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ABSTRACT 
 

Currently, therapeutics delivery relies heavily on systemic oral or intravenous administration to the 

patient. To reduce off-site effects and possible premature degradation of the therapeutics, drug delivery 

platforms are being engineered to enable local, sustained and controlled delivery of therapeutics. 

Hydrogels have shown their potential as drug delivery platforms because of their biocompatibility, high 

water content, and ease of therapeutic encapsulation. To allow for simple administration, physical 

hydrogels leveraging supramolecular interactions as crosslinks are promising. Indeed, the reversible 

interactions forming the polymer network enable local injection. Of interest, polymer–nanoparticle 

(PNP) hydrogels are a class of injectable nanocomposite based on reversible interactions between 

polymer and nanoparticles, which have sown potential drug delivery platforms. Current design of PNP 

hydrogels is, however, limited to few supramolecular motifs and our understanding of the impact of the 

crosslinking interactions on the macroscopic properties of the hydrogels is incomplete. In this thesis, we 

expanded our understanding of how to leverage supramolecular interactions for the rational design of 

modular nanoparticulate hydrogels by relating molecular interactions, microarchitecture and mechanical 

properties. We first leveraged a simple supramolecular motif based on α-cyclodextrin (αCD) for the 

reinforcement of PNP hydrogels. The simple addition of αCD resulted in a concentration dependent 

increase in mechanical properties through increased polypseudorotaxane formation. Furthermore, the 

supramolecular motif resulted in increased nanoparticle–nanoparticle interactions, enabling the 

decoupling of the mechanical properties from the building blocks, allowing the use of interchangeable 

building blocks from a wide range of biopolymer and nanoparticles. Nonetheless, the origin of the 

emerging mechanical properties of PNP hydrogel remained poorly described. Building upon this 

strategy, we engineered a PNP hydrogel using host–guest crosslinks for the investigation of the impact 

of the supramolecular interactions that form the network on the macroscopic properties of the system. 

By combining molecular analysis with rheological characterization, we shed light on several underlying 

mechanisms governing the emergence of the macroscopic properties of PNP hydrogel. Namely, we 

elucidated the dominant contribution of nanoparticles in network formation, while the polymer mostly 

provided the required viscosity for gelation. In addition, we leveraged fluorescent and super resolution 

optical microscopy for the visualization of PNP hydrogel microstructure. We were able to resolve the 

nanoparticle distribution and investigated the impact of αCD addition on the microarchitecture of the 

hydrogel. Lastly, we incorporated responsive interactions in the design of a nanogel drug delivery system 

for the selective delivery of therapeutics upon internalization of the nanocarrier. Through rational 

chemical design, coupling to protein could be achieved in mild aqueous condition while enabling the 

chemical-free release of the therapeutic upon exposure to a biological stimulus.  Overall, we investigated 

and leveraged supramolecular and responsive interactions for the design of nanoparticulate-hydrogels 

targeted to drug delivery application. This work advances the field of supramolecular hydrogel design 

by creative utilization and extended understanding of the impact of supramolecular interaction on the 

micro and macro scale properties.  
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RÉSUMÉ 
 

Actuellement, la prise de médicaments repose en grande partie sur une administration systémique par 

voie orale ou intraveineuse. Afin de réduire les effets non ciblés et une éventuelle dégradation 

prématurée des produits thérapeutiques, des biomatériaux sont développés pour permettre une 

administration locale, soutenue et contrôlée des thérapeutiques. Les hydrogels ont montré leur potentiel 

pour le relargage de médicaments grâce à leur biocompatibilité, leur teneur élevée en eau et leur facilité 

à encapsuler les principes actifs. Les hydrogels supramoléculaires exploitant des interactions non 

covalentes comme point de réticulations, permettent une injection locale et ciblée. Les hydrogels 

polymère-nanoparticule (PNP) sont une classe de nanocomposites injectables basés sur des interactions 

réversibles entre polymère et nanoparticules. Ils ont été utilisés pour la conception de plates-formes 

d'administration de médicaments, de matériaux imprimables en 3D ou pour des applications en 

ingénierie tissulaire. Cependant, le design des hydrogels PNP reste limité par un nombre restreint de 

motifs supramoléculaires et par une compréhension limitée de l’impact des structures moléculaires sur 

les propriétés macroscopiques des hydrogels. Dans cette thèse, nous avons exploité des interactions 

supramoléculaires pour la conception rationnelle d'hydrogels nanoparticulaires en étudiant les liens entre 

les interactions moléculaires, la microarchitecture et les propriétés mécaniques. Premièrement, nous 

avons exploité un motif supramoléculaire basé sur l’α-cyclodextrine (αCD) pour le renforcement des 

hydrogels PNP. L’addition d’αCD entraîne une augmentation des propriétés mécaniques dépendante de 

la concentration, via la formation de polypseudorotaxanes. De plus, le motif supramoléculaire renforce 

les interactions nanoparticules-nanoparticules, permettant le découplage des propriétés mécaniques du 

choix des éléments constitutifs du système (biopolymères et nanoparticules). Dans le but d’élucider 

l’origine des propriétés des hydrogels PNP, nous avons conçu un réseau mobilisant des complexes dit « 

host–guest » comme points de réticulation. En combinant une analyse moléculaire avec une 

caractérisation rhéologique des hydrogels, nous avons interprété certains des phénomènes gouvernant 

les propriétés macroscopiques des hydrogels PNP. Nous avons attribué la gélation des réseaux 

polymériques principalement aux nanoparticules, tandis que le polymère augmente la viscosité de la 

solution nécessaire à la formation d’un gel. Par ailleurs, nous avons exploité des techniques de 

microscopie optique (fluorescence et super résolution) pour visualiser la microstructure des hydrogels 

PNP. Nous avons observé la distribution des nanoparticules dans l'hydrogel et étudié l'impact de l'ajout 

d'αCD sur la microarchitecture des hydrogels. Enfin, nous avons exploité des liaisons dégradables 

exclusivement en milieu intracellulaire pour concevoir des nanogels permettant la libération sélective et 

sans altération de médicaments. En conclusion, nous avons étudié et exploité des interactions 

supramoléculaires et dégradables pour concevoir des hydrogels nanoparticulaires pouvant servir de 

plateformes de relargage de médicaments. Cette thèse fait progresser le design des hydrogels 

supramoléculaires grâce à une utilisation créative et une compréhension approfondie de l’impact des 

interactions supramoléculaires sur les propriétés des hydrogels aux échelles micro- et macroscopiques.  
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INTRODUCTION 

MOTIVATION 

A major focus in the field of medicine is the development of new therapeutics to address current 

challenges in healthcare. As a result, many therapeutics are undergoing clinical trials and progressing 

toward approval and clinical use.1 On the other hand, there has been less advances in the administration 

of commercial therapeutics, where the primary modes of administration remain bolus and systemic 

application via oral or intravenous administration.2,3 As a result, therapeutic efficiency is often impeded 

by off-target effects and/or early degradation of the therapeutics.3 As such, repeated administration of 

therapeutics at high dosage can be required to enable sufficient delivery at the site of interest over 

extended periods of time.4 To tackle the current limitation of therapeutic delivery, biomaterials research 

has focused on the development of delivery platform enabling continuous release and efficient delivery 

at the site of interest.5 

Hydrogels are water swollen polymer networks that have been widely used as drug delivery platform 

due to their high biocompatibility, resemblance to the extracellular matrix, and ease of therapeutic 

encapsulation.6 Indeed, therapeutics can be encapsulated in the hydrogel matrix, enabling controlled and 

continuous release of the therapeutics in the hydrogel surroundings.7 Tuning the polymer network of the 

hydrogel further enables control over the release of the therapeutics through changes in the release 

timing and kinetics (e.g., diffusion, degradation).8 The use of covalently cross-linked hydrogels 

however, substantially restrict their administration by requiring surgical implantation of the material to 

enable local release at the site of interest. 

Physical hydrogels based on non-covalent or supramolecular interactions have enabled the design of 

injectable hydrogels capable of local and minimally invasive administration.9 Their injectability relies 

on the reversible interactions that form the hydrogel network. Upon the application of an external stress 

the interaction can break—allowing for shear-thinning—and upon release reform—enabling self-

healing or elastic recovery.10 A wide range of supramolecular interaction, such as hydrogen bonding, 

hydrophobic interactions, host–guest complexation, and electrostatic interactions, have been 

investigated for the design of injectable hydrogels.11–14 Proper tailoring and understanding of the 

supramolecular interactions enable rational design of hydrogels tailored for select applications. 

Polymer–nanoparticle (PNP) hydrogels are a class of nanocomposite hydrogels that are useful as dual 

drug delivery systems, 3D bioinks, vaccine delivery platforms, and immune cell recruitment 

platforms.15–18 The formation of PNP networks relies on reversible interactions between polymers and 

nanoparticles. Their current design is however limited to a few, select supramolecular interactions, 

restricting the pool of building blocks to choose from and the range of accessible mechanical properties 

available.18–20 Further, the current understanding as to how the underlying interactions correlate to the 

https://sciwheel.com/work/citation?ids=4909009&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=15398220,8055194&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=8055194&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=16159777&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1150084&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=4612623&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=14202749&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=4122469&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=8620117&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=6317313&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=3984893,14202688,14202735,14202698&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=11612420,9648417,9648418,964863&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=964863,14202677,15238257&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
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material microstructure and emergent macroscopic properties remains poor. Expanding our 

understanding of how to leverage supramolecular interactions for PNP hydrogel design would advance 

the rational design of the hydrogels for biomedical applications. Further, this work provides a more 

general insight on supramolecular interactions for hydrogel design through creative utilization and 

extended understanding of their impact on the micro and macro scale properties.  

THESIS OVERVIEW 

The goal of this thesis is to investigate how supramolecular and responsive interactions can be leveraged 

for the design of modular and responsive nanoparticle-based hydrogels targeting drug delivery 

applications. On the one hand, the thesis focuses mainly on supramolecular interactions as structural 

components in the hydrogel network formation and, on the other hand, on leveraging responsive 

interactions to enable triggered release of therapeutics. 

Chapter 1 reviews existing strategies for leveraging supramolecular interactions in the design of 

hydrogels for drug delivery. We first focus on the incorporation of supramolecular interactions as 

structural components in the hydrogel design to form responsive, self-assembling, and injectable 

hydrogels. In a second part, we focus our interest on the use of supramolecular interactions for tailoring 

the drug–matrix affinity to improve control over the drug loading, kinetics, and targeting. This highlights 

some of the primary chemical strategies and potential of how supramolecular interactions can be used 

improve current strategies in both material design and drug delivery.  

In Chapter 2, we describe the supramolecular reinforcement of PNP hydrogels using α-cyclodextrin 

(αCD) as a supramolecular additive. PNP hydrogels are a promising class of injectable nanocomposite 

biomaterials relying on reversible interactions between polymers and nanoparticles. Their design is, 

however, currently limited in the range of attainable mechanical properties and a small pool of building 

blocks. To tackle those limitations, we leverage αCD as a supramolecular additive for the reinforcement 

of PNP hydrogel through the formation of polypseudorotaxanes. The addition of the supramolecular 

host enables concentration-dependent reinforcement of the mechanical properties of the material, while 

retaining its injectable character. Further, the introduction of the additional supramolecular motif 

decouples the mechanical properties from the building blocks used. Indeed, the mechanical properties 

of the material showed non-significant changes with exchange of the polymer or nanoparticle, allowing 

the use of a range of biopolymers and PEGylated nanoparticles for the design of bioinks, conductive 

materials, and magnetically responsive hydrogels. 

In Chapter 3, we aim to elucidate aspects of the underlying mechanisms governing the emergence of 

the macroscopic mechanical properties of PNP hydrogels. For this purpose, we synthesize a PNP 

hydrogel using host–guest complexes based on βCD as crosslinking interaction. We analyze the building 

blocks of the system using isothermal titration calorimetry, showing an increase in binding strength upon 

functionalization of polymer chains while decreasing the effective number of host or guest molecules 

available for binding. Using the determined host and guest availability, we relate the viscoelastic 
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properties, the building block concentration, and the stoichiometry of the host–guest interactions. 

Overall, this chapter leverages chemical design and characterization of the building block of PNP 

hydrogel to uncover fundamental relationships between molecular interactions and macroscopic 

properties in PNP hydrogels. 

In Chapter 4, we leverage super resolution optical microscopy techniques to resolve the microstructure 

of PNP hydrogels. Through the integration of fluorescent labels in the nanoparticle formation, the 

nanoparticle distribution in the sample is resolved, enabling the visualization of a porous network-like 

distribution of the nanoparticles. Further, the changes in mechanical properties observed upon addition 

of αCD could be associated to formation of nanoparticle cluster in the network, likely related to 

increasing jamming and therefore increased mechanical properties. This chapter provides a solution to 

resolve the microstructure of hydrogels and advance the understanding of structure–property 

relationships in PNP hydrogels. 

Chapter 5 focuses on the design of a redox-responsive nanogel system for the intracellular delivery of 

therapeutic. For this purpose, we fabricate a nanogel system with covalent attachment of the cargo to 

the nanogel using a responsive linker with triggered degradation upon internalization by cells. We first 

design a linker based on self-immolative disulfide bonds that can be reduced in the presence of GSH. 

The self-immolative character of the linker allows modification-free release of the therapeutic. Further, 

rational design of the linker enables coupling to proteins in mild phosphate buffer condition. After 

coupling to the nanogel, the linker provides responsive release of a model protein when exposed to 

glutathione (GSH) concentrations similar to those in cytosol of liver cells. Overall, in this work we 

engineer a simple nanocarrier system showing promise as nanocarriers for intracellular drug delivery.  

We then conclude the thesis by providing an outlook on the future of PNP hydrogels and future directions 

of the ongoing projects. In particular, we will further develop the visualization of the hydrogel 

microstructure and investigate the impact of nanoparticle interactions on the hydrogel mechanical 

properties. Overall, this Thesis investigates the use of supramolecular and responsive interactions for 

the design of injectable hydrogels for drug delivery. 
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CHAPTER 1 

 

SUPRAMOLECULAR ENGINEERING OF 

HYDROGELS FOR DRUG DELIVERY 

 

SUMMARY Supramolecular binding motifs are increasingly employed in biomaterials design. The 

ability to rationally design specific yet reversible associations into polymer networks with 

supramolecular chemistry enables injectable or sprayable hydrogels that can be applied via minimally 

invasive administration. Further tailoring select supramolecular binding motifs in the hydrogel matrix 

enables tuning of the rheological behavior of the materials, such as shear-thinning and self-healing 

behavior, suitable for application via narrow diameter syringes or catheters. Additionally, the 

incorporation of therapeutics in the hydrogel and release from the materials can be improved via 

supramolecular design of drug–matrix affinity. 

This chapter is reproduced with minor changes from: S. Bernhard and M. W. Tibbitt Adv. Drug Delivery 

Rev. 2021, 171, 240-256 DOI: 10.1016/j.addr.2021.02.002. AUTHOR CONTRIBUTIONS: SB and 

MWT conceived the idea and wrote the manuscript.  
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1.1. INTRODUCTION 

Medical care has advanced with the discovery and development of new therapeutic modalities.21
 

However, a developed therapeutic is not inherently effective—drug efficacy depends on proper 

administration and use.5 Many conventional therapeutics are administered orally or intravenously, which 

can introduce limits to their efficacy as the molecules have to pass multiple biological barriers and resist 

degradation in a variety of chemical environments.3 In addition, the high dosage or repeat administration 

required to achieve therapeutic benefit can result in off-target effects or toxicity.22 Finally, poor 

adherence to traditional orally-administered therapeutics can also lead to insufficient clinical 

outcomes.23 Therefore, efforts have focused on developing strategies to localize therapeutics to the target 

site and to control their release (or local concentration) over time, with the aim of increasing efficacy 

while limiting off-target effects.24,25  

In recent years, a major focus of targeted therapeutics has been on the development of multifunctional 

nanotechnologies—including polymeric or lipid nanoparticles, dendrimers, magnetic nanoparticles, and 

polymersomes / liposomes—that are able to accumulate at or target specific regions of the human body 

and release therapeutics in a controlled manner.24–26 For example, BIND-014, a docetaxel containing 

polymeric nanoparticle developed to target and treat prostate tumors, recently completed a Phase II 

clinical trial.27 Despite these advances, precise local administration of therapeutics remains a challenge 

as most technologies rely on systemic administration and encounter problems, including aggregation in 

the blood stream, low rates of target accumulation, or unwanted accumulation of the nanocarrier in the 

liver (mononuclear phagocyte system).28–31 One opportunity to extend the scope of local therapy is 

through the design of injectable or sprayable materials that can be applied directly at the site of interest 

to form a depot that controls molecule release locally.32–34 Within this framework, moldable hydrogels, 

formed via reversible interactions between associating building blocks, have been explored as platforms 

for drug delivery, offering minimally invasive administration and compatibility with the local tissue.35  

Hydrogels are hydrophilic polymer networks that are swollen with a large volume fraction of water or 

biological fluid.7 Engineered hydrogels have been of specific interest in the biomedical field since their 

introduction by Wichterle and Lim, as the physical and biochemical properties of hydrogels can be 

tailored to mimic those of native biological tissues.36–39 Throughout the years, macromolecular design 

and engineering of hydrogels has evolved to enable versatile and tunable properties as well as stimuli-

responsive behavior.6 Hydrogels are now broadly applied in the biomedical sciences for cell recruitment, 

wound healing, tissue engineering, and drug delivery.40  

Traditionally, hydrogels are formed via the formation of covalent bonds between constituent polymer 

chains or monomers forming permanently cross-linked polymer networks.41 On account of the fixed 

network topology, these networks are difficult to process and often cannot be applied after formation 

without surgical intervention or the use of large diameter needles. In some cases, permanently cross-

linked hydrogels have been formulated for less invasive application by generating micron-scale gel 

https://sciwheel.com/work/citation?ids=4617755&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1150084&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=8055194&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=2088192&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=14202741&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=14202743,5966235&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=14202743,5966235,12175128&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=6453247&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=14202746,1396549,520952,14202747&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=14202725,1476615,6122215&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=9167077&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=14202749&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=4485352,14202694,14202693,14202692&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=4612623&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=330318&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=14202765&pre=&suf=&sa=0&dbf=0
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particles or as injectable cryogels.42,43 As an alternative, in situ forming hydrogels and moldable 

hydrogels have been explored as the rheology of these materials enables injection through narrow 

diameter needles or catheters for minimally invasive administration at the site of interest.44 In these 

cases, the injectable material exists as a depot following application, which can control the release of 

one or more encapsulated therapeutics.45,46 Injectable drug delivery systems have been applied for 

regeneration of bone, cartilage, and cardiac tissues by delivering therapeutics and/or cells directly to the 

damaged tissues.47,48  

One of the key enabling tools that has accelerated the development of injectable hydrogels for drug 

delivery applications is the introduction of supramolecular chemistry in hydrogel design. 

Supramolecular chemistry provides a range of specific yet non-permanent interactions that enable the 

design of complex materials with tunable and reversible mechanical properties.49–51 Indeed, 

supramolecular chemistry has facilitated the design of advanced biomaterials for a range of biomedical 

applications.52 The creation of supramolecular hydrogels—exploiting transient cross-links for 

assembly—enable the engineering of self-assembling, moldable, and self-healing materials with stimuli-

responsive behavior. 

In this review, we discuss how supramolecular chemistry can be harnessed for the design of advanced 

hydrogels in the field of drug delivery. We maintain a focus on available chemistries and assembly motifs 

enabled by supramolecular interactions (Figure 1.1). The review is not intended as a comprehensive 

overview of all applications of supramolecular chemistry in drug delivery. Here, we focus on two main 

areas of active research: i. the use of supramolecular binding motifs to engineer the rheology of 

hydrogels as injectable materials for local drug delivery and ii. the use of supramolecular binding motifs 

to tailor the release of drugs from hydrogels by tuning the affinity between drug and material. For those 

interested, we refer the reader to comprehensive reviews on the use of supramolecular chemistry in the 

general design of (bio)materials or nano- and micro-scale drug carriers.52,53  

 

https://sciwheel.com/work/citation?ids=1693678,2444510&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=4348760&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=14202774,4877171&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=4521380,6985463&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=14202674,3135148,3604894&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=4154249&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=4154249,246009&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
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Figure 1.1: Supramolecular binding motifs enable the design of hydrogels for drug delivery applications 

by enabling control over the mechanical properties and flow behavior as well as methods to tailor the 

affinity between drug and matrix. 

1.2. SUPRAMOLECULAR DESIGN OF HYDROGELS FOR DRUG DELIVERY 

The effective design of hydrogels for drug delivery applications must consider several constraints.54 

First, as the intended use is in the body, the material itself should be composed of building blocks that 

are compatible with the biological application of interest (commonly referred to as biocompatibility).55 

That is, they should not elicit a foreign body reaction or non-specific immune activation. A broad range 

of suitable synthetic and natural polymers are available; however, they must be assembled with safe and 

non-toxic linking chemistries. Second, the material assembly should proceed in aqueous media and at 

physiologic pH. Third, the hydrogel should control the release of encapsulated therapeutics through 

physical constraints to molecular diffusion or via drug–material affinity. 

Supramolecular chemistry and design can be applied to address these design constraints. Many of the 

available supramolecular binding motifs are non-toxic and require minimal chemical modification; 

several common binding motifs are inspired by natural interactions found in biological systems. As such, 

the use of these chemistries can provide biocompatible alternatives to cross-linking strategies based on 

the use of radicals or toxic small molecules. Further, several supramolecular binding motifs proceed in 

physiologic media making them suitable for biological application. Finally, controlled release can be 

achieved by tailoring the density, strength, and binding constants of the supramolecular motif or can be 

used to tune drug–material affinity. 

An additional consideration for the design of supramolecular drug delivery vehicles is the potential 

presence of competitive binders, including proteins or ions, in the physiological environment. 

Competing interactions can affect the mechanical properties of the supramolecular hydrogel and/or alter 

the release profile of loaded therapeutics.56,57 Selecting interactions with high specificity in the design 

of supramolecular drug carriers can reduce the chances of having unwanted competitive interactions or 

materials can be tailored to account for known competitive binders present in a certain biological milieu. 

Based on their beneficial features, supramolecular binding motifs have been increasingly explored in 

the design of biomaterials. Here, we discuss two specific areas where supramolecular chemistry has 

been leveraged to advance the field of drug delivery through the design of hydrogels. The first focuses 

on how supramolecular binding motifs can be used to assemble building blocks to engineer the 

mechanical properties and flow behavior of injectable hydrogels. The mechanics of the formed gels also 

have a direct influence on the release of encapsulated therapeutics. The second focuses on how 

supramolecular binding motifs can be used to tune the affinity between drug and material as a secondary 

method to control the release of therapeutics from supramolecular hydrogels. Throughout, we maintain 

a focus on the supramolecular binding motifs themselves and highlight how they have been applied in 

the field of drug delivery when relevant. 

https://sciwheel.com/work/citation?ids=2312559&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1632176&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=5544136,14202793&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
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1.2.1. Supramolecular design to tailor hydrogel mechanical properties 

Supramolecular design is an attractive strategy for designing the mechanical and flow properties of 

hydrogels as they provide ease of assembly, broad tunability, and stimuli-responsive properties. 

Importantly, the mechanical and rheological properties of supramolecular hydrogels can be engineered 

to enable minimally invasive application in the body through narrow diameter needles, which is relevant 

for many drug delivery applications. In contrast, pre-formed, covalent hydrogels cannot be administered 

in this manner and often require surgical intervention, and the associated risks, for application.35  

The rheology provided by small molecule building blocks or polymer chains that associate through 

reversible interactions has enabled the design of injectable, sprayable, or in situ gelling materials.58 

Uniquely, this class of materials facilitates application without significant medical intervention and these 

moldable materials also have the capacity to adapt to the environment by forming a conformal interface 

with the available space at the injection site.59 These attractive features of moldable hydrogels are 

directly related to their rheology. In the case of in situ gelling systems, a low viscosity formulation can 

be prepared that assembles upon application. In the case of injectable or sprayable materials, large 

changes in viscosity upon application of shear (shear-thinning behavior) allow the materials to be 

prepared as a solid-like gel that can flow in a liquid-like state upon applied stress.10 Importantly, these 

materials reform into a depot that can control the release of encapsulated therapeutics upon cessation of 

shear. The first condition for an injectable material is its capacity to flow upon applied strain (liquid or 

shear-thinning material). The second condition is the formation of a solid depot after application that 

mitigates rapid dispersion of the drug, as occurs in standard bolus injection. This requires quick re-

assembly into a gel (in situ gelation or self-healing behavior). Further, the formed material should be 

sufficiently stable to control drug release over an extended period of time as compared with a bolus 

injection without controlled release. This can be correlated to the strength or modulus of the network 

and the capacity of the network to maintain its integrity, as drug release correlates with both the density 

of the network and the rates of material degradation and erosion.60,61  

Therefore, the design of shear-thinning and self-healing properties remains a major interest in the design 

of injectable drug delivery systems. These properties can be related to the underlying supramolecular 

chemistry used to assemble the material. The equilibrium binding constant and bond lifetime associated 

with the reversible interaction dictate the association and dissociation behavior of the network cross-

links and, thus, the mechanical properties of the material at rest and the flow behavior under applied 

stress.62–65 As the range of supramolecular interactions varies from effectively permanent to highly 

reversible, the strength of the interaction can be tuned to be in a range that enables robust network 

formation with shape retention on experimental timescales while enabling flow during injection. The 

manner in which the reversible interactions are incorporated into the gel structure can also affect the 

macroscale properties of the hydrogel. For example, in the case of polymer chains cross-linked with 

grafted supramolecular motifs, the density of cross-links between the polymer chains influenced the 

shear-thinning behavior of the material.66 Here, an increase in cross-linking functionalities (not polymer 

https://sciwheel.com/work/citation?ids=9167077&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=5419712&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1427426&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=6317313&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=14202766,14202636&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=2081072,14202697,1077810,13214903&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=5485703&pre=&suf=&sa=0&dbf=0
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chains) resulted in a higher degree of shear-thinning. Additionally, the resulting mechanical properties 

can be highly sensitive to external stimuli as supramolecular interactions often depend on their local 

chemical environment. This enables the design of responsive networks for stimuli-triggered release of 

drugs, but requires special attention during design as the chemical environment at the injection site has 

to be taken into account during the design of the injectable gel.67  

The structure and mechanical properties of the hydrogel network will also have an influence on the 

release kinetics of drugs loaded in the gel. Therapeutics intended for release are commonly encapsulated 

within hydrogels, resulting in a drug release profile governed by constrained diffusion of the therapeutics 

through the hydrogel and the rate of erosion of the hydrogel.54 In permanently cross-linked hydrogels, 

several theories based on hydrodynamics, free volume, and polymer chain obstruction have been applied 

to relate the effective diffusion rate of an encapsulated compound to the molecular structure of the 

gel.68,69 Recently, Axpe et al. introduced a multiscale diffusion model that unifies the main physical 

theories to describe solute release in covalent hydrogels.70 These theories can be instructive in 

considering the design of supramolecular hydrogels; however, the release behavior in reversible, 

supramolecular hydrogels is often more complex. In the case of a network with reversible chemistries, 

the release profile is also influenced by the binding affinity of the reversible cross-links in the hydrogel.71 

In general, the dynamics of the cross-links results in a time-dependent mesh size; therefore, the release 

profile will depend on the strength of the interaction.72 The relationship between network dynamics and 

release kinetics has yet to be fully understood and should remain the focus of future work to enable the 

design of supramolecular drug delivery platforms with more precise control over release kinetics. 

As the manner in which the building blocks of a network are assembled affects both the network 

mechanics and the release profile of encapsulated therapeutics, it is necessary to understand how the 

supramolecular binding motifs influence the structure and dynamics of the network in supramolecular 

hydrogels. A robust understanding of structure–function relationships in associating polymer networks 

is an active area of research in the polymer physics and biomaterials community, and this understanding 

will further advance the rational design of supramolecular hydrogels. In addition, new chemistries are 

emerging for the design of supramolecular biomaterials that will offer new opportunities to engineer this 

useful class of materials. In Section 1.2.2, we introduce some of the common supramolecular binding 

motifs used to design the supramolecular biomaterials and highlight how they have been applied in the 

field of drug delivery. Many of the same chemistries have also been used to tune drug–matrix affinity, 

as discussed in Section 1.2.3. 

1.2.2. Supramolecular binding motifs for hydrogel formation 

A variety of supramolecular binding motifs exist for the formation of supramolecular hydrogels, 

including hydrophobic forces, electrostatic interactions, metal–ligand binding, pi–pi stacking, and host–

guest interactions (Figure 1.2a). Additionally, all of these motifs have been employed for the 

development of supramolecular materials for biomedical application. However, not all binding motifs 

https://sciwheel.com/work/citation?ids=14202779&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=2312559&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=5053494,4611739&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=10317919&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=14202742&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=9290781&pre=&suf=&sa=0&dbf=0
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are relevant for the formation of injectable or sprayable drug delivery platforms. As previously 

mentioned, the strength of the interaction has to enable the formation of a robust network to enable 

controlled release while exhibiting shear-thinning properties for injection. In this section, we discuss 

various chemistries that are useful for forming supramolecular hydrogels with a specific emphasis on 

their relevance for the design of injectable or sprayable drug delivery platforms. 

 

Figure 1.2: Network formation strategies using supramolecular binding motifs. A. Polymer chains or 

other network building blocks can be cross-linked via several classes of supramolecular interaction, 

including hydrophobic interactions, hydrogen bonding moieties, metal–ligand coordination, and host–

guest chemistries. B. Hydrogel formation can also proceed via the formation of supramolecular 

assemblies that can further assemble into networks, such as extended one-dimensional entangled fibers 

that induce gelation.73 C. Supramolecular hydrogels can additionally form via small molecule gelation. 

For example, polyphenol compounds have been cross-linked with Group IV metal ions, including Ti.74  

1.2.2.1. Thermogelling and hydrophobic interactions 

Some of the first supramolecular hydrogels used as drug delivery platforms were based on thermogelling 

polymers, which undergo gelation above a threshold temperature related to a change in polymer–solvent 

interactions. These polymers have been utilized since the 1960s, starting with the synthesis of block 

https://sciwheel.com/work/citation?ids=14202685&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=6216439&pre=&suf=&sa=0&dbf=0
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copolymers, such as poly(ethylene gycol)-poly(propylene oxide) (PEG–PPO), which can self-assemble 

into gels in aqueous media at elevated temperatures via hydrophobic interactions.75 As hydrophobic 

interactions are driven by entropy, their strength is dependent on the temperature of the system, the 

molecular weight of the interacting blocks, and the polymer concentration. In the case of thermogelling 

hydrogels, the increase in temperature will strengthen the hydrophobic interaction—the entropic 

component of the interaction becomes more favorable—and induce the aggregation of the polymer 

resulting in the formation of a gel. The platform can therefore be injected as a liquid and form a hydrogel 

upon heating to physiological temperature. Some well-studied systems have been created using block 

copolymers, such as FDA-approved Pluronics, or thermo-responsive polymers, including poly(N-

isopropylacrylamine) (PNIPAm).76,77  

While this class of hydrogels is attractive for ease of assembly and relatively simple design, the materials 

can be limited in their tunability. Tuning the properties of thermogelling hydrogels independently is 

limited as the network is based on non-specific interactions between the polymer chains that serve as 

building blocks of the material. Tuning the mechanical properties requires an increase in polymer 

concentration or a change in the structure of the polymer. These modifications can also affect the 

capacity of the network to encapsulate molecules and the amount of foreign material that needs to be 

injected into the body. As a strategy to improve the range of mechanics and release profiles enabled by 

this class of materials, thermogelling systems have been combined with other supramolecular binding 

motifs, such as hydrogen bonding (Section 1.2.2.2) or host–guest interactions (Section 1.2.2.4).78,79  

1.2.2.2. Hydrogen bonding 

Hydrogen bonds are commonly found in natural macromolecular systems. For example, they are a core 

motif in the binding and assembly of DNA and RNA. Hydrogen bonds are weak diatomic interactions 

involving an electron poor hydrogen and an electron rich atom, commonly oxygen or nitrogen. 

