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Abstract 

Most biological tissues are made out of hydrogels, which are three dimensionally (3D) 

crosslinked polymer chains in an aqueous microenvironment. Comparing with highly dynamic 

and heterogeneous natural hydrogels, such as muscle or cartilage, traditional synthetic 

hydrogels usually suffer from poor mechanical properties. Meanwhile, even the viscoelasticity 

of hydrogels is widely known, but it is lack of more sophisticated and more practical 

applications. 

In this study, cellulose nanocrystals (CNC) and surface-modified CNC introduce heterogeneity 

into synthetic hydrogels. By mimicking the dynamic heterogeneous structure in the natural 

hydrogels, a class of hydrogels was prepared with a heterogeneous crosslinking network based 

on the pre-organized dynamic CNC nano-crosslinkers. With the well-designed dynamic CNC-

polymer interaction, the hydrogels not only got stiffened, but exhibited the improved tolerance 

to local defects. Furthermore, in a dually heterogeneous hydrogel, the necking phenomenon 

was observed and can be controlled by the active CNC nanocrosslinkers, which narrowed the 

mechanical difference of diverse hydrogel components and stabilized their shapes and 

mechanical behaviors as hybrids. In addition to the investigation about hydrogel mechanical 

properties, the liquid behaviors of dynamic heterogeneous hydrogels were utilized to fabricate 

polymer materials with programmable shapes and microstructures. We successfully integrated 

the efficacies of both dynamic and static liquid behaviors to construct structural birefringent 

materials. Thus, dynamic heterogeneous hydrogels can expand the liquid behavior-assisted 

materials fabrication into various 3D geometries without the limitation of fluid channels.  

Based on this study about dynamic heterogeneous hydrogels, we got deeper understanding of 

structure-performance relationship in hydrogel materials. In addition, the experiences and 

working mechanisms demonstrated with CNC can be further applied in the hydrogels with 

other nanostructures.  

This thesis is a cumulative work including 3 publications. All papers were published in peer-

reviewed journals. The background, the objective of the study, results and discussion of these 
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three publications and the conclusion are presented in Sections 1-4.  



VIII 
 

Zusammenfassung 

Die meisten biologischen Gewebe sind aus Hydrogelen aufgebaut, welche dreidimensional 

quervernetzte Polymerketten in wässrigen Mikroumgebungen sind. Verglichen mit 

hochdynamischen und heterogenen natürlichen Hydrogelen wie beispielsweise Muskeln oder 

Knorpel, zeigen traditionelle synthetische Hydrogele schlechtere mechanische Eigenschaften. 

Mittlerweile ist das viskoelastische Verhalten von Hydrogelen weitgehend bekannt, jedoch 

fehlen hoch entwickelte und praxisnähere Anwendungen. 

In dieser Studie wurde Heterogenität in synthetische Hydrogele durch Cellulose-Nanokristalle 

(CNC) und oberflächenmodifizierte CNCs eingeführt. Durch das Nachahmen der dynamischen 

heterogenen Strukturen natürlicher Hydrogele wurde eine Klasse von Hydrogelen mit einem 

heterogen quervernetzen Netzwerk hergestellt, das auf vororganisierten dynamischen CNC 

Nanoquervernetzern basiert. Mit wohlüberlegten dynamischen CNC-Polymer-Interaktionen 

wurden die Hydrogele nicht nur versteift, sondern zeigten auch eine höhere Toleranz gegen 

lokale Defekte. Außerdem konnte in doppelt heterogenen Hydrogelen ein 

Einschnürungsphänomen beobachtet werden, das durch aktive CNC Nanoquervernetzer 

kontrolliert werden kann. Die mechanischen Unterschiede diverser Hydrogelkomponenten 

können eingegrenzt werden und deren Strukturen sowie mechanisches Verhalten als Hybride 

lassen sich auch hiermit stabilisieren. Anstatt die mechanischen Eigenschaften von Hydrogelen 

zu untersuchen wurde das Flüssigverhalten von dynamischen heterogenen Hydrogelen 

herangezogen, um Polymermaterialien mit programmierbaren Formen und Mikrostrukturen 

herzustellen. Darüber hinaus wurde die Leistungsfähigkeit von dynamischem und statischem 

Verhalten erfolgreich integriert um strukturelle Polymermaterialien zu gestalten. Demnach 

können dynamische heterogene Hydrogele die Herstellung flüssigkeitsverhaltensgestützter 

Materialien in unterschiedliche dreidimensionale Formen erleichtern, da sie nicht durch 

Fluidkanäle limitiert sind. 

Basierend auf der Studie über dynamische heterogene Hydrogele konnten wir ein tieferes 

Verständnis der Struktur-Eigenschaften-Beziehung von Hydrogelmaterialien erlangen. Die 



IX 
 

Erfahrung und der Arbeitsmechanismus, die wir mit CNCs gewonnen haben, können auch auf 

Hydrogele mit anderen Nanostrukturen angewendet werden. 

Diese Dissertation ist eine kumulative Arbeit, die drei Veröffentlichungen beinhaltet. Zwei 

Artikel wurden in Zeitschriften mit Peer-Review-Verfahren veröffentlicht, einer wurde 

eingereicht und ist „under review“. Der Hintergrund und das Ziel der Arbeit, Ergebnisse und 

Diskussion der drei Veröffentlichungen und die Schlussfolgerung sind in den Abschnitten 1-4 

gezeigt.  
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1. Introduction 

1.1. Hydrogels 

Hydrogels are 3D hydrophilic crosslinked polymer chains swollen in the water (Figure 1).1 

The first investigation was back to the late 1950s,2 and now hydrogels have been defined as a 

remarkable research field.3 Highly porous structure of polymer networks in the hydrogels are 

filled by water, therefore hydrogels naturally have intermediate properties of solid and liquid. 

Most of biological tissues, including muscle, mucosa and cartilage of animal, or fruit and leaf 

of plants are hydrogels.4 These natural hydrogels are normally constructed by natural polymers, 

such as proteins, peptides or polysaccharides, which are crosslinked by highly complexed 

covalent bonds and non-covalent interactions. In our biosphere, most of life and life behaviors 

require the presence of water. Therefore, the stable and wet microenvironment provided by 

hydrogels are extremely important for many biological activities.5 

 

Figure 1. Photo of synthetic hydrogel and schematic illustration of its crosslinking networks. 

In the last decades, various artificial hydrogels have been developed to reproduce or even 

expand the functions of natural hydrogels. Based on the infinite possibilities in polymer 

chemistry and polymer physics, many kinds of biocompatible and bioactive hydrogels have 

been developed, which were widely used in the biomedical applications and personal products.6 

In addition, the well-controlled osmotic pressures and switchable crosslinking networks could 
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drive the hydrogel motion under extra stimuli.7  

Because of high water content and obvious viscoelasticity, hydrogels also exhibit certain liquid 

behaviors. In the traditional hydrogels with chemical crosslinked networks, the flowing liquid 

behaviors are largely limited, but the diffusion of water soluble compounds still allows the 

sustained drug release with hydrogel matrix.8 Benefiting from the supramolecular crosslinking, 

the flowing liquid behaviors now can be created in the physical crosslinked hydrogels. Under 

the large shearing deformation, dynamic hydrogel crosslinking can partially disassociate and 

show flowing liquid behaviors.9 This shear-thinning phenomenon has been used in the 

injectable hydrogels10 or as viscoelastic ink for 3D printing.11 

However, comparing with natural hydrogels, traditional synthetic hydrogels usually show poor 

mechanical properties and are prone to permanent breakage.12 Meanwhile, the liquid properties 

of synthetic hydrogels have not been thoroughly investigated and were lack of more 

sophisticated applications.13  

1.2. Mechanical reinforcement of synthetic hydrogels  

The intrinsic properties of polymer chains, together with the density and kinetics of 

crosslinking primarily determine the mechanical properties of hydrogels.14 However, the 

molecular defects and highly inhomogeneous microstructure often weaken synthetic 

hydrogels.15 

There are two main strategies to improve the mechanical properties of synthetic hydrogels. One 

is creating defect-free hydrogel networks.16 The tetra-PEG hydrogels can be prepared by 

combining two symmetrical tetrahedron-like macromonomers via click chemistry to form a 

close-packed hydrogel network (Figure 2). These perfect hydrogel networks aim to 

homogenize the extra loading to the polymer networks and maximize the extreme strength of 

hydrogels. With this strategy, hydrogels are highly compressible and show nearly no 

mechanical hysteresis. With thermal responsive motif, the non-swellable tough hydrogels have 

been prepared with controllable osmotic pressure in the hydrogels.17 Furthermore, with the 

similar strategy, now the influence of molecular defect to polymer elasticity have been 
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quantitatively investigated, which deepened our understanding of the structure-performance 

relationship in the amorphous materials.15 Nevertheless, this ideally homogenous network 

design allows less flexibility in the fabrication of complexed and multifunctional hydrogels. 

 

Figure 2. Schematic illustration of a model structure for tetra-PEG gel with close-packed 

microstructure. Red and blue spheres represent two symmetrical tetrahedron-like 

macromonomers. (Reproduced from SAKAI et al.16 Copyright from American Chemical 

Society 2008) 

Another strategy to toughen the hydrogels is to retard the propagation of local defect with an 

energy dissipation system.14 In this strategy, a sacrificed network or interaction should be preset 

in the hydrogels, which is able to break or disassociate to absorb the elastic potential energy 

stored in the deformed polymer networks, and avoid the rapid propagation of local defects. 

Therefore, the physical integrity of whole hydrogels can be maintained. For example, the well-

known double network hydrogels (Figure 3)18 are formed with two interpenetrated crosslinked 

hydrogel networks. First network is loosely crosslinked, flexible network to maintain the 

physical integrity and provide elasticity, while the second network is densely crosslinked, 

which is prone to break and can effectively dissipate energy. Thus, the elastic and tough 

synthetic hydrogels can be prepared with high water content (>90%), but with fracture 

toughness comparable to some elastomers or thermoplastic polymers. 
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Figure 3. Illustration of the network of the double network hydrogels before (a) and after (b) 

the breaking of sacrificed secondary poly (2-acrylamido, 2-methyl, 1-propanesulfonic acid) 

(PAMPS) network. (Reproduced from GONG19 Copyright from The Royal Society of 

Chemistry 2010) 

Besides double network hydrogels, several hydrogel systems also follow the similar 

mechanism. As shown in Figure 4, the slide ring hydrogels, in which the crosslinking points 

can slide along the polymer chains, and exhibit largely reinforced hydrogel toughness.20,21 

Polyampholyte hydrogels are crosslinked by polymers with opposite charges, the continuous 

and gradual disassociation of reversible interaction reinforce the hydrogels.22 Nanocrosslinkers 

in the hydrogels provide multiple connections between two nanocrosslinkers, therefore their 

stepwise breaking is another kind of energy dissipation system.23 In the microscale and 

macroscale, the fracture and pullout of fibers or fillers can also consume energy in the deformed 

hydrogels networks.24,25 With these energy dissipation systems, heterogeneous microstructure 

of hydrogels can be maintained, which is critical to enrich the diverse functions to the 

complexed hydrogels.  
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Figure 4. (a) Stretchable hydrogels based on a sliding ring mechanism. (b) Self-healing 

hydrogels based on polyampholyte design. (c) Composite hydrogels with nanocrosslinking. 

(Reproduced from ZHANG et al.1 Copyright from American Association for the Advancement 

of Science 2017) 

For the tough hydrogels with energy dissipation system, a main problem is their poor 

antifatigue performance.26 These sacrificed interactions are disposable if they are covalent 

bonds. To overcome this weakness, many reversible interactions have been utilized as the 

recoverable energy dissipation system.27,28 However, the recovery of this energy dissipation 

system often requires long time29,30 or certain treatment31, which limits their application under 

continuous loading. 

1.3. Dynamic crosslinks in synthetic hydrogels 

Covalently crosslinked hydrogels are constructed with permanent polymer networks. In 

contrast, dynamic crosslinked hydrogels rely on the transient crosslinks of polymer chains 

which provides a temporary and interchangeable crosslinking network (Figure 5).32 Normally, 

the reversible crosslinking hydrogels often have frequency dependent mechanical properties, 
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and they also show shear-thinning phenomenon and self-healing properties.6 Therefore, other 

than the mechanical reinforcement discussed in the last section, the dynamic crosslinking 

provides more unique functions to the synthetic hydrogels. 

 

Figure 5. Schematic representation of (a) covalent crosslinking of functional polymer 

precursors to form static hydrogels and (b) dynamic crosslinking of functional polymer 

precursors to form transiently crosslinked hydrogels. (Reproduced from APPEL et al.32 

Copyright from The Royal Society of Chemistry 2012) 

Dynamic crosslinks are designed with broad range of binding mechanisms, equilibrium 

association constants (Keq), and binding dynamics, which is defined by the rate of association 

(Ka) and dissociation (Kd) of the moieties. The widely used dynamic interactions include 

hydrogen bonding,27 metal-ligand complexation,33 macrocyclic host-guest complexation,34 

ionic interaction,35-37 biomimetic interaction38 and diverse dynamic covalent bonds.39-41 

The dynamic interactions provide the viscoelastic properties of hydrogels. The interchangeable 

crosslinking networks are favorable to the remold of hydrogels.28 Under the high shearing 

deformation, the disassociated crosslinking network leads to the temporal liquid behaviors of 

hydrogels,42 which allows the injection of hydrogels through the narrow needles.43,44 For 

medical usage, the injectable hydrogels can largely reduce the pain to the patients but still 

achieve the transformation of implanted materials. Furthermore, hydrogels are widely used as 

three-dimensional cell culture media.45,46 Other than the biocompatibility of hydrogels, 
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dynamic crosslinking provides designable and programmable mechanical stimulus to the 

encapsulated cells, and further guides their biological activities.47  

The interchangeable dynamic crosslinks also lead to self-healing functions, which can work 

automatically48 or can be controlled by the extra triggers, such as light,49,50 pH value,51,52 redox 

triggers,53 temperature54 or certain chemicals.41,55 The dynamic interactions in the hydrogels 

not only promote the self-assembly in the molecular level, but also drive the structural self-

assembly in the macroscale.56  

In addition, dynamic crosslinking networks provide the stimulus responsive functions in 

hydrogels. With stimuli-responsive interactions, the mechanical properties, motions,57 and the 

shape of hydrogels58 can be manipulated with external triggers and fulfill the functions such as 

controllable drug release,23,59 or acting as hydrogel soft robots.50,57,60  

1.4. Heterogeneous crosslinking networks in synthetic hydrogels 

Biological tissues have highly complex microstructure, which integrate diverse functions and 

still maintain robust mechanical properties. The real networks in the synthetic hydrogels are 

typically heterogeneous as well,61 where the less cross-linked regions connected by more cross-

linked regions. However, unlike the tough natural hydrogels, these synthetic hydrogels exhibit 

poor tolerance to the local defects. Thus, the heterogeneity solely in the microstructure is not 

sufficient to construct strong and functional synthetic hydrogels. 

Compared with the heterogenous microstructure, the heterogeneous crosslinking networks may 

take a more important role in the hydrogel toughening. For example, in the hydrogels 

crosslinked by nanocrosslinkers,62 multiple polymer chains between nanocrosslinkers have a 

large range of length distribution, and their sequentially detachment dissipates energy stored in 

the hydrogels (Figure 6).63  
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Figure 6. Proposed network model of the nanocomposite hydrogel. (a) The hydrogel consists 

of layered body-centered cubes. (b) Particle crosslinkers are located on the corners and the 

center of the cube. (c) Between a particle pair, polymer chains with (d) inhomogeneous lengths 

are attached on the article surfaces. (Reproduced from WANG et al.63 Copyright from Elsevier 

2016) 

In recent years, various nanoparticle-polymer interactions have been utilized in hydrogels 

crosslinked by nanocrosslinkers. With covalent crosslinking, the stiff and highly elastic 

hydrogels were prepared.23,64 Meanwhile, supramolecular nanoparticle-polymer interactions 

were utilized to fabricate dynamic hydrogels with heterogeneous crosslinking networks.65,66 

The terminal functionalized polymers can be crosslinked by active nanocrosslinkers, in which 

the hydrogels can be prepared with high structural stability and still maintained the dynamic 

behaviors from the supramolecular interactions.67 As an example, by using dendritic molecular 

binder with guanidine functional groups, the clay nanosheets were interconnected and formed 

stiff hydrogels.68 In another strategy, the polymer with active side functional groups can be 

crosslinked by nanocrosslinkers, and the resulting hydrogels are normally very soft and ductile. 

For example, poly(N-isopropylacrylamide) and clay can form a highly stretchable hydrogels.69 

The side functional groups of polymer chains provided weak but continuous crosslinking to 

the nanoparticles, therefore maintained the physical integrity. For a more specific 
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supramolecular interaction, three-component host-guest complexes created dynamic 

interactions between silica nanoparticle and polymers with a high Keq, but still led to a soft and 

highly plastic hydrogel, which was favorable to form the tough thin fiber.70  

Besides the hydrogels directly crosslinked by exogenous nanocrosslinkers, the 

nanocrosslinking structure can be generated within the prepared hydrogels. The nanoclusters, 

such as hydrophobic domains71 or metal nanoparticles72 can be generated in situ in the 

hydrogels and reinforce dynamic hydrogels. 

However, the synergy of nanocrosslinking and small molecular crosslinking is still largely 

unknown. The influence of large mechanical contrast on the nanoparticle-polymer interface 

also have not been thoroughly investigated.  

Cellulose nanocrystals (CNC) are mechanically strong nanoneedles with native crystalline 

structures, which can be isolated from wood, cotton, or biosynthesized by bacteria.73 CNC are 

normally prepared with 100-200 nm in length and ~10 nm in width (Figure 7). With aligned 

cellulose chains and highly crystal structures, CNC have extremely high stiffness.74 With 

different isolation method, CNC can be prepared with various surface functional groups, such 

as carboxyl groups, aldehyde groups and hydroxyl groups.75 These functional groups not only 

make CNC easily dispersed in the water, but also allow diverse chemical modifications on 

CNC, which introduce diverse functionalities to CNC surface.  

In addition to the excellent mechanical properties and great potential in surface modification, 

CNC also have unique self-assembly behaviors in the colloidal suspension.76 In the water 

suspension, CNC tend to form liquid crystal structure with cholesteric phase, which often form 

tactoid with pitch in tens of micrometer. Furthermore, CNC are highly anisotropic crystal 

nanomaterials, and can be aligned in the focusing flow to form nematic liquid crystals phase, 

which is not only favorable for the preparation of extremely strong fibers,77,78 but also showed 

clear birefringence phenomenon.11  
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Figure 7. (a) Schematic illustration of the isolation of CNC from wood and plant cell walls. 

(Reproduced from ZIMMERMANN et al.74 Copyright from WILEY-VCH 2004) (b) TEM 

image of CNC and (c) polarizing optical image of CNC water suspension (CNC concentration 

as 1.6 mg/ml) 

CNC have been investigated as nanofillers or nanocrosslinkers in composite hydrogels. Based 

on the electrostatic interaction between CNCs and methylcellulose, a very weak but 

thermoresponsive hydrogel has been prepared.79 In addition, CNCs were also applied as 

dynamic nanocrosslinkers to form reinforced composite hydrogel. However, this dynamic 

bonding was settled in the polymer brush around CNCs, thus, the influence of CNC-polymer 

interface was not shown directly.80 In another case, the CNC were directly prepared as chemical 

nanocrosslinkers, and constructed the highly elastic hydrogels with outstanding antifatigue 

properties.81 
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The CNC can be easily modified and applied as diverse nanocrosslinkers, so CNC can be used 

as ideal model nanoparticles to investigate the heterogenous microstructures in the hydrogels. 

Functional CNC may not only provide the inhomogeneous crosslinking networks, but also 

generate a CNC-polymer nanointerface with high mechanical contrast. Thus, the dynamic 

heterogeneous hydrogels with CNC would provide an opportunity to illustrate the functions of 

the dynamic nanointerface in hydrogel systems.  

