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Abstract 

 

Alginate-based hydrogels have found extensive attention in the biomaterials community due 

to their capacity for facile chemical modification, their nontoxicity towards encapsulated cells, 

and their provocation of a minimal immune response upon implantation. Covalent 

crosslinking of this polysaccharide allows a higher degree of control over the initial and long-

term mechanics compared to the traditional ionic mechanism - a clear advantage that comes 

at the cost of the material’s degradability. Though numerous single-phase constructs with 

homogeneous properties have already been investigated, hydrogels with patterned 

biophysical and biochemical properties have been more recently explored. These structures 

permit local control over cell activity, including attachment, differentiation and matrix 

deposition. The focus of this Ph.D. project was therefore two-fold: (i) to impart degradability 

to covalently-crosslinked alginate-based hydrogels and (ii) to introduce patterning to these 

structures for local control over cell behavior.  

 

In order to address the issue of lacking degradation behavior, we engineered an alginate-

based material system that relies on two covalent crosslinking types and introduced two 

different degradation modes. First, we developed materials with spontaneous Diels-Alder 

crosslinking of norbornene and tetrazine functional groups with the potential to impart 

passive, hydrolytic degradation by oxidizing the polymer backbone. Second, we fabricated 

materials with ultraviolet light-initiated thiol-ene crosslinking with the potential to impart 

active, enzymatic degradation. These structures incorporate peptide crosslinkers susceptible 

to cleavage by matrix metalloproteinases. In order to form patterned materials, these two 

crosslinking schemes were combined, and by spatially controlling the location of the thiol-ene 

reaction using photomasks, patterns in stiffness, biomolecule presentation, and susceptibility 

to degradation were formed.  

 

These materials, or subsets thereof, were characterized for their rheological and mechanical 

properties by unconfined compression or microindentation, before tracking in vitro 

degradation behavior of degradable bulk hydrogels or patterns. Mouse pre-osteoblasts or 

embryonic fibroblasts were cultured on or within these hydrogels to assess cell attachment, 

morphology, proliferation, and viability. Human mesenchymal stem cells were applied to 

evaluate differentiation potential. Specifically for patterned gels, the effect of local substrate 

stiffness, biomolecule presentation or susceptibility to degradation on cell activity was 

examined. Hydrogels were then implanted subcutaneously into the backs of mice to 

determine the in vivo host cell and tissue infiltration based on histological staining of 

recovered hydrogels. Taken together, these alginate-based hydrogels featuring two different 
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crosslinking and degradation modes, with the possibility to impart patterning in biophysical 

and biochemical cues, could prove extremely powerful not only for fundamental studies but 

also for tissue engineering applications. 
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Zusammenfassung 

 

Hydrogele auf Alginatbasis haben aufgrund ihrer Eignung zur einfachen, chemischen 

Modifikation, ihrer Ungiftigkeit gegenüber enkapsulierten Zellen und ihrer minimalen 

Immunantwort nach einer Implantation, großes Interesse in der Biomaterialwelt erfahren. 

Eine kovalente Vernetzung dieses Polysaccharids ermöglicht ein höheres Maß an Kontrolle 

der initialen und langfristigen mechanischen Eigenschaften als der traditionelle ionische 

Mechanismus.  Dies ist ein klarer Vorteil, der allerdings zu Lasten der Degradierbarkeit geht. 

Wenngleich bereits zahlreiche einphasige Konstrukte mit homogenen Eigenschaften 

untersucht wurden, wurden in jüngster Zeit auch Hydrogele mit strukturierten 

biophysikalischen und biochemischen Eigenschaften untersucht. Diese Strukturen 

ermöglichen eine lokale Kontrolle der Aktivität der Zellen, einschließlich ihrer Bindung, 

Differenzierung und Matrixablagerung. Der Schwerpunkt dieser Promotion lag daher auf zwei 

Zielen: (i) kovalent vernetzten Hydrogelen auf Alginatbasis Degradierbarkeit zu verleihen und 

(ii) diese Materialien mit einem Streifenmuster zur lokalen Kontrolle des Zellverhaltens zu 

versehen.  