Individual hydrogen bonds are relatively low energy (~40 kJ mol-1) and they are often used in 

multivalent forms to assemble macromolecular structures.80 In this manner, the binding strength of the 

motif can be tuned by changing the number and organization of the hydrogen bonds, providing a 

straightforward route to modulate the interaction. This paradigm of weak yet multivalent interactions 

leading to strong bonding is pervasive in the design and application of supramolecular systems. 

A large variety of hydrogen bonding units have been synthesized, covering a wide range of binding 

strengths.81 The toolbox of hydrogen bonding motifs has been employed in the design of supramolecular 

polymeric materials with enhanced mechanical properties, improved processability, and materials with 

self-healing properties.82,83 However, there are fewer instances of hydrogen bonding in the formation of 

supramolecular hydrogels, as water often competes with hydrogen bond formation.84 To enable the 

formation of supramolecular networks using tailored hydrogen bonding in aqueous media, the binding 

motif needs to be of sufficient valency, strength, or protected by hydrophobic domains. However, as the 

strength of the interaction increases, the network can lose its shear-thinning behavior in exchange for a 

https://sciwheel.com/work/citation?ids=14202767&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=14202769,14202768&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=4345909,5575522&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=14202755&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=14202784&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=6564202,14202360&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=14202744&pre=&suf=&sa=0&dbf=0
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higher modulus, which can be relevant for application in tissue engineering but makes these materials 

less suitable as injectable drug delivery platforms.85,86 Ureidopyrimidinone (UPy) moieties, a commonly 

used hydrogen bonding unit for self-assembly, has been incorporated into polymer networks to obtain 

different types of supramolecular hydrogels. In one case, UPy-functionalized dextran resulted in an 

injectable supramolecular network, suitable for the growth of cartilage and bone cells.59 In another 

approach, a hydrophobic UPy was incorporated in the structure of a block copolymer to obtain a tough 

hydrogel; however, the rheology was less suitable for injectable applications.85 A thermoreversible, 

shear-thinning hydrogel was designed by the incorporation of UPy moieties with PNIPAm.78 The 

hydrogel showed promise as a platform for cell therapy as mesenchymal stem cells could be 

encapsulated and remained viable following injection. 

The previously mentioned systems were all formed via the linking of disparate polymer chains through 

the use of hydrogen bonding units. Dankers et al. harnessed the capacity of hydrogen bonding units to 

form hydrogels using a different approach.73 Here, UPy units with a hydrophobic spacer induced the 

formation of polymeric micelles from end-functionalized PEG macromers. The micelles aggregated in 

elongated and tubular supramolecular structures that entangled to form a hydrogel network (Figure 

1.2b). Bridging PEG chains between fibers stabilized the network. This hydrogel was used to 

encapsulate and release bone morphogenetic protein 7 (BMP7), and the release profile of BMP7 was 

tuned by adjusting the weight percent of fibers in the gel and the ratio between the PEG chains and the 

hydrophobic units. In vivo studies showed the complete erosion of the material with no apparent damage 

to the tissues after 7 days, and the bioactive BMP7 acted as an anti-fibrotic agent locally. 

Hydrogels based on DNA binding motifs have also been synthesized in recent years, exploiting the 

intrinsic capacity of the nuclear bases to form pairwise hydrogen bonds. This exciting class of materials 

has been shown to provide biocompatible materials though the design can be complex, as it requires the 

rational design of the interacting DNA strands. DNA-based hydrogels are beyond the scope of the 

present review, and we direct interested readers to another recent review of this topic.86  

1.2.2.3. Metal–ligand interactions 

Metal coordination is another prominent interaction in biological systems, which enables structural 

integrity and stimuli responsive behavior. For example, iron chelation by hemoglobin and heme has a 

central importance in the transport and cooperative binding of oxygen in red blood cells (erythrocytes). 

Metal–ligand interactions occur between a metal ion and one or more ligands and exhibit bond strengths 

between those of electrostatic and covalent bonds (~80–600 kJ mol-1). As these interactions can occur 

via a variety of ligands and metal ions, a variety of complexes with a range of binding strengths have 

been explored. The strength of the metal–ligand coordination is directly related to the bond kinetics and 

different bond kinetics result in dramatic changes in the mechanical behavior of the formed 

hydrogels.87,88 Due to the large range of available interactions, it is important to carefully chose which 

interaction to use for the design of hydrogels for drug delivery. It should also be noted that the use of 
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metal ions for biomedical applications can be limited as they can be toxic outside of certain 

concentration windows. 

A common approach used to form networks is to functionalize polymer chains with a metal-coordinating 

ligand, such as L-3,4-dihydroxyphenylalanine (DOPA).91 Here, the addition of metal ions forms a 

network by cross-linking DOPA-functionalized polymer chains. Due to the high selectivity of the ligand 

to metal ions, these interactions have been used for triggered gelation in the presence of select metal 

ions.89 In another example, bisphosphonate was employed as the metal-coordinating ligand to assemble 

hydrogels by grafting bisphononate moieties to hyaluronic acid.90 In this example, gelation occurred in 

the presence of calcium ions, resulting in the formation of shear-thinning and self-healing hydrogels. 

The mechanical properties of this hydrogel also made it suitable for injection (3D printing) for 

biomedical applications. Other polymers, including star PEG macromers, have been employed to form 

similar systems.91 The use of calcium ions presents the advantage of low toxicity compared with other 

metal ions, which is attractive for the design of drug delivery platforms. 

The formation of hydrogels through metal–ligand coordination is dependent on the amount of available 

metal ions and ligand.92 These concentrations can often be tuned by the pH of the environment—

protonating or deprotonating the ligand or shifting the equilibrium of free metal ions.88 pH-responsive 

materials have been engineered using this approach, but this requires the careful design of the hydrogel 

to ensure stability at neutral pH for biomedical application. Tang et al. designed two different hydrogels 

with different stability at neutral pH depending on how metal–ligand interactions were used to link PEG 

chains to oligochitosan.93 A first hydrogel with only one metal–ligand complex at the cross-linking sites 

between the polymers resulted in an unstable system at neutral pH. Increasing the number of metal 

complexes at the cross-linking sites rendered the network stable in a neutral pH buffer solution. 

The previously mentioned systems required the synthesis of ligand-modified polymer chains. Hydrogels 

can also be designed by using metal ions to induce gelation of readily available small molecules. For 

example, inosine 5-monophosphate, a commercially available ribonucleotide, has been reported to gel 

specifically in the presence of silver salt.32 Naturally abundant polyphenols were shown to gel in the 

presence of group IV metal ions, including Ti or Zr (Figure 1.2c).74 These polyphenol hydrogels 

exhibited in vivo biocompatibility with low Ti accumulation in the tissue and enabled sustained release 

of dexamethasone over a time period of 10 days.94 

Metal–ligand interactions have also been combined with other interactions, as in the case of a gelatin–

UPy–iron hydrogel.95 In this system, iron coordination by carboxyl groups in the gelatin comprised the 

main driving force for gel formation and were responsible for the strength of the network. The hydrogen 

bonding units, on the other hand, improved the self-healing behavior of the material, enabling a higher 

recovery of the strength of the network after rupture. Coordination interactions have also been utilized 

to induce gel formation in peptide hydrogelators or as a way to form nanocomposite hydrogels (see 

Section 1.2.2.6). 
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1.2.2.4. Host–guest complexes 

Host–guest interactions have emerged as an attractive supramolecular chemistry for the design of 

materials since their discovery in the 1980s.50 In this supramolecular motif, binding is based on the 

interaction of a molecule (the guest) and a cavitand (the host) that is able to accommodate one or more 

guest molecules (Figure 1.3).96 The interactions are often based on hydrophobic forces where the 

formation of a complex between the host and the guest is favorable to their individual existence in 

aqueous media—the binding releases ‘high energy’ water, releasing entropic constraints. Other factors 

such as polarity, size, or number of guests influence the interaction of the host and guest moieties. Due 

to the diversity of possible guest molecules, relative ease of formation, modularity, and specificity they 

have been widely used in the biomedical field to design supramolecular biomaterials.97 

 

Figure 1.3. Host–guest chemistries for supramolecular hydrogel design. A. Schematic of different 

possible network formation strategies using A. binary host–guest complexes, i.e., CD binding to 

adamantane; B. multiple host threading, i.e., (pseudo)polyrotoxane formation between CD and PEG; 

and C. multiple guest encapsulation, i.e., CB binding multiple guests. 

Usually the host (or cavitand) is a macrocyclic molecule that can be synthesized from naturally or 

synthetically derived monomers.98 Commonly used cavitands include cyclodextrins, cucurbiturils, 

calixarenes, and pillarenes. The broad utility of this binding motif has given rise to a variety of 

supramolecular materials with simple or complex designs.99 Keeping in mind that the focus here is the 

design of drug delivery systems, which requires facile and scalable synthesis, we highlight synthetically 

accessible approaches. 

Cyclodextrin (CD) is commonly used as a host for the design of supramolecular hydrogels through host–

guest complexation on account of its water solubility, low toxicity, and natural origin.100 CD-derivatives 

have been employed widely in the pharmaceutical field, both in pre-clinical research and in commercial 

products.101,102 CDs are cyclic and conical oligosaccharides defined by their number of repeating glucose 

units. The most common CDs are α-, β- and γ-CD composed of 6, 7 or 8 repeating units, respectively.103 
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Each CD has a different size of cavity making them suitable for different guests. In general, α-CD and 

β-CD are able to accommodate a single guest, whereas γ-CD can accommodate two guest 

molecules.104,105 The guest molecules that can be accommodated by CD can be divided in two categories: 

small molecules interacting with only one CD or polymers that can interact with multiple CDs via 

threading.106 From each category different types of architecture will be created in the hydrogel resulting 

in different mechanical properties. 

CD-based inclusion complexes have been reported with a multitude of possible guest molecules, 

providing tunability of the host–guest interaction and the ability to introduce stimuli-responsive 

behavior.107–110 A commonly used pair for biomedical applications is β-CD with adamantane, a bulky, 

hydrophobic molecule. As previously discussed with other supramolecular motifs, this interaction can 

be used to cross-link functionalized polymer chains. A prominent shear-thinning hydrogel was 

synthesized by grafting CD and adamantane on disparate hyaluronic acid populations using amine 

coupling or esterification, respectively.11 Simple mixing of the functional polymers assembled a 

supramolecular hydrogel suitable for controlled drug release.111,112 This hydrogel system has been used 

for the delivery of microRNA, endothelial progenitors cells, or for the design of enzyme-degradable 

networks.112–114 By functionalizing other polymers or using larger CDs that are able to accommodate 

multiple guest molecules, different network architectures have been designed.115,116 For example, a 

micellar hydrogel was designed by functionalizing tetronics with adamantane for encapsulation and 

release of doxorubicin (DOX).117  

Additional stimuli-responsive behavior can be introduced by incorporating a responsive guest molecule 

in the system. For example, azobenzene has been used as an ultraviolet light (UV)-responsive guest for 

binding with β-CD.118 Upon UV exposure the guest changes its conformation making it an unsuitable 

guest. As a result, hydrogel stiffness was controlled in the network by changing the amount of complex 

formed with external delivery of light.108 The same approach enabled the formation of near-infrared light 

(NIR)-responsive hydrogel with the additional incorporation of upconverting nanoparticles in the 

hydrogel.119  

In addition to providing a shear-thinning and self-healing supramolecular hydrogel, this cross-linking 

approach enabled facile incorporation of different fillers. One example is the introduction of graphene 

into the hydrogel by functionalizing the graphene surface with CD moieties.120 The resulting hydrogel 

maintained the original mechanical properties of the base supramolecular network, while exhibiting 

antibacterial activity and an electrical conductivity similar to skin tissue. 

In addition to using CDs as a direct cross-link between polymer chains, the capacity of CDs to thread 

onto polymers to form polyrotaxanes and pseudopolyrotoxanes has also been used to form 

supramolecular hydrogels. Harada first reported the capacity of α-CD to thread onto PEG chains forming 

a “molecular necklace”.106 After threading, the CD can form columnar aggregates that are able to act as 

a cross-linking mechanism between threaded PEG chains.121 The first PEG networks made using this 
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cross-linking motif were too weak to be suitable materials for drug delivery due to their fast dissociation. 

α-CD has therefore been combined with other interactions to form stronger networks. For example, α-

CD had been used to improve the mechanical properties of amphiphilic or bolaamphiphilic block 

copolymer systems.122 Most of those systems have PEG chains in the network structure, which enables 

CD threading and cross-linking as well as an additional hydrophobic polymer that does not interact with 

CD but can form hydrophobic assemblies as additional cross-links. For example, the mechanical 

properties of Pluronic-based gels were enhanced using this approach.79 In another example, amphiphilic 

block copolymers were used to form self-assembled micelles, which formed a hydrogel upon the 

addition of CD.123 The structure of the micellar hydrogel was modified depending on the order of 

formation of the different components. An inverse micelle hydrogel was formed using poly(lactic-co-

glycolic acid) (PLGA) as the hydrophobic polymer and first threading α-CD on the PEG moieties and 

then triggering micelle formation.61 The inverted micellar hydrogel resulted in a high loading of DOX 

(up to 10 wt%) while providing a longer release period of the therapeutics (t = 45 days) compared with 

the equivalent micellar hydrogel (t = 12 hours), attributed to its increased stability in aqueous solution. 

Further, the simplicity of the CD-based polyrotaxane motif, which only requires the presence of a 

threading polymer like PEG, has enabled the formation of hydrogels with components that are often 

difficult to integrate directly into the hydrogel structure. In one example, Yu et al. utilized PEG-coated 

gold nanoparticles and nanorods with α-CD to obtain a hydrogel with temperature dependent sol–gel 

transition.124 Similarly, hydrogels were formed from arginine-functionalized dendrons by linking PEG 

chains to the dendron and using CD to induce gelation.125 The hydrogel demonstrated promise as an 

injectable platform for gene therapy as it displayed higher transfection and lower cytotoxicity than 

standard poly(ethylenimine) (PEI) formulations. 

Song et al. recently developed a thermoresponsive hydrogel suitable for drug delivery using CD in 

tandem with PEG–PNIPAm pseudo block copolymer.126 The hydrogel exhibited a change of mechanical 

properties following injection. Indeed, the hydrogel was formed through the interaction of threaded α-

CD on the PEG chains, making a weak hydrogel suitable for local injection. Upon injection, the PNIPAm 

chains present in the hydrogel aggregated due to the increase of temperature to 37 °C further increasing 

the hydrogel modulus. The dual-stage cross-linking enabled extended release of loaded DOX compared 

with pure PEG–α-CD. Additionally, during the degradation of the hydrogel, micelles formed from the 

PEG–PNIPAm pseudo block copolymer enabled a higher cell uptake and anticancer activity of DOX 

compared with free drug. 

In addition to CD, cucurbituril (CB) derivatives have emerged as another useful cavitand in host–guest 

complexation for the formation of supramolecular hydrogels. CBs are macrocyclic molecules formed 

from multiple glycoluril monomers.127 As with CD, the size of the cavity is dictated by the number of 

monomers in the cavitand; however, the shape of the cavity is different as CBs are cylindrical molecules 

that can encapsulate guests from both of their entrances resulting in a variety of binding topologies.128 
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CBs have relatively strong binding constant (up to 1015 M-1) compared with other cavitands, as their 

complex formation is induced both by hydrophobic and electrostatic interactions.128  

CB-based binding motifs, with viologen and naphthyl guests, were used to design hydrogels suitable for 

drug and protein delivery.129 The guests were grafted to biocompatible polymers and the assembly of the 

network was triggered by addition of CB to a precursor solution of the functionalized polymers and 

drug. The resulting hydrogels were able to be form with a high amount of water (~99.7%) and controlled 

the release of protein over the course of months. This approach did not require the chemical modification 

of the host molecule, which can be challenging synthetically. Reversible stiffening of similar gels was 

achieved by using photosensitive guests. Exploiting the ability of coumarin to dimerize upon irradiation 

at specific wavelength, the cross-links of the hydrogel were switched reversibly from supramolecular to 

covalent, resulting in controlled stiffening of the material.130  

Multiple CB-based hydrogels using binary host complexes have also been developed, demonstrating a 

correlation between binding strength, viscoelastic behavior, and release rate of encapsulated drug.131 The 

changes in strength of the cross-link directly influenced the relaxation behavior of the network; gels 

with the strongest binding were similar to covalent networks with a very slow relaxation time and a loss 

in self-healing capacity. As the relaxation of the network changed the release rate of encapsulated 

dextran varied accordingly, showing how the release of therapeutics can be tuned though the design of 

the host–guest interaction forming the network cross-links. 

1.2.2.5. Nanocomposite hydrogels 

Beyond the design of specific and directional binding motifs between polymer chains or small 

molecules, supramolecular interactions have also been exploited between polymer chains and nanoscale 

objects (Figure 1.4). This approach to form hydrogels through reversible interactions between 

appropriately paired polymers and nanoparticles enables the formation of supramolecular 

nanocomposite hydrogels. Nanocomposites have emerged in the biomedical field for their increased 

mechanical properties and functionality.132 Physical nanocomposite hydrogels are often formed using 

the nanosized object as a cross-linking motif between polymer chains.133  

For example multiple polymers, such as PEG and gelatin, have been shown to adsorb on the surface of 

biocompatible silicate nanoplates (Laponite®) through electrostatic interactions (Figure 1.4a).134,135 As 

a result shear-thinning and self-healing hydrogels were formed. The silicate nanoplates present in the 

gel enhanced the proliferation of human mesenchymal stem cells by providing adhesion sites and 

introduced hemostatic and osteogenic properties to the hydrogel due to their negatively-charged 

surfaces.136–138 Nanoclays were also used to combine proangiogenic and osteogenic properties in 

multicomponent peptide-based biomaterials for improved bone regeneration as compared with single 

component systems.139 The viscoelastic and mechanical properties of nanocomposites based on silicate 

nanoplates depend on the concentration of the nanofiller. An increase of nanoplates in the material 

resulted in an increase in the solid-like behavior of the gel.140 One consideration to take into account 
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while designing nanoplate-based composite hydrogels is the presence of ions and other charged 

molecules that can disrupt the network formation by altering the electrostatic interactions between the 

silicate surface and the polymers. For example, the presence of concentrated salt solutions or culture 

medium has been shown to induce aggregation of the nanoclays, which could be less beneficial for 

biomedical use.141  

 

Figure 1.4: Nanocomposite hydrogel formation through supramolecular interactions. A. Silicate 

nanoplates can be combined with gelatin, which interact via electrostatics, to form osteoinductive 

hydrogels. In addition to their ability to load drug, encapsulate cells, and adapt to defect during injection 

these gels were suitable for the design of injectable bone implant materials.136 B. Polymer–nanoparticle 

(PNP) hydrogels formed through the hydrophobic adsorption of select polymers and nanoparticle 

surfaces enabled the encapsulation and release of both hydrophobic and hydrophilic drugs for use as 

injectable drug delivery depots.18  

Another class of nanocomposite hydrogel has been developed based on favorable interactions between 

polymers and spherical block copolymer nanoparticles (Figure 1.4b).18 These polymer–nanoparticle 

(PNP) hydrogels arise from entropic interactions between moieties on the polymer chain and the 

nanoparticle surface that assemble a hydrogel, likely through a combination of polymer bridging and 
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colloidal jamming.142 PNP hydrogels were originally developed for dual drug encapsulation and 

simultaneous controlled release—a hydrophobic small molecule was loaded in the nanoparticle core and 

a hydrophilic molecule was loaded in the aqueous phase. As with the nanoclay systems, the rheological 

properties of PNP hydrogels depended on the concentration of nanoparticles enabling tailored 

mechanical and flow behavior.143 Additionally the viscoelastic behavior of the materials were modified 

by changing the hydrophobicity of the polymer, resulting in increased interaction between the polymer 

and the nanoparticles. The type of interaction used to form the network could also be changed by adding 

cationic surfactant in the nanoparticle enabling the use of anionic polymers.144 Similar hydrogels, based 

on PEG–poly(lactic acid) (PLA) block copolymer nanoparticles, were employed for the dual delivery 

of vaccine components over several weeks, for the treatment of myocardial ischemia through control 

the delivery of pro-angiogenic protein, and for the recruitment of immune cells at the site of injection 

through the release of cytokine.16,17,145 Recently developed methods for the continuous and controlled 

production of the block copolymer nanoparticles forming the gel enable scale-up and further application 

of this class of biomaterials.146,147  

Other promising PNP hydrogels have been synthesized based on different interactions and types of 

nanoparticles. The Heilshorn group reported the design of a PNP hydrogel suitable for cell delivery 

based on engineered proteins.19 The hydrogel network was formed through interactions between a 

recombinant protein and hydroxyapatite nanoparticles. The interactions were highly specific and only 

resulted in gel formation in the presence of a specific amino acid sequence. The hydrogel enabled 

encapsulation of adipose-derived stem cells, which, with the help of osteoconductive cues provided by 

the hydroxyapatite nanoparticles, promoted bone regeneration without the need for ex vivo culture prior 

to implantation. 

Another platform suited for drug delivery was designed using drug loaded magnesium silicate 

nanoparticles that interacted with bisphosphonate-functionalized polymer chains.148 Here, network 

formation occurred through the coordination of the ligand on the polymers with available magnesium 

atoms on the surface of the nanoparticles. The drug-loaded particles were released upon degradation of 

the hydrogel and therapeutic delivery relied primarily on the cellular uptake and internalization of the 

released nanoparticles. 

Injectable hydrogels have also been designed through supramolecular interactions between disparate 

nanoparticles. For example, nano-networks were fabricated using electrostatic interactions between 

positively and negatively charged polymeric nanoparticles.149 A hydrogel based on PLGA enabled the 

release of dexamethasone encapsulated in the nanoparticles over a period of two months.150 Triggered 

release of insulin was achieved from a nano-network designed to mimic pancreatic activity.151 For this 

purpose insulin and glucose-specific enzymes were loaded in pH-sensitive dextran nanoparticles. 

Through the catalytic conversion of glucose into gluconic acid by the enzymes, the pH of the 

environment decreased over time resulting in the degradation of the particle and the release of the 
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insulin. The amount of insulin release was dependent on the amount of glucose present enabling self-

regulation of the therapeutic release. 

1.2.2.6. Peptide-based hydrogels and hydrogelators 

Another class of supramolecular hydrogels that have broad application in biomedicine leverage 

interactions between peptide-based molecules (Figure 1.5).152 Polypeptides are intrinsically 

biocompatible, exhibit a capacity to self-assemble into organized complex structures, and are easy to 

access synthetically making them attractive building blocks for the design of supramolecular 

materials.153 The self-assembling behavior of peptides is mediated by multiple supramolecular 

interactions, including hydrogen bonding, hydrophobic interactions, and electrostatics.154 Amino acids 

each present different characteristics that can control the assembly behavior of polypeptides. By 

engineering the structure of the peptides, injectable hydrogels have been obtained through various 

molecular design strategies. In this section, we present a few prominent designs without focusing on the 

specific structure of the peptide sequence itself. 

 

Figure 1.5. Peptide-based injectable hydrogels. A. Shear-thinning hydrogels were obtained via the self-

assembly of small peptides exploiting supramolecular binding motifs, including hydrogen bonding and 

π–π interactions.155 B. In situ gelation has been achieved via triggered peptide self-assembly in the 

presence of specific metal ions, enabling tissue specific gelation, for example, in the prostate.156  

One approach uses peptides as self-assembling building blocks for the design of shear-thinning 

hydrogels. These materials have been obtained via the controlled assembly of peptides in extended one-

dimensional supramolecular objects (fibers) that can entangle into a network (Figure 1.5a).155 Fibers 

have been formed using different aggregation mechanisms, such as the formation of anti-parallel 

nanotapes, coil–coil peptide motifs, or micelles formation, which were each controlled by the structure 

of the peptides.154,157 When using small peptides, elongated structures have been designed via direct 

amino acid interactions.158 While longer polypeptide chains can first form secondary structures, such as 

a beta sheets or alpha helices, prior to assembly into fibers.159 As the shape and assembling mechanism 
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of the fibers changes, the resulting hydrogels will show varied self-healing rates, making them more or 

less suitable for drug delivery. Additionally the shape of the fibers influenced the loading of drugs in the 

hydrogels.160 With careful design, a shear-thinning peptide-based hydrogel having antibacterial activity 

was obtained.155 The hydrogel showed fast recovery after injection and improved viability and 

proliferation of white blood cells. This platform could be applied for the delivery of therapeutics for 

wound healing. 

The flow behavior of these peptide-based gels is challenging to predict as each network can result in 

different breaking and association mechanisms under shear. An insight into the flow behavior of this 

class of networks was provided by studying beta hairpin peptide-based hydrogels.161 Under shear the 

fiber network broke into smaller domains of randomly arranged fibers. These domains exhibited flow 

behavior that was similar to colloidal systems. However, the self-healing of the network can be much 

faster than in the case of traditional colloidal gels as, upon cessation of the shear, the fibers can rapidly 

reform without significant delay. 

Often the interaction assembling peptide-based hydrogels is sensitive to environmental conditions and 

requires a precise design of the amino acid sequence to enable hydrogel formation in physiological 

conditions.162 Environmental sensitivity has also been leveraged to design in situ gelling materials. In 

situ gelation of peptides occurred upon changes in pH or temperature, and also through their interaction 

with metal ions.157 If correctly designed, gelation can be triggered specifically at the site of application. 

For example, a peptide able to bind to zinc through glutamic acid residues was reported for prostate-

specific gelation, due to its high zinc concentration compared with other tissues (Figure 1.5b).156,163 The 

hydrogel was used to encapsulate DOX and resulted in a controlled release in vitro with no initial burst 

of the drug over the course of several days. A similar approach could be employed for other organs with 

elevated zinc concentrations, such as the liver, or by using other ions that are present in elevated 

concentrations in other tissues.164  

One can also tailor the specificity of the peptide gelation by introducing cleavable amino acid sequences 

that hinder peptide assembly. This strategy was applied for the design of glycyrrhetinic acid-modified 

curcumin hydrogelators for tumor targeting.165 The hydrogelators were designed with a glutathione that 

initially prevented peptide assembly. However, upon internalization in tumors, the glutathione was 

reduced enabling peptide aggregation and hydrogel assembly. By conjugating curcumin to the peptide, 

the drug uptake in the targeted tumor was increased resulting in a higher anti-cancer activity compared 

with free drug. 

A multitude of other strategies have also been used to form injectable hydrogels with peptides by using 

them in association with polymers.166 Similar to the supramolecular moieties discussed in the previous 

sections, peptides were used to direct the cross-linking of functionalized polymer chains. Here, cross-

linking can occur through different peptide motifs based on stereo-complexation, hydrogen bonding, or 

other supramolecular interactions. For example, PEG has been cross-linked using triple helix formation 
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using synthetic collagen peptides or through electrostatic interactions between a peptide and an 

oligosaccharide.167,168 An interesting dock and lock system was designed by using a peptide 

functionalized PEG in tandem with a polypeptide.169 The polypeptide was composed of two “docking” 

domains that are able to form dimers, which can then be stabilized with a complementary peptide residue 

attached to the PEG chains. The resulting system formed shear-thinning hydrogels with rapid self-

healing. The hydrogel additionally enabled the loading of dextran, and the release rate was correlated to 

the erosion rate of the hydrogel. In another approach, peptides were used to cross-link PNIPAm, which 

enabled gelation of peptide fibrils upon collapse of PNIPAm with increasing temperature.170 Materials 

that did not require chemical reaction of the peptide to the polymer were obtained using positively 

charged peptide amphiphiles and negatively charged polymers.171 The absence of chemical modification 

enabled the simple formation of the material upon mixing, and the charged species provided a suitable 

environment for the loading of charged proteins. 

Peptide-based hydrogels provide a broad range of possibilities to form injectable supramolecular 

hydrogels with tailored structure, tissue specific gelation, and controlled drug release. However, the 

rational design of such hydrogels remains challenging as the structure of the hydrogel and its properties 

will be highly dependent on the structure of each peptide. 

1.2.3. Tailoring drug affinity through supramolecular design 

Another challenge in the design of suitable platforms for drug delivery is the encapsulation of drugs 

within the platform and controlled release of the therapeutics from the system. In the above sections, the 

rheology of the materials was tailored through supramolecular design and the physical properties of the 

gels were used to control release via constrained diffusion. An alternative approach is to tailor the affinity 

of the drug to the material using supramolecular design strategies. 

Drugs and therapeutics come in a variety of molecular configurations, affinity, and by extension 

compatibility with hydrogel matrices. Hydrophilic drugs can be loaded in a hydrogel easily as the main 

component is water and the loading capacity is dictated primarily by the solubility of the drugs. 

However, these drugs often diffuse out of the gel rapidly. Other therapeutics, including hydrophobic 

drugs with poor aqueous solubility, require more complex strategies as direct encapsulation can result 

in poor loading. Additionally, the affinity of the drug to the matrix whether hydrophilic or hydrophobic 

will tailor the release kinetics. That is, the affinity of the drug to the matrix itself can be used to control 

the release of a drug from the hydrogel.172 A high affinity will slow transport of the drug though the 

network whereas a low affinity will favor diffusional release of the drugs.172 By using the versatility of 

supramolecular interactions, strategies to incorporate and increase the loading of therapeutics have been 

developed with minor or no chemical modification of the drug.173  

1.2.3.1. Supramolecular binding sites to tailor drug–matrix affinity. 

To increase the affinity of a drug to the hydrogel matrix, a simple approach is to design regions in the 

hydrogel network that are able to interact non-covalently with the drug(s) through supramolecular 
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interactions (Figure 1.6a). The loading capacity and the release kinetics will depend on the strength of 

the interaction and how many binding sites are present in the hydrogel.174 By modifying the quantity of 

binding sites available for binding drugs, the release kinetics of the drug can also be tuned.111 Note, that 

it is important to take the changes in release kinetics into account when engineering the interaction 

between the network and the drug. A strong binding can result in a loss of diffusion in the gel, shifting 

the release kinetics to erosion-based release. 

As a vast array of drugs exist, the type of interaction required for the loading of drugs will vary. Regions 

that are able to interact with different classes of molecules can provide increased versatility to the 

platform. The introduction of hydrophobic regions in a hydrogel matrix can accommodate a broad range 

of water insoluble molecules due to the non-specificity of the interaction. Such systems are often based 

on networks formed via hydrophobic interactions, such as block copolymer, micellar, or amphiphilic 

peptide-based hydrogels.123,160 For example, a hydrogel based on PNIPAm was used to enable the 

loading of hydrophobic drugs.175 The hydrophobic domain created by the PNIPAm was released as 

micelles upon degradation of the hydrogel, enhancing cellular uptake of the drug. 