1.5. Liquid properties of synthetic hydrogels 

With crosslinked polymer networks and high water content, hydrogels naturally have 

intermediated properties of solid and liquid. However, the liquid property of hydrogels has not 

been thoroughly considered and utilized in the materials fabrication.  

The liquid-solid transition plays an important role in the material processing.82 The liquidus 

precursor is not only favorable for the injection molding, but also allows the manipulation of 

polymer structure in microscale and macroscale.83 On one hand, the anisotropic nanoparticles 

can be aligned with the running flow, which allows the fabrication of fibers and films with 

highly anisotropic mechanical properties.13,84 On the other hand, in a static liquid system, the 

surface tension tends to drive a smallest surface area, which is favorable for the preparation of 

materials with certain shape and curved surface.85,86 Furthermore, in the drying process of a 

static liquid system, the shrinking liquid surface would confine the involatile components in 

the liquid system and guides their assembly process.87,88  

However, the application of liquid behaviors is facing several challenges. Firstly, the flow-

assisted alignment largely relies on the focusing channels, which restricts its application in 

fabricating complex 3D materials.89 Furthermore, the flowing liquid is highly dynamic and 

transient, while the surface tension-assisted materials fabrication normally requires a static 

condition. This natural conflict makes it difficult to integrate the full advantages of liquid 

behaviors in materials fabrication.  

So far, a few works have investigated the materials fabrication based on the liquid behaviors 

of dynamic hydrogels. Relied on the shear-thinning phenomenon, these researches mainly 
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focused on the flow-assisted alignment with the dynamic liquid behaviors (Figure 8),11,90 while 

the surface tension-assisted materials manipulation of hydrogels gained less attention.  

 

Figure 8. Schematic of the shear-induced alignment of cellulose fibrils during direct ink 

writing and the 4D printing with the help of swelling process. (Reproduced from GLADMAN 

et al.90 Copyright from Nature Publishing Group 2016) 

By combining dynamic hydrogels with CNC, we could exploit the efficacy of shear-thinning 

phenomenon of dynamic hydrogels and create anisotropic mechanical properties in the resulted 

materials. Furthermore, because of the high birefringence of CNC, the ordered microstructure 

would generate controllable interference colors. In addition, the dynamic hydrogels with CNC 

could sequentially combine the efficacies of flowing liquid and static liquid in the materials 

fabrication, which can expand the liquid behaviors-assisted materials fabrication to 3D 

geometry and get rid of the dependency of fluid channels.
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2. Objective of the study 

Hydrogels are ubiquitous in nature as biological tissues, which are crosslinked polymer 

networks swollen in water. Therefore, viscoelastic hydrogels often show intermediate 

properties of solid and liquid.  

Normally, hydrogels are taken as solid materials in the swollen state. Natural hydrogels, such 

as muscles and cartilages, often have highly organized microstructures, robust mechanical 

properties and can fulfill complex functions. However, traditional synthetic hydrogels are not 

only suffering from the weak mechanical properties, but also facing the challenge to combine 

structures with uneven mechanical properties, which is necessary to integrate multiple 

functions.  

Furthermore, over the decades of research, their liquid behaviors of hydrogels, including 

dynamic liquid properties, and static liquid behaviors, have been largely underestimated. 

Comparing with covalently crosslinked hydrogels, the dynamic hydrogels reveal more liquid 

properties, but there is less investigations about their applications and working mechanism in 

material fabrication. 

Therefore, the aim of the present study is to develop synthetic hydrogels with dynamic 

heterogeneous microstructure. The main objective covers the following points: 

1. To prepare diverse functional CNC, and to use them as heterogeneity providers in the 

synthetic hydrogels. (Publication 1 and 2) 

2. To prepare mechanically tough hydrogels with dynamic CNC nanocrosslinkers. 

(Publication 1) 

3. To illustrate the synergism of dynamic crosslinking with small molecular crosslinkers and 

CNC nanocrosslinkers, and to integrate hybrid hydrogels with uneven mechanical 

properties. (Publication 2) 

4. To investigate liquid properties of dynamic hydrogels with CNC, and to utilize these liquid 

properties to construct functional and structural polymer materials. (Publication 3)
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3. Results and discussion 

3.1. Robust heterogeneous hydrogels with dynamic nanocrystal-polymer interfaces 

As reported in Publication 1, a kind of stretchable and compressible hydrogels were prepared 

via host-guest interaction between cellulose nanocrystals (CNC) and hydrogel polymer chains. 

CNC as water dispersible nanoparticles, not only have high stiffness and tensile stress, but also 

have a modifiable surface. As shown in Figure 9, via the four-steps surface modification, the 

pre-organized dynamic nanocrosslinkers were prepared. The polymerizable functional groups, 

acrylates or acrylamides were immobilized on the surface of CNC with dynamic host-guest 

interaction between β-cyclodextrin/adamantane (β-CD/ADA). 

 

Figure 9. Schematic illustration of the pre-organized dynamic nanocrosslinker. 

The dynamic nanocrosslinkers, together with monomer acrylamide (AAm), were polymerized 

and formed the self-standing hydrogels via an in situ polymerization (Figure 10). In the 

resulted hydrogels, CNC were used as the stiff and crystalline nanocrosslinkers, while 

polyacrylamide (PAAm) was used as the soft and amorphous part. These two components were 

connected via pre-organized host-guest conjunctions between β-CD and ADA. CNC not only 

acted as dynamic nanocrosslinkers, but also gathered high density of polymers around them 

and provided heterogeneity. The pre-organization approach achieved a better bonding 

efficiency between β-CD and ADA. In this work, dynamic composite hydrogels (DCH) were 

investigated both in the as-prepared state and in the fully swollen state. 

The reversible β-CD/ADA conjunctions and their gradual dissociation on the nanocrystals-

polymer interface, provided the main energy dissipation system, and consumed the elastic 

energy stored in the deformed polymer chain. Therefore, the dynamic heterogeneous hydrogels 

were prepared with high compressibility and stretchability (Figure 11). While the chemical 
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crosslinked hydrogels only can withstand very small deformation.  

 

Figure 10. Preparation of dynamic hydrogels with heterogeneous structure (scale bar of 

hydrogels: 10 mm).  

 

Figure 11. Highly compressible and stretchable hydrogels with dynamic heterogeneous 

structure.  

Benefiting from the reversible nature of β-CD/ADA conjunctions, this energy dissipation 

system in the as-prepared hydrogels can be recovered after certain interval times (Figure 12). 

Since the polymer networks in the hydrogels were in situ polymerized around the CNC, the 

host-guest interactions would automatically return to their original position. However, in the 

swollen hydrogels, the toughening mechanism became disposable. The β-CD/ADA 
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conjunctions still worked as energy dissipation system in the first compression or tensile cycle, 

but the host-guest interaction consumed in the first cycles were not able to rebuild. 

 

Figure 12. The recovery behaviors of mechanical toughening system in the hydrogels. 

During the swelling process, the volume of hydrogels expanded and the distance between CNC 

nanocrosslinkers increased, so the polymer chains between nanocrosslinkers were stretched. 

The inhomogeneous swelling subsequently generated the stress concentration on the 

nanocrosslinker/polymer interface. In our hydrogels, the β-CD/ADA complexes undertook the 

stress concentrated on the interface. This residual stress in fully swollen hydrogels would push 

β-CD/ADA conjunctions away from equilibrium conditions and intend to dissociate. Therefore, 

once the host and guest molecules departed from each other, they would not return to their 

original position.  

Besides the improving mechanical properties, the dynamic nano-crosslinkers within the 

hydrogels also significantly retarded the propagation of the crack (Figure 13). The crack 

propagation during the stretching of pre-notched hydrogels was paused and retarded until the 

complete breakup. This could be attributed to the dynamic bonding on the CNC surface. The 

sequential dissociation of the β-CD/ADA complexes and the heterogeneous hydrogel structures 

effectively retarded the crack propagation. 
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Figure 13. Tensile stress-strain curve of the hydrogel with preset notch. 

In the present section, we developed a kind of dynamic composite hydrogel with the 

heterogeneous structure based on the preorganized dynamic CNC nanocrosslinkers. Acrylated 

β-CD and CNC-ADA formed dynamic nanocrosslinkers via preorganized host–guest 

interaction. These various β-CD on CNC surface then polymerized with monomers and 

constructed hydrogels via purely physical or hybrid chemical/physical interactions. During the 

hydrogel deformation, this dynamic conjunctions on the CNC–polymer interface exhibited 

gradual detachment under stress and worked as an effective mechanical toughening system. 

This toughening mechanism showed a time-dependent recoverability in the as-prepared 

hydrogels. However, this recoverability was lost when the hydrogels became fully swollen, 

even they were still toughened by the same energy dissipation system. This phenomenon was 

due to the highly heterogeneous structure caused by swelling. Along with the volume increase, 

uneven expansion of nanocrosslinkers and flexible polymers generated residual stress on the 

CNC-polymer interface, and therefore resisted the recovery of the sacrificed β-CD/ADA 

conjunction. 

Furthermore, these dynamic nanocrosslinkers within the hydrogels also significantly delayed 

the propagation of the crack. The crack propagation during the stretching of pre-notched 

hydrogels was full of struggle, which required much longer further stretching and consumed a 

large amount of energy. Thus, the heterogeneous microstructure effectively retarded the crack 
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propagation of hydrogels and promoted their tolerance to local defect. Based on these, we 

demonstrated that a dynamic nanocrystal-polymer interface led to tough hydrogels with 

heterogeneous structures that will be useful for a wide range of purposes. 

 

3.2. Dually heterogeneous hydrogels with tunable necking phenomenon 

Biological tissues are often highly and multiply heterogeneous in both microstructure and 

composition in macroscale, but the integrity of multi-heterogeneity in multiple scales in 

artificial materials is still a big challenge. In the publication 2, dually heterogeneous hydrogels 

were constructed with two distinct strategies via dynamic bonds and supramolecular crosslinks. 

The primary heterogeneity resulted from non-uniform distribution of dynamic and/or static 

crosslinks. Further introduction of the secondary heterogeneity by incorporating anisotropic 

cellulose nanocrystals (CNC) into the hydrogels provided extra supramolecular crosslinks in 

the microscale. Benefiting from the synergism of this dually heterogeneous structure, the 

regulation of deformation and fracture mode of hydrogels was achieved. 

 

Figure 14. Schematic illustration for the preparation of top-oxidized hydrogels with primary 

heterogeneity. 

In the present work, the dynamic covalent bonds between phenylboronic acid and catechol 

were applied to form dynamic boronate ester bonds and reversibly crosslinked hydrogels. 

However, the in situ polymerization in the presence of air would promote the formation of 

dicatechol, which acted as a static crosslinking for the hydrogels. Therefore, the primary 
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heterogeneous hydrogels were prepared with static crosslinked top layer and a dynamic 

crosslinked matrix (Figure 14).  

The static and dynamic crosslinking mechanism reasonably led to different mechanical 

properties (Figure 15 A, B). The stretched non-oxidized 1.25NO would not break until the end 

of the tensile test machine (>2000%), and the fully-oxidized 1.25FO was elastic and brittle and 

broke at about 300% elongation. Therefore, in the top-oxidized hydrogel 1.25TO, the 

mechanical difference led to a necking phenomenon during the uniaxial stretching: during the 

stretching with the elongation ratio as early as of 100-150%, multiple necking points appeared 

(Figure 15 C). The non-necking zones and necking zones were both extend during the further 

stretching, but the necking zones apparently undertook more deformation. The propagated 

primary necking points (red region) and secondary necking points (blue arrows) were 

highlighted in the amplified photo of 200% stretched 1.25TO. The necking maintained and 

extended during further stretching at higher elongation ratios of 600% and 1000%. Thus, the 

non-uniform distribution of the static dicatechol bonds and dynamic PBA/catechol crosslinks 

within the diverse regions in hydrogels in fact led to the heterogeneity in macrostructures. 

Furthermore, another kind of heterogeneity in microscale can be constructed by establishing 

supramolecular interactions between nanoparticles and polymer chains. As shown in the 

Figure 16, we used anisotropic nanocellulose with two distinct surface functionalities: CNC 

(TEMPO-oxidized) with only carboxyl groups (1.52±0.03 mmol/g) on the surface and CNC-

PBA with surface-grafted phenylboronic acid groups (1.07±0.05 mmol/g) in addition to the 

rest of carboxyl groups (~0.4 mmol/g). The neutral CNC only provided weak and nonspecific 

crosslinks to the surrounding hydrogel networks and the active CNC-PBA would provide 

stronger and more specific dynamic crosslinks with the catechol groups in the hydrogels.  

 



H. Huang                                                         Doctoral Dissertation 

20 

 

 

Figure 15. The heterogeneous mechanical features of top-oxidized hydrogels and their necking 

deformation during stretch. 

To further understand different effects of CNC and CNC-PBA in the hydrogels, CNC and CNC-

PBA were separately investigated in the non-oxidized hydrogels and fully oxidized hydrogels, 

which could exclude the interference of the primary heterogeneity (Figure 17). In the hydrogel 

1.25NO, CNC and CNC-PBA significantly improved the yield stress of hydrogels. Despite of 

different surface functionalities at CNC and CNC-PBA, the 1.25/CNC2NO and 1.25/CNC-

PBA2NO had almost identical stress-strain curves before yielding points. However, after the 

yielding point, the CNC-PBA showed significantly greater reinforcement along the plastic 

deformation up to 1500% elongation. In contrast, 1.25/CNC2NO required even slightly less 

stress during further elongation of up to 1500%. In the static crosslinking networks, hydrogels 

1.25/CNC2FO and 1.25/CNC-PBA2FO only showed elastic deformation. Interestingly, CNC 

acted as a better reinforcing nanofillers than CNC-PBA in these statically crosslinked hydrogels. 

This was probably attributed to that the extra PBA from CNC-PBA may have occupied more 



Doctoral Dissertation                                              Results and discussion 

21 
 

catechol groups and thus reduced the amount of dicatechol crosslinking. 

 

Figure 16. Schematic illustration for the composition of hydrogels and TEM images of CNC 

and CNC-PBA.  

 

Figure 17. Contribution of CNC and CNC-PBA in dynamic hydrogels and static hydrogels. 

In the top-oxidized hydrogel 1.25TO, the plastic deformation of non-oxidized dynamic 

hydrogel dominated in the necking zones, while the PBA/catechol complexes continuously and 

rapidly dissociated and associated to maintain the physical integrity. Therefore, the active 

CNC-PBA was able to participate in the dynamic crosslinking networks and strengthened the 

necking zones (Figure 18). The elastic deformation mainly occurred in the non-necking zone, 
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while CNC-PBA showed much less reinforcement in the elastic deformation, no matter in static 

or dynamic hydrogel matrix. This different performance of active CNC-PBA acting as an 

autonomous compensation mechanism narrowed the difference of mechanical stability 

between necking and non-necking zone, leading to retarded propagation of necking zone in 

whole hydrogels. In contrast, neutral CNC among the plastic deformation only had non-specific 

hydrogen bonds to surrounding polymer chains, so that it showed limited reinforcement in the 

plastic necking zone. However, neutral CNC effectively reinforced the static crosslinking 

network within the non-necking zone. Thus, in contrast to the active CNC-PBA, neutral CNC 

further amplified the mechanical difference between the necking and non-necking zones, and 

promoted the necking propagation.  

 

Figure 18. Tunable necking behaviors of dually heterogeneous hydrogels with CNC or CNC-

PBA. 

On the basis of the results above, active CNC-PBA and neutral CNC performed various 

reinforcing mechanisms in hybrid hydrogels containing distinct cross-linking environments. 

Active CNC-PBA can participate in the dynamic cross-linking networks and strengthened the 

necking zones, but showed less reinforcement in non-necking zone. In contrast, neutral CNC 

only provided weak nonspecific hydrogen bonds in necking zone, but largely enhanced non-

necking zone. Therefore, diverse CNC regulated necking propagation in hybrid hydrogels. 
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Because of these different working mechanisms of nanocrosslinkers in these hybrid 

crosslinking networks, the deformation and fracture mode of hydrogels were regulated, and 

effectively improved the physical integrity of hybrid hydrogels with uneven mechanical 

properties.  

 

3.3. Liquid behaviors-assisted material fabrication with dynamic hybrid hydrogels 

Liquid-solid transition is widely present in nature and artificial treatments as a useful strategy 

to mold polymers, metals or glasses. Rather than the formation of shapes, certain features of 

the liquid precursors are also utilized in the fabrication of advanced structural materials. For 

example, flowing liquids can align anisotropic particles toward the direction of shear stress. 

While the surface tension of static liquid system not only promotes the formation of specific 

shapes, but also influences the assembly behaviors of involatile components during the drying 

process. However, the static liquid properties only become dominant in the equilibrium state, 

while the flowing liquid is transient and highly dynamic. Therefore, their conflicting characters 

make it challenging to sequentially integrate the dynamic and static liquid behaviors in 

fabricating materials. 

In the Publication 3, we demonstrated that CNC hybrid hydrogels crosslinked by dynamic 

covalent bonds, rather than classic liquid systems, can be used as precursor to sequentially 

integrate the dynamic liquid behaviors and static liquid behaviors in the same materials. 

Because of the highly dynamic PBA/catechol crosslinking (binding constant K=0.919×103 M-

1), the mechanical behaviors of hybrid dynamic hydrogels were sensitive to the frequency of 

external loading (Figure 19). In the static state, hydrogels DH1.25/CNC2 showed a liquid state 

with high complex viscosity, in which the crosslinking networks were slowly interchanged 

(Figure 20).  
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Figure 19. The composition of hybrid dynamic hydrogels with CNC. 

 

Figure 20. Static liquid properties of hybrid dynamic hydrogels. 

Furthermore, another dynamic liquid state of DH1.25/CNC2 was driven by violent shearing 

(Figure 21). This shear thinning property was caused by the temporary dissociation of 

PBA/catechol complexes. Once the large strain was removed, these disrupted dynamic covalent 

bonds were fully reconstructed within 500 seconds. 

Different to the dynamic covalent crosslinking in the molecular scale, CNC are nanoneedle 

structures with length in hundreds of nanometers. After the violent shearing loading, the 



Doctoral Dissertation                                              Results and discussion 

25 
 

arrangement of CNC in aqueous suspension cannot be fully relaxed within 500 seconds which 

led to the diminished complex viscosity (Figure 22). The slow relaxation of CNC arrangement 

was resisted by rapidly reconstructed hydrogels networks. Therefore, the footprint of 

hydrodynamic alignment of CNC was preserved in the rapidly relaxed hydrogel matrix. 

 

Figure 21. Liquid properties of hybrid dynamic hydrogel in the dynamic state. 

 

Figure 22. The alignment of CNC was fixed by the rapidly recovered dynamic hydrogel 

crosslinking networks. 

During the uniaxial stretching, a continuous interference colors were observed in the 
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DH1.25/CNC2. This phenomenon represented the aligned CNC in the hydrogels after the 

uniaxial stretching, which was driven by the dynamic liquid properties in the hybrid dynamic 

hydrogels (Figure 23). This orientation of CNC was further enhanced by drying the stretched 

dynamic hydrogels in air. After the air dry with constant elongation ratio, xerogel 

XG1.25/CNC2 demonstrated further amplified rainbow-like interference colors with 

continuous color distributions. These interference colors observed between cross polarizers 

were corresponded to retardations, which were accumulated phase differences between lights 

vibrating perpendicular and parallel to aligned CNC. 

 

Figure 23. Polarizing images of DH1.25/CNC2 during uniaxial stretching and air-drying. 

Due to different alignment of CNC within contracted edges and the interior of xerogels, the 

geometry of dynamic hydrogel can be used to tune the contracted edges and thus to further 

control the orientation of CNC in the resulted xerogels. In Figure 24, a series of hydrogels 

DH1.25/CNC2 were prepared with various width/depth (W0/D0) ratios between 1 and 32. For 

hydrogels with W0/D0=1, the corresponding xerogels have the greatest birefringence of 

0.00414±0.00022 due to the confinement of edges during the drying. With W0/D0=32, the 

gradient orientation of CNC was obtained at the edge of XG1.25/CNC2 (birefringence from 

0.00210 to 0.00352). While a uniform film in the middle of the xerogel with birefringence of 

0.00210±0.00012 was obtained. 
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Figure 24. Preparation of XG1.25/CNC2 with various width/depth ratio (W0/D0) 

The shape of resulted xerogels can be encoded by the shape of dynamic hydrogels precursors. 

