physical 

crosslinking is preferred in which the network is retained by non-permanent, reversible 
interactions between the polymer chains. Examples of physical interactions used for the design of 

hydrogels are ionic interactions,8,9 hydrophobic interactions between amphiphilic polymers,10-12 
hydrogen bonding13,14 and stereocomplex formation between polymers with opposite chiralities.15-

17 Also, hydrogels have been designed making use of biomimetic interactions, like antigen-

antibody interactions,18 peptide-glycoprotein19 interactions and the integration of specific protein 
folding motifs.20-22 Because of their self-assembling properties, hydrogels based on physical 

interactions are attractive systems for pharmaceutical and biomedical applications, like (injectable) 
in situ gelling devices for drug delivery or tissue engineering.23-25  

Physical interactions that potentially can be exploited for network formation, are inclusion 
complexes formed by guest molecules and cyclodextrins (CDs). Cyclodextrins are cyclic 

oligosaccharides, joined by α-1,4-glucosidic linkages.26,27 Subtypes are α-, β- and γ-cyclodextrins, 
consisting of 6, 7 and 8 glucopyranose units, respectively. Because the hydroxyl groups are only 

located at the outer surface of the cyclodextrin molecule, the interior cavity is relatively 
hydrophobic. This feature gives CDs the ability to complex a wide range of lipophilic guest 

molecules (e.g. adamantane, cholesterol), which is mainly driven by hydrophobic effects (release 
of ordered water molecules from the CD cavity) and van der Waals interactions.28-30 The capability 

of CD to form inclusion complexes with guest molecules has been exploited in pharmacy,26,31-34 
separation processes,35 material sciences,36,37 as well as in the food and cosmetic industry.38  

Besides small guest molecules, linear polymers among which are poly(ethylene glycol) (PEG), 
poly(propylene glycol) (PPG) and poly(ε-caprolactone) (PCL) can also penetrate into the inner 

cavity of CDs to form so-called polypseudorotaxanes.39 Based hereon, several hydrogel systems 
have been described, e.g. inclusion complexation of linear or multi-arm PEG with α-cyclodextrins 

leads to αCD microdomains formed by hydrogen bonds, which act as physical crosslinks in 
hydrogels.40-43 To obtain more stable hydrogels, amphiphilic triblock copolymers, PEG-poly([R]-

3-hydroxybutyrate)-PEG (PEG-PHB-PEG), PCL-PEG-PCL or Pluronics were complexed with 
αCDs.44-46 Based on this principle, β-cyclodextrin (βCD) was used to complex with PPG.47 For 

hydrogel formation, PPG, which is bulkier than PEG proved to be a suitable guest polymer for 
βCD.  

In the aforementioned studies of covalently crosslinked and self-assembling supramolecular 
physical hydrogels, these cyclodextrin-containing systems are based on covalently crosslinked 
CDs or polypseudorotaxane formation. The use of inclusion complexes between βCD and low 

molecular weight guest molecules to design stimuli sensitive hydrogels has recently been 
reported.48-51 Hashidzume et al. described stimuli-responsive hydrogel systems by combining 
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poly(acrylamide) derivatized with either βCD or various guest molecules.49 In another study, 

temperature sensitive hydrogels were formed after mixing aqueous solutions of adamantyl-
containing N-isopropylacrylamide copolymers with an aqueous solution of βCD dimer.50 In this 

chapter a novel self-assembling hydrogel system consisting of cholesterol- and βCD-modified star-
shaped 8-arm poly(ethylene glycol) (PEG8) is described, in which the functional groups are 

coupled to the 8-arm PEG end groups via a succinyl linker to introduce hydrolysable ester bonds. 
Cholesterol has the ability to form inclusion complexes with βCDs.32,52 In this system, physically 

crosslinked networks are therefore established by the formation of inclusion complexes between 
the guest molecule cholesterol and βCD units.  

 
 

2. Experimental part 
 

2.1. Materials. Star-shaped 8-arm poly(ethylene glycol)s (PEG8-OH) were purchased from 
JenKem Technology USA (Allen, USA). Products with various MW’s were used; PEG810K-OH 

(Mn = 9656 Da (MALDI), PDI = 1.10), PEG820K-OH (Mn = 20185 Da (MALDI), PDI = 1.08) and 
PEG840K-OH (Mn = 42680 Da (MALDI), PDI = 1.06). Linear monomethoxy-poly(ethylene 

glycol) (mPEG5000-OH) and poly(ethylene glycol) (HO-PEG6000-OH) were obtained from 
Sigma-Aldrich (Zwijndrecht, The Netherlands) and Fluka (Buchs, Switzerland), respectively. The 
Mn’s of these linear PEGs were determined by 1H NMR spectroscopy using trichloroacetyl 

isocyanate (TCAI, Sigma-Aldrich, Zwijndrecht, The Netherlands) as a shift reagent.53 Using this 
method, Mn values of the mPEG5000-OH and HO-PEG6000-OH products were measured to be 

5.1 kDa and 6.8 kDa, respectively. Prior to use all PEGs were dried on Sicapent® (Merck, 
Darmstadt, Germany) for at least 24 h in vacuo. Cholesterol, succinic anhydride (SA), 4-N,N-

dimethylaminopyridine (DMAP), 6-monodeoxy-6-monoamino--cyclodextrin (CD-NH2HCl), 

N-ethyl-N’-(3-dimethylaminopropyl)carbodiimide (EDC), N-hydroxysuccinimide (NHS), 1-
adamantanecarboxylic acid (ACA), lithium chloride (LiCl), chloroform-d (CDCl3, 99.8 atom % D) 

and deuterium oxide (D2O, 99.9 atom % D) were provided by Sigma-Aldrich (Zwijndrecht, The 
Netherlands). Dicyclohexylcarbodiimide (DCC) was obtained from Acros Chimica (Geel, 

Belgium). Dichloromethane (DCM, peptide grade), tetrahydrofuran (THF, HPLC grade), N,N-
dimethylformamide (DMF, peptide grade) and diethyl ether (Et2O, AR stabilized) were supplied 

by Biosolve Ltd. (Valkenswaard, The Netherlands). DCM was dried and stored over 4 Å 
molecular sieves before use. Ammonium acetate (NH4OAc), triethylamine (TEA), sodium 

hydroxide (NaOH) were purchased from Merck (Darmstadt, Germany). For dialysis, Slide-A-
Lyzer® dialysis cassettes (MWCO = 10,000 Da, Perbio Science, Etten-Leur, The Netherlands) 
were used. 

 
2.2. Characterization of synthesized products by 1H NMR spectroscopy. 1H NMR spectra 

were recorded of samples dissolved in CDCl3 or D2O on a Gemini 300 MHz spectrometer (Varian 
Associates Inc. NMR Instruments, Palo Alto, CA, USA) using CHCl3 at 7.26 ppm or HDO at 4.79 

ppm as reference line, respectively. Typically 10-25 mg polymer was dissolved in 0.8 mL 
deuterated solvent. To reduce baseline noise, 64 to 256 repetitive scans were taken. Auto phasing 
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and baseline correction in the region δH = 1.0-4.5 ppm were applied. DS values (degree of 
substitution; functionalized groups per 8-arm PEG molecule) of the synthesized products were 

determined with the use of the peak intensities of the signals corresponding to the protons of the 
coupled groups (e.g. cholesterol or succinyl) and the signal (3.4-3.8 ppm) corresponding to the 

known number of protons in the PEG chains and (in the case of 8-arm PEG) also the 
hexaglycerine backbone.  

Spatial information was obtained from 2D-NMR (NOESY) spectra (τm = 300 ms) of a 1:1 (w/w) 
mixture of βCD- (DS: 7.4) and cholesterol-modified (DS: 6.1) PEG820K dissolved in D2O (12 

mg·mL-1). For comparison, a solution (1:1 (w/w)) of cholesterol-modified PEG820K and non-
functionalized PEG820K was used (D2O, 12 mg·mL-1). 2D-NMR Spectra were recorded on a 

Gemini 500 MHz spectrometer (Varian Associates Inc. NMR Instruments, Palo Alto, CA, USA). 
A spectral width of 5 kHz was used.  

 

2.3. Characterization of synthesized products by gel permeation chromatography (GPC). 
Number-average (Mn) and weight-average (Mw) molecular weights of the end-modified PEGs 

were determined by gel permeation chromatography (GPC) on a Waters HPLC system (Alliance 
2695 C, Waters, Milford MA, USA) equipped with two linear PLgel 5 μm MIXED-D columns 

(300 mm length, 7.5 mm i.d.) in series. The column temperature was set to 40 oC. The eluent was 
DMF containing 10 mM LiCl and the flow rate was 0.70 mL·min-1. Samples were dissolved 

overnight at a concentration of 5 mg·mL-1 in the eluent and filtered through a 0.45 μm filter 
(Waters, Milford MA, USA) prior to analysis. Sample temperature was set to 25 oC and the 

injection volume was 50 μL. Detection was done with a differential refractometer (sensitivity: 256, 

temp: 40  2 oC) (Refractive Index Detector 2414, Waters, Milford MA, USA). Calibration was 

done using poly(ethylene glycol) standards of defined molecular weights (Mw  from 194 Da to 

439600 Da; Fluka, Buchs, Switzerland). Sample molecular weights were determined with 
Empower Software Version 1154 (Waters, Milford MA, USA). 

 
2.4. Characterization of βCD-modified polymers by polarimetry. Optical rotation of the 

different PEG8-SA-βCD products was determined with a Jasco P-1010 polarimeter (Jasco Corp., 

Tokyo, Japan). Aqueous solutions of samples and standards were measured at λ = 589 nm in a 

thermostated (25  2 oC) cell with a length of 10 cm. Standard solutions of CD-NH2HCl in 

filtered (0.22 μm Millipore filter) demineralized water were measured and the response was linear 

in a concentration up to 10 mM. The determined specific rotation (    ) of CD-NH2HCl was 141 

degcm3g-1dm-1. Since the 8-arm PEG polymers are not optically active, calculation of the CD 

content in the PEG8-SA-CD products was possible after measuring the optical rotation of 

aqueous solutions of these polymers. 
 

2.5. Synthesis of 8-arm octasuccinyl-poly(ethylene glycol) with hexaglycerin core       
(PEG8-SA). The hydroxyl end groups of 8-arm PEG were reacted with succinic anhydride to yield 

8-arm star-shaped PEGs with succinic acid functionalized end groups. As an example the synthesis 
of 8-arm SA-modified PEG820K (PEG820K-SA) is described. Other 8-arm PEGs (10 and 40 kDa) 

as well as linear PEGs (mPEG5000-OH and HO-PEG6000-OH) were modified accordingly. A 

 25
D
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250 mL round-bottom flask with a teflon stirring bar was dried at 150 oC for 12 h and flushed with 

N2. After cooling to room temperature, 11 g pre-dried PEG820K-OH (0.55 mmol; 4.4 mmol OH 
groups), 0.66 g SA (6.5 mmol, 1.5 eq. per OH group) and 0.53 g DMAP (4.4 mmol, 1 eq. per OH 

group) were dissolved in 110 mL dry DCM under a N2 atmosphere. After adding 355 μL TEA (4.4 
mmol, 1 eq. per OH group), the solution was stirred under a N2 atmosphere for 12 h at room 

temperature. Next, the solvent was evaporated under reduced pressure and the residue was 

dissolved in 50 mL THF, followed by repeated co-evaporation (3). The formed PEG820K-SA 

derivative was then precipitated by dropping its solution in THF (volume: 20 mL) into 400 mL 
cold (-40 oC) diethyl ether under vigorous stirring. The resulting precipitate was filtered off using a 

glass filter and washed three times with 50 mL diethyl ether. After drying in vacuo, 8.8 g product 
(77 %) was obtained as a white powder, which was analyzed with 1H NMR spectroscopy and 

GPC.  
 
1H NMR (300 MHz, CDCl3, δ): 2.7 ppm (-OC(O)CH2CH2C(O)OH, 32H), 3.4-3.8 ppm (8-arm 

PEG H (-OCH2CH2O-, 1,775H) + hexaglycerine backbone (-CH2CH(O)CH2O-, 30H)), 3.9 ppm   

(-OCH2CH2OC(O)C-, 16H), 4.3 ppm (-OCH2CH2OC(O)C-, 16H).  
 

2.6. Synthesis of PEG8-SA-cholesterol. The synthesized PEG820K-SA was derivatized with 
cholesterol moieties using DCC as a condensing agent.  In a typical procedure, PEG820K-SA was 

dried at room temperature under reduced pressure in the presence of Sicapent®. Then, in a pre-
dried 100 mL round-bottom flask under N2 flow, 3 g PEG820K-SA (1.1 mmol COOH end groups), 

0.55 g cholesterol (1.4 mmol, 1.3 eq. per succinyl moiety) and 44 mg DMAP (0.36 mmol, 0.3 eq. 
per succinyl moiety) were dissolved in 50 mL dry DCM. After cooling the solution to 0 oC, 0.19 g 

DCC (0.93 mmol, 0.8 eq. per succinyl moiety) was added. After 1 hour, the solution was brought 
to ambient temperature and stirred overnight under a N2 atmosphere. Next, the mixture was cooled 

to -20 oC to precipitate dicyclohexyl urea (DCU), which was filtered off. The filtrate was 
evaporated to dryness under reduced pressure and the obtained residue was dissolved in 70 mL 

THF followed by repeated co-evaporation (3) with THF. The polymer was dissolved in ~20 mL 

THF and precipitated into 400 mL cold (-40 oC) diethyl ether under vigorous stirring. The 

precipitate was collected by filtration and washed three times with 50 mL diethyl ether. After 
drying in vacuo, 2.62 g product (79 %) was obtained as a white powder, which was analyzed with 
1H NMR spectroscopy and GPC.  

 
1H NMR (300 MHz, CDCl3, δ): 0.7 ppm (3H cholesterol group  DS), 0.9 ppm (6H cholesterol 

group  DS), 0.9-2.2 ppm (32H cholesterol group  DS), 2.3 ppm (2H cholesterol group  DS), 

2.6 ppm (-OC(O)CH2CH2C(O)O-Chol, 32H), 3.4-3.8 ppm (8-arm PEG H (-OCH2CH2O-, 1,775H) 

+ hexaglycerine backbone (-CH2CH(O)CH2O-, 30H)), 3.9 ppm (-OCH2CH2OC(O)C-, 16H),      

4.4 ppm (-OCH2CH2OC(O)C-, 16H), 4.6 ppm (1H cholesterol group  DS), 5.4 ppm (1H 

cholesterol group  DS).  
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Coupling of cholesterol groups to the 10 and 40 kDa star-shaped PEG8-SA and linear mono- 
and bifunctional mPEG5000-SA and SA-PEG6000-SA polymers, was established in a similar 

manner with slight modifications. To obtain PEG840K-SA-cholesterol with DS 6, 1.6 eq. instead 
of 0.8 eq. DCC was added and 1.8 eq. instead of 1.3 eq. cholesterol was added to the solution of 40 

kDa PEG8-SA. Synthesis details of linear PEG-SA-cholesterol can be found in Appendix A           
(Supporting information). 

 

2.7. Synthesis of PEG8-SA-βCD. 6-Monodeoxy-6-monoamino--cyclodextrin (CD-NH2HCl) 

was coupled to PEG820K-SA to obtain 8-arm βCD-functionalized PEG. Coupling of βCD to the 
10 and 40 kDa PEG8-SA polymers was done accordingly. Below a typical procedure to synthesize 

PEG820K-SA-βCD is given. 

1.63 g PEG820K-SA (0.62 mmol succinyl moieties), 1.08 g  CD-NH2HCl (0.93 mmol, 1.5 eq. 

relative to succinyl moieties) and 0.14 g NHS (1.24 mmol, 2 eq. relative to succinyl moieties) were 

introduced into a 100 mL round-bottom flask with a teflon stirring bar and dissolved after addition 
of 32 mL demineralized water. Next, the solution was cooled to 0 oC and 220 μL of an EDC 

solution (1.24 mmol, 2 eq. relative to succinyl moieties) in demineralized water was added. The 
pH was adjusted to 5.5-6.0 with a 4 N NaOH solution. After 1 hour, the solution was brought to  
25 oC and stirred for 48 hours, while the pH was kept at 5.5-6.0. The reaction mixture was 

dialyzed (Slide-A-Lyzer® dialysis cassettes (MWCO = 10000 Da)) for 3 days against 5 L 10 mM 
ammonium acetate buffer, pH 4.7 at 4 oC. Buffer was refreshed twice a day. The polymer was 

collected by lyophilization and further dried in vacuo in the presence of Sicapent® at room 
temperature for 48 hours. A white fluffy product was obtained in high yield (94 %). The polymer 

was analyzed by 1H NMR spectroscopy, GPC and polarimetry.  
 
1H NMR (300 MHz, D2O, δ): 2.6 ppm (-OC(O)CH2CH2C(O)NH-βCD, 32H), 3.2-3.9 ppm      

(8-arm PEG H (-OCH2CH2O-, 1,775H) + hexaglycerine backbone (-CH2CH(O)CH2O-, 30H) + 

βCD glucosidic H (42H  DS)), 4.4 ppm (-OCH2CH2OC(O)C-, 16H), 5.0 ppm (βCD anomeric H 

(7H  DS).  

 

2.8. Preparation and rheological characterization of PEG8-SA-cholesterol/PEG8-SA-βCD 
hydrogels. PEG8-SA-cholesterol and PEG8-SA-βCD mixtures (molar ratios cholesterol/βCD 

varying from 0 to 10) were dissolved in 5 mM NH4OAc buffer (pH 4.7) to obtain 2 % (w/w) 
solutions. These solutions were then lyophilized and hydrogels were obtained by hydration of the 

lyophilized mixtures (10-40 mg) for 16 hours at 4 oC with appropriate amounts of 100 mM 
NH4OAc pH 4.7 buffer (160 to 190 μL).  

Adamantanecarboxylic acid (ACA) was used to competitively displace cholesterol from the 
βCD cavities. Therefore, increasing amounts of ACA (0-2 eq. relative to the amount of present 

cholesterol moieties) were added to a 2 % (w/w) solution of PEG8-SA-cholesterol and PEG8-SA-
βCD (molar ratio cholesterol/βCD = 1) in 5 mM NH4OAc buffer (pH 4.7). After lyophilization of 

the resulting mixtures, hydrogels were prepared as mentioned above.  
Rheological characterization of the hydrogels was done with a AR1000-N rheometer (TA 

instruments, Etten-Leur, The Netherlands) equipped with a 1o steel cone geometry of 20 mm 
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diameter and solvent trap. Using a spatula or pipette (for weak gels), approximately 55 μL sample 

was placed between the pre-heated (40 oC) plates of the rheometer. Rheological gel characteristics 
were monitored by oscillatory time sweep, strain sweep and temperature sweep experiments. 

During time sweep experiments the G’ (shear storage modulus) and G” (loss modulus) were 
measured at 4, 20 and 37 oC for a period of 5 minutes. Temperature sweep experiments were done 

to investigate the temperature dependency of the hydrogels’ viscoelastic properties, after 
increasing the temperature from 4 oC (heating rate: 1 oC·min-1) till 50 oC. After each temperature 

increment (1 oC) and 30 s equilibration, G’ and G” were measured. The point at which G”/G’ (= 
tan δ) = 1, is considered as the gel temperature (Tgel).

54 In both time and temperature sweep 

experiments, a constant strain of 1% and frequency of 1 Hz were used.  
 

 

3. Results and discussion 
 
3.1. Synthesis and characterization of PEG8-SA-cholesterol and PEG8-SA-βCD. The 

synthesis of βCD- and cholesterol-functionalized 8-arm PEG polymers was performed according 
to Scheme 1. The degree of substitution (DS) is defined as the number of either cholesterol or βCD 

per PEG molecule.  
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Scheme 1. Synthetic route towards a) PEG8-SA, b) PEG8-SA-chol and c) PEG8-SA-βCD.  

 
Star-shaped PEG8-OH was first converted into PEG8-SA by a base catalyzed reaction with 

succinic anhydride (SA). SA-modified 8-arm PEGs (10, 20 and 40 kDa) were obtained in high 
yields (>85 %) and the peak integrals in the 1H NMR spectra showed that the hydroxyl end groups 
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were quantitatively derivatized. Next, PEG8-SA-cholesterol was synthesized by reaction of 
cholesterol with PEG8-SA using dicyclohexylcarbodiimide (DCC) as coupling agent. In this study 

we focused on the synthesis of PEG8-SA-cholesterol with 5-6 cholesterol groups per 8-arm PEG 
molecule, because quantitative conjugation of the polymer end groups yielded a PEG8-SA-

cholesterol with very limited solubility in water. 1H NMR spectra showed that cholesterol moieties 
were coupled (DS 5.1-6.7) to PEG8-SA end groups. For the 10, 40 and 20 kDa PEG8-SA-

cholesterol, mass yields were in the range of 60-90 %.  
PEG8-SA-βCD was also synthesized using carbodiimide chemistry. Because 6-monodeoxy-6-

monoamino--cyclodextrin (CD-NH2·HCl) is not soluble in DCM, the reaction was done in 

water (pH 5.5-6.0) using EDC and NHS as coupling agent and catalyst, respectively. After dialysis 

and freeze drying, PEG8-SA-βCD polymers with DS ranging from 6.9 to 8.0, were obtained with 
high mass yields of more than 90 %. The DS of the PEG8-SA-βCD was determined with 

polarimetry, because the partial overlap and/or disturbance of the CD proton peaks in the 1H NMR 
spectra did not allow an accurate analysis. 

We further refer to a specific polymer as PEG8xxK-SA-choly or PEG8xxK-SA-βCDy, where xx 
stands for the used 8-arm PEG (10, 20 or 40 kDa) and y indicates the number of coupled groups 

per 8-arm PEG molecule (DS).  
 
Table 1. Mn, Mw and polydispersity (PD) of the star-shaped 8-arm PEGs and their derivatives, determined by 
GPC using linear PEG as calibration standards.  

  DSa Mn (kDa) Mw (kDa) PD 

PEG840K-OH - 24.1 26.0 1.1 

PEG820K-OH - 12.2 13.2 1.1 

PEG810K-OH - 6.5 6.9 1.1 

PEG840K-SA 8 18.6 20.5 1.1 

PEG820K-SA 8 6.9 7.5 1.1 

PEG810K-SA 8 1.0b 1.4 1.4 

PEG840K-SA-chol 6.4 19.7 22.8 1.2 

PEG820K-SA-chol 6.1 9.0 9.7 1.1 

PEG810K-SA-chol 6.3 3.3 3.8 1.1 

PEG840K-SA-βCD 6.9 31.1 42.9 1.4 

PEG820K-SA-βCD 7.1 16.7 21.5 1.3 

PEG810K-SA-βCD 7.2 11.5 14.4 1.3 

 
a Degree of substitution (DS) defined as the number of coupled groups per PEG molecule determined by 1H NMR 
spectroscopy or polarimetry. 
b Underestimated Mn likely due to column interactions. 
 

The molecular weights of the different functionalized PEGs as well as the starting polymers 
were determined using GPC with DMF/10 mM LiCl as eluent (Table 1). Because calibration was 

done with linear PEGs, the observed Mn’s of the star-shaped PEGs were lower than expected. 
Modification of these polymers with SA led to a decrease in Mn. Probably the succinic acid 
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moieties deteriorate solvation of the polymer chains by the eluent resulting in a decrease of its 

hydrodynamic volume. After modification of the different PEG8-SA polymers with cholesterol or 
βCD, an increase in Mn compared to the succinyl modified polymers was observed. 

Linear mono- (mPEG-OH (5 kDa)) and bifunctional (HO-PEG-OH (6 kDa)) PEGs were also 
quantitatively derivatized with succinic anhydride, followed by coupling of cholesterol. In these 

polymers 90 % of the terminal COOH-groups was derivatized with cholesterol groups (1H NMR); 
these polymers are further denoted as mPEG5000-SA-chol0.9 and chol0.9-SA-PEG6000-SA-chol0.9. 

More detailed 1H NMR, GPC and polarimetry data of the different polymers can be found in 
Appendix A (Supporting information).  

 
3.2. Hydrogel formation. To prepare homogenous hydrogels, PEG820K-SA-chol5.7 and 

PEG820K-SA-βCD8.0 were first dissolved at a low concentration (2 % (w/w)) in a 5 mM 
ammonium acetate buffer (pH 4.7). After lyophilization, the resulting mixture was hydrated in 100 

mM ammonium acetate buffer (pH 4.7) at 4 oC to minimize hydrolysis of ester linkages. 
Figure 1 shows photographs of hydrated mixtures of one of the functionalized polymer 

components (PEG820K-SA-chol5.7 or PEG820K-SA-βCD8.0) and non-functionalized PEG820K-OH 
(B and C) as well as both functionalized components together (A). Both controls (B and C) yielded 

viscous solutions, whereas a gel was formed when a mixture of βCD- and cholesterol-modified 8-
arm PEGs was hydrated (Figure 1A). In line herewith, Figure 2 shows that hydration of the βCD- 
and cholesterol-modified 8-arm PEGs resulted in the formation of a viscoelastic hydrogel, whereas 

if one of the functionalized polymers was replaced by non-functionalized PEG8, solutions with 
only fluid-like properties were obtained.  

 

 
 
Figure 1. Photographs of a 17.5 % (w/w) PEG820K-SA-chol5.7/PEG820K-SA-βCD8.0 (molar ratio βCD/chol 1:1) 
hydrogel at room temperature (A), and two controls, namely mixtures of PEG820K-SA-chol5.7/PEG820K-OH (B) and 
PEG820K-SA-βCD8.0/PEG820K-OH (C). 
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Figure 2. Storage modulus (G’) of a 17.5 % (w/w) PEG820K-SA-chol5.7/PEG820K-SA-βCD8.0 hydrogel (■), a 

PEG820K-SA-chol5.7/PEG820K-OH mixture () and a PEG820K-SA-βCD8.0/PEG820K-OH () mixture as a function 

of temperature. 

 
The results presented in Figure 1 and 2 indicate that both cholesterol- and βCD-modified star-

shaped PEG polymers are required to form hydrogels and that this gelation is likely caused by the 

formation of inclusion complexes between βCD and cholesterol (Figure 3). 
 

 
Figure 3. Hydrogel concept based on inclusion complexes between cholesterol (triangles) and βCD (cone shaped 
structures) moieties coupled to star-shaped 8-arm PEG. 

 
Figure 4A shows the temperature dependent rheological characteristics of a 10 % (w/w) 

PEG820K-SA-chol6.1/PEG820K-SA-βCD7.4 (chol/βCD = 1) mixture. At 4 oC, a G’ of 13.3  0.9 

kPa and tan δ of 0.32  0.01 (n=3) were observed, demonstrating that under these conditions a 

viscoelastic hydrogel was formed. However, with increasing temperature, G’ gradually decreased, 
which was associated with a concomitant increase of tan δ, indicating that a gel to sol transition 

occurred. Tgel, the temperature where G’ equals G” (tan δ = 1), was 20  1 oC for this hydrogel.  

Figure 4B shows the G’ and G” of the 10 % (w/w) PEG820K-SA-chol6.1/PEG820K-SA-βCD7.4 

hydrogel system upon repetitive heating and cooling. After heating from 4 oC to 37 oC and 
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subsequent cooling from 37 oC to 4 oC, the G’ and G” reached their original values, demonstrating 

the thermoreversibility of the PEG8-SA-chol/PEG8-SA-βCD hydrogel system. When 
cholesterol/βCD complexes are formed the PEG chains will lose mobility, which translates in a 

decrease in entropy (ΔS<0). Below Tgel, the system is in a gel state, because the binding enthalpy 
of the cholesterol/βCD complexes compensates the entropy loss.  As the change in Gibbs free 

energy (ΔG), given by ΔH-TΔS, increases with temperature, at T > Tgel due to the larger positive 
TΔS, the binding enthalpy of the cholesterol/βCD complexes (ΔH) can not compensate this larger 

positive TΔS, which results in disruption of the gel. 
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Figure 4A.  
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Figure 4B.  
 
Figure 4. (A) Rheological properties of a 10 % (w/w) PEG820K-SA-chol6.1/PEG820K-SA-βCD7.4 hydrogel as 
function of temperature. G’ (■, left axis), G”(▲, left axis) and tan δ (▼, right axis). (B) Thermoreversibility of a 10 
% (w/w) PEG820K-SA-chol6.1/PEG820K-SA-βCD7.4 system. G’ (■) and G” (▲) upon repeated heating (↑) and 
cooling (↓) in the temperature range 4-37 oC. 

 

Figure 5 shows the storage moduli of PEG820K-SA-βCD8.0/PEG820K-SA-chol6.1 gels as a 
function of the molar ratio between present βCD and cholesterol moieties in the hydrogels. The 

highest G’ was observed at an equimolar ratio of cholesterol and βCD. When either βCD or 

cholesterol was present in excess, a decrease in G’ was found. For mixtures comprising ~10 more 
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cholesterol than βCD groups and vice versa, G’ was negligible and viscous solutions remained. 
This suggests that gel formation is indeed caused by formation of cholesterol/βCD inclusion 

complexes.  
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Figure 5. Storage modulus (G’) of 15 % (w/w) PEG820K-SA-βCD8.0/PEG820K-SA-chol6.1 hydrogel mixtures at 20 
oC in relationship to the cholesterol/βCD stoichiometry (expressed as molar ratio of cholesterol/βCD groups). To 
control the molar ratio of cholesterol/βCD groups, different amounts of one of the hydrogel components were 
replaced by non-functionalized PEG820K-OH. The data are shown as average & SEM, n=3. 

 
To further demonstrate the occurrence of βCD/cholesterol interactions as a driving force for 

network formation, increasing amounts of the competitive agent 1-adamantanecarboxylic acid 

(ACA has a two fold higher binding affinity towards βCD compared to cholesterol55-57) were 
added to PEG820K-SA-βCD8.0/PEG820K-SA-chol5.7 hydrogels. Figure 6 shows that G’ of the gels 

decreased with increasing concentrations of ACA at both 4 and 20 oC, respectively. At an 
equimolar ACA/cholesterol group ratio the gel structure was completely broken and a viscous 

solution remained. These results give further evidence that network formation in this hydrogel 
system is due to reversible βCD/cholesterol inclusion complexes. 
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Figure 6. Storage modulus (G’) of 15 % (w/w) PEG820K-SA-βCD8.0/PEG820K-SA-chol5.7 hydrogel system (molar 
ratio cholesterol/βCD = 1/1) at 4 oC and 20 oC with increasing amounts of the competitive βCD-interacting 
compound 1-adamantanecarboxylic acid. The data are shown as average & SEM, n=3.  
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3.3. Cholesterol/β-cyclodextrin inclusion complexes studied by 2D-NMR analyses. The 

formation of cholesterol/βCD complexes in the hydrogels was further demonstrated by 2D-NMR 
(NOESY 1H) analyses on solutions of PEG820K-SA-βCD7.4/PEG820K-SA-chol6.1 and PEG820K-

SA-chol6.1/PEG820K-OH, respectively, in D2O (12 mg·mL-1). Cholesterol protons were hardly 
visible in the spectrum of PEG820K-SA-chol6.1/PEG820K-OH, likely because the cholesterol units 

self-assemble in the aqueous environment to form micellar like structures. In contrast, in the 2D 
NMR (NOESY 1H) spectrum of the PEG820K-SA-βCD7.4/PEG820K-SA-chol6.1 mixture in D2O, 

cholesterol proton peaks (δ 0.9-1.3 ppm) were detected. Moreover, cross-peaks from cholesterol 
protons (δ 0.9-1.3 ppm) and protons at δ 3.9 ppm, were also observed (Figure 7). At δ 3.9 ppm, 

both glucosidic βCD protons and PEG protons resonate. Because the hydrophobic cholesterol 
moieties and hydrophilic PEG chains are phase-separated in the aqueous environment, it can be 

concluded that these cross-peaks are the result of cholesterol and glucosidic βCD protons in an 
inclusion complex. 

 

 
Figure 7. 2D (NOESY) 1H NMR spectrum of a mixed PEG820K-SA-βCD7.4/PEG820K-SA-chol6.1 solution              
(12 mg·mL-1) in D2O. Cross-peaks of interest are indicated by ovals. 
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3.4. Gel properties as a function of solid content, star PEG molecular weight and after 
combining star-shaped PEG8-SA-βCD with linear PEG-SA-cholesterol. Figure 8 shows the G’ 

of two different 15 % (w/w) mixtures of linear bifunctional chol0.9-SA-PEG6000-SA-chol0.9, or 
linear monofunctional mPEG5000-SA-chol0.9 with star-shaped PEG820K-SA-βCD8.0 (molar ratio 

βCD/chol was 1/1) as a function of temperature. In line with expectations, the addition of 
monofunctional mPEG5000-SA-chol0.9 did not result in the formation of a viscoelastic hydrogel. 

On the contrary, the bifunctional chol0.9-SA-PEG6000-SA-chol0.9 mixed with star-shaped 
PEG820K-SA-βCD8.0 resulted in the formation of a hydrogel. The resulting gel strength (e.g. at 4 
oC, G’ = 13  2 kPa (n=4)), however, was considerably lower than that of a hydrogel composed of 

star-shaped polymers (G’ = 29  2 kPa). This might be explained by the lower crosslink density in 

gels composed of star PEG820K-SA-βCD8.0 and linear bifunctional chol0.9-SA-PEG6000-SA-

chol0.9, compared to gels consisting entirely of the star-shaped functionalized polymers.  
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Figure 8. G’ of 15 % (w/w) hydrogel mixtures as a function of temperature, in which PEG820K-SA-βCD8.0 is 
combined with either star-shaped PEG820K-SA-chol6.1 (■) or linear mPEG5000-SA-chol0.9 (▲) and chol0.9-SA-
PEG6000-SA-chol0.9 (▼).  

 
Figure 9A shows the G’ at 4 oC of PEG820K-SA-βCD7.1/PEG820K-SA-chol5.1 hydrogels (molar 

ratio chol/βCD = 1) with increasing polymer content (5-20 % (w/w)). With increasing solid 
content of the hydrogels, G’ significantly increased and tan δ decreased. Logically, an increase of 

polymer concentration and thus concentration of cholesterol and βCD results in a higher crosslink 
density. Further, Figure 9B shows that in line with expectations Tgel increases with increasing solid 

content as well; at high polymer concentration (20 % (w/w)), Tgel was 49  1 oC and thus exceeded 

body temperature. This finding shows that this hydrogel system is formed under physiological 

conditions, which makes it possible to use it for pharmaceutical applications, like protein release 
purposes.  
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Figure 9A.  
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Figure 9B.  
 
Figure 9. (A) PEG820K-SA-βCD7.1/PEG820K-SA-chol5.1 hydrogels; Gel properties (4 oC) as function of the 
percentage solid content. Left axis: G’ and G”, right axis: tan δ. The data are shown as average & SEM, n=3. (B) Tgel 
of hydrated PEG820K-SA-βCD7.1/PEG820K-SA-chol5.1 mixtures as a function of the percentage solid content. Data 
are shown as average & SEM, n=3.  

 
Figure 10 shows the effect of the molecular weight of the used PEG stars on the G’ of PEG8-

SA-βCD7.00.1/PEG8-SA-chol6.20.2 hydrogel mixtures. This figure shows that the highest G’ values 

were observed with the star-shaped PEG820K. The functionalized PEG840K products resulted in 

weaker hydrogel, likely because of a lower crosslink density (less βCD and cholesterol groups per 
volume). Figure 10 also shows that hydrogels composed of PEG810K had a lower G’ compared to 

the PEG820K hydrogels. This is probably caused by a low solubility of the hydrogel component 
PEG810K-SA-chol6.3.  
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Figure 10. G’ (Pa) as a function of the molecular weight of the PEG moieties in PEG8-SA-βCD7.00.1 and PEG8-SA-

chol6.20.2. 15 % (w/w) hydrogels (molar ratio chol/βCD = 1) were prepared and G’ was measured at 4 oC. Data are 

shown as average & SEM, n=3.  

 

 

4. Conclusions 
 
In this chapter, we report on a novel hydrogel system, based on star-shaped 8-arm PEG 

modified with either β-cyclodextrin or cholesterol moieties. Hydrogel formation is based on β-
cyclodextrin/cholesterol inclusion complexes as demonstrated by rheological and NMR analyses. 

The resulting hydrogels are thermoreversible and gel characteristics can be tailored by changing % 
solid content, βCD/cholesterol stoichiometry, 8-arm PEG molar mass or the addition of telechelic 

PEG-cholesterol. Other ways to tailor gel properties, such as combining βCD- or cholesterol-
modified 8-arm PEG with low-molecular multi-functional crosslinking agents or using an 8-arm 

PEG with βCD- and cholesterol-moieties in the same polymer molecule, are currently under 
investigation. Star-shaped polymers exhibit smaller hydrodynamic radii and a lower viscosity 

compared with linear polymers of the same molar mass,58 which is beneficial for future 
pharmaceutical applications, such as injectable in situ gelling devices. PEG is a biocompatible, 

non-immunogenic polymer and a wide variety of PEG containing products have been approved by 
the US Food and Drug Administration.59 Consequently, this hydrogel system based on the 

formation of β-cyclodextrin/cholesterol inclusion complexes is a very attractive candidate for 
further pharmaceutical and biomedical applications.  
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Abstract 
 

The rheological properties of a recently developed self-assembling hydrogel system composed of 

β-cyclodextrin (βCD)- and cholesterol-derivatized 8-arm star-shaped poly(ethylene glycol) (PEG8) 
were investigated. To understand and predict the gel rheological properties, data fitting with the 

Maxwell model as well as comparing the system’s concentration-dependent behavior with Cates’ 
model for reversibly breaking chains, were performed. To investigate the influence of the polymer 

architecture, networks were also prepared by replacing the cholesterol-derivatized 8-arm star-
shaped PEG by linear bifunctional PEG-cholesterol or by using 4-arm instead of 8-arm polymers. 

Rheological analysis showed that the 8-arm polymer-based mixtures yielded tight viscoelastic 
networks, but their storage and loss moduli significantly deviated from those predicted by the 

Maxwell model. The scaling of the plateau moduli, relaxation times and zero-shear viscosities 
with concentration for gels composed of 8-arm cholesterol- and βCD-derivatized PEG, followed a 

power law with exponents higher than predicted by Cates’ model. On the other hand, hydrogels in 
which linear bifunctional PEG-cholesterol was used instead of 8-arm star-shaped PEG-cholesterol 

or which were based on 4-arm polymers, showed a substantial better fit with the Maxwell model 
and reduced differences between empirical and Cates’ theoretical scaling exponents. Rheological 

analysis also showed that the hydrogels were thermoreversible. At low temperatures the gels 
showed viscoelastic behavior, due to slow overall relaxation of the polymer chains. At higher 
temperatures however a reduced number of βCD/cholesterol complexes and concomitant faster 

chain relaxation processes eventually led to liquid-like behavior. The relationship between 
temperature and the relaxation time was used to determine an activation energy of 46 kJ·mol-1 for 

breaking and reptation of the polymers.  
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1. Introduction 
 
1.1. Self-assembling hydrogels based on βCD/cholesterol inclusion complexes. Self-

assembling hydrogels are attractive materials for drug delivery and tissue engineering 

applications.1-8 Unlike covalently crosslinked hydrogels, network formation in these materials is 
based on physical interactions,1-3 such as ionic interactions,9,10 hydrophobic interactions,11-13 

hydrogen bonds,14,15 crystallinity,16 stereocomplex formation17-19 or specific biomimetic 
interactions.20-22 Reversible hydrogels, in which crosslinking is established between inclusion 

complexes of the cyclic oligosaccharide β-cyclodextrin (βCD) and a complementary low 
molecular weight guest molecule, have been described recently.23-31 βCD is a cyclic 

oligosaccharide, which consists of 7 glucopyranose units that are linked by α-1,4-glucosidic 
linkages.32 Because of its relatively hydrophobic inner cavity, βCD can act as a host for a wide 
range of lipophilic guest molecules (e.g. cholesterol or adamantane), mainly driven by 

hydrophobic and van der Waals interactions.33-35  
   Different studies reported the formation of βCD-inclusion complex based gels, after combining 

βCD- and adamantane-grafted derivatives of poly(acrylamide),24 chitosan30 or hyaluronic acid.28,29 
In the latter case, hyaluronic acid was also grafted with bivalent βCD- or adamantane-moieties, 

which were able to form dimeric βCD/adamantane complexes with a higher association constant 
as compared to monovalent βCD/adamantane inclusion complexes.29 The presence of these 

bivalent groups significantly influenced the rheological properties of the obtained gels.28,29  
In another study, temperature responsive gels were prepared by combining adamantyl-

containing N-isopropylacrylamide copolymers and a low molecular weight dimer of βCD in 
aqueous solution.25  

We recently reported on a self-assembling hydrogel system based on cholesterol- and βCD-
functionalized 8-arm star-shaped poly(ethylene glycol) (PEG8).

23 In our approach, 8-arm star-

shaped PEG was derivatized with either βCD- or cholesterol-moieties via a succinyl spacer. Due to 
βCD/cholesterol interactions, a reversibly crosslinked network was obtained after combining both 

polymeric components in aqueous solution. Because gel mechanical properties could easily be 
tailored23 and the hydrogel building blocks are assumed to be biocompatible, this system offers 

excellent opportunities as drug delivery matrix and for other pharmaceutical and biomedical 
applications. For the development of such applications, understanding and predicting the 

rheological behavior of the gels is essential. 
In the past decade, other self-associating hydrogels based on 8-arm or 4-arm star-shaped PEGs 

have been described.11,20,36,37 However, at present no rheological model exists that has the ability to 
describe the dynamics of reversible crosslinked systems with this unique architecture. Even for 

relatively simple networks based on supramolecular interacting linear polymers, only a few studies 
have been published.31,38-42 Previously, Semenov et al.31 developed a model for the aforementioned 

hydrogel systems based on βCD- and adamantane-derivatized chitosan30 or hyaluronic acid.28,29 
This model assumed that above a certain overlap concentration (C*), so-called junction points are 
formed, in which the crossed double-chains interchange their partners. For this system, chemical 

irregularities and the length (L) of the backbone spacer between two grafts played a major role on 
the rheological properties.31  
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In the present study, the rheological properties of the self-assembling hydrogel system based on 

βCD- and cholesterol-derivatized 8-arm star-shaped PEG were investigated. Furthermore, gels 
were prepared with structurally less complex hydrogel components. For this purpose, cholesterol-

derivatized 8-arm star-shaped PEG was replaced by linear bifunctional PEG-cholesterol or 4-arm 
instead of 8-arm star βCD- and cholesterol-derivatized PEGs were used. Because of the lack of 

suitable models for these structurally complex networks, the rheological data were analyzed with 
existing models for linear reversible polymer solutions and wormlike micelles, as will be 

explained in the next section.   
 

1.2. Theoretical background. In this study, the suitability of several existing rheological 
models to describe the rheological behavior of self-assembling star-shaped PEG was evaluated. 

Therefore, data obtained by the frequency sweep experiments were fitted to the Maxwell model. In 
former studies, Maxwellian behavior was found for wormlike micelles43 and entangled reversible 

hydrogen-bonded or metal-coordinated polymers.44-48 According to this model the storage modulus 
(G’) and loss modulus (G") can be described by the following equations: 
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In these equations,  represents the angular frequency, and τ is the relaxation time. Because   

G’/G” = τ, the angular frequency () at which G’ = G”, equals the inverse relaxation time (1/τ). 

G0 corresponds to the plateau level of G’ at high frequencies and is called the plateau modulus.  
 