The previously discussed systems incorporate the binding region in the structure of the hydrogel, 

constraining the design of the hydrogel network. Providing binding motifs which can simply be grafted 

to the polymer network enable the decoupling of the drug loading and the material composition. CD has 

been used as a possible motif for the encapsulation of drugs through grafting or incorporation within the 

structure of a formed hydrogel.176 A gelatin-tyramine hydrogel designed as an adhesive for wound 

healing demonstrated improved loading of dexamethasone and curcumin in the hydrogel.177 Heparin, an 

anionic polysaccharide, has been employed for its capacity to bind specifically to multiple proteins, such 

as growth factors.178,179. Similarly, peptides with aromatic interactions were grafted to a polyurethane 

network, providing curcumin-binding domains.180  

For hydrogels based on the formation of supramolecular fibers, binding regions can be introduced by 

functionalizing some of the building blocks of the fibers with the binding motifs. Bakker et al. harnessed 

this approach to introduce positively-charged regions in the structure of their hydrogel.181 The motifs 

accommodated antisense oligonucleotides via electrostatic interactions. 

1.2.3.2. Supramolecular integration of drug carriers 

In some cases, the direct incorporation of the drug in the hydrogel can be challenging. Therefore, the 

design of drug carriers as components of the hydrogel that interact through supramolecular interaction 

has been introduced as a complementary approach. The carriers can be defined in two categories 

depending on their requirement to be chemically associated to the drug or not. 
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Figure 1.6: Supramolecular interactions to tailor drug–matrix affinity. A. Supramolecular binding 

motifs can be used to load drugs in the hydrogel and control the release of the drug from the hydrogel 

by providing specific binding sites that are able to interact non-covalently with the therapeutic or by 

creating drug carriers within the gel. B. Using host–guest chemistry, a system for spatial drug 

recognition was developed enabling improved accumulation of drugs at a target site in the body 

following systemic administration.182 C. Drugs themselves have also been used to self-assemble 

hydrogels for controlled release.183–185  
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Drug carriers that do not require modification of the drugs are usually nanoscale objects that can 

encapsulate many drug molecules, such as nanoparticles or liposomes. These nanocarriers are 

advantageous as they can be tailored specifically to the drug of interest prior to their introduction into 

the hydrogel system. The incorporation of such objects in the hydrogel can be achieved by the design of 

supramolecular nanocomposite as previously discussed in Section 1.2.2.5. Block copolymer and metal 

nanoparticles have been employed as drug carrier in this manner.18,148 The introduction of the drug carrier 

in the hydrogel can also be achieved by designing supramolecular motifs able to bind the cargo to the 

hydrogel network. For example, polycaprolactone–β-CD polymerosomes were employed for the 

combined delivery of hydrophobic and hydrophilic drugs.186 The CD present on the carrier anchored it 

to the hydrogel backbone. Additionally, increased retention of the drug at the target tissue site was 

achieved as the carrier itself exhibited adhesive properties. 

Recently, supramolecular excipients have been created that avoid the need to chemically modify the 

drug while improving their solubility.187 This method enabled increased drug loading without requiring 

the cargo to be part of the gel structure or to have a specific affinity to the gel matrix. CB-conjugated 

PEG has been used to bind reversibly to biomolecules in order to improve their solubility through 

supramolecular binding with hydrophilic polymer chains.188 Additionally, insulin monomers were 

stabilized using this CB-based supramolecular excipient resulting in a tenfold increase in stability 

compared to commercial insulin hexamer formulations.189  

A second category of drug carrier relies on the conjugation of a drug to a molecule that is able to interact 

with the hydrogel through a supramolecular binding motif. This strategy has been particularly suitable 

for the incorporation of drugs in hydrogels based on supramolecular fiber formation.190 For example, a 

peptide amphiphile functionalized with dexamethasone demonstrated controlled release of the drug over 

one month.191 In principle, this system can be designed as a platform for multicomponent therapies. 

A recent strategy harnessed the capacity of CD to thread on polymer chains as a method to incorporate 

drug.192 CD was functionalized with DOX and thread onto Pluronics, which comprised the hydrogel 

network. The drug loading depended on the CD concentration and avoided the need for specific 

interactions between the drug (DOX) and the matrix. 

Finally, drugs can be functionalized directly with guest molecules for loading into a hydrogel containing 

a matching CB host.182 Excitingly, this strategy uniquely enabled the spatial localization of drugs 

administered orally or intravenously (Figure 1.6b). The highly selective interaction between guest and 

host led to accumulation of the drug at the site where the hydrogel had been applied. This system is 

particularly attractive for tailored treatment with multiple drugs without requiring injection of multiple 

gels each loaded with a different therapeutic or for repeat dosing by exploiting the engineered homing 

of therapeutic molecules to the site of interest. 
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1.2.3.3. Drug as building block 

In some cases, drug encapsulation remains a challenge even with improved drug–matrix affinity. 

Therefore, therapeutics have been used directly as building blocks for the formation of supramolecular 

hydrogels. Such materials can be used in tandem with other drugs enabling the formation of multidrug 

release depots. Through the use of supramolecular interactions, the therapeutics can be designed to self-

assemble while avoiding extensive modification of the drugs. 

This approach is common in the design of peptide-based hydrogels, as peptides themselves can act as 

the drug, demonstrating anti-inflammatory or anti-bacterial behavior.155,193 The use of peptide 

therapeutics enables hydrogel formation without the need for additional chemical modification of the 

therapeutic agent. For example, beta hairpin peptides have shown antibacterial activity and the capacity 

to form injectable supramolecular networks.194 Some non-peptide therapeutics, such as raltitrexed or 

dexamethasone, can also self-assemble without requiring chemical modification, but are limited in 

number (Figure 6c).173,185  

The majority of active pharmaceutical agents require some modification of their structure to enable 

direct gelation. One strategy is to create an amphiphile drug hydrogelator, which is able to aggregate 

through the formation of hydrophobic and hydrophilic domains.184 By conjugating drugs—

tyroservatide, a peptide drug, and chlorambucil, an anticancer agent—with different affinities for water, 

an amphiphilic hydrogelator was designed (Figure 1.6c).183 This system also exhibited additional 

stability of the drugs. A similar strategy was employed for the design of an in situ self-assembling 

hydrogel.195 The drug amphiphile was composed of Taxol, a hydrophobic anti-cancer drug, and 

tyroservatide, an anti-cancer peptide, linked through an ester bond. Upon injection the ester bond was 

able to self-hydrolyze inducing the self-assembly of the free Taxol with the amphiphiles into a fibrous 

hydrogel. This approach resulted in enhanced cellular uptake of the anti-cancer drugs. 

Other strategies beyond the use of drug as the hydrogelator were developed to broaden the scope of 

possible methods to use drugs as building blocks in material design. For example, DOX nanospheres 

were employed to crosslink peptide fibers to form a supramolecular hydrogel.196 This was possible based 

on electrostatic interactions between the negatively charged fibers and the positively charged DOX 

nanospheres. This concept was extended to the formation of multiple hydrogels from anionic drugs, 

including suramin, clodronate, heparin, and trypan blue.197 Similarly, a STING agonist was used to 

cross-link nanotubes formed from a peptide–drug conjugate, resulting in the formation of a self-

assembling hydrogel containing multiple therapeutics in its structure.198  

Through supramolecular interactions drugs are able to be used as building blocks for the design of 

hydrogels, providing an additional method to introduce therapeutics into supramolecular hydrogels. 

However, this approach requires careful molecular design to avoid loss of drug efficacy or stability. 
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1.3. OUTLOOK 

The use of supramolecular interactions in the design of hydrogel platforms for drug delivery has shown 

broad potential in the design of materials with controlled release, suitable mechanical properties, and 

improved therapeutic delivery. In total, supramolecular hydrogels demonstrate broad potential as next-

generation drug delivery platforms to improve medical care. However, much of this work has been at 

the bench and few systems have entered the clinic. 

Clinical approval remains a challenge, especially for complex hydrogels in part due to the use of new 

synthetic materials. Fortunately, a suitable path forward has been presented by other non-hydrogel-based 

supramolecular therapeutics that have entered clinical trials or been commercialized. For example, 

Suggamadex, comprised of functionalized CD for sequestration of anesthetics, has been commercialized 

and employed in the clinic to resolve neuromuscular blockade.199 Furthermore, Ziylo Ltd is developing 

glucose responsive insulin by combining insulin with a supramolecular macrocycle technology that 

binds and detects glucose. Larger systems, including the polymeric nanoparticle based on cyclodextrin 

and camptothecin (CD-CPT) developed by the Davis group, have been explored clinically as possible 

therapeutics for targeted cancer therapy.200,201 Another promising technology is a supramolecular 

scaffold for cardiovascular regeneration being developed by Xeltis, a clinical-stage medical device 

company.202 This material has been used for the design of pulmonary heart valves and is currently 

undergoing a Phase 3 clinical trial as a platform for small diameter blood vessel regeneration. 

As the field continues to grow, the design of safe, smart, and biocompatible supramolecular materials 

will become more accessible. The field will learn from the examples that have advanced to the clinical 

stage and from many others that are in development. To ease clinical acceptance, research should avoid 

overly complex systems and consider early on in the development the feasibility of the material to be 

approved by regulatory agencies and its suitability for industrial production. Many of the supramolecular 

motifs that are available currently form a robust basis for the design of elegant and functional drug 

delivery platforms. Further, as the field evolves, a more detailed understanding as to how molecular 

details of the supramolecular motifs influence the mechanical and release properties of the gels will 

improve our ability to engineer this powerful class of materials to address unmet translational needs. 

1.4. CONCLUSION 

Supramolecular interactions have proven promising for the design of hydrogels for controlled drug 

delivery. The incorporation of various supramolecular binding motifs in the hydrogel matrix enables 

rational engineering of the rheological behavior of the materials, such as shear-thinning and self-healing 

behavior, suitable for injection via narrow diameter syringes or catheters. Additionally, the incorporation 

of therapeutics in the hydrogel and release from the materials can be improved via supramolecular 

design of the drug–matrix affinity. Our ability to fabricate and apply this useful class of supramolecular 

hydrogels to the field of drug delivery will expand with basic advances in supramolecular chemistry and 

a more robust understanding of structure–function relationships in associating polymer networks. 
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CHAPTER 2 

 

SUPRAMOLECULAR REINFORCEMENT OF 

POLYMER–NANOPARTICLE HYDROGELS FOR 

MODULAR MATERIALS DESIGN 

 

SUMMARY Moldable hydrogels are increasingly used as injectable or extrudable materials in 

biomedical and industrial applications owing to their ability to flow under applied stress (shear-thin) 

and reform a stable network (self-heal). Nanoscale components can be added to dynamic polymer 

networks to modify their mechanical properties and broaden the scope of applications. Viscoelastic 

polymer–nanoparticle (PNP) hydrogels comprise a versatile and tunable class of dynamic 

nanocomposite materials that form via reversible interactions between polymer chains and 

nanoparticles. However, PNP hydrogel formation is restricted to specific interactions between select 

polymers and nanoparticles, resulting in a limited range of mechanical properties and constraining their 

utility. Here, a facile strategy to reinforce PNP hydrogels through the simple addition of α-cyclodextrin 

(αCD) to the formulation is introduced. The formation of polypseudorotaxanes between αCD and the 

hydrogel components resulted in a drastic enhancement of the mechanical properties. Furthermore, 

supramolecular reinforcement of CD–PNP hydrogels enabled decoupling of the mechanical properties 

and material functionality. This allows for modular exchange of structural components from a library 

of functional polymers and nanoparticles. αCD supramolecular binding motifs are leveraged to form 

CD–PNP hydrogels with biopolymers for high-fidelity 3D bioprinting and drug delivery as well as with 

inorganic NPs to engineer magnetic or conductive materials. 

This chapter is adapted from: Giovanni Bovone, Elia A. Guzzi, Stéphane Bernhard, Tim Weber, Dalia 

Dranseike and Mark W. Tibbitt, Adv. Mater. 2021, 34 (9), 2106941.  AUTHOR CONTRIBUTIONS: 
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interpreted the data, and co-wrote the manuscript. T.W. provided initial feasibility data on the materials 

design. D.D. assisted with the 3D printing. M.W.T. coordinated the research project and supported the 

writing of the manuscript.  
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2.1. INTRODUCTION 

Moldable and injectable polymer networks are increasingly used for a range of biomedical and industrial 

applications.203–205 Dynamic polymer networks are commonly prepared using reversible interactions, 

enabling the materials to flow under applied stress—shear-thin—and to reform a stable network—self-

heal—after removal of the stress.206,207 The rheological properties of dynamic polymer networks make 

them useful as minimally invasive injectable biomaterials,208,209 ejectable inks for additive 

manufacturing,207,210 and reconfigurable materials.211–213 The inclusion of nanoscale fillers in dynamic 

polymer materials has been leveraged to enhance their rheological properties and expand their 

functionality.132,214–216 Dendritic binders were mixed with clay nanosheets to assemble tough and 

moldable hydrogels.217 Silicate nanoplates have been combined with gelatin to prepare injectable and 

tissue adhesive hydrogels for the treatment of hemorrhage in mice.137 

Polymer–nanoparticle (PNP) hydrogels comprise an emerging strategy to engineer dynamic 

nanocomposite hydrogels.18,133,218 PNP hydrogels are formulated by mixing a liquid suspension of 

nanoparticles (NPs; e.g., poly(ethylene glycol)-block-polylactide [PEG-b-PLA] NPs) and a liquid 

solution of polymer (e.g., hydroxypropylmethylcellulose [HPMC]). Reversible interactions between the 

polymer chains and NPs enable the formation of a viscoelastic network with shear-thinning and self-

healing properties.133,142 Owing to their facile preparation and dynamic mechanical properties, PNP 

hydrogels have been applied as injectable hydrogels for drug delivery,18 postoperative adhesion 

barriers,219 minimally invasive biomaterials for immune cell recruitment,17 moldable materials for 

pipeline maintenance,203 sprayable coatings for wildfire mitigation,220 and bioinks for additive 

manufacturing of personalized biomaterials.15,143 While PNP hydrogels comprise a highly versatile and 

tunable platform to design moldable polymer nanocomposites, hydrogel formation has been restricted 

to specific interactions between select polymers and NPs. This has limited the accessible ranges of 

mechanical properties and dynamicity in this class of materials. Further, the specificity of the interaction 

to the building blocks of the hydrogel has restricted the pool of network component to limited classes 

of polymer and NPs. 

To expand the design landscape of PNP hydrogel, we envisioned that a simple and elegant 

supramolecular motif could be leveraged to reinforce and generalize this class of materials to other NPs 

and other polymers. Cyclodextrins (CDs) are macrocyclic oligosaccharides, that are capable of forming 

water-soluble inclusion complexes with (macro)molecular guests with varying affinity depending of the 

size of their cavity.221 They have emerged as a versatile and accessible class of molecules for the 

assembly of supramolecular hydrogels, with a specific emphasis on host–guest binding between βCD 

and adamantane or azobenzene.66,108,222–224 Of interest, some CDs can thread on polymer chains resulting 

in the formation of poly(pseudo)rotaxanes.106,225–227 This threading behavior varies with the size of the 

host cavity—for example, αCD threads efficiently onto PEG while βCD onto poly(propylene glycol).227 

In the case of multiple αCD molecules threading on a single PEG chain, a polypseudorotaxane, or 

molecular necklace, is formed.106 This extended arrangement often results in the formation of larger 
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crystalline aggregates, that can facilitate interactions between polymer chains or material building 

blocks.211,228 Polypseudorotaxanes have been exploited as supramolecular cross-links to assemble 

hydrogels from polymeric and nanoparticulate building blocks, including for drug delivery 

applications.124,229–233 Of note, Dreiss and co-workers demonstrated that αCD could precipitate 

PEGylated silica NPs into hydrogels and characterized the design space for gel formation.231 Similar 

design principles have been applied to assemble colloidal hydrogels from block copolymer NPs, 

PEGylated inorganic NPs, and PEG-functionalized dendrimers or branched polymers.124,232–236 

Motivated by these findings105, we hypothesized that the formation of polypseudorotaxanes on the 

surface of PEGylated NPs would serve as a generalizable interaction between polymers and NPs for the 

formation of PNP hydrogels, enabling modular exchange of the constituent components and enhancing 

their mechanical properties.106 

In this work, we demonstrate that αCD-based supramolecular polypseudorotaxanes comprise a facile 

strategy to reinforce and expand the PNP hydrogel platform. The inclusion of αCD with PEGylated NPs 

and a support polymer formed CD-modified PNP hydrogels (CD–PNP hydrogels). The mechanical 

properties of CD–PNP hydrogels were enhanced by orders of magnitude as compared with non-modified 

PNP hydrogels while maintaining shear-thinning and self-healing properties, enabling injectability of 

robust hydrogels. Further, the use of this simple supramolecular motif allowed us to decouple 

rheological properties and material functionality. The modular nature of the CD–PNP platform enabled 

us to exchange structural components from a library of polymers and functional NPs. CD–PNP 

hydrogels were formed with biopolymers for high-fidelity 3D printing and tissue engineering as well as 

with inorganic NPs to engineer conductive or magnetic materials. Overall, supramolecular 

reinforcement provided facile assembly of a diverse set of functional and moldable nanocomposite 

hydrogels. 

2.2.  RESULT AND DISCUSSION 

2.2.1. Supramolecular reinforcement of PNP hydrogel 

Base PNP hydrogels were prepared by mixing HPMC (1 wt%) with colloidally-stable block-co-polymer 

NPs (PEG6k-b-PLA18k NPs, 5 wt%; Figure 1a), relying on the hydrophobic interactions between the 

components for network formation.18 Simple mixing of the two liquid suspensions spontaneously 

formed a viscoelastic gel with shear-thinning and self-healing behavior. The PNP hydrogels formed with 

a shear storage modulus of G′ ≈ 18.4 Pa (ω = 10 rad s−1). This is consistent with similar formulations of 

PNP hydrogels in the literature (G′ ≈ 10–1000 Pa at ω = 10 rad s−1).143,203,219 The base PNP hydrogels 

exhibited shear-thinning and self-healing properties, which have enabled their use as injectable and 

sprayable biomaterials.17,219,237,238 However, one constraint of this versatile platform is the limited range 

of mechanical properties accessible through hydrophobic polymer–nanoparticle interactions. Further, 

the building blocks are restricted to select pairs of polymers and NPs.203 
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Figure 1: Supramolecular reinforcement of polymer-nanoparticle (PNP) hydrogels. a) PNP hydrogels 

form upon mixing separate liquid solutions of polymer and nanoparticles. The reversible interactions 

between the polymer chains and NPs result in the formation of a viscoelastic network. b) αCD was used 

here as a supramolecular motif to enhance the mechanical properties of PNP hydrogels. The addition 

of αCD resulted in the formation of polypseudorotaxanes on the surface of the PEGylated NPs. c) The 

addition of αCD to the formulation increased the shear storage modulus, G′, by several order of 

magnitude indicating enhanced polymer–nanoparticle and/or nanoparticle–nanoparticle interactions. 

Further, the storage moduli of αCD–PNP formulations exhibited attenuated frequency dependence as 

compared with base PNP hydrogels (PNP: G′ ∼ ω0.3; CD–PNP: G′ ∼ ω0.1). d) An increase in low-shear 

viscosity, η0, was measured with increasing αCD content, while the shear-thinning properties were 

preserved. e) CD–PNP hydrogels retained the ability to recover their initial viscoelastic properties 

rapidly (self-heal) following cycles of high strain (γ > 10%). 

In the literature, αCD has been used to precipitate solid-like hydrogels via increased NP–NP 

interactions.124,229–233 Based on these findings, we hypothesized that including αCD in the PNP 

formulation would induce NP–NP interaction though polypseudorotaxane formation, resulting in 

enhanced mechanical properties and modular design (Figure 1b). Addition of αCD increased the shear 
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storage modulus of the hydrogels by several orders of magnitude (samples containing 1, 5, and 10 wt% 

αCD exhibited G′ ≈ 1.7 × 101, ≈ 3.0 × 103, and ≈ 6.5 × 104 Pa at ω = 10 rad s−1, respectively; Figure 1c; 

Figure S1). Further, the storage moduli of αCD-reinforced PNP hydrogels (CD–PNP) exhibited 

attenuated frequency dependence as compared with standard PNP hydrogels (PNP: G′ ≈ ω0.3; CD–PNP: 

G′ ≈ ω0.1), consistent with slower dynamics and increased particle jamming.142,239 The reinforcement 

with αCD was effective for NPs presenting PEG with a range of molecular weights (3–11 kDa; Figure 

S2). The concentration-dependent increase in mechanical properties suggested enhanced polymer–

nanoparticle and/or nanoparticle–nanoparticle interactions (Figure 1b, c). We hypothesized that the 

mechanical reinforcement was the result of increased NP jamming through the formation of 

supramolecular polypseudorotaxane interactions following αCD threading on the PEG chains at the NP 

surface.106 Further supporting the hypothesis, αCD induced the precipitation of the NPs in the absence 

of a support polymer (Figure S3). βCD and γCD, which have affinity to PEG, showed limited 

mechanical reinforcement (Figure S4) and interaction with the NPs (Figure S5), further supporting the 

threading of αCD on PEG as driving force of the enhancement. 

The increase in shear moduli was, however, only present for formulation with αCD content at or beyond 

5 wt% (Figure S1). Formulations with lower αCD content (1 wt% and 2.5 wt%) did not show significant 

changes as compared with control PNP hydrogels without αCD. The threshold αCD concentration did 

not show dependence from NP content as formulations with varying NP content (1, 2, 3, and 5 wt%; 

Figure 1c, Figure S6) as each formulation required a minimum of 5 wt % αCD to formulate a robust, 

solid-like network (G′ > G″, Tables S1 and S2; Figures S6-7). We associated this behavior to a minimum 

αCD concentration required to induce sufficient aggregation of the NPs, below which the polymer–NP 

interactions remained dominant, whereas above NP–NP interactions prevailed. The changes in dominant 

interaction were speculated to influence the microstructure of the material resulting in the observed 

changes in the emerging macroscopic properties. The possible changes in PNP microstructure in the 

presence of αCD were investigated further in Chapter 4 using super-resolution optical microscopy.  

The ability to flow upon applied stress and reform a stable network after cessation of the applied stress 

are critical design features of injectable or ejectable materials. Addition of αCD to the PNP hydrogels 

did not hinder injectability, with CD–PNP hydrogel exhibiting shear-thinning and self-healing behaviors 

(Figure 1d, e). The low-shear viscosity, η0, increased with αCD content while maintaining a high flow 

index (n ≈ 0.25; Figure 1d). The apparent yield stress, σy, also increased with αCD content (σy ≈ 2.1, 

2.5, 17.5, and 165.5 Pa at dγ/dt = 0.01 s−1 for αCD = 0, 1, 5, and 10 wt%, respectively), consistent with 

the increased modulus. The yield strain, γy, decreased with increasing αCD content (Figure S1b), again 

consistent with increasing NP jamming.240,241 The dramatic increase in G′ compensated for the lower γy, 

providing for the significant increase in σy. Importantly, CD–PNP hydrogels recovered their initial 

viscoelastic properties rapidly (self-healed) following cycles of high strain (γ > 10%; Figure 1e). 
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Overall, these results demonstrated that the simple addition of αCD could be used as a supramolecular 

reinforcement to augment the viscoelastic properties of this class of materials. In this manner, we were 

able to modulate the viscoelastic properties of CD–PNP hydrogels by tuning the concentration of αCD 

in the system while maintaining shear-thinning and self-healing properties. 

2.2.2. Supramolecular Bonding Enables Modular Design of CD–PNP Hydrogels 

In addition to enhancing their mechanical properties, the inclusion of αCD enabled modular design of 

CD–PNP gels. As CD–PNP network formation leveraged the supramolecular binding motif in addition 

to interactions between polymer chains and NPs, the constituent polymer and/or the NP could be 

exchanged (Figure 2a). 

 

Figure 2: Supramolecular bonding enables modular design of CD–PNP hydrogels. a) The inclusion of 

αCD enabled us to exchange the constituent polymer and/or the NP in CD–PNP hydrogels. HPMC was 

exchanged for methacrylated hyaluronic acid (MeHA), alginate (Alg), and collagen type I (Col). 

Additionally, we prepared CD–PNP hydrogels with other PEGylated NPS, such as iron oxide NPs 

(FeNPs) and gold NPs (AuNPs). b) CD–PNP hydrogels formed solid- like materials (G′ ≫ G′′) with 

attenuated frequency dependence for all polymers tested. c) Similar shear-thinning properties were 

observed independent of the formulation. d) The self-healing behavior was retained for CD–PNP 
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hydrogels formulated with different polymers. e) CD–PNP hydrogels formed solid-like materials (G′ ≫ 

G′′) with low frequency dependence f) Similar shear-thinning properties were observed independent of 

the NPs used. g) The self-healing behavior was retained for all CD–PNP gels. 

HPMC was substituted with other biopolymers commonly used in hydrogel fabrication, including 

methacrylated hyaluronic acid (MeHA 1 wt%), alginate (Alg 2 wt%), and collagen type I (Col 0.4 wt%). 

Each CD–PNP formulation exhibited solid-like properties (G′ ≫ G″) with low frequency dependency 

(G′ ≈ ω0.05−0.1, Figure 2b). As previously stated, we hypothesized that the formation of 

polypseudorotaxanes and increased NP–NP interaction controlled network formation and properties 

above a threshold concentration. As a result, specific polymer–NP interactions were less relevant for 

network formation, enabling the use of various support polymers including those with limited 

interactions with the NPs. The absence of noticeable interactions between αCD and the various support 

polymers (HPMC, MEHA, Alg, or Col) corroborated this hypothesis (Figure S8). Further, the presence 

of the support polymer was still required for network formation as without the mixture of αCD and NP 

precipitated, indicating that the polymer was necessary to keep the interacting particles colloidally 

stable. The shear-thinning and self-healing behavior was preserved for CD–PNP gels comprised of each 

polymer (Figure 2c,d). The exchange of the support polymer allowed for secondary cross-linking and 

stabilization of the CD–PNP hydrogels. Secondary cross-linking was achieved with light (MeHA), 

addition of divalent cations (Alg), or environmental control (temperature and pH; Col). For each 

polymer, the CD–PNP gel exhibited suitable rheology for injection or 3D printing and provided a handle 

for stabilization of the material after initial application. 

After demonstrating that supramolecular reinforcement enabled interchange of the support polymer, we 

also explored the ability to exploit αCD to form CD–PNP gels with different NPs. Exploiting αCD 

threading onto PEG chains, we prepared CD–PNP hydrogels with other PEGylated NPs, namely iron 

oxide NPs (FeNPs) and gold NPs (AuNPs). In each case, the inorganic NPs were functionalized with 5 

kDa PEG. In the case of AuNPs, we combined AuNPs (5 wt%) with PEG-b-PLA NPs (2.5 wt%), 

demonstrating the utility of the supramolecular motif for the formation of multicomponent 

nanocomposite hydrogels. Each CD–PNP formulation exhibited solid-like properties over the whole 

frequency spectrum (Figure 2e, S9). Further, modifying the NP character did not affect the shear-

thinning and self-healing properties of the gels (Figure 2f,g). 

2.2.3. Supramolecular Bonding Enables Modular Design of CD–PNP Hydrogels 

In direct ink writing, or semi-solid extrusion, inks with shear-thinning and self-healing properties are 

needed to enable extrusion through the nozzle and ensure shape retention after printing.242 Based on the 

rheological properties of CD–PNP hydrogels, Col- and MeHA-based formulations were prepared as 

biomaterial inks to fabricate complex structures with a pneumatic-driven 3D printer (BioX) and to 

enable secondary cross-linking after the printing for material stability. Col and MeHA can be difficult 

to use as single component bioinks as their viscosity is often too low for suitable shape retention.243 We 
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printed a miniaturized trachea using a Col-CD–PNP ink (αCD 7.5 wt%, PEG-b-PLA NPs 5 wt%, Col 

0.4 wt%) as a representative 3D anatomical model (Figure 3a,b). The robust elasticity and apparent yield 

stress allowed for direct printing of high profile and free-standing 3D objects (32 layers, 0.3 mm layer 

height). A model heart valve was printed with a MeHA-CD–PNP ink (αCD 10 wt%, PEG-b-PLA NPs 5 

wt%, MeHA 1 wt%; Figure 3c). The complex scaffold retained its shape with high fidelity prior to and 

after photo-cross-linking (λ = 405 nm, I = 10 mW cm−2, and t = 2 min), which was performed at the 

end of the printing process. 

 

Figure 3: Direct ink writing and biofabrication with CD–PNP (bio)inks. a) A mini trachea model was 

printed with a Col-CD–PNP ink (αCD 7.5 wt%, 5 PEG-b-PLA NPs wt% and Col 0.4 wt%) at 7 ◦C. Top 

view image of the free- standing mini-trachea. b) Lateral image of the mini trachea. Scale bars, 5 mm. 

c) A model heart valve was printed using a MeHA-CD–PNP ink (αCD 10 wt%, PEG-b-PLA NPs 5 wt%, 

and MeHA 1 wt%). During and after extrusion, the printed scaffold retained its shape and was 

subsequently photo-cross-linked (λ = 405 nm, I = 10 mWcm−2, and t = 2 min) to stabilize the printed 

construct. Scale bar, 5 mm. d) Primary human mesenchymal stem cells (hMSCs; 2 x 106 cells mL−1) 

were encapsulated in a Col-CD–PNP bioink (αCD 5 wt%, PEG-b-PLA NP 5 wt%, and Col 0.4 wt%). 

The cell-laden bioink was used to prepare non-printed control gels and bioprinted constructs. The 

samples were imaged over the course of 2 days to monitor cell spreading. The cell nucleus was labelled 

DAPI (blue) and the actin cytoskeleton was labelled with Alexa Fluor 488 Phalloidin (green). Confocal 
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images at day 0, 1, and 2 after printing revealed similar spreading in both control and printed samples. 

Scale bar, 50 µm. 

CD–PNP inks were also used for bioprinting. Here, primary human bone-marrow-derived stromal cells 

(hMSCs; 2 × 106 cells mL−1) were included in the Col-CD–PNP bioink (αCD 5 wt%, PEG-b-PLA NP 5 

wt%, and Col 0.4 wt%). A formulation containing αCD 5 wt% was used to provide sufficient mechanical 

properties for bioprinting while mitigating potential cytotoxicity.244 The presence of cells did not affect 

the printability and the constructs were stabilized after printing by inducing collagen fibrillogenesis (37 

°C, 5% CO2 for 90 min). The cells exhibited similar viability (>80%, Figures S10 and S11) in 

nonprinted control and bioprinted scaffolds. The high viability was attributed to the reduced shear stress 

experienced by the cells in the shear-thinning and self-healing bioink.245–248 Collagen provides a 

beneficial environment for cell adhesion and spreading through natural peptide motifs, such as RGD 

peptides. Encapsulated cells spread similarly in both nonprinted control and bioprinted samples at days 

0 and 2 after encapsulation (Figure 3d, e). These results demonstrated the potential of the CD–PNP 

platform to formulate (bio)inks for direct ink writing and biofabrication. Cytocompatible biopolymers 

usually difficult to print were easily included in the CD–PNP hydrogels, allowing for modular (bio)ink 

design. The properties of the CD–PNP (bio)inks enabled high print fidelity and the fabrication of high-

aspect ratio structures while supporting cell growth. Further, all components used in the CD–PNP 

(bio)inks are generally regarded as safe (GRAS), facilitating their future use for biomedical applications. 

2.2.4. Modular Design Enables Tailored Functionality of CD–PNP Hydrogels 

The supramolecular polypseudorotaxane motif enabled modular design of CD–PNP hydrogels with 

facile exchange of PEGylated NPs. We leveraged the functionality of each NP as a drug carrier, 

electroconductive component, or magnetic building block to design CD–PNP hydrogels with versatile 

properties. 