In Figure 25, the xerogel fibers can be prepared with rectangular, triangular or round cross-

section and with uniform or gradient interference colors. 



H. Huang                                                         Doctoral Dissertation 

28 

 

 

Figure 25. a) XG1.25/CNCx fibers with rectangular cross-section. The dark field polarizing 

images from left top to right bottom: CNC amounts x were 0.5, 1, 1.5 and 2 wt% in the original 

dynamic hydrogels. b) XG1.25/CNC2 fibers with triangular cross-section. c) XG1.25/CNC2 

fibers with round cross-section. 

In addition, the sequential control of static and dynamic properties of dynamic hydrogels 

provided the flexibility to program spatial complex 3D shapes with well-ordered CNC, which 

was difficult to achieve with flow-assisted method in classic liquid systems. In the present work, 

with aligned CNC, the shape of stretched hydrogels can be reprogramed before the drying 

process (Figure 26). As examples, by rotating around a Teflon stick, stretched DH1.25/CNC2 

can be turned into an elastic xerogel spring with interference colors. Moreover, twisted xerogels 

were prepared by rotating stretched DH1.25/CNC2 axially before the drying process.  

Hollow dynamic hydrogels have been investigated as a further model to prepare complex 3D 

dry polymers with curved surface (Figure 27). The tubular xerogels were obtained from 

dynamic hydrogel tubes, while a similar confinement of the hydrogel edges as those within 

films and fibers was not present. The drying hydrogel tubes were able to develop concave 

structures towards the center of tubes, which was driven by surface tension of hydrogels to 
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pursue the minimal surface area. Following this, the hollow xerogels with pseudo catenoid-

mimetic morphology were generated. 

 

Figure 26. XG1.25/CNC2 as elastic spring or with twisted structure. 

 

Figure 27. XG1.25/CNC2 as pseudo catenoid 

In the present section, we demonstrated that the liquid-behaviors-assisted material fabrication 

can be expanded to 3D morphologies without the limitation of fluid channels, which was due 

to the liquid behaviors of dynamic hybrid hydrogels with CNC. During the uniaxial stretching, 
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a transient liquid state was created and drove the alignment of anisotropic CNC in the dynamic 

hydrogels. Importantly, this CNC alignment was preserved by rapidly reconstructed hydrogel 

networks after the stretching. With subsequent drying in air, CNC alignment got further 

improved and generated highly tunable birefringence in resulting xerogels. Since dynamic 

hydrogels themselves provided focusing boundaries for liquid behaviors, the geometry of 

resulting xerogels can be versatile via remolding before the drying process.  

In conclusion, the dynamic hydrogels containing anisotropic nanoparticles provide a new 

mold-free strategy to program multidimensional birefringent materials. With highly 

programmable geometry and tunable composition, these birefringent xerogels can be applied 

as diverse functional materials. As an example, fibrous xerogels can be used as a yarn to prepare 

tough but flexible textiles with hidden patterns. Furthermore, pseudo-catenoid xerogels can be 

prepared as lightweight engineering materials to acquire extreme load-bearing capability.
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4. General conclusion and perspectives 

As mentioned all along this study, cellulose nanocrystals (CNC) and surface modified CNC 

were introduced in the crosslinking networks of hydrogels to create the dynamic heterogeneous 

hydrogels. Because of functional surface and excellent mechanical properties, CNC 

nanocrosslinkers could promote the mechanical properties of synthetic hydrogels. Furthermore, 

the anisotropic shape and unique optical properties of CNC provided the building block to 

construct multidimensional birefringent polymer materials, which was highly relying on the 

liquid properties of dynamic hydrogels with CNC. 

Firstly, in Publication 1, by mimicking the highly heterogeneous structure in the natural 

hydrogels, we prepared a novel kind of dynamic composite hydrogels with a heterogeneous 

structure based on the host-guest pre-organized dynamic CNC nano-crosslinkers. The 

crosslinking agents, diverse acrylated β-CD, were immobilized on the CNC surface via pre-

organized host-guest interaction between β-CD and ADA. These acrylated β-CD contributed 

to further construction of hydrogels via purely physical or hybrid chemical/physical 

interactions. Because of the highly heterogeneous structure, the conjunctions on the CNC-

polymer interface exhibited gradual detachment under exerted stress and worked as an effective 

energy dissipation system. The sacrificed β-CD/ADA conjunction showed a time-dependent 

recoverability in the as prepared hydrogels. However, this recoverability was lost when the 

hydrogels got fully swollen, even if they were still toughened by the same energy dissipation 

system. This phenomenon was due to the highly heterogeneous structure caused by swelling. 

Along with the volume increase, the uneven expansion of nano-crosslinkers and flexible 

polymers generated residual stress on the CNC-polymer interface, and therefore resisted the 

recovery of the sacrificed β-CD/ADA conjunctions. 

In addition to improving mechanical properties, the heterogeneous toughening mechanism of 

hydrogels also significantly delayed the propagation of the crack. The crack propagation during 

the stretching of pre-notched hydrogels was paused and retarded until the complete breakup. 

This could be attributed to the dynamic host-guest bonding on the CNC surface. The sequential 
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dissociation of the β-CD/ADA complexes and the heterogeneous hydrogel structures 

effectively retarded the crack propagation.  

Then, in Publication 2, surface-functionalized CNC were utilized to regulate the necking 

phenomenon of hydrogels. A novel group of heterogeneous hydrogels was prepared by 

combining static top layer and dynamic matrix with distinct spatial distributions, which 

provided the primary heterogeneity in macrostructures. During the long-distance stretching of 

these heterogeneous hydrogels, the discontinuous ruptures of oxidized static layer led to 

necking deformation. This necking deformation did not occur in solely dynamically or 

statically crosslinked hydrogels. Furthermore, as releaser for the secondary heterogeneity, 

anisotropic nanosized CNC were introduced into the heterogeneous hydrogels. Active CNC 

with dynamic bonds (PBA) on surface could actively establish supramolecular interactions 

with other counter parts (catechol) within hydrogels, while neutral CNC with carboxyl groups 

could primarily form non-specific hydrogen bonds with other components within hydrogels. 

Consequently, the necking deformation and the mechanical properties of the dually 

heterogeneous hydrogels could be tuned by introducing diverse CNC. By fully utilizing the 

distinct reinforcing mechanisms of CNC with different surface-functionalities in various 

dynamic environments, we achieved a strategy to regulate the necking deformation in the 

hydrogel system and thus adjusted their mechanical stability.  

Finally, in the publication 3, the liquid behaviors of dynamic heterogeneous hydrogels were 

applied to fabricate dry polymers with complexed shapes and highly ordered microstructures. 

In this work, we demonstrated that hybrid dynamic hydrogels with CNC can sequentially 

integrate the dynamic and static liquid behaviors to construct the same materials. In a long-

distance uniaxial stretching, the shear thinning behaviors of dynamic hydrogels drove a 

hydrodynamic alignment of CNC. Since the reconstruction of hydrogel networks was much 

faster than the dissipation of CNC orientation, the alignment of CNC was maintained when the 

stretching was terminated. Therefore, the footprint of dynamic liquid behaviors was kept in the 

relaxed hydrogel matrix. Then, static liquid properties took effect: the surface tension of drying 

hydrogels further improved the CNC alignment and also programmed dried xerogels with 

diverse shapes from fibers to films and even complexed three dimensional structures.  
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Thus, by utilizing liquid properties in dynamic hydrogels, the flowing assisted alignment of 

anisotropic particles can be easily manipulated in the 3D spaces and got rid of the limitation of 

the fluid channel. Furthermore, the alignment of particles can be maintained in the relaxed 

hydrogel networks and achieve the integrity of dynamic and static liquid behaviors in the 

fabrication of birefringent polymer materials. 

In conclusion, CNC and surface modified CNC provided heterogeneous microstructures in the 

dynamic hydrogels. For the reinforcement of mechanical properties, well-designed dynamic 

CNC nanocrosslinkers effectively improved the mechanical toughness of hydrogels, and 

reduced the influence of local defect. Furthermore, the necking phenomenon of hydrogels can 

be controlled by the active CNC nanocrosslinker, which narrowed the mechanical difference 

of diverse hydrogel components and stabilized their shapes and mechanical behaviors as a 

hybrid. Besides the mechanical reinforcement, by exploiting the liquid behaviors in a dynamic 

hydrogel with CNC, we can integrate the efficacies of both dynamic and static liquid behaviors 

to fabricate birefringent polymer materials. Thus, dynamic heterogeneous hydrogels can be 

used as precursors to achieve a mold-free methodology to program dry polymers with various 

3D geometries and anisotropic microstructures.  

According to the studies in this thesis, several superiorities of dynamic heterogeneous 

hydrogels have been uncovered, especially in the mechanical reinforcement and the fabrication 

of anisotropic polymeric materials. In the future, more efforts need to be done to fully illustrate 

the structure-performance relationship in the soft and hydrate hydrogel materials. Furthermore, 

in this study, even we mainly focus on the CNC with needle-like shape, but the mechanical 

toughening mechanism and material fabrication methods can be easily expanded to the 

nanostructures with diverse shapes and compositions, therefore provide a wide variety of 

practical applications in the future.
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Abstract: We designed a kind of novel heterogeneous composite hydrogels with dynamic 

nano-crosslinkers, which was built via the pre-organized host-guest interaction on the surface 

of cellulose nanocrystals. The reversible β-cyclodextrin/adamantane conjunctions and their 

gradual dissociation on the nanocrystals-polymer interface guaranteed the compressibility and 

stretchability of the composite hydrogels. While the sacrificed toughening mechanism could 

be rebuilt in the as prepared hydrogels, it failed to be regenerated in the swollen hydrogels. 

This fact was originally due to the extreme mechanical contrast between rigid nanocrystals and 

the flexible polymer phase. This heterogeneity was largely amplified by swelling process: 

polymer chains were pre-stretched between nano-crosslinkers and generated residual stress on 

the dynamic nanocrystals-polymer interface. Thus, this swelling-induced heterogeneity 

resisted the reassociation of the sacrificed β-cyclodextrin/adamantane complexes. Furthermore, 

the unstable nanocrystals-polymer interface induced the crack propagate along the nano-

crosslinker surface, which remarkably retarded the crack propagation during the stretch. 

Keywords: composite hydrogel, heterogeneous structure, cellulose nanocrystals, host-guest 

interaction, nanoparticle-polymer interface 

Introduction 

Hydrogels as highly hydrated polymeric materials are promising platforms for diverse 

applications, including tissue engineering, drug delivery systems and soft devices.[1] However, 

traditional synthetic hydrogels are generally mechanically weak and brittle. This shortcoming 

has been partially overcome by several toughening strategies.[2] One of the most important 

strategy was implementing a sacrificed energy dissipation systems in hydrogels. For instance, 

double network hydrogels have been widely investigated because of their extraordinary 

toughness and stretchability.[3, 4] The dense and brittle first network generated an effective 

energy dissipating system, while the dilute and flexible second network guaranteed the physical 

integrity.[5, 6] Rather than the disposable sacrificed bonding, many reversible energy dissipating 

mechanisms have also been utilized to resist fatigue in cyclic deformation: such as electrostatic 

interactions,[7] metal ion-ligand coordination,[8] hydrogen bonding,[9] host-guest interactions,[10] 

and well-designed transition of polymer domains.[11] 
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Hydrogels using multi-functionality crosslinkers provided another energy dissipation system: 

the polymer chains between these crosslinkers often have various lengths, and the sequentially 

detachment of polymer chains dissipated stored energy.[12] According to this mechanism, 

composite hydrogels were also prepared with nano-crosslinkers, which were able to gather 

even more polymer chains around single crosslinking points.[13] The polymer grafted on the 

nano-crosslinkers have a large range of length distribution, therefore the polymer chains could 

detach gradually and toughen the composite hydrogels.[14] Except hydrogels covalently 

crosslinked by nano-crosslinkers, a few other hydrogel systems were synthesized based on the 

physical bonding between nanoparticles and polymer, such as electrostatic interactions[15] and 

hydrophobic effect.[16] Combining the advantages of nano-crosslinkers and reversible bonding, 

these dynamic nanocomposite hydrogels were often extremely tough and stretchable. Recently, 

scientists discussed the dynamic interface between Fe3O4 nanoparticles and catechol 

terminated poly(ethylene glycol) within hydrogel, and isolated the contributions of nano-

crosslinkers and dynamic bonding.[17] These studies provided valuable information about 

dynamic bonding on the nanoparticle-polymer interface, however, their behaviors in the 

swollen hydrogels were still largely unknown, especially during the mechanical deformation. 

Cellulose nanocrystals (CNC) were mechanically strong nano-needles with native crystalline 

structures,[18] which have been widely used in the composite hydrogels. But for most of the 

cases, CNC were integrated into the crosslinked polymer matrix[19] or acted as covalent nano-

crosslinkers.[20] Recently, through the electrostatic interaction between CNC and 

methylcellulose, a weak but thermo-responsive hydrogel has been prepared.[21] In addition, 

modified CNC were also applied as dynamic nano-crosslinkers to form reinforced composite 

hydrogel.[22] However, the dynamic bonding was settled in the polymer brush around CNC, 

rather than on the rigid/soft interface, so that the influence of CNC-polymer interface was not 

shown directly. 

In the present work, a novel type of heterogeneous composite hydrogel was prepared with 

surface-modified CNC as nano-crosslinkers. Acrylate groups were not directly grafted on the 

surface of the nano-crosslinkers, but were introduced via the host-guest interaction, and a pre-
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organization approach guaranteed a high bonding efficiency of β-cyclodextrin/adamantane (β-

CD/ADA) conjunctions. The dynamic multi-functionality nano-crosslinkers polymerized with 

acrylamide and formed composite hydrogels. The autonomous β-CD/ADA interaction and their 

sequentially dissociation on CNC nano-crosslinkers dissipated the elastic energy stored in the 

hydrogels, leading to robust compressibility and stretchability. Furthermore, the reversible 

nature of β-CD/ADA complexes formed a recoverable toughening mechanism in the as 

prepared hydrogels. However, this toughening mechanism could not be regenerated within the 

swollen hydrogels. This difference should be attributed to the residual stress on the nano-

crosslinker/polymer interface. The residual stress was generated by the stress concentration 

during swelling process, and originally because of the highly heterogeneous microstructure. 

Furthermore, because of the heterogeneous hydrogel structure and the dynamic nanocrystals-

polymer interface, the crack propagation in the pre-notched hydrogels was also significantly 

retarded. 

Results and discussion 

Fabrication of dynamic composite hydrogels with heterogeneous structures 

As shown in Figure. 1, anisotropic CNC were used as the hard and crystalline region, while 

polyacrylamide (PAAm) was used as the soft and amorphous part. These two components were 

connected via pre-organized host-guest conjunctions between β-CD and ADA. CNC nano-

crosslinkers not only acted as dynamic crosslinkers, but also gathered high density of polymers 

around them and provided heterogeneity. The pre-organization approach achieved a better 

bonding efficiency between β-CD and ADA. 
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Figure 1. Schematic illustration for the preparation of dynamic composite hydrogels with pre-

organized nano-crosslinkers. a) Preparation of pre-organized CNC-ADA/β-CD-Acx as the 

dynamic nano-crosslinkers. b) Preparation of dynamic composite hydrogels with the in situ 

polymerization. SEM images (scale bar: 2 μm) show the freeze-dried as prepared and fully 

swollen hydrogel DCH4/20/2. The insets show corresponding photographs before freeze-

drying (scale bar: 10 mm). 

CNC with carboxyl group content of 1.52 mmol/g were prepared from microcrystalline 

cellulose (MCC) via TEMPO-mediated oxidation (step 1 in Figure 1a). Via amidation reaction 

with cysteamine, thiol groups were introduced to CNC surface (step 2 in Figure 1a). Then, 

ADA was grafted on CNC-thiol (CNC-SH) via thiol-ene click-reaction, leading to CNC-

adamantane (CNC-ADA) (step 3 in Figure 1a). The ADA density on CNC-ADA was measured 

to be 0.67 mmol/g. Therefore the nanocrystals with guest molecular were prepared (Figure S1 

to S5).  

Then, dynamic nano-crosslinkers were prepared via host-guest self-assembly of acrylate β-

cyclodextrin (β-CD-Acx) and CNC-ADA in water (step 4 in Figure 1a). Three kinds of β-CD-

Acx were utilized with substitution ratio x as 1.0, 2.0 and 4.5 (Figure S6-S9), which were named 
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as β-CD-Ac1, β-CD-Ac2 and β-CD-Ac4.5, respectively. The pre-organized nano-crosslinkers 

(CNC-ADA/β-CD-Acx complexes) were separated from free β-CD-Acx, and mixed with 

acrylamide (AAm) to form dynamic composite hydrogels by in situ polymerization (step 5 in 

Figure 1b and Figure S10). The as prepared samples were immersed in water until no weight 

change (step 6 in Figure 1b) to get fully swollen hydrogels. All the representative recipes for 

the hydrogels used could be found in Table S1. For example, “DCH4/20/2” meant dynamic 

composite hydrogels prepared with 4 wt% of CNC-ADA, 20 wt% AAm and β-CD-Ac2. The 

scanning electron microscope (SEM) images of freeze-dried hydrogels in Figure 1b showed 

the microstructure of as prepared and fully swollen DCH4/20/2 hydrogels, the insets reflected 

the volume change after the swelling. It was notable that the freeze-dried fully swollen 

hydrogels clearly showed a fibrous secondary structure compared to as prepared ones. 

In order to understand the specialty of the heterogeneous structure and the effect of the dynamic 

interface to the hydrogels, in the following parts, detailed investigation was performed with 

both as prepared and fully swollen hydrogels. 

Investigation of mechanical properties 

As our hydrogels contained a heterogeneous structure with dynamic conjunctions on 

nanocrystals, the components would influence the overall mechanical features. To demonstrate 

the superiority of the approach for the construction of hydrogels and to isolate the contribution 

of each component, DCH4/20/1 was prepared and compared with its control groups (Figure 

2a). CNC-ADA/β-CD-Ac1 complexes as non-covalent nano-crosslinkers formed a series of 

self-standing hydrogels after the polymerization with AAm, which showed a significant 

frequency dependency (Figure 2b). To exhibit the necessity of pre-organization approach, a 

control group 4/20/1-post was prepared: poly(AAm-β-CD) was made in advance and then 

mixed with CNC-ADA suspension. Even with exactly the same component to DCH/4/20/1, 

resulted 4/20/1-post formed a kind of fluidic mixtures rather than hydrogel (Figure 2a, middle 

row). To isolate the contribution of CNC-ADA conjunctions, another control group 4/20(no β-

CD) was prepared as well. Without polymerizable groups on the CNC surface, a viscous 

polymer colloid was obtained, and the large damping factors tan (delta) indicated the liquid 
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features at a broad low frequency range (Figure 2b and 2c).  

 

Figure 2. Preparation and properties of the dynamic composite hydrogels using pure physical 

nano-crosslinkers. (a) Schematic illustration for the preparation of the dynamic composite 

hydrogels with pre-organization approach (upper row), with the post-mix approach (middle 

row) and with in situ polymerization without β-CD/ADA interaction (lower row). Rheology 

frequency sweeps of (b) storage modulus (G’) and loss modulus (G”) as well as (c) the damping 

factors tan (delta) of dynamic composite hydrogels. (d) The dose dependency of nano-

crosslinkers in the dynamic composite hydrogels. The arrows indicated the crossover points of 

G’ and G”. 

The dose dependency of the dynamic nano-crosslinkers was further studied by macro rheology. 