In concentrated solutions of βCD- and cholesterol-functionalized PEG, polymer chains form a 
network based on βCD/cholesterol interactions and possible entanglements. In this study, the 

plateau modulus (G0) was used to calculate the average molecular weight between effective 
crosslinks (Mc) by using equation 3, derived from the rubber elasticity theory.49,50  
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Here ρ corresponds to the concentration of the polymer solution (g·m-3), R is the molar gas 
constant, and T is the temperature (in K). In this case, Mc is the average molecular weight between 

effective crosslinks at a short timescale. Furthermore, ρ/Mc renders the molar concentration of the 
chain fragments between crosslinks Cc (mol·m-3). Cc is related to the polymer solution’s correlation 

length (ξ) by Cc ≈ 1/ξ3. The fact that in a good solvent, ξ scales with the polymer concentration 
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(g·L-1) by ξ ≈ C-3/4, makes the plateau modulus G0 concentration-dependent as well.51 The relation 
between G0 and C was previously described for both reversibly and covalently bonded polymers as 

follows:43,52,53 
 

49
3
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       (4) 

 

Previously, extensive studies were done with wormlike micelles,38,43,45,54-56 which have the 
ability to break and recombine in a reversible way and can even form branched structures at 

certain salt concentrations. These characteristics give them rheological properties, which are often 
similar or related to those of linear reversible polymers.44,48,57,58 To deal with the breaking and 

reassembly of polymer chains, Cates et al. developed a model for the dynamic properties of 
wormlike micelles.54,55 In this model the relaxation of the polymer chains has been divided into 

two components, namely the reptation time, τrep, and the lifetime of a chain, τbreak. The reptation 
time τrep is the time needed for an entangled polymer to diffuse out of its imaginary tube.53 This 

tube is built up from other entangled polymer chains, thereby forming a network and diffusion of a 
polymer chain is only possible in restricted directions. τbreak is defined as the lifetime of a chain of 

mean length before it breaks into two pieces.45 When breaking of the reversible interactions is fast 
compared to chain reptation (τbreak << τrep), the overall relaxation time τ is represented by equation 

5: 
 

4521
breakrep )( C      (5) 

 

This equation indicates that according to the model of Cates, the relaxation time τ scales with the 
concentration with an exponent of 5/4. Consequently, because both the relaxation time τ and the 

plateau modulus G0 are concentration-dependent, also the zero-shear viscosity η0 (equation 6) can 
be related to the polymer concentration, following a power law with exponent 3.5: 
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0
.

0 CGη        (6) 

 

All scaling exponents of the Cates’ model are based on the dynamical behavior of linear 
reversible chains. Thus far, scaling exponents as a function of the concentration have only scarcely 

been published for complex polymer networks, such as covalently and physically crosslinked 
systems. Khatory et al. experimentally showed that salt-induced branching of wormlike micelles 

led to a decrease of the scaling exponents and zero-shear viscosity.56 Other studies reported higher 
scaling exponents as compared to the model of Cates. Rubinstein et al.59 developed a so-called 

sticky reptation model, which describes the rheological properties of specific associating linear 
polymers. This model predicted a number of regimes, in which the viscosity showed power law 

behavior as a function of the polymer concentration with exponents in the range 3.75-8.5.59 
Increased power law exponents were also shown in experimental studies with different pairwise 
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associating polymers, such as 1,2,4-triazolidine-3,5-dione modified polybutadiene60 and 

poly(ethylene oxide)-grafted 2-acrylamido-2-methyl propanesulfonic acid/acrylic acid 
copolymers.61 

 
Especially in a fast breaking regime, the relaxation time τ is mainly determined by the 

reversible host-guest interactions as compared to the reptation processes. This makes it possible to 
describe the relaxation time τ as a function of a reaction rate constant k. Because the reaction 

(reversible chain breaking) can be assumed to be first order, k equals 1/τ. By using the Arrhenius 
equation,62 the reaction rate constant k (equation 7) and also τ (equation 8) can be further related to 

the temperature T: 
 

RTEAk ae        (7) 
RTEA ae1        (8)   

 
In these equations, A, R and Ea represent a pre-exponential factor, the molar gas constant and the 

activation energy, respectively. Analogous to τ, both the pre-exponential factor A and the 
activation energy Ea are the result of a combination of chain reptation and chain breaking.48 The Ea 

can therefore be considered as the arithmetic mean of the activation energies of reptation and chain 
breaking. 

 
 

2. Experimental part 
 

2.1. Materials and polymer synthesis. Star-shaped 8-arm and 4-arm poly(ethylene glycol)s (8-
arm PEG820K-OH (Mn = 20185 Da (MALDI), PDI = 1.08) / 4-arm PEG410K-OH (Mn = 10560 Da 

(MALDI), PDI = 1.02)) were purchased from JenKem Technology USA (Allen, USA). Linear 
poly(ethylene glycol)s, HO-PEG6000-OH and HO-PEG3000-OH were obtained from Fluka 

(Buchs, Switzerland). The Mn’s of these linear PEGs were determined by 1H NMR spectroscopy 
using trichloroacetyl isocyanate (TCAI, Sigma-Aldrich, Zwijndrecht, The Netherlands) as a shift 
reagent.63 Using this method, Mn values of the HO-PEG6000-OH and HO-PEG3000-OH products 

were measured to be 6.8 kDa and 3.5 kDa, respectively.  
The abovementioned starting compounds were derivatized with either cholesterol or β-

cyclodextrin (βCD) moieties using a biodegradable succinyl linker (SA) and characterized as 
previously reported23 (see Appendix A (Supporting information) for synthesis, NMR, GPC and 

polarimetry data of polymers not mentioned in reference 23). The degree of substitution (DS) is 
defined as the number of either cholesterol or βCD molecules per PEG molecule. A specific 

polymer is referred to as PEGxyyK-cholz or PEGxyyK-βCDz, where x represents the number of 
arms per star PEG molecule (e.g. 8 or 4), yy represents the PEG MW (e.g. 20 kDa or 10 kDa) and 

z indicates the DS. Linear bifunctional cholesterol-PEG-cholesterol polymers are denoted as 
PEG6000-chol1.8 and PEG3000-chol2.0. 

 



Rheological behavior of self-assembling PEG-β-cyclodextrin/PEG-cholesterol hydrogels 
 

83 

2.2. Preparation and rheological characterization of hydrogels. Mixtures of multi-arm PEG-
βCD with either multi-arm or linear bifunctional PEG-cholesterol (molar ratio cholesterol/βCD = 

1) were dissolved in 5 mM NH4OAc buffer (pH 4.7) to obtain 2 % (w/w) solutions. These 
solutions were then lyophilized and hydrogels (10-20 % (w/w)) were obtained by hydration of the 

lyophilized mixtures (20-40 mg) for 16 hours at 4 oC with appropriate amounts of 100 mM 
NH4OAc (pH 4.7) buffer (160 to 180 μL).  

Rheological characterization of the hydrogels was done with a AR1000-N rheometer (TA 
instruments, Etten-Leur, The Netherlands) equipped with a 1o steel cone geometry of 20 mm 

diameter and solvent trap. Using a spatula or pipette (for weak gels), approximately 55 μL sample 
was placed between the pre-heated (40 oC) plates of the rheometer. Rheological gel characteristics 

were monitored by oscillatory frequency sweep experiments at 4 and 20 oC. Frequencies varied 
from 0.01 to 100 Hz. Temperature sweep experiments from 4 to 37 oC were done at a heating rate 
of 1 oC·min-1 (30 s equilibration per point; frequency: 1 Hz). All experiments were performed at 1 

% strain.  

 

 

3. Results and discussion 
 
3.1. Hydrogel preparation. In this study, aqueous mixtures composed of star-shaped 8-arm 

PEG820K-βCD8 (DS: 7.4-8.0) combined with either star-shaped 8-arm PEG820K-chol6.1 or linear 
bifunctional PEG6000-chol1.8 and PEG3000-chol2.0 polymers, were prepared. In addition, mixtures 

of star-shaped 4-arm PEG410K-βCD3.8 and PEG410K-chol2.8 were made. At room temperature, all 
mixtures could be qualified as ‘hydrogels’, based on a commonly used vial tilting method.23,64,65 In 

all hydrogel mixtures, equimolar amounts of βCD- and cholesterol-groups were present, because 
we have previously shown that at equal molar βCD/cholesterol ratio the strongest gels were 

obtained.23 Figure 1 shows the chemical structures and schematic representations of the applied 
polymers. 
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Figure 1. Chemical structures and schematic representation of used hydrogel components. For the sake of simplicity 
polymers are depicted as quantitatively derivatized. R = hexaglycerine core (for 8-arm polymers) or pentaerythritol 
core (for 4-arm polymers).  

 

Table 1 gives the composition of (8-arm or 4-arm) PEG-βCD and (8-arm or linear) PEG-
cholesterol hydrogel mixtures. The compositions were selected in such a way that in the gels the 

concentration of βCD (and thus of cholesterol (chol) groups) is approximately the same.  
 

Table 1. Compositions of hydrogels consisting of βCD- and cholesterol-derivatized star-shaped or linear PEGs 
of Figure 2 and 3. 

 
 
Hydrogel components 

Polymer 
conc. 

(% w/w) 

PEG-βCD 
conc. 

(% w/w) 

PEG-chol 
conc. 

(% w/w) 

Conc. βCD 
Conc. chol    

(mmol/g gel) 

Star PEG820K-βCD7.4/ star PEG820K-chol6.1 10.0 5.1 4.9 0.013 

Star PEG820K-βCD7.9/ linear PEG6000-chol1.8 10.0 4.7 5.3 0.012 

Star PEG820K-βCD8.0/ linear PEG3000-chol2.0 10.0 6.2 3.8 0.017 

Star PEG410K-βCD3.8/ star PEG410K-chol2.8 12.5 6.0 6.5 0.015 

 
3.2. Rheological behavior compared to the Maxwell model. To determine the dynamic 

moduli as a function of the applied frequency, oscillatory frequency sweep experiments were 
performed. The obtained data were subsequently fitted to the Maxwell model. Figure 2 shows the 

storage modulus (G’) and the loss modulus (G”) at 4 oC of these four hydrogel mixtures as a 
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function of the angular frequency (ω) together with the fits to the Maxwell model (equations 1 and 
2). For data fitting to the Maxwell model, both G0 and τ were obtained from data in Figure 2. G0 

was determined as the plateau value of G’ at high frequency, where G’ values at frequencies > 320 
rad·s-1 were excluded due to deviating raw phase values. Figure 2A shows G’ and G” of a 10 % 

(w/w) PEG820K-βCD7.4/PEG820K-chol6.1 hydrogel mixture (8-arm star/star PEG mixture) as a 
function of the applied frequency. Although the curves reveal that the gel has typical viscoelastic 

properties, the fit to the Maxwell model is poor. This figure also shows that at angular frequencies 
(ω) < 0.22 rad·s-1, the measured G” exceeds G’, while G’ equals G” at ω = 0.22 rad·s-1. When ω is 

further increased, G’ starts to dominate G” and levels off toward a plateau value (G0). Both G’ and 
G” display a relatively weak frequency dependency, indicating that a broad range of relaxation 

times is involved in stress relaxation of the associated network.  
Figures 2B and 2C show the results of similar measurements performed with 10 % (w/w) 

PEG820K-βCD7.9/PEG6000-chol1.8 and PEG820K-βCD8.0/PEG3000-chol2.0 hydrogel mixtures (8-

arm star/linear PEG mixtures). Compared to the hydrogel fully based on 8-arm star PEG, lower G0 
values were determined for the hydrogels that contained a combination of 8-arm star PEG8-βCD 

and linear bifunctional PEG-cholesterol, indicating a lower crosslink density. Since the 
concentration of βCD and cholesterol is the same for both hydrogel mixtures (Table 1), the lower 

crosslink density can be explained by the lower total concentration of star-shaped 8-arm polymers, 
for which the core already inherently acts as a crosslink. Figures 2B and 2C also show that the 

measured curves of the PEG8-βCD/linear PEG-chol hydrogels demonstrated a substantial better fit 
with the Maxwell model as compared to the fits of the completely 8-arm PEG based hydrogels. G’ 

values correspond especially well with the Maxwell model at high frequencies (ω = 2-628 rad·s-1), 
while G” values show good Maxwell model correlation at lower frequencies (ω = 0.1-40 rad·s-1).  

It was expected that a combination of star-shaped 8-arm PEG8-βCD with linear bifunctional 
PEG3000-chol would give tighter networks and stronger hydrogels than when bifunctional 

PEG6000-chol was used, because the smaller chain length of the linear PEG-cholesterol within the 
polymer network leads to a higher concentration of βCD/cholesterol inclusion complexes (Table 

1). It was observed however that the PEG820K-βCD8.0/PEG3000-chol2.0 gel (Figure 2C) had a 
lower strength than the PEG820K-βCD7.9/PEG6000-chol1.8 (Figure 2D) gel. This is probably 

caused by the lower aqueous solubility of the PEG3000-chol2.0 hydrogel component. This was also 
previously observed for a related PEG-cholesterol hydrogel component (PEG810K-chol6.3),

23 

leading to less cholesterol units available for inclusion complex formation and imperfect network 
formation.  

Figure 2D shows G’ and G” of a 12.5 % (w/w) PEG410K-βCD3.8/PEG410K-chol2.8 hydrogel 
mixture as a function of the applied frequency. Similar to the 8-arm star/linear PEG mixtures, G’ 

and G” of the 4-arm star PEG mixtures as a function of the angular frequency (ω) showed an 
improved fit towards the Maxwell model as compared to the 8-arm star PEG mixtures. Although 

the lengths of the individual arms are similar (~2.5 kDa), the 4-arm star PEG mixtures resulted in 
lower G0 values compared to the mixtures based on 8-arm star PEG, which indicates that their 
crosslink density is lower and can be explained by the different architectures of the hydrogel 

components. As compared to 8-arm βCD- and cholesterol-derivatized PEGs, the 4-arm polymers 
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will contribute less to network formation, because of their lower amount of associating arms per 

star PEG molecule.  
Frequency sweeps at 4 oC were also performed with aqueous mixtures of the linear bifunctional 

polymers PEG6000-chol1.8 and PEG6000-βCD2.0 (polymer concentrations 10-40 % (w/w)). In this 
case, the mixtures behaved as viscous fluids even at high frequencies (G’ ≤ G”; see Appendix A 

(Supporting information)). However, the viscosity of PEG6000-chol1.8/PEG6000-βCD2.0 mixtures 
was higher than that of non-functionalized PEG6000 solutions. For example, at a frequency of 1 

Hz, G” of a 15 % (w/w) PEG6000-chol1.8/PEG6000-βCD2.0 mixture was 14 Pa, whereas G” of a 
15 % (w/w) PEG6000-OH solution was 0.1 Pa. This indicates that βCD/cholesterol complexes are 

formed within these mixtures, which lead to an increase of viscosity. Because these mixtures are 
composed of linear polymer chains, networks are not formed. Previously, similar findings were 

also reported for supramolecular polymers composed of linear bifunctional PEG-βCD and PEG-
adamantane.66 

 

0.1 1 10 100 1000
100

101

102

103

104

105

 (rad/s)

G
', 

G
" 

(P
a)

0.1 1 10 100 1000
100

101

102

103

104

 (rad/s)

G
', 

G
" 

(P
a)

 

0.1 1 10 100 1000
10-1

100

101

102

103

104

 (rad/s)

G
', 

G
" 

(P
a)

0.1 1 10 100 1000
10-1

100

101

102

103

104

 (rad/s)

G
', 

G
" 

(P
a)

 
Figure 2. Storage modulus (G’, ■) and loss modulus (G”, □) at 4 oC as a function of the angular frequency ω for 
hydrogels containing 10 % (w/w) star PEG820K-βCD7.4/star PEG820K-chol6.1 (A), 10 % (w/w) star PEG820K-
βCD7.9/linear PEG6000-chol1.8 (B), 10 % (w/w) star PEG820K-βCD8.0/linear PEG3000-chol2.0 (C) and 12.5 % (w/w) 
star PEG410K- βCD3.8/PEG410K-chol2.8 (D). Solid (G’) and dashed (G”) lines are fits to the Maxwell model 
(equations 1 and 2). In the case of the 4-arm star-shaped PEG410K-βCD3.8/PEG410K-chol2.8 mixture, a 12.5 % (w/w) 
instead of a 10 % (w/w) gel is shown, because the 10 % (w/w) gel was too weak for proper Maxwell fitting. 
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Figure 3 shows the experimentally observed data and Maxwell fits of G’ and G” for the 8-arm 
star/star PEG (10 % (w/w)) and 8-arm star/linear PEG gels (10 % (w/w)) in a so-called Cole-Cole 

plot. Such plots for materials that fully behave according to the Maxwell model, result in a semi-
circle when G” is plotted against G’ (indicated by the Maxwell fits; solid lines). The diameter of 

this circle then corresponds to the plateau modulus G0. Figure 3 again demonstrates that the 
rheological characteristics of the 8-arm star/star PEG mixture poorly correspond to Maxwell 

behavior, while replacing the star-shaped 8-arm PEG-cholesterol component by a linear PEG6000-
chol1.8 causes a greatly improved agreement with the Maxwell model. 

0 2500 5000 7500 10000
0

1000

2000

3000

4000

5000

G' (Pa)

G
" 

(P
a)

 
Figure 3. Cole-Cole plots (G” versus G’) for 10 % (w/w) star PEG820K-βCD7.4/star PEG820K-chol6.1 (○) and 10 % 
(w/w) star PEG820K-βCD7.9/linear PEG6000-chol1.8 (■) hydrogels at 4 oC. Solid lines correspond to the Maxwell 
model (equations 1 and 2). 

 

Figure 4 shows Cole-Cole plots for 8-arm star PEG820K-βCD7.9/linear PEG6000-chol1.8 (8-arm 
star/linear PEG) mixtures with increasing solid polymer contents (10-17.5 % (w/w)). This figure 

shows that at a polymer concentration of 10 and 12.5 % (w/w), there is a good fit with the 
Maxwell model. This suggests that increasing concentrations of star-shaped 8-arm PEG820K-

βCD7.9 in solution provokes a higher network complexity. Star-shaped polymers exhibit smaller 
hydrodynamic radii and a lower viscosity compared with linear polymers of the same molar 

mass.67 This might explain that at polymer concentrations higher than 12.5 % (w/w), the G” values 
predicted by the Maxwell model are overestimated. Furthermore, a small deviation from the 

Maxwell model is found at high G’ (at G’ ≈ 5000, 9100, 14000 and 21000 Pa for 10, 12.5, 15 and 
17.5 % (w/w) gels, respectively). Such deviations have also been observed in other reversible 

polymeric systems48,68 and wormlike micelles38,52,55 and are ascribed to a transition towards another 
dynamical regime, in which other relaxation modes (e.g.  breathing and Rouse modes52,69,70) start 

to dominate. Interestingly, as compared to the plots of more concentrated gels (≥ 15 % (w/w); turn 
rightwards), Cole-Cole plots of gels with lower polymer concentrations show a differently shaped 

deviation (turn leftwards) at high frequency. However, a suitable explanation can not be given for 
this observation.  
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Figure 4. Cole-Cole plots for star PEG820K-βCD7.9/linear PEG6000-chol1.8 hydrogels with increasing polymer 
concentration (10-17.5 % (w/w)). Solid lines correspond to the Maxwell model (equations 1 and 2). 

 

3.3. Network properties. By using the observed G0 values, the molecular weight between the 
(effective) crosslinks (Mc, equation 3) was calculated for the 8-arm star/star gels, the 8-arm 

star/linear gels (with linear PEG6000 and PEG3000) and the 4-arm star/star gels with solid 
polymer contents from 10 to 20 % (w/w) (see Appendix A (Supporting information)). 
Theoretically, for all PEG-βCD/PEG-cholesterol systems, the calculated Mc is the result of 

reversible βCD/cholesterol interactions together with regular chain entanglements. Because Mc is 
inversely proportional to G0, the lowest Mc values were obtained for the hydrogels completely 

composed of 8-arm star-shaped polymers (Mn per PEG arm: 2.5-2.7 kDa). Replacing 8-arm star 
PEG820K-chol6.1 by linear bifunctional PEG6000-chol1.8 or PEG3000-chol2.0 resulted in higher Mc 

values. The 4-arm star PEG410K-βCD3.8/PEG410K-chol2.8 gels led to the highest Mc values. For all 
gel mixtures, Mc values decreased with increasing solid polymer content. Increasing the amount of 

dissolved polymer creates more effective crosslinks and therefore more rigid networks. 
Figure 5 shows the molecular weight between the calculated (effective) crosslinks for the 8-arm 

star/star PEG8-βCD/PEG8-chol gels with increasing solid polymer contents (10-20 % (w/w)) at 
both 4 and 20 oC. It demonstrates that the Mc values of the gel mixtures decrease with increasing 

solid polymer content. Extrapolation of the obtained Mc’s of the 8-arm star PEG820K-βCD7.4/star 
PEG820K-chol6.1 gels towards infinite polymer concentration yielded a Mc of approximately 7 

kDa. Interestingly, this value equals the total molecular weight of 2 self-assembled PEG arms (2 
PEG arms + 2 succinyl linkers + βCD + cholesterol = 7 kDa) and indicates that at high 

concentrations all arms are involved in network formation. This simultaneously suggests that chain 
entanglements do not contribute to the network properties of the hydrogels. With the use of a 

commonly applied procedure28, 30, 71 (see Appendix A (Supporting information)), it was found by 
measuring the concentration-dependent viscosity of aqueous solutions of non-functionalized 8-arm 

star-shaped PEG that entanglements were formed at concentrations > 20 % (w/w). This indicates 
that for the hydrogels investigated in this work, chain entanglements do not contribute to network 

formation.  
Figure 5 also shows that at 20 oC, the Mc values of the gels were about a factor 1.5 till 3 higher 

than those at 4 oC. In our previous paper23, we showed that the gels become weaker with 
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increasing temperature. This suggests that higher temperatures led to dissociation of 
βCD/cholesterol inclusion complexes and consequently to partially disrupted networks.  
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Figure 5. Average molecular weight between (effective) crosslinks (Mc) at 4 oC (■) and 20 oC (○) for star PEG820K-
βCD7.4/star PEG820K-chol6.1 hydrogel mixtures with increasing polymer concentrations.  

 
3.4. Concentration dependence of G0, τ and η0. The concentration dependence of G0, τ and η0 

was compared with existing rheological models for wormlike micelles54,55 and linear entangled and 
supramolecular polymers.43,48,52 In Figure 6, the G0 values (obtained from the frequency sweep 

data, Figure 2) of the entirely 8-arm star-shaped polymer-based mixture and 8-arm star/linear 
(6000 Da PEG) polymer-based mixture at 4 oC, are plotted against the polymer concentration. The 

G0 values for the 8-arm star-shaped polymer-based gels could be fitted to a power law with 
exponent 2.8 ± 0.3 (slope ± standard deviation; Figure 6). For the highest polymer concentration 

(204 g·L-1), the G0 value was lower than predicted by the fitted power law, probably due to limited 
solubility of the PEG820K-chol6.1 component. Therefore this mixture was excluded for further 

fitting of the concentration dependency towards G0, τ and η0. The G0 values of the 8-arm 
star/linear PEG820K-βCD7.4/PEG6000-chol1.8 gels could also be fitted to a power law. In this case, 

the scaling exponent was 2.5 ± 0.2 and thus similar to that of the 8-arm star-shaped PEG based 
system. Both exponents are only slightly higher than the theoretical scaling exponent 9/4 for linear 

entangled and supramolecular polymers (equation 4).43,48,52 G0 values are determined at high 
frequencies, at which the βCD/cholesterol complex based networks appear to be permanent. The 
similarities between the G0 scaling exponents of the star-shaped PEG based system and those of 

linear polymer systems, therefore suggest that an identical relationship exists between the polymer 
concentration and network density for both permanently crosslinked star PEG polymers and linear 

entangled polymers.   
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Figure 6. Plateau modulus (G0) at 4 oC as a function of polymer concentration for star PEG820K-βCD7.4/star 
PEG820K-chol6.1 (■) and star PEG820K-βCD7.9/linear PEG6000-chol1.8 (○) hydrogel mixtures. The G0 value for the 
highest concentrated star PEG820K-βCD7.4/star PEG820K-chol6.1 gel (204 g·L-1) was excluded for fitting, due to 

limited solubility of the PEG820K-chol6.1 component.  

 
The relaxation time (τ) was calculated from the angular frequency (ω) at which G’ and G” are 

equal, by using the relation τ = 1/ω. For the PEG-βCD/PEG-cholesterol gels, the obtained 
relaxation time (τ) is the consequence of a combination of (reversible) dissociation of 

βCD/cholesterol inclusion complexes (τbreak), but also of regular chain relaxation processes (τrep; 
see section 1.2. Theoretical background). Table 2 shows the calculated relaxation time (τ) of 15 % 

(w/w) hydrogels, which contain the structurally different PEGs. It shows that at 4 oC, the 
relaxation time of 8-arm star-shaped PEG based system is 40 and 80 times longer than that of the 

8-arm star/linear and 4-arm PEG based systems, respectively, and can be explained by the fact that 
the dissociation of one βCD/cholesterol inclusion complex in an 8-arm PEG hydrogel leads to a 

relatively smaller decrease of effective crosslinks than in the other PEG networks. Table 2 further 
demonstrates that with an increase of temperature from 4 to 20 oC, τ decreased for all mixtures. At 

this temperature, the large difference in relaxation time between the 8-arm star PEG gel and the 
other gels still remained. 

 
Table 2. Relaxation time (τ) of 15 % (w/w) gels with structurally different PEGs at 4 and 20 oC. 

Hydrogel mixture τ (s) at 4 oC τ (s) at 20 oC 

Star PEG820K-βCD7.4/star PEG820K-chol6.1 79 4.0 

Star PEG410K-βCD3.8/star PEG410K-chol2.8 2.0 0.1 

Star PEG820K-βCD7.9/linear PEG6000-chol1.8 1.8 0.2 

Star PEG820K-βCD8.0/linear PEG3000-chol2.0 1.0 0.08 

 
Figure 7 shows τ against the polymer concentration for the 8-arm PEG based and 8-arm 

star/linear PEG (6000 Da) hydrogel mixtures. It demonstrates again that at all polymer 

concentrations, τ for 8-arm PEG-βCD/PEG-cholesterol mixtures is ~40 fold higher than for 8-arm 
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star/linear PEG mixtures. Figure 7 also shows that τ of the 8-arm star-shaped PEG and 8-arm 
star/linear (6000 Da) PEG mixtures scales with polymer concentration with exponents of 2.7 ± 0.2 

for the 8-arm star-shaped hydrogel system and 1.6 ± 0.3 for the 8-arm star/linear PEG(6000) 
system. The exponents are higher than the scaling exponent 5/4 for wormlike micelles as previously 

reported by Cates.54,55 Several supramolecular polymers (based on hydrogen bonding or 
coordination bonding) have shown similar behavior as these wormlike micelles with respect to the 

concentration dependence of G0, τ and η0.
44,48,57,58 So far, no theoretical models describing the 

concentration-dependent scaling exponents for star-shaped crosslinked systems have been 

published.  
Apparently, the relaxation of complex star-shaped polymer networks is influenced by the 

concentration to a much higher extent than for ‘simpler’ linear supramolecular polymer gels. For 
the star-shaped PEG8-βCD/PEG8-cholesterol system, at higher polymer concentrations almost all 
derivatized PEG arms are involved in the formation of inclusion complexes (see Figure 5, and the 

discussion of Mc). This means that the dissociation of one βCD/cholesterol complex will only have 
a small effect on the network properties. Only when more than one inclusion complexes are 

simultaneously broken, network properties will change. For the 8-arm PEG based hydrogels, this 
probability is low and thus results in longer relaxation times. At low polymer concentrations, 

however, only a part of the βCD/cholesterol groups are forming inclusion complexes, so that the 
breaking of one βCD/cholesterol complex will significantly contribute to the network properties 

leading to relatively short relaxation times. For the star PEG820K-βCD7.9/linear PEG6000-chol1.8 
hydrogel mixtures, the concentration-dependency of τ is less pronounced (lower scaling exponent: 

1.6 ± 0.3), because the dissociation of one βCD/cholesterol complex leads to the breaking of an 
effective crosslink both at high and low polymer concentration.  
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Figure 7. Relaxation time (τ) as a function of polymer concentration for star PEG820K-βCD7.4/star PEG820K-chol6.1 
(■) and star PEG820K-βCD7.9/linear PEG6000-chol1.8 (○) hydrogel mixtures at 4 oC. 

 

Figure 8 shows the zero-shear viscosity (η0) as a function of the polymer concentration for the 
star PEG820K-βCD7.4/star PEG820K-chol6.1 and star PEG820K-βCD7.9/linear PEG6000-chol1.8 

hydrogel systems. According to the model of Cates54,55, η0 equals G0  τ, which scales with C3.5. 



Chapter 4 
 

92 

Figure 8 shows that η0 scales with the polymer concentration with exponents 5.5 ± 0.1 and 4.2 ± 

0.4 for the 8-arm star PEG based and the 8-arm star PEG820K-βCD7.9/linear PEG6000-chol1.8 
hydrogels, respectively. Both scaling exponents exceed the value 3.5 as reported by Cates.54,55 

More recently, scaling exponents exceeding 3.5 were also reported in theoretical and experimental 
studies of linear binary associating polymers.59-61 In these studies, the higher exponents were 

explained by a transformation of intramolecular interactions into intermolecular ones. For the 
PEG-βCD/PEG-cholesterol system, this is however not possible, because the complementary 

interacting groups are located at separate polymers. Instead, the higher η0 scaling exponents found 
for the 8-arm PEG based networks, are most likely explained by the compensatory effect of 

remaining interacting PEG arms on the effective crosslink density after the dissociation of a 
βCD/cholesterol complex, as already discussed for the τ scaling exponents. 
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Figure 8. Zero-shear viscosity (η0) as a function of polymer concentration for star PEG820K-βCD7.4/star PEG820K-
chol6.1 (■) and star PEG820K-βCD7.9/linear PEG6000-chol1.8 (○) hydrogel mixtures at 4 oC.  

 
Although gel mixtures were also measured at higher temperatures (20 and 37 oC) and similar 

trends were observed, the sometimes relatively low gel strengths made it impossible to obtain 
accurate scaling exponents. Table 3 gives an overview of the scaling exponents for the different 

gel mixtures at 4 oC.  It shows that for the 8-arm star PEG-βCD/linear PEG-cholesterol hydrogels, 
the scaling exponents for G0, τ and η0 were not dependent on the chain length of the linear 

bifunctional PEG-cholesterol (PEG3000 vs. PEG6000). Similar to the other gel mixtures, the G0 
scaling exponent of the 4-arm PEG hydrogels was again close to the value reported by Cates.54,55 

The τ scaling exponent of the 4-arm PEG hydrogels lies in between the exponents for the 8-arm 
star PEG and 8-arm star/linear PEG hydrogels. This means that the compensatory effect of 
multiple interacting arms per PEG molecule on relaxation also plays a role for 4-arm star-shaped 

PEG hydrogels, although only at higher polymer concentrations compared to the 8-arm star-
shaped PEG system. 
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Table 3. Concentration-dependent scaling exponents of the plateau modulus (G0), relaxation time (τ) and zero-
shear viscosity (η0) of the evaluated hydrogel mixtures at 4 oC. 

Hydrogel mixture G0 vs. C τ vs. C η0 vs. C 

Star PEG820K-βCD7.4/star PEG820K-chol6.1 2.8 ± 0.3 2.7 ± 0.2 5.5 ± 0.1 

Star PEG410K-βCD3.8/star PEG410K-chol2.8 1.9 ± 0.2 2.3 ± 0.1 4.4 ± 0.4 

Star PEG820K-βCD7.9/linear PEG6000-chol1.8 2.5 ± 0.2 1.6 ± 0.3 4.2 ± 0.4 

Star PEG820K-βCD8.0/linear PEG3000-chol2.0 2.8 ± 0.2 1.9 ± 0.1 4.6 ± 0.3 

Theoretical Cates’ model: 2.25 1.25 3.5 

 

3.5. Thermosensitive properties. To study the influence of temperature on the mixtures’ 
rheological properties, oscillatory temperature sweep experiments were performed. Figure 9 shows 
the temperature dependent rheological properties of a 12.5 % (w/w) star PEG820K-βCD7.4/star 

PEG820K-chol6.1 hydrogel. With increasing temperature, G’ gradually decreased until it crossed 
the G” curve, indicating that a gel-to-sol transition took place at 23.5 oC. Because G’ and G” were 

measured at a fixed angular frequency (ω = 6.28 rad·s-1), τ was calculated at different temperatures 
according to the Maxwell equation (equations 1 and 2). It is found that with increasing 

temperature, τ decreases for all mixtures (as already shown in Table 2). This decrease in relaxation 
time (τ) is mainly caused by more dissociating βCD/cholesterol inclusion complexes (τbreak) at 

higher temperatures. 
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Figure 9. Storage modulus (■) and loss modulus (○) of a 12.5 % (w/w) star PEG820K-βCD7.4/star PEG820K-chol6.1 
hydrogel as a function of temperature (angular frequency: 6.28 rad·s-1). 

 

Figure 10 shows Arrhenius plots of star PEG820K-βCD7.4/star PEG820K-chol6.1 hydrogels with 
different polymer concentration. For this plot, τ values at different temperatures were calculated by 

using the G’ and G” data of the temperature sweep experiments (e.g. Figure 9; equations. 1 and 2), 
followed by the conversion of these τ values into a reaction rate constant k (k = 1/τ). To avoid 
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scatter at higher temperatures, due to relatively low gel strengths (and small differences between 

G’ and G”), only data points in the temperature range from 4 to 14 oC were used for plotting. 
Because k equals 1/τ and τ decreases with increasing temperature (see discussion Figure 9), k 

increases at higher temperatures. Moreover, Figure 10 demonstrates that k follows the Arrhenius 
equation (equation 7) as a function of 1000/T, where –Ea/R corresponds to the slope of the plots. 

For all gels, the slopes in the Arrhenius plots were similar (-5.6 ± 0.2 K). The slopes of the 
Arrhenius plots were used to calculate the activation energy Ea (equation 7), which can be 

considered as the arithmetic mean of the activation energies of βCD/cholesterol inclusion complex 
dissociation. Table 4 shows the calculated Ea for the gels with different polymer concentration and 

architecture as well as the average Ea per hydrogel. It shows that the Ea values are independent on 
both the polymer concentrations and polymer architecture, and can therefore be considered as the 

Ea of dissociation of a βCD/cholesterol complex.   
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Figure 10. Arrhenius plot for star PEG820K-βCD7.4/star PEG820K-chol6.1 hydrogels with increasing polymer 
concentrations (10-20 % (w/w)). For all concentrations, the slopes of the lines were -5.6 ± 0.1 K.  

 
Table 4. Activation energies (Ea in kJ·mol-1, mean ± standard deviation) of both star/star and star/linear 

hydrogel mixtures with various polymer concentrations.  

Polymer concentration (% (w/w)) 

 10 % 12.5 % 15 % 17.5 % 20 % 

 

Average Ea 
(kJ·mol-1) 

Star PEG820K-βCD7.4 / star PEG820K-chol6.1: 48 43 47 46 46 46 ± 2 

Star PEG820K-βCD7.9 / linear PEG6000-chol1.8: 44 59 53 39 39 47 ± 9 

Star PEG820K-βCD8.0 / linear PEG3000-chol2.0: 47 47 39 58 41 46 ± 7 

 
The Ea (~46 kJ·mol-1) found correlates very well with Ea’s reported for other reversible polymer 

systems, like metal ion coordination polymers (49 kJ·mol-1)48 and  reversible networks of 
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adamantane end-capped poly(ethylene oxide) (Ea: 41 kJ·mol-1) or hydrophobically modified 
dextran (Ea: 18-38 kJ·mol-1) and a β-cyclodextrin polymer.72,73  

 
 

4. Conclusions 
 
In this study, the rheological properties of a novel self-assembling hydrogel system based on 

βCD/cholesterol interactions were investigated. The hydrogels consisted of respectively, 8-arm 

star-shaped βCD- and cholesterol-derivatized PEG, 8-arm star-shaped βCD-derivatized PEG and 
linear cholesterol-derivatized PEG, or 4-arm star-shaped βCD- and cholesterol-derivatized 

polymers. The obtained data were fitted with both the Maxwell model and Cates’ model.  
It was demonstrated that combining 8-arm βCD- and cholesterol-functionalized PEGs in 

aqueous solution yielded the strongest viscoelastic hydrogels, but their storage and loss moduli 

significantly deviated from those predicted by the Maxwell model. We showed that at high 
concentrations, almost all βCD- and cholesterol-groups contribute to the network formation. Since 

the dissociation of a single βCD/cholesterol inclusion complex has only a minor effect on the 
network properties of 8-arm star PEG based gels, long relaxation times were observed and the 

characteristic parameter G0, but especially τ and η0 showed a power law behavior as a function of 
polymer concentration with exponents higher than predicted by Cates’ model for reversibly 

breaking and associating chains. 
By substituting 8-arm star-shaped PEG-cholesterol for linear PEG-cholesterol or using 

functionalized 4-arm (instead of 8-arm) polymers, and thereby decreasing the expected network 
complexity, the resulting gels more closely resembled Maxwellian behavior. The differences 

between Cates’ theoretical and the empirical scaling exponents became smaller for gels composed 
of linear PEG-cholesterol instead of 8-arm PEG-cholesterol. This indicates that for the relatively 

simple 8-arm star/linear polymer mixtures, the existing rheological models have some predictive 
value. However, to describe the complex 8-arm star-shaped polymeric systems, the existing 

models are insufficiently predictive and consequently more sophisticated models have to be 
developed. Due to their physical nature, the gels are also thermosensitive. At high temperatures, 

fast relaxation was observed, related to the increased dissociation rate of the βCD/cholesterol 
inclusion complexes. 
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Abstract 
 

This chapter reports on the degradation and protein release behavior of a self-assembled hydrogel 

system composed of β-cyclodextrin (βCD)- and cholesterol-derivatized 8-arm star-shaped 
poly(ethylene glycol) (PEG8). By mixing βCD- and cholesterol-derivatized PEG8 (molecular 

weights 10, 20 and 40 kDa) in aqueous solution, hydrogels with different rheological properties 
are formed. It is shown that hydrogel degradation is mainly the result of surface erosion, which 

depends on the network swelling stresses and initial crosslink density of the gels. This degradation 
mechanism, which is hardly observed for other water-absorbing polymer networks, leads to a 

quantitative and nearly zero-order release of entrapped proteins. This system therefore offers great 
potential for protein delivery. 
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1. Introduction 
 

Hydrogels are three-dimensional hydrophilic networks that can absorb considerable amounts of 
water and are under investigation for a wide variety of pharmaceutical and biomedical 

applications, such as drug delivery and tissue engineering.1-8 Particularly, hydrogels provide 
excellent opportunities for the use as protein releasing matrices, because of their high water 

content, good compatibility with proteins and tailorable release kinetics. Crosslinks, which can 
have a chemical (covalent) or physical (reversible) nature have to be introduced between 

hydrophilic polymer chains to create a hydrogel structure.5 Since chemical crosslinking presents 
several drawbacks, i.e. the need of mostly toxic crosslinking agents or irreversible modification 

and aggregation of the entrapped proteins,9-11  strategies of preparing a network that are based on 
non-permanent, reversible interactions have gained a lot of interest. Based on their self-assembling 
nature, physically crosslinked hydrogels have presently received attention as injectable, in situ 

gelling devices.12-15 A great variety of physically crosslinked hydrogels have been reported, which 
are based on ionic interactions,16,17 hydrophobic interactions,18-20 hydrogen bonds,21,22 

crystallinity,23 stereocomplex formation24-27 or specific biomimetic interactions.28-30 
We and others recently reported on self-assembling hydrogel systems,31-37 in which physical 

crosslinking is established by inclusion complex formation between β-cyclodextrin (βCD) and a 
complementary low molecular weight guest molecule. The cyclic oligosaccharide βCD is 

composed of 7 glucopyranose units that are joined by α-1,4-glucosidic linkages.38 Driven by 
hydrophobic and van der Waals interactions, the relatively hydrophobic pocket of βCD serves as a 

reversible binding site for a wide range of lipophilic molecules (e.g., adamantane and 
cholesterol).39-41  

Reversible hydrogel systems, e.g. those composed of adamantane- and βCD-grafted chitosan42 
or hyaluronic acid33,43 have been described in literature. Also, stimuli-responsive gels were formed 

after combining poly(acrylamide) derivatized with either βCD or aromatic guest molecules.34 In 
addition, Kretschmann et al. reported the formation of thermo-responsive gels by combining 

adamantane-derivatized N-isopropylacrylamide copolymers and a low molecular weight dimer of 
βCD in aqueous solution.35  

For clinical applications, it is important that the hydrogels are biodegradable and that the 
formed degradation products are either metabolized or that they can be excreted by renal filtration. 

During the past decades, many hydrogel systems were developed that could be degraded either 
hydrolytically19,44-47 or enzymatically.48-51 For chemically degrading hydrogels, their high water 

content leads to degradation of the polymer chains throughout the whole matrix. Moreover, the 
formed degradation products can easily diffuse out of the matrix leading to hydrogel bulk erosion 

and release of encapsulated proteins that is often difficult to predict. Only when the water transport 
into the polymer network is slower than the rate of polymer chain scission, surface erosion occurs, 

where the loss of material is only confined to the surface of the polymer device. Although surface 
erosion has frequently been observed for materials made of hydrophobic polymers, such as 
polyanhydrides,52 poly(adipic anhydride),53 and poly(ortho esters),54 hydrogels that degrade via 

surface erosion have, however, rarely been observed. As one of the scarce examples, surface-
eroding hydrogels based on fluoroalkyl-modified PEG55 or stereocomplexed multi-block Pluronic 
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copolymers24 were reported, where linear mass erosion processes were attributed to a combination 

of polymer chain disentanglement and disruption of the closely packed micellar gel structure at the 
gel surface layer. For the stereocomplexed multi-block Pluronic hydrogels, the release of human 

growth hormone (hGH) was partially controlled by surface erosion, and followed nearly zero-
order kinetics.24 Surface erosion was also observed for physically crosslinked protein hydrogels 

containing leucine zipper domains.56,57 In particular, enzymatically degradable hydrogels, e.g. 
those composed of poly(ethylene glycol)-polycaprolactone (PCL-b-PEG-b-PCL) block 

copolymers49 or peptide-crosslinked dextran,48 degrade in a surface-eroding fashion, caused by the 
slow transport of the enzyme into the gel compared to the rate of enzymatic cleavage.  

Recently, we reported on a self-assembling hydrogel system based on βCD/cholesterol 
inclusion complexes.31,32 In this system, 8-arm star-shaped poly(ethylene glycol) (PEG8) was 

modified with either βCD- or cholesterol-functionalities via a hydrolytically cleavable succinyl 
linker. After dissolution of both polymeric components in an aqueous environment, a physical gel 

network was formed due to the formation of βCD/cholesterol inclusion complexes. The 
mechanical properties of this gel system are easily tailorable by a wide variety of parameters, such 

as temperature, polymer concentration, βCD/cholesterol stoichiometry or the use of different PEG 
molecular weights and architectures.31,32 This makes it a promising candidate as a drug delivery 

device or scaffolding material for tissue engineering applications.  
The aim of this study was to evaluate the in vitro degradation mechanism and protein release 

behavior of these self-assembling PEG-βCD/PEG-chol hydrogels. A series of hydrogels was 

prepared, which contained different concentrations of βCD- and cholesterol-derivatized 8-arm 
star-shaped PEG with varying molecular weights (10, 20 and 40 kDa). Then, the gel mechanical 

properties and their dissolution kinetics were studied. Moreover, to get more insight into the 
protein release mechanisms, the mobility of two proteins (lysozyme and BSA) in the physical 

networks was investigated with fluorescence recovery measurements after photobleaching (FRAP) 
and experimental protein release data were fitted to well-established mathematical release models. 