PEG-b-PLA NPs were leveraged for the design of dual release of hydrophilic and hydrophobic 

therapeutics. On one hand, we entrapped FITC-labeled bovine serum albumin (FITC-BSA) in the 

hydrogel matrix as a model hydrophilic macromolecular therapeutic, while Oil Red O (OR) was loaded 

in the core of PEG-b-PLA NPs as a model hydrophobic small molecule therapeutics (Table S3).18,143 

Release of the FITC-BSA, followed a diffusion-based release of the therapeutics, which did not show 

strong dependence from the introduction of αCD. The release of OR, followed an erosion-based release 

from the hydrogels which showed a slight delay with addition of αCD that correlated with the increase 

of mechanical properties induce by αCD. Further analyses of the release studies were performed by 

Giovanni Bovone and can be found in the Appendix. Overall, these results demonstrated that αCD-

reinforcement had a minimal effect on the release of hydrophilic macromolecules; however, it slowed 

the erosion of CD–PNP scaffolds and delayed the release of OR by 2 days. 
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Figure 4: Modular design enables tailored functionality of CD–PNP hydrogels. a) Fractional release 

of the hydrophilic macromolecule FITC-BSA, entrapped in the bulk of the hydrogel, over 12 days. 

Hydrogels with (αCD 10 w/w%, PEG- b-PLA NPs 5 wt%, HPMC 1 wt%, and FITC-BSA 1 wt%) and 

without (αCD 0 wt%, PEG-b-PLA NPs 5 wt%, HPMC 1 wt%, and FITC-BSA 1wt%) αCD released the 

macromolecular cargo via diffusion at a similar rate (Figure S12a). b) Pictures of the hydrogels loaded 

with FITC-BSA on days 0, 6, and 9. Scale bar, 0.5 cm. c) Fractional release of the hydrophobic small 

molecule Oil Red O (OR), encapsulated in the core of PEG-b-PLA NPs, over 12 days (OR-loading 

∼ 0.2 wt%). Hydrogel samples without αCD 0 wt% released 80% of the OR cargo over 6 days, whereas 

CD–PNP gels with 10 wt% αCD exhibited slower release (Figure S12b). d) Pictures of the hydrogels 

loaded with OR at days 0, 6, and 9. e) CD–PNP hydrogels were formed with PEGylated AuNPs (Au-

CD–PNP: αCD 10 wt%, AuNPs 5 wt%, PEG-b-PLA NPs 2.5 wt% and HPMC 1 wt%). The gel was 

connected with a LED and a battery in series. When the circuit was closed, the LED emitted light 
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demonstrating the ability of the Au-CD–PNP hydrogel to conduct electrical current. Scale bar, 1 cm. f) 

An electromagnetic manipulation setup, OctoMag, was used to guide locomotion magnetically of iron 

oxide NP CD–PNP hydrogels (Fe-CD–PNP: αCD 10 wt%, FeNPs 6wt%, and Alg 2 wt%). [63] A time-

lapse of Fe-CD–PNP gel floating in a solution shows gel motion in the x-y plane. Similarly, the Fe-CD–

PNP sample was rotated in a rotating magnetic field. Scale bar, 4 mm. 

To further expand the scope of possible applications of CD–PNP hydrogels, iron oxide NPs (FeNPs) 

and gold NPs (AuNPs) were included as structural components. To engineer electroconductive CD–PNP 

hydrogels, we included PEGylated AuNPs into the CD–PNP formulation (Au-CD–PNP: αCD 10 wt%, 

AuNPs 5 wt%, PEG-b-PLA NPs 2.5 wt%, and HPMC 1 wt%) and integrated the hydrogel as part of an 

electric circuit. (Figure 4e). By closing and opening the circuit using the Au-CD–PNP hydrogel, it was 

possible to switch a light-emitting diode (LED) on and off, demonstrating the conductive properties of 

the material. A nonconductive CD–PNP hydrogel (αCD 10 wt%, PEG-b-PLA NPs 5 wt%, and HPMC 

1 wt%) did not allow current to flow through the circuit. To design magnetic CD–PNP hydrogels, we 

formulated samples with PEGylated FeNPs (Fe-CD–PNP: αCD 10 wt%, FeNPs 6 wt%, and Alg 2 wt%). 

The hydrogels were molded into a horseshoe shape, stabilized via Ca2 + cross-linking, and placed in an 

aqueous bath (Figure 4f). The floating position of the scaffold was controlled by an electromagnetic 

manipulation setup, OctoMag.249 The axial and lateral movement of the hydrogel was controlled by 

using an external magnetic field (1 mT). Similarly, we rotated (clockwise or counter-clockwise) the Fe-

CD–PNP construct by rotating the applied magnetic field (0.3 Hz, 1 mT). Overall, αCD-reinforcement 

enabled us to include various PEGylated NPs as hydrogel building blocks to design drug-loaded, 

conductive, and magnetic materials. This modular approach broadened the application spectrum of CD–

PNP hydrogels without the need to re-engineer the network interactions. 

2.3. CONCLUSION 

We applied a simple supramolecular approach to expand the possible interactions for the formation of 

PNP hydrogels. Our approach was motivated by evidence that αCD can thread onto PEGylated NPs, 

enhancing NP–NP interactions through polypseudorotaxane formation.124,229–236 We leveraged this 

approach to engineer CD–PNP hydrogels through the inclusion of αCD in the formulation, which 

provided mechanical reinforcement and modular exchange of the hydrogel building blocks. As 

characterized via shear rheometry, αCD enhanced the viscoelastic properties of CD–PNP hydrogels by 

orders of magnitude while preserving the ability to shear-thin and self-heal. Further, the inclusion of 

αCD enabled the use of a variety of functional polymers and PEGylated nanoparticles without 

significant changes in the viscoelastic properties. To demonstrate the versatility of this platform, we 

formulated (bio)inks for direct ink writing, and fabricated complex 3D structures and bioprinted cell-

laden scaffolds for tissue engineering. Biocompatible CD–PNP hydrogels were also prepared as drug 

delivery platforms for the release of small molecule and macromolecular compounds. Finally, 

electroconductive Au-CD–PNP hydrogels were formulated with PEGylated AuNPs and PEGylated 

FeNPs were used as building blocks to introduce magnetic responsive properties. The overall approach 
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to leverage supramolecular binding motifs to enhance the mechanical properties and expand the possible 

building blocks of polymer–nanoparticle hydrogels simplifies (bio)material design and broadens the 

range of applications that can be targeted with this class of materials. 

2.4. MATERIALS & METHODS 

2.4.1. Materials  

α-Cyclodextrin (αCD, Ref C0776) hydroxypropyl-β-CD (βCD, Ref H0979), and γ-cyclodextrin (γCD, 

Ref C0869) were purchased from TCI Chemicals (Tokyo, Japan). Hydroxypropylmethylcellulose 

(HPMC; Mn ∼700 kDa, Ref. H3785), poly (ethylene glycol) methyl ether (PEG; Mn 5000 Da, Ref.  

81323), poly(ethylene glycol) methyl ether (PEG; Mn 10 kDa, Ref. 732621), methacrylic anhydride 

(MA; Ref 276685), 3,6-dimethyl-1,4-dioxan-2,5-dion (lactide; Ref. 303143), tin(II)-2-ethylhexanoate  

(SnOct2; Ref. S3252), 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid (Hepes; 99%, Ref H3375),  

oil Red O (OR; Ref O0625), iron(II)oxide (FeCl2, Ref 372870), iron(III)oxide (FeCl3, Ref 157740),  (3-

aminopropyl)triethoxysilane (Ref A33648), triethylamine (Ref T0886), calcium chloride (CaCl2; Ref 

21074), sodium hydroxide (NaOH, Ref 71690) diethyl ether(Ref. 32203), ethyl acetate( Ref. 34858), 

and methanol (MeOH, Ref 34885) were purchased from Sigma-Aldrich (Buchs, Switzer- land). 

Methoxy poly (ethylene glycol)-b-poly(D,L-lactide) (PEG-b-PLA; Mw 3000:20’000 Da; Ref. AK165) 

was purchased from AKiNA. Toluene (Ref 36441) and hexane (Ref 36437) were purchased from 

Chemie Brunschwig AG. Sodium alginate (Alg; Grade I-1G-80) was purchased from Kimica 

International (Tokyo, Japan). Sodium hyaluronate (HA; Mw ∼700 kDa, Ref HA700K) was purchased 

from Lifecore (Chaska, MN, USA). Collagen (Col;10 mg/ml, Ref 5133) was purchased from Advanced 

BioMatrix (San Diego, CA, USA). Acetone (Ref 20066.296) was purchased from VWR Chemicals. 

Low glucose DMEM (Ref 22320-022), Pen Strep (PS, Ref 15140-122), FGF (Ref. PHG0026), and fetal 

bovine serum (FBS; Ref 10270106), LIVE/DEAD Viability/Cytotoxicity kit (Ref L3224), AlexaFluor 

488 Phalloidin (Ref A12379) were purchased from ThermoFisher. Spherical gold NPs with a diameter 

of 10 nm were purchased from Nanopartz (Ref A11-10-CIT-DIH-1). For the synthesis of iron oxide NPs 

oleic acid (Ref AB333867) was purchased from ABCR chemicals (Karlsruhe, Germany). Inorganic NP 

PEGylation was performed with methoxy PEG–thiol (Mw ∼5 kDa, Ref A3029, JenKem, USA) or 

methoxy PEG–succinimidyl succinamide (Mw ∼5 kDa, Ref A3143, JenKem, USA). 

2.4.2. Instrumentation and characterization 

UV-visible and fluorescent spectroscopy 

UV-visible and fluorescent spectroscopy were performed on a Hidex Sense plate reader. 

Nuclear magnetic resonance (NMR) 

1H-NMR spectra were acquired on a Bruker Avance III 400 (Bruker BioSpin GmbH). Chemical shifts 

were reported relative to the respective solvent peak. (CDCL3: δ = 7.26 ppm; D2O: δ = 4.79 ppm) 

Molecular weight of methyl ether-PEGs were determined using the terminal CH3 groups as a reference. 
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Fourier-transform infrared spectroscopy 

Attenuated total reflection Fourier-transform infrared spectroscopy (ATR-FTIR) spectra were acquired 

on a Perkin-Elmer, ATR Spectrum TWO equipped with a UATR single reflection diamond. Sample 

powders were pressed onto the diamond crystal with a pressure arm and a spectrum was recorded 

between 500 and 4000 cm−1 averaging over 32 scans. 

Dynamic light scattering and electrophoretic mobility 

The hydrodynamic diameter, Dh of the formed NPs were measured by dynamic light scattering (DLS; 

Malvern ZetaSizer Nano ZS). The NP suspensions were placed into a semi-micro cuvette (Brand, Path 

length: 10 mm) and the measurements were performed at 25 °C, and with a wavelength of 633 nm and 

a scattering angle of 173°. The properties of each sample were measured three times, and we reported 

the z-average diameter and dispersity, Ð.  

Size exclusion chromatography 

The polymer dispersity (PDI) of PEG-b-PLA was characterized via size exclusion chromatography 

(SEC; Viscotek TDAmax) (Figure S13). The system was equipped with a differential refractive index 

detector (TDA 302, Viscotek) and two columns (D3000, poly(styrene)-co-divinylbenzene). The 

synthesized polymers were dissolved in the mobile phase, DMF with 0.1 wt% LiBr, and filtered with 

0.2 μm polytetrafluoroethylene (PTFE) syringe filters. The polymer properties were compared to a poly 

(methyl methacrylate) standard curve (PSS Polymer Mainz; 2500 to 89, 300 g mol−1) which was 

determined using a mobile phase flow rate of 0.5 mL min−1. The PDI was computed as the ratio of the 

weight average molecular weight (Mw) over the number average molecular weight (Mn) from three 

independent samples of the same batch. 

2.4.3. Synthetic procedures 

PEG-b-PLA synthesis 

General procedure for the synthesis of PEG-b-PLA. The synthesis is described for PEG 6 kDa as limiting 

reagent. In a similar manner PEG 11 kDa was used as a reagent. Except if stated otherwise, PEG length 

used for the studies was 6 kDa. In a flame-dried flask, lactic acid (11.2 g, 77.5 mol) and polyethylene 

glycol (Mn = 5000, 3.5 g, 698.8 µmol) were dissolved in 30 mL of dry freeze pump thawed toluene 

under an argon atmosphere. The mixture was heated to 100◦C and stirred upon complete dissolution of 

the starting materials. Then, SnOct2 (317 µL, 978 µmol) was added to the reaction mixture. The 

temperature was subsequently raised to 140°C and the reaction was left under reflux for 6h. The mixture 

was then poured in cold ether. The solid residue was filtered and redissolved in DCM. The precipitation 

was repeated twice. The resulting colorless solid was dried in vacuo to obtain PEG-b-PLA. 

Characterization: 1H-NMR (400 MHz, CDCL3): δ = 529 – 5.05 (m, 237H), 4.39 – 4.21 (m, 3H), 3.76 – 

3.52 (m, 555H), 3.37 (s, 3H), 1.64 – 1.41 (m, 725H). Molecular weight by 1H-NMR: PEG 6 kDa, PLA 
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18 kDa. GPC (poly(styrene)-co-divinylbenzene calibration): Mn = 34 kDa, Mw = 41 kDa, PDI = 1.23. 

(Figure S13-15) 

PEG-b-PLA NP formation 

Polymeric core-shell NPs were formed via batch nanoprecipitation. 140 mg of PEG-b-PLA were 

dissolved in 2.5 mL acetone. The solution was added dropwise to 10 mL of H2O under stirring. Acetone 

was evaporated overnight by keeping NP suspension in an open container inside the fume hood. NPs 

were subsequently concentrated via ultrafiltration with an Amicon Ultra centrifugation filter (MWCO: 

30 kDa, 4500 RPM, 1.1h). The NPs were resuspended to a final concentration of 20 wt%. Size of the 

NPs was determined by DLS measurements (Table S5). 

PEGylated gold NP synthesis 

PEGylation of gold NPs was performed as described previously.250 Protocol is formulated for 1 mg of 

PEG. A 10 mg/mL stock solution of 5 kDa PEG-SH in milli-Q water was prepared. In an eppendorf 

1900 µL gold nanoparticle (0.05 mg/mL, 10 nm, stabilized with citric acid) were mixed with 100 µL of 

the PEG-SH stock solution. The reaction was stirred at room temperature overnight. The excess mPEG-

SH was removed through multiple cycles of centrifugation at 15 000 rpm for 2 hours. The surpernatant 

was removed and disposed of between each cycle followed by resuspension of the NP in water. The 

Presence of PEG on the particle was determined by 1H-NMR (Figure S16, 17). 

PEGylated iron oxide NP synthesis 

Oleic acid-coated iron oxide NP synthesis. The synthesis of iron oxide NPs was carried out following 

the work of Sun and coworkers.251 0.7 g FeCl3 (4.28 · 10−3 mol) and 0.26 g FeCl2 (2.01 · 10−3 mol) 

were dissolved in 20 mL water that was degassed via sonication and argon sparging. 20 mL of 1 M 

NaOH solution, 10 mL acetone, and 0.2 mL oleic acid were degassed and heated to 83◦C. The iron-

solution was added dropwise while mechanically stirring. Additional 0.8 mL of oleic acid were added 

dropwise, and the suspension was stirred for additional 10 min. The iron oxide NPs were washed three 

times with 200 mL of acetone/methanol (1:1), separated from the supernatant with the help of a 

neodymium magnet, and dried. Ligand exchange and particle PEGylation A method developed by 

Larsen at al. was used for iron oxide NPs PEGylation.252,253 10 mg of oleic acid-coated iron oxide 

nanoparticles were dissolved in toluene at a concentration of 5 mg mL−1. 125 mg of NHS-PEG 5 kDa 

were dissolved in the NP suspension. 3 µL SI-NH2, 0.5 mL of triethylamine, and 10 µL of H2O were 

added sequentially to the NP solution. The suspension was stirred for 24 h and the iron oxide NPs were 

precipitated in 20 mL hexane and NPs sedimented onto a neodymium magnet. The supernatant was 

discarded, and the residual hexane was evaporated. The dry iron oxide NPs were resuspended in 1.5 mL 

of acetone and recollected after centrifugation. The washing step was repeated with 1.5 mL H2O. After 

centrifugation, the supernatant was discarded, and the particles were resuspended in a total of 176 µL 

H2O. The Presence of PEG on the particle was determined by FT-IR (Figure S18). 

https://sciwheel.com/work/citation?ids=2273126&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=14202830&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=14202513,14202828&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
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Methacrylate hyaluronic acid synthesis 

Methacrylate hyaluronic acid (MeHA) was synthesized as described previously.11 In brief, hyaluronic 

acid (HA, 2.5 g) was dissolved in dH2O (150 mL) and the initial pH of the solution was adjusted to 8.5. 

While stirring the HA solution at 4 °C (on ice bath) methacrylic anhydride (MA, 4.64 mL) was added 

dropwise. Thereafter, the pH of MeHA-solution was maintained constant at pH 8.0 – 9.0 with addition 

of 1 M NaOH for 5 hours. The solution was kept overnight on stirring at room temperature (22 °C). 

Then, the solution was transferred to dialysis tubing (SnakeSkin TM dialysis tubing, 3.5 MWCO, Ref 

88244, Thermo Scientific) and dialyzed against water for 7 days. The water was changed twice daily. 

The MeHA solution was then frozen (-20 °C) and lyophilized for 3 days. 1H-NMR in D2O was used to 

quantify the degree of functionalization of 20% from integration of the vinyl group (δ = 5.8, 1H and δ 

= 6.2, 1H) normalized to the HA backbone (δ = 3.12 – 4.21, 10H) (Figure S19). 

Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) synthesis 

LAP was synthesized as described previously.254,255 In brief, dimethyl phenylphosphonite (3g; 0.018 

mol) was dissolved at room temperature in 2,4,6- trimethylbenzoyl chloride (3.2g; 0.018 mol) under 

argon and stirring. The reaction proceeded for 18 h at room temperature. Lithium bromide (6.1 g; 0.072 

mol) was dissolved in 100 mL of 2-butanone, which was then added to the reaction mixture. To induce 

product precipitation the reaction was heated to 50◦C for 10 min, and then cooled to room temperature 

for 4 h. The LAP solution was filtered to recover the precipitate, washed 3x with 2-butanone (100 mL) 

and dried under vacuum. LAP quality was confirmed via 1H-NMR. 1H-NMR (400 MHz, D2O): δ= 7.74-

7.70 (m, 2H), 7.57 (m, 1H), 7.47 (m, 2H), 6.89 (s, 2H), 2.24 (s, 3H), 2.03 (s, 6H) (Figure S20). 

PNP hydrogel formation with and without CDs 

PNP and αCD–PNP hydrogels were prepared using a similar procedure. ln a luer lock syringe, the 

polymer (e.g., hydroxypropylmethyl cellulose, HPMC, MeHA, collagen, or alginate) were dissolved at 

known mass in PBS (pH = 7.4) and let equilibrate overnight (T = 25 °C). In case of αCD– PNP 

formulations, αCD was added at known mass directly to this syringe. In a different luer lock syringe, a 

known mass of nanoparticles (NP) solution was prepared. The polymer-containing syringe (with and 

without αCD) and NP-containing syringes were connected through a female-to-female luer lock adapter 

(Cellink, Sweeden) and gently mixed together for 5 minutes. The formulation was equilibrated overnight 

and stored at 4 °C until further use. 

CD–PNP hydrogel formation with various PEG molecular weight 

Seminal work from Harada et al. demonstrated that the threading behavior of αCD on PEG is influenced 

by the length of the polymer chains.225 Low threading was observed below 2 kDa and the threading 

behavior increased with PEG molecular weight. Therefore, PEGs of different molecular weight (3 kDa, 

6 kDa and 11 kDa) were used for the formation of αCD–PNP hydrogel (HPMC 1 wt%, αCD 10 wt%, 

and NP 5 wt%). Each formulation resulted in the formation of a reinforced hydrogel as compared with 

https://sciwheel.com/work/citation?ids=3984893&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=14202898,1528628&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=14202823&pre=&suf=&sa=0&dbf=0
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the base PNP formulation (Figure S2).  Based on this, we opted to use ∼5 kDa PEG for all subsequent 

formulations. No further investigations were performed.  

Rheological characterization 

Rheological measurements were performed with a strain-controlled shear rheometer (MCR 502; Anton 

Paar; Zofingen, Switzerland). Measurements for the formulations: PNP, αCD–PNP, MeHA CDPNP, and 

Alg CDPNP were performed using a plate-plate geometry of 20 mm diameter and at a plate temperature 

of 25 °C. In case of Col CDPNP formulation, the measurements were performed using a plate-plate 

geometry of 20 mm diameter and a plate temperature of 4 ◦C. In case of Au-based CDPNP and Fe-based 

CDPNP, the measurements were performed using a plate-plate geometry of 8 mm diameter and a plate 

temperature of 20 ◦C. A gap size of 0.5 mm was used for all rheological measurements. In order to 

reduce any loading history of the sample, after loading the sample in the geometry, an oscillatory pre-

conditioning interval (ω = 0.1 rad s−1, γ = 0.01 %, t = 30 min) was performed. Dynamic oscillatory strain 

amplitude sweep measurements were performed with constant angular frequency (ω = 10 rad sec−1) to 

investigate the linear-viscoelastic region (LVR) of different PNP and CD–PNP formulations. Dynamic 

oscillatory frequency sweep measurements were conducted with a decreasing angular frequency (from 

100 to 0.01 rad s−1) and a constant strain amplitude. In case of PNP formulation γ= 0.3 %, for αCD–

PNP, MeHA CDPNP, and Alg CDPNP, γ= 0.01 %; for Col CDPNP γ= 0.1 %; and for Au-based CDPNP 

and Fe-based CDPNP γ= 0.05 %). The flowability was investigated by performing rotational shear rate 

measurements, in which the shear rate, δγ/δt, was increased from 0.01 s−1 to 100 s−1. In case of PNP and 

αCD–PNP formulations the measured dynamic viscosity, η, was used to fit a power law model(equation 

1) in the linear range. 

η = KPL(δγ/δt)n−1 (1) 

with fitting parameters n being the shear-thinning index, and KPL being consistency index. Self-healing 

properties were characterized with dynamic oscillatory time sweep measurements with alternating 

intervals of low strain (γlow in the LVR and ω = 10 rad s−1) and high strain (γhigh outside the LVR and ω 

= 10 rad s−1). All measurements were performed at least in triplicate.  

Direct Ink Writing and bioprinting 

A pneumatic 3D printer (BioX, Cellink) was used for the 3D printing, direct ink writing, experiments. 

For all tests, 3 mL cartridges mounted with straight nozzles (22 G, Φ = 0.41 mm) were used. The 3D 

model of the cardiac valve was downloaded from grabCAD (https://grabcad.com) and modified using 

NX Siemens CAD software, whereas the miniaturized trachea was designed using NX Siemens CAD 

software. The respective G-code were generated with BioX internal software. The G-code used to print 

the 3D square structures (5 x 5 mm, 3 layers of 0.25 mm thickness) for bioprinting cell experiment was 

written manually. Pluronics F-127 (23 w/v%) was used as support material for the overhanging 

structures. 
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Cell viability 

Human mesenchymal stem cells (hMSC, passage 6) were encapsulated in Col CDPNP (Col 0.4 wt%, 

aCD 5 wt%, and NP 5 wt%) hydrogels at 2.0 x 106 cells mL−1 final concentration. Square scaffolds were 

bioprinted, placed in a Petri dish and stored in an incubator (37°C, 5% CO2) for 90 min to enable the 

cross-linking of the scaffolds. Cell-laden but non-printed control samples were placed directly in an 

incubator (37°C, 5% CO2) for 90 min to enable the cross-linking of the construct. After cross-linking, 

bioprinted and non-printed control cell-laden constructs were placed in cell culture medium (low glucose 

DMEM, 1% PS, 5 ng mL−1 FGF, and 10% FBS) and incubated (37°C, 5% CO2) until analysis. The cell 

culture medium was refreshed 30 min after bioprinting or encapsulation, and then once every day for 

the duration of culture. A Live/Dead viability/cytotoxicity kit (ThermoFisher) was used according to the 

manufacturer’s protocol. To evaluate membrane integrity at different time points after encapsulation, 

images of the cell-laden scaffolds were taken using inverted fluorescence microscope (EVOS M5000) 

and analyzed with ImageJ (Fiji, ImageJ 1.51s). To image cell morphology within both bioprinted and 

non-printed scaffolds, cell cytoskeleton and cell nucleus were respectively stained with AlexaFluor 488 

Phalloidin and DAPI according to manufacturer’s protocol. 

Drug encapsulation 

Model drug encapsulation. The hydrophobic small molecule Oil red O (OR) was encapsulated in PEG-

b-PLA NPs. The theoretical model drug loading was defined as the OR mass in the precursor solution 

over the total mass of the formulation. 

Theoretical Drug Loading (%) = tDL = 
𝑚𝑚𝑜𝑑𝑒𝑙 𝑑𝑟𝑢𝑔 𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝑚𝑡𝑜𝑡𝑎𝑙 𝑓𝑜𝑟𝑢𝑚𝑙𝑎𝑡𝑖𝑜𝑛
 ·100% (2) 

To target 1 wt% OR loading, 1.4 mg OR and 140 mg PEG-b-PLA were dissolved into 2.5 mL acetone. 

The precursor solution was added dropwise to water under stirring. The NP properties were measured 

via DLS and dynamic electrophoretic mobility. Acetone was evaporated overnight by leaving the NP 

suspension in an open container inside a fume hood. Unencapsulated OR crystals were separated from 

the NP suspension via syringe filtration with 0.2 μm PTFE filters. NPs were concentrated and 

resuspended to 20 wt% via ultracentrifugation with Amicon Ultra centrifugation filters (MWCO: 30 

kDa, 4500 RCF, 1.1 h). To quantify the OR content, the NP suspension was mixed with acetonitrile in a 

1:1 ratio and sonicated. The OR absorbance was measured at λ ≈ 520 nm and the concentration was 

estimated by means of a calibration curve. The remaining dry polymer and OR mass of the polymeric 

NPs samples was measured after lyophilization of the NP suspension. The effective drug loading of the 

NPs was estimated by dividing the measured model drug concentration and the total mass present after 

lyophilization. 

Effective Drug Loading (%) = eDL = 
𝑚𝑚𝑜𝑑𝑒𝑙 𝑑𝑟𝑢𝑔 𝑓𝑖𝑛𝑎𝑙

𝑚𝑡𝑜𝑡𝑎𝑙 𝑓𝑖𝑛𝑎𝑙
·100% (3) 
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OR-loaded PNP gels were prepared by using a OR-encapsulating NPs to achieve a final loading of 

∼ 0.02 wt%. The hydrophilic macromolecule albumin was loaded into PNP gels by entrapping FITC-

labeled albumin into the network. 10 mg FITC-albumin were dissolved into 250 μL of 20wt% preformed 

PEG-b-PLA NPs suspension. The suspension was subsequently used to formulate PNP hydrogels and 

achieve a final FITC-albumin loading of ∼ 1 wt%.  

Model drug release 

Model drug-loaded hydrogels were prepared by forming CD–PNP gels with the OR-loaded NPs or NPs 

and FITC-albumin. To study the release properties of the hydrophilic model drug, 200 mg of CD–PNP 

gels loaded with FITC-albumin (10 wt%αCD, 1 wt% HPMC, 5 wt% of PEG-b-PLA NPs, and 1 wt% 

FITC-albumin) were placed at the bottom of an Eppendorf tube. Analogously, for the hydrophobic model 

drug 200 mg of OR-loaded CD–PNP gels were placed at the bottom of an Eppendorf tube (10 wt%αCD, 

1 wt% HPMC, and 5 wt of OR-loaded PEG-b-PLA NPs). The release of model therapeutics was started 

by adding 1.5 mL of 1x PBS supernatant on top of the CD–PNP hydrogels and incubating all samples 

at 37 °C. On each timepoint, the supernatant was gently mixed three times and 700 μL of supernatant 

were collected and replaced with fresh PBS. The supernatant concentration of FITC-albumin was 

quantified by comparing calibration curves with UV-vis spectroscopy (λabs ≈ 495 nm) or fluorescence 

spectroscopy data (λabs = 485 nm, λex ≈ 535 nm). The total released concentration of OR was quantified 

via UV-vis spectrophotometry. The released sample was diluted 1:1 with acetonitirle, the sample 

absorbance was measured at λ ≈ 520 nm and compared with a calibration curve. 

Modeling of drug release  

The CD–PNP release properties were further analyzed by fitting experimental data to the Ritger-Peppas 

model.68 The cumulative fractional release of model drug,  Mt  , was calculated by dividing the released 

mass of model therapeutic up to a specific timepoint t, Mt, by the total mass of model therapeutic loaded 

into the hydrogel, M∞. The first 60% of the fractional release was compared to the following equation: 

𝑀𝑡

𝑀∞
 = k′ tn (4) 

The diffusional exponent, n, and the pre-exponential factor, k′, were fitted to the experimental data by 

minimizing the mean square error. 

Conductive measurements 

Conductivity of the CD–PNP hydrogels was assessed using an open electronic circuit containing an 

LED and a battery in series (Figure S21). The circuit was closed by connecting the open ends of the 

circuit to ∼50 µL CD–PNP hydrogels. In case of AuNP CD–PNP formulations (AuNP 5 wt %, αCD 10 

wt %, PEG-b-PLA NP 2.5 wt %, and HPMC 1 wt % dissolved in MilliQ water) the LED turned on 

indicating conductive properties of the hydrogel. As a reference, classic CD–PNP hydrogel formulation 

https://sciwheel.com/work/citation?ids=5053494&pre=&suf=&sa=0&dbf=0
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(αCD 10 wt %, PEG-b-PLA NP 5 wt %, and HPMC 1 wt %) was used and no conductive property was 

observed. 

Hydrogel magnetic manipulation 

The iron oxide PNP hydrogel (αCD 10 wt%, alginate 2 wt%, and PEGylated iron oxide NPs 6 wt%) was 

molded into the shape of a horseshoe. The material was stabilized by cross-linking the hydrogel in a 0.2 

M CaCl2 bath. The cross-linked gel was placed floating on the surface of a 20 wt% glycerol solution 

that was saturated with NaCl. Magnetic-driven locomotion was controlled with a five degree-of-freedom 

(5-DOF) electromagnetic manipulation setup (Octomag).249 The magnetic PNP hydrogel was 

horizontally or vertically moved with a magnetic field of 2 mT. Hydrogel rotation was enabled by 

rotating the magnetic field with a frequency of 0.3 Hz. 
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CHAPTER 3 

 

MODULAR AND PHOTOREVERSIBLE POLYMER–

NANOPARTICLE HYDROGELS VIA HOST–GUEST 

INTERACTIONS 

 

SUMMARY Polymer–nanoparticle (PNP) hydrogels are a class of nanocomposite materials showing 

potential as injectable platforms for biomedical applications. Their design is limited by an incomplete 

knowledge of how the binding motif impacts the viscoelastic properties of the material and is generally 

constrained to non-responsive supramolecular interactions. Expanding the scope of available 

interactions and advancing our understanding of how defined interactions influence network formation 

for tailored rheological properties would accelerate the design of PNP hydrogels. To address this gap 

in the design of PNP hydrogels, we designed and investigated a tunable platform based on beta-

cyclodextrin (βCD) host–guest cross-links between functionalized polymers and nanoparticles. We 

synthesized a host-functionalized polymer (βCD hyaluronic acid) and guest harboring block co-polymer 

(PEG-b-PLA) NPs. The presence and accessibility for binding of the host and guest moieties was 

characterized via isothermal titration calorimetry. PNP hydrogels with varying concentrations of 

functionalized polymer and NPs revealed a limited window of concentrations for gelation. We 

hypothesized that the network formation was governed by the capacity of polymer chains to effectively 

bridge nanoparticles, which was related to the host–guest ratios present in the system. Further, we 

incorporate photo-responsive guests to engineer photoreversible gelation of PNP hydrogels via 

exposure to specific wavelengths of light. 