 

Um das Problem des fehlenden Degradationsverhaltens anzugehen, haben wir ein alginat-

basiertes Materialsystem entwickelt, welches auf zwei kovalenten Vernetzungs- bzw. 

Degradationsformen beruht. Zunächst entwickelten wir Materialien mit spontaner Diels-Alder-

Vernetzung der Norbornen- und Tetrazin-Funktionsgruppen mit dem Potenzial zum 

passiven, hydrolytischen Abbau durch Oxidation. Zweitens haben wir Materialien mit Thiol-

en-Vernetzung unter der Einwirkung von ultraviolettem Licht hergestellt. Diese weisen das 

Potential zu einem aktiven, enzymatischen Abbau auf, da sie Peptidcrosslinker enthalten, die 

durch Matrixmetalloproteinasen gespalten werden können. Um gemusterte Materialien zu 

bilden, wurden diese beiden Vernetzungsmethoden kombiniert und durch die räumliche 

Einschränkung der Thiol-En-Reaktion mit Hilfe von Photomasken, Streifenmuster in der 

Steifigkeit, der Darstellung von Biomolekülen und der Anfälligkeit für Degradation gebildet. 

 

Einige dieser Materialien wurden rheologisch und mechanisch durch Kompression oder 

Mikroindentation charakterisiert, bevor das Degradationsverhalten erforscht wurde. Maus-

Pre-osteoblasten oder embryonale Fibroblasten wurden auf oder innerhalb dieser Hydrogele 

kultiviert, um Zellanhaftung, Morphologie, Proliferation und Lebensfähigkeit zu bewerten. Zur 

Beurteilung des Differenzierungspotenzials wurden humane mesenchymale Stammzellen 

eingesetzt. Speziell für strukturierte Gele wurde der Einfluss von lokaler Substratsteifigkeit, 

Biomolekülpräsentation oder Degradationsanfälligkeit auf die Zellaktivität untersucht. 

Anschließend wurden Hydrogele subkutan in die Rücken von Mäusen implantiert, um die in 
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vivo Wirtszell- und Gewebeinfiltration basierend auf histologischen Färbungen zu 

bestimmen. Zusammengenommen könnten sich diese alginat-basierten Hydrogele mit zwei 

verschiedenen Vernetzungs- und Abbaumethoden, sowie der Möglichkeit, sie mit einem 

Muster von biophysikalischen und biochemischen Signalen zu versehen, nicht nur für 

Grundlagenstudien, sondern auch für Tissue Engineering-Anwendungen als äußerst nützlich 

erweisen. 
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3. Introduction 

 

Alginate-based hydrogels have found application in various tissue engineering 

disciplines, though mostly in the form of ionically-crosslinked structures. Covalently-

crosslinked hydrogels, which possess the advantages of immunity to the ion milieu found in 

vivo, suffer from non-degradability, which is crucial in the context of cell encapsulation and 

drug delivery. This problem is exactly why the first aim of this PhD thesis was framed: (1) to 

develop a degradation strategy for covalently-crosslinked alginate structures. This aim 

was addressed by oxidizing norbornene-tetrazine Diels-Alder crosslinked gels in order to 

render them hydrolytically-degradable. After confirming rheological and mechanical 

properties, in vitro degradation, as well as mouse pre-osteoblast compatibility and in vivo 

degradation, the second aim could be formulated: (2) to evolve the degradation mode 

from passive, hydrolytic to active, enzymatic, which was postulated to be more suitable 

for in vivo applications, as the degradation kinetics is synchronized with the needs of the gel-

encapsulated and/or surrounding host cells. This aim was achieved by combining 

norbornene-modified alginate and peptide crosslinkers susceptible to cleavage by matrix 

metalloproteinases (MMPs) by thiol-ene chemistry. Again, mechanics and in vitro 

performance were analyzed, featuring a more extensive analysis of in vitro mouse embryonic 

fibroblast (MEF) spreading and in vivo cell and tissue infiltration, before transitioning to the 

final aim: (3) to combine the two crosslinking schemes in the same material in order to 

form patterns in biophysical and biochemical cues. This last aim was accomplished by 