   
 

2. Experimental 
 

2.1. Materials. Star-shaped 8-arm poly(ethylene glycol)s (PEG8-OH) were purchased from 
JenKem Technology USA (Allen, USA). Products with various MW’s were used; PEG810K-OH 

(Mn = 9656 Da (MALDI), PDI = 1.10), PEG820K-OH (Mn = 20185 Da (MALDI), PDI = 1.08) and 
PEG840K-OH (Mn = 42680 Da (MALDI), PDI = 1.06). Dextran Blue from Leuconostoc ssp. (Mr ~ 

2000000 Da) and lysozyme from hen egg white were obtained from Fluka (Buchs, Switzerland). 
Bovine serum albumin (BSA), immunoglobulin G (IgG) from human serum, fluorescein 

isothiocyanate bovine serum albumin (FITC-BSA), bradykinin acetate, fluorescein isothiocyanate 
isomer I (FITC), sodium azide (NaN3) and trifluoroacetic acid (TFA) were provided by Sigma-

Aldrich (Zwijndrecht, The Netherlands). N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid 
(HEPES) and ammonium acetate (NH4OAc) were obtained from Acros Chimica (Geel, Belgium) 

and Merck (Darmstadt, Germany), respectively. Phosphate buffered saline (PBS (10.5 mM 
phosphate; 140.3 mM NaCl), pH 7.4) was purchased from Braun Melsungen AG (Melsungen, 
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Germany), acetonitrile (ACN) from Biosolve Ltd. (Valkenswaard, The Netherlands) and the 
bicinchoninic acid protein assay kit (BCA® Protein Assay) from Pierce Biotechnology Inc. 

(Rockford, USA).  
 

2.2. Polymer synthesis. Star-shaped 8-arm poly(ethylene glycol)s (PEG8-OH) with molecular 
weights of 10, 20 and 40 kDa were derivatized with either cholesterol or β-cyclodextrin (βCD) 

moieties using a biodegradable succinyl linker (SA) and characterized as previously reported.31 
The degree of substitution (DS) is defined as the number of either cholesterol or βCD molecules 

per PEG molecule. A specific polymer is referred to as PEG8xxK-chol or PEG8xxK-βCD, where 
xx represents the PEG MW (10, 20 or 40 kDa). 

 
2.3. Hydrogel preparation. PEG8-cholesterol and PEG8-βCD mixtures (molar ratio 

cholesterol/βCD = 1) were dissolved in 5 mM NH4OAc buffer (pH 4.7) to obtain 2 % (w/w) 

solutions. These solutions were then lyophilized and hydrogels were obtained by hydration of the 
lyophilized mixtures for 16 hours at 4 oC with appropriate volumes of PBS containing 0.02 % 

(w/w) sodium azide (PBS/NaN3) or protein solutions in PBS/NaN3. Loading of Dextran Blue in 
the gels was established by co-dissolution of this compound in the 2 % (w/w) PEG8-

cholesterol/PEG8-βCD solutions, followed by the aforementioned lyophilization and hydration 
procedure.  

 
2.4. Rheological experiments. Rheological characterization of the hydrogels was done with an 

AR-G2 rheometer (TA instruments, Etten-Leur, The Netherlands) equipped with a 1o steel cone 
geometry of 20 mm diameter and solvent trap. Using a spatula, approximately 55 μL sample was 

placed between the pre-heated (40 oC) plates of the rheometer. Rheological gel characteristics 
were monitored by oscillatory time sweep and temperature sweep experiments. During time sweep 

experiments the G’ (shear storage modulus) and G” (loss modulus) were measured at 37 oC for a 
period of 5 minutes. Temperature sweep experiments from 4 to 50 oC were done at a heating rate 

of 1 oC·min-1 (30 s equilibration per point). The point at which G”/G’ (= tan δ) = 1, is considered 
as the gel transition temperature (Tgel).

58 All experiments were performed at a frequency of 1 Hz 

and 1 % strain.  
 

2.5. Swelling/weight loss experiments. Cylindrical hydrogels (300 mg, 6.5  9.0 mm (diameter 

 height)) with different percentages of solid content (15-35 % (w/w)) were prepared in pre-

weighed glass HPLC vials by hydration of the lyophilized polymer mixtures (45-105 mg) with 

appropriate volumes (195 to 255 μL) of PBS/NaN3 for 16 hours at 4 oC. Next, 600 μL PBS/NaN3 
(pH 7.4) was added on top of the gels and the vials were incubated on a shaking plate at 37 oC. 

After regular time intervals, the buffer was removed to determine the weight of the gels, followed 
by the addition of fresh PBS/NaN3. To follow the dry weight of the hydrogels in time, hydrogels 

were collected after regular time periods, lyophilized for 48 hours, and the weight of the residues 
were gravimetrically determined. To avoid the presence of salts after lyophilization, degradation 

was done in 5 mM NH4OAc buffer (pH 4.7) instead of PBS/NaN3. 
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2.6. Dextran Blue release experiments. 22.5 % and 35 % (w/w) cylindrical hydrogels (300 

mg, 6.5  9.0 mm (diameter  height)) containing 1 % (w/w) Dextran Blue were prepared in pre-

weighed glass HPLC vials by hydration of the lyophilized mixtures (70.5 mg for 22.5 % (w/w) 
gels; 108 mg for 35 % (w/w) gels) composed of PEG8-βCD, PEG8-chol and Dextran Blue with 

appropriate volumes (229.5 μL for 22.5 % (w/w) gels; 192 μL for 35 % (w/w) gels) of PBS/NaN3. 
Next, 600 μL PBS/NaN3 (pH 7.4) was added on top of the gels and the vials were incubated on a 

shaking plate at 37 oC. At regular time intervals, the buffer was removed to determine the weight 
of the gels, followed by the addition of fresh PBS/NaN3. The removed buffer samples were 
analyzed for its Dextran Blue content by measuring the absorbance at 620 nm with a Shimadzu 

UV-2450 spectrophotometer (Shimadzu Corporation, Kyoto, Japan) equipped with a 6-position 
cell holder. 

 
2.7. Protein and peptide release experiments. 22.5 % and 35 % (w/w) hydrogels (500 mg) 

containing 10 mg lysozyme, BSA, IgG or 0.78 mg bradykinin acetate per gram gel were prepared 
in 2 mL eppendorf tubes as described in the hydrogel preparation section. After hydration, the gels 

were transferred into a previously described release device.59 This device is made of 

polyoxymethylene and consists of a gel compartment (8.5  8.8 mm (diameter  height)) and a 

release compartment (15  30 mm (diameter  height)). To the gels (0.5 mL; 8.5  8.8 mm 

(diameter  height)), 3 mL PBS/NaN3 was added as a release buffer, followed by incubation of the 

device on a shaking plate at 37 oC. At regular time points, aliquots of 0.5 mL release buffer were 
taken, followed by replacement of the aliquot with fresh buffer.  Protein release samples were 

analyzed for their protein concentration using the BCA® Protein Assay. To obtain calibration 
curves, standard protein solutions (concentration range 0.01-1 mg·mL-1) were prepared. Release 

samples (25 μL) were pipetted into a 96-microwells plate and 200 μL of working reagent (BCA 
reagent A: BCA reagent B, 50:1 v/v). After incubation of the plates for 30 minutes at 37 oC, the 

absorbance was measured at 550 nm with a NovapathTM Microplate Reader (Bio-Rad 
Laboratories, Hercules, USA). Bradykinin release samples were analyzed using a Waters 
AcquityTM Ultra Performance LC system (UPLC, Waters, Milford MA, USA) equipped with an 

AcquityTM BEH300 C18 1.7 μm column, a binary solvent manager, a sample manager with 
column oven at 50 oC and an AcquityTM TUV Detector (detection wavelength: 210 nm). After 

injection of 10 μL release sample, a gradient was run from 100 % A (H2O/ACN 95/5 (% v/v) 
containing 0.1 % TFA) to 30 % B (100 % ACN with 0.1 % TFA) in 7 minutes at a flow rate of 1.0 

mL·min-1. Peaks were detected at 210 nm. A calibration curve was obtained after injection of 
standard bradykinin solutions (0.02-0.25 mg·mL-1). The chromatograms were analyzed using 

Empower Software Version 1154 (Waters, Milford MA, USA).  
 

2.8. Determination of the specific enzymatic activity of lysozyme released from the gels. 
The enzymatic activity of lysozyme in the release samples was determined with an assay based on 

the hydrolysis of the outer cell membrane of M. lysodeikticus, which leads to solubilization of the 
affected bacteria and a detectable decrease of light scattering.60 Lysozyme samples released from 

the different hydrogel compositions after 2, 5 and 7 days were used. These were then diluted to a 
lysozyme concentration of 30-60 μg·mL-1. Next, 10 μL of sample was added to 1.3 mL of M. 
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lysodeikticus suspension (0.2 mg·mL-1, 66 mM phosphate buffer, pH 6.2) and the decrease in 
turbidity was measured for 200 s at 450 nm.  

 
2.9. Fluorescence recovery after photobleaching (FRAP). The mobility of FITC-labeled BSA 

or FITC-lysozyme in 22.5 % and 35 % (w/w) PEG8-βCD/PEG8-chol gels was determined with 
fluorescence recovery measurements after photobleaching (FRAP). While FITC-BSA was used as 

provided by the supplier, lysozyme was labeled as previously reported:59 300 mg lysozyme and 12 
mg FITC were each dissolved in 60 mL of a 0.1 M borate buffer (pH 8.6). While stirring, the FITC 

solution was added dropwise to the lysozyme solution and the resulting solution was stirred for 16 
h. Next, the protein solution was extensively dialyzed for 7 days against water at 4 oC. FITC-

lysozyme was collected by lyophilization. The extent of FITC-conjugation was 1.01 ± 0.08 mole 
FITC per mole lysozyme as determined by UV absorbance measurements at 494 and 280 nm.61 

Gels (150 mg) were made by hydration of the lyophilized polymer mixtures (see hydrogel 

preparation section) with a solution of FITC-lysozyme (1 mg·mL-1) or FITC-BSA (2 mg·mL-1) in 
100 mM HEPES buffer (pH 7.0). As a control, the FITC-labeled proteins were dissolved in 

solutions of non-functionalized 8-arm PEGs (22.5 % and 35 % (w/w) PEG8-OH). Next, a spatula 
tip of the fluorescent protein-loaded hydrogels was placed on a microscope glass slide, on which 

an adhesive spacer (Secure-Seal Spacer, Molecular Probes, Leiden, The Netherlands) of 0.5 mm 
thickness (adhering at both sides) was fixed, followed by the attachment of a cover glass. FRAP 

measurements (at 37 oC) were performed using a setup as described previously.62,63 In detail, a 
confocal scanning laser microscope (model MRC1024 UV, Bio-Rad, Hemel Hempstead, UK) 

modified for bleaching arbitrary regions, was used with a 10 NA 0.45 objective lens (CFI Plan 

Apochromat; Nikon, Badhoevedorp, The Netherlands). The 488-nm line of a 4 W Ar-ion laser 
(model Stabilite 2017; Spectra-Physics, Darmstadt, Germany) was used to bleach uniform disks 

with a diameter between 20 and 80 μm. The bleaching phase was very short (200 ms) so that the 
extent of fluorescence recovery that will take place during the bleaching phase is negligible. After 

photobleaching, 30 to 50 images were acquired at regular time intervals with a highly attenuated 
laser beam for measuring the fluorescence recovery in the bleached area, which is due to the 
diffusion of fluorescently labeled protein molecules from the surrounding unbleached area into the 

bleached region. The diffusion coefficient can be calculated from the experimental recovery curve 
by fitting of the appropriate FRAP model.62  

 
 

3. Results and Discussion 
 

3.1. Gel mechanical properties. For this study, star-shaped 8-arm PEGs with three different 
molecular weights (10, 20 and 40 kDa) were derivatized with either βCD or cholesterol moieties as 

described previously.31 The resulting polymers are referred to as PEG8xxK-chol or PEG8xxK-
βCD, where xx represents the PEG MW (10, 20 or 40 kDa). These βCD- and cholesterol 

functionalized PEG8 polymers were mixed in aqueous solution to yield physically crosslinked 
polymer networks. All mixtures could be considered as ‘hydrogels’ at room temperature, 

according to a commonly used vial tilting method.64,65 Equimolar amounts of βCD- and 
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cholesterol-groups were used in the mixtures, because we have previously shown that gels 

obtained with this ratio gave the highest G’ (storage modulus) values.31  
Table 1 gives the composition of the 22.5 % and 35 % (w/w) PEG8-βCD/PEG8-chol hydrogel 

systems investigated in this study. Table 1 shows the rheological properties of the different 
hydrogels at 37 oC. At this temperature, the highest storage moduli (G’) were observed for the 

PEG810K-βCD/PEG820K-chol mixtures followed by the PEG820K-βCD/PEG820K-chol mixtures. 
Moreover, the storage moduli (G’) of these gels exceeded the loss moduli (G”), which indicates 

that these gels have typical viscoelastic properties. For the PEG810K- and PEG840K-based 
systems, G’ did not exceed G”, which indicates that at 37 oC they mainly have viscous 

characteristics. The low gel strength of these PEG810K- and PEG840K-systems compared to the 
gels consisting of derivatized PEG820K was formerly explained by their lower crosslink density.31 

A network composed of derivatized PEG840K comprises lower concentrations of βCD and 
cholesterol groups than networks of lower molecular weight PEG8’s and will therefore result in 

weaker hydrogels. In the case of PEG810K-based mixtures, the lower aqueous solubility of the 
PEG810K-chol component decreases the number of cholesterol units available for inclusion 

complex formation, which leads to imperfect networks. This also explains why the strongest gels 
are obtained after combining PEG810K-βCD and PEG820K-chol in aqueous solution. Here, the use 

of a larger PEG8-chol component (20 kDa instead of 10 kDa) reduces potential insolubility issues 
as observed with the PEG810K-chol component,31 while the use of the low molecular weight 
PEG810K-βCD component increases the concentration of interacting groups, leading to tighter 

networks. 
 

Table 1. Composition and rheological characteristics (mean ± standard deviation, n=3) of the 8-arm βCD- and 
cholesterol-derivatized PEG based hydrogels. 

Gel composition 

DS          

PEG8-βCDa 

DS           

PEG8-chola 

Polymer 
content 

(% (w/w)) 

G’   

(kPa)b 

G”  

(kPa)b 

Tgel 

(oC) 

PEG810K-βCD/PEG810K-chol 7.8±0.1 5.6±0.1 22.5 

35 

0.08±0.01 

0.21±0.08 

0.06±0.02 

0.3±0.1 

17±1 

33±1 

PEG820K-βCD/PEG820K-chol 7.7±0.3 5.6±0.4 22.5 

35 

4.5±0.8 

12.9±0.7 

3.5±0.3 

11.6±1.3 

38±1 

48±2 

PEG840K-βCD/PEG840K-chol 7.7±0.3 5.9±0.3 22.5 

35 

0.51±0.05 

0.7±0.3 

0.54±0.04 

1.4±0.5 

30±2 

24±1 

PEG810K-βCD/PEG820K-chol 7.8±0.1 5.7±0.5 22.5 

35 

8.4±0.8 

38±3 

8.0±0.6 

27±3 

39±1 

43±1 

 
a Degree of substitution (DS) defined as the number of either cholesterol or βCD molecules per PEG8 molecule   

determined by 1H NMR spectroscopy or polarimetry.31  
b Determined at 37 oC 
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It was previously demonstrated that PEG8-βCD/PEG8-chol gels are thermoreversible, due to 
their physical nature.31,32 While heating a viscoelastic gel mixture with G’ > G”, a gel-to-sol 

transition occurs at its gel transition temperature (Tgel), where G’ equals G”. Above Tgel, G” starts 
to dominate, which means that the mixtures behave as viscous liquids. Table 1 lists Tgel for all 

mixtures. It shows that the PEG810K-βCD/PEG820K-chol and PEG820K-βCD/PEG820K-chol 
systems have Tgel’s that exceed body temperature, meaning that the mixtures keep their viscoelastic 

properties at 37 oC. For the gels based on PEG840K and PEG810K, the determined Tgel’s were 
lower than 37 oC, which explains their mainly viscous behavior at this temperature. The G” of 

these gel mixtures was however considerably higher compared to solutions of non-functionalized 
PEG810K-OH or PEG840K-OH, indicating that also in these systems interactions between the 

cholesterol- and βCD-moieties occur. For example at 37 oC,  G” values for 22.5 % and 35 % 
(w/w) non-functionalized PEG810K-OH and PEG840K-OH solutions were in the range of 0.1-1 
Pa, while mixtures of cholesterol- and βCD-derivatized PEG810K and PEG840K polymers resulted 

in G” values from 60 to 1400 Pa. Table 1 also demonstrates that with increasing the polymer 
concentration from 22.5 % to 35 % (w/w), G’, G” and Tgel significantly increases. This indicates 

that increasing polymer concentrations lead to stronger hydrogels. Higher concentrations of the 
dissolved polymer create a higher effective crosslink density and therefore tighter networks.31,32 

 
3.2. Hydrogel dissolution. The stability of the PEG8-βCD/PEG8-chol hydrogel system in 

physiological buffer was investigated. Therefore, cylindrical gels (300 mg; diameter 6.5 mm) were 
prepared in glass HPLC vials, and their weight change was followed after the addition of PBS 

containing 0.02 % (w/w) sodium azide (PBS/NaN3) on top of the gels and subsequent 
refreshments of this buffer over time. In this experimental setup, only the upper surface of the 

hydrogel cylinder is directly exposed to the buffer. Figure 1 shows the weight decrease of 
PEG820K-βCD/PEG820K-chol hydrogels varying in polymer concentration as a function of time. 

It demonstrates that after an initial swelling of the gels, they start to dissolve. It is also clear that 
gels with higher polymer concentrations are more stable (here: up to 6 days) and show a higher 

initial swelling than systems made at lower polymer concentrations. The stability of the hydrogels 
was also studied in serum and tissue culture medium. It was found that neither the initial swelling 

nor the dissolution rate of the gels is significantly different than the degradation characteristics of 
the gels observed in plain buffer.  
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Figure 1. Weight change over time of PEG820K-βCD/PEG820K-chol hydrogels at physiological conditions (PBS, 
pH 7.4, 37 oC) as a function of the polymer concentration (n=3). 

 

Figure 2 shows the dry weight of both a fast and slowly dissolving PEG820K-βCD/PEG820K-
chol hydrogel during incubation in buffer. This figure shows that the dry weight of the gels 

linearly decreases with time, pointing to a surface erosion process.  
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Figure 2. Time-dependent dry weight of 15 % (w/w) and 35 % (w/w) PEG820K-βCD/PEG820K-chol hydrogels 
(n=3) after incubation in 5 mM NH4OAc buffer (pH 4.7) at 37 oC. 

 
To evaluate this hydrogel degradation behavior in more detail, the large dye molecule Dextran 

Blue was entrapped in the gels and degradation experiments were similarly performed as described 

above. Dextran Blue has a large molecular weight of 2 MDa, and consequently this molecule is 
most likely immobile inside the network and can therefore only be released after dissolution of the 

gel. Figure 3 shows the time-dependent volume change of a 22.5 % (w/w) PEG810K-
βCD/PEG820K-chol gel loaded with 1 % (w/w) Dextran Blue once exposed to buffer. It visualizes 

that, in agreement with the swelling data presented in Figure 1, the gel first slightly swells, after 
which it starts to dissolve and fully degrades in typically 10 days. Apparently, the time-dependent 
decrease in hydrogel volume is the result of polymer dissolution at the upper surface of the gel. As 

chemical cleavage (ester hydrolysis) of the interacting groups would rather lead to bulk erosion 
than to the surface erosion found for the PEG8-βCD/PEG8-chol gels (e.g. Figure 3), this suggests 

that chemical degradation of the system is minimal within the experimental time scale.  
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Figure 3. Volume change in time (h) at physiological conditions (PBS, pH 7.4, 37 oC) of a 22.5 % (w/w) PEG810K-
βCD/PEG820K-chol hydrogel loaded with 1 % (w/w) Dextran Blue.  

 
Figures 4A and 4B display the weight decrease of Dextran Blue loaded gels composed of 

derivatized PEG8 (22.5 % and 35 % (w/w)) with different molecular weights (see Table 1) after 
exposure to buffer. For 22.5 % (w/w) hydrogels based on 8-arm PEG with molecular weights of 10 

kDa, 20 kDa, 10 kDa/20kDa (1:2 (w/w) mixture) and 40 kDa, gel dissolution times of 2, 5, 8 and 
14 days were found, respectively. For the 35 % (w/w) hydrogels, the dissolution times increased to 

4, 8, 15, and 22 days. For all gels, an increase of the polymer concentration from 22.5 % to 35 % 
(w/w) leads to a higher degree of swelling and a 1.3 to 2 fold prolongation of their dissolution 

time. Moreover, it is shown that changing the molecular weight of the used PEG8’s significantly 
influences the gel swelling and erosion profile.  
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Figure 4A. 
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Figure 4B. 
 
Figure 4. Time-dependent weight change of 22.5 % (w/w) (A) and 35 % (w/w) (B) Dextran Blue loaded hydrogels 
containing derivatized 8-arm PEGs with different molecular weights at physiological conditions (PBS, pH 7.4, 37 oC) 
(n=3). 
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In line with their relatively weak gel mechanical properties (see 3.1. Gel mechanical properties) 

at 37 oC, the least stable gels are those based on derivatized PEG810K (stable for 2-4 days). Hardly 
any swelling phase was observed for these gels, which can likely be ascribed to the rate of network 

dissolution being faster than the rate of water uptake. Compared to these PEG810K-based 
mixtures, gels composed of derivatized PEG820K or a combination of PEG810K-βCD and 

PEG820K-chol, were more stable. The mechanically strongest PEG810K-βCD/PEG820K-chol gels 
(dissolution time: 8-15 days) degraded slower than those solely consisting of derivatized PEG820K 

(dissolution time: 5-8 days), which indicates that the initial hydrogel network density is an 
important factor that determines the rate of hydrogel dissolution. Although the PEG840K-based 

mixtures did not result in strong gels at 37 oC (see 3.1. Gel mechanical properties), they 
demonstrated the highest stability (dissolution times of 14 and 22 days for the 22.5 % and 35 % 

(w/w) gels, respectively). These unexpectedly slow dissolution kinetics can likely be explained by 
the relatively low network swelling stresses that arise in the systems after incubation with buffer as 

compared to hydrogels composed of 8-arm PEGs with shorter chains. After absorption of water, 
swelling stresses are accumulating, which act as an opposing force against the inclusion complexes 

that hold the gel together. When these swelling stresses are high, the polymer chains release this 
stress mainly by dissociation of βCD/cholesterol complexes, eventually leading to fast dissolution 

of the gels. Because the arms of the PEG840K polymers are larger and therefore more flexible than 
those of the PEG810K and PEG820K polymers, they are able to relief part of the swelling stresses 
without the need for breaking the βCD/cholesterol complexes. Consequently, the PEG840K-based 

mixtures end up with a higher number of βCD/cholesterol interactions in the swollen network, 
which will slow down the hydrogel erosion.  

Figure 4A, B also shows that besides hydrogel swelling directly after adding buffer, the 22.5 % 
and 35 % (w/w) PEG840K-based mixtures start to swell again after 100 and 200 h, respectively. 

This demonstrates again that dissolution of derivatized PEG840K polymers only occurs at 
relatively high swelling stresses, where the relaxation of PEG-arms cannot be established without 

dissociation of βCD/cholesterol inclusion complexes. After network swelling and dissolution of 
the polymers at the gel’s top layer, the remaining network in the bulk of the gel adopts a new 

swollen state, where swelling stresses accumulate till these are high enough to cause dissociation 
of the βCD/cholesterol interactions and concomitant hydrogel dissolution.  

Besides the swelling/dissolution analysis of these different hydrogels, the Dextran Blue released 
in the added PBS/NaN3 medium was also followed in time. Figure 5 shows the cumulative release 

of Dextran Blue from the 22.5 % and 35 % (w/w) hydrogels composed of 8-arm PEG with 
different molecular weights. It demonstrates that Dextran Blue is constantly released from the 

investigated gels over time and eventually 100 % release of the loaded amount is reached. 
Furthermore, it is clear that the use of different star PEG molecular weights or increasing the 

polymer concentration influences the release kinetics of Dextran Blue. For every gel composition, 
the release kinetics of Dextran Blue correlated well with their time-dependent weight decrease, 

which is shown in Figure 4. This demonstrates again that the gel degradation is mainly mediated 
by polymer surface erosion and that the assumption of Dextran Blue being immobile in the 

hydrogel network is correct. This was further investigated by fitting the experimental Dextran Blue 
release data to the Ritger-Peppas equation:66,67 
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where Mt/M∞ represents the fractional release of the entrapped compound, k is a kinetic constant, t 

is the release time and n is the diffusional exponent that can be related to the release mechanism of 
the entrapped molecules. When n = 0.5, the release is completely controlled by Fickian diffusion. 

When n = 1 however, the release is governed by the swelling-induced polymer chain relaxation 
and subsequent gel surface erosion, which leads to zero-order release. Values of n between 0.5 and 

1 indicate that both transport mechanisms play a role. For the Dextran Blue release profiles of 
Figure 5, n values between 0.95 and 1.00 were obtained, which confirms again that Dextran Blue 

is immobilized inside the hydrogel and is released at zero-order kinetics due to surface erosion of 
the hydrogel material. 
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Figure 5A. 
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Figure 5B. 
 
Figure 5. Release of Dextran Blue from 22.5 % (w/w) (A) and 35 % (w/w) (B) hydrogels composed of derivatized 8-
arm PEGs with different molecular weights (n=3). 
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3.3. Protein mobility in PEG8-βCD/PEG8-chol networks. To study the mobility of two model 

proteins, i.e. lysozyme (MW: 14.7 kDa, hydrodynamic diameter 4.1 nm59) and BSA (MW: 67 kDa, 
hydrodynamic diameter 7.2 nm59) in the 22.5 % and 35 % (w/w) PEG8-βCD/PEG8-chol hydrogels, 

fluorescence recovery measurements after photobleaching (FRAP) were performed at 37 oC. 
Diffusion coefficients were calculated by fitting the experimental recovery curves with a 

previously described FRAP model.62 Also, diffusion coefficients of these proteins were determined 
in solutions of the non-functionalized 8-arm PEGs and in buffer only.  

Figure 6A shows a representative fluorescence recovery of FITC-labeled BSA in both a solution 
of non-functionalized PEG810K-OH and in a PEG810K-βCD/PEG810K-chol gel matrix. After 

photobleaching of FITC-BSA in a solution of non-functionalized 8-arm PEG, the fluorescence 
completely recovered and a diffusion coefficient of 2.6 ± 0.3 μm2·s-1 was calculated. However, no 

fluorescence recovery was observed in the FITC-BSA loaded hydrogel matrix within the 
experimental time scale (15 minutes), indicating that BSA is immobile inside the hydrogel 

network, which suggests that the average size of the polymer network pores is smaller than the 
hydrodynamic diameter of BSA (7.2 nm59). Similar to this typical example, the immobility of 

FITC-BSA was also observed in the other hydrogel compositions described in Table 1.  
Figure 6B shows the fluorescence recovery curves of FITC-lysozyme in an aqueous solution of 

non-functionalized PEG810K-OH and PEG820K-OH (1:2 (w/w)) and in a PEG810K-
βCD/PEG820K-chol hydrogel. From a best fit of the FRAP model, a mobile fraction of 1.0 ± 0.1 
was found for both curves. However, the diffusion coefficient in the PEG8-OH solution was 5 

times higher compared to the hydrogel. This indicates that although FITC-lysozyme is not 
completely immobilized, the polymer network formation significantly slows down its mobility.  

Previously, diffusion coefficients at room temperature of BSA and lysozyme in water were 
reported as 59 μm2·s-1,68 and 104 μm2·s-1,69 respectively. By extrapolating these diffusion 

coefficients (D) to 37 oC by using the Stokes-Einstein relation Dη/T = constant,59,68,70 expected 
diffusion coefficients for BSA and lysozyme in aqueous solution at 37 oC are approximately 91 

μm2·s-1,71 and 160 μm2·s-1, respectively.  
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Figure 6A.  
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Figure 6B.  
 
Figure 6. Typical fluorescence recovery curves after photobleaching of FITC-BSA (A) in a 35 % (w/w) PEG810K-
OH solution (■) and a 35 % PEG810K-βCD/PEG810K-chol mixture (○), and of FITC-lysozyme (B) in a 35 % (w/w) 
PEG810K-OH/PEG820K-OH (1:2 (w/w)) solution (■) and a 35 % (w/w) PEG810K-βCD/PEG820K-chol mixture (○). 
Curves are normalized to the fluorescence immediately after bleaching. Solid lines are a best fit of the experimental 
data to the FRAP model. 

 
Table 2 lists the diffusion coefficients of FITC-BSA and FITC-lysozyme in solutions of non-

functionalized 8-arm PEG with different molecular weights and in the corresponding hydrogel 

mixtures composed of PEG8-βCD and PEG8-chol. This table shows that the diffusion coefficients 
of both proteins in solutions of non-functionalized 8-arm PEG were 10-200 fold lower than in 

buffer. This can be fully explained by the higher viscosity of the polymer solutions (12-210 mPa·s, 
Appendix A (Supporting information)) compared to buffer (~1 mPa·s). 
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Table 2. Diffusion coefficients (D, mean ± standard deviation) at 37 oC of FITC-labeled lysozyme and BSA in 
solutions of non-derivatized PEG and in the PEG8-βCD/PEG8-chol gels (n=5). 

Solutions/Gels 

Polymer concentration  

(% (w/w)) 

FITC-lysozyme 

 D (μm2.s-1) 

FITC-BSA 

D (μm2.s-1) 

PEG810K-OH 22.5 

35 

21±1 

6.6±0.5 

9.4±0.3 

2.6±0.3 

PEG810K-βCD/PEG810K-chol 22.5 

35 

11±2 

1.5±0.1 

nda 

nda 

PEG820K-OH 22.5 

35 

14±1 

2.0±0.3 

4.6±0.4 

1.2±0.2 

PEG820K-βCD/PEG820K-chol 22.5 

35 

10±3 

1.1±0.3 

nda 

nda 

PEG840K-OH 22.5 

35 

10±1 

2.3±0.2 

2.4±0.3 

0.53±0.02 

PEG840K-βCD/PEG840K-chol  22.5 

35 

7.6±0.6 

2.4±0.2 

nda 

nda 

PEG810K-OH/PEG820K-OH 

(1:2 (w/w)) 

22.5 

35 

13±1 

3.8±0.4 

4±1 

1.7±0.2 

PEG810K-βCD/PEG820K-chol 22.5 

35 

4.5±0.4 

0.62±0.06 

nda 

nda 

 
a Diffusion coefficients for FITC-BSA in the PEG8-βCD/PEG8-chol mixtures could not be determined (nd), because 

of the protein’s extremely low mobility inside these mixtures (also see Figure 6A). 

 

Table 2 also shows that the lysozyme diffusion coefficient in the hydrogels was lower than in 
the corresponding non-functionalized PEG8 solutions. This demonstrates that the diffusional 

mobility of FITC-lysozyme in the PEG8-βCD/PEG8-chol gels is affected by both the high viscosity 
of the derivatized PEGs and the establishment of a polymer network. The lowest diffusional 

mobility of lysozyme was observed in the PEG810K-βCD/PEG820K-chol gel mixtures, in line 
with its highest mechanical strength and thus the highest crosslink density of these gel mixtures 

(see section 3.1. Gel mechanical properties). For the 22.5 % (w/w) gels, lysozyme had 
approximately the same diffusion coefficients in the PEG840K-βCD/PEG840K-chol, the 

PEG820K-βCD/PEG820K-chol and the PEG810K-βCD/PEG810K-chol mixtures (D 7.6 ± 0.6 
μm2·s-1, 10 ± 3 μm2·s-1 and 11 ± 2 μm2·s-1, respectively). Increasing the polymer concentration 

from 22.5 % to 35 % (w/w) resulted in a decrease of the protein’s mobility. In the case of 35 % 
(w/w) gels, the diffusion coefficient of lysozyme in the PEG840K-βCD/PEG840K-chol mixture (D 
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2.4 ± 0.2 μm2·s-1) was slightly higher than that in the PEG820K-βCD/PEG820K-chol (D 1.1 ± 0.3 
μm2·s-1) and PEG810K-βCD/PEG810K-chol (D 1.5 ± 0.1 μm2·s-1) mixtures.  

Because the gels composed of derivatized PEG840K and PEG810K have lower strengths than 
PEG820K-based gels (G’ 9-60 fold lower; Table 1) due to the lower network densities, the 

diffusional mobility of lysozyme in the relatively weak PEG840K- and PEG810K-based gel 
mixtures was expected to be higher than in the networks composed of functionalized PEG820K. 

However, the lysozyme mobility in the PEG840K-based gels is unexpectedly low (e.g. D 7.6 ± 0.6 
μm2·s-1 and 10 ± 3 μm2·s-1 for a 22.5 % (w/w) PEG840K- and PEG820K-based gel, respectively; 

Table 2), and is likely caused by the higher viscosity of the βCD- and cholesterol-derivatized 
PEG840K chains compared to the functionalized PEG8 polymers of lower molecular weights. For 

the PEG810K-βCD/PEG810K-chol gels, the lysozyme diffusion coefficients being almost equal to 
those in the PEG820K-based gels (Table 2), give evidence that despite the low gel strengths due to 
imperfect network formation, these mixtures might still contain local domains in which the 

crosslink density is very high.  
It was previously demonstrated that a variety of aromatic dye molecules might also form 

inclusion complexes with βCD.72,73 To rule out the possibility that the FITC-labeled proteins form 
complexes with the PEG8-βCD gel component, which would lead to underestimated protein 

diffusion coefficients, fluorescence recovery measurements of FITC-lysozyme and FITC-BSA 
were also performed in 22.5 % and 35 % (w/w) solutions containing PEG820K-βCD together with 

PEG820K-OH (1:1 (w/w)). The solutions’ viscosities were also determined (see Appendix A 
(Supporting information)). The diffusion coefficients of BSA and lysozyme in these mixtures were 

about 1.5-2.5 fold lower than in solutions of only PEG820K-OH. For example, the diffusion 
coefficient of FITC-lysozyme was 9 ± 1 μm2·s-1 in a 22.5 % (w/w) solution of PEG820K-

βCD/PEG820K-OH (1:1 (w/w)) and 14 ± 1 μm2·s-1 in a 22.5 % (w/w) PEG820K-OH solution. This 
decrease can be entirely attributed to the difference in viscosities, which was 21 ± 1 mPa·s for the 

solution containing PEG820K-βCD/PEG820K-OH (1:1 (w/w)) and 14 ± 1 mPa·s for the solution 
containing only PEG820K-OH. It can therefore be concluded that interactions between the FITC-

labeled proteins and PEG820K-βCD do not occur.  
 

3.4. Protein release. To study the release of proteins from the different hydrogel compositions, 
three model proteins lysozyme, BSA and IgG with increasing molecular weights (14.7, 67 and 150 

kDa) and hydrodynamic diameters (4.1, 7.2 and 10.7 nm)59 were selected and loaded inside 
different hydrogels. Release experiments were performed in a previously described release 

device59 with cylindrically shaped gels (volume 0.5 mL; diameter 8.5 mm), of which only the 
upper surface is in direct contact with the added release buffer, similarly as in the discussed 

stability experiments.  
Figure 7 shows the release of lysozyme, BSA and IgG from 22.5 % (w/w) PEG820K-

βCD/PEG820K-chol hydrogel cylinders. The gels showed a sustained release of the entrapped 
proteins during a period of more than 9 days, after which the gels were completely dissolved in the 
release buffer. Although the used proteins have different hydrodynamic diameters, they were 

released at almost the same rate. These observations suggest that protein release is mainly due to 
surface erosion of the hydrogel. The higher release rate between 0-30 h after the addition of buffer 
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can be explained by an artifact of the release device. In the release device59 used for the protein 

release studies, the initial swelling of the gels as shown in the previous swelling/dissolution studies 
caused the hydrogel to ‘swell out’ of the gel compartment, which led to a temporary larger 

hydrogel surface exposure to buffer and consequently faster surface erosion kinetics and protein 
release. After 30 h, the height of the gels was lower than that of the gel compartment in the device, 

so that their buffer-exposed upper surface and thus the surface erosion kinetics stayed constant 
during the remaining release study resulting in the observed constant protein release.  

Importantly, the PEG8-βCD/PEG8-chol gels showed quantitative protein release, which suggests 
that in this system irreversible protein aggregation and precipitation does not occur. Further, no 

significant differences in specific enzymatic activity were found between released lysozyme and 
freshly dissolved protein, which demonstrates that the structural integrity of the protein was 

preserved, emphasizing the protein-friendly character of the PEG8-βCD/PEG8-chol hydrogel 
system.  
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Figure 7. Release of lysozyme (■), BSA (○) and IgG (□) from 22.5 % (w/w) PEG820K-βCD/PEG820K-chol 
hydrogels in PBS (pH 7.4) at 37 oC (n=3). 

 
FRAP data showed that BSA was immobile inside the hydrogels, which explains that BSA and 

also the larger protein IgG can only be released upon gel surface erosion, leading to the nearly 
zero-order release profiles of these proteins. However, the FRAP experiments showed that 

lysozyme still has some mobility inside the various network compositions, so that the observed 
nearly zero-order release profiles of this protein were not immediately expected. To get more 

insight into the contributions of both Fickian diffusion and the polymer surface erosion on the 
observed lysozyme release, experimental release data were compared to lysozyme release curves 

that were predicted by the early-time approximation equation of Fick’s second law:66  
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where Mt/M∞ represents the fractional release of the entrapped protein, D is the diffusion 

coefficient determined using FRAP experiments, t is the release time and δ is the diffusional 

distance, which is twice the height of the hydrogel cylinder (2  8.8 mm), because protein 

diffusion is restricted only to the upper surface of the gel. 
Figure 8 shows the cumulative release of lysozyme from 22.5 % and 35 % (w/w) PEG810K-

βCD/PEG820K-chol gels. This figure shows that an increase of the polymer solid content from 
22.5 % to 35 % (w/w) prolonged the lysozyme release from about 6 to 11 days. This can be related 

to the slower surface erosion as described in section 3.2. Besides the experimentally observed 
release profiles, Figure 8 also shows the lysozyme release curves for both gels as predicted by 

equation 2. It is clear that lysozyme release from the surface-eroding PEG810K-βCD/PEG820K-
chol hydrogels was 4-8 fold faster than would be the case for Fickian diffusion only. This was also 

true for the other hydrogel compositions. The differences between the empirical release patterns 
and the mathematical release model based on diffusion explain that, although diffusional processes 

might partially contribute to the release of lysozyme, the hydrogel surface erosion is mainly 
governing its release.  
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Figure 8. Release of lysozyme from 22.5 % (w/w) (■) and 35 % (w/w) (○) PEG810K-βCD/PEG820K-chol hydrogels 
in PBS (pH 7.4) at 37 oC (n=3). Solid and dashed lines are the release kinetics predicted from equation 2 for the 22.5 
% and 35 % gels, respectively. 

 
To investigate the influence of the gel composition on the release mechanism of lysozyme, the 

experimental lysozyme release from the different hydrogels (data points between t = 0-30 h 
excluded) were fitted to equation 1 to obtain the diffusional exponents n.66,67 Table 3 shows that all 

mixtures lead to n values between 0.5 and 1, which means that the lysozyme release is a 
combination of diffusional processes and surface erosion. Moreover, an increase of the polymer 

concentration from 22.5 % to 35 % (w/w) leads to higher diffusional exponents, which 
demonstrates that the lysozyme release becomes more erosion-dependent at higher polymer 

concentrations. Higher polymer concentrations lead to tighter networks, in which the diffusion of 
lysozyme is lower as well. For the lysozyme release from the 22.5 % PEG810K-βCD/PEG810K-

chol mixture, a diffusional exponent of 0.50 ± 0.01 was found. This means that for this particular 
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hydrogel system, the lysozyme release is controlled by diffusion. With the experimental release 

data and equation 2, the diffusion coefficient for lysozyme in this gel was calculated to be 130 ± 
20 μm2·s-1, which is 10 times higher than the diffusion coefficient determined during the FRAP 

measurements (11 ± 2 μm2·s-1). This higher protein mobility is most likely the result of a swelling-
induced increase of the hydrogel pore size. 

 
Table 3. Diffusional exponents n for the release of lysozyme from the different hydrogel compositions, 
determined by fitting equation 1 to the experimentally observed lysozyme release kinetics. 

Gel composition 

Polymer concentration 

(% (w/w)) n R2 

PEG820K-βCD/PEG820K-chol 22.5 

35 

0.59±0.01 

0.71±0.02 

0.99 

0.99 

PEG810K-βCD/PEG810K-chol 22.5 

35 

0.50±0.01 

0.63±0.02 

1.00 

0.98 

PEG840K-βCD/PEG840K-chol 22.5 

35 

0.59±0.01 

0.68±0.02 

0.99 

0.99 

PEG810K-βCD/PEG820K-chol 22.5 

35 

0.67±0.02 

0.80±0.02 

0.99 

0.99 

 

In Figure 9, the release of the small peptide bradykinin74 (1.1 kDa) from 22.5 % and 35 % (w/w) 
PEG820K-βCD/PEG820K-chol gels is shown. When increasing polymer concentration from 22.5 

% to 35 %, the bradykinin release was slowed down. Both curves were fitted to equation 1, which 
yielded diffusional exponents of 0.50 ± 0.01 and 0.59 ± 0.01 for respectively the 22.5 % and 35 % 

(w/w) mixtures. This shows that, by using high enough polymer concentrations, it is even possible 
to make the release of this small peptide partially dependent on the hydrogel surface erosion, 

although the release of this low molecular weight compound mainly follows first-order kinetics.  
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Figure 9. Release of bradykinin from 22.5 % (w/w) and 35 % (w/w) PEG820K-βCD/PEG820K-chol hydrogels in 
PBS (pH 7.4) at 37 oC (n=3). 