This chapter is adapted from: Stéphane Bernhard, Lauritz Ritter, Marco Müller, Wenqing Guo, Elia A. 

Guzzi, Giovanni Bovone, and Mark W. Tibbitt, submitted. AUTHOR CONTRIBUTIONS: S.B and 

M.W.T. conceived of the research project. S.B., L.R., M.M., W.G. planned and executed the experiments.  

S.B., L.R., M.M., W.G., E.A.G, G.B. and M.W.T participated in the analysis of the experiments. S.B. 

and M.W.T. wrote the manuscript.   
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3.1. INTRODUCTION 

Injectable hydrogels have demonstrated broad utility as drug delivery platforms, inks for additive 

manufacturing, or cell-laden materials for tissue engineering applications.9,11,256–259 The injectability of 

these polymer networks is often achieved through the inclusion of reversible cross-links based on non-

covalent, physical interactions.58 The weak and reversible nature of the cross-links enables them to break 

and reform upon applied mechanical stress, allowing the material to flow with liquid-like behavior—

shear-thinning—and to recover solid-like properties after removal of the stress—self-healing or elastic 

recovery.52,260 Various supramolecular interactions, such as hydrophobic forces,17,261 hydrogen 

bonding,161,262 or host–guest interactions,117,263 have been investigated for the formation of injectable 

hydrogels.264 As the range of binding strengths (~40–600 kJ mol-1; Keq ~105–1045 M-1) and dynamics of 

supramolecular interactions is broad,80,260 their mechanical properties is similarly vast, spanning the 

formation of weak injectable materials to tough elastic materials.265–267 The engineering of hydrogels 

that takes into account the influence of the reversible interactions on the macroscopic mechanics is 

therefore critical to tailor the viscoelastic behavior and injectability for the specific applications of 

interest. 

One prominent class of injectable hydrogels are based on reversible polymer–nanoparticle (PNP) 

interactions.18 These PNP hydrogels are injectable nanocomposite materials that form through physical 

interactions between polymers and nanoparticles. Previous work demonstrated their potential as a 

multifunctional drug delivery platform, sprayable fire retardant, or a modular ink for 

bioprinting.17,143,220,268 Within this class materials, most examples are based on non-specific, hydrophobic 

adsorption of polymer chains on nanoparticle surfaces. Other supramolecular interactions were used to 

fabricate PNP hydrogels, such as metal–ligand interactions or self-assembling peptide motifs.19,20 

However, many of these systems exhibit limited tunability of the mechanical properties, due to the 

dependence on cross-linking interactions with a small range of binding strengths and dynamics. To 

overcome these limitations, PNP hydrogels have been modified through the use of additives that 

augment the polymer–nanoparticle or nanoparticle–nanoparticle interactions via electrostatic forces or 

host–guest complex formation.144,269 In both cases the presence of supramolecular additives increased 

the range of moduli available for the hydrogel by providing an additional interaction mechanisms. 

Overall, these findings demonstrate that engineering the interfacial interactions between the constituent 

polymers and nanoparticles can be used to engineer the macroscopic properties of PNP hydrogels. 

To further advance the engineering design and modularity of this class of materials, there is a need to 

better understand the fabrication paradigms involved in their formation. To date, several studies have 

investigated how polymer and nanoparticle interactions result in emergent viscoelastic behavior. Early 

reports of PNP hydrogels suggested a correlation between interaction strength and moduli as increasing 

hydrophobicity of the polymer chain resulted in an increase in the mechanical properties of the formed 

materials.18 Further investigations of polymer adsorption on nanoparticles and rheological studies 
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provided additional insights into fundamental mechanisms, including entropic driving forces, involved 

in the formation of PNP hydrogels.142,270 However a clear correlation between the molecular interactions 

at the dynamic junctions formed between nanoparticles and polymers and their influence on macro-scale 

properties, such as gel formation, viscoelasticity, and flow point, is still missing. 

In this project, we explore the underlying mechanisms governing the viscoelastic properties of PNP 

hydrogels using defined reversible interactions between the constituent polymers and nanoparticles. To 

do this, we introduced host–guest cross-links, based on adamantane and β-cyclodextrin complexes, 

between polymer and nanoparticle into PNP hydrogels by functionalizing hyaluronic acid with β-

cyclodextrin (βCD-HA) and poly (ethylene glycol)-b-poly (lactic acid) (PEG-b-PLA) NPs with 

adamantane (Ada-NPs). The availability and binding efficiency of the host (βCD) and guest (Ada) on 

the hyaluronic acid and PEG-b-PLA NPs, respectively, was confirmed using isothermal titration 

calorimetry (ITC). When attached to their respective polymers, we observed higher binding affinities 

for both functionalized reactants compared with free βCD and Ada though the binding resulted in lower 

stoichiometry, indicating incomplete accessibility of the ligands. The degree of functionalization and 

binding efficiency enabled the formation of shear-thinning and self-healing PNP hydrogels upon mixing 

βCD-HA and Ada-NPs. Hydrogel formation depended strongly on the mixing conditions, suggesting 

strain-induced effects on network structure. In addition, only a defined window of polymer and NP 

concentrations resulted in hydrogel formation. We related the building block concentrations and host–

guest ratios in the formulations to the viscoelastic properties of the network, highlighting critical roles 

of the Ada-NP concentration on gelation and of the βCD-HA concentration on the material viscosity. 

Given the modular nature of the host–guest interactions employed, we exchanged the guest molecule on 

the PEG-b-PLA NPs to azobenzene to fabricate photo-reversible PNP hydrogels. Photo-reversible PNP 

gels confirmed that gelation required host–guest complexation and enabled on–demand sol–gel 

transitions. Overall, this work furthers our understanding of the underlying mechanisms that govern the 

mechanical properties of PNP hydrogels, while providing a cross-linking scheme for tailored gel 

formation and stimuli-responsive viscoelastic materials. 

3.2. RESULT AND DISCUSSION 

3.2.1. Synthesis and Formation of Host–Guest PNP Hydrogels 

We first set out to engineer supramolecular nanocomposite hydrogels to investigate how interfacial 

interactions between polymers and nanoparticles influence the mechanical properties of the resultant 

PNP hydrogels. We identified host–guest complexes based on β-cyclodextrin (βCD), a biocompatible 

macrocyclic oligosaccharide,101 as suitable cross-links for this aim, given their wide range of available 

guests and existing synthetic protocols for functionalizing long-chain polymers with pendant 

βCD.11,104,271 Adamantane (Ada) was chosen as an initial guest based on its relatively high binding 

affinity (K ~104), which has proven suitable for hydrogel formation in a variety of studies.66,111,272 We 
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hypothesized that a PNP hydrogel could be assembled by mixing a βCD-functionalized polymers with 

Ada-functionalized PEG-b-PLA nanoparticles (Figure 3.1a). 

 

Figure 3.1. a) PNP hydrogels based on host–guest interactions were designed by combining 

adamantane-functionalized block-co-polymer nanoparticles with βCD-functionalized hyaluronic acid. 

b) Frequency sweep of 6 wt% βCD-HA with 20 wt% Ada-NP formulation. The resulting gel showed c) 

shear-thinning and d) self-healing properties (γlow = 1 %; γhigh = 1000 %). 

To prepare the gel precursor materials, hyaluronic acid (HA; Mn ~60 kDa) was functionalized with βCD 

(Figure S22a).273 Completion of each synthesis step was confirmed via 1H-NMR spectroscopy (Figure 

S22-26). After purification, we calculated a degree of functionalization of βCD-HA of ~25% (Figure 

S26), corresponding to ~40 βCD molecules per HA chain. In parallel, guest-labeled NPs were prepared 

by first coupling 1-adamantane acetic acid on one end of a poly (ethylene glycol) (PEG; Mn ~5 kDa) 

chain, followed by the polymerization of poly (lactic acid) (PLA) from the other end of the synthesized 

Ada-PEG (Figure S22b). The presence of the guest and the PLA chain on the synthesized Ada-PEG5k 

and Ada-PEG5k-b-PLA9k were confirmed by 1H-NMR (Figures S27-28). Ada-functionalized PEG-b-

PLA NPs (Ada-NPs; Ø = 85 nm; Ð = 0.26) were formed via nanoprecipitation of the block-co-polymer. 

To prepare host–guest PNP hydrogels, we combined βCD-HA (6 wt%) and Ada-NPs (20 wt%) in a 

single formulation (Figure 3.1a, b). The host–guest hydrogel exhibited viscoelastic behavior with a 

shear elastic modulus of G′ ≈ 7000 Pa (ω = 10 rad s−1). Furthermore, the hydrogel exhibited shear-

thinning and self-healing properties, indicating its suitability as an injectable material (Figure 3.1c, d).  

During host–guest PNP hydrogel formation, we observed that the properties of the resultant gel 

depended strongly on the mixing method used to combine the βCD-HA and Ada-NPs (Figure 3.2a). 

Three mixing regimes, labeled as “weak”, “moderate”, or “strong”, were applied to a single host–guest 
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PNP hydrogel formulation (6 wt% βCD-HA, 20 wt% Ada-NP). The “weak” mixing regime did not 

involve mechanical mixing and yielded a viscoelastic liquid over the whole range of frequencies with a 

shear modulus of G′ ≈ 1210 Pa (ω = 10 rad s−1, α = 0.8). The “moderate” mixing regime comprised 

mechanical mixing with a spatula in a microcentrifuge tube and resulted in a material with frequency-

dependent properties (α =0.5) and G′ ≈ 1620 Pa (ω = 10 rad s−1). Lastly, a “strong” mixing regime was 

performed by shearing the formulation with a spatula on a glass slide, similar to kneading bread dough. 

The “strong” mixing regime led to the formation of a gel over the whole range of sampled frequencies 

with G′ ≈ 7000 Pa (ω = 10 rad s−1) and an attenuated frequency dependence (α = 0.3). This indicated 

that applied shear was needed to form robust host–guest PNP hydrogels with solid-like properties (G′ > 

G′′) and increased shear moduli. We hypothesized that this behavior was related to the disruption of 

cohesive interactions between HA chains. HA is known to form non-covalent interactions (e.g., 

electrostatics, hydrogen bonding, chain entanglements) between polymer chains274–276 and shearing HA 

chains is capable of disrupting these interactions.277 In the context of βCD-HA, applied shear likely 

disrupted the non-covalent interactions present in the HA, opening up the polymer chains and increasing 

the availability of the βCD for binding to the NPs and the likelihood of HA chains bridging distinct NPs, 

leading to the formation of robust PNP hydrogels via βCD–Ada cross-links. Reproducible mechanical 

properties were obtained using the “strong” mixing regime across different formulations (Figure S29a). 

Based on these results, all formulations in this work were prepared using the “strong” mixing regime. 

Attempts to translate the “strong” mixing regime to pre-processing on the shear rheometer were 

unsuccessful, likely due to insufficient strain. 

 

Figure 3.2. a) Influence of mixing regime on the viscoelastic properties of a single formulation of 6 wt% 

HA-CD with 20 wt% Ada-NP. ITC analysis of b) βCD-HA titration using Ada-PEG (molar ratio 

expressed as Ada:βCD) and c) Ada-NP titration using β-CD (molar ratio expressed as βCD:Ada). 

PNP hydrogel formation was attributed to specific host–guest interactions between βCD-HA and Ada-

NPs. Formulations with non-functionalized HA formed weak viscoelastic liquids (G′ ≈ 8 Pa, ω = 10 rad 

s−1; Figure S29b). We hypothesized that the ability of βCD-HA and Ada-NPs to form a robust network 

was directly related to the quantity and strength of the cross-links, or host–guest complexes. In previous 

work, functionalization or grafting of βCD and Ada to polymers have affected their complexation 

affinities.272,278–280 To characterize the binding properties and derive the effective number of hosts or 
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guests available for complexation in the gel-forming building blocks, we characterized the starting 

materials using isothermal titration calorimetry (ITC; Table 3.1). Fitting of the reported heat curves was 

performed after subtraction of the relevant controls (Figure S30). Due to the poor solubility of Ada in 

water, Ada-PEG was used as a ligand to titrate free βCD (Figure S31; Table 3.1). βCD titration using 

Ada-PEG resulted in a binding stoichiometry (N ~ 0.9) close to the expected theoretical 1:1 ratio, 

implying minimal effect of the PEG chain on the capacity of Ada to bind. On the other hand, the 

dissociation constant was lower (KD ~10-5) than literature values for free βCD–Ada binding (KD ~10-4), 

indicating stronger binding for the functionalized Ada.271,272,281 This difference suggested a possible 

stabilizing effect due to coupling of the guest to a polymer. Similar effects have been reported for Ada 

coupled to PEG interacting with βCD on a surface.282 

Table 3.1. Molar ratio(N), equilibrium dissociation constants (KD), and binding enthalpies (ΔH) of the 

host–guest interactions from ITC experiments. 

Cell Syringe N KD (M) ΔH (kcal mol-1) 

βCD Ada-PEG 0.889 ± 3.8⨯10-3 2.98⨯10-5 ± 9.19⨯10-7 -5.92 ± 5.3⨯10-2 

βCD-HA Ada-PEG 13.7 ± 0.34 3.09⨯10-5 ± 8.27⨯10-6 -3.64 ± 0.156 

Ada-NP βCD 0.495 ± 2.4⨯10-2 5.33⨯10-5 ± 9.71⨯10-7 -8.49 ± 7.8⨯10-2 

 

We then used Ada-PEG to titrate βCD-HA (Figure 3.2b; Table 3.1). The ITC measurements indicated 

that ~14 βCD were available for complexation per polymer chain, corresponding to an effective degree 

of functionalization (DFeff) of ~9%. The available number of βCD groups for binding on each HA chain 

(DFeff) was lower than the amount calculated from 1H-NMR spectroscopy. This difference was attributed 

to possible loss of mobility or conformation effects due to functionalization on HA chains, which could 

hinder βCD–Ada binding.279,280 No significant changes in binding strength were observed compared to 

the βCD–Ada-PEG system, showing no additional effect of the HA chains on the binding strength 

compared to the PEG. Similarly, the availability of Ada on the NPs was confirmed using βCD as a ligand 

to titrate Ada-NPs (Figure 3.2c). Fitting of the titration curve showed that ~0.5 βCD guests were able 

to bind per Ada present on the NPs (Table 3.1). We hypothesized that the hydrophobic nature of the 

guest combined with possible hindrance of the NPs or of βCD itself may have reduced the availability 

of the guests present in the hydrophilic corona of the NPs.283 Similarly to the previous system, the 

observed dissociation constant was lower than the one reported for free βCD and Ada. This again 

indicated stronger binding for polymer-functionalized ligands, while the NP formation itself did not 

seem to impact significantly the binding strength.282 Overall, both Ada-NPs and βCD-HA showed lower 

effective availability of host and guest compared with the theoretical amounts present in the system. 

3.2.2. Mechanical Characterization 

To understand the factors governing the formation and properties of the resulting gels, we quantified the 

viscoelastic properties of formulations with varying concentrations of βCD-HA (2–10 wt%) and Ada-
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NPs (2.5–20 wt%) via shear rheometry. First, we investigated the influence of Ada-NP concentration on 

host–guest PNP hydrogel mechanics (Figure 3.3a–c; Figure S32). Increasing Ada-NP concentration 

from 2.5 to 20 wt% resulted in increased shear moduli for all formulations (G′ ≈ 2–150 Pa at 2.5 wt% 

Ada-NP to G′ ≈ 760–7000 Pa at 20 wt%, ω = 10 rad s−1; Figure 3.3a, b). The loss factor decreased with 

increasing Ada-NP concentration (tan δ ≈ 1.62–11.1 at 2.5 wt% Ada-NP to tan δ ≈ 0.56–1.09 at 20 wt%, 

ω = 10 rad s−1; Figure 3.3c), corroborating the formation of robust gels with increasing NP content. 

Only formulations containing 20 wt% or 15 wt% Ada-NPs exhibited solid-like behavior (G′ > G′′) over 

the whole frequency range. Similarly, the strain at the flow point (point of crossover of G′ and G′′) of 

the gels increased with increasing Ada-NP concentration (Figure 3.3d, f; Figure S33). Overall, these 

results indicated that the concentration of Ada-NP governed the gelation capacity of the PNP 

formulations and the strength of the formed networks. 

 

Figure 3.3. a) Frequency sweep of 6 wt% βCD-HA gels with varying concentration of Ada-NPs. b) 

Storage modulus at ω = 10 rad s-1 as a function of Ada-NP concentration. c) Loss factor at ω = 10 rad 

s-1 as a function of Ada-NP concentration. d) Strain sweep of 6 wt% βCD-HA gels with varying 

concentration of Ada-NPs. e) Strain sweep of 20 wt% Ada-NP gels with varying concentration of βCD-

HA. f) Strain at flow point of 20 wt% and 15 wt% Ada-NP gels as a function of βCD-HA concentration. 

Similarly, increasing βCD-HA concentration increased the overall the shear moduli for all formulations 

(G′ ≈ 2–760 Pa at 2 wt% βCD-HA to G′ ≈ 150–6000 Pa at 10 wt% βCD-HA, ω = 10 rad s−1; Figure 

3.3b, Figure S32). However, the impact of βCD-HA on the modulus was less prominent at higher NP 

concentrations; the shear moduli of formulations containing 10, 15 and 20 wt% Ada-NPs approached a 

plateau beyond 6 wt% βCD-HA (G′ ≈ 1050–7000 Pa at 6 wt% βCD-HA to G′ ≈ 1180–5870 Pa at 10 

wt% βCD-HA, ω = 10 rad s−1; Figure 3.3b, Figure S32). These results indicated a limited influence of 
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βCD-HA on the network modulus above a certain concentration for fixed Ada-NP content. Changes in 

loss factor further supported these findings. Overall, increases in βCD-HA promoted network formation 

for formulations with an Ada-NP content below 20 wt%, as shown by the decrease in loss factor (tan δ 

≈ 1.09–11.1 at 2 wt% βCD-HA to tan δ ≈ 0.66–1.62 at 10 wt% βCD-HA, ω = 10 rad s−1; Figure 3.3c, 

Figure S32). On the other hand, formulations containing 20 wt% Ada-NP exhibited an increase in loss 

factor with increasing βCD-HA concentration above 4 wt% (tan δ ≈ 0.56 at 6 wt% βCD-HA to tan δ ≈ 

0.66 at 10 wt% βCD-HA, ω = 10 rad s−1; Figure 3.3c). In this case, further increasing the βCD-HA 

concentration increased the viscous properties of the network. Further, the strain at flow point exhibited 

an attenuated increase with higher βCD-HA content (Figure 3.3e, f). Overall, these results suggest that 

a sufficient concentration of βCD-HA (relative to Ada-NPs) is needed to percolate a network, but that 

beyond this point the βCD-HA primarily contributes to the viscous phase of the material. That is, the 

cross-linking is primarily driven by the NPs, which require a dense polymer solution for network 

formation, and further increasing the polymer phase does not substantially affect the cross-linking. 

To further understand the influence of the host–guest complex formation on the viscoelastic properties 

of the material, the rheological properties of the material were correlated to host:guest ratios (βCD:Ada) 

based on the DFeff determined through ITC for βCD-HA and Ada-NPs (Figure 3.4a). As the ratios were 

determined based on the amount of NP or polymer present in the system, an increase in Ada-NP 

corresponds to a decrease in this ratio, while increasing βCD-HA concentration corresponds to an 

increase in this ratio.  

 

Figure 3.4. a) βCD:Ada ratios derived from ITC measurements as a function of Ada-NP content. Colors 

represent various βCD-HA concentrations. b) Storage modulus (G′) at ω = 10 rad s-1 as a function of 

βCD:Ada ratio. Colors represent various βCD-HA concentrations. c) Loss factor at ω = 10 rad s-1 as a 

function of βCD:Ada ratio. Colors represent various βCD-HA concentrations. d) Strain at flow point as 

a function of βCD:Ada ratio. Colors represent various Ada-NP concentrations. 
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Across individual βCD-HA concentrations, a lower βCD:Ada ratio resulted in an increase in the strength 

of the network—increased storage moduli and decreased loss factor (Figure 3.4b, c). More precisely 

the amount of Ada in the system increased due to an increase in NP concentration, resulting in a relative 

decrease in the βCD:Ada ratio going from a stoichiometric excess to almost equimolar concentrations 

(ratio ≈ 2.3–14.8 at 2.5 wt% Ada-NP to ratio ≈ 0.4–1.9 at 20 wt% Ada-NP). This change in stoichiometry 

explains the increase of mechanical properties associated with the increase in NP concentration. As NP 

concentration increased, the relative amount of Ada increased to a concentration range similar to the one 

of the βCD, enabling the formation of a higher number of host–guest complexes, and by extension cross-

links. This effect was particularly noticeable for hydrogel formulations with 20 wt% NPs, which all have 

similar amounts of Ada and βCD (ratio ≈ 0.4–1.9; Figure 3.4b, c). Indeed, the closer the βCD:Ada ratio 

was to 1 the more robust the network was, while a lower or higher ratio resulted in attenuated viscoelastic 

properties.  

On the other hand, for formulations with NP contents below 20 wt%, an increased βCD:Ada ratio 

resulted in an increase in the strength and gel-like behavior (Figure 3.4b, c). The increase in 

stoichiometry related to an increase of βCD-HA in the formulation without increasing the quantity of 

possible host–guest complexes formed. We therefore hypothesized that this behavior was not directly 

related to the host–guest complex formation but instead to possible changes in network viscosity 

introduced by the additional HA chains in the polymer phase. In a similar manner, the strain at flow 

point increased with increasing βCD:Ada ratio, without clear correlation to the host–guest complex 

formation (Figure 3.4d). Overall, by determining host–guest quantities in the system, the impact of the 

NP could be correlated to an increase in cross-linking density by bringing host–guest ratio closer to a 

1:1 complex formation, while the influence of βCD-HA again related primarily to changes in the 

viscosity of the polymer phases. 

3.2.3. Photoreversible Supramolecular PNP hydrogels 

Given that tailored interactions between NP surfaces and functionalized HA chains drove network 

formation, we can in principle exchange the host–guest complex to tailor the gel properties or introduce 

additional functionality to the system. Based on the previously determined conditions for robust network 

formation, adamantane was exchanged with azobenzene (AzB), a photoreversible molecule, that can 

complex with βCD in its trans conformation, to synthesize photoreversible PNP hydrogels. Uniquely, 

AzB can switch between the cis and trans conformations upon exposure to different wavelengths of light 

(Figure 3.5a). The trans conformation is favored upon exposure to visible light (λ > 400 nm) or heat, 

while the cis conformation is dominant following exposure to UV light (λ < 365 nm). The capacity of 

AzB to serve as a guest for βCD is dependent on its conformation. The trans conformation has favorable 

interactions with βCD enabling host–guest complex formation, while the physical hindrance of the cis 

conformation makes complex formation unfavorable. We hypothesized that we could engineer 

photoreversible PNP hydrogels using AzB-functionalized NPs based on the observation that specific 

binding between polymers and nanoparticles formed host–guest PNP hydrogels. 
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Figure 3.5. a) The reversible capacity of azobenzene to bind βCD upon exposure to various 

wavelengths. b) Frequency sweep of gels with increasing NP concentration. c) Time sweep showing the 

photo reversible behavior of the PNP system upon exposure to λ = 455 nm or 365 nm light. 

The presence of AzB on the PEG-b-PLA polymers was confirmed using 1H-NMR spectroscopy (Figure 

S34-35). The change in guest did not affect the size of the resulting nanoparticle (Ø = 81 nm; Ð = 0.17). 

Photoreversible PNP hydrogels were formed using similar formulations that exhibited robust 

viscoelastic properties for βCD-HA and Ada-NP. As for the previous system a range AzB-NPs (5–20 

wt%) were mixed with βCD-HA (6 wt%). The formulation with 5 wt% AzB-NPs did not induce gelation. 

Formulations with 10, 15, and 20 wt% AzB-NPs resulted in gel formation over the whole frequency 

regime with frequency dependent behavior, the scaling parameter decreased with increasing NP 

concentrations (α = 1.36 at 10 wt% Ada-NP to α = 0.3 at 20 wt% Ada-NP; Figure 3.5b). The increase 

in NP concentration resulted in an increased modulus of the material with 20 wt% having a storage 

modulus of 300 Pa. Similar to the Ada-NP-based gels, AzB-NP-based gels showed concentration 

dependent changes in moduli. The storage moduli of AzB-NP gels were overall lower than the one of 

Ada-NP-based gels. These changes were associated with the decreased binding affinity of AzB to βCD 

as compared with Ada.284 

The photoreversibility of the materials was probed by characterizing the viscoelastic properties of the 

materials at two selected wavelengths (λ = 365 and 455 nm; Figure 3.5c). In the absence of light 

exposure, the gels exhibited solid-like properties. Upon exposure to 365 nm light, the gels transformed 

into viscoelastic liquids with a light-dependent decrease in storage and loss moduli. The formulation 

with 20 wt% AzB-NP underwent a transition to a liquid state (G′ < G′′). Upon switching to a 455 nm 

light, the materials rapidly recovered their gel-like properties. The gels underwent multiple cycles of 

photo-induced gel–sol–gel transitions without noticeable loss in mechanical properties. The impact of 

light exposure on the mechanical properties of the formed gels, based on photoactive changes in the 

interactions between AzB-NPs and βCD-HA corroborates the observations that tailored host–guest 

interactions are required for gel formation. The photoreversible nature of this material combined with 

the to recover its mechanics in the dark makes it a suitable system for the design of on-demand injectable 

hydrogels for biological applications, wherein the injection is carried out in the low viscosity state (λ = 

365 nm) that will reform a gel after injection. 
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3.3. CONCLUSION 

In this work, we leverage βCD based host–guest complexes for the formation of modular PNP hydrogels. 

Hydrogel formation required extensive shearing of the precursor solution to break intramolecular 

interaction in the HA backbone and enabling efficient NP bridging. To properly characterize the 

availability of the host and guest, ITC measurement was performed showing an effective degree of 

functionality lower than the theoretical functionalization of the material. By combining effective 

host:guest ratios with rheological characterization, we could correlate the NP impact to the cross-linking 

density, while understanding the primary role of the polymer phase as a viscosity enhancer required for 

robust network formation. Given that the host–guest interactions between NP and polymer drive network 

formation, we leveraged AzB, a photoresponsive guest, to engineer light responsive gelation of the 

hydrogel system. Overall, this work broadens the current understanding of the underlying mechanisms 

governing network formation and the resulting viscoelastic properties of PNP hydrogels. The designed 

hydrogel further provided a cross-linking scheme for tailored gel formation and stimuli-responsive 

viscoelastic materials. 

3.4. MATERIALS & METHODS 

3.4.1. Materials  

Acetone (Sigma-Aldrich); Acetonitrile (VWR Chemicals); 1-Adamantaneacetic acid (TCI); 

Benzotriazol-1-yl-oxy- tris- (dimethylamine)-phosphonium-hexafluorophosphate (BOP, 

Novabiochem); Benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophosphate (PyBOP, 

Sigma-Aldrich) ;Chloroform-d (CDCl3, Fisher Scientific); β-cyclodextrin (TCI ); Deuteriumoxide (D2O, 

Sigma-Aldrich); Dichloromethane (DCM, Sigma-Aldrich); Dichloromethane (DCM, extra Dry over 

MS, Fisher Scientific); Diethyl ether (Et₂O, VWR Chemicals); N,N-diisopropylethylamine (DIPEA, 

Sigma-Aldrich); 3,6-dimethyl-1,4-dioxane-2,5-dione (lactide, Sigma-Aldrich); N-N-

Dimethylformamide (DMF, Sigma-Aldrich); N-N-Dimethylformamide (DMF, extra dry, Acros 

Organics); Dimethylsulfoxid (DMSO, extra dry, Acros Organics); Dimethyl sulfoxide-d6 (DMSO-d6, 

Sigma-Aldrich); Dowex 50Wx8 (abcr GmbH); Hexafluorophosphate azabenzotriazole tetramethyl 

uronium (HATU, abcr GmbH.); Hexamethylenediamine (HDA, Sigma-Aldrich); Hydroxyl-

poly(ethylene glycol)-amine (HO-PEG-NH2, 5 kDa, JenKem); 4-(Phenylazo)benzoic acid (AzoB, 98%, 

Sigma-Aldrich) ; Sodium chloride (NaCl, Sigma-Aldrich); Sodium hydroxide (NaOH,  Sigma-Aldrich); 

Sodium Hyaluronate (NaHA, 60 k, Lifecore); Tetrabutylammonium hydroxide solution (TBAOH, 40 

wt% in H2O, Sigma-Aldrich); Tin(II) 2-ethylhexanoate (SnOct2, Sigma-Aldrich); Toluene (extra dry, 

Acros Organics); p-Toluolsulfonyl chlorid (TCI). 

3.4.2. Instrumentation and methods 

Nuclear magnetic resonance 

1H-NMR spectra were acquired on a Bruker Avance III 400 (Bruker BioSpin GmbH). Chemical shifts 

were reported relative to the respective residual solvent peak. (CDCL3: δ = 7.26 ppm; DMSO-d6: δ = 

2.50; D2O: δ = 4.79 ppm)  
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Dynamic light scattering  

The hydrodynamic diameters of the formed NPs were measured by dynamic light scattering (DLS) on 

a Malvern ZetaSizer Nano ZS. The NP suspensions were placed into a semi-micro cuvette (Brand, Path 

length: 10 mm). The measurements were performed at 25 °C with a wavelength of 633 nm and a 

scattering angle of 17°C. The properties of each sample were measured three times reported as z-average 

diameter and dispersity. 

Polymeric NP formation 

Polymeric core-shell NPs were formed via batch nanoprecipitation. 70 mg of functionalized PEG-b-

PLA were dissolved in 1 mL acetone. The solution was added dropwise to 10 mL of milli-q water under 

stirring. Acetone was evaporated overnight by keeping NP suspension in an open container on a shaking 

plate. NPs were subsequently concentrated via ultrafiltration with an Amicon Ultra centrifugation filter 

(MWCO: 30 kDa, 4500 rcf, 1.2h). The NPs were resuspended to a final concentration of 30 wt%. 

Polymer-nanoparticle (PNP) hydrogel formation  

All gels were formed using similar procedure. A representative procedure for a 200 mg gel with 4 wt% 

polymer (HA-CD) and 15 wt% NP (Ad-PEG-b-PLA) is described. In an Eppendorf 8 mg of HA-CD 

was dissolved in 92 µL of milli-q water. After full dissolution, 100 µL of a 30 wt% NP solution were 

added using a viscous pipette. Mixing of the hydrogel was done by shearing the hydrogel on a glass 

slide using a spatula (Supplementary video 3.1). The gels were then let to equilibrate overnight in the 

fridge (T = 4 °C).  