As shown in Figure 2d, the storage modulus (G’) of hydrogels was correlated to the amount of 

pre-organized nano-crosslinkers. A larger amount of nano-crosslinkers also made hydrogels 
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more stable, which was reflected by the crossover point of G’ and loss modulus (G”) at even 

smaller frequency (pointed out by the arrows in Figure 2d). Moreover, the amount of the 

monomer also affected the mechanical properties of dynamic composite hydrogels (Figure 

S11a). The sample DCH4/5/1 aggregated already during the polymerization, because the 

extremely low polymer content could not form a continuous hydrogel network. As shown in 

the rheology frequency sweeps of DCH4/10/1 and DCH4/20/1 (Figure S11b), larger polymer 

amounts increased G’ and made composite hydrogels more frequency-sensitive. Therefore, 

according to our results, β-CD/ADA conjunctions effectively stabilized the heterogeneous 

structure within the hydrogels. At the same time, the pre-organization approach maximized the 

utility of such dynamic physical bonding. 

Rather than the mono-substituted β-CD-Ac1 providing pure physical dynamic interactions, 

multi-substituted β-CD-Ac2 and β-CD-Ac4.5 formed chemical/physical hybrid crosslinking 

networks around CNC. Compared with DCH/4/20/1, DCH/4/20/2 and DCH/4/20/4.5 showed 

only a negligible frequency dependency (Figure 3a). It should be noticed that the overall 

amount of acrylate groups on the CNC surface was similar (as shown in Table S1), even though 

different β-CD-Acx were used. This phenomenon was due to the various amounts of β-CD-Acx 

grafted on CNC-ADA. Therefore, the covalent crosslinking network strongly stabilized the 

hydrogel networks. In addition, three specimens showed similar G’ at high frequencies, because 

where β-CD/ADA conjunctions showed more similar behavior as covalent (Figure 3a). Rather 

than mechanical properties, the microstructure of hydrogels was also different. According to 

the SEM images of freeze-dried hydrogels (Figure 3b), DCH/4/20/1 exhibited pore diameter 

~1 μm and the pore diameter of DCH4/20/2 increased to ~3 μm, while DCH/4/20/4.5 had pore 

diameter as small as ~200 nm.  
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Figure 3. Properties of the dynamic composite hydrogels using hybrid physical/chemical nano-

crosslinkers. (a) Frequency sweeps of DCH4/20/1, DCH4/20/2 and DCH4/20/4.5. (b) SEM 

images of freeze-dried hydrogels (scale bars: 2 μm, hydrogels were frozen in liquid nitrogen). 

(c) Compression strain-stress curves of dynamic composite hydrogels. The compression tests 

with DCH/4/20/1 and DCH/4/20/2 were terminated when the compression ratio reached 95%. 

(d) The photographs (scale bars: 10 cm) of hydrogels before and after the compression (95% 

compression ratio). (e) Swelling ratios of hydrogels. The dash line for DCH4/20/1 reflected the 

residual weights. 

In addition to the rheology measurements, the compression tests provided further valuable 

information about the mechanical properties. As shown in Figure 3c, DCH4/20/1 and 

DCH4/20/2 showed robust compressibility, and no obvious stress drop was observed up to 95% 

compression ratio. As the comparison, DCH4/20/4.5 showed much larger elastic modulus 

(indicated by the slope of initial strain-stress curve) and broken at the compression ratio of 

~75%. Even DCH4/20/1 had no sudden drop in the compression stress. However, the 

compressed DCH4/20/1 could not return to its original shape (Figure 3d), which indicated its 

plastic nature. This plasticity have been reported by McKee et. al. in the CNC/methylcellulose 

composite hydrogel.[21] Here in the present research, the β-CD/ADA complexes as a stronger 
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non-covalent bonding significantly reinforced the hydrogels, but still maintained the plasticity. 

The hydrogels DCH4/20/2 were adhered to the aluminum compression plate after the 

compression because of the large expansion in the horizontal direction. Once these adhered 

hydrogels were taken off from the compression plate, they were able to recover to their original 

shapes immediately. Moreover, the compression strain-stress curve of DCH4/20/2 could fully 

recover (Figure S12). The 95% compression tests were repeatedly performed with the same 

specimen, and the strain-stress curves almost followed the virgin compression pathway (with 

interval longer than 15 min between each compression).  

To further illustrate the toughening mechanism of our hydrogels, continuous hysteresis 

compression tests were carried out. To reduce the adhesion of hydrogels to the compression 

plate, the compression ratio of hydrogels was set as 60%. Moreover, the compression tests were 

performed with as prepared specimens to avoid the volume change caused by swelling. As 

shown in Figure S13, the hysteresis in the second compression cycle was smaller than the first 

cycle for all three kinds of hydrogels DCH4/20/1, DCH4/20/2 and DCH4/20/4.5. The largest 

change of hysteresis was clearly notable for DCH4/20/1, while DCH4/20/4.5 showed the 

smallest one. The difference should be attributed to the different amounts of β-CD/ADA 

conjunctions in the hydrogels and how much of them dissociated during the deformation. 

During the continuous compression tests, the sacrificed toughening mechanism did not have 

enough time to fully recover. Therefore, the change of hysteresis was visible. In comparison, 

hydrogels β-CD-Ac2/PAAm (similar recipe as DCH4/20/2, but only without CNC-ADA) 

showed almost the same pathway in three continuous compression cycles (Figure S13). This 

behavior was typical for the hydrogels without sacrificed toughening mechanisms.[5] 

Furthermore, the second and the third hysteresis were identical for all the hydrogel specimens, 

indicating that no more sacrificed bonding was consumed without further deformation.  

For hydrogels, the water content plays an important role in mechanical properties, and 

hydrogels are often used as fully swollen status.[23] Figure 3e showed the swelling behaviors of 

dynamic composite hydrogels. Because of the dense microstructure and multi-functionality β-

CD-Ac4.5, the hydrogels DCH4/20/4.5 showed a very small swelling ratio (about 120%). In 
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comparison, DCH4/20/2 could swell to 280% of their original weights. The purely physically 

crosslinked hydrogels DCH4/20/1, however, were not stable in water for a long time (Figure 

S14). The swelling ratio of DCH4/20/1 in Figure 3e only reflected the residual weights of 

hydrogels during the swelling.  

It is well understood that swelling is a pre-stretch process for polymer chain in hydrogels.[23] 

For hydrogels with the heterogeneous structure via nano-crosslinkers, this pre-stretch would 

generate concentrated stress on the nanoparticle-polymer interface. In our heterogeneous 

dynamic hydrogels, this rigid-soft interface was connected by the autonomous physical host-

guest interaction. This interaction was driven away from equilibrium status and more likely to 

dissociate, therefore made the hydrogels less stable under the stress exerted by swelling. 

In order to understand this influence of swelling, compression and tensile tests were further 

performed. We compared the recoverability of toughening mechanism between as prepared and 

fully swollen dynamic composite hydrogels. Because the hydrogels DCH4/20/2 showed 

relatively large swelling ratios and still kept the physical integrity, they were selected for this 

investigation. Figure 4a showed the repeated compression curves of as prepared DCH4/20/2. 

Without intervals between each compression cycle, the second hysteresis loop became smaller 

and narrower. This sacrificed system could be recovered after a 15 min interval. In the tensile 

tests of hydrogels DCH4/20/2, similar behaviors were noticed as well, but they needed longer 

time for the recovery. DCH4/20/2 were firstly stretched to 6 times of its original length. The 

virgin tensile strain-stress curve could be fully recovered after 12 h interval, which indicated 

the recoverability of the sacrificed mechanism.  
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Figure 4. Mechanical properties of as prepared and fully swollen hydrogels. The (a) 

compression and (b) tensile strain-stress cycles of as prepared hydrogels DCH4/20/2, which 

reflected the recoverability of the toughening mechanism. (c) Schematic illustration of the 

dissociation and reassociation of β-CD/ADA complexes on the CNC surface. The (d) 

compression and (e) tensile strain-stress cycles of fully swollen hydrogels DCH4/20/2-S. (f) 

Schematic illustration of the dissociation of β-CD/ADA complexes in the fully swollen 

hydrogels, where the sacrificed β-CD/ADA complexes could not recover anymore. 

In contrast, fully swollen hydrogels DCH4/20/2-S showed even narrower hysteresis loop in the 

second non-interval compression (Figure 4d), which revealed a more elastic mechanical 

behavior after stretching. In addition, unlike the as prepared hydrogels, the DCH4/20/2-S lost 

its recoverability of the energy dissipation system. Even after a 48 h static rest, the compressed 

samples were still not able to rebuild the energy dissipation system. During the tensile test of 

DCH4/20/2-S, the tensile strain-stress curve could not recover either (Figure 4e). Furthermore, 

because of the large deformation during the tensile tests, we also noticed a permanent 

elongation of the stretched hydrogels DCH4/20/2-S (Figure 4e). This elongation, together with 

the energy dissipation system, was not able to recover even after a long-time interval. 

The obvious difference between the as prepared and fully swollen hydrogels could be explained 
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by the highly heterogeneous hydrogel network and the presence of numerous autonomous 

dynamic conjunctions on the nanocrystals-polymer interface. Because of the in situ gelation 

approach, the dynamic nano-crosslinkers were well dispersed in the uniform polymer matrix. 

Therefore, the β-CD/ADA complexes in the as prepared hydrogels did not undertake much 

stress and maintained reversible (Figure 4c).  

However, the volume of hydrogels expanded and the distance between nano-crosslinkers 

increased during the swelling, so the polymer chains between nano-crosslinkers were stretched 

(Figure 4f). As mentioned earlier, the uneven swelling capability of the components in the 

composite hydrogels amplified the heterogeneity of hydrogels. The inhomogeneous swelling 

subsequently generated the stress concentration on the nano-crosslinker/polymer interface. In 

our hydrogels, the β-CD/ADA complexes undertook the stress concentrated on the interface. 

This residual stress in fully swollen hydrogels would push β-CD/ADA conjunctions away from 

equilibrium conditions and intend to dissociate. If there was no static scaffold to limit the 

volume expansion, the hydrogel network could be destroyed solely by swelling, as shown by 

hydrogels DCH4/20/1. In hydrogels DCH4/20/2, the hybrid crosslinking network maintained 

the physical integrity of hydrogels. Yet the heterogeneous swelling and stress concentration on 

the nano-crosslinker/polymer interface still significantly affected mechanical behaviors of the 

hydrogels. As shown in Figure 4f, when extra loading was applied to swollen hydrogels, the β-

CD/ADA complexes would easily dissociate and dissipate the elastic energy stored in the 

polymer chains. Therefore the swollen hydrogels were still toughened by β-CD/ADA 

complexes. Nevertheless, once the extra loading was removed, the stretched polymer chains 

could form a network which was partially independent from CNC. Once the β-CD/ADA 

conjunctions were consumed in the fully swollen hydrogels, this sacrificed bonding could not 

be regenerated. A interesting contast can be found in the work from McKee et. al.[22] With a 

three component host-guest supramolecular recognition, their hydrogels showed a unaffected 

self-healing capability. The most important reason would be, the β-CD/ADA complexes in our 

system were directly settled on the CNC surface, rather than on the polymer bush surround 

CNC. This irreversible process could also explain the irreversible expansion of the stretched 

composite hydrogels (Figure 4d). Subsequently, the re-distribution of the nanocrosslinkers and 
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polymer chains within the stretched networks led to irreversible change of hydrogel shape. 

The stretchability of hydrogels was measured on both DCH4/20/2 and DCH4/20/2-S (Figure 

S15). DCH4/20/2 could be stretched to the 6.4 times of its original length. In the meantime, 

even softer, DCH4/20/2-S did not break until λ reached 8.4. In addition, no matter as prepared 

or fully swollen hydrogels, the strain-stress curves both showed a yield point. The DCH4/20/2 

showed an obvious yield point at λ~0.5. In comparison, the yield process for DCH4/20/2-S was 

prolonged and terminated at λ~3.1.  

To compare with DCH4/20/2-S, the hydrogels “4/20/2(ADA blocked)-S” (ADA on CNC-ADA 

was blocked by β-CD before the in situ polymerization with β-CD-Ac2 and AAm) were 

prepared. They showed a smaller elastic modulus and smaller elongation ratio. Another type of 

hydrogels consisting of polymerized β-CD-Ac2 and AAm without CNC-ADA after fully 

swelling (β-CD-Ac2/PAAm-S) showed even smaller elastic modulus and lower elongation ratio 

than hydrogels DCH4/20/2-S (Figure 5a). Figure 5b showed the real state of hydrogel 

DCH4/20/2-S that was stretched to 3 times and 8 times of its original length. The pores in the 

stretched hydrogels were largely orientated pores along the deformation in the macro-view 

(Figure 5b). In addition, the highly fibrous microstructure in the stretched hydrogels also 

reflected the relocation of hydrogel crosslinking network. The covalent crosslinking network 

partially left CNC surface, which were able to further expand, as illustrated in Figure 4f. 
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Figure 5. Mechanical properties of fully swollen dynamic composite hydrogels. (a) The tensile 

tests of fully swollen hydrogel DCH4/20/2-S and its control groups. (b) Photographs of the 

stretched DCH4/20/2-S with λ=1, 3 and 8; as well as the SEM images of original and stretched 

(λ=3) hydrogels with scale bars in the left SEM images of 10 μm and 2 μm in the right SEM 

images. The hydrogel specimens were fast immersed in liquid nitrogen to fix their 

microstructure, and water was removed by freeze-drying. (c) The step-up tensile strain-stress 

curves of DCH4/20/2-S, showing that the consumption of energy dissipation system was 

correlated to the deformation. (d) Hydrogel fracture energy of hydrogels DCH4/20/2-S and the 

control groups. (e) The tensile strain-stress curves of the hydrogels DCH4/20/2-S with preset 

notch showed when the crack started to propagate and how the crack went through the whole 

hydrogel. 

The fully swollen hydrogels clearly showed a “Mullins effect” (Figure 5c), which is a common 

phenomenon for carbon filled elastomers and hydrogels toughened by sacrificed bonding.[6] 

The previous investigation from Yang et. al. provided a clear contrast. With methacrylate-

modified CNC,[20] the covalently crosslinked CNC-polyacrylamide hydrogels showed very 

narrow hysteresis area during the loading and unloading tensile tests, which indicated its high 

elasticity and full recoverability. The step-up tensile tests of hydrogels DCH4/20/2-S indicated 
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a clear deformation dependency of sacrificed mechanism. In the as prepared DCH4/20/2, the 

“Mullins effect” was less obvious, especially at small deformation (λ<3). The reason should be 

the partial recoverability of sacrificed β-CD/ADA complexes in the as prepared hydrogels 

during the tensile tests. In addition, the unfolding of loose polymer chains in the as prepared 

hydrogels also acted as another energy dissipation system (Figure S16).  

The fracture toughness of dynamic composite hydrogels was analyzed as well. We used the 

method reported by Sun et al.[4] The hydrogel strips with a preset notch (30 % of specimen 

width) were stretched and the “critical elongation” was recorded until the crack started to 

propagate. The fracture energy was calculated by the area under strain-stress curve of the 

hydrogels (without notch) until the “critical elongation” obtained from notched specimens. The 

hydrogel DCH4/20/2-S showed a larger fracture energy than hydrogel 4/20/2(ADA blocked)-

S and β-CD-Ac2/PAAm-S, which was due to the existence of β-CD/ADA toughening 

mechanism (Figure 5d). 

In addition to investigate when the crack started to propagate, the process of crack propagation 

was further analyzed. The propagation of crack in our dynamic composite hydrogels was not a 

continuous process. According to the strain-stress curve and the snapshots in Figure 5e (pre-

notched hydrogel DCH4/20/2-S), the crack started to propagate at λ~3.1 and the crack spent 

several minutes to go through the whole specimen. During this process, the propagation of the 

crack paused and restarted with certain intervals until the complete breakup. As the comparison, 

the crack propagation in 4/20/2(ADA blocked)-S and β-CD-Ac2/PAAm-S was much faster, 

normally within a few seconds and also consumed much less energy (Figure S17). Furthermore, 

the crack area of DCH4/20/2-S was characterized using SEM (Figure S18). As shown in Figure. 

S18b, the surface generated by crack propagation had a fluffy morphology, which indicated the 

local plastic deformation during the crack development. At the end of the crack propagation 

(Figure S18c), even more fibrous structure was observed and the pores were oriented along the 

crack opening. In the dynamic composite hydrogels, because of the heterogeneous structure 

and dynamic nanocrystals-polymer interface, the crack more likely to propagate along the load-

sensitive interface around CNC. On this interface, the gradual dissociation of the β-CD/ADA 
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conjunctions continuously resisted the crack development. Furthermore, the crack growth 

along the nano-crosslinkers could also lead to a circuitous pathway, which could also retard the 

crack propagation. 

Conclusion 

In conclusion, we prepared a novel kind of dynamic composite hydrogels with a heterogeneous 

structure based on the pre-organized dynamic CNC nano-crosslinkers. The crosslinking agents, 

variously acrylated β-CD, were immobilized on the CNC surface via pre-organized host-guest 

interaction between β-CD and ADA. These variously acrylated β-CD contributed to further 

construction of hydrogels via purely physical or hybrid chemical/physical interactions. Yet, the 

preset β-CD/ADA conjunctions between polymer chains and CNC are always the physical 

interaction. Because of the highly heterogeneous structure, the conjunctions on the CNC-

polymer interface exhibited gradual detachment under exerted stress and worked as an effective 

energy dissipation system. The sacrificed β-CD/ADA conjunction showed a time dependent 

recoverability in the as prepared hydrogels. However, this recoverability was lost when the 

hydrogels got fully swollen, even they were still toughened by the same energy dissipation 

system. This phenomenon was due to the highly heterogeneous structure caused by swelling. 

Along with the volume increase, the uneven expansion of nano-crosslinkers and flexible 

polymers generated residual stress on the CNC-polymer interface, and therefore resisted the 

recovery of the sacrificed β-CD/ADA conjunction. 

In addition to improving mechanical properties, the dynamic nano-crosslinkers within the 

hydrogels also significantly delayed the propagation of the crack. The crack propagation during 

the stretching of pre-notched hydrogels was paused and restarted until the complete breakup. 

This could be attributed to the loading sensitive bonding on the CNC surface. The sequential 

dissociation of the β-CD/ADA complexes and the heterogeneous hydrogel structures 

effectively retarded the crack propagation.  

Our heterogeneous dynamic hydrogels contained a toughening mechanism located on the nano-

crosslinker surface. In addition to the improvement of mechanical properties, this 
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heterogeneous structure also led to the redistribution of crosslinking network under stress and 

gathered the feasibility to retard the crack development. Based on these, we provided a special 

strategy to design tough and functional hydrogels with heterogeneous structures that will be 

useful for a wide range of purposes. 
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Publication 1 (Supporting information) 

Robust heterogeneous hydrogels with dynamic nanocrystals-polymer 

interface 

Heqin Huang, Yonggui Wang, Xiaojie Wang, Florian Rehfeldt and Kai Zhang* 

 

Materials 

Microcrystalline cellulose (MCC), 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO), cysteamine, 

p-toluenesulfonyl chloride (TosCl), sodium chlorite, sodium azide (NaN3) and phosphotungstic 

acid hydrate were purchased from Sigma-Aldrich (USA). Adamantanol (ADA-OH), acryloyl 

chloride and β-cyclodextrin (β-CD) were obtained from Alfa Aesar (USA). Triethylamine, 

ammonium persulfate (APS), N,N,N’,N’-Tetramethylethylenediamine (TEMED) and 

acrylamide (AAm) were bought from Merck Millipore (USA). N-acryloxysuccinimide was 

received from Acros Organics (USA). Carbonyldiimidazole and sodium hydroxide were 

ordered from VWR (Germany). Azobisisobutyronitrile (AIBN) was bought from TCI (Japan). 

Triphenylphosphine was obtained from Fluorochem (USA). The organic solution, including 

dichloromethane (DCM), N,N-dimethylformamide (DMF) and acetone were all purchased 

from TH. Geyer (Germany). DI water utilized throughout all experiments was purified from a 

Millipore system.  