 
 

4. Conclusions 
 

In this study, the degradation and protein release behavior of novel self-assembling hydrogels 
based on βCD/cholesterol interactions was investigated. Hydrogels were composed of βCD- and 

cholesterol-derivatized 8-arm star-shaped PEG with increasing molecular weights (10, 20 and 40 
kDa). Hydrogel degradation was mediated by a surface erosion mechanism, which is controlled by 

a combination of network swelling stresses and the initial crosslink density of the gels. Dependent 
on the hydrogel composition, the hydrogel surface dissolution also substantially controlled the 

release of proteins from the gels, which resulted in continuous, nearly zero-order release patterns 
of entrapped proteins. These unique protein release characteristics as well as its tailorable 

mechanical properties31 and the previously reported biocompatibility of PEG-based hydrogels,2 
makes this system very useful as a drug delivery matrix or for other pharmaceutical and 

biomedical applications. 
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Abstract 

 

Supramolecular hydrogels are highly interesting for drug delivery and tissue engineering 
applications, especially those systems that display a combination of tunable properties, high 

mechanical strength and easy preparation from well-available and biocompatible building blocks. 
In this chapter, we show that the combination of free β-cyclodextrin (βCD) and 8-arm or linear 

cholesterol-derivatized poly(ethylene glycol) (PEG-chol) in aqueous solution resulted in the 
formation of almost fully elastic gels with storage moduli in the range of 10-500 kPa. X-ray 

diffraction measurements demonstrated the presence of crystalline βCD domains in the hydrogel 
networks. Rheological experiments further proved that hydrogel formation is based on inclusion 

complex formation between these βCD clusters and cholesterol coupled to the terminal end of 
PEG. The observation that the gels were weakened by addition of the competitive βCD-guest 

molecule adamantanecarboxylic acid (ACA) supported the proposed gelation mechanism. The gel 
mechanical properties were dependent on temperature, concentration of cholesterol-derivatized 

PEG and/or βCD, PEG’s molecular weight and its architecture. This hydrogel system can be 
considered as an excellent candidate for future applications in the biomedical and pharmaceutical 

fields. 
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1. Introduction 
 
During the last decades, hydrogels have attracted great attention as scaffolds for tissue 

engineering and as drug delivery matrices.1-4 These materials are networks of hydrophilic 
polymers that can retain and/or absorb considerable amounts of water.5 In general, the high water 

content of hydrogels leads to a good biocompatibility, because their relatively soft and rubbery 
appearance minimizes irritation of the surrounding tissue.6,7 In hydrogel networks, dissolution of 

the hydrophilic polymers is prevented by crosslinks, which can be permanent or reversible.1,8 A 
wide variety of chemical crosslinking methods is known to accomplish the formation of covalent 

bonds between hydrophilic polymer chains in hydrogels, e.g. radical,9-11 high-energy12 or enzyme-
mediated polymerization13 and click chemistry.14,15 Because chemical crosslinking involves 
reaction conditions that might structurally modify encapsulated therapeutics and often require 

toxic crosslinking reagents, systems in which the network formation is based on reversible, 
physical interactions are presently preferred. Many physical interactions have been used to design 

these non-permanent networks, such as hydrophobic,16,17 ionic,18,19 hydrogen bonding20,21 and 
biomimetic22-24 interactions as well as the formation of crystalline domains25 and 

stereocomplexes.26-29  
A physical driving force that has recently been exploited for the design of reversible, self-

assembled hydrogels, is the inclusion complex formation between β-cyclodextrin (βCD) and 
lipophilic guest molecules.30-37 βCD molecules are cyclic ‘doughnut’-shaped oligosaccharides 

composed of 7 dextrose units that are coupled via α-1,4-glucosidic linkages.38 All hydroxyl groups 
are located at the outer surface of the molecule, which renders the inner cavity of βCD relatively 

hydrophobic. Driven by hydrophobic and van der Waals interactions,39,40 this cavity can act as a 
binding site for a wide range of lipophilic compounds (e.g. adamantane, cholesterol and aromatic 

compounds30-37). Kretschmann et al. designed a thermoreversible hydrogel system based on 
adamantane-grafted N-isopropylacrylamide copolymers and a βCD dimer.30 Other researchers 

prepared hydrogels by combining adamantane- and βCD-derivatized chitosan31 or hyaluronic 
acid32,33. Other molecules than adamantane were utilized as guest compounds as well. For 

example, Hashidzume et al. described stimuli-responsive gels formed by poly(acrylamide) 
derivatized with either βCD or aromatic guest molecules.34 Recently, our group reported on self-

assembling hydrogels obtained by combining cholesterol- and βCD-derivatized 8-arm star-shaped 
poly(ethylene glycol) (PEG8) in aqueous solution.35-37 This gel system is highly versatile as its 

mechanical properties could easily be controlled by the polymer concentration, βCD/cholesterol 
stoichiometry, the PEG molecular weight and other parameters.35,36 Degradation of these hydrogels 

is mainly mediated by a surface erosion process, which led to quantitative and nearly zero-order 
release of entrapped model proteins.37 

Although the hosting properties of βCD have been investigated for more than four decades,38,41 
only recent studies have demonstrated that native, unmodified βCD molecules self-aggregate.42-46 
Light scattering experiments on aqueous solutions of βCD, in the concentration range of 4-12 mM, 

showed the formation of βCD nano-aggregates with average diameters of about 200 nm.42,43 
Bonini et al. visualized these nanostructures with transmission electron microscopy at cryogenic 
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temperature (Cryo-TEM).44 It was found that polydisperse nearly spherical structures with 

diameters in the range of 100-200 nm were predominant at low concentrations, while at higher 

concentrations ( 6 mM) micrometer planar aggregates became the main structures.  

The ability of cyclodextrins to crystallize has previously been used to design so-called 

polypseudorotaxane-based hydrogel systems.47-50 Polypseudorotaxanes are inclusion complexes in 
which cyclic molecules, e.g. αCD, a cyclodextrin subtype composed of 6 dextrose units, are 

threaded onto a polymer chain.51 The dense packing of multiple αCD units onto the PEG chains 
leads to crystalline domains that act as physical crosslinks in hydrogels.47-50 Because of its larger 
inner cavity, βCD is not able to stably complex with PEG, but instead the bulkier polymer 

poly(propylene glycol) (PPG) was used as guest polymer to develop hydrogels.52 Besides these 
polypseudorotaxane-based systems, no other hydrogels have been designed yet in which 

crystalline cyclodextrin domains are exploited. 
In this chapter, we describe a novel self-assembled hydrogel system, which consists of 

cholesterol-derivatized 8-arm PEG and free βCD molecules in an aqueous solution. In these 
hydrogels, cholesterol/βCD inclusion complexes as well as βCD self-association are the driving 

forces in network formation. The presence of crystalline βCD nanoclusters was studied by X-ray 
diffraction measurements and the tailorability of the gel mechanical properties was investigated by 

rheological analyses.  
 

 

2. Experimental part 
 
2.1. Materials and Polymer Synthesis. All chemicals were used as received. Star-shaped 8-

arm poly(ethylene glycol)s (PEG8-OH) were purchased from JenKem Technology USA (Allen, 
USA). Products with different molecular weights were used; PEG810K-OH (Mn = 9656 Da 

(MALDI), PDI = 1.10), PEG820K-OH (Mn = 20182 Da (MALDI), PDI = 1.08) and PEG840K-OH 
(Mn = 42680 Da (MALDI), PDI = 1.06). Linear monomethoxy-poly(ethylene glycol) (mPEG5000-

OH) and poly(ethylene glycol) (HO-PEG6000-OH) were obtained from Sigma-Aldrich 
(Zwijndrecht, The Netherlands) and Fluka (Buchs, Switzerland), respectively. The Mn’s of these 

linear PEGs were determined by 1H NMR spectroscopy using trichloroacetyl isocyanate (TCAI, 
Sigma-Aldrich, Zwijndrecht, The Netherlands) as a shift reagent.53 Mn values of the mPEG5000-

OH and HO-PEG6000-OH products were 5.1 kDa and 6.8 kDa, respectively. The hydroxyl end 

groups of the star-shaped and linear PEGs were derivatized with either cholesterol or -

cyclodextrin (CD) moieties using a biodegradable succinyl linker (SA), and the resulting 

polymers were characterized by 1H NMR, GPC and polarimetry as previously reported.35 A 

specific 8-arm polymer is referred to as PEG8xxK-choly or PEG8xxK-CDy, where xx represents 

the PEG MW (e.g., 40, 20 or 10 kDa), and y indicates the DS (Degree of Substitution, defined as 

the average number of either cholesterol or CD groups per PEG molecule). Linear bifunctional 

and monofunctional PEG-chol polymers are denoted as PEG6K-chol1.8 and mPEG5K-chol0.9. 

-cyclodextrin (CD), 6-monodeoxy-6-monoamino--cyclodextrin (CD-NH2) and                  

1-adamantanecarboxylic acid (ACA) were provided by Sigma-Aldrich (Zwijndrecht, The 
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Netherlands). Ammonium acetate (NH4OAc) was purchased from Merck (Darmstadt, Germany) 
and 37 % HCl solution in water was ordered from Acros Chimica (Geel, Belgium). 

 
2.2. Hydrogel Preparation and Rheological Characterization. Mixtures of 8-arm PEG-chol 

or linear PEG-chol with different amounts of CD (0.5, 1, 2, 4 or 10 eq. CD relative to 

cholesterol groups) were dissolved in 5 mM NH4OAc buffer (pH 4.7) to obtain 2 % (w/w) 

solutions. These solutions were subsequently lyophilized and the final hydrogels or aqueous 

mixtures (containing 2-25 % (w/w) PEG-chol with 0.5-24.8 % (w/w) CD) were obtained by 

hydration of the lyophilized mixtures for 16 hours at 4 oC with appropriate amounts of 100 mM 

NH4OAc (pH 4.7) buffer (buffer content: 52.7-97.5 % (w/w)). During hydration, NH4OAc buffer 
at pH 4.7 was used to minimize hydrolysis of PEG-chol’s ester linkages.35 Mixtures were also 

prepared containing non-derivatized PEG or monoamino-functionalized CD (CD-NH2HCl) 

instead of native CD. Adamantanecarboxylic acid (ACA) was used to competitively displace 

cholesterol from the CD cavities. Therefore, 3 eq. ACA relative to the number of cholesterol 

moieties, was added to a 2 % (w/w) solution of 8-arm PEG-chol and CD (2 eq. CD relative to 

cholesterol). After lyophilization of the resulting mixtures, hydrogels were prepared as mentioned 
above. 

Rheological characterization of the hydrogels was done with an AR-G2 rheometer (TA 
instruments, Etten-Leur, The Netherlands) equipped with a 1o steel cone geometry of 20 mm 

diameter and solvent trap. Using a spatula or pipette (for liquids), approximately 55 μL sample 
was placed between the pre-heated (40 oC) plates of the rheometer. Rheological gel characteristics 

were monitored by oscillatory time sweep experiments at 4, 20 and 37 oC and temperature sweep 
experiments. During time sweep experiments the G’ (shear storage modulus) and G” (loss 

modulus) were measured for a period of 5 minutes. Temperature sweep experiments from 4 to 80 
oC were done at a heating rate of 2 oC·min-1 (30 s equilibration per point). The point at which 
G”/G’ (= tan δ) = 1, is considered as the gel transition temperature (Tgel).

54 All experiments were 

performed at a frequency of 1 Hz and 1 % strain.  
 

2.3. X-ray diffraction analysis (XRD). X-ray diffraction patterns of hydrogels as well as the 
lyophilized mixtures were recorded with a Nonius κ-CCD diffractometer using MoKα radiation (λ 

= 0.7107 Å) and a graphite monochromator. All patterns were recorded at a sample-to-detector 
distance of 75 mm; the maximum scattering angle (2θ) was 22o. Separate blank patterns were 

recorded to allow subtraction of air-scattering. The hydrogel data were also corrected with a 
background profile collected from deuterated water. The two-dimensional X-ray scattering images 

were transferred into one-dimensional intensity profiles with 2θ as x-axis. 
 

 

3. Results and discussion 
 
3.1. Hydrogel formation. To ensure homogeneity, hydrogels were prepared by first dissolving 

cholesterol-derivatized 8-arm or linear PEG and free βCD at a low concentration (2 % (w/w)) in a 
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5 mM ammonium acetate buffer (pH 4.7). At this concentration, all components are well soluble. 

After lyophilization, the resulting mixture was hydrated in a smaller volume of 100 mM 
ammonium acetate buffer (pH 4.7) to obtain spontaneously formed hydrogels. 

Figure 1 shows a photograph of hydrated mixtures containing 10 % (w/w) cholesterol-
derivatized, and non-derivatized 8-arm PEG with or without 2 eq. free unmodified βCD relative to 

the number of cholesterol or hydroxyl groups of the corresponding PEG component. A solution of 
non-derivatized 8-arm PEG (PEG820K-OH) behaved as a viscous liquid (D). 10 % (w/w) 

PEG820K-OH in the presence of 2 eq. βCD led to a viscous suspension (C) likely due to βCD’s 
low maximum solubility of ~16 mM (1.8 % (w/w)).44 However, when using cholesterol-

derivatized PEG (PEG820K-chol5.6) with or without βCD, hydrogels were formed. Gels composed 
of PEG820K-chol5.6 were almost transparent (A). Their formation is likely caused by the 

amphiphilicity of the polymer, where hydrophobic interactions occur between the PEG-bound 
cholesterol groups. Sample B in Figure 1 shows that a white opalescent gel was formed by mixing 

PEG820K-chol5.6 and 2 eq. βCD. This gel formation was somewhat surprising, since it was found 
in previous studies that disruption of self-assembling systems based on hydrophobic interactions 

occurred by adding small amounts of βCD (< 16 mM).33,55,56 For example, Akiyoshi et al. added 
βCD molecules to hydrogel nanoparticles based on cholesterol-grafted pullulan55 or poly(L-

lysine),56 causing the hydrophobic cholesterol groups to be captured by βCD complexation and 
consequently disrupting the nanogels. It should be mentioned that we used higher amounts of βCD 
(5.5 % (w/w)), i.e. well above the solubility limit of βCD. This interesting phenomenon prompted 

us to investigate the gelation mechanism in more detail.  
 

 
Figure 1. Photographs of a 10 % (w/w) PEG820K-chol5.6 hydrogel (A), a hydrogel composed of 10 % (w/w) 
PEG820K-chol5.6 + 2 eq. βCD (B), an aqueous mixture of 10 % (w/w) PEG820K-OH + 2 eq. βCD (C), and of a 10 % 
(w/w) PEG820K-OH solution (D).  

 
3.2. X-ray diffraction analysis. The maximum solubility of βCD in water is ~16 mM (1.8 % 

(w/w)).44 However, several studies have reported the formation of nano-aggregates below this 
concentration.42-44 For most of the hydrogels investigated in this study (see Appendix A 

(Supporting information)), upon rehydration of the freeze dried mixtures, the βCD concentration is 
higher than its maximum solubility. This fact, together with the opalescent appearance of the 
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PEG820K-chol5.6/βCD based gels in comparison with the transparent PEG820K-chol5.6 gels, 
supports the hypothesis of the presence of insoluble βCD clusters in the PEG820K-chol5.6/βCD 

gels that might play a role in the observed gel formation. 
The cluster formation of βCD was investigated by X-ray diffraction analysis. Figure 2 shows 

that for the PEG820K-chol5.6 powder (A) two major diffraction peaks were observed at 2θ (λ = 
0.7107 Å) = 8.8o and 10.8o together with less intense peaks at 2θ = 12.3, 16.4, 18.7 and 20.6o. By 

using Bragg’s law of diffraction57 (2dsinθ = λ, where d, θ and λ represent the crystal lattice 
spacing, the diffraction angle and the wavelength, respectively), this pattern can be attributed to 

the monoclinic unit cell of crystalline PEG.58-60 The βCD powder (Figure 2, trace B) also showed a 
high degree of crystallinity with many diffraction peaks, which were found to correspond to the 

reported X-ray structure of the βCD hydrate.61 To estimate the size of the crystallite spheres in the 
βCD powder, the peak at 2θ = 5.7o

 was selected and the Scherrer equation62 was applied: 
 




cos

K
        (1) 

 

where τ is the mean crystallite dimension, K is the shape factor (0.89), λ is the X-ray 
wavelength (0.7107 Å), β is the line broadening at half the maximum intensity and θ represents the 

diffraction angle. This resulted in an estimated crystallite diameter of approximately 100 Å. By 
comparing the volume of a crystallite sphere (volume = 4/3πr3, where r is the radius (50 Å)) with 

the volume of a single βCD molecule ((for simplicity) considered as a cylinder with volume = 
πr2h, where r and h are the radius (7.65 Å)  and height (7.9 Å), respectively),41 it is calculated that 

the structurally ordered domains are built up of ~360 aggregated βCD units. Figure 2 also displays 
the X-ray diffraction patterns of hydrogels composed of 15 % (w/w) PEG820K-chol5.6 with or 

without 1 or 2 eq. βCD. The PEG820K-chol5.6 gel (E) was found to be amorphous, whereas in the 
PEG820K-chol5.6/βCD gels (C/D) crystallinity was detected with a diffraction pattern that in the 2θ 

range of 2-12 can be mainly ascribed to the βCD powder. This confirms that the PEG820K-
chol5.6/βCD gels indeed contain crystalline domains of βCD molecules. Compared to the βCD 

powder, the X-ray diffraction peaks of the PEG820K-chol5.6/βCD gels were broader. Because the 
peak width is inversely proportional to the crystallite size (equation 1), this suggests that in the 

hydrogels the crystallites are smaller than in the βCD powder. Although this can not be directly 
related to the total size of the βCD clusters in the gels, due to potential amorphous clustering of the 

βCDs, it is legitimate to conclude that the structurally ordered part of the insoluble aggregates has 
a size < 100 Å.  
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Figure 2. X-ray diffraction patterns of PEG820K-chol5.6 (A) and βCD (B) powders and 15 % (w/w) gels composed of 
PEG820K-chol5.6 with 1 (C) or 2 (D) eq. βCD or without βCD (E). Patterns for (C), (D) and (E) were corrected with a 
background profile collected from deuterated water. 

 
3.3. Gelation mechanism. Figure 3 shows the rheological properties at 4 and 37 oC of 

hydrogels, composed of 10 % (w/w) PEG820K-chol5.6 or 10 % (w/w) PEG820K-chol5.6 with 2 eq. 
βCD relative to cholesterol. At both temperatures, viscoelastic hydrogels were formed with 10 % 

(w/w) solutions of PEG820K-chol5.6 with or without added βCD, i.e. the storage modulus (G’) 
exceeds the loss modulus (G”) in all cases. Interestingly, the addition of free βCD to a PEG820K-
chol5.6 solution led to a considerable increase in hydrogel strength as demonstrated by a ~50-70 

fold increase of G’ and a decrease in tan δ from 0.34 to 0.01 at 4 oC. Figure 3 also shows that with 
increasing the temperature from 4 to 37 oC the G’ of both gels decreased, whereas tan δ increased 

(0.7 ± 0.2 and 0.14 ± 0.01 for respectively, the PEG820K-chol5.6 and PEG820K-chol5.6 + 2 eq. βCD 
gels), indicating that the interactions which hold together the network structure became weaker at 

higher temperature.  
 To further investigate the thermosensitivity of the viscoelastic gels, their G’ and G” were 

measured while gradually increasing the temperature from 4 to 80 oC. With increasing 
temperature, G’ (and to a lower extent G”) gradually decreased, and at a certain temperature (Tgel) 

G’ equaled G”, which indicates a gel-to-sol transition. Above Tgel, G” exceeded G’ and the 
mixtures behaved as viscous liquids. Besides higher gel strengths, the presence of βCD also gave 

the 10% (w/w) PEG820K-chol5.6/βCD gel a higher Tgel of 53 ± 3 oC as compared to 42 ± 4 for the 
10% (w/w) PEG820K-chol5.6 gel (see Appendix A (Supporting information)). We previously 

described a hydrogel system with a similar thermosensitive behavior.35,36 In that system, composed 
of cholesterol- and βCD-derivatized 8-arm PEG (i.e. PEG820K-chol6.1 and PEG820K-βCD7.4; see 

section 2 (Experimental part) for polymer nomenclature), gel formation is driven by inclusion 
complex formation of cholesterol and βCD moieties coupled to the terminal ends of 8-arm PEG. 
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An elevation of the temperature in this system resulted in a reduced number of βCD/cholesterol 
complexes, which ultimately led to a gel-to-sol transition. At a total PEG content of 10 % (w/w), 

the Tgel of this particular gel system was 20 ± 1 oC, so that at 37 oC it behaved as a viscous liquid 
with low G’ and G” between 2-35 Pa.35 Compared to this previously reported PEG820K-

chol6.1/PEG820K-βCD7.4 system, gels composed of PEG820K-chol5.6 and free βCD showed higher 
Tgel and improved mechanical strength at elevated temperatures (G’ ~500 kPa), which is beneficial 

for future applications.  
The observation that an aqueous mixture of βCD molecules and cholesterol-derivatized 8-arm 

PEG forms gels that are stronger than the gels containing only PEG820K-chol, suggests that the 
βCD molecules dramatically affects the hydrogel network structure. As discussed in section 1 

(Introduction), several groups have previously reported on the formation of βCD aggregates in 
water.42-46 The increased G’ and lower tan δ of the PEG820K-chol5.6/βCD gels as compared to 
PEG820K-chol5.6 gels indicate that βCD increases the crosslink density of PEG8-chol based 

hydrogels. This strongly suggests that the βCD aggregates form host-guest inclusion complexes 
with PEG-bound cholesterol moieties. In this way, the βCD nano-aggregates serve as crosslinkers 

in the polymer network, as depicted in Figure 4.  
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Figure 3. Rheological properties at 4 and 37 oC of mixtures containing 10 % (w/w) PEG820K-chol5.6 and 10 % (w/w) 
PEG820K-chol5.6 + 2 eq. βCD (measurement frequency = 1 Hz). Left axis: G’ and G”; right axis: tan δ. Data are 
shown as mean ± standard deviation, n=3. 
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Figure 4. Schematic representation of 8-arm PEG-chol/βCD gels. Cholesterol groups at the termini of the 8-arm 
PEGs form inclusion complexes with crystalline nanoclusters of βCD’s (A). βCD clusters with arbitrary size and 
crystal packing are shown. Dependent on the relative number of cholesterol and βCD moieties, hydrophobic 
cholesterol-cholesterol interactions might also occur (B). 

 
Figure 5 shows G’ and G” at 37 oC of aqueous mixtures containing 20 % (w/w) PEG820K-

chol5.6, linear bifunctional PEG6K-chol1.8 or monofunctional mPEG5K-chol0.9, combined with 2 
eq. βCD (relative to PEG-bound cholesterol). This figure shows that mixtures based on 

monofunctional linear PEG-cholesterol and βCD did not result in the formation of viscoelastic 
networks (tan δ >> 1). This is not unexpected, because with only 1 interacting cholesterol group 

per PEG chain it is not possible to form a network structure. Figure 5 also shows that the mixtures 
based on 8-arm PEG-cholesterol + 2 eq. βCD or linear bifunctional PEG-cholesterol + 2 eq. βCD 

both formed almost fully elastic and strong hydrogels with G’ values of 360 ± 13 kPa and 180 ± 
20 kPa and tan δ values of 0.15 ± 0.01 and 0.21 ± 0.01, respectively. The approximately two-fold 

difference in G’ between these gels can be explained by the lower crosslink density in gels 
containing the linear PEG-cholesterol. To explain, it should be noted that the concentration of 
cholesterol (0.05 mmol·g-1 gel) and βCD (0.1 mmol·g-1 gel) was equal in both hydrogels and 

therefore, the difference in G’ and thus crosslink density between the 8-arm PEG820K-chol5.6 and 
linear PEG6K-chol1.8 containing gels, is due to the architecture of the cholesterol-derivatized 

PEGs. The 8 arms of PEG820K-chol are covalently connected to a core unit, and consequently 
networks based on this polymer have a higher crosslink density, which leads to networks with 

higher G’ values. Figure 5 also displays the G’ and G” of mixtures in which the PEG-chol 
component was replaced by non-derivatized linear or 8-arm PEG (PEG(8)-OH) and of an 11 % 

(w/w) suspension of βCD. As represented by their very low G’ and G”, these mixtures behaved as 

Newtonian liquids. This demonstrates that the use of cholesterol-derivatized PEG with 2 

functionalities per PEG molecule is crucial for network formation. A combination of inclusion 
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complexes between cholesterol and βCD insoluble nano-aggregates (see also the above X-ray 
diffraction analysis) and hydrophobic cholesterol-cholesterol interactions is likely responsible for 

the network formation. 
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Figure 5. Storage modulus (G’) and loss modulus (G”) at 37 oC (measurement frequency = 1 Hz) of mixtures of 
PEG820K-chol5.6 + 2 eq. βCD, PEG6K-chol1.8 + 2 eq. βCD, mPEG5K-chol0.9 + 2 eq. βCD, non-functionalized 
PEG8OH or PEG6K-OH + 2 eq. βCD and an aqueous 11 % (w/w) βCD suspension. For all mixtures, the 
concentration of derivatized (or non-derivatized) PEG was 20 % (w/w)). Data are shown as mean ± standard 
deviation, n=3. 

 
Figure 6 shows the gel mechanical properties of an aqueous mixture of PEG820K-chol5.6 with 1 

eq. of a 6-monodeoxy-6-monoamino-functionalized βCD derivative (CD-NH2), in comparison 

with gels containing no or unmodified βCD. The figure demonstrates again the strengthening of a 
PEG820K-chol5.6 containing gel in the presence of βCD. This figure also shows that the presence 

of CD-NH2 led to a collapse of the gel structure (tan δ > 1). The monoamino-derivatized βCD is 

able to form host/guest inclusion complexes,63 however its aqueous solubility is 40 times higher 

than that of βCD.64 Furthermore, it likely has a lower tendency to aggregate, because the 
aminomethyl-group is positively charged in the aqueous solutions (pKa = 8.72),64 which results in 

repulsion between the CD-NH2 molecules. The dissolution of the gel can therefore be explained 

by complexation of the PEG-bound cholesterol groups in the cavities of soluble CD-NH2, which 

does not result in network formation. 
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Figure 6. Rheological characteristics (4 oC) of mixtures containing 10 % (w/w) PEG820K-chol5.6, 10 % (w/w) 

PEG820K-chol5.6 + 1 eq. βCD or 10 % (w/w) PEG820K-chol5.6 + 1 eq. CD-NH2 (measurement frequency = 1 Hz). 

Left axis: G’ and G”; right axis: tan δ. Data are shown as mean ± standard deviation, n=3. 

 
To get further insight into the gelation mechanism, an excess (3 eq. relative to the present 

cholesterol groups) of a competitive inclusion complex forming compound,                           
1-adamantanecarboxylic acid (ACA), was added to the 20 % PEG820K-chol5.6/2 eq. βCD gel 

system. The binding affinity of ACA towards βCD is 2 higher than that of cholesterol (Ka (in 

water): 3.2104 M-1 vs. 1.6104 M-1).55,65,66 Figure 7 shows that addition of the competitor 

substantially weakened the PEG820K-chol5.6/βCD gel, as reflected by a 2-fold decrease in G’ and a 

higher G” (resulting in a 3 times higher tan δ). The addition of ACA did not completely break the 
gel structure, but led to gel properties that approached those of a hydrogel composed of PEG820K-

chol5.6. Likely, when the cholesterol moieties are displaced from the βCD cavities by ACA, the 
hydrophobic interactions between these groups return. The gel strength of the PEG820K-

chol5.6/βCD/ACA mixture was slightly higher than that of the PEG820K-chol5.6 gel (student’s         
t-test, P < 0.05), which is probably due to a remaining fraction of βCD-complexed cholesterol.  

In summary, the results in this section give evidence that the network formation of the hydrogel 
systems based on cholesterol-derivatized PEG combined with βCD is due to small crystalline βCD 

clusters (proven by X-ray diffraction measurements) combined with cholesterol/βCD inclusion 
complexes.  
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Figure 7. Storage modulus (G’) and loss modulus (G”) at 4 oC of hydrogels containing 20 % (w/w) PEG820K-

chol5.6, 20 % (w/w) PEG820K-chol5.6 + 2 eq. βCD or 20 % (w/w) PEG820K-chol5.6 + 2 eq. CD + 3 eq. ACA 

(measurement frequency = 1 Hz). Left axis: G’; right axis: G”. Data are shown as mean ± standard deviation, n=3. 

 

3.4. Mechanical gel properties as function of solid content, temperature, βCD 
concentration and the 8-arm PEG’s molecular weight. Figure 8 shows G’ of PEG820K-

chol5.6/βCD hydrogels (tan δ < 0.1) with increasing βCD contents. It demonstrates that with 
increasing molar ratios of βCD:cholesterol from 0-2, G’ significantly increased. Furthermore, an 

increase of βCD content led to higher Tgel as well (see Appendix A (Supporting information)). This 
indicates that an increase of βCD concentration results in a tighter network, which is can be 

ascribed to either a higher number or an increased size of the insoluble crystalline βCD domains 
that act as crosslinks. An increased number of clusters results in a higher crosslink density, while 

larger clusters can accommodate more PEG-bound cholesterol groups and contributes to a denser 
network as well. At βCD contents higher than 2 eq. relative to cholesterol (12.4 % (w/w)), G’ 

started to level off at 435 ± 30 kPa. This indicates that at 2 eq. βCD, all PEG-bound cholesterol 
moieties are complexed with βCD and consequently are involved in network formation. Therefore, 

a higher concentration of βCD is not expected to further influence the network structure.  
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Figure 8. Storage modulus (G’) at 20 ºC of hydrogels containing 22.5 % (w/w) PEG820K-chol5.6 with increasing 
amounts of βCD (measurement frequency = 1 Hz). For all gels, tan δ < 0.1. Data are shown as mean ± standard 
deviation, n=3. 

 
Figure 9 shows the rheological properties at 4 and 37 oC of hydrogels composed of 8-arm or 

linear PEG-chol and 1 eq. βCD at 4 and 37 oC with increasing solid content of the gels. At solid 
contents < 12.8 % (w/w) (10 % (w/w) PEG-chol; 2.8 % (w/w) βCD), all mixtures showed liquid-

like behavior with G’ < 0.3 kPa and tan δ > 1 (not shown in figure). Here, the concentration of 
interacting cholesterol and βCD groups is likely too low to obtain a strong physical network. 

However, at a solid content of 12.8 % (w/w) or higher, G’ started to dominate G”. Furthermore, 
with increasing PEG-chol/βCD content, G’ (and also G” to a lower extent) gradually increased. In 

agreement with these observations, also the observed Tgel’s increased with higher solid contents, 
which reached values between 38 and more than 100 oC (Tgel’s > 80 oC by extrapolation; see 

Appendix A (Supporting information)). These observations are in line with expectations, as higher 
concentrations of PEG-cholesterol and βCD result in more interacting cholesterol moieties and 

βCD clusters and subsequently a higher crosslink density. At solid contents  28.7 % (w/w) (22.5 

% (w/w) PEG-chol; 6.2 % (w/w) βCD), both G’ and G” leveled off. This can be ascribed to the 

solubility of both linear and 8-arm PEG-cholesterol, which approached its limit at concentrations  

 22.5 % (w/w). Because at higher concentrations PEG-cholesterol is not fully dissolved, only the 

dissolved molecules contribute to network formation.  
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Figure 9A. 
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Figure 9B. 
 
Figure 9. Storage modulus (G’) and loss modulus (G”) at 4 and 37 oC of PEG820K-chol5.6 + 1 eq. βCD (A) or 
PEG6K-chol1.8 + 1 eq. βCD (B) hydrogels as a function of the percentage solid content (measurement frequency = 1 
Hz). Data are shown as mean ± standard deviation, n=3. 

 

Figure 10 shows the G’ of PEG8-chol/βCD gels as a function of the 8-arm PEG’s molecular 
weight. It shows that the highest gel strength was reached for mixtures based on 20 kDa star-

shaped PEG. At equal concentrations, the use of the higher molecular weight PEG8-chol 
(PEG840K-chol5.6) implies that the concentration of cholesterol moieties decreases, which in turn 

will lead to a lower number of crosslinks. Based on the higher concentration of cholesterol groups 
present in the PEG810K-chol5.6/βCD gels, stronger networks were expected. However, the use of 

the lower molecular weight PEG810K-chol5.6 led to a 7-fold decrease of G’. As suggested 
previously,35 this can be ascribed to PEG810K-chol5.6’s poor solubility, and as a consequence not 

all cholesterol units are available to form inclusion complexes with βCD, which leads to weaker 
networks.  
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Figure 10. Storage modulus (G’) at 37 oC of hydrogels containing 8.3 % (w/w) βCD and 15 % (w/w) PEG8-chol5.6±0.1 
with different molecular weights (measurement frequency = 1 Hz). Data are shown as mean ± standard deviation, 
n=3. 

 
 

4. Conclusions 
 

In this chapter, we investigated a novel hydrogel system, containing cholesterol-derivatized 8-
arm PEG or linear PEG supplemented with β-cyclodextrin molecules (βCD). The tendency of βCD 

molecules to form crystalline nanoaggregates combined with their ability to form host-guest 
inclusion complexes with PEG-bound cholesterol moieties resulted in strong, almost fully elastic 

hydrogels. The strength of these gels were several orders higher as compared to gels based on 
PEG-cholesterol, and a previously reported gel system in which not only the cholesterol but also 

the βCD units were connected to 8-arm PEG.35,36 It was demonstrated that the gel mechanical 
properties could be tailored by the concentration of βCD, the gel’s total solid content, the PEG 

molecular weight, and the architecture of the PEG-cholesterol. Although the physical nature of the 
networks resulted in a temperature-dependence of the gel strength, their viscoelastic properties 

remained at elevated temperatures. Besides their high strength and versatility, the gels are 
composed of biocompatible and well-available building blocks. This hydrogel system may 

therefore be very suitable for biomedical and pharmaceutical applications, such as tissue 
engineering scaffolds and drug delivery matrices.  
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Abstract 
 

Biodegradable injectable in situ forming hydrogel systems are attractive materials for drug 

delivery and tissue engineering applications. In this study, we focused on the injectability and 
chemical degradation of self-assembling hydrogels composed of βCD- and cholesterol-derivatized 

8-arm PEG (PEG8-chol/PEG8-βCD). Combining both derivatized PEG8’s in aqueous solution led 
to the formation of viscoelastic hydrogels based on βCD/cholesterol inclusion complexes. 

Rheological experiments (both oscillatory and creep procedures) demonstrated a thixotropic 
behavior of the gels. With increasing stresses imposed on the gels, a yield stress (where G’ = G”) 

was reached, above which the system started to flow. Furthermore, removal of the stress led to a 
partial recovery of the gel’s elasticity due to re-associating βCD/cholesterol groups. Only for gels 

with low polymer concentrations (≤10 % (w/w)), the yield stress was sufficiently low to be 
practically applicable for injection through thin needles (23 and 25 G) fitted to clinically used 

syringes. Therefore the co-solvent N-methyl-2-pyrrolidone (NMP) or free βCD-NH2 (competitive 
host for cholesterol) was added to temporarily break the gel structure. Injection of the PEG8-

chol/PEG8-βCD mixtures containing 20 % (v/v) NMP or an excess amount of βCD-NH2 into a 
tissue-mimicking viscous Ca-alginate matrix resulted in well-defined hydrogel spots, which kept 

their shape for more than 2 weeks and suggests that in situ gelation occurs after diffusion of the gel 
disrupting agents into the viscous matrix. The chemical degradation of the gels at 37 oC was found 
to be base-catalyzed. While at pH 8.5, the gel mechanical properties were lost after ~9 days, these 

properties remained at pH 7.4 for over 2 months. Because the hydrolytic cleavage of the esters in 
PEG8-chol was very slow (half life at pH 7.4 > 20 years), degradation of the other gel component, 

PEG8-βCD (half life at pH 7.4 = 8 h), was considered to be responsible for the observed time-
dependent decrease in gel strength. The high chemical stability of PEG8-chol means that its 

systemic elimination is dependent on renal excretion and/or enzymatic cleavage.   
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1. Introduction 
 
Hydrogels, three-dimensional hydrophilic polymeric networks that are capable of absorbing 

large quantities of water, are an important class of materials that have been studied extensively in 

the last decades for the controlled release of drugs (e.g. pharmaceutical proteins) and tissue 
engineering applications.1-6 Because of their high water content, they are generally considered as 

protein-friendly and their soft and rubbery properties minimize local tissue irritation and often 
result in a good biocompatibility.7,8  

Formation of hydrogels can be achieved by either chemical or physical crosslinking of 
hydrophilic polymers.2 Chemical crosslinking introduces covalent bonds between the different 

polymer chains, generally leading to relatively high mechanical strengths and long degradation 
times of the resulting hydrogels. However, chemical crosslinking also presents several drawbacks, 
such as the need for mostly toxic crosslinking agents and relatively harsh reaction conditions that 

might cause permanent modification and loss of activity of encapsulated pharmaceuticals.9,10 To 
avoid these drawbacks, physical crosslinking has frequently been applied to design (self-

assembled) hydrogel systems, where instead of covalent bonds, hydrogel formation is based on 
physical, non-permanent interactions.2,11-19 An example of such a physical interaction is host-guest 

inclusion complex formation between β-cyclodextrin (βCD) and low molecular weight lipophilic 
compounds, such as cholesterol and adamantane.20-29 βCD, a cyclic oligosaccharide composed of 

seven α-1,4-linked glucopyranose units, has a relatively hydrophobic internal cavity that can act as 
a host for a wide range of hydrophobic guests.30-32 The complexation is mainly driven by 

hydrophobic and van der Waals interactions.31,32 
 In this thesis, a self-assembling hydrogel system based on βCD/cholesterol inclusion 

complexes is described.20-22 Hydrogel building blocks were prepared by derivatization of 8-arm 
star-shaped poly(ethylene glycol) (PEG8) with either βCD- or cholesterol-moieties via a 

hydrolytically cleavable succinyl linker. After combining both gel components in aqueous 
solution, a physical hydrogel was formed based on βCD/cholesterol host-guest interactions. The 

gel mechanical properties could be controlled by a wide variety of parameters, such as 
temperature, polymer concentration, βCD/cholesterol stoichiometry and the PEG molecular weight 

and architecture.20,21 Interestingly, a nearly constant protein release from the gels was 
demonstrated, which was the result of gel surface erosion.22 Its high versatility, zero-order protein 

release and easy preparation method using rather simple and easily accessible building blocks, 
makes this system a promising candidate for the design of drug delivery devices and tissue 

engineering scaffolds.  
To avoid surgical administration of therapeutic gel devices, research interests have shifted to 

injectable, in situ gelling devices, in which hydrogels are injected in a liquid state followed by 
gelation at the injection site.33-35 Based on the reversible nature of their crosslinks, many physically 

crosslinked hydrogels show thixotropic and/or shear-thinning properties, which makes them 
particularly useful as injectable systems.14,36 During injection, the material is exposed to shear 
forces, which lead to dissociation of the physical interactions and flow of the material. 

Subsequently, at the site of administration, physical interactions re-associate and a gel is 
(re)formed. Besides injection of preformed gels by exploiting their shear-thinning properties, other 
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studies have demonstrated the development of in situ gelling systems, in which in situ gelling 

occurs after a certain trigger, such as increase of temperature,15,37-39 UV light illumination,40,41 and 
diffusion of a water soluble co-solvent,42-44 or after mixing of complementary hydrogel 

components.11,12 Previous studies of our group reported on a hydrogel system composed of dextran 
grafted with either L- or D-lactic acid oligomers (dex-L/D-lactate).11-13 When choosing appropriate 

oligolactate chain lengths, aqueous solutions of either dex-L-lactate or dex-D-lactate in aqueous 
environment behaved as viscous liquids, while a gel was formed after mixing these two isomers. 

Dunn and coworkers reported on another in situ forming drug delivery system, referred to as 
Atrigel®, which consisted of the water insoluble copolymer poly(lactide-co-glycolide) (PLGA) 

dissolved in the relatively biocompatible, water-miscible organic solvent N-methyl-2-pyrrolidone 
(NMP).43,44 After injection of this system into the body, diffusion of NMP leads to precipitation of 

PLGA and the formation of a drug delivery depot. In other studies, a thermosensitive hydrogel 
system composed of ABA-type block copolymers of PEG and PLGA (PLGA-PEG-PLGA) was 

developed.39,45 This system, designated as Regel®, is a liquid at ambient temperature, and due to 
increase of temperature, gelation occurs once administered in the body.  

To prevent surgical interventions for removal of post-treatment gel remainders, biodegradable 
hydrogel systems are preferred of which the formed degradation products are either metabolized 

and/or eliminated by the kidneys. Consequently, during the past decades, many hydrogel systems 
that contain polymers with hydrolytically12,46,47 (e.g. ester bonds) or enzymatically cleavable 
groups48-50 were developed.  

In this study, potential application of self-assembling PEG8-βCD/PEG8-chol hydrogels as a 
biodegradable in situ gelling system was evaluated. Therefore, stress-induced changes of the gel 

mechanical properties were studied by rheological analyses, after which attempts were made to 
inject various gel formulations through thin, relatively patient-friendly needles (23 and 25 G). 

Furthermore, the hydrolytic degradability of the hydrogels and their separate building blocks was 
investigated. 

 
 

2. Experimental part 
 

2.1. Materials. Star-shaped 8-arm poly(ethylene glycol) (8-arm PEG820K-OH (Mn = 20185 Da 
(MALDI), Mw/Mn = 1.08)) was purchased from JenKem Technology USA (Allen, USA). Sodium 

alginate from brown algae (Mr 80000-120000 Da; medium viscosity), 6-monodeoxy-6-
monoamino-β-cyclodextrin (βCD-NH2), cholesterol, succinic anhydride and boric acid were 

obtained from Sigma-Aldrich (Zwijndrecht, The Netherlands). Dextran Blue from Leuconostoc 
ssp. (Mr ~ 2000000 Da) and ammonium citrate ((NH4)2C6H6O7) were provided by Fluka (Buchs, 

Switzerland). N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES), calcium chloride 
dihydrate (CaCl2.2H2O) and magnesium sulfate (MgSO4) were obtained from Acros Chimica 

(Geel, Belgium), ICN Biomedicals Inc. (Aurora, USA) and BUFA (IJsselstein, The Netherlands), 
respectively. Phosphate buffered saline (PBS (10.5 mM phosphate; 140.3 mM NaCl), pH 7.4) was 

provided by Braun Melsungen AG (Melsungen, Germany) and N-methyl-2-pyrrolidone (NMP), 
acetonitrile (ACN), isopropanol, tetrahydrofuran (THF, HPLC grade) and dichloromethane (DCM) 
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by Biosolve Ltd. (Valkenswaard, The Netherlands). Ammonium acetate (NH4OAc), sodium 
dihydrogen phosphate (NaH2PO4), sodium hydroxide (NaOH) and triethylamine (TEA) were 

purchased from Merck (Darmstadt, Germany). Luer-LokTM Tip syringes (1 mL) and needles (23 
and 25 G) were obtained from BD (Franklin Lakes, USA) and dialysis tubing (MWCO 12000-

14000 g·mol-1) from Medicell International Ltd (London, UK). 
 

2.2. Polymer Synthesis and characterization. 8-arm PEG820K-OH was derivatized with 
either cholesterol or β-cyclodextrin (βCD) moieties using a biodegradable succinyl linker (SA) and 

characterized as previously reported.20 NMR (1H) spectroscopy showed that the degree of 
substitution (DS) of the obtained cholesterol-derivatized PEG8 was 5.6 ± 0.4. The DS of the βCD-

derivatized PEG8’s used in this study was 7.7 ± 0.3 and 6.0 ± 0.3 for batches used to prepare the 
gels and for the degradation studies, respectively, as determined by polarimetry. The resulting 
polymers are referred to as PEG820K-chol5.6 and PEG820K-βCD7.7 or PEG820K-βCD6.0. 

 
2.3 Hydrogel preparation. Mixtures of PEG820K-chol5.6 and PEG820K-βCD7.7 (molar ratio 

cholesterol/β-CD = 1) were dissolved in 5 mM NH4OAc buffer (pH 4.7) to obtain 2 % (w/w) 
solutions. These solutions were then lyophilized and hydrogels were obtained by hydration of the 

lyophilized mixtures for 16 hours at 4 oC with appropriate volumes of PBS or 10 mM HEPES 
buffer pH 7. For the injectability experiments, formulations were also prepared by adding 10 mM 

HEPES buffer pH 7 containing 20 % (v/v) NMP or 2 eq. βCD-NH2 relative to the present 
cholesterol. Loading of Dextran Blue (0.5 % (w/w)) in the gels was established by co-dissolution 

of this compound in the 2 % (w/w) PEG820K-chol/PEG820K-βCD solutions, prior to the 
aforementioned lyophilization and hydration procedure.  