spatially restricting the occurrence of the ultraviolet light (UV)-initiated thiol-ene crosslinking 

using photomasks thereby either permitting permanent crosslink formation (stiffness pattern), 

tethering of arginine-glycine-aspartate (RGD) moieties (biomolecule pattern), or incorporation 

of crosslinkers susceptible to enzymatic cleavage (degradation pattern). After confirming 

bona fide stiffness- and degradation-pattern formation using microscopy and 

microindentation techniques, cell behavior on soft vs. stiff or RGD vs. no-RGD substrates 

was quantified. In particular, MEF attachment, morphology, and viability, and human 

mesenchymal stem cell (MSC) differentiation potential were assessed on stiffness patterns, 

while mouse pre-osteoblast attachment was probed on biomolecule patterns. Finally, 

degradation-patterned hydrogels were implanted in vivo to investigate patterned tissue 

infiltration. 

These three aims correspond directly to the three publications included in this 

cumulative thesis. In order to provide the necessary context for these works, the following 

“Background and State of the Art” section will present information on hydrogel-based 

biomaterials, alginate as a commonly-used natural source, degradation as a crucial factor in 
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biomaterial design, click chemistry as a useful and versatile crosslinking scheme, and finally 

the more recent efforts in patterning approaches.  

4. Background and State of the Art 

 

4a. Hydrogels in tissue engineering 

 

Materials interfacing with biological systems to analyze, heal, or replace tissues or 

organs are commonly known as biomaterials [1]. These substances can be divided into three 

broad categories: metals, ceramics, and polymers, which differ significantly in their properties 

and consequently their suitable areas of application [1]. Despite these differences, all types 

of biomaterials aim to meet universal design parameters to ensure their functionality: they (i) 

provide mechanical support, (ii) possess appropriate porosity, pore size, and pore 

interconnectivity for mass transport, (iii) offer a milieu for cell survival and potentially 

proliferation and differentiation and/or encourage cell infiltration, (iv) elicit a minimal host 

immune response, (v) demonstrate appropriate degradation behavior with non-toxic by-

products, and (vi) permit fabrication in a timely, cost-effective and reproducible manner under 

sterile conditions or allow for sterilization prior to implantation [2, 3]. While these 

requirements must clearly be tailored depending on the intended application, they must be 

carefully considered in the development of any biomaterial system (Figure 1). 

 

 

Figure 1: All biomaterials aim to meet a set of universal requirements. Alginate, a naturally-derived 

polymer, has the potential to fulfill these design criteria. 

 

Polymers for biomaterial applications can be further subdivided depending on the 

source into naturally-derived (extracted from human tissues, plants or microorganisms), 

synthetic, and those based on decellularized matrices. Naturally-derived biomaterials, the 

most common examples being alginate, chitosan, collagen, elastin, fibrin, 

glycosaminoglycans and hyaluronic acid (HA), inherently exhibit chemical similarity to the 
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tissues they are replacing, therefore facilitating host-material interaction and integration [2]. 

These naturally-derived polymers are mostly crosslinked into highly hydrated structures, 

known as hydrogels, that, given the appropriate crosslinking scheme, architecturally 

resemble the natural tissue microenvironment [4, 5]. Crosslinking approaches can be 

categorized into chemical, including click chemistry and photo-polymerization, and physical 

mechanisms, including ionic and thermo-gelation [6]. From a fabrication point of view, 

hydrogels can be formed in situ after injection [7, 8] or implanted as pre-formed gels after 

casting [9, 10] or three-dimensional (3D) printing [11-13], with each approach possessing 

unique strengths and weaknesses.  