Experimental section 

The preparation of CNC-ADA 

CNC were prepared with TEMPO-mediated oxidation of MCC according to previous report.[1] 

To remove large particles within the CNC, the CNC water suspension (about 6 mg/ml) was put 

in the fridge at 4°C for overnight. Then, the upper stable suspension was used for following 

experiments. The ratio of the surface-exposed carboxylic to carbonyl groups of CNC was 

determined via electric conductivity titration. The content of carboxylic groups was evaluated 
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using 10 ml of aqueous CNC suspension where the pH value was adjusted to 2 with 0.1 M HCl. 

The suspension solution was titrated with 0.1 M NaOH using the 800 Dosimat (Metrohm) 

employing a dosing rate of 0.01 ml/s, while the conductivity was recorded using the 856 

Conductivity Module (Metrohm) with an interval of 2 s. In order to determine the content of 

aldehyde groups, the CNC suspension was oxidized with NaClO2 at ambient temperature and 

pH 4-5. Then, the total carboxylic groups were titrated again. The difference between pre-

oxidized and oxidized CNC was calculated, which is equal to the content of aldehyde groups. 

 

Figure S1. Conductive titration curve of CNC. 

The surface of virgin CNC was decorated with carboxyl groups of about 1.52 mmol/g. Then 

CNC were repeatedly washed with acetone and DMF, then 300 mg CNC was redispersed in 15 

mL DMF. Carboxyl groups on the CNC surface were activated by 1,1’-carbonyldiimidazole 

(70 mg, 0.43 mmol) for 30 min. Then, cysteamine (174 mg, 2.3 mmol) was mixed with CNC 

suspension. The amidation reaction was performed at 80°C under N2 protection for 48 h. The 

resulted CNC-SH was then washed with DMF for three times. Meanwhile, Acrylate 

adamantine (ADA-Ac) were prepared by adaptation of similar reported method.[2] 

Adamantanol (2.0 g, 13.06 mmol) and triethylamine (3.70 mL, 26.5 mmol) were dissolved in 
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20 mL dry dichloromethane. The resulted mixture was cooled to 5°C , and then acryloyl 

chloride (2.12 mL, 26.08 mmol) dissolved in 15 mL dichloromethane was added dropwise 

within 30 min. The mixture was continuously stirred at 4°C for 48 h. The obtained mixture was 

firstly filtered and then trimethylamine HCl salts were removed by repeated washing with 

saturated sodium bicarbonate, water and saturated saline solution. The dichloromethane layer 

was dried with sodium sulfate anhydrous. Eventually, dichloromethane was removed under 

reduced pressure, leading to the final product (1.9 g, 9.21 mmol, and yield 70.5%). 

 

Figure S2. NMR spectrum of ADA acrylate (in chloroform-d). 

The obtained ADA-Ac was immobilized on the surface of CNC-SH via thiol-ene click reaction. 

150 mg CNC-SH was redispersed in 15 ml dry DMF, and ADA-Ac (225 mg, 1.1 mmol) and 

azobisisobutyronitrile (AIBN) (20 mg, 0.12 mmol) were added, the immobilization was 

achieved at 65°C for 24 h. The CNC-ADA was washed gradually to acetone and eventually to 

water.  

b 

c 

a 

a b c 
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Figure S3. Schematic representation for the synthesis of CNC-ADA. 

According to the results of elemental analysis. The content of thiol groups on CNC-SH was 

calculated as: 

N = 14 ∗ x                                                                                                                                

(1) 

Where N was the nitrogen weight content of CNC-SH; 14 was the molecular weight of nitrogen 

(g/mol); x indicated the molar content of cysteamine on CNC-SH (mol/g), which was the 

density of thiol groups on CNC-SH. 

The content of ADA on CNC-ADA was calculated as: 

N/(1 + 206.3 ∗ y) = N′                                                                                                           

(2) 

Where N was the nitrogen weight content in CNC-SH; N’ was the nitrogen weight content in 

CNC-ADA; 206.3 was the molecular weight of ADA-Ac (g/mol); y indicated the molar density 

of ADA-Ac grafted on CNC-SH (mol/g). 

The amount of thiol groups on the CNC-SH surface was determined to be 0.91 mmol/g. The 

content of ADA on CNC-ADA was calculated to be 0.67 mmol/g. In another word, 0.96 mmol/g 
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carboxyl groups on original CNC were modified with ADA in CNC-ADA. 

AFM 

AFM imaging of CNC-ADA was performed on an MFP-3D system (Asylum Research, Santa 

Barbara, USA). Measurements were done in AC mode using the shorter lever of an Olympus 

AC-160 cantilever (Asylum Research, Santa Barbara, USA) at a driving frequency of 330 kHz. 

The lever has a sharpened tetrahedral tip with a typical tip radius of 7nm and a nominal spring 

constant of 26 N/m. Scans of the size 2.1×2.1 μm2 were recorded with a scan rate of 1 Hz and 

256 by 256 points by lines. 

 

Figure S4. AFM images of CNC-ADA at two different magnifications. 
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TEM 

Dried CNC-ADA was also characterized with TEM, and the CNC-ADA was prepared from its 

suspension in water of 0.01 wt%. The specimen was stained by phosphotungstic acid solution 

(0.2 wt% in water, pH was adjusted to 7.0 by 1 M NaOH). The TEM observation was performed 

on a CM 12 Transmission Electron Microscope (Philips, Netherland). 

 

Figure S5. TEM images of CNC-ADA. 

 

Figure S6. Schematic representation for the synthesis of β-CD-Acx. 
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The preparation of β-CD-Ac1 

The synthesis of 6-deoxy-6-amino-β-cyclodextrin (β-CD-NH2) was performed according to a 

reported method with modifications.[3] β-CD (10 g, 8.81 mmol) was suspended in 0.75 M 

NaOH (200 mL) and cooled to 5°C. p-Toluenesulfonyl chloride (TosCl; 3.36 g, 17.6 mmol) 

was dissolved in 10 mL acetonitrile and added dropwise within 30 min. The reaction was stirred 

at 5°C for 1 h and another 2 h at room temperature. The precipitate was removed by filtration 

and the filtrate was neutralized with 10 wt% and 1 M HCl. The crude product was recrystallized 

from cold water (3×75 mL), and dried at 60°C to afford the intermediate 6-o-monotosyl-6-

deoxy-β-cyclodextrin (β-CD-TosCl, 3.05 g, 2.37 mmol, yield 26.9%) as a white powder. A 

round-bottom flask was charged with β-CD-TosCl (3 g, 2.33 mmol), NaN3 (1.91 g, 29.38 mmol) 

and H2O (50 mL). The reaction was refluxed for 4 h. The product was precipitated from cold 

acetone (3×300 mL) and dried at 60°C to afford the 6-deoxy-6-azide-β-cyclodextrin (β-CD-N3) 

as a white powder. 2.8 g β-CD-N3 (1.42 mmol), 1.4 g triphenylphosphine (5.36 mmol) and 8 

mL DMF were mixed in a 50 mL round bottle flask and degassed by N2 purge, until the mixture 

formed clear solution after about 2 h stirring. Then, 0.8 mL H2O was added to the solution with 

syringe and the reaction was heated at 90°C for 3 h. The product was washed with acetone for 

3 times and obtained as mono-6-amino-deoxy-6-cyclodextrin (β-CD-NH2). β-CD-NH2 (2.5 g, 

2.2 mmol) and N-acryloxysuccinimide (0.389 g, 2.3 mmol) was dissolved in 30 mL dimethyl 

sulfoxide (DMSO), and the reaction mixture was stirred overnight at room temperature after 

N2 purge for 15 min. The resulted acryloyl-6-amino-6-deoxy-β-cyclodextrin (β-CD-Ac1) was 

repeatedly washed with cold acetone and dried at 60°C. The acrylamide substitution ratio was 

calculated as 1.03 according to 1H NMR. Elemental analysis, calculation: C 45.49%; H 6.19%; 

N 1.18%, found: C 45.19%; H 6.34%; N 1.26%. Positive–ion matrix–assisted laser 

desorption/ionization time–of–flight mass spectrometry (MALDI–TOF–MS) analysis was 

performed on a Bruker autoflex speed mass spectrometer using 2,5-dihydroxy-benzoic acid as 

matrix. β-CD-NH2:  m/z =1157.4 ([C42H71NO34 + Na]+ = 1157.1); β-CD-Ac1: m/z =1211.5 

([C45H73NO35 + Na]+ = 1211.1). 
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Figure S7. NMR spectrum of β-CD-Ac1 (in D2O). 

The preparation of β-CD-Ac2 

β-CD (2 g, 1.76 mmol) and triethylamine (2.5 mL, 18.1 mmol) were dissolved in 20 mL DMF 

and purged by N2 gas for 20 min. Then, the reaction mixture was cooled to below 5°C. 1.4 mL 

acryloyl chloride (17.2 mmol) in 10 mL DMF was dropwisely added to the reaction. After 8 h 

stirring, the resulted mixture was filtrated, precipitated in acetone, and then washed with 

acetone for 3 times. The final product was obtained as white powder. The acrylate substitution 

ratio was calculated as 2.01 according to 1H NMR. Elemental analysis, calculation: C 46.38%; 

H 6.00%, found: C 46.04%; H 6.13%. MALDI–TOF–MS, β-CD-Ac1: m/z =1211.8 ([C45H72O36 

+ Na]+ = 1212.0); β-CD-Ac2: m/z =1265.8 ([C48H74O37 + Na]+ = 1266.1); β-CD-Ac3: m/z 

=1319.7 ([C51H76O38 + Na]+ = 1320.1); β-CD-Ac4: m/z =1373.7 ([C54H78O39 + Na]+ = 1374.2). 

 

3n/7=3.08/7 

N=1.03 
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Figure S8. NMR spectrum of β-CD-Ac2 (in D2O). 

The preparation of β-CD-Ac4.5 

The procedure was similar to the method of β-CD-Ac2, but with 9.7 mL triethylamine (70 mmol) 

and 5.5 mL acryloyl chloride (67.57 mmol). The acrylate substitution ratio was calculated as 

4.45 according to 1H NMR. Elemental analysis, calculation: C 48.36%; H 5.78%, found: C 

49.23%; H 6.04%. MALDI–TOF–MS, β-CD-Ac3: m/z =1319.7 ([C51H76O38 + Na]+ = 1320.1); 

β-CD-Ac4: m/z =1373.7 ([C54H78O39 + Na]+ = 1374.2); β-CD-Ac5: m/z =1427.8 ([C57H80O40 + 

Na]+ = 1428.2); β-CD-Ac6: m/z =1482.9 ([C60H82O41 + Na]+ = 1482.3). 

 

 

3n=(2.18+1.93+1.92)/7=6.03/7 

n=2.01 
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Figure S9. NMR spectrum of β-CD-Ac4.5 (in DMSO-d6). 

The preparation of dynamic composite hydrogels 

The hydrogels were prepared by following the procedure in Figure S8, and the important 

recipes can be found in Table S1. Briefly, the pre-organization of CNC-ADA and β-CD-Acx 

was performed in the water and the molar ratios of β-CD-Acx/ADA were 8:1 (x=1 or 2) or 3:1 

(for x=4.5). The binding process was performed with 1.5 wt% CNC-ADA in water. The 

unbound β-CD-Acx was separated via repeated centrifugation. The amounts of β-CD-Acx in β-

CD-Acx/CNC-ADA were measured by comparing the dry weight before and after the pre-

organization. The purified dynamic nano-crosslinkers were mixed with AAm and polymerized 

to form hydrogels, where ammonium persulfate (APS, 20mM)/tetramethyethylenediamine 

(TEMED, 20 mM) were applied as initiator. To get fully swollen hydrogels, the as prepared 

samples were immersed in water until no weight changes. 

2n/7=8.89/7 

n=4.45 
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Figure S10. Schematic representation for the preparation of hydrogels. 

Mechanical strength tests 

The rheological properties of the dynamic composite hydrogels were investigated with a stress-

controlled bulk rheometer (Anton Paar MCR501) by using a 25 mm parallel plate set-up. In 

each test, 500 μL hydrogel of each sample was prepared in advance with a thickness of 1 mm. 

G’, G” and tan (delta) were recorded. All the rheology measurements were carried out at room 

temperature (23°C). 

Compressive and tensile tests were performed with Z3 micro tensile test machine from Grip-

Engineering Thümler GmbH. The cylindrical hydrogel samples (about 9.5 mm in diameter and 

3 mm in height) were prepared in advance, and compressive strain rate was set at 30% per min. 

The rectangular specimens for tensile tests (about 17 mm in length, 8-9 mm in width and 3 mm 

in thickness) were prepared and the distance between clamps was set around 2 mm. The default 

tensile speed was 1 mm/min. The compression and tensile tests were performed at 21°C, and a 

relative humidity of 65%. For as prepared hydrogels, the specimens were stored in the small 

sealed bottle during the long interval, while the fully swollen hydrogels stored in H2O. For pre-

notched hydrogels utilized in tensile tests, the length of reset crack was cut by blade and about 

30% of the specimen width. 
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Table S1. Recipes of dynamic composite hydrogels and the control groups 

Name 

CNC-

ADA 

(wt%) 

AAm 

(wt%) 

β-CD-Acx 

(wt%) 

Acrylate density of  

CNC-ADA/β-CD-Acx 

DCH1/20/1a 1 20 0.67 0.34 mmol/g 

DCH2/20/1 2 20 1.34 0.34 mmol/g 

DCH4/20/1 4 20 2.68 0.34 mmol/g 

DCH4/10/1 4 10 2.68 0.34 mmol/g 

DCH4/5/1 4 5 2.68 0.34 mmol/g 

DCH4/20/2 4 20 1.20 0.37 mmol/g 

DCH/4/20/4.5 4 20 0.55 0.40 mmol/g 

4/20/1-post 4 20 2.68 -- 

4/20(no β-CD) 4 20 0 -- 

4/20/2(ADA blocked) 4 20 2.68b -- 

β-CD-Ac2/PAAm - 20 1.2 -- 

a: 1, 2 or 4.5: 1=β-CD-Ac1; 2=β-CD-Ac2; 4.5=β-CD-Ac4.5. 

b: The CNC-ADA was blocked by native β-CD in advance, then polymerized with β-CD-Ac2 

and AAm. 

Scanning electron microscopy (SEM) 

The hydrogels, both as-prepared and fully-swollen specimen, were immersed in liquid nitrogen 

quickly, to fix the original microstructure. Then the frozen hydrogels were lyophilized at -40°C 

under a vacuum of 10-2 mbar. In order to see the effect of external force on the microstructures 

of hydrogels, equally prepared as prepared hydrogels (DCH4/20/2) and fully swollen hydrogels 

(DCH4/20/2-S) were pre-stretched and freeze-dried under similar conditions. The SEM images 

were obtained on a LEO Supra-35 High-Resolution Field Emission Scanning Electron 

Microscope (Carl Zeiss AG, Germany) or an EVO LS15 Scanning Electron Microscope (Carl 

Zeiss AG, Germany). 
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Figure S11. a) Images of as prepared hydrogels DCH4/5/1, DCH4/10/1 and DCH4/20/1; b) 

Rheology frequency sweeps of hydrogels DCH4/10/1 and DCH4/20/1. 

 

Figure S12. Repeated compression strain-stress curves of as prepared hydrogel DCH4/20/2. 

The compression ratio was set as 95%. 
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Figure S13. Continuous hysteresis compression tests of as prepared hydrogels. a) DCH4/20/1; 

b) DCH4/20/2; c) DCH/4/20/4.5; d) β-CD-Ac2/PAAm. 

 

Figure S14. Photo images of as prepared DCH4/20/1 and the hydrogel DCH4/20/1 immersed 

in H2O for overnight. 
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Figure S15. Tensile strain-stress curves of as prepared DCH4/20/2 and fully swollen 

DCH4/20/2-S. 

 

Figure S16. Step-up hysteresis tensile test strain-stress curves of as prepared DCH4/20/2. 

 



Doctoral Dissertation                                             Appendix: Publication 1 

75 
 

 

Figure S17. (a) The tensile strain-stress curves of DCH4/20/2-S, 4/20/2(ADA blocked)-S and 

β-CD-Ac2/PAAm-S. The arrows indicate the starting point of cracks propagation. (b) The crack 

propagation time and crack propagation energy of DCH4/20/2-S, 4/20/2(ADA blocked)-S and 

β-CD-Ac2/PAAm-S as shown in (a). The crack propagation energy was calculated by the area 

under the strain-stress curve, from the crack starting point until the entire specimen breakup. 

 

 

Figure S18. (a) SEM image of DCH4/20/2-S with crack. Image (b) shows the surface generated 

by crack propagation; Image (c) showed the topography as the last phase of the crack 

development. 
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Abstract: Biological tissues are often highly and multiply heterogeneous in both structure and 

composition, but the integrity of multi-heterogeneity in artificial materials is still a big 

challenge. Herein, dually heterogeneous hydrogels were constructed with two distinct 

strategies via dynamic bonds and supramolecular crosslinks. The hydrogels showed 

discontinuous spatial ruptures and the mechanical behaviors of hydrogels could be tuned. The 

primary heterogeneity resulted from non-uniform distribution of dynamic and/or static 

crosslinks. The presence of only primary heterogeneity within hydrogels led to uneven 

mechanical properties that were represented by discontinuous spatial ruptures during the 

stretching the hydrogel, and therefore caused the necking deformation. Further introduction of 

the secondary heterogeneity by incorporating anisotropic cellulose nanocrystals (CNC) into the 

hydrogels allowed the adjustment of the necking phenomenon. Moreover, distinct CNC with 

diverse surface functionalities exhibited different effects: the “active” CNC with surface-

attached dynamic bonds retarded the necking propagation, while the “neutral” CNC without 

further surface-modification promoted the extension of necking points. Thus, the regulation of 

deformation and fracture mode of hydrogels was achieved by the synergy of dually 

heterogeneous structure. 

Keywords: hydrogels, heterogeneous structure, necking deformation, nanocomposite, 

cellulose nanocrystals 

Introduction 

Hydrogels as highly hydrated three dimensional polymeric networks have great potential for a 

broad spectrum of applications ranging from tissue engineering through drug delivery systems 

to soft devices.1,2 In the last few years, inspired by the strong and multi-functional hydrogels 

in biological tissue, multi-scale and multi-mechanism design were widely used in the 

construction of novel artificial hydrogels and largely broaden their application in load bearing 

environments and complex biology systems.3  

Because of the sophisticated interaction and organization, heterogeneities in composition and 

structure were introduced into these advanced hydrogels and uncovered many unexpected 



Doctoral Dissertation                                             Appendix: Publication 2 

79 
 

phenomena, which have never been found in the conventional homogeneous hydrogels.4 For 

example, benefit from the highly heterogeneous structures or crosslinking mechanisms, 

interpenetrated double-network hydrogels,5-8 nano/macro/meso-composite hydrogels,9-16 and 

hybrid physical/chemical crosslinked hydrogels17-19 not only maintained the advantages of 

hydrogels but also achieved excellent mechanical properties that were comparable to elastomer 

or even steels. Rather than reinforced the mechanical properties, the heterogeneous design 

could also change the deformation mode of hydrogels. Necking as a deformation mode 

normally found in metal and plastic, was reported in the highly heterogeneous hydrogels. In 

the double-network hydrogels,20-22 the necking is considered to be attributed to the 

fragmentation of the dense and brittle first network, while the flexible second network 

maintains the physical integrity. The necking was also found in the hydrogels constructed by 

polymer chains and layered double hydroxide nanosheets that were crosslinked by weak 

interactions.23 Due to various polymer chain lengths and their different distributions within the 

hydrogels with diverse crosslinking with nanosheets, the sequential detachment of polymer 

chains non-uniformly dissipated stored energy and led to a transiently unstable necking 

phenomenon.  

Even though the heterogeneous design was widely applied for the construction of hydrogels, 

the hydrogels with multi-heterogeneities have rarely been investigated.24,25 The synergism or 

competition of multi-heterogeneities regarding their effects on the mechanical properties of 

materials, in particular hydrogels, is therefore largely unknown.  