 
2.4. Rheological experiments. Rheological characterization of the hydrogels was done with an 

AR-G2 rheometer (TA instruments, Etten-Leur, The Netherlands) equipped with a 1o steel cone 
geometry of 20 mm diameter and solvent trap. Using a spatula or pipet (for more fluid-like 

formulations), approximately 65 μL sample was placed between the pre-heated (40 oC) plates of 
the rheometer. Rheological gel characteristics were monitored by time sweep, stress sweep and 

creep experiments. During oscillatory time sweep experiments, G’ (shear storage modulus) and G” 
(loss modulus) were measured at 4, 21 and 37 oC for a period of 3 minutes at a frequency of 1 Hz 

and 1 % strain. During stress sweep experiments G’ and G” were monitored at a frequency of 1 
Hz, while the oscillatory stress was increased. For the measurements at 21 and 37 oC, the rate of 

increasing stress was 19.5 and 0.83 Pa·s-1, respectively. The stress at which G”/G’ (= tan δ) = 1, is 
considered as the apparent yield stess.51,52 In the creep experiments a constant shear stress (10-

5000 Pa) was applied while monitoring the % strain. After 1 minute the stress was removed and 
the extent of recovery was followed by measuring the % strain for a period of 2-10 minutes.  

 
2.5. Injectability experiments. The injectability of 10-35 % (w/w) PEG820K-chol/PEG820K-

βCD gels at 21 oC and 37 oC was evaluated by transferring the prepared gel formulations (with or 

without additives; see section 2.3 (Hydrogel preparation)) into 1 mL Luer-LokTM Tip syringes (1 
mL) with 23 and 25 G needles. If injection was possible, 150-250 μL of PEG820K-chol/PEG820K-
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βCD formulations containing 0.5 % (w/w) Dextran Blue were injected into 10 mL of a Ca-alginate 

gel (1.6 % (w/w) sodium alginate + 0.01 M CaCl2; molar ratio alginate unit / Ca2+ = 8). The gels 
were placed at room temperature and visually monitored for 2 weeks.  

 
2.6. Chemical degradation of PEG8-chol/PEG8-βCD gels. 15 % (w/w) PEG8-chol/PEG8-βCD 

hydrogels were prepared in a 100 mM phosphate buffer pH 7.4, 100 mM borate buffer pH 8.5 or a 
100 mM ammonium acetate buffer pH 4.7, following the protocol as described in section 2.3 

(Hydrogel preparation). To avoid water evaporation during incubation, gel aliquots were 
transferred into glass ampules. After flame-sealing the ampules, they were incubated at 37 oC. At 

regular time intervals, ampules were removed and the rheological properties of the gels were 
measured by an oscillatory time sweep experiment at 4 oC (see section 2.4 (Rheological 

experiments)). 

 
2.7. Chemical degradation of cholesterol-derivatized 8-arm PEG. Solutions (15 mL) of 

cholesterol-derivatized 8-arm PEG (~20 mg·mL-1) were prepared in 0.4 M NaOH pH 13.6, 100 

mM sodium phosphate buffer pH 12 (with or without 2 eq. βCD-NH2 relative to cholesterol), 100 
mM borate bufer pH 8.5 and 9.5, PBS pH 7.4 and 100 mM ammonium acetate buffer pH 4.7. After 

gentle shaking for 10 minutes at 37 oC, the polymer was completely dissolved and divided into 0.5 
mL aliquots. The moment of dissolution was considered as time point zero. The aliquots were then 

incubated at 37 oC and at regular time intervals they were extracted with 2  0.75 mL hexane 

containing 5 % (v/v) TFA for 2  15 minutes. The organic layers were combined and evaporated 

to dryness. The resulting residues dissolved in eluent (see below) were then analyzed using a 
Waters AcquityTM Ultra Performance LC system (UPLC, Waters, Milford MA, USA) equipped 

with an AcquityTM BEH300 C18 1.7 μm 2.1  100 mm column, a binary solvent manager, a 

sample manager with column oven at 50 oC and an AcquityTM TUV Detector (detection 
wavelength: 210 nm). An isocratic elution at a flow rate of 0.5 mL·min-1 was applied with 

ACN/isopropanol 70/30 (% v/v) containing 0.1 % TFA as eluent. The extraction residues were 
dissolved in 1 mL eluent and the injection volume was 5 μL. Calibration was done by injection of 

standard solutions (0.008-1 mg·mL-1) of cholesterol and cholesteryl-succinate (chol-SA; 96 % SA 
coupling, synthesized as described below). The chromatograms were analyzed using Empower 

Software Version 1154 (Waters, Milford MA, USA). Validation of the extraction method was 
done by extractions of solutions of cholesteryl-succinate (chol-SA) and dispersions of cholesterol 

in buffer (0.008-1 mg·mL-1), which demonstrated 100 % recovery of these compounds. 
Chol-SA was synthesized by reaction of cholesterol’s hydroxyl group with succinic anhydride. 

In detail, 5 g cholesterol (12.9 mmol) and 1.7 g succinic anhydride (16.8 mmol, 1.3 eq. relative to 
cholesterol) were dissolved in 50 mL DCM. After adding 1.37 mL TEA (16.8 mmol, 1.3 eq. 

relative to cholesterol), the solution was stirred under N2 atmosphere for 12 h at room temperature. 
Next, the solvent was evaporated under reduced pressure, and the residue was dissolved in 50 mL 

THF, followed by repetitive co-evaporation (3). The formed chol-SA was then precipitated by 

dropping its solution in THF (50 mL) into 1 L ice-cooled H2O under vigorous stirring. The 

resulting precipitate was filtered off using a glass filter, washed three times with 300 mL ice-
cooled H2O, dissolved in 50 mL DCM and dried with MgSO4. After filtration of MgSO4 and 
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evaporation of DCM, 4.86 g chol-SA (77 %) was obtained as a white powder; its structure was 
confirmed by 1H NMR spectroscopy. 

 
1H NMR (300 MHz, CDCl3, δ): 0.7 ppm (3H cholesterol), 0.9-2.2 ppm (38H cholesterol), 2.3 

ppm (2H cholesterol), 2.6 ppm (-OC(O)CH2CH2C(O)OH, 4H), 4.6 ppm (1H cholesterol), 5.4 ppm 
(1H cholesterol) 

 
2.8. Chemical degradation of βCD-derivatized 8-arm PEG. Solutions (15 mL) of βCD-

derivatized 8-arm PEG (~20 mg·mL-1) were prepared in 100 mM sodium phosphate buffer pH 12, 
100 mM borate buffer pH 8.5, 100 mM sodium phosphate buffer pH 7.4, 100 mM ammonium 

citrate buffer pH 6 and 100 mM ammonium acetate buffer pH 4.7. After gentle shaking for 5 
minutes, the polymer was completely dissolved and the solutions were incubated at 37 oC. At 

regular time points, aliquots were collected and added to a 4 volume excess of 1 M ammonium 

acetate buffer at pH 4.7. The resulting solutions were extensively dialyzed (MWCO 12000-14000 

g·mol-1) against a 10 mM ammonium acetate buffer (pH 4.7) for 3 days (within this time period, 
all cleaved βCD groups were removed from the solutions, as confirmed by dialysis of physical 

mixtures of non-derivatized 8-arm PEG and βCD-NH2). After lyophilization of the dialyzed 
solutions, the DS of the residual PEG8-βCD was determined by polarimetry as described 

previously.20  

 

 

3. Results and discussion 
 
3.1. Injectability. Cholesterol- and βCD-derivatized 8-arm PEG were synthesized and 

characterized as described previously.20 Mixing of both functionalized 8-arm PEGs in aqueous 
solution led to the formation of physically crosslinked polymer networks, which could be 

considered as ‘hydrogels’ at room temperature as no flow was observed in a commonly used vial 
tilting method.20,53,54 In the mixtures, the molar ratio βCD/cholesterol was fixed at 1:1, to obtain 
the strongest gels.20 During injection of a reversible hydrogel, a proper flow of the material 

through syringe and needle is crucial. Therefore the network characteristics of the gels were 
investigated upon exposure of stress and deformation.  

Figure 1 shows the rheological properties of a 22.5 % (w/w) PEG8-βCD/PEG8-chol hydrogel at 
21 and 37 oC as a function of the applied oscillatory stress. At 21 oC, G’ gradually decreased with 

increasing oscillatory stresses. G’ crossed G” at a stress of 5600 Pa, indicating a change from a gel 
to a viscous liquid. At stresses > 5600 Pa, G’ was lower than G” (and tan δ > 1), indicating liquid 

behavior. At 37 oC, a more abrupt gel-to-sol transition occurred. With increasing stress, G’ and G” 
first remained constant with G” < G’, while at a stress of ~250 Pa, G’ dropped from 6500 Pa to 

1500 Pa. At stresses  250 Pa, G” exceeded G’ and tan δ > 1, which implies again that a gel-to-sol 

transition occurred. The stress-induced disrupture of the gel is probably the result of dissociating 
βCD/cholesterol inclusion complexes. The stress that is required to cause a gel-to-sol transition is 

commonly referred to as the apparent yield stress and is dependent on the rate of increasing 
oscillatory stress.51,52 The apparent yield stress at 37 oC found for the PEG8-βCD/PEG8-chol gel 
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(250 Pa) approaches that of a previously reported injectable hydrogel system based on negatively 

and positively charged dextran-based microspheres,14 which indicates the possibility of injection 
of the βCD-/cholesterol-derivatized PEG8-based system at 37 oC. Figure 1 further shows that a 

temperature increase from 21 oC to 37 oC, leads to lower G’ and G” values. Elevation of the 
temperature decreases the average number of βCD/cholesterol inclusion complexes, which 

consequently leads to partially disrupted networks and thus weaker gels.20,21 Consequently, to 
cause a loss of the overall network structure, less βCD/cholesterol interactions need to be broken at 

37 oC than at 21 oC. 
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Figure 1. Storage modulus G’ and loss modulus G” at 21 oC (A) and 37 oC (B) of a 22.5 % (w/w) PEG820K-
βCD7.7/PEG820K-chol5.6 hydrogel as a function of the oscillatory stress. 

 
After the stress sweep experiment at 37 oC, the stress was removed for 1 hour and the 

rheological procedure at 37 oC was repeated. It was observed that after the 1 hour recovery period, 

the elasticity of the system partially returned as reflected by an increase in G’ from 200 Pa at the 
end of the first stress sweep experiment to 2000 Pa at the start of the second measurement (results 

not shown). Moreover, tan δ decreased from 2.9 to 0.8. In the second measurement, this partially 
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rebuilt network could be broken again at a stress (~210 Pa) comparable to the yield stress found in 
the first measurement (Figure 1B). This suggests that mechanical stresses applied to the gels lead 

to a temporary dissociation of the βCD/cholesterol inclusion complexes in the networks, which re-
associate after removal of the stress.  

 
The behavior of the gel was also investigated upon applying a contant shear stress (creep 

experiment), followed by a recovery period. It should be noticed that the results of this type of 
experiments cannot be directly compared with the oscillatory stress sweep data of Figure 1, 

because the time scale of stress exposure is different (1 minute and 6 minutes for the creep and 
oscillatory stress sweep experiments, respectively). Figure 2 shows the results of a creep 

experiment on a 22.5 % (w/w) PEG8-βCD/PEG8-chol hydrogel at 21 and 37 oC. An applied shear 
stress of 10 Pa for 1 minute (retardation phase) deformed the system and resulted in strains of 20.4 
% and 14.4 % at 21 and 37 oC, respectively. When the stress was removed, both samples partially 

recovered, which correlates to a viscoelastic behavior of the gels. At 21 oC, a higher recovery was 
observed than at 37 oC, which can be related to the higher gel strength and elasticity of the gel at 

lower temperatures, i.e. tan δ values were 0.65 and 0.80 at 21 and 37 oC, respectively.  
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Figure 2. Creep of a 22.5 % (w/w) PEG820K-βCD7.7/PEG820K-chol5.6 hydrogel at 21 and 37 oC. A constant stress of 
10 Pa was applied for 1 minute, followed by a recovery period. 

 
The typical change of the % strain (deformation) upon exposure of the gels to a constant shear 

stress, such as in Figure 2 (time: 0-60 s), was previously described mathematically by the Burgers 

model.55-57 It can generally be divided into three stages, i.e. an initial stage of instantaneous elastic 
deformation, followed by a viscoelastic transition stage (retarded elastic deformation), and a final 

viscous deformation stage.52,55-57 From 40 to 60 s, the % strain linearly increased with time as 
observed by linear regression analysis (R2 = 0.99). This constant increase of % strain is indicative 

for fully viscous materials,58 so that the time frame between 40-60 s can be considered as the stage 
of viscous deformation. Besides a stress of 10 Pa (as in Figure 2), higher constant shear stresses up 
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to 12000 Pa were applied on the gel, which resulted in similar retardation (and recovery) patterns 

with a viscous region between 40-60 s as well.  
From the slope of the viscous region, the viscosities (η) of the gel at 21 oC and 37 oC as a 

function of the shear stress were calculated using the following equation derived from Burgers’ 
model:52,55-57 

 


          (1) 

 
where σ represents the applied shear stress and γ is the strain rate (slope of viscous stage). Figure 3 

shows the calculated viscosity (equation 1) of the 22.5 % (w/w) PEG8-βCD/PEG8-chol gel as a 
function of the applied stress at 21 and 37 oC. It shows that an increase in shear stress leads to a 

decrease of hydrogel viscosity at both temperatures. At 37 oC, the apparent viscosity is reduced at 
lower shear stresses than at 21 oC. Similar to the stress sweep results of Figure 1, Figure 3 

demonstrates a shear-thinning effect, i.e. with increasing stress the apparent viscosity of gels 
decreased due to dissociation of the reversible βCD/cholesterol complexes. 

 
Figure 3. Viscosity (η) of 22.5 % (w/w) PEG820K-βCD7.7/PEG820K-chol5.6 hydrogel at 21 and 37 oC as a function of 
the shear stress.  

 
To study whether the reversible stress-induced gel-to-sol transitions can be exploited to inject 

the PEG8-βCD/PEG8-chol system, 22.5 % (w/w) gels were prepared and transferred into syringes 
with attached needles of different thicknesses (23 and 25 G; see section 2.5 (Injectability 
experiments)). At 21 oC, it was not possible to inject the gels through both the thicker (23 G) and 

the thinner (25 G) needle. After heating the filled syringes to 37 oC, injection of the gel material 
became possible through the 23 G needle. Although the gel also demonstrated a stress-sensitive 

flow behavior at 21 oC, it is clear that the shear stresses required to induce a gel to sol transition 
are too high. Heating the material to 37 oC reduced the number of interactions between cholesterol 

and βCD moieties, which resulted in a gel that needed lower stresses to break the gel network 
structure. From a practical perspective, injections of gels at room temperature are favored. To 

optimize the injectability of the PEG8-chol/PEG8-βCD system at 21 oC, the polymer concentration 
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in the hydrogels was reduced, because we previously showed that a lower concentration of 
βCD/cholesterol complexes yields weaker networks.20,21 Gel formulations were only injectable at 

21 oC, when the total concentration of cholesterol- and βCD-derivatized 8-arm PEG was 10 % 
(w/w) or lower. A 10 % (w/w) PEG820K-βCD7.7/PEG820K-chol5.6 mixture has a relatively low G’ 

(1300 ± 100 Pa) and a high tan δ of 1.00 ± 0.01 at 21 oC. Although the low gel strength improves 
the injectability, these mixtures are disfavored, because they lack the ability to form viscoelastic 

networks after injection in situ.  
To improve the injectability of viscoelastic PEG8-βCD/PEG8-chol gels with concentrations of 

12.5-35 % (w/w), either a co-solvent N-methyl-2-pyrrolidone (NMP) or free monoamino-
derivatized βCD (βCD-NH2) were added to the mixtures. NMP has previously been used as a 

biocompatible, water-miscible organic solvent in various in situ forming drug delivery systems, 
such as the Atrigel® formulation, which is based on a poly(lactide-co-glycolide) (PLGA) 
copolymer.42-44 Figure 4 compares G’ and G” at 21 oC of 12.5 % (A) and 20 % (w/w) gels (B) 

prepared in buffer with those containing 20 % (v/v) NMP or 2 eq. βCD-NH2 relative to PEG-
bound cholesterol. It shows that the use of NMP led to a complete disruption of the 12.5 % (w/w) 

and 20 % (w/w) gel networks. The addition of NMP probably destabilizes the physically 
interacting βCD/cholesterol pairs, resulting in loss of the network structure. Figure 4 also shows 

that βCD-NH2 significantly weakened both gels, as reflected by a 3-10 fold decrease of G’ and G” 
(together with an increase of tan δ to >1). Because βCD-NH2 also acts as a host for lipophilic 

compounds,59 it competes with the PEG-bound βCD-moieties for the available cholesterol units. 
The formation of inclusion complexes between free βCD-NH2 and PEG-bound cholesterol avoids 

network formation and consequently results in weaker gels. This gel disruption was observed for 
all gels at polymer concentrations < 35 % (w/w).  
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Figure 4. Storage modulus (G’) and loss modulus (G”) at 21 oC of 12.5 % (w/w) (A) and 20 % (w/w) (B) PEG820K-
chol5.6/PEG820K-βCD7.7 gels in 10 mM HEPES pH 7 with or without 20 % (v/v) NMP or 2 eq. βCD-NH2 (relative to 
the present cholesterol). Data are shown as mean ± standard deviation, n=3. 

 
To simulate the in situ gelation properties of the PEG8-βCD/PEG8-chol formulations containing 

NMP or βCD-NH2, they were injected into a Ca-alginate gel that acts as a tissue-mimetic. Figure 5 
shows two photographs of the Ca-alginate gels directly after injection of 150 μL of a 35 % (w/w) 

PEG8-βCD/PEG8-chol liquid mixture and of a 35 % (w/w) solution of non-derivatized 8-arm PEG 
(PEG820K-OH) prepared in 20 % (v/v) NMP/10 mM HEPES buffer pH 7. To visualize the 
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injection sites, to both formulations 0.5 % (w/w) Dextran Blue was added. Figure 5(B) shows that 

injection of the PEG820K-OH solution into a Ca-alginate gel resulted within seconds in a 
relatively diffused pattern, whereas the 35 % (w/w) PEG8-βCD/PEG8-chol mixture led to a 

confined spot (Figure 5(A)). Besides the NMP-containing PEG8-βCD/PEG8-chol mixture, a 20 % 
(w/w) PEG8-βCD/PEG8-chol mixture with 2 eq. βCD-NH2 (relative to cholesterol) also resulted in 

a nearly spherical injection spot (result not shown). The viscosity of the PEG820K-
βCD7.7/PEG820K-chol5.6 mixture in 20 % (v/v) NMP / buffer was higher than that of PEG820K-OH 

in NMP / buffer, i.e. G” at 21 oC was 300 Pa and 0.7 Pa, respectively. When the viscosity of the 
formulation is too low, such as for the PEG820K-OH solution, its high fluidity results in a flow 

into small needle-induced cracks of the Ca-alginate gels, leading to an inhomogeneous injection 
spot.  

 

 
Figure 5. Formulations composed of 35 % (w/w) PEG820K-chol5.6/PEG820K-βCD7.7 (A) or non-derivatized 
PEG820K-OH (B) in 20 % (v/v) NMP / 10 mM HEPES pH 7 with 0.5 % (w/w) Dextran Blue injected into Ca-
alginate matrices containing 1.6 % (w/w) sodium alginate and 0.01 M CaCl2. 

 

Figure 6 shows the injection spots in time of the 35 % (w/w) PEG8-βCD/PEG8-chol and 
PEG820K-OH solutions containing Dextran Blue in 20 % (v/v) NMP / buffer during incubation at 

room temperature. Although incubations were performed at room temperature rather than at 37 oC 
to minimize evaporation of water from the alginate gels, this experimental set-up can be 

considered representative for in vivo injection, because the gel transition temperature (Tgel) of a 35 
% (w/w) PEG820K-βCD7.7/PEG820K-chol5.6 gel exceeds 37 oC.22 The figure shows that the 

injected solution of non-derivatized PEG8 spread rapidly throughout the alginate matrix, i.e. in less 
than 2 hours the injection spot was hardly visible anymore. On the other hand, the injected volume 

of the PEG8-βCD/PEG8-chol formulation with NMP retained its shape for more than 2 weeks. 
Although slow diffusion of Dextran Blue was observed over time, the core of the spot remained 

visible during 300 hours. The shape preservation of the injection spot might suggest that in situ 
gelling of the PEG8-βCD/PEG8-chol mixture occurs. Likely, due to diffusion of NMP from the 

injection site into the Ca-alginate matrix, PEG-bound βCD and cholesterol groups are able to re-
associate, leading to the formation of a hydrogel.  

 
 

A B 
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A) t=0        t=0.75 h      t=2 h         t=6h       t=21.5 h     t=30.5 h    t=45.5 h       t=53 h    t=120.5 h    t=214 h     t = 335 h 

 
B) t=0          t=0.5 h       t=1.25 h      t=2.5 h     t=6.5 h       t=22 h      t=46 h      t=53.5 h    t=121 h      t=215 h    t = 336 h 

 
Figure 6. Formulations composed of 35 % (w/w) PEG820K-chol5.6/PEG820K-βCD7.7 (A) or non-derivatized 
PEG820K-OH (B) in 20 % (v/v) NMP / 10 mM HEPES pH 7 with 0.5 % (w/w) Dextran Blue visualized over time 
after injection into Ca-alginate matrices (1.6 % (w/w) sodium alginate / 0.01 M CaCl2). 

 

3.2. Chemical stability. Cholesterol- and βCD-derivatized 8-arm PEGs were synthesized by 
coupling the functional groups to 8-arm PEG hydroxyl end groups via a succinyl linker.20 The use 

of this linker introduces ester bonds that can be cleaved by hydrolysis. To study the chemical 
stability of the gel system, G’ (measured at 4 oC) was followed during gel incubation at 37 oC. 

Figure 7 shows G’ at 4 oC over time of a 15 % (w/w) PEG8-chol/PEG8-βCD gel prepared at pH 
7.4 and pH 8.5 (100 mM phosphate and borate buffer, respectively). It demonstrates that after ~4.5 

days at pH 8.5, G’ of the gels substantially dropped from 21000 Pa to 600 Pa. After > 9 days, G’ 
further decreased to 100 Pa and tan δ became higher than 1, indicating the loss of elastic 

properties. G’ of the gels at pH 7.4 also decreased over time, but at a much lower rate. The higher 
stability of the gels at pH 7.4 than at pH 8.5 suggests that the chemical degradation of the hydrogel 

building blocks is an OH- driven process as demonstrated for many other ester group containing 
monomers and polymers.12, 47, 60-63 This was further proven by similar studies with gels incubated at 

pH 4.7, where no decrease in G’ was observed within 53 days (results not shown). In Chapter 5 of 
this thesis the dissolution behavior of PEG8-chol/PEG8-βCD gel cylinders was investigated. It was 

found that a typical 15 % (w/w) PEG820K-chol5.6/PEG820K-βCD7.7 gel dissolved in approximately 
3 days, which was mediated by a surface erosion process.22 As demonstrated in Figure 7, chemical 

degradation at pH 7.4 does hardly occur within this time scale.  
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Figure 7. G’ at 4 oC of 15 % (w/w) PEG820K-chol5.6/PEG820K-βCD7.7 gels at pH 7.4 (■) and pH 8.5 (○) as a 
function of their incubation time at 37 oC. Data are shown as mean ± standard deviation, n=3. 
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Besides the stability of the hydrogels, also the chemical degradation of the hydrogel building 

blocks (PEG8-chol and PEG8-βCD, respectively) was investigated. Scheme 1 shows the possible 
degradation routes of PEG8-chol. This compound contains two chemically different ester bonds. In 

route A, the ester bond connecting PEG and the linker is first hydrolyzed, which yields cholesteryl 
hemisuccinate (chol-SA) and PEG8-OH. Chol-SA can further be cleaved to yield cholesterol and 

succinic acid. Alternatively, the ester between cholesterol and linker is cleaved first (route B), 
yielding cholesterol and succinylated PEG (PEG8-SA). In a next step, succinic acid can then be 

cleaved off from PEG8-SA. 

O
O

R n

8

O

O

O

O

O

O

-O

PEG8-chol +

O
O

R
H

n 8

PEG8-OH

k1

Cholesteryl hemisuccinate (Chol-SA)

8 H2O+ 8 HO

+

O-

O

O

-O

Succinic acid (SA)

Cholesterol

k2

k3

+

Octasuccinyl PEG (PEG8-SA)

O
O

R n 8
O-

O

O

HO

Cholesterol

8

O
O

R
H

n 8

PEG8-OH

O-

O

O

-O

Succinic acid (SA)

+

8

k4

8

8

A

B

8 H2O+

8 H2O+

R = hexaglycerine core:

O O O O O

 
Scheme 1. Possible degradation routes of cholesterol-derivatized 8-arm PEG (PEG8-chol). 

 
To study the degradation kinetics and to get insight into the mechanism of PEG8-chol 

degradation, solutions of this hydrogel building block (~20 mg·mL-1) were prepared with pH 
ranging from 4.7 to 13.6. During incubation of these solutions at 37 oC, the formation of 

cholesterol and chol-SA was measured over time by UPLC. At pH 4.7-9.5, neither cholesterol nor 
chol-SA was detected even after 1 month of incubation. At higher pH values, however, significant 

amounts of cleaved chol-SA and cholesterol were measured. Figures 8A and 8B show the detected 
amounts of cholesterol and chol-SA over time for PEG820K-chol5.6 solutions at pH 13.6 and 12, 

respectively. Both figures show a rapid increase in chol-SA concentration, reaching a maximum 
and subsequently the chol-SA concentration gradually decreased. Although at a lower rate than 

chol-SA, the concentration of cholesterol also increased in time. Since the observed degradation 
profile is typical for two consecutive unimolecular reactions (ABC, i.e. route A in Scheme 1), 

the experimental data were fitted to the rate law model for such reactions:64  
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where [B] and [C] are the concentrations of chol-SA and cholesterol, respectively. [A]0 represents 
the initial concentration of PEG-bound cholesterol, t is the time, and k1 and k2 are the rate 

constants for the reactions AB and BC, respectively. Indeed, the first parts of the degradation 
curves in Figures 8A and 8B fitted very well with this proposed reaction scheme (i.e. route A in 

Scheme 1), yielding rate constants k1 and k2 that are summarized in Table 1. If route B would 
contribute to the overall cholesterol production (i.e. if k3 > 0, Scheme 1), a more rapid increase of 

cholesterol would have been observed initially according to our calculations (results not shown). 
Therefore, the ester bond closest to the PEG chains (which is an ester of a primary alcohol) is the 

most dominant site for hydrolysis, and the value of k3 (i.e. hydrolysis of an ester of a secondary 
alcohol) can be considered to be equal or close to zero. Previous studies indeed demonstrated 

lower stabilities of esters of primary alcohols compared to esters of secondary alcohols, due to less 
steric hindrance during nucleophilic attack by a hydroxyl ion.60, 61 In addition, accessibility of the 
secondary ester is likely further inhibited by the clustering of hydrophobic cholesterol units in 

micelle-like domains, as illustrated in Figure 9A, thus making the chol-SA ester bond almost 
resistant towards hydrolysis by hydroxyl (OH-) ions. Thus, as degradation product only chol-SA is 

formed initially. Interestingly, hydrolysis of the ester bond in free chol-SA did occur (i.e. k2 = 0.6 
h-1 and 0.013 h-1 at pH 13.6 and 12, respectively), while the same bond was stable when cholesterol 

was still attached to the PEG chain (k3  0). Because chol-SA is not fixed to the 8-arm PEG and 

because its carboxylic acid group is negatively charged (pKa 4.4),65 its solubility increases, leading 
to an equilibrium state between embedded chol-SA and chol-SA free in solution. Once free in 

solution, chol-SA becomes more susceptible towards hydrolysis and is converted to cholesterol 
that probably re-associates with the hydrophobic clusters (Figure 9B). It is clear from Table 1 that, 

both at pH 12 and 13.6, k1 is 5-10 fold higher than k2, which is a reflection of the different of type 
of ester (primary versus secondary alcohol) and the fact that chol-SA is still partly embedded in 

the hydrophobic domains. 
From the comparison of the fits and the actual measurements in Figures 8A and 8B, the 

experimental data started to deviate from the abovementioned degradation model (equations 2 and 
3) as soon as all PEG8-chol is consumed and, besides PEG8-OH, only chol-SA and cholesterol 
remained in the reaction mixture in a ratio of approx. 1:1. It can be seen that the conversion of 

chol-SA to cholesterol accelerated beyond this point. Using the first-order rate equations d[chol-
SA]/dt = k1[PEG8-bound cholesterol] – k2[chol-SA], and d[cholesterol]/dt = k2[chol-SA], the 

increase in reaction rate can be estimated to be a factor of 4 (i.e. k2 increased from 0.013 to 0.05  

h-1 at pH 12). As explained above, a part of the chol-SA molecules remains embedded in the 
hydrophobic domains, which significantly slows down their hydrolysis. However, as degradation 

progresses, the hydrophobic domains contained increasing amounts of cholesterol. Higher amounts 
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of cholesterol in the hydrophobic clusters not only improves the accessibility of OH- to the ester of 

embedded chol-SA, because bulky SA-linkers with negatively charged carboxylic acid groups are 
less present at the hydrophobic/hydrophilic interface, but also the hydroxyl groups of neighboring 

cholesterol molecules are able to stabilize the transition state for hydrolysis of the chol-SA ester 
(Figure 10). Both effects will cause an increase of the chol-SA hydrolysis rate, which explains the 

faster conversion of chol-SA to cholesterol than predicted by the degradation model (equations 2 
and 3) during the final stage of the degradation process. 
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Figure 8. Degradation profile at 37 oC of PEG820K-chol5.6 at pH 13.6 (A) and at pH 12 without (B) or with (C) the 
addition of 2 eq. βCD-NH2 (relative to present cholesterol groups). Symbols represent the detected concentrations of 
cholesterol (■) and cholesterol-SA (○); Solid and dashed lines are the degradation profiles predicted from equations 2 
and 3. Data are shown as mean ± standard deviation, n=3. 



Pharmaceutical aspects: injectability and chemical degradability 
 

157 

 
 

 
Figure 9. (A) Schematic representation of a hydrophobic cluster (black; arbitrary size and shape) formed by PEG8-
chol (  = arm of star-shaped PEG). The grey area is too hydrophobic and crowded to become 
accessible to nucleophilic hydroxyl ions. (B) Dissociation of chol-SA from the hydrophobic clusters during the 
degradation process leading to conversion of chol-SA into cholesterol (  = cholesteryl group). 

A 
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Figure 10. Electrostatic repulsion between hydroxyl ions and hydrophobic cluster containing excess amounts of 

chol-SA compared to cholesterol (at the left) and accelerated hydrolysis of embedded chol-SA at [cholesterol]  

[chol-SA] (at the right). 

 
Figure 8C shows the time-dependent cholesterol and chol-SA concentrations during incubation 

of a PEG820K-chol5.6 solution at pH 12 in the presence of 2 eq. βCD-NH2 relative to cholesterol. 
This figure shows that βCD-NH2 increased the hydrolysis rate significantly (compare Figures 8B 

and 8C), as reflected by a 5-7 fold increase of k1 and k2 at pH 12 (Table 1). An excellent fit to the 
degradation model of route A (Scheme 1) was found without an acceleration at [chol-

SA]/[cholesterol] ≤ 1. As discussed in the previous section (3.1. Injectability), βCD-NH2 is able to 
capture cholesterol moieties by inclusion complexation. This leads to disrupture of the micellar 

structure so that initial inhibition (and subsequent acceleration) of chol-SA hydrolysis (as 
discussed above) did not occur. Interestingly, the calculated hydrolysis rate of chol-SA in the 

presence of βCD-NH2 (k2 = 0.094 h-1 at pH 12, see Table 1) approached the estimated hydrolysis 
rate of chol-SA in the absence of βCD-NH2 during the second degradation phase in which the ester 

bond of chol-SA was freely accessible and hydrolysis of chol-SA was accelerated (k2 ~ 0.05, vide 
supra). This proves again that the formation of hydrophobic domains in solutions of PEG8-chol 

plays a crucial role in the hydrolysis mechanism. The excellent fit to the degradation model of 
route A suggests that, similar to the degradation in the absence of βCD-NH2, the ester bond closest 

to cholesterol was stable when cholesterol was still attached to the PEG chain (k3  0), while 

hydrolytic cleavage of the same bond in chol-SA was observed (k2 = 0.094 h-1, pH 12). This 

indicates that for PEG-bound cholesterol located inside the hydrophobic inner cavity of βCD-NH2, 
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the cholesterol-neighbouring ester bond is poorly accessible to OH-, but the ester bond of βCD-
NH2-complexed chol-SA, can still be reached by OH-. This suggests that chol-SA and PEG-bound 

cholesterol bind differently in the βCD-NH2 pockets. βCD-NH2’s positively charged amino-group 
(pKa 8.72)66 attracts chol-SA’s negatively charged carboxylic acid group, which leads to a less 

deep binding of chol-SA in the inner cavity of βCD-NH2 and the ester bond being more exposed to 
the aqueous environment (and OH-).  

Table 1 summarizes the hydrolysis rate constants obtained by curve fitting for the degradation 
mechanism of PEG820K-chol5.6 presented in Scheme 1 and their corresponding half lives at pH 

13.6 and pH 12. It shows that an increase of pH from 12 to 13.6 (corresponding to 40  [OH-] 

increase) leads to a 22-46  higher k1 and k2, which indicates that hydrolysis of PEG820K-chol5.6 

and chol-SA is base-catalyzed, and the hydrolysis rate of both esters is a first-order reaction in 

[OH-]. Extrapolation of the half lives at these elevated pH’s (Table 1) to physiological conditions 
(pH 7.4) yields half lives of ~23 and ~240 years for the hydrolysis of the ester at the PEG side and 

the secondary ester in chol-SA, respectively. The addition of βCD-NH2 speeds up the hydrolysis, 
but would still lead to half lives of ~4 and ~40 years at pH 7.4 for the PEG-side ester and the 

cholesterol-side ester, respectively. These calculations corroborate the observed high stability of 
PEG8-chol in solutions at pH 4.7-9.5 and prove that the decrease in strength of the PEG8-
chol/PEG8-βCD gel after 53 days at 37 oC (as mentioned before in Figure 7) can not be the result 

of PEG8-chol hydrolysis. 
 
Table 1. Hydrolysis rate constants k1, k2 and k3 (Scheme 1) and corresponding half lives (τ) at pH 12 and pH 
13.6. Data are shown as mean ± standard deviation. 

pH k1 (h
-1) k2 (h

-1) k3 (h
-1) k4 (h

-1) τ1 (h) τ2 (h) τ3 (h) τ4 (h) 

13.6 3.1±0.6 0.6±0.2b 0 ndc 0.22±0.04 1.2±0.4b ∞ ndc 

12 0.14±0.03 0.013±0.002b 0 ndc 5±1 53±8b ∞ ndc 

12a 0.66±0.04 0.094±0.003 0 ndc 1.1±0.1 7.4±0.2 ∞ ndc 

 
a with 2 eq. βCD-NH2 relative to cholesterol. 
b Derived from the initial non-deviating part of the cholesterol curves in Figure 8. 
c nd = not determined  (route B in Scheme 1 did not occur). 
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Scheme 2 shows the assumed degradation route of PEG8-βCD. This polymer contains one ester 

group between PEG and the succinyl linker, which can be cleaved by hydrolysis. The amide group 
between βCD and the linker is considered stable under physiological conditions and the expected 

degradation products are therefore β-cyclodextrin hemisuccinamide (βCD-SA) and non-
functionalized 8-arm PEG (PEG8).  
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Scheme 2. Possible degradation route of βCD-derivatized 8-arm PEG. 

 

It was found that at a pH  7.4 all βCD groups were cleaved within 24 h. Figure 11 displays the 

DS of PEG820K-βCD6 dissolved in buffer at pH 7.4 (A) and pH 6 (B) during incubation at 37 oC, 
together with fits of the experimental data to the first-order rate law:64 

 

    kt eAA 0        (4) 

 
where k is the hydrolysis rate constant, t the time, [A] the concentration PEG-coupled βCD and 

[A]0 is the concentration PEG-coupled βCD at t=0. Hydrolysis rate constants (k1, Scheme 2) of 
0.09 ± 0.01 h-1 and 0.006 ± 0.001 h-1 were found for the incubations at pH 7.4 and pH 6, 

respectively, corresponding to a half life of 8 ± 1 h and 120 ± 20 h. This indicates that similar to 
PEG8-chol, also the hydrolytic cleavage of PEG8-βCD is base-catalyzed, and the hydrolysis rate is 

nearly first order, which means that an increase of one pH unit leads to ~10 faster hydrolysis. 

Interestingly, the PEG8-βCD’s half life of 8 h at pH 7.4 was several orders of magnitude shorter 

than the calculated half life of the PEG neighboring ester in PEG8-chol (23 years). The relatively 
low stability of the ester in PEG8-βCD is likely caused by the formation of an energetically more 

favorable transition state during hydrolysis. Such a mechanism was previously reported for the 
degradation of methacrylated dextran (dex-MA) and L- and D-lactic acid oligomer grafted 

dextrans (dex-lactate).12,62 In these polymers, a hydroxyl group of the dextran backbone facilitated 
the hydrolysis of a nearby ester via the formation of a ring structure in the transition state. Taking 

this into account, it is reasonable that the hydrolysis of the ester in PEG8-βCD is catalyzed by a 
similar mechanism, as illustrated in Figure 12.  

Figure 11 shows that the half life of the PEG8-βCD hydrogel component at pH 7.4 is rather 
short (8 h). However, this half life does not correlate with the gel stability at pH 7.4, i.e. no change 

in mechanical properties within ~5 days at 37 oC (Figure 7). This suggests that the 
βCD/cholesterol inclusion complexes in the hydrogel network reduce the ester hydrolysis rate. The 

hydrophobicity of the cholesterol molecule docked into the βCD cavity likely decreases the 
dielectric constant experienced in the environment of the βCD unit and the linker containing the 
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ester bond, which slows down hydrolysis. Similar effects were also demonstrated in previous 
studies on the hydrolytic stability of poly-(2-(dimethylamino)ethyl methacrylate) (pDMAEMA) 

and its corresponding monomer (DMAEMA).67 
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Figure 11. Degradation profile of PEG820K-βCD6 at 37 oC at pH 7.4 (A) and at pH 6 (B). Data are shown as mean ± 
standard deviation, n=3. Solid lines correspond to a best fit of the experimental data to the first-order rate law 
(equation 4). 
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Figure 12. Suggested mechanism of ester hydrolysis in PEG8-βCD. R represents the hexaglycerine core that contains 
the other seven PEG-arms. 

 

In summary, the results in this section indicate that long-term incubation of PEG8-βCD/PEG8-
chol gels under physiological conditions, leads to chemical degradation of PEG8-βCD, while the 

other hydrogel building block, PEG8-chol, is much less hydrolytically sensitive. Assuming that 
enzymatic degradation of the PEG-based polymers does hardly occur due to poor accessibility of 
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the ester bonds and low adhesion of proteins (i.e. enzymes) to PEG,68 the main degradation 

products of a gel in vivo might therefore be βCD-SA, hydroxyl-terminated (non-derivatized) 
PEG8-OH and PEG8-chol. This directly implies that successful in vivo application of the gels is 

dependent on renal or hepatic secretion of PEG8-chol and non-derivatized PEG8. Although this has 
not been investigated yet for PEG8-chol, hepatic secretion and renal clearance of PEG (up to 170 

kDa) has previously been shown in several studies.69, 70  

 

 

4. Conclusions 
 
In this chapter, we report on injectability of self-assembling hydrogels based on 

βCD/cholesterol inclusion complexes. Gels composed of βCD- and cholesterol-derivatized 8-arm 
PEG, were significantly weakened when exposed to stress. The partial recovery of the system’s 

elasticity after removal of the stress demonstrated the reversibility of the physical βCD/cholesterol 
interactions. The system’s thixotropic properties opens the possibility to inject gels of low polymer 

concentrations (< 10 % (w/w)) with clinically used syringes equipped with thin needles (23 and 25 
G) at room temperature. By bringing the gels to 37 oC or adding gel disrupting agents, such as the 

co-solvent NMP or free βCD-NH2 (competitive host for cholesterol), gels with higher polymer 
concentrations and consequently higher elasticity can also be injected. Hydrogel formulations were 
injected into Ca-alginate gels that functioned as model tissue. While injecting a solution of non-

derivatized 8-arm PEG into Ca-alginate led to a rapid spread of injected components, the injection 
of the PEG8-chol/PEG8-βCD mixtures resulted in confined hydrogel spots, which kept their shape 

over time. 
 The chemical stability of the hydrogels and their building blocks was also investigated. At 

physiological conditions, the rate of chemical gel degradation was rather low, which supports 
again the previously reported surface erosion behavior of the gel system.22 Higher pH values, 

however, significantly decreased the gel degradation time. Chemical gel degradation could 
exclusively be related to hydrolytic cleavage of the βCD-derivatized 8-arm PEG. 
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Abstract 
 

In this chapter, the in vitro cytotoxicity and stability as well as the in vivo applicability of self-

assembled hydrogels based on cholesterol- and β-cyclodextrin (βCD)-derivatized star-shaped 8-
arm PEG, were investigated. The in vitro toxicity of the hydrogel building blocks was investigated 

using XTT and LDH cell viability assays. It was shown that COS-7 (monkey kidney) cells retained 
their viability upon incubation with 0.4-26 mg·mL-1 βCD-derivatized 8-arm PEG, 0.6-50 mg·mL-1 

non-derivatized 8-arm PEG and 0.2-13 mg·mL-1 free monoamino-derivatized βCD. The viability of 
COS-7 cells was 82 % upon incubation with cholesterol-derivatized 8-arm PEG (16 mg·mL-1) for 

3 days. The slight cytotoxicity of this polymer can likely be ascribed to its amphiphilic character.  
In vitro gel stability experiments showed that the dissolution rate of the gels was neither 

influenced by the use of physiological relevant dissolution media, such as serum containing cell 
culture medium, nor by the presence of potential gel disrupters, such as L-tyrosine, L-

phenylalanine, and cholesterol-containing liposomes. These results indicate that tissue and serum 
components are not expected to destabilize the hydrogels in vivo. 