Rheological characterization 

Rheological measurements were performed with a strain-controlled shear rheometer (MCR 502; Anton 

Paar; Zofingen, Switzerland). Measurements for the formulations were performed using a plate-plate 

geometry of 8 mm diameter and at a plate temperature of 25 °C. A gap size of between 0.2 – 0.5 mm 

was used for all rheological measurements. In order to reduce any loading history of the sample, after 

loading the sample in the geometry, an oscillatory pre-conditioning interval (ω = 0.1 rad s−1, γ = 0.01 %, 

t = 30 min) was performed. Dynamic oscillatory strain amplitude sweep measurements were performed 

with constant angular frequency (ω = 10 rad s−1) to investigate the linear-viscoelastic region (LVR) of 

formulations. Dynamic oscillatory frequency sweep measurements were conducted with a decreasing 

angular frequency (from 100 to 0.1 rad s−1) and a constant strain amplitude (γ = 1 %). The flowability 

was investigated by performing rotational shear rate measurements, in which the shear rate, δγ/δt, was 

increased from 0.01 s−1 to 100 s−1. Self-healing properties were characterized with dynamic oscillatory 

time sweep measurements with alternating intervals of low strain (γlow = 1 % in the LVR and ω = 10 rad 

s−1) and high strain (γhigh = 1000 % outside the LVR and ω = 10 rad s−1). The photo-sensitive behavior 

of AzoB-PNP samples were investigated using dynamic oscillatory time sweep measurements (γ= 1 %, 

ω = 10 rad s−1) with alternating λ = 455 nm (I= 0.92 mW cm−2) and λ = 365 nm (I= 39.3 mW cm−2) light. 
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Isothermal titration calorimetry characterization 

ITC measurements were performed on a Malvern MicroCal PEAQ-ITC. Experiments were conducted 

at 25 °C with a stirring speed of 750 rpm, and injections of 4 μL with a spacing of 120 – 150 s. Control 

titrations of ligand into solvent were subtracted for each experiment. The data were fitted to a single 

binding site model and analyzed using the provided MicroCal PEAQ-ITC Analysis Software from 

Malvern. 

3.4.3. Synthetic procedures 

6-o-monotosyl-6-deoxy-β-cyclodextrin (βCD-Tos) 

βCD-Tos was synthetized as previously reported.11 βCD (10 g, 8.8 mmol, 1 eq.) was suspended in 60 ml 

milli-Q water and cooled in an ice bath. In parallel, p-toluensulfonyl (2.02 g, 10.6 mmol, 1.2eq.) was 

dissolved in 5 mL acetonitrile, and then added dropwise to the cooled solution of βCD. The solution was 

stirred on ice for 2 h. After removal of the ice bath, sodium hydroxide (1.06 g, 26.4 mmol, 3 eq.)  

dissolved in 4 ml of water was added dropwise to the reaction mixture. The solution was stirred for 30 

min at room temperature. Flocculation of the βCD-Tos was then induced by adjusting the pH to 8.5 – 9 

using Ammonium chloride. The solid was then centrifuged (4500 rcf., 15 min, 4 ◦C) and the supernatant 

was discarded. The solid was further washed by resuspension of the solid in water and repeat of the 

centrifugation cycle. The washing step was repeated once more with water, thrice with ice-cold acetone 

and twice with ice-cold Et2O. Finally, the product was dried in vacuo to yield a white powder (2.77 g, 

24 % yield). Characterization: 1H-NMR (400 MHz, DMSO-d6) δ 7.75 (d, 2H), 7.43 (d, 2H), 5.70 (s, 13H), 

4.84 (s, 5H), 4.77 (s, 2H), 4.49 – 4.11 (m, 2H), 3.83 – 3.46 (m, 31H), 2.43 (s, 3H). 

6-(6-aminohexyl)amino-6-deoxy-β-cyclodextrin (βCD-HDA) 

βCD-HDA was synthetized as previously reported.11 βCD-Tos ( 1 g, 0.8 mmol, 1 eq.) was dissolved 

under argon in 5 mL dry DMF. In parallel, 1,6-hexanediamine was melted at 60°C. Upon melting, HDA 

(4 g, 34.4 mmol, 43 eq.) were added to the dissolved βCD-Tos. The reaction was stirred at 80 ◦C under 

argon for 18 h. Precipitation of the product was then induced by the addition of 45 mL ice-cold acetone. 

The solid was then centrifuged (4500 rcf., 15 min, 4 ◦C) and the supernatant was discarded. The resulting 

solid was redissolved in 5 mL DMF. The precipitation was repeated three times. The product was then 

washed once with ice-cold acetone and twice with ice-cold Et2O. Finally, the product was dried in vacuo 

to yield a white powder (807 mg, 84 % yield). Characterization: 1H-NMR (400 MHz, DMSO-d6) δ 5.90 

– 5.46 (m, 14H), 4.98 – 4.73 (m, 7H), 4.42 (t, 5H), 3.76 – 3.48 (m, 29H), 1.56 – 1.21 (m, 5H). 

Tetrabutylammonium salts of HA (HA-TBA) 

HA-TBA was synthetized as previously reported.11 NaHA (Mn ~60 kDa, 1g, 17 µmol, 1eq.)  was 

dissolved in 50 ml of deionized water, followed by the addition of 3 g of Dowex 50W×8. The solution 

was stirred for 30 min at room temperature. The resin was then filtered off and the pH was increased in 

steps using tetrabutylammonium hydroxide (TBA-OH) solutions in water of various concentrations 

https://sciwheel.com/work/citation?ids=3984893&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=3984893&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=3984893&pre=&suf=&sa=0&dbf=0
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(40 % v/v, 20 % v/v, 8 % v/v and 2 % v/v). First the pH was adjusted to 4 using 40 % v/v TBA-OH. 

Sequentially the pH was then adjusted to 5 using 20 % v/v, 6 using 8 % v/v, and finally 7.02 – 7.05 using 

2% v/v TBA-OH solution. The resulting solution was lyophilized to yield a light orange solid (1.2 g, 73 

% yield). Characterization: 1H-NMR (400 MHz, D2O) δ 4.64 – 4.47 (m, 2H), 4.09 – 3.36 (m, 12H), 3.31 

– 3.16 (m, 13H), 2.03 (s, 3H), 1.79 – 1.56 (m, 13H), 1.38 (h, 13H), 0.96 (t, 20H).  

βCD  modified HA (βCD-HA)  

HA-TBA (200 mg, 2.03 µmol, 1eq.) and CD-HDA (237 m g, 192 µmol, 95 eq) were dissolved under 

argon in 10 mL of dry DMSO.  In parallel, BOP (85 mg, 192 µmol, 95 eq.) was dissolved under argon 

in 1.6 mL of dry DMSO. Upon dissolution of all components, the BOP solution was transferred via 

cannulation to the reaction mixture. The reaction was left to react for 3h at room temperature, followed 

by the addition of 0.8 mL of deionized water. The reaction mixture was then dialyzed (Mw cutoff of 1 

kDa) against a sodium chloride solution (1.5 g per liter of water) for 5 days. The precipitated solid was 

then filtered off, followed by additional dialysis against distilled water for 5 days. The dialyzed solution 

was then lyophilized to yield a light yellow solid (205 mg, 40 % yield). Characterization: 1H-NMR (400 

MHz, D2O) δ 5.20 – 5.06 (m, 1H), 4.61 – 4.45 (m, 2H), 4.03 – 3.05 (m, 18H), 2.04 (s, 3H), 1.82 – 1.32 (m, 

2H). 

Functional PEG-b-PLA 

Both adamantane-PEG-b-PLA and Azobenzene-PEG-b-PLA were synthesized in a two-step synthesis 

following the same procedures. They only differ in the use of either 1-adamantane acetic acid for Ada-

PEG-b-PLA or 4-(phenylazo)benzoic acid for AzB-PEG-b-PLA. 

The procedure for Ada-PEG-b-PLA is described below.  

Ada-PEG 

HO-PEG-NH2 (Mn ~5 kDa, 1g, 198 µmol, 1eq.) was dissolved under argon in 10 mL of dry DCM. Upon 

dissolution, 1-adamantane acetic acid (77 mg, 397 µmol, 2 eq.), PyBOP (309 mg, 595 µmol, 3 eq.) and 

a drop of DIPEA (51 mg, 397 µmol, 3 eq.) were added sequentially to the reaction mixture. The reaction 

was left to stirred overnight at room temperature. Afterwards, the solution was poured in cold Et2O, to 

induce precipitation of the polymer. The solid was recovered through filtration, dissolved in water, and 

dialyzed (Mw cutoff of 100-500 Da) against distilled water for 2 days. The solution was then lyophilized 

yielding a white powder (943 mg, 91 % yield). 

Ada-PEG Characterization: 1H-NMR (400 MHz, CDCl3) δ 5.93 (s, 1H), 3.64 (s, 450H), 1.96 (s, 3H), 1.92 

(s, 2H), 1.74 – 1.51 (m, 12H).  

AzB-PEG Characterization: 1H-NMR (400 MHz, CDCl3) δ 8.12 – 7.83 (m, 5H), 7.68 – 7.46 (m, 5H), 7.17 

(s, 1H), 3.64 (s, 450H).  
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Guest -PEG-b-PLA 

Ada-PEG (1 g, 193 µmol, 1 eq.) and lactic acid (4.32 g, 30 mmol, 155 eq.) were dissolved in 30 mL of 

dry freeze pump thawed dry toluene under an argon atmosphere. The mixture was heated to 100◦C and 

stirred upon complete dissolution of the starting materials. Then, SnOct2 (88 µL, 271 µmol, 1.4 eq.) was 

added and the temperature was raised to 140◦C. The reaction was stirred under reflux for 6h. The solution 

was then poured into cold Et2O to induce precipitation of the polymer. The resulting solid was dried in 

vacuo and yielded a white powder (1.3 g, 47 % yield). 

Ada-PEG-b-PLA Characterization: 1H-NMR (400 MHz, CDCl3) δ 6.02 (s, 1H), 5.37 – 4.92 (m, 126H), 

4.46 – 4.19 (m, 4H), 3.63 (s, 450H), 1.97 – 1.90 (m, 5H), 1.64 – 1.34 (m, 423H). Molecular weight using 

the PEG5k peak as a reference: PLA 9 kDa. 

AzB-PEG-b-PLA Characterization: 1H-NMR (400 MHz, CDCl3) δ 8.16 – 7.82 (m, 5H), 7.64 – 7.45 (m, 

3H), 7.16 (s, 1H), 5.36 – 4.77 (m, 250H), 3.64 (s, 450H), 1.74 – 1.36 (m, 780H). Molecular weight using 

the PEG5k peak as a reference: PLA 18 kDa. 
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CHAPTER 4 
 

RESOLVING INTERNAL STRUCTURE OF POLYMER-

NANOPARTICLE HYDROGELS THROUGH SUPER 

RESOLUTION IMAGING 

 

SUMMARY Characterization and understanding the structure of hydrogel networks is usually 

accomplished through testing of mechanical properties and relating them to theoretical models of the 

expected network structure. However, several classes of hydrogels are comprised of more complex 

network architectures, such as non-covalent molecular cross-links and secondary macromolecular 

interactions, which deviate from ideal polymer networks. In the case of polymer–nanoparticle (PNP) 

hydrogels, the hydrogel network is formed through polymer–nanoparticle interactions or nanoparticle–

nanoparticle interactions, which imbues them with the observed bulk viscoelasticity. While these 

materials are often used as injectable hydrogels for the delivery of therapeutics and 3D printing, the 

origin of their dynamic mechanical properties is poorly understood, which can be addressed through 

the development of characterization techniques that are able to resolve the microstructure of the 

networks. In this chapter, we used total internal reflection fluorescence (TIRF) microscopy and direct 

stochastic optical reconstruction microscopy (dSTORM) to investigate the nanoparticle distribution 

within the hydrogel and relate it to the macroscopic properties of PNP hydrogels as a model system. We 

formulated PNP hydrogels with various α-cyclodextrin (αCD) concentrations and employed dye-

labelled nanoparticles for the imaging. At low concentrations of αCD, we observed a porous network-

like distribution of the nanoparticles with minimal aggregation, while at higher concentrations 

aggregates of increased size formed within the network indicative of increase NP–NP interactions. This 

work lays the foundation for existing microscopy techniques to be employed to fill the gap between 

understanding of the molecular behavior, changes in topology, and macroscopic properties in hydrogel 

characterization. 

AUTHOR CONTRIBUTIONS: SB and MWT conceived the idea and wrote the manuscript. SB 

designed and executed the experiments.  
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4.1. INTRODUCTION 

Hydrogels are cross-linked, water-swollen polymer networks, widely used in the biomedical field for 

their biocompatibility, high water content, and similarity to the extracellular matrix.7 Use of hydrogels 

in various biomedical applications has been driven by rational engineering of the polymer networks to 

obtain distinct mechanical properties, which requires understanding of their underlying structure–

function relationships.264,285 For ideal networks where the interactions are direct cross-links of the 

network strands, the origin of the observed mechanical response (e.g., modulus, stiffness, yield strain, 

and swelling) classically relates to molecular parameters or the network (e.g., polymer length, cross-link 

number, or cross-link dynamics).54,65,286 However, many recent advances involve the design of hydrogels 

with complex network architectures, which do not conform to the structure–function relationships 

developed for ideal polymer networks. For example, peptide-based hydrogels comprise various 

molecular interactions (hydrogen bonding as well as electrostatic and hydrophobic interactions) for the 

formation of nano- and microscale secondary structures (β-sheets, α-helices) that can further assemble 

into fibrillar structures, resulting in complex entangled networks.155,168,287–289 Similarly, polymer–

nanoparticle (PNP) hydrogels are a class of injectable nanocomposite biomaterials, based on reversible 

interactions between polymer chains and nanoparticles.18 Network formation in PNP hydrogels is driven 

either by polymer chain bridging or by nanoparticle jamming, each resulting in unique features in the 

macroscopic properties of the material.269 While changes in mechanical response have been 

demonstrated by changing relative proportions of the network components, their impact on the 

microstructure of the hydrogel has yet to be understood. Therefore, a strategy to resolve the 

microstructure of hydrogel could provide the critical missing link between the molecular and macroscale 

properties of hierarchically structured hydrogels, providing further understanding of complex hydrogel 

networks and their design parameters. 

Microscopy techniques, such as atomic force microscopy (AFM), scanning electron microscopy (SEM), 

or transmission electron microscopy (TEM), have been leveraged for the investigation of material 

microstructures.290,291 Such techniques were used to visualize fibres or pores within hydrogels, reaching 

a resolution up to 0.2 nm.292 Despite their high resolution, these microscopy techniques pose limitations 

related to extensive sample preparation that is often not suited for high water content hydrogel samples, 

resulting in possible deterioration or changes in the microscopic architecture during freezing or 

evaporation processes.293,294 Furthermore, many of these techniques are limited to the characterization 

of surfaces and provided limited insight into the internal architecture of the hydrogels. On the other 

hand, optical microscopy techniques face the opposite challenges. While optical microscopy techniques 

allow for in-situ imaging and rely on relatively simple sample preparation, they are limited in resolution 

due to the diffraction limit of visible light (~200 nm).295,296 To extend the resolution of optical 

microscopy, super-resolution microscopy (SRM) techniques have been developed .295,297 

Direct stochastic optical reconstruction microscopy (dSTORM) is a SRM technique based on single-

molecule localization, that allows resolutions of up to ~20 nm.298–300 dSTORM leverages the capacity of 

https://sciwheel.com/work/citation?ids=14202749&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=13214902,330456&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=13214903,4782236,2312559&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=13061467,14202740,3572293,5621413,981523&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=964863&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=13214913&pre=&suf=&sa=0&dbf=0
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a fluorophore to switch between an “ON” and “OFF” state when exposed to a laser, resulting in the 

activation of a certain proportion of the total fluorophores at any given time. These individual signals 

can be recorded and fit to enable the localization of the individual fluorophores. The localized 

fluorescence signals are finally assembled in a single image with a resolution correlating to the quality 

of localization of the fluorophore. Although the use of dSTORM in biological applications is becoming 

more prevalent301,302, few studies have been reported where dSTORM is used for materials 

characterization.303–306 We hypothesized that leveraging fluorescence and super-resolution microscopy 

would enable the in-situ investigation of PNP hydrogel nano- and microstructure in a contactless manner. 

In this work, we use fluorescence microscopy and dSTORM to visualize the microstructure of PNP 

hydrogels. PNP hydrogels were assembled using fluorescently labelled poly (ethylene glycol)-b-poly 

(lactic acid) (PEG-b-PLA) nanoparticles in combination with hydroxypropylmethylcellulose (HPMC). 

The nanoparticle distribution in the hydrogels was resolved by recording micrographs using total 

internal reflection fluorescence (TIRF) microscopy and performing dSTORM analysis. The resulting 

images revealed the formation of a porous network-like distribution of the nanoparticles in the hydrogel. 

Further, the microscopy technique was combined with rheological measurements to investigate the 

structural origins of the mechanical properties of PNP hydrogels upon addition of a α-cyclodextrin 

(αCD) to the hydrogel matrix. At low concentrations of αCD, the PNP hydrogels exhibited similar 

storage modulus and microstructure as the formulation without αCD. Above a threshold αCD 

concentration, the mechanical properties of the PNP hydrogels increased dramatically. This increase was 

associated with a change in the underlying microstructure of the hydrogel, namely the formation of 

nanoparticle clusters corroborating previous reports on the ability of αCD to induce nanoparticle 

aggregation.269 Overall, this work showcases the use of TIRF and dSTORM imaging to resolve PNP 

hydrogel microstructure, providing a potential platform for broadening our current understanding on 

structure–property relationships for the engineering of hierarchical hydrogels. 

4.1. RESULT AND DISCUSSION 

4.1.1. Resolving PNP hydrogel microstructure 

In a first step toward the resolution of hydrogel microstructure through SRM, we set ourselves to 

investigate the microstructure of native PNP hydrogels. PNP hydrogels are primarily based on reversible 

interactions between polymer chains and nanoparticles. As established in Chapter 3, the nanoparticles 

are the main driving force for the network formation acting as a cross-link between the polymer 

chains.307 In this model, a sufficient polymer concentration is required to percolate the network and 

beyond this point additional polymer content contributes primarily to the viscosity of the system. We 

hypothesized that due to the influence of the nanoparticles in determining the macroscopic properties of 

the hydrogel, resolving their distribution in the hydrogel matrix could provide a handle to understand 

how microstructure leads to macroscale mechanics in PNP hydrogels. 

https://sciwheel.com/work/citation?ids=1328866,16186472&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=16186476,16186522,2308021,16186527&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=13214913&pre=&suf=&sa=0&dbf=0
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Figure 4.1: a) Synthetic strategy for the formation of labeled PEG-b-PLA nanoparticles. b) PNP 

hydrogel for imaging were assembled by mixing labeled and non-labeled nanoparticles (1:3 labeled to 

non-labeled) with HPMC. c) TIRF image showing the distribution of ATTOn 647-labeled nanoparticles 

in PNP hydrogel (1 wt% HPMC, 5 wt% NPs). Scale bar, 10 µm. d) dSTORM image of the hydrogel 

formulation revealed a porous network-like distribution of the nanoparticles. Scale bar, 10 µm. 

For this purpose, we introduced a fluorescent label in the nanoparticle design. We developed a covalent 

coupling strategy to avoid leakage of the fluorophore from the nanoparticle (Figure 4.1a) First, PEG10k-

b-PLA14k block co-polymers were functionalized on the PLA end with an alkyne moiety. The alkyne 

moiety was in a second step coupled to azide functionalized fluorophores (ATTOn 647) using copper-

assisted click chemistry. Completion of the reactions was confirmed via 1H-NMR spectroscopy (Figure 

S36-38). PEG-b-PLA NPs (NPs; Ø = 70 nm; Ð = 0.30) were formed via nanoprecipitation of block co-

polymers. PNP hydrogel formation was then achieved by mixing HPMC (1 wt%) with NPs (5 wt%; 

Figure 4.1b). To enable stochastic photoswitching between the “on” and “off” state of the fluorophore, 

a photoswitching buffer was incorporated in the hydrogel formulation.  The buffer serves as a reducing 

agent stabilizing the “off” state of the fluorophore. 

In contrast to traditional systems imaged with dSTORM, in the PNP hydrogels the labeled feature, the 

NPs, are present in the entirety of the hydrogel network. As such, the fluorophores are present in high 

density, which can result in decreased localization accuracy due to excessive overlapping signals. To 

decrease fluorophore density, the NPs were formed using functionalized and non-functionalized block 

co-polymers (1:99 ratio of functionalized to non-functionalized). Similarly, hydrogels were formulated 

with a mixture of labeled and non-labeled NPs (1:3 labeled to non-labeled; Figure 4.1b). Further, to 
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reduce background fluorescent a TIRF objective was used for the image acquisition, limiting the 

excitation to a thin layer within the sample with a typical penetration depth of less than 300 nm.308 

dSTORM experiments were then performed on a wide-field fluorescence microscope in TIRF mode. 

TIRF images were first captured followed by the recording of wide-field images (5’000-30’000 scan) 

under continuous laser excitation at λ = 647 nm. dSTORM images were reconstructed from determined 

positions the fluorophores with uncertainty below 50 nm (Figure 4.1d). 

Both TIRF and dSTORM enabled the visualization of the nanoparticle distribution in the sample (Figure 

4.1c, d; Figure S39). The micrographs showed a non-homogenous distribution of the nanoparticles 

within the hydrogel, resembling a porous network-like architecture. In the literature, PNP hydrogels 

formed between HPMC and PEG-b-PLA NPs have been proposed to form through the adsorption of the 

HPMC on the NPs.142 The adsorption of the nanoparticles on the HPMC polymer chains could serve as 

possible cross-link between polymer chains resulting in polymer bridging and the subsequent 

percolation of a network. Additional experiments, such as multicolor dSTORM with dye-labeled HPMC 

are needed to confirm the co-localization of the NPs and HPMC to corroborate this model. Further, 

sample microstructure imaging shortly after formation of the hydrogel (<1 day) showed fiber-like 

alignment of the nanoparticle over extended distances (Figure S39). This possible feature could be 

associated to alignment of the network during initial processing. The absorption of NPs on the HPMC 

could result in their alignment along polymer chains and subsequent alignment into higher order 

structures upon network formation and processing. Current understanding of the origin of the observed 

microstructure remains uncertain due to possible processing effect and changes of the conformation over 

time.  

The current dSTORM setup does not differentiate fluorophores present at different depths in the sample, 

participating in the increased background signal. Future experiments may leverage 3D dSTORM to 

enhance the contrast between specific features in the sample and the background. Overall, TIRF and 

dSTORM imaging enable the visualization of nanoparticle distribution within PNP hydrogel, which can 

provide insight on changes in mechanical properties associated to changes in nanoparticle distribution. 

4.1.1. Imaging of the hydrogel at various using αCD content 

As shown in Chapter 2, the addition of αCD has a substantial impact on the mechanical properties, 

showing a concentration-dependent increase in shear modulus. This change in mechanical properties 

was hypothesized to be related to increased NP–NP interactions following the formation of 

polypseudorotaxanes and nanoparticle clustering. Indeed, αCD has the ability to thread on PEG to form 

polypseudorotaxane or so called “molecular necklaces”.106 These structures can then further aggregate 

to form larger semi-crystalline aggregates.309 In the presence of PEGylated NPs, we hypothesized that 

the formation of polypseudorotaxanes induced the aggregation of the nanoparticles.269 To investigate the 

possible changes in PNP microstructure associated with the addition of αCD, we combined rheological 

https://sciwheel.com/work/citation?ids=898078&pre=&suf=&sa=0&dbf=0
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characterization with TIRF and dSTORM imaging of PNP hydrogels with different αCD concentrations 

(Figure 4.2). 

In Chapter 2, the effect of αCD significantly enhanced the mechanical properties for concentrations 

above 5 wt% as compared with PNP formulations without αCD. Therefore, PNP hydrogels with 2.5 and 

5 wt% αCD were compared with formulations without αCD. Rheological measurement in Chapter 2 of 

formulations with 0 and 2.5 wt% αCD showed similar mechanical properties with a respective shear 

moduli of a G′ ≈ 18.4 Pa and G′ ≈ 19.2 Pa (ω = 10 rad s−1; Figure 4.2b).269 The addition of 5 wt% of 

αCD resulted in an increase in shear modulus of two orders of magnitude (G′ ≈ 3.0 × 103 at ω = 10 rad 

s-1). 

 

Figure 4.2: a) Proposed mechanism of reinforcement of PNP hydrogels through formation of 

polypseudorotaxane on PEGylate nanoparticle surfaces, leading to the aggregation of the nanoparticle. 

b) Frequency sweep of PNP hydrogel with 0, 2.5 and 5 wt% αCD from Chapter 2. Formulation with 2.5 

wt% of αCD image through c) TIRF and d) dSTORM microscopy showed similar microstructure to PNP 

hydrogel in the absence of αCD. Formulation with 5 wt% of αCD were image through d) TRIF and e) 

dSTORM microscopy and showed the formation of nanoparticle aggregates. Scale bar, 10 µm. 

In accordance with the rheological measurements, formulations containing 2.5 wt% αCD showed similar 

nanoparticle distribution as for those without αCD (Figure 4.2c, d). The nanoparticle again exhibited a 

distribution similar to a porous network that we associated with preferential interactions with the HPMC 

polymer chains. On the other hand, formulations with 5 wt% αCD exhibited a dramatically different 

nanoparticle distribution in the sample (Figure 4.2e, f). In this case, the NPs arranged themselves in 

https://sciwheel.com/work/citation?ids=13214913&pre=&suf=&sa=0&dbf=0
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dense clusters (Figure 4.2c). The formation of nanoparticle clusters was associated with an increased 

presence of NP–NP interactions. 

These observations supported the proposed mechanism of reinforcement of PNP hydrogel in the 

presence of αCD. Upon the addition of a threshold concentration of αCD, αCD induces aggregation of 

the nanoparticle resulting in nanoparticle clustering. The change in the microstructure of the hydrogel 

resulted in the increase in shear moduli of the system. Further, the loss of the initial network structure 

of the nanoparticle with the increase of αCD suggested a decrease in the absorption of the nanoparticles 

on the HPMC polymer chains and an increase in the NP–NP interactions and clustering. The decrease 

of absorption could decrease polymer–nanoparticle interactions, which was proposed in Chapter 2. 

Overall, the changes in mechanical properties observed with the addition of αCD were correlated to 

changes in the microstructure of the hydrogel supporting the proposed mechanism of reinforcement 

through nanoparticle aggregation. 

4.2. CONCLUSION 

In this work we leveraged TIRF and dSTORM imaging to visualize the microstructure of PNP hydrogel. 

For this purpose, we synthesized fluorescently labelled block co-polymers for the formation of 

fluorescent polymeric nanoparticles. The nanoparticles were then assembled into hydrogels by mixing 

with HPMC. The density of the label was tuned to promote single molecule activation. The nanoparticle 

distribution of the resulting hydrogels was visualized via TIRF and dSTORM imaging revealing a 

porous-network-like distribution of the nanoparticles in the absence of αCD. The feature was associated 

to the adsorption of the nanoparticles on the HPMC chains. Furthermore, we were able to visualize the 

changes in nanoparticle aggregation induced in the presence of αCD at 5 wt%. The changes in 

microstructure were correlated to the resulting mechanical properties of the hydrogel to confirm 

previously proposed relationship between macroscopic properties and microstructure in PNP hydrogel.  

This work provides an application of super-resolution optical microscopy techniques to hydrogel 

structure elucidation. 

4.3. MATEIRLAS & METHODS 

4.3.1. Materials  

α-Cyclodextrin (αCD, TCI) Acetone (Sigma-Aldrich); Chloroform-d (CDCl3, Fisher Scientific); 

Hydroxypropylmethylcellulose (HPMC, Mn ∼700 kDa, Sigma-Aldrich) photoswitching buffer (100–

160 mM β-mercaptoEthylamine hydrochloride [MEA]; Everspark 1.0,) Dichloromethane (DCM, 

Sigma-Aldrich); Dichloromethane (DCM, extra Dry over MS, Fisher Scientific); propargyl bromide (80 

% in toluene, Sigma-Aldrich); poly(ethylene glycol) methyl ether (PEG; Mn 5000 Da, Sigma-Aldrich) 

sodium hydride (NaH, Sigma-Aldrich) Diethyl ether (Et₂O, VWR Chemicals); ATTOn 657-N3 (Sigma-

Aldrich); 3,6-dimethyl-1,4-dioxane-2,5-dione (lactide, Sigma-Aldrich); Tin(II) 2-ethylhexanoate 

(SnOct2, Sigma-Aldrich); Toluene (extra dry, Acros Organics); 
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4.3.2. Instrumentation and methods 

Nuclear magnetic resonance 

1H-NMR spectra were acquired on a Bruker Avance III 400 (Bruker BioSpin GmbH). Chemical shifts 

were reported relative to the respective residual solvent peak. (CDCL3: δ = 7.26 ppm) Molecular weight 

of methyl ether-PEGs were determined using the terminal CH3 groups as a reference. 

Dynamic light scattering  

The hydrodynamic diameters of the formed NPs were measured by dynamic light scattering (DLS) on 

a Malvern ZetaSizer Nano ZS. The nanoparticle suspensions were placed into a semi-micro cuvette 

(Brand, Path length: 10 mm). The measurements were performed at 25 °C with a wavelength of 633 nm 

and a scattering angle of 17°C. The properties of each sample were measured three times reported as z-

average diameter and dispersity. 

Polymeric nanoparticle formation 

Polymeric nanoparticles were formed via batch nanoprecipitation. 70 mg of PEG-b-PLA (1:3 labeled to 

non-labeled polymer) were dissolved in 1 mL acetone. The solution was added dropwise to 10 mL of 

milli-q water under stirring. Acetone was evaporated overnight by keeping nanoparticle suspension in 

an open container on a shaking plate. NPs were subsequently concentrated via ultrafiltration with an 

Amicon Ultra centrifugation filter (MWCO: 30 kDa, 4500 rcf, 1.2h). The NPs were resuspended to a 

final concentration of 30 wt%. 

PNP hydrogel formation  

All gels were formed using similar procedure. A representative procedure for a 500 mg gel with 1 wt% 

HPMC, 5 wt% nanoparticle and 5 wt% αCD is described. In a luer-lock syringe, 5 mg of HPMC and 

25 mg αCD were dissolved in 187 µL milli-q water and let to equilibrate overnight at room temperature. 

In a different luer-lock syringe, 83.3 mg of a 30 wt% solution of nanoparticles (1:3 labeled to non-

labeled nanoparticle) was prepared.  In case of sample for imaging, 200 µL of photoswitching buffer 

(Everspark 1.0, 100–160 mM MEA) were added, otherwise milli-q water was used. The polymer-

containing syringe and nanoparticle containing syringes were connected through a female-to-female luer 

lock adapter (Cellink, Sweeden) and gently mixed for 30 seconds. 

Mounting of PNP gel for imaging 

PNP hydrogel containing photoswitching buffer were used for imaging. The preparation and mounting 

of the hydrogel were performed under 1 minute to avoid possible deactivation of the buffer due to 

exposure to oxygen. Upon formation of the PNP hydrogel, the gels were mounted in cavity slides 

(Ø =15–18mm, depth 0.6–0.8 mm) by extrusion through syringes. A cover slide was then used to cover 

the cavity, followed by the hermetic sealing of the sample using two-component sealant from Everspark.  



C H A P T E R  4  | 71 

 

Rheological characterization 

Rheological data were taken from Chapter 2. Rheological measurements were performed with a strain-

controlled shear rheometer (MCR 502; Anton Paar; Zofingen, Switzerland). Measurements for the 

formulations were performed using a plate-plate geometry of 20 mm diameter at a plate temperature of 

25 °C. A gap size of between 0.5 – 0.8 mm was used for all rheological measurements. To reduce any 

loading history of the sample, after loading the sample in the geometry, an oscillatory pre-conditioning 

interval (ω = 0.1 rad s−1, γ = 0.01 %, t = 30 min) was performed. Dynamic oscillatory frequency sweep 

measurements were conducted with a decreasing angular frequency (from 100 to 0.1 rad s−1) and a 

constant strain amplitude (γ = 1 %). 