Herein, a group of dually heterogeneous hydrogels was constructed by two independent 

strategies. Firstly, the primary heterogeneity of hydrogels was caused by distinct distributions 

of dynamic and/or covalent crosslinking of polyacrylamide. With solely primary heterogeneous 

structure, necking deformation was observed in these hydrogels because of the discontinuous 

spatial ruptures under stress. In addition to heterogeneous crosslinking mechanism contributing 

to the primary heterogeneity, supramolecular anisotropic CNC were introduced into hydrogels 

and resulted in the secondary structural heterogeneity. Depending on the surface functionalities, 

carboxyl modified CNC (neutral CNC) and phenylboronic acid modified CNC (active CNC-
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PBA) could effectively regulate the necking deformation of dually heterogeneous hydrogels 

and thus tune their mechanical properties. 

Experimental section 

Materials 

Microcrystalline cellulose (MCC), 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO), cysteamine, 

3-vinylphenylboronic acid, 3-(acrylamido)phenylboronic acid (PBAAM), methacrylic 

anhydride, sodium hydrochloride, phosphotungstic acid hydrate, 2,4,6-trimethylbenzoyl 

chloride and 2,2-dimethoxy-2-phenylacetophenone (DMAP) were purchased from Sigma-

Aldrich (USA). Dopamine hydrochloride, dimethyl phenylphosphonite, 2-butanone were 

obtained from Alfa Aesar (USA). Acrylamide (AM), sodium sulfate anhydrous, di-sodium 

tetraborate and 1,4-dithiothreitol (DTT) were bought from Merck Millipore (USA). 

Carbonyldiimidazole (CDI) and sodium hydroxide were ordered from VWR (Germany). 

Sodium bicarbonate was bought from TH. Geyer (Germany). Hydrochloric acid (37%) was 

obtained from AppliChem (Germany). The organic solution, including N,N-

dimethylformamide (DMF), tetrahydrofuran (THF), ethyl acetate, n-hexane and acetone were 

all purchased from TH. Geyer (Germany). Deionized water utilized throughout all experiments 

was purified from a Millipore system. 

Preparation of CNC and CNC-PBA 

CNC was prepared with TEMPO-mediated oxidation of MCC according to the previous 

report.26 To remove large particles after the synthesis, the purified CNC (about 6 mg/mL) was 

stored in the fridge at 4°C overnight. Then, the precipitated large particles were removed and 

the upper stable suspension was collected and stored in fridge until use. CNC was repeatedly 

washed with acetone and DMF, then 300 mg CNC was redispersed in 15 mL DMF. Carboxyl 

groups on the CNC surface were activated by CDI (140 mg, 0.86 mmol) for 30 min. Then, 

cysteamine (174 mg, 2.3 mmol) was added to CNC suspension. The amidation reaction was 

performed at 80°C under N2 protection for 48 h. The resulted CNC-SH was then washed with 

DMF for three times. The PBA was immobilized on the surface of CNC-SH via thiol-ene click 
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reaction. 150 mg washed CNC-SH was redispersed in 15 mL dry DMF, before 3-

vinylphenylboronic acid (162 mg, 1.1 mmol) and DMAP (30 mg, 0.12 mmol) were added. The 

immobilization was achieved by exposing to UV irradiation for 18 hours. The CNC-PBA was 

washed gradually to acetone and eventually to water. The content of PBA on CNC-PBA was 

evaluated by elemental analysis. 

Preparation of hydrogels 

Hydrogels in the present work were prepared in transparent poly(methyl methacrylate) molds 

via UV-initiated radical polymerization (Fig. 1). Glass slides were used as lid to minimize the 

water loss. In the alkaline aqueous solution, PBAAM and dopamine methacrylate (DMA) self-

assembled as PBA/catechol complexes with two polymerizable tails, and acted as dynamic 

crosslinkers. AM with a constant concentration of 2 mol/L and lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP) were used in all specimens as monomer and photoinitiator, 

respectively (Table S1). The percursors were prepared in the alkaline buffer (pH=10) and 

purged with N2 gas to remove dissolved oxygen. Subsequently, three groups of hydrogels were 

prepared: as-prepared non-oxidized (xNO), top-oxidized (xTO) and fully-oxidized (xFO) 

hydrogels, where x represented the x mol% of PBA/catechol complexes regarding to the 

amount of AM (Fig. 1). The composite hydrogels were prepared with same procedures in the 

presence of CNC or CNC-PBA. 

Characterization 

The rheological properties of hydrogels were investigated with a stress-controlled bulk 

rheometer (Anton Paar MCR501) by using a 25 mm parallel plate set-up. In each test, 500 μL 

hydrogel of each sample was prepared in advance. Storage modulus (G'), loss modulus (G'') 

and damping factor were recorded. All the rheology measurements were carried out at room 

temperature (~23°C). Tensile tests were performed with Z3 micro tensile test machine from 

Grip-Engineering Thümler GmbH. The Dumbbell shape hydrogel samples were prepared in 

advance, the tensile speed was 10 mm/min. The tensile tests were performed at ~21°C and a 

relative humidity of 65%.  



H. Huang                                                         Doctoral Dissertation 

82 

 

The shape and size of CNC and CNC-PBA were characterized with transmission electron 

microscopy (TEM), and the specimens were prepared from its suspension in water of 0.01 wt%. 

The specimen was stained by phosphotungstic acid solution (2 wt% in water, pH was adjusted 

to 7.0 by 1 M NaOH). The TEM observation was conducted with a CM 12 Transmission 

Electron Microscope (Philips, Netherland). The optical microscopy observation of dried 

hydrogel films was performed with BX51-P Polarizing Microscope from Olympus. 

Results and discussion 

As shown in the Figure 1, non-oxidized hydrogels were prepared in sealed molds without the 

interference by air and therefore led to homogeneous dynamic crosslinks. To prepare top-

oxidized hydrogels with the primary structural heterogeneity, the upper surface of hydrogel 

precursor was exposed to air in the covered molds during the gelation. The oxygen in the air 

promoted the formation of dicatechol, which generated static dicatechol crosslinking within 

the top layer of dynamic hydrogel matrix. To prepare 1.25NO, the PMMA mode was filled by 

hydrogel precursor and left no air in the mode. Therefore, 1.25TO represented the top-oxidized 

hydrogel with otherwise identical parameters as 1.25NO. Fully-oxidized hydrogels were 

prepared by aging the non-oxidized hydrogels in the air within sealed bottles for 2 days. For 

all these specimens, the acrylamide was used as an “inert” monomer to minimize the influence 

of non-specific interaction in the hydrogel. Furthermore, the high flexibility of polyacrylamide 

allowed large elongation range of hydrogels. The formation of dicatechol groups within 1.25FO 

and 1.25TO after the oxidation was confirmed by enhanced characteristic signals at 484 nm 

within UV-vis spectra (Fig. S5). This result was consistent with the optical changes of oxidized 

specimens (inset photos in Fig. 1). 
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Figure 1. Schematic illustration for the preparation of top-oxidized, non-oxidized and fully-

oxidized hydrogels. The inset shows the photos of as-prepared hydrogels and SEM images of 

freeze-dried hydrogels as 1.25NO, 1.25TO and 1.25FO. SEM images showed the cross section 

of freeze-dried hydrogels, and the oxidized top layer in 1.25TO was highlighted between red 

dashed lines (scale bars: 20 μm). 

Furthermore, 1.25NO totally dissolved in the alkaline buffer solution (pH=10) in 2 days, 

because the hydrogels were loosely crosslinked by the dynamic interaction between PBA and 

catechol groups. In contrast, 1.25FO maintained its shape because of the presence of static 

dicatechol bonds. When the 1.25TO immersed in the same buffer solution, only the oxidized 

top layer left and the hydrogel matrix was dissolved (Fig. S6). This oxidized top layer with the 

thickness of about 10 μm demonstrates as a dense layer in freeze-dried 1.25TO specimen 

(between the red dash lines in the SEM image in Fig. 1). In comparison, freeze-dried 1.25NO 

only showed porous structures that are characteristic for uniform hydrogels. The hydrogel 

matrix beneath the upper layer in 1.25TO had identical microstructure as the 1.25NO. In 

contrast, the 1.25FO had an overall dense microstructure. These results together indicated that 

the top-oxidized hydrogels had two different crosslinking mechanisms: the whole matrix was 
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stabilized by the cleavable dynamic PBA/catechol complexes, and the dicatechol groups 

represent static covalent crosslinking in the top layer of top-oxidized hydrogels. In comparison, 

non-oxidized hydrogels were only composed of the former matrix, while the fully-oxidized 

hydrogels were tightly crosslinked by additional dicatechol bonds. 

These crosslinking mechanisms exhibited different mechanical behaviors, as demonstrated by 

rheology measurements of hydrogels 1.25NO and 1.25FO (Fig. 2A). Because of the reversible 

nature of PBA/catechol complex, the G' and G'' of 1.25NO was frequency-dependent. 1.25NO 

showed the clear fluidic feature at low frequency: G' < G''. In comparison, the polymers 

containing solely PBAAM-AM or DMA-AM only formed viscous polymer solutions under the 

same condition. This fact indicated the key contribution of the PBA/catechol complexes for 

maintaining the hydrogel networks (Fig. S7). After the oxidation for 2 days, 1.25FO was 

stabilized by dicatechol static crosslinking and the G' of 1.25FO was significantly superior to 

G'' at the frequency between 0.1 and 100 rad/s. The stiffness of 1.25FO at low frequency of <1 

rad/s was higher than 1.25NO (reflected by G'). However, static dicatechol crosslinking 

reduced G' of 1.25FO at the high frequency of >1 rad/s. Since only one catechol group was 

needed in forming a PBA/catechol complex and each dicatechol consumed two catechol groups, 

the oxidation-induced conjunction actually reduced the overall crosslinking density within 

fully-oxidized hydrogels, thus led to lower G' at higher frequency. 
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Figure 2. The heterogeneous mechanical features of top-oxidized hydrogels and their necking 

deformation during stretch. (A) Rheology frequency sweeps of dynamic 1.25NO and static 

1.25FO. (B) Tensile stress-strain curves of 1.25NO, 1.25TO and 1.25FO. The inset showed the 

specimen (1.25TO) for tensile tests (scale bar: 10 mm). (C) Photos of stretched 1.25TO and 

1.25NO. The amplified photo showed the necking phenomenon in 1.25TO. The red region 

indicated the propagated primary necking point, the blue arrows showed the secondary necking 

points. (D) Schematic illustration for the necking formation and propagation in 1.25TO. 

These different mechanical behaviors were also representative in the corresponding hydrogels 

containing solely such crosslinks or a mixture of them. As demonstrated by the tensile tests of 

hydrogels performed on dumbbell-shaped specimens (inset of Fig. 2B), the hydrogel 1.25NO 

was very soft and plastic: after a yield point, the stress needed for further stretching was 

approaching zero. The stretched 1.25NO would not break until the end of the tensile test 
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machine (>2000%). In the present work, only the first 1500% deformation was analyzed to 

minimize the influence of water loss during the long time measurements. In contrast, the 

1.25FO was elastic and brittle and broke at about 300% elongation. The contribution of both 

crosslinking mechanisms with distinct distributions within hydrogels was found in the 1.25TO: 

after a yielding point at ~100% elongation and a softening region roughly from 200% to 600%, 

the hydrogel ruptured at about 1300% elongation after a long hardening process. Interestingly, 

the necking phenomenon appeared during the stretching of 1.25TO, while 1.25NO deformed 

uniformly (Fig. 2C). During the stretching with the elongation ratio as early as of 100-150%, 

multiple necking points appeared. The non-necking zones and necking zones were both extend 

during the further stretching, but the necking zones apparently undertook more deformation. 

The propagated primary necking points (red region) and secondary necking points (blue arrows) 

were highlighted in the amplified photo of 200% stretched 1.25TO. The necking maintained 

and extended during further stretching at higher elongation ratios of 600% and 1000%. 

This necking phenomenon in 1.25TO was owing to the stepwise and discontinuous ruptures of 

the oxidized static top layer (Fig. 2D). With totally distinct mechanical properties than dynamic 

matrix (Fig. 2A), the static top layer that was covalently crosslinked broke earlier under the 

same strain (about 150%). Once a few sites within the top layer broke, further deformation was 

more localized in the soft and plastic matrix that could undergo much longer stretching. The 

elongation of non-necking zones was largely limited by the static top layer, and the secondary 

necking points appeared when the non-necking zones reached the ultimate strain of static top 

layer. The extension of non-necking zone also drove the hardening process during further 

stretching (Fig. 2B). It is noteworthy that in the classic necking deformation, the necking zones 

would spread to the whole specimens, and form a uniform thin and soft zone. This is owing to 

the heterogeneity of such materials were constructed in nano-scale or micro-scale, which allow 

the homogenization of the sacrificed crosslinks. However, in our hydrogel system, even the 

necking zones extended, they did not merge into one uniform zone. Because the heterogeneity 

of our hydrogel was constructed by distinct mechanical features in top layer and matrix, which 

would form broken pieces of static top layer in macro-scale. 
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Thus, the non-uniform distribution of the static dicatechol bonds and dynamic PBA/catechol 

crosslinks within the diverse regions in hydrogels in fact led to the heterogeneity in 

macrostructures. Another kind of heterogeneity can be constructed by establishing 

supramolecular interactions between nanoparticles and polymer chains.27,28 The necking 

phenomenon was also observed in such nanocomposite hydrogels23 or polymers.29 To further 

investigate the necking behaviors in our heterogeneous hydrogels, we used anisotropic 

nanocellulose with two distinct surface functionalities: CNC (TEMPO-oxidized) with only 

carboxyl groups (1.52±0.03 mmol/g) on the surface and CNC-PBA with surface-grafted 

phenylboronic acid groups (1.07±0.05 mmol/g) in addition to the rest of carboxyl groups (~ 

0.4 mmol/g) (Fig. 3A and S8). As the resource of the secondary heterogeneity in 

microstructures, CNC and CNC-PBA were both needle-like nanocrystals with diameters ~10 

nm and lengths ~200 nm (TEM images in Fig. 3B). The self-assembled chiral structures of 

CNC were maintained in our nanocomposite hydrogels (Fig. S9).30,31 As shown in photos of 

Fig. 3B with the hydrogels between parallel (left) or cross (middle) polarizers, 1.25TO was 

hardly visible between cross polarizers (enclosed by red dashes). In comparison, hydrogels 

containing 2 wt% CNC (1.25/CNC2TO) showed the unique self-assembled nematic phases 

between cross polarizers. These structures were also obvious in hydrogels containing 2 wt% 

CNC-PBA (1.25/CNC-PBA2, bottom right photo in Fig. 3B). By using these nanoparticles 

with different surface functionalities in the heterogeneous hydrogels, neutral CNC with only 

carboxyl groups for hydrogen bond and active CNC-PBA for PBA/catechol complex, the 

heterogeneity within hydrogels was further amplified.  
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Figure 3. The necking deformation in the dually heterogeneous hydrogels. (A) Schematic 

illustration for the composition of hydrogels with CNC or CNC-PBA. (B) TEM images of CNC 

and CNC-PBA (scale bars: 100 nm) and photos of 1.25TO, 1.25/CNC2TO and 1.25/CNC-

PBA2TO taken between parallel or perpendicular polarizers (scale bars: 2 cm). (C) Photos of 

stretched top-oxidized hydrogels with the elongation ratios of 500%-600%. The necking points 

in 1.25/CNC2TO and 1.25/CNC-PBA2TO were marked by dashed boxes. Light microscope 

images showed the edges of necking zone (scale bars: 200 μm). (D-F) Tensile stress-strain 

curves of top-oxidized hydrogels, non-oxidized hydrogels and fully-oxidized hydrogels. (G) 

Photos of stretched and blocked 1.25/CNC2TO and 1.25/CNC-PBA2TO between cross 

polarizers with diverse angles between samples and polarizers. (H) Tensile stress-strain curves 

of 2.5TO, 2.5/CNC2TO, 2.5/CNC-PBA2TO, 5TO, 5/CNC2TO and 5/CNC-PBA2TO. (I) The 

toughness of heterogeneous hydrogels, which were estimated by the areas under the 

corresponding stress-strain curves. 
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The tensile tests demonstrated that both CNC and CNC-PBA reinforced the heterogeneous 

nanocomposite hydrogels (Fig. 3C and 3D). Interestingly, as highlighted by the amplified 

region of the first 100% elongation, the elastic deformation before yielding points was almost 

identical for 1.25TO, 1.25/CNC2TO and 1.25/CNC-PBA2TO. Therefore, they have similar 

elastic modulus before the yielding points, independent of the presence of CNC or CNC-PBA. 

This phenomenon was further confirmed by the similar G' measured from rheology frequency 

sweep with 1% constant strain (Fig. S10). 

However, the deformation behaviors of these hydrogels after the yielding points were different, 

especially in the elongation regions of >100%. As illustrated in Fig. 3C, hydrogels 

1.25/CNC2TO containing CNC showed a highly non-uniform elongation in the necking zones, 

while the middle part of the hydrogels stayed less stretched. Compared with 1.25TO, 

1.25/CNC2TO underwent severe elongation and narrowing of the necking zones and rapid 

dropping of the stress. On the contrary, CNC-PBA effectively resisted the extension of necking 

points within 1.25/CNC-PBA2TO (yellow dashed boxes in Fig. 3C). At the same time, the 

stress dropping of 1.25/CNC-PBA2TO during the stretching was also retarded, as illustrated 

by its stress-strain curves in Fig. 3D. The necking zones could be clearly observed with optical 

microscopy (insets of Fig. 3C). The edge of the necking zone was ~45° against the stretching 

direction, which was a classic phenomenon for the necking in polymers and metals.32,33 

To further understand different effects of CNC and CNC-PBA during the necking formation 

and propagation, non-oxidized hydrogels 1.25NO, 1.25/CNC2NO and 1.25/CNC-PBA2NO 

were investigated to exclude the interference of the primary heterogeneity in macrostructure 

and mechanical properties (Fig. 3E). CNC and CNC-PBA significantly improved the yield 

stress of hydrogels. Despite of different surface functionalities at CNC and CNC-PBA, the 

1.25/CNC2NO and 1.25/CNC-PBA2NO had almost identical stress-strain curves before 

yielding points. Therefore, the reinforcement during the elastic deformation was not driven by 

specific polymer-nanoparticle interaction, but mainly because of the superior mechanical 

properties of CNC or CNC-PBA and their orientation along the axial tensile.34 However, after 

the yielding point, the CNC-PBA showed significantly greater reinforcement along the plastic 
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deformation up to 1500% elongation. In contrast, 1.25/CNC2NO required even slightly less 

stress during further elongation of up to 1500%. Therefore, rather than forming the composite 

microstructures, CNC and CNC-PBA also acted as heterogeneous nano-crosslinkers in the 

hydrogel networks. 

Similar as the fully-oxidized hydrogels 1.25FO, fully-oxidized hydrogels 1.25/CNC2FO and 

1.25/CNC-PBA2FO only showed elastic deformation (Fig. 3F). Interestingly, CNC acted as a 

better reinforcing nanofillers than CNC-PBA in these statically crosslinked hydrogels. This 

was probably attributed to that the extra PBA from CNC-PBA may have occupied more 

catechol groups and thus reduced the amount of dicatechol crosslinking. 

Furthermore, the uneven elongation due to the necking of 1.25/CNC2TO and 1.25/CNC-

PBA2TO could be fixed and visualized thanks to the birefringence property of stretched CNC 

composite hydrogels (Fig. 3G).35 For this purpose, 1.25/CNC2TO and 1.25/CNC-PBA2TO 

were prepared as rectangular hydrogel films. Then, these hydrogel films were stretched to about 

600% of their original length and dried to fix the microstructure. In the Fig. 3G, strain-induced 

orientation of anisotropic CNC led to a strong birefringence signal, when the stretching 

direction was placed 45° against the two perpendicular polarizers. In stretched 1.25/CNC2TO 

and 1.25/CNC-PBA2TO, necking zones and non-necking zones showed different brightness. 