Gels were subcutaneously implanted in a rat. While in vitro tests showed that the gels slowly 

eroded in 4-8 days, in vivo hydrogel dissolution was approximately 10 faster. This discrepancy 

between the in vivo and in vitro stability of the gel is likely due to differences in experimental set-

up, i.e. a 9 larger gel surface was exposed to body fluids in vivo. Also other factors, such as shear 

stresses exposed to the gels due to animal movements and a high rate of body fluid refreshments 

might contribute to the rapid in vivo gel dissolution. The absence or low level of toxicity of the 
hydrogel building blocks makes the system suitable for future biomedical and pharmaceutical 
applications. However, for in vivo applications, such as protein delivery and tissue engineering 

scaffolds, optimization of the system is needed to increase its stability. 
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1. Introduction 
  
Lately, hydrogels that are based on reversible, physical interactions have gained increasing 

attention, because of their mild protein-friendly crosslinking conditions.1 Physical hydrogels have 

been designed based on different interactions, such as stereocomplexes,2-5 ionic interactions,6,7 
hydrophobic interactions,8-10 hydrogen bonds,11,12 and specific bio-mimetic interactions.13-16 In 

general, their reversible nature makes physical hydrogels particularly useful as in situ gelling 
devices, where the hydrogels are administered as liquid formulations, which gellify at the site of 

injection.6,17,18 
Previously, the effectiveness of several biodegradable physical hydrogels has been 

demonstrated in vivo. For example, a hydrogel system composed of L- and D-lactic acid oligomer 
grafted dextrans (dex-L/D-lactate) was stable up to 15 days and showed good biocompatibility 
with only a mild foreign body reaction.2,3,19 Moreover, dex-L/D-lactate gels were used for the in 

vivo release of recombinant human interleukin-2 (rhIL-2) in SL2 lymphosarcoma-bearing mice.6 
The therapeutic efficacy of the rhIL-2 loaded gels resembled that of 5 consecutive injections of 

free rhIL-2. Other studies showed the suitability of a thermosensitive hydrogel system composed 
of poly(lactide-co-glycolide)-poly(ethylene glycol)-poly(lactide-co-glycolide) (PLGA-PEG-

PLGA), referred to as ReGel®, as an injectable drug delivery system.20 ReGel® was successfully 
applied for sustained delivery of the anti-cancer drug paclitaxel as well as the protein-based drugs 

insulin and human growth hormone (hGH) during 1-6 weeks without adverse side effects, such as 
acute inflammatory responses and cytotoxicity.7,20  

In Chapter 3 of this thesis, a novel supramolecular hydrogel system composed of cholesterol- 
and β-cyclodextrin (βCD)-derivatized 8-arm PEG (PEG8-chol/PEG8-βCD) is reported.21 βCD, a 

cyclic oligosaccharide that consists of seven α-1,4-coupled dextrose units, has a relatively 
hydrophobic inner cavity that acts as a host for a wide variety of lipophilic guest molecules.22-24 By 

combining PEG8-chol and PEG8-βCD in aqueous solution, a physical hydrogel network was 
formed, driven by host-guest inclusion complexes between PEG-bound cholesterol and βCD 

moieties. The mechanical strength of the gels could be tailored by changing temperature, polymer 
concentration, βCD/cholesterol stoichiometry,  as well as the PEG molecular weight and 

architecture.21,25 Chapter 5 shows that protein release from the gels followed zero-order kinetics 
and was not dependent on the protein size, due to surface erosion mediated degradation of the gel 

material in combination with immobility of entrapped protein molecules in the hydrogel network.26  
In this chapter, we investigated the potential in vivo applicability of the PEG8-chol/PEG8-βCD 

gel system. The in vitro toxicity of the hydrogel building blocks as well as the influence of tissue 
and serum components on the gel stability was evaluated. Subsequently, hydrogels were 

subcutaneously implanted in a rat and the relation between in vitro and in vivo degradation was 
studied.  
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2. Experimental part 
 
2.1. Materials. Star-shaped 8-arm poly(ethylene glycol)s (8-arm PEG820K-OH (Mn = 20185 

Da (MALDI), Mw/Mn = 1.08) and PEG810K-OH (Mn = 9656 Da (MALDI), Mw/Mn = 1.10)) were 
purchased from JenKem Technology USA (Allen, USA). 6-monodeoxy-6-monoamino-β-

cyclodextrin (βCD-NH2), L-phenylalanine, L-tyrosine, sodium (2,3-bis[2-methoxy-4-nitro-5-
sulfophenyl]-2H-tetrazolium-5-carboxanilide (XTT sodium salt), N-methyl dibenzopyrazine 

methylsulfate (PMS) and cholesterol were obtained from Sigma-Aldrich (Zwijndrecht, The 
Netherlands). Egg phosphatidylcholine (EPC), egg phosphatidylglycerol (EPG) were provided by 

Lipoid GmbH (Ludwigshafen, Germany) and Dextran Blue from Leuconostoc ssp. (Mr ~ 2000000 
Da) by Fluka (Buchs, Switzerland). Phosphate buffered saline (PBS (10.5 mM phosphate; 140.3 

mM NaCl), pH 7.4) was purchased from Braun Melsungen AG (Melsungen, Germany) and 
ammonium acetate (NH4OAc) from Merck (Darmstadt, Germany). Dulbecco’s modified Eagle’s 

medium (DMEM), RPMI-1640 cell culture medium and fetal bovine serum (FBS) were obtained 
from Invitrogen (Breda, The Netherlands).  

 
2.2. Polymer Synthesis. Star-shaped 8-arm PEG (PEG8-OH) was derivatized with either 

cholesterol or β-cyclodextrin (βCD) moieties using a biodegradable succinyl linker (SA) and 
characterized as previously reported in Chapter 3.21 A specific polymer is referred to as PEG8xxK-
choly or PEG8xxK-βCDy, where xx is the PEG MW (10 or 20 kDa) and y represents the degree of 

substitution (DS), which is defined as the number of either cholesterol or βCD molecules per PEG 
molecule. 

 
2.3. Lactate dehydrogenase (LDH) assay. COS-7 African green monkey kidney cells were 

seeded into a 96-well plate at a density of 1104 cells per well and incubated for 1 day at 37 oC and 

5 % CO2 in 100 μL DMEM containing 5 % FBS. Subsequently, the medium was replaced by 50 
μL DMEM containing 10 % FBS together with 50 μL solutions of hydrogel components in PBS 

(or 50 μL PBS as a negative control), followed by incubation at 37 oC and 5 % CO2 for 24 h and 3 
days, respectively. Final concentrations of tested gel components were in the range 0.4-26   

mg·mL-1 for PEG820K-βCD and PEG810K-βCD, 0.2-10 mg·mL-1 for PEG820K-chol, 0.6-38 
mg·mL-1 for PEG820K-OH, 0.8-50 mg·mL-1 for PEG810K-OH and 0.2-13 mg·mL-1 for free           

6-monodeoxy-6-monoamino-β-cyclodextrin (βCD-NH2). After incubation, the concentration of 
LDH present in the supernatant of the samples was determined using the Cytotoxicity Detection 

Kit-Plus (Roche Diagnostics, Mannheim, Germany). Cells were incubated with a reaction mixture 
of the Cytotoxicity Detection Kit-Plus for 7.5 minutes containing catalyst and LDH substrate 
(tetrazolium salt INT), followed by measuring the absorbance at 490 nm with 655 nm as a 

reference wavelength. The measured absorbances were related to the absorbance measured after 
the addition of 5 μL lysis buffer provided by the manufacturer (positive control with 100 % LDH 

release).  
 

2.4. XTT assay. COS-7 African green monkey kidney cells were seeded in a 96-well plate at a 

density of 1104 cells per well and incubated for 1 day at 37 oC and 5 % CO2 in 150 μL DMEM 
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containing 5 % FBS. The medium was then replaced by 100 μL DMEM containing 10 % FBS 
together with 50 μL solutions of hydrogel components in PBS (or 50 μL PBS as a negative 

control), followed by an incubation at 37 oC and 5 % CO2 for 24 h. Final concentrations of tested 
gel components were in the range 0.2-13 mg·mL-1 for PEG820K-βCD and PEG810K-βCD, 0.1-7 

mg·mL-1 for PEG820K-chol, 0.3-10 mg·mL-1 for PEG820K-OH, 0.4-13 mg·mL-1 for PEG810K-OH 
and 0.1-7 mg·mL-1 for free 6-monodeoxy-6-monoamino-β-cyclodextrin (βCD-NH2). After 

incubation and removal of medium, the cells were gently washed with 100 μL PBS and 150 μL 
fresh DMEM was added. After adding 50 μL of a XTT reaction mixture composed of XTT (0.98 

mg·mL-1) and PMS (0.0075 mg·mL-1), the plates were incubated for 1 h at 37 oC and 5 % CO2.  
Subsequently, the absorbance at 490 nm was measured with 655 nm as a reference wavelength. To 

determine the number of viable cells, a calibration curve of living cells (1.56103 - 1105 

cells/well) was prepared. The relative cell viability was obtained by comparing the number of 

viable cells after exposure to the hydrogel components with that of the PBS (negative) control. 
 

2.5. Hydrogel preparation. Mixtures of cholesterol and βCD-derivatized 8-arm PEG (molar 
ratio cholesterol/β-CD = 1) were dissolved in 5 mM NH4OAc buffer (pH 4.7) to obtain 2 % (w/w) 

solutions. These solutions were then lyophilized and hydrogels (solid content: 22.5 % and 35 % 
(w/w)) were obtained by hydration of the lyophilized mixtures for 16 hours at 4 oC with 

appropriate volumes of PBS (pH 7.4). Loading of Dextran Blue (final concentration: 1 % (w/w)) 
in the gels was established by co-dissolution of this compound in the 2 % (w/w) PEG8-chol/PEG8-

βCD solutions, prior to the aforementioned lyophilization and hydration procedure.  
 

2.6. In vitro swelling and dissolution studies of hydrogel cylinders - effect of serum, cell 
culture medium, hydrophobic amino acids, cholesterol-containing liposomes and buffer-
exposed surface area. Gel swelling/weight loss experiments were performed as described in 

Chapter 5.26 Cylindrical hydrogels (300 mg, 6.5  9.0 mm (diameter  height)) composed of 22.5 

% (w/w) PEG8-chol/PEG8-βCD were prepared in pre-weighed glass HPLC vials by hydration of 
67.5 mg lyophilized polymer mixture with 232.5 μL of PBS (pH 7.4) for 16 hours at 4 oC. Next, 

600 μL of a dissolution medium was added on top of the gels and the vials were incubated on a 
shaking plate at 37 oC. After regular time intervals, the dissolution medium was removed to 

determine the weight of the gels, followed by medium refreshment. Besides PBS, the following 
mixtures were used as gel dissolution medium: RPMI-1640 cell culture medium; fetal bovine 

serum (FBS); 50 % (v/v) FBS in RPMI-1640; phenylalanine (27.6 mg·mL-1, molar ratio 
phenylalanine:PEG8-bound cholesterol = 10) in PBS; tyrosine (0.45 mg·mL-1, molar ratio 

tyrosine:PEG8-bound cholesterol = 0.15) in PBS; and cholesterol-containing (12 mM, molar ratio 
liposomal cholesterol:PEG8-bound cholesterol = 0.72) EPC/EPG liposomes (composition: 

cholesterol/EPG/EPC 10:1:10 (molar ratio), Zaverage = 180  nm, PD = 0.08) in PBS.  
To investigate the influence of the hydrogel surface area exposed to buffer on the dissolution 

time of the gel, in vitro ‘3-dimensional’ gel swelling and dissolution studies were performed. 

Hydrogel cylinders composed of 22.5 % and 35 % (w/w) PEG8-chol/PEG8-βCD (250 μL, 4.9  

13.3 mm (diameter  height)) were prepared as explained in section 2.7 (In vivo stability studies). 

These cylinders were transferred into a counting vial containing 5 mL PBS, pH 7.4. After regular 
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time intervals, buffer was removed to determine the remaining gel weight, followed by the 

addition of fresh PBS. 
 

2.7. In vivo stability studies. For the in vivo stability studies, 22.5 % (w/w) and 35 % (w/w) 
PEG820K-chol5.5/PEG810K-βCD8 hydrogels with or without 1 % (w/w) Dextran Blue were 

prepared as mentioned above (see section 2.5 (Hydrogel preparation)). 2 % (w/w) PEG8-
chol/PEG8-βCD solutions were first filtered through a 0.2 µm filter followed by lyophilization and 

hydration with sterile PBS. Subsequently, the materials were transferred into 1 mL syringes and 
incubated overnight at 4 oC. Cutting of the filled syringes and removal of the gel material from the 

molds yielded hydrogel cylinders with identical dimensions (250 μL, 4.9  13.3 mm (diameter  

height)). Five cylinders (2  22.5 % (w/w) gel + Dextran Blue, 2  35 % (w/w) gel + Dextran Blue 

and 1  35 % (w/w) gel without Dextran Blue) were subcutaneously implanted in a male 

HsdRccHan : WIST rat at BSL Bioservice Scientific Laboratories GmbH (Planegg, Germany), 
according to internationally accepted guidelines (ICH Topic M3, Consens Guideline 16 July 1997; 

CPMP/SWP/2145/00, March 2001). Before the implantation procedure, the animal was 
anaesthetized (ketamine) and the back of the animal was shaved and disinfected. The gel cylinders 

were implanted approximately 2.5 cm from the midline. Two Dextran Blue loaded 22.5 % (w/w) 
and 35 % (w/w) gels were implanted at the abdomen and shoulder region, respectively. In between 

these application sites, the 35 % (w/w) non-loaded gel was implanted. After 1 day, the animal was 
euthanized and the implantation sites were examined.   

 
 

3. Results and discussion 
 
3.1. In vitro toxicity of hydrogel components. Figure 1 shows the lactate dehydrogenase 

(LDH) leakage from COS-7 cells after 1 and 3 days incubation of the cells with culture medium 

containing increasing concentrations of the PEG8-chol/PEG8-βCD hydrogel building blocks at 37 
oC. No release of cytosolic LDH was detected after incubation with βCD-derivatized PEG8 

(PEG820K-βCD7.5 and PEG810K-βCD8), non-derivatized PEG8 (PEG820K-OH and PEG810K-OH) 
and free 6-monodeoxy-6-monoamino-β-cyclodextrin (βCD-NH2). This means that these hydrogel 

building blocks are not toxic in the investigated concentration ranges (see sections 2.3 and 2.4). 
Incubation with cholesterol-derivatized PEG8 (PEG820K-chol5.6) and a PEG820K-

chol5.6/PEG820K-βCD7.5 mixture caused a polymer concentration-dependent elevation of the LDH 
level up to 18±3 % (3 days incubation with 16 mg·mL-1 PEG820K-chol5.6). This slight cytotoxicity 

is likely caused by interactions between the PEG-bound cholesterol moieties and lipophilic cell 
membranes. As previously described for linear mono-cholesterol derivatized PEG, these 

interactions might result in leakage of cell constituents, which affects diverse cell signaling events. 
27-29 The absence of toxicity for the βCD-derivatized PEGs was somewhat unexpected, since it has 
been demonstrated in previous studies that other βCD derivatives (e.g. methyl-β-cyclodextrin) can 

extract cholesterol from cell membranes, which hampers crucial signaling cascades for cell 
survival.30,31 On the other hand, Frijlink et al. showed that the formation of crystalline insoluble 

cholesterol/βCD complexes led to nephrotoxicity after parenteral administration of βCD, while 
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this was not observed for highly water-soluble hydroxypropyl-βCD.32 The observed non-
cytotoxicity of PEG8-βCD suggests that cholesterol depletion and destabilization of the cell 

membrane does not occur for the well-soluble PEG-coupled βCD units. 
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Figure 1. LDH release from COS-7 cells after incubation with hydrogel components at different concentrations for 
24 h (A) and 3 days (B). Release (%) relative to LDH liberated after adding lysis buffer to the cells. 

 
Figure 2 shows the effect of the PEG8-chol/PEG8-βCD hydrogel building blocks on the 

mitochondrial dehydrogenase activity of COS-7 cells. The mitochondrial dehydrogenase activity 
of COS-7 cells exposed to PEG8-chol was independent of its concentration (Figure 2A), which is 

probably the result of an artifact during the XTT assay procedure. To explain, before the addition 
of the XTT reaction mixture, a washing step was performed to remove the assay-interfering 

hydrogel components. Because of PEG8-chol’s amphiphilic properties, this washing step led the 
removal of a significant number of cells, which resulted in an apparently lower mitochondrial 

dehydrogenase activity. Figure 2A does therefore probably not reflect toxicity, but it shows that 
the PEG8-chol acts as a surfactant resulting in a loss of attached cells. In line with the results of the 

LDH cytoxicity assay (Figure 1), Figure 2B shows that non-derivatized PEG8-OH, PEG8-βCD and 
βCD-NH2 did not cause toxic effects.  

 
 

A 
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Figure 2. Viability of COS-7 cells (measured by XTT assay; mitochondrial dehydrogenase activity) after incubation 
with hydrogel components at different concentrations for 24 h. 

 
3.2. Effect of serum and cell culture medium on gel swelling and dissolution. In Chapter 5 

of this thesis, the in vitro degradation of the PEG8-βCD/PEG8-chol hydrogels in buffer via surface 

erosion is described.26 In vivo, however, compounds are present that might compete with 
cholesterol for complex formation with βCD units in the gels and consequently alter the 
dissolution kinetics. To investigate their influence on the gel stability, some tissue and/or serum 

components were dissolved in degradation medium and supplied to the gels. Figure 3 shows the 
weight change of 22.5 % (w/w) PEG810K-βCD/PEG820K-chol gel cylinders after incubation in 

cell culture medium (RPMI-1640) and serum (FBS). This figure shows that neither the initial 
swelling nor the dissolution rate of the gels significantly altered by RPMI-1640 or FBS compared 

to plain buffer (PBS, pH 7.4) as degradation medium (all gels completely dissolved in 
approximately 100 h). This indicates that hydrogel surface erosion is not affected by tissue or 

serum components. 
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Figure 3. Weight change over time of 22.5 % (w/w) PEG810K-βCD6.8/PEG820K-chol5.5 hydrogels at 37 oC after 
addition of PBS (pH 7.4), RPMI-1640, FBS or 50 % (v/v) FBS in RPMI-1640 (n=3). 
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Figure 4 shows the time-dependent weight change of the 22.5 % (w/w) PEG810K-
βCD/PEG820K-chol gel cylinders after incubation with PBS supplemented with hydrophobic 

amino acids L-phenylalanine (molar ratio L-phenylalanine:PEG-bound cholesterol = 10:1) or L-
tyrosine (molar ratio L-tyrosine:PEG-bound cholesterol = 0.15:1) and cholesterol-containing 

liposomes (molar ratio liposomal cholesterol:PEG-bound cholesterol = 0.72:1). These compounds 
might be present in vivo and are able to form complexes with βCD moieties. Because of the very 

low solubility of cholesterol, liposomes were used as depot of this compound. Figure 4 shows that 
the presence of these substances did not affect the degradation rate of the gels. Hydrophobic amino 

acids are able to bind βCD’s inner cavity with typical binding constants (Ka) at pH 4-8 of 41±9 and 
85±9 M-1 for L-phenylalanine and L-tyrosine, respectively.33, 34 However, compared to cholesterol 

(Ka = 1.6104 M-1),35 their binding affinity towards βCD is several orders of magnitude lower. 

Together with the fact that gel destabilization would only occur after dissociation of multiple 

βCD/cholesterol complexes per PEG molecule, this explains why PEG8-βCD/PEG8-chol gels are 
resistant to the destabilizing activity of these amino acids. The resistance of the gels towards Gel 

degradation was also unaffected by the addition of cholesterol-containing liposomes, which 
indicates that, in the experimental time frame (~100 h), insufficient free cholesterol able to 

displace PEG-bound cholesterol from the βCD pockets, leaks out of the liposomes. In the in vivo 
situation, similar to cholesterol-containing liposomes, cholesterol is also incorporated into 

nanostructures, such as lipoprotein complexes ( e.g. LDL/HDL) and in cellular membranes.36 In 
vivo destabilization of PEG8-βCD/PEG8-chol gels due to native cholesterol present in tissue 

compartments or blood serum is therefore not expected. 
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Figure 4. Weight change over time of 22.5 % (w/w) PEG810K-βCD6.8/PEG820K-chol5.5 hydrogels at 37 oC after 
addition of PBS (pH 7.4) containing phenylalanine (27.6 mg·mL-1), tyrosine (0.45 mg·mL-1) or cholesterol-containing 
(12 mM) EPC/EPG liposomes (n=3).  

 
3.3. In vivo stability studies. To evaluate the stability of the PEG8-βCD/PEG8-chol gel system 

in vivo, gel cylinders composed of 22.5 and 35 % (w/w) PEG810K-βCD8/PEG820K-chol5.5 loaded 
with 1 % (w/w) Dextran Blue as a marker were prepared. These hydrogel compositions were 

selected, because of their relatively high mechanical strength and low rate of gel dissolution in 



Chapter 8 
 

176 

vitro at 37 oC (complete gel dissolution in 200 and 370 h for the 22.5 % (w/w) and 35 % (w/w) 

gel, respectively).26 The cylinders (250 μL, 4.9  13.3 mm (diameter  height)), shown in Figure 

5A, were subcutaneously implanted into a male rat. Figure 5B shows the implantation site of a 
22.5 % (w/w) gel after 24 h incubation of the cylinder underneath the skin of the animal. This 

figure demonstrates that the gel was completely dissolved and Dextran Blue was mainly adsorbed 
in the rat’s skin. No acute local irritation of the surrounding tissue was observed. Also gels with 

higher polymer concentration (35 % (w/w)) and thus higher mechanical strength completely 
dissolved within 24 h without local tissue irritation. 

 

 
Figure 5. Photographs of Dextran Blue (1 % (w/w)) loaded 22.5 % (w/w) PEG810K-βCD8/PEG820K-chol5.5 

hydrogel cylinders (volume 250 μL; 4.9  13.3 mm (diameter  height)) before (A) and after subcutaneous 

implantation, followed by a 24 h incubation (B). 

 
To explain the low in vivo stability of the hydrogels, an experiment was performed in which gel 

cylinders, identical to those of the in vivo study, were immersed into 5 mL PBS, followed by 
incubation at 37 oC. It should be noted that in contrast to the gel dissolution experiments of Figures 

3 and 4, where only the upper surface of the gel was in direct contact with degradation medium, 
the entire gel surface was now exposed to buffer. It was observed that, after a short swelling stage 

of 0.5 h with a swelling ratio of ~1.5, the gel cylinders started to decrease in weight and after 16 h 
the gels were completely dissolved. This finding demonstrates that the observed gel dissolution 

rate is significantly affected by the gel surface that is exposed to buffer.  
Figure 6 shows schematic representations of the surface erosion of typical gel cylinders during 

the gel dissolution experiments of Figure 3 and 4, and the in vivo situation (Figure 5), respectively. 
While during the in vitro dissolution experiments, erosion of the hydrogel occurred at only one 
surface with area πr2, in the in vivo situation gels eroded in a 3-dimensional manner, leading to a 

much larger eroding surface area of 2πr2 +2πrh. Taking the dimensions of the different gel 
cylinders into account, the initial eroding surface area per gel volume was 0.11 mm2·μL-1 and 0.97 

mm2·μL-1 for the gel cylinders in vitro (e.g. Figure 3) and in vivo (Figure 5), respectively. 
Consequently, assuming that the dissolution rate of the hydrogels is proportional to the exposed 

surface, a 9 faster dissolution of the gel cylinders will occur in vivo compared to the                   

1-dimensional gel dissolution studies in vitro. This estimation is in reasonable agreement with the 
experimentally observed differences between in vivo gel dissolution and in vitro (one-dimensional) 

A B 
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dissolution tests with similar gel compositions, i.e. a typical 22.5 % (w/w) PEG810K-
βCD8/PEG820K-chol5.5 gel cylinder completely dissolved in less than 16 h in vivo, while in vitro 

this composition remained for 200 h.26 

 

 
Figure 6. Differences in eroding surface between gel cylinders with radius r and height h during in vitro dissolution 
tests and after subcutaneous implantation in vivo.  

 

Besides the greater eroding surface area, other factors might also contribute to the observed fast 
gel dissolution in vivo. To mention, when located in the subcutaneous space of the rat, gel 
cylinders are subjected to mechanical stresses due to movement of the animal. In Chapter 7, we 

showed that the mechanical strength of the PEG8-βCD/PEG8-chol gels is significantly affected 
after exposure to shear stresses, which lowers their stability and in the extreme case can lead to 

flow of the gel material. Another explanation for the fast dissolution of hydrogel components in 
vivo, is the rate of body fluid refreshments, which is probably higher than in the in vitro 

experiments by subsequent (twice a day) buffer replacements.  

 

 

4. Conclusions 
 
This chapter shows that the hydrogel building blocks showed hardly any in vitro cytotoxicity 

and gel stability was not affected by potentially gel disrupting substances present in vivo. The 
results in this chapter also show that the PEG8-βCD/PEG8-chol gels have a limited in vivo stability, 

which hampers their pharmaceutical applicability. Different options to improve the hydrogel 
stability will be discussed in Chapter 9 (Summary and perspectives). 

 
 

 
 

 
 

 



Chapter 8 
 

178 

References 
 
1. Hennink, W. E.; van Nostrum, C. F. Adv. Drug Delivery Rev. 2002, 54, 13-36. 
2. de Jong, S. J.; De Smedt, S. C.; Wahls, M. W. C.; Demeester, J.; Kettenes-van den Bosch, J. J.; Hennink, 

W. E. Macromolecules 2000, 33, 3680-3686. 
3. de Jong, S. J.; van Eerdenbrugh, B.; van Nostrum, C. F.; Kettenes-van den Bosch, J. J.; Hennink, W. E. J. 

Controlled Release 2001, 71, 261-275. 
4. Jin, R.; Hiemstra, C.; Zhong, Z.; Feijen, J. Biomaterials 2007, 28, 2791-2800. 
5. Chung, H. J.; Lee, Y. H.; Park, T. G. J. Controlled Release 2008, 127, 22-30. 
6. Bos, G. W.; Jacobs, J. J.; Koten, J. W.; Van Tomme, S.; Veldhuis, T.; van Nostrum, C. F.; Den Otter, W.; 

Hennink, W. E. Eur. J. Pharm. Sci. 2004, 21, 561-567. 
7. Kim, Y. J.; Choi, S.; Koh, J. J.; Lee, M.; Ko, K. S.; Kim, S. W. Pharm. Res. 2001, 18, 548-550. 
8. Vermonden, T.; Besseling, N. A. M.; van Steenbergen, M. J.; Hennink, W. E. Langmuir 2006, 22, 10180-

10184. 
9. Jeong, B.; Bae, Y. H.; Lee, D. S.; Kim, S. W. Nature 1997, 388, 860-862. 
10. Finelli, I.; Chiessi, E.; Galesso, D.; Renier, D.; Paradossi, G. Macromol. Biosci. 2009, 9, 646-653. 
11. Haglund, B. O.; Josi, R.; Himmelstein, K. J. J. Controlled Release 1996, 41, 229-235. 
12. Brown, S. E.; Coates, J. H.; Coghlan, D. R.; Easton, C. J.; Vaneyk, S. J.; Janowski, W.; Lepore, A.; 

Lincoln, S. F.; Luo, Y.; May, B. L.; Schiesser, D. S.; Wang, P.; Williams, M. L. Aust. J. Chem. 1993, 46, 
953-958. 

13. Kiick, K. L. Soft Matter 2008, 4, 29-37. 
14. Cao, Y.; Li, H. B. Chem. Commun. 2008, 4144-4146. 
15. Miyata, T.; Asami, N.; Uragami, T. Nature 1999, 399, 766-769. 
16. Nagahara, S.; Matsuda, T. Polym. Gels Networks 1996, 4, 111-127. 
17. Kretlow, J. D.; Klouda, L.; Mikos, A. G. Adv. Drug Delivery Rev. 2007, 59, 263-273. 
18. Packhaeuser, C. B.; Schnieders, J.; Oster, C. G.; Kissel, T. Eur. J. Pharm. Biopharm. 2004, 58, 445-455. 
19. Bos, G. W.; Hennink, W. E.; Brouwer, L. A.; den Otter, W.; Veldhuis, T. F.; van Nostrum, C. F.; van 

Luyn, M. J. Biomaterials 2005, 26, 3901-3909. 
20. Zentner, G. M.; Rathi, R.; Shih, C.; McRea, J. C.; Seo, M. H.; Oh, H.; Rhee, B. G.; Mestecky, J.; 

Moldoveanu, Z.; Morgan, M.; Weitman, S. J. Controlled Release 2001, 72, 203-215. 
21. van de Manakker, F.; van der Pot, M.; Vermonden, T.; van Nostrum, C. F.; Hennink, W. E. 

Macromolecules 2008, 41, 1766-1773. 
22. Liu, L.; Guo, Q. X. J. Inclusion Phenom. Macrocyclic Chem. 2002, 42, 1-14. 
23. Loftsson, T.; Duchene, D. Int. J. Pharm. 2007, 329, 1-11. 
24. Rekharsky, M. V.; Inoue, Y. Chem. Rev. 1998, 98, 1875-1917. 
25. van de Manakker, F.; Vermonden, T.; el Morabit, N.; van Nostrum, C. F.; Hennink, W. E. Langmuir 

2008, 24, 12559-12567. 
26. van de Manakker, F.; Braeckmans, K.; el Morabit, N.; De Smedt, S. C.; van Nostrum, C. F.; Hennink, W. 

E. Adv. Funct. Mater. 2009, 19, 2992-3001. 
27. Beugin-Deroo, S.; Ollivon, M.; Lesieur, S. J. Colloid Interface Sci. 1998, 202, 324-333. 
28. Baba, T.; Rauch, C.; Xue, M.; Terada, N.; Fujii, Y.; Ueda, H.; Takayama, I.; Ohno, S.; Farge, E.; Sato, S. 

B. Traffic 2001, 2, 501-512. 
29. Sato, S. B.; Ishii, K.; Makino, A.; Iwabuchi, K.; Yamaji-Hasegawa, A.; Senoh, Y.; Nagaoka, I.; Sakuraba, 

H.; Kobayashi, T. J. Biol. Chem. 2004, 279, 23790-23796. 
30. Pike, L. J.; Miller, J. M. J. Biol. Chem. 1998, 273, 22298-22304. 
31. Roper, K.; Corbeil, D.; Huttner, W. B. Nat. Cell Biol. 2000, 2, 582-592. 
32. Frijlink, H. W.; Eissens, A. C.; Hefting, N. R.; Poelstra, K.; Lerk, C. F.; Meijer, D. K. F. Pharm. Res. 

1991, 8, 9-16. 
33. Kahle, C.; Holzgrabe, U. Chirality 2004, 16, 509-515. 



In vitro toxicity and in vivo stability 
 

179 

34. Tang, S. W.; Kong, L.; Ou, J. J.; Liu, Y. Q.; Li, X.; Zou, H. F. J. Mol. Recognit. 2006, 19, 39-48. 
35. Akiyoshi, K.; Sasaki, Y.; Kuroda, K.; Sunamoto, J. Chem. Lett. 1998, 27, 93-94. 
36. McIntosh, A. L.; Atshaves, B. P.; Huang, H.; Gallegos, A. M.; Kier, A. B.; Schroeder, F. Lipids 2008, 43, 

1185-208. 
 
 

 
 

 
 

 
 

 
 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 
 

 



Chapter 8 
 

180 

 

 

 



 
 

Chapter 9 
 
 
 
 

Summary and perspectives 

 
 
 
 
 
 
 

 
 

 
 

 
 
 
 

 

 

 

 

 
 

 
 

 
 



Chapter 9 
 

182 

1. Summary 
 

Hydrogels, i.e. hydrophilic polymer networks that are capable of absorbing considerable 

amounts of water, are applied in a broad range of biomedical and pharmaceutical applications, 
such as soft contact lenses, drug delivery depots and tissue engineering scaffolds.1-6 Their high 

water content gives hydrogels a rubbery appearance, which minimizes irritation of surrounding 
tissue, and creates a natural environment for many encapsulated drugs (e.g. protein 

pharmaceuticals) or cells. Recently, the design of self-assembled hydrogels, which are formed by 
physical, reversible interactions between polymer chains, has raised great attention. The formation 

of self-assembled hydrogels proceeds under mild conditions, and eliminates the need for 
chemically crosslinking reagents that are often toxic and potentially damage encapsulated 

compounds.  
In this thesis, the preparation and characterization of novel self-assembled hydrogels based on 

host-guest inclusion complexes between β-cyclodextrin (βCD) and cholesterol, are described. 
Hydrogel formation occurred spontaneously upon mixing of two polymers with complementary 

interacting groups, i.e. βCD- and cholesterol-derivatized 8-arm star-shaped poly(ethylene glycol) 
(PEG8-chol/PEG8-βCD), in aqueous environment. Besides studying structural and 

physicochemical properties, also the pharmaceutical and biomedical applicability of the gel system 
was evaluated both in vitro and in vivo.  
 

Chapter 1 provides a general introduction on hydrogels and their properties. Discussed topics 
include hydrogel preparation methods and requirements for possible applications in the 

biopharmaceutical field. In addition, the aim and outline of this thesis are presented. 
Chapter 2 gives an overview of currently developed polymeric networks and assemblies based 

on cyclodextrins (CDs). Besides a description of their synthesis and physicochemical 
characteristics, the usefulness of cyclodextrin-based polymeric systems in pharmaceutical 

applications, e.g. controlled drug delivery devices, is described. CDs are cyclic oligosaccharides 
composed of α-1,4-coupled D-glucose units and contain a hydrophobic internal cavity in which 

lipophilic guest molecules can bind. Because of this physicochemical property, commonly referred 
to as inclusion complex formation, CDs have often been used to design polymeric materials, e.g. 

hydrogels, with unique characteristics regarding their mechanical properties, stimuli-
responsiveness and drug release characteristics. Polymeric systems based on CDs have roughly 

been divided into two types. In the first type of networks, CD moieties are integrated in chemically 
crosslinked polymeric networks with varying network strengths, capable of releasing or adsorbing 

low molecular weight compounds. Secondly, several research groups developed reversible, non-
permanent polymeric networks or assemblies, where network formation is driven by inclusion 

complexes between (often polymer-conjugated) cyclodextrins and a wide variety of polymers, 
which are frequently derivatized with low molecular weight (mostly lipophilic) guest molecules. 

The physical nature of this second type of polymeric structures makes them responsive to external 
stimuli, including changes in temperature, shear forces or the presence of competitive CD-binding 

compounds. Therefore, they belong to the category of ‘smart hydrogels’ and can be applied as 
injectable, in situ gelling devices.  



Summary and perspectives 
 

183 

In Chapter 3, a novel supramolecular hydrogel system based on inclusion complexes between 
βCD and cholesterol, is presented. Using carbodiimide chemistry, star-shaped 8-arm PEGs were 

end-modified with either βCD or cholesterol moieties via a hydrolytically cleavable succinyl 
linker. Mixing of the resulting hydrogel building blocks (PEG8-βCD and PEG8-chol) in aqueous 

environment resulted in hydrogel formation. Rheological analyses and 2D-NMR spectroscopy 
indicated that βCD/cholesterol inclusion complexes acted as driving force behind gel formation. 

Rheological measurements also showed that the hydrogels are fully thermoreversible upon 
repetitive heating and cooling steps. Besides temperature, gel mechanical properties were easily 

tailorable by a wide variety of other parameters, such as polymer concentration, βCD/cholesterol 
stoichiometry, the use of different PEG molecular weights and architecture, or the addition of 

adamantanecarboxylic acid (ACA) as a competitive inclusion complex forming compound. The 
well-controllable hydrogel strength is considered useful for potential future applications as drug 
delivery matrix or tissue engineering scaffold. 

To get more insight into the molecular mechanisms behind formation of the PEG8-βCD/PEG8-
chol gels in Chapter 3, rheological behavior of the self-assembled hydrogel systems was more 

fundamentally investigated in Chapter 4. To study the influence of the polymer architecture, 
mixtures were also prepared in which cholesterol-derivatized 8-arm PEG was replaced by linear 

bifunctional PEG-cholesterol or by star-shaped PEG-cholesterol that contained 4-arms instead of 
8-arms. The obtained data were fitted with existing rheological models, including the Maxwell 

model and Cates’ model. It was demonstrated that combining 8-arm βCD- and cholesterol-
functionalized PEGs in aqueous solution yielded the strongest viscoelastic hydrogels. Moreover, it 

was found that nearly all βCD- and cholesterol-groups contributed to network formation at high 
concentrations and that polymer entanglements were not involved at low solid contents (< 20 % 

(w/w)). However, the frequency-dependent storage and loss moduli of the 8-arm PEG-based gels 
significantly deviated from those predicted by the Maxwell model. Scaling of the plateau moduli, 

relaxation times and zero-shear viscosities with concentration followed a power law with 
exponents higher than predicted by Cates’ model for reversibly breaking polymer systems. This 

result was explained by the unique multi-arm architecture of the hydrogel components; 
dissociation of a single βCD/cholesterol inclusion complex had only a minor effect on the network 

properties. By substituting 8-arm star-shaped PEG-cholesterol for linear PEG-cholesterol or using 
functionalized 4-arm (instead of 8-arm) polymers, and thereby decreasing the expected network 

complexity, the resulting gels more closely resembled Maxwellian behavior and differences 
between Cates’ theoretical and the empirical scaling exponents decreased. Rheological 

measurements also showed that the gels showed viscoelastic behavior at low temperatures due to 
slow overall relaxation of the polymer chains, whereas at high temperatures increased dissociation 

rates of the βCD/cholesterol inclusion complexes led to accelerated chain relaxation processes 
resulting in liquid-like behavior. Based on the relationship between temperature and relaxation 

time, an activation energy of 46 kJ·mol-1 for breaking and reptation of the polymers was found.  
In Chapter 5, the in vitro degradation and protein release behavior of the self-assembled 8-arm 

PEG based gels are described. Hydrogels were composed of βCD- and cholesterol-derivatized 8-

arm PEG with increasing molecular weights (10, 20 and 40 kDa) and their corresponding 
mechanical properties were measured at 37 oC. Hydrogel degradation was investigated at 37 oC by 
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following time-dependent gel swelling and/or weight loss, after the addition of buffer on top of 

cylindrical gels. Similar degradation experiments were performed with gels in which a large dye 
molecule, Dextran Blue, was entrapped. Due to its high molecular weight of 2 MDa, Dextran Blue 

is immobile inside the hydrogel network and can only be released after gel dissolution. When 
exposed to buffer, an initial swelling phase was observed, after which the gels started to decrease 

in weight and completely dissolved in several days till weeks dependent on the gel composition. 
During this process, dry weight of the gels linearly decreased in time and a constant release of 

Dextran Blue occurred. Furthermore, the swelling and degradation rate of the gels were dependent 
on the concentration (total polymer content: 15-35 % (w/w)) and molecular weight of the 

derivatized 8-arm PEGs. It could therefore be concluded that hydrogel degradation was mediated 
by a surface dissolution (i.e. erosion) mechanism, which was controlled by a combination of 

network swelling stresses and the initial crosslink density of the gels. 
Hydrogels were loaded with model proteins of increasing size, i.e. lysozyme, bovine serum 

albumin (BSA) and immunoglobulin G (IgG), and a small peptide bradykinin, by hydration of 
solid PEG8-βCD/PEG8-chol mixtures with the corresponding protein solutions. Fluorescence 

recovery after photobleaching (FRAP) measurements were used to investigate the mobility of 
lysozyme and BSA in the hydrogels. Similar to Dextran Blue, BSA was essentially immobile in 

the hydrogel matrices, whereas diffusion coefficients of lysozyme in the gels were 16-300 fold 
lower than that in buffer. This indicates that the hydrogel pore size lies somewhere in between the 
hydrodynamic diameters of BSA (7.2 nm) and lysozyme (4.1 nm). Protein release was studied 

from different gel compositions with increasing concentrations and molecular weights of 
derivatized PEG8. For all entrapped proteins, a continuous, nearly zero-order release was obtained. 

Moreover, the constant protein release rate could be tailored by changing the gel composition. To 
better understand the contributions of protein diffusion and hydrogel surface erosion on the 

observed protein release, experimental release data were fitted to the mathematical release model 
of Ritger-Peppas7 and were also compared with release profiles predicted by Fick’s law for 

diffusion.8 Although for the smallest protein lysozyme, diffusional processes partially contributed 
to the observed release, protein release was mainly controlled by the hydrogel surface erosion. In 

contrast to the release of proteins, release of the small peptide bradykinin was mainly caused by 
diffusion and followed first-order kinetics. However, by using higher polymer concentrations, also 

the release of this small peptide became slightly dependent on gel surface erosion. The erosion-
based protein release mechanism, which is hardly observed for other water-absorbing polymer 

networks, makes the hydrogel system useful for protein delivery purposes.  
Chapter 6 describes an alternative strategy to prepare supramolecular hydrogels composed of 

cholesterol-derivatized 8-arm or linear PEG and non-bound, unmodified βCD. The tendency of 
unmodified βCD molecules to form crystalline nanoaggregates combined with their ability to form 

inclusion complexes with PEG-bound cholesterol moieties was exploited to create strong, almost 
fully elastic hydrogels. With storage moduli in the range of 10-500 kPa, these gels were at least 

10 stronger than the gel system (PEG8-βCD/PEG8-chol gels) studied in the other chapters of this 

thesis. X-ray diffraction measurements indicated that crystalline βCD nanodomains were present 

in the hydrogel networks. Rheological experiments further proved that inclusion complexes 
between these βCD nanodomains and PEG-bound cholesterol were responsible for the observed 
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hydrogel formation. The addition of monoamino-derivatized βCD (βCD-NH2), which does not 
form crystalline nanostructures, or the competitive βCD-guest molecule adamantanecarboxylic 

acid (ACA) led to a collapse of the gel structure, which supported the proposed gelation 
mechanism. Mainly due to its physical nature, also the mechanical properties of this alternative gel 

system could be manipulated by a broad range of parameters, including temperature, concentration 
of cholesterol-derivatized PEG and/or βCD, PEG’s molecular weight and its architecture.  

For many future applications it is important that in vivo administration of hydrogels occurs 
under minimally invasive conditions and that surgical removal of post-treatment gel remainders is 

not necessary. In Chapter 7, the potential use of the self-assembled PEG8-βCD/PEG8-chol gel 
system described in Chapters 3-5, as a biodegradable and injectable in situ gelling device, is 

evaluated. For successful injection, a proper flow of the gel material through a syringe and needle 
is important. To simulate the gels’ dynamical behavior in response to shear forces that are 
generated in the syringe and needle during an injection, rheological experiments were performed, 

in which gels were subjected to increasing oscillatory or shear stresses. When exposed to stress, 
gels were significantly weakened. With increasing stresses imposed on the gels, a yield stress (at 

which storage modulus G’ equaled the loss modulus G”) was reached, above which the system 
started to flow. Removal of the stress led to a partial recovery of the gel’s elasticity due to re-

associating βCD/cholesterol groups, which indicates that in situ gelling after injection is likely to 
occur. To investigate this, gels were transferred into clinically used syringes equipped with thin 

needles (23 and 25 G) to test the injectability. At room temperature, only gels with low polymer 
concentrations (≤10 % (w/w)) were suitable for injection through the 23 and 25 G needles. By 

bringing the gels to 37 oC or adding gel disrupting agents, such as the co-solvent NMP or free 
βCD-NH2 (competitive host for cholesterol), gels with higher polymer concentrations and 

consequently higher (in situ) elasticity could also be injected. Hydrogel formulations were injected 
into viscous Ca-alginate gels that served as model tissue. Injection of PEG8-chol/PEG8-βCD 

mixtures containing 20 % (v/v) NMP or an excess amount of βCD-NH2 into the Ca-alginate 
matrices resulted in well-defined hydrogel spots and kept their shape for more than 2 weeks, which 

suggested that in situ gelation occurred after diffusion of the gel disrupting agents throughout the 
tissue-mimicking matrix. 