TIRF and dSTORM imaging 

Images were acquired using a Nikon N‐STORM microscope (Nikon UK Ltd) with an SR Apochromat 

TIRF 100× 1.49 NA oil immersion objective lens. The sample were excited using a laser at λ = 647 nm 

and emission passed through a QUAD filter set for TIRF applications (Nikon C‐N STORM QUAD 

405/488/561/647). Fluorescence signal was recoded with wither an ANDOR EMCCD camera or an 

sCMOS Hamamatsu Orca Flash 4 v3. All dSTORM images were acquired with 5,000–30,000 camera 

frames with exposure from 10–30 ms.  

d-STROM analysis 

Analysis were performed using the open source FIJI plugin ThunderSTORM.310 Localizations were 

fitted to an integrated Gaussian point spread function. Further, the images were processed using drift‐

correction and filters for localization precision (<50 nm) as well as filter for full width at half maximum 

(σ<700 nm).  

4.3.3. Synthetic procedures 

PEG-b-PLA 

PEG-b-PLA was synthesized as reported in Chapter 2.269 Characterization: 1H-NMR (400 MHz, 

CDCL3) δ 5.32 – 4.98 (m, 189H), 4.60 – 4.16 (m, 4H), 3.71 – 3.56 (m, 933H), 3.37 (s, 3H), 1.66 – 1.49 

(m, 566H). (Figure S36) 

PEG-b-PLA-Alkyne 

PEG-b-PLA (1 g, 41.6 µmol, 1 eq.) was dissolved in DCM (8 mL) and cooled to 0 °C using an ice bath. 

Propargyl bromide (80 % in toluene, 4.27 µL, 49.9 µmol, 1.2 eq.), followed by the addition of sodium 

hydride (60 % in oil, 2 mg, 49.9 µmol, 1.2 eq.). The reaction mixture was stirred overnight at room 

temperature. The mixture was then poured in cold ET2O to precipitate the polymer. The product was 

dried in vacuo resulting in a white powder. Characterization: 1H-NMR (400 MHz, CDCL3) δ 5.27 – 

5.06 (m, 128H), 4.76 – 4.69 (m, 1H), 4.40 – 4.16 (m, 3H), 3.69 – 3.55 (m, 845H), 3.37 (s, 3H), 2.49 (t, 

1H), 1.53 – 1.48 (m, 386H). (Figure S37) 

https://sciwheel.com/work/citation?ids=1329205&pre=&suf=&sa=0&dbf=0
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PEG-b-PLA-Dye 

PEG-b-PLA-alkyne (30 mg, 1.24 µmol, 10 eq.) was dissolved in 3 mL of THF. Subsequently, 

ATTOn 647-N3 (0.1mg, 0.12 µmol, 1 eq.), CuSO4 (1 mg, 6.27 µmol, 52 eq.) and ascorbic acid (1 mg, 

5.68 µmol, 47 eq.) were added to the solution and let to stir overnight. The solvent was then evaporated 

in vacuo resulting in a blue solid. (Figure S38) 
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CHAPTER 5 

 

REDOX RESPONSIVE NANOGEL FOR 

INTRACELLULAR DRUG DELIVERY 

 

SUMMARY Nanogels are a class of drug nanocarriers that combine the favorable properties of 

hydrogels, such as high-water content and biocompatibility, with facilitated cellular uptake for 

intracellular therapeutic delivery. However, specific and tailored release of the therapeutic from 

nanogels often remains a challenge. If the therapeutic is simply encapsulated, diffusion-based release 

occurs resulting in offsite release before internalization of the carrier. Covalent attachment of the 

therapeutic can ensure targeting to the site of interest but presents challenges for release and maintained 

bioactivity. Therefore, we designed nanogels to enable covalent attachment of therapeutics with 

triggered and traceless disruption of the linker upon internalization, reducing offsite effects. Specifically, 

a responsive nanogel drug delivery system was engineered using a glutathione-cleavable and self-

immolative disulfide linker to couple therapeutics to the nanogel backbone. The linker design enabled 

coupling to model protein therapeutics in mild phosphate buffer conditions within an hour and selective 

cleavage in glutathione concentrations similar to those observed inside of cells. Overall, this work 

focused on an easy to couple responsive nanogel drug delivery carrier for intracellular release of 

therapeutics free of chemical modification. 

This chapter is reproduced from: Stéphane Bernhard, Carolina Söll, Lorena Rodriguez Curiel, Gabriela 

Da Silva André, Leslie Cunningham, Rea Frischknecht, Giovanni Bovone, Emanuele Mauri, and Mark 

W. Tibbitt in preparation. AUTHOR CONTRIBUTIONS: SB, GB, EM, and MWT conceived the 

ideas, designed the experiments, and wrote the manuscript. SB, CS, LRC, GDSA, LC, and RF executed 

the experiments and analyzed the data. SB, CS, and MWT wrote the manuscript. 
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5.1.INTRODUCTION 

Conventional drug delivery systems rely on systemic administration of therapeutics, exposing the active 

molecule to extended blood circulation times and the need to cross multiple physiological barriers prior 

to reaching the site of interest.311,312 As a result, much of the therapeutic load can be lost prematurely 

before uptake by the cell, reducing efficacy and possibly inducing unwanted side effects. Diverse 

nanocarriers have been developed to protect therapeutics during transit as a strategy to address the 

challenges associated with conventional drug delivery systems.313,314 In many cases, nanocarriers have 

been able to increase uptake efficiency, reduce risk of early clearance by the immune system, and reduce 

off-target effects, overall increasing therapeutic efficacy.315 

Nanogels are a class of nanocarriers comprised of cross-linked polymer networks with nanometer 

dimensions.316 They combine the favorable properties of hydrogel biomaterials, such as high water 

content, biocompatibility, and swellability,54 with properties of nanoscale objects, such as facilitated 

cellular uptake and longer blood circulation time.317–319 Common strategies to release the therapeutic 

from the nanogels rely on changes in the swelling of the nanogel due to environmental stimuli, such as 

pH, temperature, or salt concentration. Upon exposure to the environmental stimuli the nanogels swell, 

inducing a change in mesh size of the polymer network, increasing diffusion, and ultimately accelerating 

the release of the cargo.320,321 Diffusion-based processes, however, show limited tunability and control 

over the release profile due to their dependency on the network structure.54,322 Engineering specific and 

responsive drug–nanogel interactions, provides an alternative release mechanism with increase control 

over therapeutic release. 

Covalent attachment of molecular therapeutics to the nanogel through a responsive linker has improved 

control over the release kinetics by delaying the release.323 In these approaches, therapeutic release 

required degradation of the linker through external stimuli, such as pH-sensitive hydrazone linkers, 

redox responsive disulfide bonds, or enzyme-sensitive peptides.324–326 However, the covalent attachment 

of molecular therapeutics often requires chemical modification, which upon release from the linker 

might retain some traces of the degraded linker, resulting in loss of efficacy and possible side 

effects.327,328 Therefore, strategies are needed that allow coupling of therapeutics to nanogels for 

protection and stability while ensuring complete release without traces of chemical modification. 

Additionally, by carefully designing the chemical structure bridging the linker and the therapeutic, 

cleavage of the linker can induce an intramolecular rearrangement of the linker—self-immolation—

inducing  the formation of nontoxic by-product and traceless release of the therapeutic without chemical 

modification.329 Recently, linkers based on self-immolative disulfide chemistries were introduced to 

label and release therapeutics without traces of chemical modification upon internalization by cells.330 

Disulfide bonds are highly responsive to their environment and can be reduced readily into their 

unlinked thiol counterpart, making them suitable triggers for therapeutic release.331,332 Of particular 

interest is the responsivity of the disulfide bonds to glutathione (GSH), an antioxidant involve in 
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mammalian cells metabolism.333 GSH is able to reduce disulfide bonds under ambient conditions and 

within biological settings to their thiol counterpart. In this manner, specific degradation of disulfide 

bonds can be induced upon cell internalization due to the difference of GSH concentration of a few 

orders of magnitude between extracellular fluid, such as the blood (<20 μM)333 and the cytosol (1–2 

mM),333 with the highest concentration in cancer or liver cells (10 mM).334 

In this work, we designed a redox-responsive nanogel drug delivery system for intracellular drug 

delivery of biologics. For this purpose, functional nanogels were synthetized through emulsion-

evaporation of azide-functionalized poly (ethylene glycol) (PEG) and polyethyleneimine (PEI). In 

parallel, a responsive linker was designed to combine a GSH-responsive disulfide bond, self-immolative 

cleavage, and easy coupling to biologics under mild reaction conditions. Linker cleavage occurred for 

GSH concentrations above a threshold concentration (1 mM), sufficiently higher than extracellular GSH 

levels (2–20 μM).333 We monitored the self-immolative and traceless removal of the linker through the 

loss of absorbance on an added rhodamine B (RhB) cargo and NMR spectroscopy. By incorporation of 

nitrophenyl in the linker design, protein coupling was achieved in mild pH 8 phosphate buffer within 

1 h. Preliminary cell experiments demonstrated nanogel uptake by liver cells without appreciable 

cytotoxicity. 

RESULT AND DISCUSSION 

5.1.1. Building block synthesis 

To engineer our redox-responsive nanogels, we set out to design biocompatible nanogels that enabled 

linking of amine-containing therapeutics to the nanogel backbone via a GSH-responsive, self-

immolative linker (Figure 5.1a). In this manner, the therapeutic would remain bound to the nanogel in 

circulation and the extracellular space (low GSH concentration) and be released intracellularly (high 

GSH concentration). We also designed a multifunctional linker to enable protein labelling through the 

inclusion of a nitrophenyl moiety, GSH-responsive release through the inclusion of a disulfide, and 

coupling to the alkyne-containing nanogels through the inclusion of an azide (Figure 5.1b). To prepare 

the nanogels, we first focused on the synthesis of the azide-functionalized polymer precursors for 

network formation and enable coupling in later stages to a linker attached to a therapeutic (Figure 5.1c). 

Azide–alkyne click chemistry was identified as a suitable coupling reaction due to its biorthogonality, 

enabling the specific reaction of the linker to the nanogels, without risk of side reaction with the 

therapeutic. First, azide-functionalized nanogels were prepared from linear poly(ethylene glycol) (PEG; 

Mn ~8 kDa) and linear poly (ethylene imine) (PEI; Mw ~2.5 kDa) following literature procedure 

(Figure 5.1c).335 PEG was first functionalized with epoxy end groups, to allow the following addition 

of azide functional groups, while conserving hydroxyl functionalities. The terminal hydroxy groups 

were then activated through carbonyldiimidazole chemistry for later coupling with PEI. Azide-

functionalized nanogels were finally prepared by cross-linking the activated PEG with the secondary 

amines in PEI via an emulsion evaporation process resulting in an aqueous suspension of nanogels (Ø 
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= 185 nm; Ð = 0.3). Completion of each synthesis step and presence of the azide groups were confirmed 

via 1H-NMR and FTIR spectroscopy (Figure S40-45). 

Figure 5.1. a) Nanogels were designed for self-immolative cleavage in the presence of GSH, enabling 

responsive intracellular delivery of therapeutics. b) A self-immolative disulfide linker was designed to 

enable easy coupling to proteins and functionalization via click chemistry to the nanogels. Synthesis 

scheme of c) azide-functionalized nanogel and of d) a disulfide linker for easy coupling of proteins to 

the nanogels. 

In parallel, a self-immolative disulfide linker was designed. To enable self-immolation of the linker and 

traceless release, a carbamate linkage was used to anchor to amine containing therapeutics (Figure 5.1b, 

d).336 Upon reduction of the disulfide bond, the formed thiols can undergo an intramolecular 

rearrangement by attacking the carbamate bond and releasing the cargo with the intact free amine. 

https://sciwheel.com/work/citation?ids=2968718&pre=&suf=&sa=0&dbf=0
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However, the formation of a carbamate between the linker and amine in the therapeutic can result in loss 

of bioactivity or degradation of the therapeutic in case of harsh coupling conditions, such as organic 

solvents and high or low pH.337–339 To avoid loss of the therapeutic during the carbamate formation, mild 

coupling conditions between the linker and therapeutic were required. Therefore, we leveraged the 

increased reactivity of amines with nitrophenyl carbonates to form the carbamate in mild aqueous 

conditions.340 The linker was synthesized in a two-step process (Figure 5.1d). First, 2-hydroxyethyl 

disulfide was coupled to propargyl bromide, to introduce the alkyl moiety required for click chemistry 

with the nanogels. In a second step, the remaining hydroxyl group was converted into a nitrophenyl 

carbonate, to enable facile carbamate formation with amine-containing therapeutics and for the self-

immolative cleaving of the dithiol bond. Completion of each synthesis step and presence of the 

functional groups was confirmed via 1H-NMR spectroscopy (Figure S46, 47). 

5.1.2. Self-immolative cleavage 

To investigate the cleavage behavior of the linker and to verify that it was self-immolative, we coupled 

the linker to a responsive that loses its absorbance upon cleavage from the linker and reformation of the 

NH2 (Figure 5.2; Figure S48, 49). Indeed, RhB and RhB derivatives are known to exist in two main 

conformations: a “closed” conformation with low absorbance and an “open” conformation with high 

absorbance (Figure 5.2a).341,342 

In contrast to RhB, RhB-NH2 does not exhibit an observable absorbance peak at 570 nm (Figure 5.2b). 

This behavior was associated with a “closed” conformation due to the formation of a spirolactam ring 

with the neighboring nitrogen.343 As spirolactam rings can be broken by protonation of the nitrogen, the 

presence of the ring was confirmed by titration of RhB-NH2 using HCl. With the increase in HCl, the 

absorbance increased, supporting the hypothesis that there was an opening of the spirolactam ring under 

acidic conditions (Figure 5.2c) Upon coupling of the RhB-NH2 to the linker (RhB-linker), the molecule 

showed an increase in absorbance (Figure 5.2b). We associated the increase in absorbance to a 

predominant “open” conformation for the RhB-linker; however, the overall absorbance of the reacted 

RhB was still lower than that of unfunctionalized RhB. Thanks to this difference in the absorbance 

between the RhB-linker and RhB-NH2, the cleavage reaction and the self-immolative behavior of the 

linker could be investigated through loss of absorbance of the RhB cargo (Figure 5.2d). 

Cleaving of the RhB-linker was investigated by monitoring UV-vis absorbance at 570 nm in the presence 

of varying GSH concentration from 0.01 mM,333 similar to blood levels, to 10 mM, which is observed 

in the liver (Figure 5.2e).334 Over the course of 30 h, the absorbance decreased for all conditions 

including a control without GSH. The general decrease of absorbance was associated to two overlapping 

effects: the loss of absorbance of RhB due to bleaching of the fluorophore.344 and the loss of absorbance 

due to the release of the RhB-NH2. When compared with the control, the RhB-linker did not show 

significant changes in absorbance when exposed to 0.01 and 0.1 mM of GSH. A dose-dependent and 

accelerated decrease in absorbance was observed for 1 and 10 mM GSH. These results indicate a 
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concentration dependent reduction of the dithiol bond beyond a threshold GSH concentration of 

>0.1 mM. 

 

Figure 5.2. a) RhB-amine “open” and “closed” conformation. b) Absorbance spectra in DMSO of RhB 

(128 µM), RhB-NH2 (10 mM), and RhB-linker (10 mM). c) Absorbance spectra of 10 mM RhB-NH2 in 

DMSO with increasing HCl concentration. d) Self-immolative mechanism of a RhB amine labeled linker 

in the presence of GSH. Cleaving of the disulfide linker results in the release of RhB rhodamine amine, 

which changes in conformation and loses its absorption. b) Change in UV-vis absorbance at 570 nm of 

RhB linker in the presence of various GSH concentration. c) 1H-NMR spectra of RhB amine linker in 

the presence of 10 mM GSH recorded over time in DMSO-d6. 

To further ensure the selective cleaving and self-immolative mechanism, 1H-NMR spectra of RhB-linker 

in the presence of GSH (0.01, 0.1, 1, 5, and 10 mM) were recorded overtime (Figure 5.2f; Figures S50-

54). Similarly, to the UV-vis absorbance result, no changes in the spectra were observed were observed 

for 0.01 and 0.1 mM of GSH. In addition, the spectra for 1 mM GSH did not show substantial changes 
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during the course of the experiment. In contrast, the 1H-NMR spectra for solutions containing 5 mM and 

10 mM indicated cleavage and self-immolative rearrangement. More specifically, the peak 

corresponding to the CH2 neighboring the carbamate in the linker and the CH of the cysteine residue of 

the GSH, at 4.61 and 4.37 ppm respectively, decreased while new a peak at 4.53 ppm appeared 

associated with the oxidized GSH. Furthermore, with the reduction of the GSH, a peak at 3.52 ppm 

appeared. The new signal was assigned to the CH2 neighboring the sulfur of the 1, 3-oxathiolan-2-one 

(OxT) by-product. The signal of the remaining CH2 of the OxT overlapped with the 4.53 ppm signal of 

the oxidized GSH. The formation of the OxT confirmed the self-immolative reshuffling of the linker. 

Overall, the linker cleaved in a concentration range similar to those for GSH in the cytosol while lower 

concentration, seen in blood or the extracellular space, were insufficient. Furthermore, the cleaving 

through a self-immolative mechanism was supported by the appearance of the 1, 3-oxathiolan-2-one 

product in the NMR. 

5.1.3. Protein coupling 

One of the main challenges in therapeutic delivery using covalent linkers is the coupling to biological 

therapeutics without impacting bioactivity. Indeed, biological therapeutics, such as antibodies, proteins, 

or growth factors, have limited stability outside physiological conditions (aqueous, pH 7, 37 °C).345 

Many chemical reaction on the other hand rely on organic solvents and/or strong bases or acids. Finding 

suitable reaction enabling coupling of the linker to biologics in mild aqueous environment is of high 

interest to avoid loss of therapeutic efficiency. For this purpose, a nitrophenyl carbonate was 

incorporated in the linker design due to its increased reactivity with amines in relatively mild reaction 

condition (pH 8.5 phosphate buffer; Figure 5.3a).340 Furthermore, upon reaction to a primary amine to 

form a carbamate group, the nitrophenyl side product is release in the reaction media. The release of the 

nitrophenyl result in an increase in absorbance at 413 nm.340 In this manner, the completion of the 

reaction could be monitored using the change of absorbance from the release of the nitrophenyl using 

UV-vis spectroscopy. 

To test the coupling efficiency of the linker to a biologic, we used bovine serum albumin (BSA) as a 

model protein. The coupling reaction was performed through the simple addition of the linker pre-

dissolved in DMSO to BSA in a slightly basic (pH 8.5) phosphate buffer (Figure 5.3a). As expected, 

upon addition of the linker the solution quickly turned yellow and the change in absorbance (λ = 413 

nm) was monitored for the reaction mixture using UV-vis spectroscopy (Figure 5.3b). The absorbance 

increased rapidly with the first minute after mixing the solutions and reached a plateau after ~1 h, 

indicating reaction completion. To ensure that the change in absorbance was not due to degradation of 

the linker due to the aqueous environment or pH effect, absorbance of the linker in the absence of BSA 

in the phosphate buffer (pH ~8.5) and in water were also recorded (Figure 5.3b). After 90 min, only a 

slight increase of absorbance appeared in the UV-vis spectra of the control conditions, indicating no 

release of nitrophenyl and by extension reaction. Furthermore, no change in absorbance was apparent 

https://sciwheel.com/work/citation?ids=14538879&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=6215561&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=6215561&pre=&suf=&sa=0&dbf=0
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when performing the coupling between BSA and the linker in PBS (pH ~7). We concluded that the linker 

was stable in aqueous media and required slightly basic conditions to react. 

 

Figure 5.3. a) Protein coupling was enabled by simple mixing in mild aqueous phosphate buffer. b) 

Absorbance over time at λ = 413 nm. c) Mass spectra of unfunctionalized and functionalized BSA. 

To further confirm the coupling of the linker to BSA, liquid chromatography–mass spectrometry (LC–

MS) was performed on BSA before and after functionalization (Figure 4c). Before coupling a mass of 

m/z = 66’429.65 g mol-1 was detected and associated to the unfunctionalized BSA (Mw = 66’430.3 g 

mol-1). After coupling, we observed a mass of m/z = 68’070.44g mol-1. Taking into account the formation 

of acetonitrile (ACN) as an adduct, the mass corresponded to a BSA molecule with 7 linkers 

(68070.4133 g mol-1 [BSA + 2 ACN + Na]).346 The mass spectroscopy result further confirmed the 

coupling of the linker to the BSA.  

Overall, we were able to couple the linker to a model protein in an aqueous phosphate buffer under mild 

conditions.  

5.1.4. Coupling to nanogel and uptake efficiency 

Finally, to complete the redox-responsive nanogel system, the linker was coupled through click 

chemistry to the azide-functionalized nanogels. Quantification of the coupling will be confirmed in the 

next steps through fluorescent imaging using albumin–fluorescein isothiocyanate conjugate (FITC-

BSA).  

Preliminary uptake study of the nanogels were performed on epidermoid carcinoma cancer cells, using 

RhB-labelled nanogels (Figure 5.4). Colocalization of the fluorescent signal of the hydrogel and 

brightfield images of the cells suggested efficient uptake of the nanogels by the cancerous cells. Further 

cell studies with proper viability assays will have to be performed to fully assess the uptake and 

cytotoxicity of the design system.  

https://sciwheel.com/work/citation?ids=16108675&pre=&suf=&sa=0&dbf=0
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Figure 5.4. a) Bright field and c) fluorescent signal of Rhodamine labeled NGs in epidermoid carcinoma 

cancer cells (A431 cell line). Scale bar 100 μm. 

5.2. CONCLUSION 

In this work, we focused on the design of a redox responsive nanogel system via careful engineering of 

a glutathione-responsive disulfide linker. Using self-immolative disulfide bonds, cleavage of the linker 

was selective to GSH concentrations of the cytosol. We confirmed the self-immolative nature of the 

linker using a responsive RhB cargo. Furthermore, the integration of a nitrophenyl carbonate in the 

linker design enabled coupling of the linker to the amines of a model protein in mild phosphate buffer 

conditions within 1 h. The protein-linker cargo was further coupled to the nanogels using azide–alkyne 

click chemistry. Overall, we designed a responsive drug nanocarrier system able to be easily coupled to 

biologics. The current system shows high potential for intracellular delivery but still requires additional 

release studies ex-vivo and cell studies to confirm proper release and activity of the therapeutics in vitro. 

5.3. MATERIALS & METHODS 

5.3.1. Materials  

Poly(ethylene glycol) (PEG, Mn = 8000 Da; Sigma-Aldrich), polyethyleneimine (PEI, Mw = 2500 Da; 

Polysciences), (±)-epichlorohydrin (Sigma-Aldrich), sodium hydroxide (NaOH; Sigma-Aldrich), 

sodium azide (NaN3; Sigma-Aldrich), sodium hydride (NaH; Sigma-Aldrich), sodium sulfate (Na2SO4; 

Sigma-Aldrich), copper sulfate (CuSO4; Sigma-Aldrich), sodium phosphate monobasic (NaH2PO4; 

Sigma-Aldrich), sodium phosphate dibasic (Na2HPO4; Sigma-Aldrich), 4-nitrophenyl chloroformate 

(Sigma-Aldrich), rhodamine B base (RhB; Sigma-Aldrich), 1,1’-carbonyldiimidazole (CDI; Sigma-

Aldrich), 2-hydroxyethyl disulfide (Sigma-Aldrich), propargyl bromide (solution 80 % in toluene; 

Sigma-Aldrich), ethylene diamine(Sigma-Aldrich), L-glutathione reduced (GSH; Sigma-Aldrich), (+)-

sodium L-ascorbate (Sigma-Aldrich), ethylenediaminetetraacetic acid (EDTA; Sigma-Aldrich), 

methanol (MeOH; Sigma-Aldrich), dichloromethane (DCM; Sigma-Aldrich), acetonitrile (ACN; 

Sigma-Aldrich), diethyl ether (Et2O; Sigma-Aldrich), tetrahydrofuran (THF; Sigma-Aldrich), N,N-
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dimethylformamide (DMF; Sigma-Aldrich), dimethyl sulfoxide (DMSO; Sigma-Aldrich), deuterated 

chloroform (CDCl3; Sigma-Aldrich). Ethyl acetate (EtOAc; Fisher Chemicals), Ethanol (EtOH; 

Alcosuisse AG), Ammonium chloride (NH4Cl; VWR Chemicals), petroleum ether 40-60 °C (PE; VWR 

Chemicals), sodium chloride (NaCl; VWR Chemicals), hydrochloric acid (HCl; VWR Chemicals) 

Deuterated DMSO (DMSO-d6; Eurisotop) and deuterated water (D2O; Eurisotop). Bovium serum 

albumin (BSA, protease-free; Roche) Dulbecco’s Modified Eagle Medium (DMEM, 1x, with 4.5 g/L 

D-glucose and without L-glutamine and pyruvate; Gibco), phosphate buffered saline (PBS, pH 7.4, 1x; 

Gibco), fetal bovine serum (FBS; Gibco), sodium pyruvate (100x; Gibco), L-glutamine 200 mM (100x; 

Gibco), trypsin-EDTA (Gibco), Normocin (Invivogen) RhB-nanogel provided by Prof. Emanuele Mauri. 

All materials were used as purchased without further purification.  

5.3.2. Instrumentation and characterization 

Nuclear magnetic resonance (NMR) 

1H-NMR and 13C-NMR spectra were acquired on a Bruker Avance III 400 (Bruker BioSpin GmbH). 

Chemical shifts were reported relative to the respective solvent peak. (1H-NMR: CDCl3: δ = 7.26 ppm; 

DMSO-d6: δ = 2.50 ppm, D2O: δ = 4.79 ppm). The peak of the PEG (Mw ~ 8 kDa) repeating unit was 

set to 720 H for all 1H NMR as a reference peak.  

Fourier-transform infrared spectroscopy 

Attenuated total reflection Fourier-transform infrared spectroscopy (ATR-FTIR) spectra were acquired 

on a Perkin Elmer ATR Spectrum TWO equipped with a UATR single reflection diamond. Sample 

powders were pressed onto the diamond crystal with a pressure arm. The spectra were recorded between 

500 and 4000 cm−1 averaging over 32 scans. 

Dynamic light scattering 

The hydrodynamic diameter, Dh, of the formed nanogels were measured by dynamic light scattering 

(DLS; Malvern ZetaSizer Nano ZS). The nanogel suspensions were placed into a semi-micro cuvette 

(Path length: 10 mm) and the measurements were performed at 25 °C with a wavelength of 633 nm and 

a scattering angle of 173°. The properties of each sample were measured three times. The z-average size 

and the polydispersity index (PDI) were reported. 

UV-vis spectroscopy 

Plate reader: Absorbance was recorded from a Hidex Sense Microplate Reader (Hidex; Turku, Finland) 

using clear 96-well tissue culture plates (flat bottom; TPP). 

Nanodrop One: Absorbance was recorded from a Nanodrop One Microvolume Spectrophotometer 

(ThermoFisher, Switzerland). 

High-resolution mass spectrometry (HRMS) 
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HRMS were acquired using a Bruker Daltonics SOLARIX equipped with a MALDI/ESI source and a 

Q-TOF ion analyzer. 

Liquid chromatography- mass spectrometry 

LC/MS analyses were performed using a Bruker Solarix XR 1 system equipped with a MALDI/ESI 

source and a Q-TOF ion analyzer coupled to an Agilent Eclipse Plus, C18 column. For the mobile phase, 

solvent mixtures A, H2O (+ HCOOH), and B, ACN (+ HCOOH). The eluent was run at a gradient of 

95:5 → 5:95 (water/acetonitrile) over the course of 10 min. Measurements were carried out at a flow 

rate of 1 mL/min at 25 ˚C. 

Fluorescence Microscopy 

Fluorescence images were acquired on a THUNDER Live Cell microscope. The samples were imaged 

using an HC PL Fluorotar 10x/0.32 PH1 objective. Images were post-processed using ImageJ (Fiji, 

ImageJ 1.51s). 

5.3.3. Synthetic procedures 

Nanogel synthesis 

Synthesis of the functional nanogels were adapted from the procedure published by Mauri et al.347 

Diepoxy-PEG 

PEG8k (5 g, 0.63 mmol, 1 eq.) and epichlorohydrin (1.5 mL, 18.80 mmol, 30 eq.) were dissolved in 

toluene (30 mL). The mixture was heated to 50 °C. NaOH (750 mg, 18.77 mmol, 30 eq.) was added as a 

powder to the stirred solution. The reaction was stirred for 8 h at 50 °C. After completion of the reaction, 

the formed precipitate was filtered out, followed by cooling of the mixture to room temperature. 

Afterwards, the solution was extracted twice with distilled water (20 mL), followed by neutralization of 

the aqueous phase with NaCl. Further extractions with DCM (4 × 20 mL) were then performed to move 

the product in the organic phase. The combined organic phases were dried with anhydrous sodium 

sulfate and concentrated in vacuo. The concentrated mixture was then poured in cold Et2O, resulting in 

the precipitation of the polymer. The formed solid was collected by vacuum filtration and redissolved in 

DCM. The precipitation and recovery of the product was repeated a second time to yield a white powder 

(4g, 0.49 mmol, 79 %). Characterization: 1H-NMR (400 MHz, CDCl3) δ 3.64 (s, 720H), 3.16 (ddt, J 

= 5.9, 4.2, 2.9 Hz, 2H), 2.79 (dd, J = 5.0, 4.2 Hz, 2H), 2.61 (dd, J = 5.0, 2.7 Hz, 2H). (Figure S40) 

PEG-OH-N3 

Diepoxy-PEG (3.5 g, 0.43 mmol, 1 eq.) was dissolved in 80 mL DMF and heated to 60 °C, flowed by 

the addition of sodium azide (565 mg, 8.70 mmol, 20 eq.) and ammonium chloride (925 mg, 17.50 

mmol, 40 eq.) The reaction mixture was stirred for 64 h at 60 °C. Afterwards, the solution was filtered, 

and solvent was removed in vacuo. The residue was redissolved in distilled water and dialyzed (Mw 

https://sciwheel.com/work/citation?ids=4245349&pre=&suf=&sa=0&dbf=0
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cutoff of 100-500 Da) against distilled water for 3 days. After lyophilization the purified polymer was 

obtained as white powder (2.57 g, 0.31 mmol, 73 %). Characterization: 1H-NMR (400 MHz, CDCl3) δ 

3.62 (s, 720H), 3.37 – 3.27 (m, 4H). (Figure S41) 

PEG-N3-CDI 

In a flame dried 25 mL round bottom flask, PEG-OH-N3 (1 g, 0.12 mmol, 1 eq.) was dissolved in 10 mL 

dry ACN. After addition of CDI (396 mg, 2.50 mmol, 20 eq), the slightly yellow solution was stirred at 

40 °C under inert atmosphere for 4 days. The solution was then concentrated in vacuo and poured into cold 

Et2O to induce precipitation of the polymer. The resulting slurry was centrifuged (10 min at 4500 rpm) 

and the supernatant was discarded. The remaining solid was redissolved in DCM. The precipitation and 

recovery of the product were repeated twice. The product was dried in vacuo resulting in a white powder 

(790 mg, 94 µmol, 77 %). Characterization: 1H-NMR (400 MHz, CDCl3) δ 8.45 (dd, J = 3.9, 2.1 Hz, 

2H), 7.55 – 7.53 (m, 2H), 7.22 – 7.20 (m, 2H), 3.64 (s, 720H), 3.51 – 3.40 (m, 4H). (Figure S42) 

Nanogel formation 

Nanogels were formed via a modified emulsification-evaporation method. PEG-N3-CDI (25mg,3 μmol, 

1.5eq.) was dissolved in 1 mL DCM. In parallel PEI (4.2mg,2 μmol, 1.0 eq.) was dissolved in 2 mL of 

a water:MeOH solution (2:3). Under vigorous stirring, the organic phase was added drop wise to the 

aqueous phase. The resulting solution was then sonicated for 30 min. The resulting solution was kept 

under stirring overnight with open cap to lead to evaporate the DCM. The obtention of nanogel was 

confirmed through DLS, FT-IR and 1H-NMR measurements (Figure S44, 45) 

Linker synthesis 

2-propynoxyethyldisulphanylethanol 

The synthesis was adapted from a published protocol.347 2-Hydroxyethyl disulfide (10.0 g, 64.8 mmol, 

1.0 eq.) was dissolved in THF (100 mL) and the mixture was cooled to 0 °C in an ice bath. Propargyl 

bromide (80 % in toluene, 4.8 g, 32.4 mmol, 0.5 eq.) was added dropwise to the chilled solution, 

followed by the addition of sodium hydride (60 % in oil, 1.6 g, 39.0 mmol, 0.6 eq.). The reaction mixture 

was stirred for 9 h at room temperature. Afterwards, 20 drops of distilled water were added to stop the 

reaction. The mixture was then stirred overnight at room temperature. The resulting orange solution was 

filtered, and the solvent was removed in vacuo. The product was further purified by column 

chromatography (3:1 petroleum ether: ethyl acetate) to yield an orange oil (2.9 g, 15.1 mmol, 23% yield). 