This was owing to the different degree of orientation, and was originally generated by the non-

uniform elongation. 

The necking phenomenon was also sensitive to the crosslinking density of hydrogels, 

independent of the presence of CNC or CNC-PBA. Hydrogels 2.5TO and 5TO were prepared, 

which contained 2.5 and 5 mol% of the monomer AM, respectively. According to the rheology 

frequency sweep tests (Fig. S11), 2.5TO and 5TO showed similar frequency-dependency as 

1.25TO but with improved stiffness. The results from tensile tests were consistent with the 

rheology measurements (Fig. 3H), which showed improved elastic modulus for 2.5TO and 5TO. 

Moreover, the maximal elongation ratios of 2.5TO and 5TO decreased to ~400% and ~350%, 

respectively. In 2.5TO, the breaking of the static top layer occurred slightly earlier than overall 

fracture of the specimens (yellow dashed box in Fig. 3H), indicated a very short necking 
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process. With even higher amount of PBA/catechol complexes in 5TO, the necking became 

imperceptible. 

As mentioned above, CNC and CNC-PBA affected the necking behavior in hydrogel 1.25TO. 

These nanofillers were also utilized to tune the mechanical properties of 2.5TO and 5TO. As 

expected, both CNC and CNC-PBA improved the yield stress of hydrogels. 2.5/CNC2TO and 

2.5/CNC-PBA2TO had the almost identical stress-strain curves in the first 450% deformation, 

until 2.5/CNC2TO broke down. However, the 2.5/CNC-PBA2TO could be further stretched to 

about 950% of its original length, although the stress-strain curves fluctuated because of the 

ruptures of the static top layer (blue dashed box). Similar necking phenomenon was also 

observed in the 5TO and its corresponding composite specimen 5/CNC-PBA2TO (red dashed 

box). The active CNC-PBA improved the tolerance to the ruptures of top static layer and 

avoided the overall fracture during further elongation, therefore the toughness of composite 

hydrogels increased significantly (Fig. 3I). 

 

Figure 4. Diverse CNC drive distinct reinforcement mechanisms in static and dynamic 
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hydrogels. Schematic illustration showing diverse deformation modes of oxidized static top 

layer and non-oxidized dynamic matrix, respectively. Neutral CNC and active CNC-PBA with 

distinct surface functionalities have different dynamic interactions with surrounding polymers 

during the long-distance plastic deformation. 

Based on the results above, active CNC-PBA and neutral CNC performed various reinforcing 

mechanisms in hydrogels containing distinct crosslinking environments (Fig. 4). During the 

stretching of top-oxidized hydrogels, the plastic deformation of non-oxidized dynamic 

hydrogel dominated in the necking zones, while the PBA/catechol complexes continuously and 

rapidly dissociated and associated to maintain the physical integrity. Therefore, the active 

CNC-PBA was able to participate in the dynamic crosslinking networks and strengthened the 

necking zones. The elastic deformation mainly occurred in the non-necking zone, while CNC-

PBA showed much less reinforcement in the elastic deformation, no matter in static or dynamic 

hydrogel matrix. This different performance of active CNC-PBA acting as an autonomous 

compensation mechanism narrowed the difference of mechanical stability between necking and 

non-necking zone, leading to retarded propagation of necking zone in whole hydrogels. In 

contrast, neutral CNC among the plastic deformation only had non-specific hydrogen bonds to 

surrounding polymer chains, so that it failed in reinforcing the plastic necking zone. However, 

neutral CNC effectively reinforced the static crosslinking network within the non-necking zone. 

Thus, in contrary to the active CNC-PBA, neutral CNC further amplified the mechanical 

difference between the necking and non-necking zones, and promoted the necking propagation. 

As well, these diverse CNC tuned the non-uniform mechanical properties due to their distinct 

interactions with hydrogel networks. 

Conclusions 

In summary, a novel group of heterogeneous hydrogels was prepared by combining static top 

layer and dynamic matrix with distinct spatial distributions, which provided the primary 

heterogeneity in macrostructures. During the long-distance stretching of these heterogeneous 

hydrogels, the discontinuous ruptures of static oxidized layer led to necking deformation. 

However, this necking deformation did not occur in solely dynamic or static crosslinked 
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hydrogels. Furthermore, as releaser for the secondary heterogeneity, anisotropic nanosized 

CNC was introduced into the heterogeneous hydrogels. Diverse CNC with different surface-

functionalities were involved into the hydrogel networks via distinct mechanisms. Active CNC 

with dynamic bonds (PBA) on surface could actively establish supramolecular interactions 

with other counter parts (catechol) within hydrogels, while neutral CNC with carboxyl groups 

could primarily form non-specific hydrogen bonds with other component within hydrogels. 

Consequently, the necking deformation and the mechanical properties of the dually 

heterogeneous hydrogels could be tuned by introducing diverse CNC. By fully utilizing the 

distinct reinforcing mechanisms of CNC with different surface-functionalities in various 

dynamic environments, we achieved the first strategy to regulate the necking deformation in 

the hydrogel system and thus adjusted their mechanical stability. Prospectively, the 

demonstration of the tunable necking behaviors in hydrogels should not only advance the 

understanding of the mechanical performance of the soft and hydrate materials, but also 

uncover the great potential of the multi-heterogeneous design strategy in a wide variety of 

practical applications in the future. 

Supporting information 

Other experimental procedures are provided in Supporting Information. 
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Publication 2 (Supporting information) 

Dually heterogeneous hydrogels via dynamic and supramolecular crosslinks 

tuning discontinuous spatial ruptures 

Heqin Huang, Xiaojie Wang, Florian Rehfeldt and Kai Zhang* 

 

Synthesis of dopamine methylacrylate (DMA) 

Dopamine methacrylamide (DMA) was prepared with a published method.1 5 g of sodium 

borate and 2 g of sodium bicarbonate were dissolved in 50 mL of DI water and purged by N2 

gas. Then 2.5 g dopamine hydrochloride was added and the solution was cooled in ice bath. 

2.35 mL of methacrylate anhydride was dispersed in 15 mL of THF and was added to cooled 

solution. After 3 hours reaction at 4°C, the reaction was further carried out at room temperature 

overnight. The whole reaction was protected by with N2 gas. The reaction mixture was washed 

with 25 mL of ethyl acetate, then the pH value was adjusted to 2 with 5 M HCl solution. Then, 

3×25 mL of ethyl acetate was used to extract the product. The combined organic layers were 

dried overnight under sodium sulfate anhydrous and concentrated to ∼20 mL. Then, 150 mL 

of n-hexane was slowly added to precipitate the product. The final product was dried in the 

vacuum oven as grey powder. 

 

Figure S1. Schematic illustration for the synthesis of dopamine methacrylate. 
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Figure S2. 1H NMR spectrum of dopamine methacrylate in DMSO-d6. 

 

Synthesis of photoinitiator lithium acylphosphinate (LAP) 

The photoinitiator LAP was prepared according to reported method.2 1.6 g 2,4,6-

trimethylbenzoyl chloride was added dropwise to stirred dimethyl phenylphosphonite (1.5 g), 

while the whole system was flushed with N2 gas. The reaction mixture was stirred overnight, 

before lithium bromide (3.05 g) dissolved in 50 mL 2-butanone was added. The reaction was 

heated up to 50°C for 10 min and solid precipitate appeared. Then, the mixture was cooled 

down to room temperature and stirred for further 3 hours. The mixture was filtrated and the 

precipitate was washed 3 times with 2-butanone. The final product was dried in vacuum oven. 

 

Figure S3. Schematic illustration for the synthesis of LAP. 
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Figure S4. 1H NMR spectrum of LAP in D2O. 

 

Recipes of hydrogels 

Table S1. Recipes used for the preparation of hydrogelsa 

 AM (M) PBAAMb DMAb LAP (mg) Volume (μl) 

1.25 2 1.25% 1.25% 4 500 

PBAAM-AM 2 1.25% -- 4 500 

DMA-AM 2 -- 1.25% 4 500 

2.5 2 2.5% 2.5% 4 500 

5 2 5% 5% 4 500 

a pH=10, the precursors were purged with N2 gas for 5 min and further UV-irradiated for 

30 min. 

b Molar ratio regarding to the amount of AM. 
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Figure S5. UV-vis spectra of 1.25NO, 1.25TO and 1.25FO. The UV-vis spectra were 

measured with UV-Visible Spectrophotometer Cary 300 Scan at room temperature. 

 

 

 

Figure S6. Photos of 1.25NO, 1.25TO and 1.25FO immersed in alkaline buffer solution 

(pH=10) for 2 days (2 mM DTT was added to avoid further oxidation). 

 



H. Huang                                                         Doctoral Dissertation 

102 

 

 

Figure S7. (a) G' and (b) damping factors of hydrogel 1.25TO and polymer solution 

PBAAM-AM and DMA-AM. 

 

Surface functionality of CNC and CNC-PBA 

The amount of the surface-exposed carboxylic groups of CNC was determined via conductivity 

titration. The content of carboxylic groups was evaluated using 10 mL of aqueous CNC 

suspension, where the pH value was adjusted to 2 with 0.1 M HCl. The suspension solution 

was titrated with 0.05 M NaOH using the 800 Dosimat (Metrohm) employing a dosing rate of 

0.01 ml/s, while the conductivity was recorded using the 856 Conductivity Module (Metrohm) 

with an interval of 2 s.  

 



Doctoral Dissertation                                             Appendix: Publication 2 

103 
 

 

Figure S8. Conductivity titration curve of CNC.  

According to the conductivity titration, the surface of virgin CNC was decorated with 

carboxyl groups of about 1.52±0.03 mmol/g. 

Based on the results of elemental analysis, the content of thiol groups on CNC-SH was 

calculated as: 

N = 14 ∗ x                                                                                                                           

Where N was the nitrogen weight content in CNC-SH; 14 was the molecular weight of nitrogen 

(g/mol); x indicated the molar content of cysteamine on CNC-SH (mol/g), which was the 

density of thiol groups on CNC-SH. 

The content of PBA on CNC-PBA was calculated as: 

N/(1 + 147.97 ∗ y) = N′                                                                                                            

Where N was the nitrogen weight content in CNC-SH; N’ was the nitrogen weight content in 

CNC-PBA; 147.97 was the molecular weight of 3-vinylphenylboronic acid (g/mol); y indicated 

the molar density of PBA grafted on CNC-SH (mol/g). 

Thus, the amount of thiol groups on the CNC-SH surface was determined to be 1.22±0.07 

mmol/g. The content of PBA on CNC-PBA was calculated to be 1.07±0.05mmol/g. 
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Figure S9. CNC suspension in water (3 mg/mL). Left: without polarization film; Right: 

between two cross polarization films. 

 

 

Figure S10. Rheology frequency sweeps of 1.25TO, 1.25/CNC2TO and 1.25/CNC-PBA2TO. 
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Figure S11. Rheology frequency sweeps of 1.25TO, 2.5TO and 5TO. 
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Abstract: Liquid-solid transition is widely used strategy to shape polymeric materials and 

encode their microstructures. However, it is still challenging to fully exploit liquid behaviors 

of materials precursors. In particular, the dynamic and static liquid behaviors are naturally 

conflict to each other, which makes it difficult to integrate their advantages in the same 

materials. Here, by utilizing shear-thinning phenomenon in the dynamic hybrid hydrogels, we 

achieve a hydrodynamic alignment of cellulose nanocrystals (CNC) and preserve it in the 

relaxed hydrogel networks due to the much faster relaxation of polymer networks (within 500 

s) than CNC after the unloading of external force. During the following drying process, the 

surface tension of hydrogels further enhances the orientation index of CNC up to 0.872 in 

confined geometry, these anisotropic microstructures demonstrate highly tunable birefringence 

(up to 0.00414). Due to the presence of own boundaries of dynamic hydrogels, diverse xerogels 

including fibers, films and even complex three-dimensional (3D) structures with variable 

anisotropic microstructures can be fabricated without any external molds. 

Keywords: Dynamic hydrogel, cellulose nanocrystal, birefringence, anisotropy, liquid 

behavior 

Liquid behaviors of material precursors provide infinite possibility in fabricating advanced 

materials.1 Well-controlled liquid precursors are powerful tools to encode anisotropic 

microstructures2 and generate complex shapes within materials.3 The flowing liquids have been 

widely used to align anisotropic particles toward the direction of shear stress, and to prepare 

materials with anisotropic microstructures.4-6 However, the utilization of dynamic liquid 

behaviors often rely on focusing fluid channels.7-9 In the static state, the liquid droplets can be 

governed by surface-tension to form specific shapes with minimal surface locally, including 

spheres,10 flat membranes11 and catenoids.12-13 Moreover, during the drying process of a static 

liquid system, the shrinking liquid surface confines the nonvolatile components within the 

liquid system and guides their assembly process.14-16 These surface tension-assisted materials 

fabrication is highly limited by the quiescent curing conditions, which makes it difficult to 

integrate liquid behaviors in dynamic and static state for material preparation. Herein, by 

sequentially combining their dynamic and static liquid behaviors within a liquid behaviors-
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assisted method, we achieved for the first time the tunable manipulation of anisotropic 

microstructures and highly variable birefringence due to organized CNC using dynamic hybrid 

hydrogels with own borders. By exploiting the liquid behaviors of dynamic hydrogels,17 rather 

than typical liquid precursors, the liquid behaviors-assisted materials fabrication can be 

expanded to the preparation of complex 3D structures with tunable birefringence without the 

dependence of external molds, such as fluid channels. 

 

Figure 1. Dynamic hydrogels containing CNC. a) Composition of the dynamic hybrid 

hydrogels. b) Oscillation shear frequency sweep of DH1.25/CNC2 with constant strain 
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amplitude as 1%. c) The dynamic rheological 3-interval time test (3ITT) of DH1.25/CNC2. d) 

Uniaxial stretching of DH1.25/CNC2. e) Tensile stress-strain curve of DH1.25/CNC2. f) 

Tensile stress relaxation of DH1.25/CNC2 with elongation ratio λ=6. 

Dynamic hybrid hydrogels were prepared by in situ polymerization of acrylamide in the basic 

buffer with phenylboronic acid/catechol complexes (PBA/catechol complexes) as crosslinkers 

in the presence of CNC (Figure 1a and Figure S1). CNC, the needle-like nanowhiskers with 

100-200 nm in length and around 10 nm in diameter, were obtained via 2,2,6,6-

tetramethylpiperidinyloxy (TEMPO)-mediated oxidation (Figure 1a and Figure S2). CNC have 

significant anisotropy in refractive index, which is 1.539-1.596 along the axial direction and 

1.519-1.539 in the transverse direction.18-19 Moreover, CNC contained carboxyl groups of 

1.50±0.02 mmol/g and aldehyde groups of 0.12±0.02 mmol/g on the surface, which allowed 

their good dispersion in neutral or weak basic aqueous solutions. The loading amount of CNC 

in the hybrid hydrogels was tuned between 0 to 2 wt%. As inert nanofillers of low amounts, 

CNC of maximum 2 wt% slightly reinforced the stiffness of dynamic hydrogels, but caused 

little change of hydrogel relaxation behaviors, which was represented by the peak position of 

G'' (Figure S3).20 

Because of the highly dynamic PBA/catechol crosslinking (binding constant K=0.919×103 M-

1),21 the mechanical behaviors of dynamic hybrid hydrogels were sensitive to the frequency of 

external loading (Figure 1b). With the maximal content of CNC within dynamic hydrogels, 

DH1.25/CNC2 (containing 2 mol/L acrylamide with PBA/catechol complexes as 1.25 mol% 

of acrylamide and 2 wt% CNC) showed a liquid state under low shear angular frequency 

(<0.0251 rad/s), where the storage modulus (G') exceeded the loss modulus (G''). Thus, in the 

static state, DH1.25/CNC2 showed a liquid state with high complex viscosity (~8720 Pa·s at 

the angular frequency of 0.01 rad/s). As shown in Figure S4, the sharp edges of dynamic 

hydrogels were slowly rounded to achieve minimal surface after 12 hours storage in sealed 

bottle with nitrogen gas protection. 

Furthermore, another dynamic liquid state of DH1.25/CNC2 was driven by switching from low 

to high shearing strain. With a constant frequency of 1 rad/s, the stable behaviors of static liquid 
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(G'>G'') at a small shear strain of 1% were temporarily transferred to a dynamic liquid state 

(G'<G'') at a large strain of 200%, as shown in Fig. 1c. Under the continuous large shearing 

strain, the complex viscosity was rapidly reduced from ~8500 Pa·s to ~2000 Pa·s within 5 min 

(Figure S5). This shear thinning property was caused by the temporary dissociation of 

PBA/catechol complexes. Once the large strain was removed, these disrupted dynamic covalent 

bonds were fully reconstructed within 500 s. This reversible transition of dynamic solution-gel 

states with corresponding tunable viscosities was even maintained during the programming and 

shaping of dynamic hydrogels. 

DH1.25/CNC2 exhibited elastoplastic behaviors during the uniaxial stretching (Figure 1d and 

Figure S6). After the elastic deformation representing the solid properties of hydrogels, 

dynamic hydrogels overcame a yielding point and then underwent a plastic deformation (Figure 

1e and Figure S7). This plastic deformation with reduced tensile stress was generated by the 

shear-induced dynamic liquid properties of hydrogels. Once the stretching process was finished, 

the residual tensile stress of hydrogels was gradually approaching zero within 60 min and offset 

the elastic potential energy stored in polymer networks (Figure 1f), which was owing to the 

liquid behaviors of dynamic hydrogels in the static state.  

Different to the dynamic covalent crosslinking in the molecular scale, CNC are needle-like 

nanostructures with the length of 100-200 nm. After the violent shearing loading, the 

arrangement of CNC in aqueous suspension cannot be fully relaxed within 500 s, and led to 

the diminished complex viscosity (Figure S8). In the stretched dynamic hydrogels, the slow 

relaxation of CNC arrangement was resisted by rapidly reconstructed hydrogel networks 

(Figure S5). Therefore, their footprint after the fast relaxation was preserved by the arranged 

CNC, even though the dynamic liquid behaviors in the hydrogels were transient. Different from 

the strain-induced alignment of CNC in the elastic hydrogel matrix and thus deformed polymer 

matrix,22-23 the alignment of CNC in our dynamic hydrogels was stabilized by relaxed polymer 

matrix and maintained within the stretched dynamic hydrogels.  
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Figure 2. CNC alignment driven by the uniaxial stretching of dynamic hydrogels and 

following drying. a) Polarized optical images of DH1.25/CNC2 during uniaxial stretching and 

air dry. b) Schematic illustration for the hydrodynamic alignment of CNC in the dynamic 

hydrogels under stretching and their further confined assembly during the air dry. c) Laser 

diffraction patterns and d) corresponding birefringence of diverse regions within 

XG1.25/CNC2. e, f) Polarized optical images and birefringence of XG1.25 with various CNC 

amounts (elongation ratio λ=6). g) Birefringence at position No. 4 (P4) in XG1.25/CNC2 and 

corresponding orientation indexes of CNC (λ=3, 6, 9).  
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Following this, continuous interference colors were observed in the DH1.25/CNC2 during the 

uniaxial stretching, instead of the conventional mixed multiple colors (Figure 2a). It is well 

known that freely dispersed CNC can generally self-assemble into ordered cholesteric tactoid 

in aqueous suspensions and interfere with the light between cross polarizers (Figure S2).24-25 

These noncontinuous liquid crystal structures were formed before the in situ polymerization 

without external interference and were stabilized in the dynamic hydrogels networks. In 

comparison, the presence of continuous colors in our stretched dynamic hydrogels represents 

an altered assembly state of CNC during the uniaxial stretching. Moreover, the dynamic 

hydrogel DH1.25 without CNC, showed no interference colors under otherwise equal 

conditions (Figure S9). In addition, the biaxial stretching offset the interference colors in 

DH1.25/CNC2 (Figure S10). Thus, the uniaxial stretching rearranged the assembled CNC 

within the hydrogels due to different relaxation times of hydrogel networks and CNC, leading 

to continuous interference colors. 