Besides injectability, also the chemical stability of the hydrogels and their building blocks was 
studied at 37 oC. During incubation at pH 7.4, gel mechanical properties remained for over 2 

months, while at pH 8.5, gel mechanical properties were lost after ~9 days, indicating that 
chemical degradation of the gels was base-catalyzed. Because ester hydrolysis in PEG8-chol was 

very slow (extrapolated half life at pH 7.4 > 20 years), hydrolytic degradation of the other gel 
component, PEG8-βCD (half life at pH 7.4 = 8 h), was considered to be responsible for the 

observed time-dependent decrease in gel strength. The high chemical stability of PEG8-chol 
implies that this hydrogel component requires renal excretion and/or enzymatic metabolism to 

ensure its clearance from the body.   
In Chapter 8, some important aspects concerning the potential in vivo applicability of the 

PEG8-chol/PEG8-βCD gel system, were investigated. The toxicity of the hydrogel building blocks 

was investigated using in vitro XTT and LDH cell viability assays. It was shown that COS-7 
(monkey kidney) cells retained their viability upon incubation with 0.4-26 mg·mL-1 PEG8-βCD 
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(PEG8 MW: 10 and 20 kDa), 0.6-50 mg·mL-1 non-derivatized PEG8 (PEG8 MW: 10 and 20 kDa) 

and 0.2-13 mg·mL-1 free βCD-NH2. The viability of COS-7 cells was 82 % upon exposure to 
PEG8-chol (20 kDa; concentration: 16 mg·mL-1) for 3 days. The slight cytotoxicity of this polymer 

can likely be ascribed to its amphiphilic character. Also the influence of tissue and serum 
components on the gel stability was studied by performing in vitro gel swelling/weight loss 

experiments using physiological relevant media. The dissolution rate of the gels was neither 
influenced by the use of serum containing cell culture medium instead of buffer, nor by the 

presence of potential gel disrupters, L-tyrosine, L-phenylalanine, and cholesterol-containing 
liposomes. Tissue and serum components present in vivo are therefore not expected to affect the 

hydrogel stability. 
In a preliminary experiment, the hydrogel degradation behavior was studied in vivo by 

subcutaneously implanting cylindrically-shaped hydrogels into a rat. Compared to in vitro gel 
weight loss studies that were performed in Chapter 5, where similar gel compositions slowly 

eroded in 4-8 days, gel dissolution was found ~10 faster underneath the skin of the animal. The 

accelerated gel erosion in vivo was likely due to differences in experimental set-up, i.e. a 9 larger 

gel surface was exposed to body fluids in vivo. Also other factors, such as shear stresses exposed 

to the gels due to animal movements and a high rate of body fluid refreshments might contribute to 
the rapid in vivo gel dissolution. The absence or low level of toxicity of the hydrogel building 

blocks as well as the inertness of gels towards tissue or serum components makes the system 
promising for future biomedical and pharmaceutical applications. However, at this stage, the in 

vivo stability of the hydrogels is too low and requires improvement to become useful for 
applications, such as protein delivery implants and tissue engineering scaffolds. Options to 
increase the in vivo stability of the PEG8-chol/PEG8-βCD gels are discussed in the next section.  

 
 

2. Future perspectives 
 
In this thesis, the formation of inclusion complexes between the cyclic oligosaccharide βCD and 

the complementary guest molecule cholesterol, was exploited to design two novel self-assembled 

PEG-based hydrogel systems. In the first system (Chapters 3-5, 7-8), hydrogels were built up of 
two derivatized 8-arm star-shaped PEGs, i.e. one end-modified with (monoamino-)βCD (PEG8-

βCD), and the other with cholesterol moieties (PEG8-chol). Binding of PEG8-bound cholesterol 
inside the hydrophobic cavities of the βCD groups attached to the other PEG8 derivative, was 

responsible for the formation of these viscoelastic hydrogels with interesting properties. In the 
second system (Chapter 6), PEG8-chol was combined with unmodified βCD in aqueous 

environment. At high concentrations, unmodified βCD formed crystalline nanoclusters, which 
acted as crosslinkers for PEG8-chol and consequently led to the formation of almost fully elastic 

hydrogels. 
As shown in this thesis, the main advantage of the gel systems is their high versatility. 

Important gel properties, i.e. mechanical properties, gel degradation and protein release kinetics, 
were easily tunable by a great number of variables, such as the polymer concentration or the 

concentration of βCD and cholesterol groups, using different PEG molecular weights and/or 
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architectures, or adding molecules that form competing inclusion complexes, e.g. 
adamantanecarboxylic acid (ACA; competitive guest molecule) or monoamino-derivatized βCD 

(βCD-NH2; competitive host). The physical nature of the gels did not only offer extra tools to 
manipulate gel properties (vide supra), but also rendered the gels responsive towards external 

stimuli, such as temperature and mechanical stresses (Chapters 3, 4 and 7). Interestingly, when 
aqueous media (e.g. buffer and serum) were added on top of the PEG8-chol/PEG8-βCD gels, the 

reversible character of the network crosslinks resulted in hydrogel degradation that was primarily 
mediated by surface erosion (dissolution) of dissociated PEG8 derivatives. This degradation 

mechanism also controlled protein release from the gels, which occurred at a constant rate and was 
nearly independent on protein size (Chapter 5). Protein release controlled by hydrogel surface 

erosion has hardly been observed for other water-absorbing polymer networks, and creates the 
possibility to tailor the duration of protein release in a predictable way by simply changing the 
hydrogel geometry. The combination of tunable properties, high gel strengths (compared to other 

physically crosslinked gels), the unique protein release mechanism, and easy preparation from 
biocompatible and well-available building blocks gives the PEG8-βCD/PEG8-chol gels excellent 

opportunities as drug delivery matrices, tissue engineering scaffolds and for other pharmaceutical 
and biomedical applications. However, significant improvements of the gel system are necessary 

to bring these opportunities into reality. 
As discussed in Chapter 8 of this thesis, their low in vivo stability currently limits the 

applicability of the PEG8-βCD/PEG8-chol gels as implant materials for drug delivery and tissue 
engineering. While in Chapter 5, the surface erosion mechanism of the gels was considered as an 

advantage and led to zero-order release of proteins in vitro, ironically enough, in terms of in vivo 
stability, the same degradation mechanism could now also be interpreted as a drawback, i.e. its 

contribution to the low gel stability in vivo. After subcutaneous implantation in vivo, the entire 
outer surface of the gel cylinders was exposed to body fluids, which created a large eroding 

surface area and led to fast dissolution of the material. Figure 1 shows a schematic representation 
of the processes that play a role during surface erosion. Directly after placing a gel into a large 

quantity of aqueous medium, water starts to flow into the gel’s surface layer, resulting in local 
swelling of the polymer network. Consequently, swelling stresses are built up, which promote 

dissociation of βCD/cholesterol complexes and lead to dissolution of hydrogel building blocks.  
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Figure 1. Schematic representation of the surface erosion process when placing a gel cylinder in aqueous 
environment. Water influx causes swelling of the gel network. The resulting swelling stresses lead to dissociation of 
βCD/cholesterol complexes and eventually dissolution of hydrogel building blocks.  

 
To increase the stability of the gels, it is crucial to slow down the gel surface erosion, which can 

theoretically be accomplished in several ways. A first strategy is to prepare gels containing higher 
concentrations of interacting βCD and cholesterol groups, which would lead to initially stronger 

gels. Unfortunately, gels with a total PEG8-βCD/PEG8-chol content higher than 35 % (w/w) were 
too brittle for practical applications. A second strategy to increase the number of cholesterol/βCD 

interactions is to replace 8-arm PEG by polymers with other architectures that can be derivatized 
with a higher number of physically interacting groups. Examples of such polymers are for instance 

hyperbranched and dendritic PEGs or polyglycerols9,10 with more arms and thus more modifiable 
polymer chain termini, but also linear polymers (e.g. dextran or poly(vinyl alcohol) (PVA)) of 

which the polymer backbone can be grafted with (many) βCD or cholesterol moieties. Instead of 
increasing the number of inclusion complexes, an alternative is to use complexes of higher 

strength, such as adamantane (ADA)/βCD complexes, for which the association constant is 2 

higher than cholesterol/βCD.11 In a follow-up study, instead of modifying polymers with single 

ADA or βCD moieties, Charlot et al. derivatized hyaluronic acid and chitosan with dimers of 
either ADA or βCD and reported that association constants for bivalent complexes between these 

ADA- and βCD-dimers were even 10 higher than monomeric ADA/βCD complexes (Chapter 

2).12,13 With this in mind, we derivatized 8-arm star-shaped PEG with adamantane (ADA)-moieties 
via carbodiimide coupling of either adamantanemethylamine or adamantanecarboxylic acid. Thus 

far, however, combination of adamantane-modified PEG8 (PEG8-ADA) and PEG8-βCD in aqueous 
solution did not result in gel formation (results not shown in this thesis). This might be the result 

of impurities (e.g. free ADA), or high flexibility of the PEG chains and potential self-association 
of PEG-bound ADA, which hampers network formation. However, to exactly understand why the 
replacement of PEG8-chol by PEG8-ADA did not result in viscoelastic gels, additional studies are 

required.  
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Besides creating initially denser networks, a second strategy to retard the surface erosion 
process is the reduction of water influx. This can be established by using hydrogel building blocks 

with a more hydrophobic character. Before coupling of cholesterol and βCD units, it is for 
example possible to graft hydrophobic moieties, such as oligolactate and oligocaprolactone, onto 

8-arm PEG’s structure. An alternative option is surface coating of PEG8-βCD/PEG8-chol gel 
cylinders with hydrophobic lipids or polymers. In this approach, a specific surface could for 

instance be left uncoated to accomplish surface erosion in one direction and zero-order release of 
protein therapeutics. It should be mentioned, however, that surface coating is not feasible when 

aiming at an injectable system. 
In Chapter 7, gels were injected into Ca-alginate matrices that served as a model for a viscous 

tissue. In contrast to the low gel stability after subcutaneous implantation in vivo, gels remained 
stable for over 2 weeks when surrounded by the viscous Ca-alginate environment. The viscous 
environment substantially retarded the surface erosion of the gel, due to slow dissociation and 

diffusion of the hydrogel components. This experiment suggested that in vivo stability of the 
hydrogels may significantly depend on the tissue characteristics at the site of administration. It is 

therefore recommended to also evaluate the in vivo gel stability after gel implantation (or 
injection) in tissues (e.g. muscles or cartilage) rather than (only) in the subcutaneous lumen. 

In Chapter 6, the second gel system based on inclusion complexes between cholesterol coupled 
to 8-arm PEG and crystalline nanoclusters of βCD was described. Compared to the gels composed 

of both PEG8-βCD and PEG8-chol, the strength of these gels was several orders higher, which is 
considered particularly useful for potential scaffolding applications in the field of tissue 

engineering, where it is important to match the mechanical properties of hard surrounding tissues, 

such as human cartilage (G’ 234 ± 27 kPa).14 When immersing gel cylinders (250 μL, 4.9  13.3 

mm (diameter  height)) composed of PEG8-chol and unmodified βCD (gel compositions similar 

as in Chapter 6) in 5 mL PBS, however, the gels were rather brittle (G’ = 60-150 kPa) and 
disintegrated into multiple pieces within less than an hour once incubated in aqueous solution 

(results not shown in this thesis). The brittleness of these gels is most likely ascribed to the 
crystalline βCD domains and limits the applicability of this gel system as subcutaneous drug 

delivery depot. However, similar to the gels composed of PEG8-βCD and PEG8-chol (discussed 
above), additional studies are required to evaluate their usefulness when implanted in hard tissues, 

such as bone tissue. 
For successful applications of the gel system in vivo, it is also crucial that the hydrogel building 

blocks are safely metabolized and eliminated from the human body after gel erosion. PEG8-βCD 
and PEG8-chol were synthesized by connecting cholesterol and βCD to 8-arm PEG via a succinyl 

linker (Chapter 3). Consequently, hydrolytically sensitive ester bonds (2 for PEG8-chol; 1 for 
PEG8-βCD) are located between the functional groups and the PEG arms. At physiological 

conditions however, the rates of ester hydrolysis for PEG8-chol and PEG8-βCD showed significant 
differences (Chapter 7). Whereas PEG8-βCD was converted to βCD-hemisuccinamide derivative 

(βCD-SA) and hydroxyl-terminated 8-arm PEG (PEG8-OH) with a half life of 8 h at pH 7.4 and 37 
oC, hydrolysis of PEG8-chol’s esters was negligible (calculated half lives of ester bonds: ~23 and 

~240 years under the same conditions). This implies that safe clearance of the hydrogels will 
mainly depend on a combination of enzymatic degradation, renal filtration and biliary excretion of 
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PEG8-chol, PEG8-OH and βCD-SA. βCD-SA is a low molecular weight hydrophilic compound, 

and as observed for many other CD derivatives, it is expected to be safely eliminated by renal 
excretion.15 Previous studies showed that PEG (molecular weight from 0.4 to 190 kDa) is hardly 

metabolized by enzymes (except for oxidation of its terminal hydroxyls to carboxylic acid groups 
by alcohol dehydrogenase and cytochrome P450s), but is completely eliminated from the body by 

renal filtration and hepatic secretion at rates dependent on its molecular weight.16 Degradation and 
clearance of PEG8-βCD is therefore expected feasible without side effects. On the other hand, 

metabolism and systemic clearance of PEG8-chol is uncertain and needs further investigation. 
When future studies would indicate that elimination of PEG8-chol is problematic, this might be 

solved by replacing the ester bonds between cholesterol and the PEG chains by groups more 
sensitive to hydrolysis, such as carbonate esters. It is also possible to introduce another (more) 

hydrolytically or enzymatically sensitive spacer between the PEG and the cholesterol moieties. In 
this way, cholesterol groups might be hydrolyzed from PEG chains under physiological conditions 

to obtain PEG8-OH and cholesterol that is already naturally present in the body. 
Nowadays, the flourishing field of biotechnology has created the opportunity to synthesize a 

wide variety of protein therapeutics at industrial scale. However, many of these proteins are labile 
substances, and their structure might easily be damaged either physically or chemically under 

(long-term) storage conditions. In many cases, the successful development of stable liquid protein 
formulations is limited due to protein aggregation, where proteins partially denature and form 
(often insoluble) clusters.17-19 Aggregation of proteins can not only reduce protein activity, but 

might also lead to immunogenicity and toxic side effects.20-23 As discussed in Chapter 5, the tight 
network structures of the PEG8-βCD/PEG8-chol gels led to a significant decrease of mobility or 

even complete immobilization of entrapped proteins. As recently reported for formation of insulin 
fibrils in a PVA-based hydrogel, decreased mobility of peptides and proteins may significantly 

inhibit their aggregation.24 Although this has not yet been demonstrated experimentally, its high 
network density might render the PEG8-βCD/PEG8-chol system useful as protein stabilizer.  

Overall, it can be concluded that, especially due to their wide-ranging tailorability, the novel 
self-assembled hydrogels developed in this thesis are attractive candidates for a broad range of 

pharmaceutical and biomedical applications. It can be foreseen that after optimization according to 
recommendations given in this section, these types of hydrogels will find their use as implantable 

or injectable depots for protein therapeutics and/or proliferating cells. 
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Chapter 3: 

 
Self-assembling hydrogels based on β-cyclodextrin/cholesterol inclusion complexes: 

 
Table S1. Properties of functionalized 8-arm star-shaped PEGs. 

    DSa DSb Mn (kDa)c Mw (kDa)c PDc Product yield (%) 

1 PEG820K-SA-chol 5.1 - 9.2 10.0 1.1 80 

2 PEG820K-SA-chol 6.1 - 9.0 9.7 1.1 79 

3 PEG820K-SA-chol 5.7 - 8.7 9.6 1.1 91 

1 PEG820K-SA-βCD - 7.1 16.7 21.5 1.3 89 

2 PEG820K-SA-βCD - 7.4 17.7 20.0 1.1 93 

3 PEG820K-SA-βCD - 8 20.5 28.5 1.4 98 

1 PEG840K-SA-chol 6.4 - 19.7 22.8 1.2 71 

1 PEG840K-SA-βCD - 6.9 31.1 42.9 1.4 96 

1 PEG810K-SA-chol 6.3 - 3.3 3.8 1.1 50 

1 PEG810K-SA-βCD - 7.2 11.5 14.4 1.3 87 

1 PEG820K-SA 8 - 6.8 7.3 1.1 90 

2 PEG820K-SA 8 - 6.9 7.5 1.1 77 

1 PEG840K-SA 8 - 18.6 20.5 1.1 95 

1 PEG810K-SA 8 - 1.0 1.4 1.4 84 

 
a Determined by 1H NMR spectroscopy 
b Determined by polarimetry 
c Mn, Mw and polydispersity (PD) determined by GPC using linear PEG as calibration standards 

 
Table S2. Properties of functionalized linear PEGs.  

    DSa Mn (kDa)b Mw (kDa)b PDb Product yield (%) 

1 mPEG5000-SA-chol 0.9 4.2 4.4 1 93 

1 chol-SA-PEG6000-SA-chol 1.8 5.0 5.2 1 81 

1 mPEG5000-SA 1 5.1 5.3 1 90 

2 mPEG5000-SA 1 4.5 4.7 1 89 

1 SA-PEG6000-SA 2 6.5 6.7 1 83 

2 SA-PEG6000-SA 2 5.5 5.8 1 93 

 
a Determined by 1H NMR spectroscopy 
b Mn, Mw and polydispersity (PD) determined by GPC using linear PEG as calibration standards 
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Table S3. Properties of used starting polymers. 

 Mn (Da)a Mn (kDa)b Mn (kDa)c Mw (kDa)c PDc 

Star-shaped PEG820K-OH 20185 - 12.2 13.2 1.1 

Star-shaped PEG810K-OH 9656 - 6.5 6.9 1.1 

Star-shaped PEG840K-OH 42680 - 24.1 26.0 1.1 

linear mPEG5000 - 5.1 5.2 5.4 1 

linear PEG6000 - 6.8 6.8 7.0 1 

 
a According to supplier (MALDI) 
b Determined by 1H NMR spectroscopy (TCAI assay) 
c Mn, Mw and polydispersity (PD) determined by GPC using linear PEG as calibration standards 

 

 
Figure S1. 1H NMR spectra of a) PEG820K-OH, b) PEG820K-SA and c) PEG820K-SA-chol6.1 in CDCl3. Crossed 
peaks correspond to residual solvents (spectrum a) and DMAP (spectrum b).  

 

Synthesis of linear mPEG5000-SA-cholesterol and Cholesterol-SA-PEG6000-SA-
Cholesterol. Linear PEG-SA-cholesterol was synthesized using the same coupling and 

purification procedures as for the star-shaped PEGs. mPEG5000-OH and HO-PEG6000-OH were 
first succinylated by adding 1.3 eq. SA, 1 eq. DMAP and 1 eq. TEA per OH end group to a 

solution of 5.0 g mPEG5000-OH (0.98 mmol OH groups) or 5.0 g HO-PEG6000-OH (1.5 mmol 
OH groups) in 70 mL DCM. The obtained polymers, mPEG5000-SA and SA-PEG6000-SA, were 

derivatized with cholesterol in a subsequent reaction. In detail, 4 eq. DCC, 10 eq. cholesterol and 1 
eq. DMAP were added per PEG succinyl moiety. After purification and drying as described for the 
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8-arm PEG derivatives, both mPEG5000-SA-cholesterol and cholesterol-SA-PEG6000-SA-

cholesterol were obtained as white powders in a yield of 72 % and 86 %, respectively. The 
synthesized polymers were analyzed with 1H NMR spectroscopy and GPC. 

  
mPEG5000-SA: 1H NMR (300 MHz, CDCl3, δ): 2.6 ppm (-OC(O)CH2CH2C(O)OH, 4H), 3.3 

ppm (CH3OC-, 3H), 3.4-3.8 ppm (PEG H (-OCH2CH2O-, 455 H),  3.9 ppm (-OCH2CH2OC(O)C-, 
2H), 4.2 ppm (-OCH2CH2OC(O)C-, 2H).  

SA-PEG6000-SA: 1H NMR (300 MHz, CDCl3, δ): 2.6 ppm (-OC(O)CH2CH2C(O)OH, 8H), 3.4-
3.8 ppm (PEG H (-OCH2CH2O-, 604 H),  3.9 ppm (-OCH2CH2OC(O)C-, 2H), 4.2 ppm                 

(-OCH2CH2OC(O)C-, 2H). 

mPEG5000-SA-cholesterol: 1H NMR (300 MHz, CDCl3, δ): 0.7 ppm (3H cholesterol group  

DS), 0.9 ppm (6H cholesterol group  DS), 0.9-2.2 ppm (32H cholesterol group  DS), 2.3 ppm 

(2H cholesterol group  DS), 2.6 ppm (-OC(O)CH2CH2C(O)O-Chol, 4H), 3.3 ppm (CH3OC-, 3H), 

3.4-3.8 ppm (PEG H (-OCH2CH2O-, 455 H), 3.9 ppm (-OCH2CH2OC(O)C-, 2H), 4.4 ppm             

(-OCH2CH2OC(O)C-, 2H), 4.6 ppm (1H cholesterol group  DS), 5.4 ppm (1H cholesterol group 

 DS). 

Cholesterol-SA-PEG6000-SA-cholesterol: 1H NMR (300 MHz, CDCl3, δ): 0.7 ppm (3H 

cholesterol group  DS), 0.9 ppm (6H cholesterol group  DS), 0.9-2.2 ppm (32H cholesterol 

group  DS), 2.3 ppm (2H cholesterol group  DS), 2.6 ppm (-OC(O)CH2CH2C(O)O-Chol, 8H), 

3.4-3.8 ppm (PEG H (-OCH2CH2O-, 604 H), 3.9 ppm (-OCH2CH2OC(O)C-, 4H), 4.4 ppm             

(-OCH2CH2OC(O)C-, 4H), 4.6 ppm (1H cholesterol group  DS), 5.4 ppm (1H cholesterol group 

 DS). 

 
 
Chapter 4: 

  
Rheological behavior of self-assembling PEG-β-cyclodextrin/PEG-cholesterol hydrogels: 

 
Synthesis of linear SA-PEG3000-SA and cholesterol-PEG3000-cholesterol. HO-PEG3000-

OH was first succinylated by adding 1.3 eq. succinic anhydride (SA), 1 eq. DMAP and 1 eq. TEA 
per OH end group to a solution of 10.0 g HO-PEG3000-OH (6.7 mmol OH groups) in 140 mL 

DCM. The obtained polymer, SA-PEG3000-SA, was derivatized with cholesterol in a subsequent 
reaction in DCM. In detail, 1 eq. DCC, 4 eq. cholesterol and 0.5 eq. DMAP were added per PEG 

succinyl moiety (concentration succinyl moieties: 23 mmol·L-1). After purification and drying as 
described for the 8-arm PEG derivatives, cholesterol-PEG3000-cholesterol was obtained as white 

powder in a yield of 79 %.  The synthesized polymers were analyzed with 1H NMR spectroscopy 
and GPC. 

 
SA-PEG3000-SA: 1H NMR (300 MHz, CDCl3, δ): 2.6 ppm (-OC(O)CH2CH2C(O)OH, 8H),  

3.4-3.8 ppm (PEG H (-OCH2CH2O-, 318 H),  3.9 ppm (-OCH2CH2OC(O)C-, 4H), 4.2 ppm                 
(-OCH2CH2OC(O)C-, 4H). 
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cholesterol-PEG3000-cholesterol: 1H NMR (300 MHz, CDCl3, δ): 0.7 ppm (3H cholesterol 

group  DS), 0.9 ppm (6H cholesterol group  DS), 0.9-2.2 ppm (32H cholesterol group  DS), 

2.3 ppm (2H cholesterol group  DS), 2.6 ppm (-OC(O)CH2CH2C(O)O-Chol, 8H), 3.4-3.8 ppm 

(PEG H (-OCH2CH2O-, 318 H), 3.9 ppm (-OCH2CH2OC(O)C-, 4H), 4.4 ppm                 

(-OCH2CH2OC(O)C-, 4H), 4.6 ppm (1H cholesterol group  DS), 5.4 ppm (1H cholesterol group 

 DS). 

 
Synthesis of star-shaped 4-arm PEG410K-SA and PEG410K-cholesterol. Cholesterol- and 

βCD-modified 4-arm PEG was synthesized using the same coupling and purification procedures as 
for the 8-arm star-shaped PEGs (Chapter 3). PEG410K-OH was first succinylated by adding 1.3 

eq. SA, 1.1 eq. DMAP and 1.1 eq. TEA per OH end group to a solution of 10.0 g PEG410K-OH 
(3.9 mmol OH groups) in 100 mL DCM. The obtained polymer, PEG410K-SA, was derivatized 

with cholesterol in a subsequent reaction in DCM. In detail, 1.1 eq. DCC, 5 eq. cholesterol and 0.5 
eq. DMAP were added per PEG succinyl moiety (concentration succinyl moieties: 23 mmol·L-1). 

After purification and drying as described for the 8-arm PEG derivatives (Chapter 3), PEG410K-
cholesterol was obtained as white powder in a yield of 88 %. The synthesized polymers were 

analyzed with 1H NMR spectroscopy and GPC. 
 

PEG410K-SA:  1H NMR (300 MHz, CDCl3, δ): 2.6 ppm (-OC(O)CH2CH2C(O)OH, 16H),      
3.4-3.8 ppm (4-arm PEG H (-OCH2CH2O-, 928H) + pentaerythritol backbone (-C(CH2O-)4, 8H)), 
3.9 ppm (-OCH2CH2OC(O)C-, 8H), 4.3 ppm (-OCH2CH2OC(O)C-, 8H).  

PEG410K-cholesterol: 1H NMR (300 MHz, CDCl3, δ): 0.7 ppm (3H cholesterol group  DS), 

0.9 ppm (6H cholesterol group  DS), 0.9-2.2 ppm (32H cholesterol group  DS), 2.3 ppm (2H 

cholesterol group  DS), 2.6 ppm (-OC(O)CH2CH2C(O)O-Chol, 32H), 3.4-3.8 ppm (4-arm PEG H 

(-OCH2CH2O-, 928H) + pentaerythritol backbone (-C(CH2O-)4, 8H)), 3.9 ppm                 

(-OCH2CH2OC(O)C-, 8H), 4.4 ppm (-OCH2CH2OC(O)C-, 8H), 4.6 ppm (1H cholesterol group  

DS), 5.4 ppm (1H cholesterol group  DS).  

 

Synthesis of star-shaped 4-arm PEG410K-βCD. 0.43 g PEG410K-SA (0.156 mmol succinyl 

moieties), 0.36 g  6-monodeoxy-6-monoamino--cyclodextrin (CD-NH2HCl; 0.31 mmol, 2 eq. 

relative to succinyl moieties) and 35.8 mg NHS (0.31 mmol, 2 eq. relative to succinyl moieties) 

were introduced into a 100 mL round-bottom flask with a teflon stirring bar and dissolved after 
addition of 10 mL demineralized water. Next, the solution was cooled to 0 oC and 68.8 μL of an 
EDC solution (0.39 mmol, 2.5 eq. relative to succinyl moieties) in demineralized water was added. 

The pH was adjusted to 5.5-6.0 with a 4 N NaOH solution. After 1 hour, the solution was brought 
to 25 oC and stirred for 48 hours, while the pH was kept at 5.5-6.0. The reaction mixture was 

dialyzed (MWCO = 3500 Da) for 3 days against 5 L 10 mM ammonium acetate buffer, pH 4.7 at 4 
oC. Buffer was refreshed twice a day. The polymer was collected by lyophilization. A white fluffy 

product was obtained in high yield (88 %). The polymer was analyzed by GPC and the degree of 
substitution was determined by polarimetry.  

 



Appendix A 
 

198 

Synthesis of linear βCD-PEG6000-βCD. SA-PEG6000-SA was derivatized with 6-

monodeoxy-6-monoamino--cyclodextrin (CD-NH2HCl). 0.4 g SA-PEG6000-SA (0.11 mmol 

succinyl moieties), 0.27 g  CD-NH2HCl (0.23 mmol, 2 eq. relative to succinyl moieties) and 27 

mg NHS (0.23 mmol, 2 eq. relative to succinyl moieties) were introduced into a 100 mL round-

bottom flask with a teflon stirring bar and dissolved after addition of 8 mL demineralized water. 
Next, the solution was cooled to 0 oC  and 50.9 μL of an EDC solution (0.29 mmol, 2.5 eq. relative 

to succinyl moieties) in demineralized water was added. The pH was adjusted to 5.5-6.0 with a 4 N 
NaOH solution. After 1 hour, the solution was brought to 25 oC and stirred for 48 hours, while the 

pH was kept at 5.5-6.0. The reaction mixture was dialyzed (MWCO = 3500 Da)) for 3 days 
against 5 L 10 mM ammonium acetate buffer, pH 4.7 at 4 oC. Buffer was refreshed twice a day. 

The polymer was collected by lyophilization. A white fluffy product was obtained in high yield 
(99 %). The polymer was analyzed by GPC and the degree of substitution was determined by  

polarimetry.  

 
Table S4. Properties of functionalized PEGs. 

 Star-shaped polymers : DSa DSb Mn (kDa)c Mw (kDa)c PDc Product yield (%) 

1 PEG820K-OH (starting product) - - 12.0d 13.0d 1.1 - 
2 PEG820K-SA* 8.0 - 6.8 7.3 1.1 90 
2 PEG820K-SA* 8.0 - 6.9 7.5 1.1 77 
3 PEG820K-chol* 6.1 - 9.0 9.7 1.1 79 
4 PEG820K-βCD* - 7.4 17.7 20.0 1.1 93 
4 PEG820K-βCD  7.9 18.8 23.8 1.3 89 
4 PEG820K-βCD* - 8 20.5 28.5 1.4 98 

1 PEG410K-OH (starting product) - - 9.0 9.2 1.1 - 
2 PEG410K-SA 4.0 - - - - 99 
3 PEG410K-chol 2.8 - 7.3 7.6 1.1 88 
4 PEG410K-βCD - 3.8 11.2 12.2 1.1 88 

 
Table S4 continued. Properties of functionalized PEGs. 

 Linear polymers: DSa DSb Mn (kDa)c Mw (kDa)c PDc Product yield (%) 

1 HO-PEG3000-OH (starting product) - - 3.0 3.1 1 - 
2 SA-PEG3000-SA 2.0 - 2.5 2.8 1.1 90 
3 chol-PEG3000-chol 2.0 - 1.9 2.1 1.1 79 

1 HO-PEG6000-OH (starting product) - - 6.0 6.3 1 - 

2 SA-PEG6000-SA* 2.0 - 5.5 5.8 1 93 
3 chol-PEG6000-chol* 1.8 - 5.0 5.2 1.1 81 
4 βCD-PEG6000-βCD - 2.0 8.2 9.1 1.1 99 

 
a Determined by 1H NMR spectroscopy 
b Determined by polarimetry 
c Mn, Mw and polydispersity (PD) determined by GPC using linear PEG as calibration standards 
d Average values (n=5); Standard deviation (%) = 6 % 
* Data previously shown in Chapter 3 and Table S1 
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Table S5. Average molecular weight between (effective) cross-links (Mc; in kDa), calculated for different 
hydrogel compositions at 4 and 20 oC. 

4 oC solid content (% (w/w)) 

  10 12.5 15 17.5 20 

Star PEG820K-βCD7.4 / star PEG820K-chol6.1: 23 13 10 8.2 8.1 

Star PEG820K-βCD7.9 / linear PEG6000-chol1.8: 52 32 27 20 17 

Star PEG820K-βCD8.0 / linear PEG3000-chol2.0: 73 45 34 24 21 

Star PEG410K-βCD3.8 / star PEG410K-chol2.8: 259a 292 220 205 188 

      

20 oC solid content (% (w/w)) 

  10 12.5 15 17.5 20 

Star PEG820K-βCD7.4 / star PEG820K-chol6.1: 75 34 19 14 13 

Star PEG820K-βCD7.9 / linear PEG6000-chol1.8: 145 77 53 33 31 

Star PEG820K-βCD8.0 / linear PEG3000-chol2.0: 246 154 83 70 50 

Star PEG410K-βCD3.8 / star PEG410K-chol2.8: 2463a 3088 1689 790 830 

 
a Underestimated Mc due to difficulties regarding the G0 determination (in the applied frequency range, the plateau 

level was not reached yet). 

 

Rheological behavior of an aqueous mixture of the linear bifunctional polymers  
PEG6000-chol1.8 and PEG6000-βCD (Figure S2). 
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Figure S2. Storage modulus (G’, ■) and loss modulus (G”, □) at 4 oC as a function of the angular frequency ω for a 
40 % (w/w) PEG6000-chol1.8/PEG6000-βCD2.0 mixture. At every angular frequency, G’ ≤ G”. 

 

Determination of the entanglement concentration (Ce) by measuring the zero-shear 

viscosity of aqueous solutions of non-functionalized 8-arm star-shaped PEG with increasing 
concentrations. 

 
Method. Rheological stress sweep experiments were performed using a controlled stress 

rheometer (AR-G2, TA Instruments, Etten-Leur, The Netherlands), equipped with a 1o steel cone 
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geometry of 20 mm diameter. Using a pipette, approximately 65 μL of aqueous PEG820K-OH 

solutions (concentration from 5 to 50 % (w/w)) was introduced between the plates of the 
rheometer. The shear stress was monitored while increasing the shear rate (from 0 to 2000 s-1). The 

viscosity was determined as the slope of the shear stress curve. 
 

Results. For all PEG820K-OH solutions, the shear stress linearly increases with the shear rate 
(results not shown) demonstrating Newtonian behavior (data not shown). Figure S3 shows the 

viscosity of the PEG820K-OH solutions as a function of the polymer concentration. At a 
concentration of 20 % (w/w), an inflection point is observed, suggesting the formation of chain 

entanglements at concentrations > 20 % (w/w).  
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Figure S3. The viscosity of aqueous PEG820K-OH solutions against the polymer concentration. An entanglement 
concentration (Ce) of 20 % (w/w) was determined. 

 

 
Chapter 5:  
 

Protein release behavior of self-assembled PEG-β-cyclodextrin/PEG-cholesterol hydrogels: 
 

Zero-shear viscosity of aqueous solutions of non-functionalized 8-arm star-shaped PEG 
with different molecular weights. 

 
Method. Rheological stress sweep experiments were performed at 37 oC using a controlled 

stress rheometer (AR-G2, TA Instruments, Etten-Leur, The Netherlands), equipped with a 1o steel 
cone geometry of 20 mm diameter. PEG810K-OH, PEG820K-OH, PEG840K-OH and a mixture of 

PEG810K-OH/PEG820K-OH (1:2 (w/w)) were dissolved in 100 mM HEPES buffer containing 
FITC-lysozyme (1 mg·mL-1) or FITC-BSA (2 mg·mL-1) to obtain final polymer contents of 22.5 % 

and 35 % (w/w). Approximately 65 μL of these solutions was introduced between the plates of the 
rheometer. The shear stress was monitored while increasing the shear rate (from 0 to 2000 s-1). The 

viscosity was determined as the slope of the shear stress curve. In a similar way, the viscosity of 
the protein solutions without PEG8-OH polymers was also determined.   



Supporting information 
 

201 

Results. For all solutions, the shear stress linearly increased with the shear rate demonstrating 
Newtonian behavior. Table S6 shows the viscosity of the different solutions. It is clear that the 

dissolution of PEG8-OH with increasing molecular weight or the use of a higher PEG8-OH 
concentration leads to a higher viscosity. 

 
Table S6. Viscosity (η) at 37 oC of aqueous solutions of FITC-lysozyme (A) or FITC-BSA (B), containing 22.5 
% or 35 % (w/w) of PEG8-OH with different molecular weights (n=2). 
 
Table S6A. 

Solutions 

Polymer concentration 

(% (w/w)) 
η 

(mPa·s) 

PEG810K-OH + FITC-lysozyme 22.5 

35 

12±1 

24±1 

PEG820K-OH + FITC-lysozyme 22.5 

35 

15±1 

39±1 

PEG840K-OH + FITC-lysozyme 22.5 

35 

42±3 

140±10 

PEG810K-OH/PEG820K-OH (1:2 (w/w)) + FITC-lysozyme 22.5 

35 

17±1 

41±2 

FITC-lysozyme in buffer - 5±1 

 
Table S6B. 

Solutions 

Polymer concentration 

(% (w/w)) 
η 

(mPa·s) 

PEG810K-OH + FITC-BSA 22.5 

35 

11±1 

24±1 

PEG820K-OH + FITC-BSA 22.5 

35 

18±1 

52±1 

PEG840K-OH + FITC-BSA 22.5 

35 

41±1 

210±50 

PEG810K-OH/PEG820K-OH (1:2 (w/w)) + FITC-BSA 22.5 

35 

16±1 

47±2 

FITC-BSA in buffer - 4±2 
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Chapter 6:  

 
Supramolecular hydrogels formed by β-cyclodextrin self-association and host-guest inclusion 

complexes: 
 
Table S7. Composition of the PEG8-chol5.6/βCD mixtures discussed in this chapter. 

Gel composition 
PEG8-chol content 

(% (w/w)) 
βCD content 

(% (w/w)) 
Buffer content 

(% (w/w)) 

2 % PEG820K-chol5.6 + 1 eq. βCD 2 0.6 97.4 

5 % PEG820K-chol5.6 + 1 eq. βCD 5 1.4 93.6 

10 % PEG820K-chol5.6 + 1 eq. βCD 10 2.8 87.2 

15 % PEG820K-chol5.6 + 1 eq. βCD 15 4.1 80.9 

20 % PEG820K-chol5.6 + 1 eq. βCD 20 5.5 74.5 

22.5 % PEG820K-chol5.6 + 1 eq. βCD 22.5 6.2 71.3 

25 % PEG820K-chol5.6+ 1 eq. βCD 25 6.9 68.1 

2 % PEG820K-chol5.6 + 2 eq. βCD 2 1.1 96.9 

5 % PEG820K-chol5.6 + 2 eq. βCD 5 2.8 92.2 

10 % PEG820K-chol5.6 + 2 eq. βCD 10 5.5 84.5 

15 % PEG820K-chol5.6 + 2 eq. βCD 15 8.3 76.7 

20 % PEG820K-chol5.6 + 2 eq. βCD 20 11.0 69.0 

22.5 % PEG820K-chol5.6 + 2 eq. βCD 22.5 12.4 65.1 

25 % PEG820K-chol5.6 + 2 eq. βCD 25 13.8 61.2 

22.5 % PEG820K-chol5.6 + 0.5 eq. βCD 22.5 3.1 74.4 

22.5 % PEG820K-chol5.6 + 4 eq. βCD 22.5 24.8 52.7 

15 % PEG810K-chol5.6 + 2 eq. βCD 15 15.2 69.8 

15 % PEG840K-chol5.7 + 2 eq. βCD 15 4.3 80.7 

15 % PEG840K-chol5.7 + 4 eq. βCD 15 8.5 76.5 
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Table S8. Composition of the PEG6K-chol1.8/βCD mixtures discussed in this study. 

Gel composition 
PEG-chol content 

(% (w/w)) 
βCD content 

(% (w/w)) 
Buffer content 

(% (w/w)) 

2 % PEG6K-chol1.8 + 1 eq. βCD 2 0.5 97.5 

5 % PEG6K-chol1.8 + 1 eq. βCD 5 1.4 93.6 

10 % PEG6K-chol1.8 + 1 eq. βCD 10 2.7 87.2 

15 % PEG6K-chol1.8 + 1 eq. βCD 15 4.1 80.9 

20 % PEG6K-chol1.8 + 1 eq. βCD 20 5.5 74.5 

22.5 % PEG6K-chol1.8 + 1 eq. βCD 22.5 6.2 71.3 

25 % PEG6K-chol1.8 + 1 eq. βCD 25 6.8 68.2 

2 % PEG6K-chol1.8 + 2 eq. βCD 2 1.1 96.9 

5 % PEG6K-chol1.8 + 2 eq. βCD 5 2.7 92.3 

10 % PEG6K-chol1.8 + 2 eq. βCD 10 5.5 84.5 

15 % PEG6K-chol1.8 + 2 eq. βCD 15 8.2 76.8 

20 % PEG6K-chol1.8 + 2 eq. βCD 20 11.0 69.0 

22.5 % PEG6K-chol1.8 + 2 eq. βCD 22.5 12.3 65.2 

25 % PEG6K-chol1.8 + 2 eq. βCD 25 13.7 61.3 

 
Table S9. Tgel (in oC) of PEG820K-chol5.6/βCD and PEG6K-chol1.8/βCD hydrogels with  increasing PEG-chol 
contents (Average ± STDEV, n=3). 

 + 1 eq. βCD +  2 eq. βCD without βCD 

2% (w/w) PEG820K-chol5.6  
b b a 

5% (w/w) PEG820K-chol5.6 
b b a 

10% (w/w) PEG820K-chol5.6 50±4 53±3 42±4 

15% (w/w) PEG820K-chol5.6 58±2 75±5 a 

20% (w/w) PEG820K-chol5.6 62±4 >100c 43±1 

22.5% (w/w) PEG820K-chol5.6 65±5 >100c a 

25% (w/w) PEG820K-chol5.6 70±4 >100c a 

 + 1 eq. βCD +  2 eq. βCD without βCD 

2% (w/w) PEG6000-chol1.8 
b b a 

5% (w/w) PEG6000-chol1.8 
b b a 

10% (w/w) PEG6000-chol1.8 38±1 53±1 34±1 

15% (w/w) PEG6000-chol1.8 42±1 71±3 a 

20% (w/w) PEG6000-chol1.8 55±2 > 90c a 

22.5% (w/w) PEG6000-chol1.8 63±3 > 90c 51±2 

25% (w/w) PEG6000-chol1.8 70±4 > 90c a 

 
a not determined  
b no Tgel 
c Extrapolated values 
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1. Hydrogelen 
 
Hydrogelen zijn driedimensionale netwerken van hydrofiele polymeren die aanzienlijke 

hoeveelheden water kunnen absorberen. Aangezien hydrogelen grote hoeveelheden water 
bevatten, zijn het vaak relatief zachte, rubberachtige materialen die nauwelijks weefselirritatie 

veroorzaken. Bovendien biedt het waterige milieu in de netwerken een ideale omgeving voor 
biologische substanties, zoals eiwitten en zelfs levende cellen. Voornamelijk door de gunstige 

biologische verdraagzaamheid, maar tevens vanwege de uitstekend instelbare fysisch-chemische 
materiaaleigenschappen, worden hydrogelen veelvuldig gebruikt in een groot aantal 

farmaceutische en biomedische toepassingen, zoals systemen voor gereguleerde 
geneesmiddelafgifte en celdragers voor de ontwikkeling van kunstmatige weefsels. 

In waterig milieu worden hydrogelen bijeengehouden door zogenaamde ‘crosslinks’ 
(vernettingen) tussen de polymeerketens (zie Figuur 1). Zonder deze crosslinks zouden de 

hydrofiele (en dus vaak wateroplosbare) polymeerketens oplossen en geen hydrogelnetwerk 
vormen. Crosslinks tussen polymeren kunnen worden gecreëerd op twee manieren, enerzijds door 

chemische (permanente) bindingen tussen de verschillende polymeerketens te introduceren, 
anderzijds door gebruik te maken van specifieke fysische (en dus reversibele) interacties. Door de 

permanente aard van hun crosslinks beschikken chemisch gecrosslinkte hydrogelen vaak over 
sterke mechanische eigenschappen. Een nadeel van deze systemen is echter dat er chemische 
reacties (bv. radicaalpolymerisaties) nodig zijn om hydrogelen te maken. Voor deze reacties zijn 

vaak toxische reagentia nodig, die eerst (volledig) moeten worden weggewassen voordat 
toepassing van de hydrogel in het lichaam mogelijk is. Bovendien kunnen de chemische reacties 

de structuur en biologische activiteit van eventuele ingesloten geneesmiddelen (bv. therapeutische 
eiwitten) aantasten. Om deze moeilijkheden te omzeilen zijn tegenwoordig ook zogenaamde ‘zelf-

associërende’ hydrogelsystemen ontwikkeld, waarvan de crosslinks zijn gebaseerd op fysische 
interacties, zoals interacties tussen positief en negatief geladen groepen, hydrofobe interacties en 

waterstofbruggen. Doordat vorming van deze fysisch gecrosslinkte hydrogelen spontaan optreedt 
zonder dat chemische vernettingsreacties nodig zijn, wordt de structuur van ingesloten 

geneesmiddelen nauwelijks aangetast. Bovendien kunnen fysische interacties onder bepaalde 
condities worden verbroken en gevormd, wat bijvoorbeeld de mogelijkheid biedt om deze 

hydrogelen door middel van een injectie toe te dienen. 