Characterization: 1H-NMR (400 MHz, CDCl3) δ 4.18 (dd, J = 2.4, 1.6 Hz, 2H), 3.89 (q, J = 5.8 Hz, 2H), 

3.79 (td, J = 6.4, 3.7 Hz, 2H), 2.96 – 2.83 (m, 4H), 2.46 (q, J = 2.4 Hz, 1H), 2.15 (t, J = 1.3 Hz, 1H). 13C-

NMR (400 MHz, CDCl3) δ 79.5, 75, 68.3, 60.4, 58.9, 41.6, 38.5. (Figure S46)   

Para-nitrophenylcarbonate-linker 

https://sciwheel.com/work/citation?ids=4245349&pre=&suf=&sa=0&dbf=0
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The synthesis was adapted from a published protocol.340 2-propynoxyethyldisulphanylethanol (104 mg, 

0.5 mmol, 1.00 eq.) was dissolved in DCM (2 mL) and 4-nitrophenyl chloroformate (122 mg, 0.6 mmol, 

1.15 eq.) was added to the solution. The reaction mixture was cooled in an ice bath for 20 min followed 

by the dropwise addition of pyridine (49 µL, 0.6 mmol, 1.15 eq.) under vigorous stirring. The solution 

was stirred for 24 h at room temperature, followed by the evaporation of the solvent in vacuo. The crude 

product was purified by column chromatography (100% DCM). The product was obtained as colorless oil 

(40 mg, 0.11 mmol, 21 % yield). Characterization: 1H-NMR (400 MHz, CDCl3) δ 8.37 – 8.23 (m, 2H), 

7.47 – 7.31 (m, 2H), 4.56 (t, J = 6.6 Hz, 2H), 4.20 (d, J = 2.4 Hz, 2H), 3.81 (t, J = 6.3 Hz, 2H), 

3.05 (t, J = 6.6 Hz, 2H), 2.96 (t, J = 6.4 Hz, 2H), 2.46 (t, J = 2.4 Hz, 1H). (Figure S47)   

Ethylenediamine modified rhodamine B (RhB-NH2) 

The synthesis was adapted from a published protocol.347 Rhodamine B base (1 g, 2.1 mmol, 1.0 eq.) 

was dissolved in 25 mL ethanol. Ethylenediamine (1 mL, 15 mmol, 7.5 eq.) was added dropwise. The 

violet solution was stirred under reflux overnight to give an orange solution. Residual solvent was 

evaporated under reduced pressure, and the residue was dissolved in distilled water. The formed 

precipitate was collected by vacuum filtration and dried in vacuo. The product was obtained as pink 

powder (732 mg, 1.5 mmol, 72 % yield). Characterization: 1H-NMR (400 MHz, CDCl3) δ 7.92 – 7.87 

(m, 1H), 7.48 – 7.40 (m, 2H), 7.11 – 7.06 (m, 1H), 6.43 (d, J = 8.9 Hz, 2H), 6.37 (d, J = 2.6 Hz, 2H), 

6.27 (dd, J = 8.9, 2.6 Hz, 2H), 3.33 (q, J = 7.2 Hz, 8H), 3.20 (t, J = 6.4 Hz, 2H), 2.47 (t, J = 6.4 Hz, 2H), 

1.16 (t, J = 7.0 Hz, 12H). HRMS (ESI) m/z calc. for C30H38N4O2: 485.290; found 485.2903. (Figure 

S48)   

Rhodamine B amine coupled to linker (RhB-linker) 

The synthesis was adapted from a published protocol.347 2-propynoxyethyldisulphanylethanol (60.0 mg, 

0.31 mmol, 1.0 eq.)  was dissolved in 2 mL of DCM. The solution was then added dropwise to a solution 

of 1,1’-carbonyldiimidazole (CDI, 50.6 mg, 0.31 mmol, 1.0 eq.) 2 mL of DCM at 0 °C. The reaction 

mixture was stirred for 4 h at room temperature. Afterwards, RhB-NH2 (150 mg, 0.31 mmol, 1.0 eq.) 

was added to the reaction mixture. The purple solution was stirred for 18 h at room temperature. After 

the reaction, the solution was extracted three times using 1 M HCl solution and dried using sodium 

sulfate. The remaining solvent was evaporated under reduced pressure to yield a purple oil.  (9.5 mg, 

0.13 mmol, 42 % yield). Characterization: 1H-NMR (400 MHz, CDCl3) δ 7.99 – 7.93 (m, 1H), 7.57 – 

7.48 (m, 2H), 7.08 – 7.03 (m, 1H), 4.70 (t, J = 6.5 Hz, 1H), 4.22 (d, J = 6.6 Hz, 1H), 4.20 (dd, J = 

2.4, 1.3 Hz, 2H), 4.18 (d, J = 2.4 Hz, 2H), 3.80 (dd, J = 6.4, 2.1 Hz, 2H), 3.79 – 3.75 (m, 2H), 3.51 

– 3.36 (m, 6H), 3.35 – 3.26 (m, 2H), 3.08 (t, J = 6.5 Hz, 1H), 2.98 – 2.94 (m, 2H), 2.94 – 2.89 (m, 

3H), 2.89 – 2.83 (m, 4H), 2.46 (dt, J = 3.8, 2.4 Hz, 2H), 1.26 (t, J = 6.9 Hz, 12H). HRMS (ESI) 

m/z calc. for C38H47N4O5S2: 703.2982; found 703.297. (Figure S49)   

https://sciwheel.com/work/citation?ids=6215561&pre=&suf=&sa=0&dbf=0
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5.3.4. Experimental procedures 

RhB amine pH response 

2 mg RhB amine were dissolved in 2 mL DMSO to produce a 2.05 mM stock solution. 100 µL of the 

stock solution were filled in 20 wells of a 96 well plate. In each well a specific amount (0–100 µL) of a 

10 mM HCl solution were added 5 µL increment. Absorbance spectra were recorded after 30 minutes of 

incubation.  

UV-vis RhB-linker release study 

11.31 mg of RhB- linker were dissolved in 1607 µL DMSO to get a 10 mM stock solution. In parallel, 

stock solutions of 100 mM, 10 mM, 1 mM, and 0.1 mM GSH were prepared. 

In a 96 well plate triplicates of RhB-linker in 10 mM, 1 mM, 0.1 mM and 0.01 mM GSH environment 

were prepared. For this 10 µL of the corresponding GSH stock solutions were added to 90 µL of RhB-

linker stock solutions. As a control, pure RhB-linker solution was added to the well plate. Finally, 

absorbance at 570 nm was measured overtime. 

NMR RhB-linker release study 

11.56 mg of RhB-linker were dissolved in 2.5 mL DMSO-d6. A 100 mM GSH stock solution was 

prepared by dissolving 7.25 mg GSH in 236 µL D2O. This solution was diluted with D2O to obtain stock 

solutions with the concentrations of 50 mM, 10 mM, 1 mM, and 0.1 mM. 

NMR tubes tubes were prepared with 0.4 mL of RhB SS-OH linker stock solution. GSH concentrations 

of 10, 5, 1, 0.1 and 0.01 mM were obtained by adding 44 µL of the respective stock solutions. The 1H-

NMR of the resulting solutions were then recorded.  

Coupling of BSA to para-nitrophenylcarbonate-linker 

The procedure was adapted from a published protocol.340 First, a phosphate buffer (0.1 M) was prepared. 

4.07 g of potassium phosphate dibasic and 221.9 mg of potassium phosphate monobasic were dissolved in 

distilled water to reach a final total volume of 250 mL. Afterwards, pH of the solution was adjusted by 

addition of 1 M NaOH to reach a pH of 8.5. 

2.3 mg BSA (0.035 µmol, 1 eq.) were dissolved in 1 mL of phosphate buffer (pH 8.5). In parallel, para-

nitrophenylcarbonate-linker (0.28 mg, 0.78 µmol, 22 eq.) were dissolved in 230 µL THF. 100 µL the 

linker stock solution weas added to the BSA solution. The reaction was stirred at room temperature 

overnight. After reaction the solution was dialyzed (MWCO 3.5 kDa) against distilled water overnight. 

After lyophilization the purified polymer was obtained as white powder. Functionalization was 

confirmed through LC-MS. HRMS (ESI) m/z calc. for 68070.4133 [BSA + 7linker (C8O3S2H11) + 2 

ACN + Na] found 68070.4082. 

Coupling of BSA-linker to NG 

https://sciwheel.com/work/citation?ids=6215561&pre=&suf=&sa=0&dbf=0
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A BSA-linker solution in water (2.39 mg ml-1 of BSA) was added to a solution a suspension of N3-

nanogels (35 mg ml-1). Sequentially, CuSO4 (1.6 mg, 10 µmol) and ascorbic acid (2 mg, 10 µmol) were 

added to the reaction mixture. The solution was stirred overnight at room temperature. After reaction, 

the resulting solution was dialyzed (MWCO 3.5 kDa) against distilled water for 2 days.  

Cancer Cell Culture 

A431 cells (ATCC), a human epidermoid carcinoma cell line, were cultured in DMEM, high glucose, 

no phenol red supplemented with 10% (v/v) Fetal Bovine Serum (FBS), 1 % pyruvate, 1 % L-glutamine 

(Gibco, Thermo Fisher Scientific) and 0.2% normocin (Invivogen) at 5% CO2 and 37°C. To passage 

and perform experiments, cells were washed with PBS (Gibco, Thermo Fisher Scientific) before a 6 min 

incubation with 0.05% Trypsin-EDTA (Gibco, Thermo Fisher Scientific) for cell detachment. Two days 

prior to the nanogel experiment cells were seeded with a density of 15’000 cells/ cm2 on a 48-well plate, 

allowing cells to attach and form clusters at 5% CO2 and 37°C, ahead of nanogel addition. 
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CONCLUSION AND OUTLOOK 

RESULTS OVERVIEW 

In this thesis, we aimed to leverage supramolecular and stimuli-responsive interactions to design 

nanoparticle-based hydrogels for drug delivery applications. We combined a variety of 

characterization techniques to broaden current understanding of supramolecular interactions and 

their impact on macroscopic properties and applied them to design modular and responsive materials 

with additional responsivity. 

First, in Chapter 1 we review the current uses of supramolecular interactions as tools for designing 

hydrogels for drug delivery applications. We first focused on the use of supramolecular interactions 

as structural components in the design of self-assembling, injectable or responsive hydrogels. In the 

second part we described potential methods to leverage supramolecular interactions to tune drug–

matrix interaction resulting in enhanced uptake, kinetics, or targeting. 

In Chapter 2, we first utilized a simple and elegant supramolecular motif based on the threading 

behavior of α-cyclodextrin (αCD) on poly (ethylene glycol)—formation of polypseudrotaxane—to 

reinforce polymer–nanoparticle (PNP) hydrogels. The addition of the macrocycle enabled 

concentration-dependent reinforcement of the mechanical properties of the hydrogel, while retaining 

its injectability. The changes in mechanical properties were associated with the formation of NP–NP 

interactions upon addition αCD, which decreased the dependency of the system on interactions 

between polymer and nanoparticle. As a result, building blocks could be chosen from a broad pool 

of polymers and PEGylated nanoparticles, enabling the formation of 3D bioinks, conductive 

materials, and magnetically responsive hydrogels. 

In Chapter 3, we used βCD inclusion complexes to investigate the underlying mechanism governing 

the emergence of the mechanical properties in PNP hydrogels. Specifically, we leveraged βCD–

adamantane complexation as cross-linking interactions for the formation of PNP hydrogels. 

Combining molecular and rheological characterization of the system, we were able to relate effective 

amount of host and guest in the system, building block content, and viscoelastic behavior of the 

hydrogels. We uncovered the role of the nanoparticles as main cross-links of the network, while the 

polymer mostly contributed to the required polymer content and viscosity for gelation. Further, we 

observed that the gelation of the system was optimal for a host–guest ratio close to 1, with excess or 

deficit of nanoparticles resulting in decreased mechanical properties. Overall, we shed light on the 

correlation between the molecular and macroscopic scale in the rational design of PNP hydrogel.  

In Chapter 4, we leveraged fluorescent and super-resolution optical microscopy to investigate the 

microstructure of PNP hydrogels. Through the addition of a fluorophore to nanoparticles and the 

control of label density in the system, we were able to visualize the nanoparticle distribution within 
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the hydrogel matrix. In control PNP hydrogels, we observed a porous network-like distribution of 

the nanoparticles possibly due to interactions with polymers or extrusion effects during sample 

preparation. Further, we correlated the increase of mechanical properties observed with the addition 

of αCD to formation of nanoparticle clusters in the microstructure of the hydrogels. 

In Chapter 5, we designed a redox responsive nanogel drug delivery carrier for the intracellular 

delivery of therapeutics free of chemical modifications. For this purpose, we designed a self-

immolative glutathione (GSH) responsive linker based on disulfide bonds to covalently bridge the 

nanogels and the therapeutics. The degradation of the linker through self-immolative reshuffling was 

achieved for GSH concentrations similar to intracellular levels. Further, protein coupling to the linker 

was performed in mild phosphate buffer condition. Finally, preliminary release studies and cell 

experiments demonstrated the release of a model protein and uptake of the nanogel by cells. 

OUTLOOK 

In this work, we focused on the development of nanoparticulate hydrogels using supramolecular and 

stimuli-responsive interactions. We demonstrated various strategies to leverage those interactions as 

structural components for the design of modular and responsive materials, use them as a handle to 

correlate molecular and macroscopic properties, and for the responsive release of therapeutics. 

Nonetheless, the PNP system, microscopic investigation, and nanogel drug delivery carrier still 

require further investigation.  

PNP hydrogels have shown promising results in their current applications for vaccine delivery, 

immune cell recruitment, and as printing platforms. The main challenge associated with this system 

remains to be the limited range of interactions available for their design and a lack of understanding 

in structure–property relationships. While we provided new PNP hydrogel designs based on host–

guest interactions, a wide range of supramolecular interactions remain unexplored. As such, in 

collaboration with Nika Petelinšek, we are currently investigating the possibility to utilize metal–

ligand interactions, specifically histidine–metal complexes, to increase nanoparticle interactions 

within PNP hydrogels. Before the integration of these interactions in a PNP system, we are first 

exploring the efficiency of binding and bridging of histidine and histidine-labeled nanoparticles. 

Upon obtaining a NP system able to enhance inter-nanoparticle interactions, we aim to use the 

resulting PNP system to investigate the impact of the interactions of the emerging macroscopic 

properties, similarly to Chapters 2 and 3. 

We aim to further investigate the PNP system in combination with the microscopy tool investigated 

in Chapter 4. While the initial results provided insight into the microstructure of the PNP hydrogels, 

the current visualizations only depict nanoparticle distribution and do not represent the entire system. 

Visualization of the organization of the support polymer would provide the missing component. 

Furthermore, the current setup only allows for 2D imaging of the sample. Expanding the 
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investigation to a 3D STORM setup would enable better understanding of the spatial changes in the 

microarchitecture of the hydrogel. 

Despite the above-mentioned limitation, optical microscopy still enabled the investigation of the 

changes in mechanical properties observed in Chapter 2. However, further investigations are needed 

to fully understand the origins of the changes in microstructures. Temporal factors, with changes in 

microstructure due to extrusion of the sample through syringes or extended formation kinetics could 

possibility result in the observed structure. As such, we will further investigate the system and 

possibly complement the investigation with additional characterization techniques, such as 

extensional rheology, which could provide insight on fiber alignment, or SAXS, which could provide 

length scale of the formed aggregates. Currently, this work only focused on the PNP hydrogels, but 

has the potential to be a generalized tool for investigating material microarchitectures. Those 

microscopy techniques can be used to investigate further hydrogel systems developed in our 

laboratory, such as peptides, proteins, or jammed microgels, to gain extensive insight into the 

structure–property relationships of the respective hydrogels. 

Finally, designing biomaterials would not be complete without their application in biological system. 

In Chapter 5, we showed the potential of a responsive nanogel system as a platform for intracellular 

release of therapeutics. In collaboration with Leslie Cunningham and Florian Huwyler, we are 

currently investigating the platform for liver regeneration. Indeed, due to the limited availability of 

transplantable organs, researchers are trying to harness the intrinsic regeneration capacity of the liver, 

to regrow the organ ex vivo from partial tissues. As such, enhancing the regenerative capacity of the 

liver through administration of therapeutics is of high interest. We have identified β-catenin as a 

potential cargo for improving regeneration of liver tissues and are currently conducting preliminary 

uptake and release studies of the nanogel on 2D liver cell cultures. The overall goal is to translate the 

nanocarrier system to precision cut liver slices to investigate their uptake in the highly structure liver 

microenvironment and, ultimately, administer them to ex vivo perfused livers. 
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APPENDIX 

APPENDIX FOR CHAPTER 2 

 

Figure S1. Rheological properties of PNP hydrogel (HPMC 1 wt % and PEG-b-PLA 5 wt %) reinforced 

with different concentration of αCD (0, 1, 2.5, 5, 7.5, and 10 wt %). a) Frequency sweep measurements. 

b) Shear strain measurements demonstrated a decrease in yield strain, γy, with increasing αCD content. 

c) Shear rate ramp measurements of all formulation showed pronounced shear-thinning properties 

(n∼0.2-0.3). The low-shear viscosity drastically increased with increasing content of αCD. d) CD–PNP 

hydrogels retained the ability to recover rapidly their initial viscoelastic properties (self-heal) following 

cycle of high strain (>10 %). 
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Figure S2. Rheological properties of CD–PNP hydrogel (HPMC 1 wt%, PEG-b-PLA NPs 5 wt% and 

aCD 10 wt%) with NPs presenting PEG with various molecular weights. a) PEG 3 kDa, b) PEG 6 kDa 

and c) PEG 11 kDa. Overall, the frequency sweeps indicated that αCD reinforced the materials for each 

length of PEG tested. 

 

Figure S3. Formulations containing CDs and NP without support polymer result in precipitation (in 

case of αCD and γCD) or form a cloudy solution (in case of βCD). Scale bar, 5 mm. 
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Figure S4. Rheological properties of PNP hydrogel (HPMC 1 wt % and PEG-b-PLA 5 wt %) reinforced 

with different cyclodextrins (10 wt %): αCD, βCD, and γCD. a) Frequency sweep measurements of 

αCD–PNP hydrogels showed a drastic increase in viscoelastic properties compared to unmodified 

hydrogels and to βCD–PNP and γCD–PNP. b) Shear strain measurements demonstrated a drastic 

decrease in yield strain, γy, in case of αCD–PNP formulation. In case of βCD–PNP and γCD–PNP no 

drastic change was observed. c) Shear rate ramp measurements of all formulation showed pronounced 

shear-thinning properties (n∼0.2-0.3). The low-shear viscosity, η0, drastically increased for formulation 

containing αCD whereas minimal increase was observed in case of βCD–PNP and γCD–PNP. d) CD–

PNP hydrogels retained the ability to recover rapidly their initial viscoelastic properties (self-heal) 

following cycle of high strain (>10 %). 
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Figure S5. Poly pseudorotoxane formation of PEG-b-PLA NPs and CD. a) Sample turbidity of 10 wt% 

αCD, hydroxypropil-βCD, or γCD and 5 wt% PEG-b-PLA NPs over time. Turbidity increase of αCD 

showed interaction between NPs and CD, whereas no macroscopic interaction was detected with 

hydroxypropyl-βCD or γCD. b) αCD–NP poly pseudorotoxane formation was macroscopically visible 

with the naked eye. At the end of the measurement, the liquid-like sample became solid-like. 

 

Figure S6. Qualitative assessment of the viscoelastic properties of different CD–PNP formulations to 

determine conditions that demonstrated no flow upon inverting the vials—interpreted here as solid-

like viscoelastic properties and indicative of gel formation. 
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Figure S6. Rheological properties of CD–PNP hydrogels (HPMC 1 wt% and PEG-b-PLA 1 wt%) 

reinforced with αCD (2.5 wt% and 5 wt%). The frequency sweeps indicate that the minimum amount of 

αCD required to reinforce PNP hydrogels and form a solid-like network was ∼5wt%. 
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Table S1. In all αCD-PNP hydrogels αCD was present in overstoichiometric quantities. Component 

molecular weights: αCD ≈ 0.973kDa, HPMC ≈ 700 kDa, PEG ≈ 6 kDa. 

αCD HPMC NP αCD / PEG molar ratio 

0 1 5 0 

1 1 5 5 

2.5 1 5 13 

5 1 5 25 

7.5 1 5 38 

10 1 5 50 

 

Table S2. Screening of the minimal concentration of αCD, HPMC, and PEG-b-PLA NPs which form a 

gel. Component molecular weights: αCD ≈ 0.973kDa, HPMC ≈ 700 kDa, PEG ≈ 6 kDa. 

αCD HPMC NP αCD / PEG molar ratio 

1 1 1 25 

2.5 1 1 63 

5 1 1 126 

10 1 1 252 

1 1 2 13 

2.5 1 2 32 

5 1 2 63 

10 1 2 126 

1 1 3 8 

2.5 1 3 21 

5 1 3 42 

10 1 3 84 

 

 

 



A P P E N D I X  | 97 

 

 

Figure S8. Rheological properties of formulations containing αCD and support polymers prepared in 

the absence of PEGylated NPs. a) αCD 10 wt% and HPMC 1 wt%, b) αCD 10 wt% and Alg 1 wt%, c) 

αCD 10 wt% and MeHA 1 wt%, and αCD 10 wt% and Col 0.4 wt%. Overall, the frequency sweeps 

indicated that all conditions resulted in liquid-like formulations, indicative of the absence of gel 

formation. 

 

Figure S9. Rheological properties of polymer–nanoparticle hydrogels formulated without αCD. a) 

HPMC 1 wt% and PEG-b-PLA NPs 5 wt%, b) Alg 1 wt% and FeNP 6 wt%, and c) HPMC 1 wt% and 
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AuNP 5 wt%. Overall, the frequency sweeps measurements indicated that only the standard 

formulation of HPMC and PEG-b-PLA NPs formed a solid-like network, whereas Alg and FeNPs and 

HPMC and AuNPs formed formulations, indicative of the absence of gel formation. 

 

Figure S10. Cell viability of bioprinted and non-printed control scaffolds was determined by assessing 

the membrane integrity with calcein AM (green, considered as living cells) and ethidium homodimer 

(red, considered as dead cells). Scale bars, 300 µm. 

 

Figure S11. Similar viability was observed between both bioprinted and non-printed control group at 

all time points. 
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Table S3. OR encapsulation in the core of PEG-b-PLA NPs (n = 3). 

Theoretical loading parameters 
mmodel drug initial  
mtotal formulation 

1.4 mg 
141.4 mg 

tDL 1 wt% 

Effective loading parameters 
mmodel drug final  
mtotal final 

0.7 mg 
103 mg 

eDL 0.7 wt% 

 

 

Figure S12. First 60 % of the model drug fractional release is fitted to Ritger-Peppas equation. a) 

Fractional release of the hydrophilic macromolecule FITC-BSA over time (PNP:αCD 10 wt%, PEG-b-

PLA NPs 5 wt%, HPMC 1 wt%, and FITC-BSA 1 wt%; CD–PNP: αCD 0 wt%, PEG-b-PLA NPs 5 

wt%, HPMC 1 wt%, and FITC-BSA 1wt%). 

Fitting parameters are shown in Table S4 b) Fractional release of the hydrophobic small molecule Oil 

Red O (OR), encapsulated in the core of PEG-b-PLA NPs (OR-loading ∼ 0.2 wt%; PNP: αCD 10 wt%, 

PEG-b-PLA NPs 5 wt%, and HPMC 1 wt%; CD–PNP: αCD 0 wt%, PEG-b-PLA NPs 5 wt%, and HPMC 

1 wt%). Fitting parameters are shown in Table S4 

Table S4. Fitting results of the experimental data to the Ritger Peppas equation (Eq. 4). 

Regression parameters  n k′ R2
 

FITC-albumin release 0 wt% αCD 0.5 9.8 0.987 

 10 wt% αCD 0.6 8.1 0.985 

OR release 0 wt% αCD 0.90 17.7 0.980 

 10 wt% αCD 1.04 10.0 0.961 
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Figure S13. 1H-NMR spectrum of PEG6k-PLA18k in CDCL3. 

 

 

Figure S14. 1H-NMR spectrum of PEG11k-b-PLA14k in CDCL3.  
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Figure S15. Refractive index signal of a PEG-b-PLA chromatogram. The figure insert reports the 

measured mean PDI ± s.d.. 

 

Figure S16. 1H-NMR spectrum of Pegylated Gold NPs in D2O. 



102 | A P P E N D I X  

 
Figure S17. 1H-NMR spectrum in D2O of a) Pegylated Gold NPs, b) purchased Gold NPs and c) 

purchase PEG-thiol. 

 

Figure S18. FT-IR spectrum of PEG (blue), oleic acid (black), Oleic acid coated Fe NPs (yellow) 

and PEGylated Fe NPs (green). 
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Figure S19. 1H-NMR spectrum in D2O of MeHA. 

 

Figure S20. 1H-NMR spectrum of LAP in D2O. 
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Figure S21. Electric circuit composed of a battery and LED. 

Table S5. Particle hydrodynamic diameter and dispersity. 

 Dh Ð 

PEG6k-b-PLA18k NPs 52 ± 1 nm 0.14 ± 0.01 

PEG3k-b-PLA20k NPs 110 ± 1 nm 0.15 ± 0.01 

PEG10k-b-PLA15k NPs 98 ± 1 nm 0.17 ± 0.02 

OR-encapsulating PEG-b-PLA NPs 48 ± 1 nm 0.09 ± 0.02 

Gold NPs 43 ± 1 nm 0.12 ± 0.04 

Iron NPs 298 ± 51 nm 0.39 ± 0.04 
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APPENDIX FOR CHAPTER 3 

 

Figure S22. Synthesis strategies to a) functionalization hyaluronic acid with βCD,11 and b) synthesize 

Adamantane-PEG-b-PLA. 

 

Figure S23. 1H-NMR spectrum of βCD-Tos in DMSO-d6. 

https://sciwheel.com/work/citation?ids=3984893&pre=&suf=&sa=0&dbf=0
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Figure S24. 1H-NMR spectrum of βCD-HDA in DMSO-d6. 

Figure S25. 1H-NMR spectrum of HA-TBA in D2O. 
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Figure S26. 1H-NMR spectrum of βCD-HA in D2O. 

 

Figure S27. 1H-NMR spectrum of Ada-PEG5k in CDCl3. 
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Figure S28. 1H-NMR spectrum of Ada-PEG5k-PLA9k in CDCl3. 

 

Figure S29. Frequency sweep of a) three repeats of 6 wt% HA-CD with 20 wt% Ada-NPs formulation 

exposed to a “strong “preconditioning, b) formulation with 6 wt% unfunctionalized HA with 20 wt% 

Ada-NPs. 
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Figure S30. Thermogram of the titration of a) Ada-PEG5k in water and b) βCD in water. 

 

Figure S31. ITC analysis of βCD titration using Ada-PEG5k. a) Thermogram of the titration. b) 

Integrated heat pulse as a function of molar ratio (Ad-PEG5k:βCD) with fitting to a single site binding 

model. 
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Figure S32. Frequency and strain sweep with varying Ad-NP concentrations of a) 2 wt% βCD-HA, b) 

4 wt% βCD-HA, c) 8 wt% βCD-HA and d) 10 wt% βCD-HA. 

 

Figure S33.  Strain sweep of 15 wt% Ada-NP gels with varying concentration of HA-CD. 
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Figure S34. 1H-NMR spectrum of AzB-PEG5k in CDCl3. 

  

Figure S35. 1H-NMR spectrum of AzB-PEG5k-PLA18k in CDCl3. 
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APPENDIX FOR CHAPTER 4 

 

Figure S36. 1H-NMR spectrum of PEG10k-PLA14k in CDCl3. 

 

Figure S37. 1H-NMR spectrum of PEG10k-PLA14k-alkyne in CDCl3. 
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Figure S38. 1H-NMR spectrum of PEG10k-PLA14k-alkyne in CDCl3. 

 

Figure S39. TIRF image showing the distribution of labeled nanoparticles in PNP hydrogel (1 wt% 

HPMC, 5 wt% NPs). Scale bar, 10 µm. 
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APPENDIX FOR CHAPTER5 

 

Figure S40. 1H-NMR spectrum of Diepoxy-PEG in CDCl3. 

 

Figure S41. 1H-NMR spectrum of PEG-OH-N3 in CDCl3. 
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Figure S42. 1H-NMR spectrum of PEG-N3-CDI in CDCl3. 

 

Figure S43. FT-IR spectrum of Diepoxy-PEG (black), PEG-OH-N3 (blue) and PEG-N3-CDI (pink). 
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Figure S44. 1H-NMR spectrum of nanogel-N3 in D2O. 

 

Figure S45. FT-IR spectrum of NG-N3. 
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Figure S46. 1H-NMR spectrum of 2-propynoxyethyldisulphanylethanol in CDCl3 

 

Figure S47. 1H-NMR spectrum of para-nitrophenylcarbonate-linker in CDCl3 
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Figure S48. 1H-NMR spectrum of RhB-NH2 in CDCl3 

 

Figure S49. 1H-NMR spectrum of RhB-linker in CDCl3 
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Figure S50. 1H-NMR spectra of RhB amine linker in the presence of 0.01 mM GSH recorded over 

time in DMSO-d6 

 

Figure S51. 1H-NMR spectra of RhB amine linker in the presence of 0.1 mM GSH recorded over time 

in DMSO-d6 
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Figure S52. 1H-NMR spectra of RhB amine linker in the presence of 1 mM GSH recorded over time 

in DMSO-d6 

 

Figure S53. 1H-NMR spectra of RhB amine linker in the presence of 5 mM GSH recorded over time 

in DMSO-d6 
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Figure S54. 1H-NMR spectra of RhB amine linker in the presence of 10 mM GSH recorded over time 

in DMSO-d6 
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