These continuous interference colors were further enhanced by drying the stretched dynamic 

hydrogels in air, where the static liquid behaviors and the surface tension primarily affect the 

rearrangement of hydrogel networks. After drying at a constant elongation ratio λ=6, xerogel 

XG1.25/CNC2 demonstrated further amplified rainbow-like interference colors with 

continuous color distributions. These interference colors reached the maximum intensity, when 

the xerogels were observed between cross polarizers with the stretching direction of 45 degrees 

against the polarizers. In comparison, nearly no interference signal was observed, when the 

stretching direction was parallel or perpendicular to the polarizers (Figure S11). Therefore, 

originally cholesteric phases of CNC in hydrogels became a nematic phase along the stretching 

direction, and amplified the anisotropy of individual CNC to the macrosized dried xerogels.  

Figure 2b schematically illustrates the CNC alignment during the sequential stretching process 

and followed air dry. During the stretching, the dynamic hydrogels were deformed with 

positive Poisson’s ratio and the whole dynamic hydrogels became contracted. Because two 

edges were fixed during the stretching, the contraction became greater from both fixed edges 

to the middle of the hydrogels. Moreover, long-distance stretching reduced local complex 
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viscosity because of the fast dissociation of PBA/catechol complexes, and drove a 

hydrodynamic alignment of CNC within the confined hydrogels. Once the stretching process 

was terminated, the high viscosity of hydrogels recovered due to the fast reconstruction of 

PBA/catechol complexes as crosslinkers and fixed the rearranged CNC. 

Subsequent air dry of stretched dynamic hydrogels caused further lateral volume contraction 

and the largest shear stress gradient in the regions close to the edges,26 which further enhanced 

the organization of CNC. This further enhanced orientation of CNC was approved by laser 

scattering patterns of diverse regions within XG1.25/CNC2 (positions 1-6, P1-P6) (Figure 2c 

and Figure S12). P1-P4 (with interval distance of 8 mm) exhibited the gradually improved 

anisotropy from P1 to P4 along the contraction of xerogels. Compared with P1 at the centerline, 

P5 and P6 at the curved edges of the XG1.25/CNC2 with the same altitude showed much larger 

anisotropy. The P1 demonstrates a region within the interior of the original hydrogels and was 

less affected than the edges. In comparison, the P4 represents a region where two edges merge 

into each other during air dry and thus most largely enhanced the orientation of CNC.  

Furthermore, these interference colors observed between cross polarizers are because of light 

retardations, which are accumulated phase differences between lights vibrating perpendicular 

and parallel to aligned CNC.27 The light retardation can be described by using the birefringence, 

which is generally quantified as the maximum difference between refractive indexes exhibited 

by anisotropic materials. In the XG1.25/CNC2, the birefringence increased accordingly from 

0.00094±0.00012 (P1) to 0.0033±0.0003 (P4, center of specimen) in XG.25/CNC2 (Figure 2d), 

which quantitatively showed the improved alignment of CNC. 

Although polyacrylamide networks were also slightly aligned during the confined drying 

process, it contributed only slightly (<5%) to the formation of interference colors in 

XG1.25/CNC2 (Figure 2e). Almost no significant color is observable, if no CNC is present 

within the xerogel. In comparison, the orders of continuous interference colors increased with 

higher CNC amounts within xerogels from 0.5 wt% to 2 wt%. At the same time, the 

birefringence of xerogels at the same positions (P1-P4) was positively improved with higher 
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dosage of CNC (Figure 2f), which further confirmed the alignment of CNC as the main source 

for the birefringence in the xerogels.  

Moreover, larger elongations of dynamic hydrogels generated further contraction that 

promoted the hydrodynamic alignment of CNC. As shown on XG1.25/CNC2 (Fig. 2g), the 

birefringence of xerogels was improved from 0.00223 to 0.00356 with the elongation ratios 

from 3 to 9. Importantly, with the same dosage of CNC, the birefringence of xerogels improved 

positively along with the increase of CNC orientation indexes (from 0.850 to 0.873) (Figure 

2g and Figure S13). Therefore, the orientation of CNC can transfer the birefringence of CNC 

in nanoscale to the xerogels of macroscale. Furthermore, the crosslinking density of hydrogels 

simultaneously affected the Poisson’s ratio of and shear stress in the dynamic hydrogels, but 

they led to similar maximum birefringence in the resulted xerogels (Figure S14). Therefore, 

the organization of CNC in addition to the amount of CNC in the light pathway predominantly 

determines the retardation of light and thus the interference colors of xerogels. 
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Figure 3. Geometry of dynamic hydrogels regulating the alignment of CNC in xerogels. 

a) Preparation of XG1.25/CNC2 with various width/depth ratios (W0/D0). The hydrogels were 

stretched with the same elongation ratio λ=10. b) Contraction ratio in width of xerogels with 

various W0/D0 ratios. c) Birefringence of xerogels at P4 middle (black point) and P4 edge (red 

point). d) Distribution of gradient birefringence in the edge area and uniform birefringence in 

the center area of XG1.25/CNC2 with the original W0/D0=32. The white arrow indicates the 

direction of stretching.  

In addition to the birefringence, the aligned CNC in the xerogels also lead to anisotropic 

mechanical properties (Figure S18). The film is not only stiffer, but also tougher in the direction 

of CNC alignment. In the central area of XG1.25/CNC2 with the original W0/D0=32, the 

fracture energy along CNC alignment was up to 81.6±8.8 kJ/m2, while the fracture energy 



H. Huang                                                         Doctoral Dissertation 

116 

 

vertical to CNC alignment was only 34.1±4.2 kJ/m2. The drawing in the direction of CNC 

alignment caused ductile fracture with a white damage zone, but not significant if drawing in 

the perpendicular direction (Figures 3f-g). The white damage zone was caused by the formation 

of wrinkled structure, which dissipated energy and performed a plastic deformation before the 

rupture (Figure S19). 

 

Figure 4. Dynamic hydrogels and xerogels with programmable shapes. a) XG1.25/CNCx 

fibers with rectangular cross-section. The dark field polarized optical images from left top to 

right bottom: CNC amounts x were 0.5, 1, 1.5 and 2 wt% in the original dynamic hydrogels. 

b) XG1.25/CNC2 fibers with triangular cross-section. c) XG1.25/CNC2 fibers with round 
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cross-section. d) XG1.25/CNC2 with twisted structure (after the stretching with the elongation 

ratio λ=6). e) XG1.25/CNC2 as elastic spring. f) XG1.25/CNC2 as pseudo catenoid after 

stretching initial dynamic hydrogels in the tube form with various elongation ratios λ=2, 5 and 

10. 

The shape of resulted xerogels can be encoded with adjustable shapes because of the static 

liquid properties of dynamic hydrogels. In Figures 4a-c, the xerogel fibers can be prepared 

with rectangular, triangular or round cross-section after the stretching with the elongation ratios 

of 10-30. The fibers with rectangular and round cross-section exhibited uniform interference 

colors. For the fibers with triangular cross-section, the hypotenuse of triangle led to gradual 

depth of fibers and showed gradient interference colors. In particular, the colors within fibers 

could be tuned by changing the content of CNC during the preparation of hydrogel precursors 

(Figure 4a). It is notable that greater elongation was beneficial in preserving the shape of 

hydrogels (Figure S20). This is because the thinner fibers dried faster and resisted stronger the 

shape change by surface tension in the static liquid state. 

In addition, the sequential controllability of static and dynamic properties of dynamic hydrogels 

provide the flexibility to program spatial complex 3D shapes with well-ordered CNC, which is 

generally difficult for flow-assisted methods in classic liquid systems. For instance, with the 

help of interfacial jamming of nanoparticle surfactants,28-29 liquid droplets can be stabilized in 

nonequilibrium shape, but the liquid enclosed by this robust interface is fully relaxed. By using 

dynamic hydrogels in the present work, the shapes of stretched hydrogels can be reprogramed 

before the drying process, while CNC still can be adjustably aligned and provide tunable 

photonic properties. As examples, twisted xerogels were prepared by rotating stretched 

DH1.25/CNC2 axially before the drying process (Figure 4d). By twining around a Teflon stick, 

stretched DH1.25/CNC2 can be turned into an elastic xerogel spring with interference colors 

(Figure 4e).  

Hollow dynamic hydrogels as a further model for complex 3D shapes were prepared (Figure 

4f). The tubular xerogels were obtained from dynamic hydrogel tubes after following air dry. 

DH1.25/CNC2 tube was comparatively equivalent to the rolled-up film of DH1.25/CNC2 with 
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W0/D0=20 with the edges merged together. The tube shape and the absence of edges allow on 

the one side the uniform organization of CNC at the same altitude and on the other side 

equivalent observation results (the same interference colors independent on the observation 

angles). During the drying process, the circular tube wall of hydrogels underwent a 

homogeneous contraction within the hydrogel walls and thus CNC at the same altitude were 

uniformly aligned along the stretching direction. Because of the homogenized CNC alignment, 

the maximum birefringence at the center of XG1.25/CNC2 tube was measured as 

0.00283±0.00025, which was lower than that (0.00352±0.00012) in the central area of 

XG1.25/CNC2 membranes with original W0/D0=20, but higher than their edge areas 

(0.00220±0.00010) (Figure S21).  

In contrast to hydrogel columns with solid interior, dried xerogel tubes developed concave 

structures towards the center of tubes, which was driven by surface tension of hydrogels to 

pursue the minimal surface minimal surface (Figure 4f, the insets of the pseudo catenoid). 

Following this, the hollow xerogels demonstrate a pseudo catenoid-mimetic morphology, 

which can be further regulated by the elongation ratio of dynamic hybrid hydrogels. 

CONCLUSION 

In conclusion, we demonstrated that the liquid behaviors-assisted material fabrication can be 

expanded to 3D morphology without the limitation of fluid channels, which was owing to the 

dynamic hybrid hydrogels with both solid properties and liquid properties. By stretching this 

dynamic hydrogel with CNC, we sequentially integrated dynamic and static liquid behaviors 

to program diverse polymeric materials. After the uniaxial stretching, a transient liquid state 

was created and consequently drove the alignment of anisotropic CNC in the dynamic 

hydrogels. Importantly, their organization was preserved, even when the temporary dynamic 

liquid state of hydrogels matrix had dissipated. The stretched dynamic hydrogels were then 

dried in air and transformed into xerogels to further improve the aligned CNC and generated 

highly tunable birefringence. The shape of resultant xerogels can be versatile via remolding 

before the drying process, e.g. in the shapes of fibers, twists, springs and pseudo catenoid with 

concave surface. Therefore, the dynamic hydrogels containing anisotropic nanoparticles, 
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provide a new strategy as a mold-free methodology to program dry polymers with various 3D 

shapes and anisotropic microstructures. 

METHODS 

Preparation of CNC. CNC was prepared with TEMPO-mediated oxidation of MCC according 

to the previous report.30 To remove large particles after the synthesis, the purified CNC (about 

6 mg/mL) was stored at room temperature for 24 hours. Then the precipitated large particles 

were removed, and the upper stable suspension was collected and stored in the fridge for further 

use. 

Preparation of dynamic hybrid hydrogels. Dynamic hybrid hydrogels in the present work 

were prepared via UV initiated radical polymerization between glass slides. Polyvinyl chloride 

films were used as spacer to control the hydrogel thickness. The alkaline aqueous solution was 

prepared with borax-NaOH buffer with pH of 10. LAP was used as photoinitiator with 0.5 wt% 

of the whole hydrogels. The precursors were purged with N2 gas or argon for 5 min to remove 

dissolved oxygen. Then precursors were exposed to the UV light (wavelength from 300 nm to 

400 nm) for 30 min to finish the gelation process. 

Preparation of xerogels. The uniaxial stretching of dynamic hybrid hydrogels were performed 

with a Z3 micro tensile test machine from Grip-Engineering Thümler GmbH or dynamic 

thermal mechanical analysis machine EPLEXOR® 500 N from Gabo/Netzsch. The tensile tests 

were performed at ∼20 °C and a relative humidity of 65%. The default tensile tests speed was 

2.5 mm/min. The default dimension of hydrogels for tensile tests is 15 mm in width, 2 mm in 

thickness and length in 4 or 8 mm. The default dimension of xerogel films for tensile tests is 

7-8 mm in width and 5 mm in length. The following air drying process was preformed at 20°C 

and a relative humidity of 65% until constant weight. 
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Liquid behaviors-assisted fabrication of multidimensional birefringent 

materials from dynamic hybrid hydrogels  

Heqin Huang, Xiaojie Wang, Jinchao Yu, Ye Chen, Hong Ji, Yumei Zhang, Florian Rehfeldt, 

Yong Wang and Kai Zhang* 

 

Materials 

Microcrystalline cellulose (MCC), 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO), 3-

(acrylamido)phenylboronic acid (PBAAM), methacrylic anhydride, sodium hydrochloride, 

phosphotungstic acid hydrate, 2,4,6-trimethylbenzoyl chloride were purchased from Sigma-

Aldrich (USA). Dopamine hydrochloride, dimethyl phenylphosphonite, and 2-butanone were 

obtained from Alfa Aesar (USA). Acrylamide (AM), sodium sulfate anhydrous, disodium 

tetraborate were bought from Merck Millipore (USA). Sodium hydroxide was ordered from 

VWR (Germany). Sodium bicarbonate was bought from TH Geyer (Germany). Hydrochloric 

acid (37%) was obtained from AppliChem (Germany). The organic solutions, including 

tetrahydrofuran (THF), ethyl acetate, nhexane, and acetone, were all purchased from TH Geyer 

(Germany). Deionized water utilized throughout all experiments was purified from a Millipore 

system. Dopamine methylacrylate1 and lithium phenyl-2,4,6-trimethylbenzoylphosphinate 

(LAP)2 were synthesized with previous reported method. 

Characterization 

The rheological properties of hydrogels were investigated with a stress-controlled bulk 

rheometer (Anton Paar MCR501) by using a 25 mm parallel-plate setup. In each test, 1mL of 

hydrogel of each sample was prepared in advance. Storage modulus (G’), loss modulus (G”), 

damping factor and complex viscosity were recorded. All of the rheology measurements were 

carried out at room temperature (∼23 °C).  
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The shape and size of CNC were characterized with transmission electron microscopy (TEM), 

and the specimens were prepared from its suspension in water of 0.1 wt %. The specimen was 

stained by phosphotungstic acid solution (2 wt % in water, pH was adjusted to 7.0 by 1 M 

NaOH). The TEM observation was conducted with a CM 12 Transmission Electron 

Microscope (Philips, Netherland).  

Scanning electron microscopy (SEM) was applied to observe the microstructure of xerogels 

with LEO Supra-35 High-Resolution Field Emission Scanning Electron Microscope (Carl 

Zeiss AG, Germany) or an EVO LS15 Scanning Electron Microscope (Carl Zeiss AG, 

Germany).  

The optical microscopy observation and birefringence measurement of specimen were 

performed with Eclipse E600 Polarizing Microscope from Nikon, or LV100-P Polarizing 

Microscope from Nikon. The retardation was measured by a Berek compensator, and calibrated 

by the Machine Constant Table. The birefringence was calculated by the ratio between 

retardation and the corresponding thickness of the specimen. 

Laser Scanning Microscope (LSM) images were obtained on a VK-X100K 3D laser scanning 

microscope (Keyence Corporation, Germany). 

The wide-angle X-ray scattering (WAXS) of the xerogels was carried out at the Shanghai 

Synchrotron Radiation Facility (SSRF) on the BL16B beam line with an X-ray wavelength of 

0.124 nm. The specimen was placed on a sample holder with the fiber direction perpendicular 

to the X-ray beam. The specimen-to-detector (PILATUS3 2M) distance was calibrated using 

the standard sample Y2O3. The beam spot size was 150(H)×300 μm×μm. A typical acquisition 

time was 60 s. All data analyses (background correction, radial and azimuthal integration) were 

carried out using the Xpolar software (Precision Works Inc., NY, USA). The azimuthal 

intensity distribution profiles along the arc that refers to the (200) reflections of the cellulose 

Iβ crystals were used to quantify the orientation of the CNC within the xerogels.3 This peak is 

determined to be within 2θ = 22.0−22.4°. Intensity distribution profiles in the azimuthal angle 

(ϕ) were used to calculate the orientation index (π) according to the equations: 
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𝜋 =
180° − 𝑓𝑤ℎ𝑚

180°
 

where fwhm is the full width of the half-maximum of the azimuthal profiles from the selected 

equatorial reflection. 

 

 

Figure S1. Dynamic hybrid hydrogels preparation with in situ polymerization. 
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Figure S2. TEM image of CNC and polarized image of CNC suspension in DI water 

(concentration as 1.6 mg/ml). 

 

 

 

Figure S3. Oscillation shear frequency sweep of DH1.25 and DH1.25/CNC2. 
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Figure S4. Shape regulation of dynamic hydrogels along the time. The edges of cubic hydrogel 

become round in 12 hours. 



Doctoral Dissertation                                             Appendix: Publication 3 

129 
 

 

Figure S5. 3ITT shearing tests with low-high-low strain sweep of DH1.25 and DH1.25/CNC2. 

 

 

Figure S6. Tensile strain-stress curves of dynamic hydrogels with various amounts of CNC. 
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Figure S7. The hysteresis tensile tests of DH1.25/CNC2. 

 

 

Figure S8. 3ITT shearing test with low-high-low strain sweep of 6 wt% CNC suspension in 

pH=10 borax-NaOH buffer. 
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Figure S9. Stretched dynamic hydrogels with diverse amounts of CNC. The dynamic hydrogels 

networks show limited anisotropy, while CNC are necessary to form the interference colors in 

hydrogels. 

 

Figure S10. a) Biaxial stretching of DH1.25/CNC2. b) XG1.25/CNC2 without stretching 
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Figure S11. Polarizing optical microscopy images of XG1.25/CNC2. 

 

 

 

Figure S12. Schematic explanation of laser scattering equipment. 
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Figure S13. 2D WAXS measurements for the characterization of the CNC alignment. (a) 2D 

WAXS images of XG1.25/CNC2 (P4, with λ=3, 6, 9). (200) reflections of the cellulose Iβ 

crystals were pointed out; (b) Azimuthal intensity profiles base on (200) reflections showing 

narrowing fwhm with increasing elongation ratio λ. 
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Figure S14. Xerogels prepared with various crosslinks density in dynamic hydrogels. The 

crosslinking density of hydrogels can be tuned with the concentration of PBA/catechol 

complexes. The densely crosslinked dynamic hydrogels showed less contraction in width, 

which was in return compensated by larger contraction in depth. Therefore, even shifted 

interference colors were observed, the dynamic hydrogels with various crosslinking density 

had similar maximum birefringence in the resulted xerogels. 

 

 

Figure S15. Polarizing optical microscope image of XG1.25/CNC2 W0/D0=1. 
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Figure S16. a) Polarizing optical microscope images of XG1.25/CNC2 W0/D0=32; b) the 

changing of birefringence along the red dash line in a); c, d, e) Semi-transparent XG1.25/CNC2 

with haze properties. 

 

Figure S17. The surface of central area of XG1.25/CNC2 W0/D0=32; left: SEM top view of the 

films; right: surface topography observation from LSM. 
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Figure S18. Anisotropic mechanical properties and fracture morphologies of XG1.25 

W0/D0=32 and XG1.25/CNC2 W0/D0=32.  
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Figure S19. Fracture interface of XG1.25/CNC2 W0/D0=32 in the direction parallel to the CNC 

alignment. The wrinkled structures were formed near the fracture interface. In the zoom-in 

images of SEM, aligned CNC on the fracture surface can be observed. The pull-out process of 

CNC can effectively dissipate energy during stretching and promoted the ductile fracture.  
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Figure S20. Fiber shaped XG1.25/CNC2 W0/D0=1.2 with different elongation ratio. 
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Figure S21. Birefringence comparison of XG1.25/CNC2 tubes and corresponding 

XG1.25/CNC2 W0/D0=20 as films.  
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