 
 
Figuur 1. Schematische weergave van hydrogelvorming. 
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Een unieke fysische interactie die de laatste jaren is gebruikt om zelf-associërende hydrogelen 
te ontwikkelen, is de vorming van zogenaamde ‘inclusiecomplexen’ tussen cyclodextrines en 

lipofiele moleculen. Cyclodextrines (CD’s) zijn cyclische moleculen, waarvan de meest gebruikte 
subtypes α, β en γ, zijn opgebouwd uit respectievelijk 6, 7 en 8 glucose-eenheden. De buitenkant 

van een CD-molecuul is hydrofiel, zodat CD’s goed oplossen in water. Tegelijkertijd beschikken 
CD’s echter ook over een hydrofobe holte die kan dienen als bindingsplaats voor een grote 

verscheidenheid aan lipofiele moleculen (zie Figuur 2). De drijvende kracht achter deze 
‘inclusiecomplexen’ bestaat hoofdzakelijk uit hydrofobe en van der Waals interacties, waardoor de 

grootte van het lipofiele molecuul cruciaal is voor goede binding in de holte van het CD-molecuul.  
 

 
 
Figuur 2. Schematische weergave van de vorming van een inclusiecomplex tussen een cyclodextrine (CD) en een 
lipofiel molecuul. 

 

Een groot voordeel van zowel fysisch als chemisch gecrosslinkte hydrogelen is dat hun 
eigenschappen kunnen worden gevarieerd door verschillende variabelen, zoals het aantal 
crosslinks, het watergehalte in de hydrogelen en de structuur van de hydrogelbouwstenen 

(polymeren). Voor medische en farmaceutische toepassingen is het noodzakelijk dat de hydrogelen 
kunnen afbreken en dat de ontstane afbraakproducten gemetaboliseerd en/of uitgescheiden worden 

door het lichaam, zodat er geen operatie nodig is om de hydrogel(resten) te verwijderen. Om deze 
reden zijn verschillende hydrogelen ontworpen, die polymeerketens bevatten met chemisch of 

enzymatisch degradeerbare groepen.  
  

 

2. Belangrijke toepassingen van hydrogelen 
 
Tegenwoordig is men in staat om met behulp van biotechnologische technieken veel eiwitten op 

grote schaal te produceren. Eiwitten bestaan uit ketens van aminozuren die via peptidebindingen 
aan elkaar gekoppeld zijn. Naast hun rol als belangrijke bouwstenen in het lichaam, hebben 

eiwitten ook belangrijke functies in tal van lichaamsprocessen, zoals metabolisme (bv. enzymen), 
transport van stoffen in het lichaam, regulatie van cellulaire processen en communicatie tussen 

cellen (bv. receptoren en signaaleiwitten). Ingegeven door deze unieke functies, zijn eiwitten al 
veelvuldig toegepast als specifieke geneesmiddelen voor de behandeling van vaak 

levensbedreigende ziektes, zoals kanker, virale infecties en erfelijke aandoeningen. Helaas zijn 
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deze op eiwit gebaseerde geneesmiddelen niet via de orale route (bv. met een tablet of capsule) toe 

te dienen. De meeste eiwitten worden namelijk snel afgebroken in het zure milieu van de maag. En 
mocht toch een deel van het toegediende eiwit succesvol de bloedcirculatie bereiken, dan vindt 

veelal snelle uitscheiding door de nieren of degradatie door enzymen plaats. Om een gewenst 
therapeutisch effect te krijgen, zijn daarom veelal patiënt-onvriendelijke toedieningsmethoden 

nodig, zoals herhaaldelijke injecties of een infuus met eiwitoplossingen. Als alternatief voor deze 
behandelingen, kunnen eiwitten ook worden ingesloten in een hydrogel dat vervolgens dient als 

regulerend afgiftesysteem. Wanneer een dergelijke hydrogel wordt ingebracht in het lichaam, biedt 
het hydrogelnetwerk bescherming tegen enzymatische en/of chemische eiwitdegradatie, en 

tegelijkertijd worden de eiwitten op een gereguleerde en langdurige wijze afgegeven. In 
tegenstelling tot herhaaldelijke eiwitinjecties en/of infusen, hoeft een hydrogel beladen met een 

eiwit maar eenmalig te worden toegediend om toch een langdurig aanhoudende eiwitconcentratie 
in het lichaam en dus therapeutisch effect te bewerkstelligen. Bovendien kan de mate en snelheid 

van eiwitafgifte worden gestuurd door belangrijke eigenschappen van de hydrogel te variëren, 
zoals de vernettingsgraad, de concentratie en de chemische structuur van het polymeer. 

Naast hun gebruik als afgiftesysteem voor een breed scala aan geneesmiddelen, vervullen 
hydrogelen een belangrijke rol als dragermateriaal voor de ontwikkeling van kunstmatige weefsels 

en organen, een vakgebied dat vaak wordt aangeduid met de term ‘tissue engineering’. Gedreven 
door het nijpende tekort aan orgaandonoren en de daarmee gepaard gaande wachtlijsten, heeft dit 
onderzoeksveld zich de laatste twintig jaar snel ontwikkeld. Een vaak geopperde strategie die kan 

worden gebruikt om humane weefsels en/of organen te fabriceren, is het beladen van een 
synthetisch driedimensionaal dragermateriaal met cellen en (eventueel) biologische moleculen, 

zoals groeifactoren. In de tijd zullen de cellen zich vermenigvuldigen, terwijl het dragermateriaal 
geleidelijk wordt afgebroken, en doordat de cellen extracellulaire bestanddelen aanmaken, wordt 

een nieuw weefsel gevormd. Het dragermateriaal dient niet alleen voor hechting van groeiende 
cellen, maar zorgt met name in het beginstadium ook voor de benodigde stevigheid. Hydrogelen 

zijn interessante dragermaterialen, aangezien het hoge watergehalte zorgt voor een goede 
celcompatibiliteit en een gemakkelijke toevoer c.q. afvoer van cellulaire voedings- en afvalstoffen. 

Bovendien zijn veel hydrogelen op een instelbare manier afbreekbaar in het lichaam. Het 
hydrofiele karakter van de hydrogelbouwstenen bemoeilijkt echter de hechting van cellen aan het 

materiaal. Om dit te verbeteren zijn hydrogelen vaak gemodificeerd met specifieke celadhesie-
peptiden, zoals de veelvuldig gebruikte RGD-sequentie. 

Voor veel farmaceutische en biomedische applicaties, waaronder de hiervoor besproken 
toepassingen als afgiftesysteem voor eiwitten en als dragermateriaal voor de ontwikkeling van 

synthetische weefsels, moeten veel hydrogelen d.m.v. chirurgie worden geïmplanteerd. Om dit te 
voorkomen, vindt er tegenwoordig veel onderzoek plaats naar hydrogelen die kunnen worden 

geïnjecteerd in vloeibare toestand en pas worden gevormd op de plaats van toediening (in situ; 
Figuur 3). Hoewel in situ gelvorming in een aantal gevallen ook te bereiken is met chemisch 

gecrosslinkte hydrogelen, wordt tegenwoordig de voorkeur gegeven aan fysisch gecrosslinkte 
gelen, omdat de fysische interacties verantwoordelijk voor gelvorming onder bepaalde condities 

kunnen worden verbroken of gevormd. Voorbeelden van dergelijke condities zijn blootstelling aan 
mechanische krachten, verandering in temperatuur en de aan- en afwezigheid van organische 
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oplosmiddelen. Een veelgebruikte strategie om fysisch gecrosslinkte hydrogelen in situ te laten 
vormen, is door waterige oplossingen van twee complementaire polymeren te mengen, zoals bv. 

polymeren met respectievelijk positief en negatief geladen groepen. 
 

 
Figuur 3. Schematische weergave van een injecteerbare, in situ vormende hydrogel voor (in dit geval) gereguleerde 
eiwitafgifte. 

 

 

3. Overzicht van het proefschrift 
 
Dit proefschrift beschrijft de synthese en karakterisering van een nieuw type zelf-associërende 

hydrogelen gebaseerd op inclusiecomplexen tussen β-cyclodextrine (βCD) en cholesterol. Naast 
bestudering van structurele en fysisch-chemische hydrogel-eigenschappen, is tevens de 

toepasbaarheid van deze hydrogelen als gereguleerd afgiftesysteem van eiwitgeneesmiddelen 
onderzocht. 

 

Hoofdstuk 1 is een algemene introductie betreffende de eigenschappen en mogelijke 
farmaceutische c.q. biomedische toepassingen van hydrogelen. Tevens worden in dit hoofdstuk de 

doelen van het proefschrift uiteengezet. 
In Hoofdstuk 2 wordt een literatuuroverzicht gegeven van recent ontwikkelde CD-bevattende 

hydrogelen en andere polymeersystemen. De unieke eigenschap van CD’s om zogenaamde 
‘inclusiecomplexen’ te vormen met verschillende lipofiele moleculen en zelfs met polymeren 

wordt besproken. Verder worden de synthese en fysisch-chemische eigenschappen van deze 
systemen behandeld en wordt de bruikbaarheid van deze CD-bevattende polymeren systemen voor 

farmaceutische en biomedische doeleinden beschreven. De CD-bevattende polymeren systemen in 
Hoofdstuk 2 worden verdeeld in twee groepen: 1) chemisch gecrosslinkte hydrogelen, waar CD-

eenheden zijn geïntegreerd in de hydrogelstructuur, 2) fysisch gecrosslinkte systemen, zoals 
hydrogelen en zelf-associërende deeltjes, die worden gevormd t.g.v. inclusiecomplexen tussen 

CD’s en lipofiele moleculen (beiden vaak gekoppeld aan polymeren). Terwijl de eerste groep 
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systemen hoofdzakelijk CD’s bevatten om de belading en afgifte van hydrofobe moleculen te 

verbeteren, is de aanwezigheid van CD’s voor de tweede groep systemen in de eerste plaats 
cruciaal voor hun vorming. Het fysische karakter van deze tweede groep systemen zorgt voor een 

gevoeligheid voor specifieke impulsen uit de omgeving, zoals verandering van temperatuur, 
mechanische krachten of de aanwezigheid van competitieve CD-bindende moleculen. Dit maakt 

een groot deel van deze systemen mogelijk bruikbaar als injecteerbare, in situ vormende 
gelsystemen. 

Hoofdstuk 3 beschrijft een nieuw zelf-associërend hydrogelsysteem gebaseerd op 
inclusiecomplexen tussen β-cyclodextrine (βCD) en cholesterol. Twee polymeren met 

complementaire, fysisch interacterende groepen werden gesynthetiseerd door de ketenuiteinden 
van een 8-armig stervormig polymeer, poly(ethyleenglycol) (PEG8), chemisch te modificeren met 

uitsluitend βCD- of cholesterol-groepen. Hydrogelen werden gevormd wanneer beide 
gemodificeerde polymeren (PEG8-βCD en PEG8-cholesterol) werden gemengd in waterige 

oplossingen (zie Figuur 4).  
 

 
Figuur 4. Schematische weergave van het ontwikkelde PEG8-βCD/PEG8-cholesterol hydrogelsysteem. Een zelf-
associërend hydrogelnetwerk wordt gevormd door PEG8-βCD (A) en PEG8-cholesterol (B) beiden op te lossen in 
water. Optioneel kunnen deze hydrogelen beladen worden met eiwitgeneesmiddelen (C). 

 

Reologische metingen en 2D-NMR (1H) spectroscopische analyse toonden aan dat 
inclusiecomplexen tussen PEG8-gekoppeld cholesterol en βCD verantwoordelijk waren voor de 

hydrogelvorming. Reologiemetingen lieten verder zien dat de hydrogelen (op een reversibele 
manier) gevoelig waren voor veranderingen in temperatuur. De sterkste hydrogelen werden 

gevormd bij lage temperatuur, terwijl verhoging van de temperatuur leidde tot een verzwakking 
van de hydrogelen. Naast verandering van de temperatuur, konden de mechanische eigenschappen 
van de hydrogelen op verschillende andere manieren worden ingesteld, zoals door variaties in 

polymeerconcentratie, de relatieve hoeveelheid cholesterol- en βCD-groepen (stoichiometrie), en 
de molecuulmassa en/of de structuur van het stervormig PEG, of door toevoeging van vrij 
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adamantaancarboxylzuur, een concurrerende inclusiecomplex vormende verbinding. Deze goed 
gevulde ‘gereedschapskist’ om de sterkte van de hydrogelen te sturen wordt gezien als een groot 

voordeel voor mogelijke toekomstige toepassingen van de hydrogelen als 
geneesmiddelafgiftesysteem of celdragermateriaal. 

In Hoofdstuk 4 worden de netwerkeigenschappen van de hydrogelen verder onderzocht met 
behulp van reologiemetingen, waarmee de stromings- en mechanische eigenschappen van de 

hydrogelen kunnen worden bepaald. Dit gebeurt door een afschuifkracht uit te oefenen op 
hydrogelen met verschillende samenstellingen en oplopende polymeerconcentraties en de hierdoor 

veroorzaakte vervormingen van het materiaal te meten. De mechanische eigenschappen staan in 
direct verband met de structuur en dichtheid van het hydrogelnetwerk. De sterkste, viscoelastische 

gelen werden gevormd door de 8-armige polymeren, PEG8-βCD en PEG8-cholesterol, te 
combineren in waterige oplossing. In de gelen met hoge polymeerconcentraties bleken vrijwel alle 
βCD- en cholesterol-groepen inclusiecomplexen te vormen en bij te dragen aan het uiteindelijke 

hydrogelnetwerk. Bovendien speelden zogenaamde ‘entanglements’ bij polymeerconcentraties 
lager dan 20 gewichtsprocent geen rol in de hydrogelvorming. De meetresultaten werden 

vergeleken met bestaande reologische modellen, waaronder de modellen van Maxwell en Cates. 
De reologische eigenschappen van de PEG8-βCD/PEG8-cholesterol hydrogelen konden echter niet 

voorspeld worden door deze reologische modellen. Dit had te maken met de unieke stervormige 
structuur van de hydrogelcomponenten, waardoor het breken van een enkel βCD/cholesterol 

inclusiecomplex nauwelijks invloed heeft op de uiteindelijke netwerkstructuur. Door PEG8-βCD te 
combineren met lineaire PEG-cholesterol ketens i.p.v. (8-armig) PEG8-cholesterol, of door 4-

armige i.p.v. 8-armige polymeren te gebruiken, werd de complexiteit van de netwerken 
verminderd, wat resulteerde in een betere correlatie tussen experimentele reologiedata en 

voorspelde waarden m.b.v. het Maxwell en het Cates model. Tot slot werd aangetoond dat de 
temperatuurreversibiliteit (zoals reeds gezien in Hoofdstuk 3) van de PEG8-βCD/PEG8-cholesterol 

hydrogelen veroorzaakt werd door een afnemend aantal βCD/cholesterol inclusiecomplexen bij 
hogere temperaturen, met als gevolg een snellere relaxatie en beweeglijkheid van de 

polymeerketens. 
In Hoofdstuk 5 wordt de afbraak van de PEG8-βCD/PEG8-cholesterol hydrogelen evenals de 

afgifte van 3 modeleiwitten en een modelpeptide bestudeerd. Voor deze studie werden hydrogelen 
gebruikt met verschillende samenstellingen (polymeerconcentratie c.q. molecuulmassa PEG8) en 

mechanische eigenschappen. Degradatie van de hydrogelen bij 37 oC werd onderzocht door buffer 
toe te voegen aan een goed gedefinieerde hydrogelcylinder, waarna de zwelling en/of 

gewichtsafname van de hydrogel werd gevolgd in de tijd. Als extra controle werden de hydrogelen 
ook beladen met Dextran Blue, een zeer groot molecuul (molecuulmassa = 2 MDa), dat hierdoor 

immobiel is in het gelnetwerk en alleen kan worden afgegeven wanneer de hydrogel oplost. Na 
blootstelling van de hydrogelcylinder aan buffer, werd er eerst een zwellingfase waargenomen, 

waarna de hydrogelen geleidelijk in gewicht afnamen en uiteindelijk na meerdere dagen c.q. 
weken (afhankelijk van hydrogelsamenstelling) volledig oplosten. Gedurende dit proces werd een 
constante afname van het hydrogel-drooggewicht (de gezamenlijke massa van aanwezig PEG8-

βCD en PEG8-cholesterol) waargenomen tezamen met een constante afgifte van Dextran Blue. De 
mate van zwelling en gewichtsafname van de gelen kon tevens worden gestuurd door de 
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polymeerconcentratie en de molecuulmassa van de gebruikte PEG8. Deze resultaten tonen aan dat 

degradatie van de PEG8-βCD/PEG8-cholesterol hydrogelen hoofdzakelijk plaatsvindt door een 
oppervlakte-erosie mechanisme, waarbij de polymeren aanwezig in het grensvlak van de 

hydrogelcylinders dat contact maakt met de buffer geleidelijk oplossen. Zwellingskrachten die 
ontstaan t.g.v. de influx van water evenals de netwerkdichtheid van de hydrogelen spelen hierin 

een grote rol. 
PEG8-βCD/PEG8-cholesterol hydrogelen werden vervolgens beladen met drie modeleiwitten, 

lysozym, runderserumalbumine (BSA) en immunoglobuline G (IgG), en het (kleinere) 
modelpeptide bradykinine. Met behulp van zogenoemde ‘FRAP’-metingen werd de mobiliteit van 

lysozym en BSA in de hydrogelen bepaald. Hieruit bleek dat BSA volledig immobiel was in het  
hydrogelnetwerk en dat de mobiliteit van lysozym in de hydrogelen 16-300 keer lager was dan in 

buffer. Hieruit kon worden afgeleid dat de hydrogelporiën zeer klein zijn, namelijk tussen de 4,1 
en 7,2 nm (hydrodynamische diameter van respectievelijk lysozym en BSA). Na toevoegen van 

buffer aan de eiwitbeladen hydrogelen werden alle drie de eiwitten vrijwel constant afgegeven 
gedurende meerdere dagen tot weken. Door de experimentele afgiftedata te fitten aan 

mathematische eiwitafgifte-modellen werd aangetoond dat deze ‘nulde orde’ eiwitafgifte 
grotendeels afhankelijk was van hydrogel-afbraak door het oppervlakte-erosieproces. Een 

interessante waarneming was dat zelfs de afgifte van het relatief kleine peptide bradykinine, dat 
voornamelijk werd veroorzaakt door diffusie, bij hogere polymeerconcentraties ook gedeeltelijk 
afhankelijk was van het oppervlakte-erosieproces. Het op oppervlakte-erosie gebaseerde 

eiwitafgifte-mechanisme is voor hydrogelen uniek en kan een voordeel bieden voor toekomstige 
toepassingen.  

In Hoofdstuk 6 wordt een alternatieve methode gepresenteerd om zelf-associërende hydrogelen 
te vormen. In dit geval zijn de hydrogelen niet gebaseerd op een combinatie van de twee 

gemodificeerde polymeren PEG8-βCD en PEG8-cholesterol, maar wordt één van deze polymeren, 
namelijk PEG8-cholesterol (of een lineaire variant hiervan) gecombineerd met vrij (niet-

polymeergebonden) βCD. Met röntgendiffractie-metingen werd aangetoond dat vrij βCD in 
waterige oplossingen kristallijne nanodomeinen vormt. Wanneer PEG8-cholesterol en vrij βCD 

worden gemengd in waterige oplossing, dan worden naast de gevormde βCD-bevattende 
nanodomeinen tegelijkertijd inclusiecomplexen gevormd tussen βCD’s aan het oppervlak van deze 

nanodomeinen en PEG8-gebonden cholesterol. Uit reologische metingen bleek dat bijna volledig 
elastische hydrogelen gevormd werden, die ten minste tien keer sterker zijn dan de PEG8-

βCD/PEG8-cholesterol hydrogelen, zoals beschreven in andere hoofdstukken van dit proefschrift. 
Toevoeging van een overmaat monoamino-gemodificeerd βCD, dat geen kristallijne clusters 

vormt, maar wel inclusiecomplexen kan vormen met cholesterol, resulteerde in destabilisatie van 
de hydrogelstructuur. Ook het toevoegen van vrij adamantaancarboxylzuur, dat de PEG8-gebonden 

cholesterol-groepen uit de βCD-holtes kan verdringen, leidde tot een verzwakking van de 
hydrogelen. Beide waarnemingen tonen aan dat een combinatie van gevormde βCD-

nanodomeinen en inclusiecomplexen verantwoordelijk is voor hydrogelvorming. Evenals de 
PEG8-βCD/PEG8-cholesterol hydrogelen konden ook de mechanische eigenschappen van dit 

alternatieve hydrogelsysteem worden gemanipuleerd met behulp van een grote selectie van 
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parameters, zoals de temperatuur, de concentratie van zowel PEG8-cholesterol als βCD, en de 
molecuulmassa evenals de structuur van het gebruikte PEG8-cholesterol. 

Zoals eerder aangegeven, is het voor mogelijk toekomstige toepassingen belangrijk dat de 
hydrogelen kunnen worden toegediend in het lichaam zonder dat hiervoor invasieve chirurgie 

nodig is. Verder is het een vereiste dat de hydrogel na de therapeutische behandeling in het 
lichaam kan worden afgebroken en dat de ontstane degradatieproducten worden gemetaboliseerd 

en/of uitgescheiden, zodat ook voor het verwijderen van eventuele hydrogelresten geen 
chirurgische interventies nodig zijn. In Hoofdstuk 7 worden de PEG8-βCD/PEG8-cholesterol 

hydrogelen (besproken in de Hoofdstukken 3-5) getoetst aan deze belangrijke farmaceutische 
eisen. Naast het onderzoek naar de injecteerbaarheid van de PEG8-βCD/PEG8-cholesterol 

hydrogelen, is ook de chemische degradeerbaarheid van de hydrogelen en hun afzonderlijke 
componenten bestudeerd. Om een gel succesvol te injecteren is het van belang dat de 
hydrogel(bouwstenen) een voldoende lage viscositeit bezitten om toediening met injectiespuit c.q. 

naald mogelijk te maken. Als eerste werd met reologische experimenten het vloeigedrag van de 
PEG8-βCD/PEG8-cholesterol hydrogelen gesimuleerd tijdens blootstelling aan afschuifkrachten 

die ook ontstaan tijdens injectie. Door het aanbrengen van afschuifkrachten begonnen de 
hydrogelen zich te gedragen als een vloeistof. Na opheffing van deze krachten werd een 

gedeeltelijk herstel van de hydrogel-elasticiteit waargenomen, hetgeen suggereert dat deze 
hydrogelen zich na injectie zouden kunnen vormen op de plaats van toediening (in situ). Na deze 

simulatie werd de injecteerbaarheid van verschillende PEG8-βCD/PEG8-cholesterol hydrogelen 
getest. De hydrogelen werden hiervoor overgebracht in injectiespuiten met dunne (en dus patiënt-

vriendelijke) naalden (23 en 25 G), waarna werd getracht de hydrogelen door de naalden te 
drukken. Bij kamertemperatuur waren alleen de hydrogelen met polymeerconcentraties van 10 % 

of kleiner geschikt voor injectie. Door de hydrogelen in de injectiespuiten te verwarmen tot 37 oC 
of door hydrogel-verzwakkende additieven toe te voegen, zoals het relatief biocompatibele 

organisch oplosmiddel N-methylpyrrolidon (NMP) of monoamino-gemodificeerd βCD (een 
competitief cholesterol-bindend agens), konden echter ook hydrogelen worden geïnjecteerd met 

hogere polymeerconcentraties die na gelvorming betere mechanische eigenschappen vertoonden. 
Verschillende hydrogelformuleringen werden vervolgens geïnjecteerd in een visceuze calcium-

alginaat gel dat fungeerde als model voor een levend weefsel. Injecties van waterige PEG8-
βCD/PEG8-cholesterol mengsels met 20 % NMP of een overmaat aan monoamino-gemodificeerd 

βCD resulteerde in goed definieerbare hydrogelen, waarvan de vorm gedurende meer dan 2 weken 
constant bleef. Hieruit kan worden opgemaakt dat er in situ hydrogelen werden gevormd na 

diffusie van de hydrogelverzwakkende substanties in het weefselmodel.  
Daar de cholesterol- en βCD-groepen aan het 8-armige PEG zijn gekoppeld via een 

barnsteenzuur-verbinding, bevinden zich estergroepen tussen de PEG-ketens en de cholesterol- of 
βCD-groepen, die kunnen hydrolyseren. Door identieke hydrogelen in dichtgesmolten ampullen 

(om waterverdamping uit de hydrogelen tegen te gaan) te incuberen bij 37 oC en de mechanische 
eigenschappen in de tijd te volgen was het mogelijk inzicht te verkrijgen in de snelheid van de 
chemische hydrogel-degradatie. Het bleek dat de hydrogelen meer dan 2 maanden stabiel waren 

bij pH 7,4, terwijl de sterkte van de hydrogelen door incubatie bij pH 8,5 al na ongeveer 9 dagen 
was verdwenen. Dit gaf aan dat de chemische degradatie (hydrolyse) van de PEG8-βCD/PEG8-
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cholesterol hydrogelen een base-gekatalyseerd proces is. Er werden grote verschillen gevonden 

tussen de hydrolysesnelheden van de verschillende hydrogelcomponenten. De hydrolyse van de 
esters in PEG8-cholesterol (geëxtrapoleerde halfwaardetijd van ongeveer 20 jaar bij pH 7,4) was 

aanzienlijk langzamer dan die in PEG8-βCD (halfwaardetijd van 8 uur bij pH 7,4). Er kon dus 
worden geconcludeerd dat het tijdsafhankelijke verlies van de hydrogelsterkte hoofdzakelijk werd 

veroorzaakt door degradatie van PEG8-βCD. De hoge chemische stabiliteit van PEG8-cholesterol 
betekent dat voor succesvolle verwerking van deze hydrogelbouwsteen door het lichaam, 

uitscheiding via de nieren en/of afbraak door enzymen vereist is. 
In Hoofdstuk 8 wordt ingegaan op de in vivo (en uiteindelijk klinische) toepasbaarheid van de 

PEG8-βCD/PEG8-cholesterol hydrogelen. Allereerst zijn hiervoor mogelijke toxische effecten van 
de hydrogelbouwstenen op COS-7 cellen (gekweekte apenniercellen) bestudeerd. De cellen 

werden hiervoor 3 dagen geïncubeerd met oplossingen van hydrogelbouwstenen (bv. PEG8-βCD 
en niet-gemodificeerd PEG8). Terwijl de andere bouwstenen van de hydrogelen de groei en 

levensvatbaarheid van de cellen niet beïnvloedden, zorgde PEG8-cholesterol voor een kleine 
afname (18 %) in de groei van de cellen, waarschijnlijk veroorzaakt door het amfifiele karakter 

(hydrofobe cholesterol uiteinden + hydrofiele PEG-ketens) van dit polymeer. Ten tweede werd 
ook de invloed van weefsel- en serumcomponenten op de hydrogelstabiliteit bestudeerd. Hiervoor 

werden zwelling/gewichtsafname-studies (zoals ook gedaan in Hoofdstuk 5) uitgevoerd met 
fysiologisch relevante oplossingen i.p.v. alleen buffer. Het geleidelijke gewichtsverlies (door 
oppervlakte-erosie van de hydrogelen) werd in deze studies niet beïnvloed door aanwezigheid van 

runderserum, celkweekmedium en mogelijk inclusiecomplex-verstorende substanties, zoals L-
tyrosine, L-fenylalanine, en cholesterol-bevattende liposomen in het incubatiemedium. Hierdoor 

kan worden geconcludeerd dat weefsel- en bloedcomponenten aanwezig in het lichaam 
waarschijnlijk geen effect zullen hebben op de stabiliteit van de hydrogelen. 

De afbraak van de PEG8-βCD/PEG8-cholesterol hydrogelen werd vervolgens bestudeerd in vivo 
door hydrogelcylinders te implanteren onder de huid van een rat. Uit dit experiment bleek dat de 

hydrogelen ongeveer in vivo 10 keer sneller oplosten dan tijdens de zwelling/gewichtsafname-
studies beschreven in Hoofdstuk 5. Deze snelle erosie van de hydrogelen in vivo was ten eerste te 

verklaren door verschillen in de experimentele condities. In vivo is bijvoorbeeld een veel groter 
hydrogeloppervlak direct blootgesteld aan lichaamsvloeistoffen, waardoor er dus ook een groter 

oppervlak erodeert. Ook eventuele uitgeoefende krachten op de hydrogelen (bv. door bewegingen 
van het dier) en de hoge mate van vloeistofverversing onder de huid van de rat, hebben 

waarschijnlijk bijgedragen aan de snelle afbraak van de hydrogelen in vivo. Ofschoon de 
hydrogelcomponenten niet of nauwelijks toxisch zijn en de stabiliteit van de hydrogelen niet wordt 

beïnvloed door aanwezige moleculen in het lichaam, wordt de farmaceutische en biomedische 
toepasbaarheid van de hydrogelen op dit moment aanzienlijk bemoeilijkt door de beperkte 

hydrogelstabiliteit in vivo. Na een samenvatting van dit proefschrift worden daarom in   
Hoofdstuk 9 o.a. voorstellen gedaan om de in vivo stabiliteit te verbeteren. Tevens worden andere 

belangrijke aspecten m.b.t. de toekomstige toepasbaarheid van de hydrogelen bediscussieerd. 
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4. Conclusie 
 
Dit proefschift beschrijft de ontwikkeling van fysisch vernette hydrogelen die worden gevormd 

door βCD/cholesterol inclusiecomplexen. Door de combinatie van goed controleerbare hydrogel-

eigenschappen, hoge hydrogelsterktes (zelfs bij lichaamstemperatuur), het unieke eiwitafgifte-
mechanisme, mogelijke injecteerbaarheid, en opbouw uit biocompatibele en makkelijk 

verkrijgbare componenten, zijn deze hydrogelen veelbelovende systemen voor toekomstige 
farmaceutische en biomedische toepassingen. Na optimalisatie (van met name de in vivo 

stabiliteit) zou dit nieuwe type hydrogelen succesvol kunnen worden gebruikt als injecteerbare 
depots voor gereguleerde, langdurige afgifte van eiwitgeneesmiddelen of voor de ontwikkeling 

van biomaterialen voor de regeneratie van weefsels. 
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Dankwoord 
 
Eindelijk is het dan zover! Na 4 jaar hard werken is het uitkomen van mijn proefschrift een feit! 

Een promotieonderzoek doe je echter nooit helemaal alleen en vereist de steun en hulp van 
anderen. Tijdens mijn onderzoek was dit niet anders en hebben veel mensen allemaal op hun eigen 

manier een bijdrage geleverd aan het tot stand komen van dit boekje. Deze laatste pagina’s van het 
proefschrift wil ik dan ook gebruiken om deze mensen ontzettend te bedanken.  

 
Laat ik beginnen mijn dank te betuigen aan de mensen van de vakgroep waar ik al die jaren met 

veel plezier werkzaam was, namelijk de afdeling Biofarmacie en Farmaceutische Technologie. 
Allereerst wil ik mijn promotor Wim Hennink van harte bedanken. Wim, naast je enorme 

hoeveelheid kennis t.a.v. het vakgebied, word je gekenmerkt door een directe manier van 
communiceren, een enorme gedrevenheid en optimisme (zelfs bij onverwachte resultaten). 

Ondanks dat ik niet je enige aio was (toch wel een understatement!), wist je altijd tijd vrij te 
maken om dingen te bespreken en werden manuscripten in recordtijden becommentarieerd. Ik heb 

veel van je geleerd en je hebt mij absoluut gevormd tot een nog () betere wetenschapper. Ook 
mijn co-promotoren Rene van Nostrum en Tina Vermonden wil ik bedanken voor hun kritische 

kijk op de inhoud van mijn proefschrift en de hulp tijdens het promotietraject. Ik kon bij jullie op 
ieder moment binnenlopen om zaken te overleggen. Tina, via deze weg wil ik je (alvast) van harte 
feliciteren met de geboorte van je eerste kindje!  

Naast bovengenoemde begeleiders heb ik ook veel steun gehad van collega’s in het lab. Toen ik 
in 2005 als ‘broekie’ begon te werken als aio, kreeg ik een bureau in lab Z.611 (later zijn we 

verhuisd naar Z.609). Eén ding kon je van dit lab in ieder geval zeggen: het was supergezellig! 
Achteraf was dit niet zo vreemd met labgenootjes als Niels, Najim, Albert, Sophie, Marion, 

Nataša, Laura, Abdul, Albert (de lange versie) en Markus. Naast dat we elkaar hielpen met onze 
onderzoeken, konden we ook goed met elkaar ‘ouwehoeren’ over van alles en nog wat. Bedankt 

voor de leuke tijd! Niels, wij zijn rond dezelfde periode begonnen als aio en voor ons allebei zit 
het er nu op. We hebben elkaar aan het eind van de rit er zeker doorheen gesleept. Ik denk dat onze 

gezamenlijke opsluiting in het beruchte ‘schrijfhok’ (Z.731) achteraf is meegevallen, maar 
wellicht komt dat door onze ‘romantische’ dinertjes in het Wentgebouw met overheerlijke 

magnetrongerechten! Ik heb veel waardering voor je positieve en sociale levensinstelling, en hoop 
ook zeker dat we na onze promoties met elkaar in contact blijven. Tot slot bedankt dat je de taak 

als mijn paranimf hebt aanvaard. Een prima gelegenheid om een beetje te oefenen voor jouw 
promotie (5 dagen later)! Najim, jij hebt een half jaar ‘voor mij’ gewerkt als analist. Je had altijd 

plezier op de afdeling, was recordhouder glaswerkslopen, maar verrichtte tegelijkertijd ook 
ontzettend veel werk. Dit blijkt wel uit jouw twee coauteurschappen. We moeten gauw maar eens 

een biertje doen. Hé, toevallig is er woensdag 16 december een feestje! Ons lab is altijd het 
domein geweest van veel studenten, die bij één van de bovengenoemde aio’s hun hoofd- of 

bijvakstages kwamen lopen. Twee van deze studenten, Martin en Evan, hadden het geluk () om 
bij mij hoofdvakstage te lopen. Martin, door de doorbraken tijdens jouw project is mijn aio-

periode in een stroomversnelling geraakt. Ik wil je nogmaals bedanken voor de inzet en wens je 
veel succes toe tijdens je verdere loopbaan. Evan, ondanks dat jouw (ambitieuze) 
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onderzoeksproject (nog) niet tot het ultieme resultaat heeft geleid, ben je wel een heel eind 
gekomen en hebben we er allebei heel veel van geleerd. Verder veel geluk toegewenst samen met 

je kersverse bruid! 
Naast mijn eigen lab, zwierf ik ook vaak rond in het ‘prof. van Steenbergen-laboratorium’ 

oftewel lab Z.605. Deed ik dat niet om glaswerk en chemicaliën te ‘lenen’, dan was het wel om 
hulp/tips te vragen of om gewoon een praatje te maken over van-alles-en-nog-wat. Aanvankelijk 

was dit lab vooral het domein van de nooit chagrijnige ‘transfectie-koning’ Martin Lok en de twee 
‘die hard’ organisch chemici Mark en Jan Willem. Martin, bedankt voor het organiseren van de 

volleybaltoernooien en trainingen! De heren Mark en Jan Willem wil ik graag bedanken voor het 
geven van tips/hulp tijdens mijn polymeersyntheses. Later werd dit lab overspoeld door veel 

nieuwe collega’s, zoals Chantal, Femke, Helma, Amir G. (‘Ghassie’), Rolf, Marina, Amir V., Roel 
en Hajar. Mensen, bedankt voor de gezelligheid! Zoals de bijnaam van dit lab al doet vermoeden, 
was er in lab Z.605 echter maar één ‘opperbaas’, namelijk Mies van Steenbergen. Later vormde hij 

samen met Roel het ‘circusduo’ in Z.605! De hele 6de verdieping kon vaak meegenieten van hun 
‘acts’. Mies, als jij nog eens moet worden vervangen bij de afdeling Biofarmacie, dan is hiervoor 

een zuiver zingende, multifunctionele aio-wegwijzer-robot nodig met kennis over farmaceutische 
analysetechnieken, UU procedures én de bereiding van oer-Hollandse erwtensoep! Roel, op jouw 

kwaliteiten ga ik niet verder in……(hier zit namelijk een luchtje aan…). Bedankt voor je 
ondersteuning bij de XTT en LDH assays!  

Nog steeds heb ik niet al mijn (ex-)Biofarmacie-collega’s bedankt. Laat ik met de volgende lijst 
toch maar eens een poging wagen: Adrienne, Alex, Barbara, Bart, Birgit, Cor, Cristianne, Daan, 

Ebel, Ellen, Emmy, Enrico, Ethlinn, Eveline, Femke, Frits, Gert, Hamed, Herre, Holger, Huub, 
Inge, Joost, Jordy, Joris, Karin, Lidija, Lise, Louis, Maarten, Manuela, Marc, Marcel, Maria, 

Marieke, Marjan, Martin (Lok), Maryam, Medha, Melody, Miranda, Myrra, Naushad, Peter, 
Pieter, Raymond, Robbert Jan, Roberta, Roy, Sabrina, Stefan, Suzanne, Sylvia, Twan, Vera, 

Willemiek, Wouter, Yu Ling, Xulin en de mensen van onderwijs (Martha, de glazen ampullen 
hebben goed gewerkt!)  Allemaal bedankt voor de tips, hulp en interessante c.q. leuke 

gesprekken!  
 

Tijdens mijn aio-periode heb ik ook samengewerkt met veel mensen buiten de vakgroep. Zo wil 
ik graag Johan Kemmink van ‘onze buren’, de vakgroep Medicinal Chemistry and Chemical 

Biology, bedanken voor zijn hulp met de 2D NMR spectroscopie voor Hoofdstuk 3 en Loes 
Kroon-Batenburg van de afdeling Crystal and Structural Chemistry (in het Kruytgebouw) voor de 

röntgendiffractiemetingen voor Hoofdstuk 6. Ook wil ik de mensen van OctoPlus N.V., in het 
bijzonder Leo de Leede, Ruud Verrijk, Karin Vlugt-Wensink, Roelie Kingma, Delphine Ramos,  

Bas Kremer en Marie-Andrée Yessine bedanken voor hun interesse en waardevolle input tijdens 
onze besprekingen. Een aantal samenwerkingen reikte zelfs buiten de eigen landsgrenzen. Zo wil 

ik graag mijn waardering uitspreken over de manier waarop ik ben ontvangen door prof. dr. 
Stefaan De Smedt en prof. dr. Kevin Braeckmans aan de Universiteit Gent. Bedankt voor de 
gastvrijheid en de hulp tijdens de FRAP-metingen. Kevin, we hadden veel geduld nodig (de 

eiwitten in mijn gelen waren niet echt mobiel….), maar zoals wel duidelijk is uit Hoofdstuk 5 was 
dit het zeker waard! Ingrid Haist and Patricia Schropp of BSL Bioservice Scientific Laboratories 
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GmbH in Germany are also gratefully acknowledged for their assistance with the in vivo 

experiment (described in Chapter 8). 
 

Tijdens mijn onderzoek zijn het niet alleen maar collega-wetenschappers geweest die mij 
hebben gesteund. Zonder het misschien te weten zijn veel andere mensen erg belangrijk geweest 

voor het succesvol afronden van mijn aio-tijd. Tijdens de vier jaar onderzoek in Utrecht heb ik 
rond de 100000 km afgelegd met de trein. Ondanks dat ik deze treinreizen in de toekomst absoluut 

niet ga missen (en vooral niet het gemiddelde half uurtje vertraging per week), wil ik toch de 
mensen van de NS bedanken die ervoor gezorgd hebben dat ik ’s ochtends altijd weer zonder 

filestress aanwezig kon zijn in het Wentgebouw.  
 

Voor de broodnodige ontspanning naast het werk waren daar mijn familie en vrienden, die 
eigenlijk altijd al de meest belangrijke steunpilaren in mijn leven zijn geweest. Pap en mam, 

ondanks dat de laatste jaren voor jullie niet gemakkelijk zijn geweest en er veel is veranderd, zijn 
jullie mij blijven steunen en was er altijd begrip. Ik weet zeker (en merk nu eigenlijk al) dat jullie 

nu allebei betere tijden tegemoet gaan! Dennis (mijn ‘kleine’ broertje) en Natasja (mijn zussie), 
ook voor jullie is er veel gebeurd, maar dat heeft jullie er niet van weerhouden jullie ambities na te 

streven. Ik ben erg trots op jullie en zal er altijd voor jullie zijn. Dennis, een vaste baan bij een 
bank (gelukkig de ‘boeren’-bank en niet DSB!) weten te bemachtigen in crisistijd is een hele 
prestatie. Even wat anders….het wordt trouwens wel tijd dat ik je weer eens ‘kloppie’ geef met 

Pro! Natas, hierbij nogmaals gefeliciteerd met je P en ga zo door. Ik denk dat je huidige opleiding 
perfect past bij zo een sportverslaafde als jij! Johan, Robert alias ‘Pino’, Martijn alias ‘Tinus’, 

Martijn Bak oftewel ‘Bak’, Niels, Tommy en andere IDMA leden: bedankt voor de leuke avonden 
met veel bier, voetbal, poker, TIF, poolen, schaatsen, films en wat we nog meer allemaal 

bedachten! Het heeft mij zeker geholpen mijn gedachten tijdelijk van het onderzoek af te leiden. 
Natuurlijk waren de succesvolle uitjes naar Praag en Dublin de slagroom op de taart! Johan, ik had 

bij jouw huwelijk met Anneloes de grote eer om aan te treden als één van jouw getuigen. Door jou 
paranimf te laten zijn tijdens mijn openbare verdediging, kan ik nu eindelijk wat terugdoen!  

 
Tot slot wil ik mijn lieve Luciana in het zonnetje zetten. Twee jaar geleden is het ons eindelijk 

gelukt. Eindelijk was daar ons eigen huisje in Haarlem! Tot op de dag van vandaag ben ik nog 
steeds superblij dat we samenzijn! Luce, voor jou was het allemaal niet gemakkelijk. Als enige 

heb jij soms echt ‘last’ gehad van mijn onderzoek! Terwijl jij een echte levensgenieter bent en 
houdt van gezelschap, kwam ik bijvoorbeeld vaak laat thuis…. (tsja, ik had er zelf voor gekozen 

om helemaal in Utrecht te gaan werken…..). Ondanks alles ben je er toch altijd voor mij geweest, 
toonde je begrip en gaf je mij de onvoorwaardelijke steun die ik nodig had. Ik hou van je en we 

gaan absoluut een geweldige tijd tegemoet daar aan de andere kant van de wereld! 
 

Frank 
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