Conveniently, hydrogel properties, specifically biophysical and biochemical cues, can 

be tuned by the user based on the intended application, fundamentally affecting the cells 

seeded on or encapsulated in these matrices. In the realm of the former, mechanical strength 

can be optimized by hybridization with nanoparticles, for instance by incorporating silver 

nanoparticles into a gelatin film as demonstrated by Kanmani and Rhim, thereby 

simultaneously imparting antimicrobial properties [14]. Stiffness can be adjusted by the 

polymer molecular weight and concentration, the degree of substitution of functional groups 

participating in the crosslinking reaction, and the crosslinker concentration, though this 

parameter is often coupled to crosslink density and pore size [6]. Stiffness can also be 

adjusted by the formation of interpenetrating networks (IPNs) causing fibroblast spreading 

and upregulation of inflammatory markers IL-10 and COX-2 in stiff alginate/collagen-1 IPN 

matrices, as shown by da Cunha and colleagues [15]. Mason et al. presented that stiffness 

can be decoupled from the gel architecture in a collagen network, using previous glycation of 

the collagen in solution, and showed that endothelial cell spreading and angiogenic sprouting 

increase with matrix stiffness independently of its density [16].  

Stress relaxation behavior can be decoupled from stiffness and tuned by the 

introduction of polyethylene glycol (PEG) spacers, as was elegantly exhibited by Chaudhuri 

et al. in an alginate-based system [17]. They demonstrated that gels with faster stress 

relaxation behavior could induce higher cell spreading, proliferation and osteogenic 

differentiation – a process shown to be mediated by enhanced extracellular matrix (ECM) 

ligand density, RGD clustering, and myosin contractility. 

Biochemical properties, on the other hand, can be tuned by modifying polymer 

precursors with biomolecules of interest. The most common example is certainly conjugation 

with the cell adhesive peptide RGD to enable cell attachment [18], but other growth factors 

such as transforming growth factor-beta 1 (TGF-β1) have also been coupled to the polymer 

backbone enhancing cell proliferation and matrix deposition, compared to administering this 

biomolecule in soluble form [19]. Furthermore, a base material can be hybridized with a 

second material to merge the advantages of both, as has been demonstrated by Jo and 
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colleagues with the incorporation of graphene oxide into polyacrylamide-based hydrogels to 

impart conductivity, enabling electrical stimulation of two-dimensional (2D)-seeded myoblasts 

[20].  

Such hydrogel networks have inspired many scientific endeavors over the last 20 

years. While first iterations featured passive materials intended merely as space fillers, 

strategies have evolved away from passive to active or instructive structures that elicit 

desired cell responses. More recently, stimuli-responsive materials were developed to react 

when exposed to different factors. These “smart” materials might respond to biological 

stimuli, such as enzymes and metabolites, chemical stimuli, such as pH, or physical stimuli, 

such as light, electric or magnetic fields, temperature, and ultrasound [21, 22]. These 

matrices can then prompt such diverse cell responses as attachment, migration, proliferation, 

up/down-regulated gene expression, small molecule signaling, and differentiation [23]. The 

hydrogels developed in this thesis lie at the interface between instructive and “smart” 

materials, as they possess tunable rheological, mechanical, and biological properties, some 

of which change in response to external stimuli. Specifically, the hydrolytically-degradable 

hydrogels degrade in response to water-based fluids, while the enzymatically-degradable 

ones respond to the enzymatic activity of surrounding cells, manifested in their secretome. 

In general, hydrogels have found widespread application in numerous tissue 

engineering disciplines, where their use has been classically subdivided into: (i) blank 

hydrogels, (ii) hydrogels with incorporated growth factors, and (iii) hydrogels with 

encapsulated cells – an organizational scheme with profound implications from a regulatory 

point of view. In these different forms, hydrogels have proven promising in the repair or 

regeneration of many tissues, including but not limited to bone [24], heart [25], kidney [26], 

muscle [27], tendon [28], vascular tissue [29], and the central nervous system [30]. They 

have also been implemented in stem cell encapsulation to enhance survival and ensure 

targeted delivery [31]. Furthermore, hydrogels have been used to engineer cancer spheroids 

serving as personalized in vitro models that precisely mimic the native tumor 

microenvironment architecture and biology, with the aim to develop diagnostic tools and 

tailored therapeutic interventions [32-34]. Further applications have included the delivery of 

therapeutic proteins, peptides [35] or genes [36] to ensure targeted, long-term controlled 

release of these bioactive substances, antimicrobial hydrogels to treat bacterial infections 

[37], and immunomodulatory structures that stimulate a leukocyte response [38]. A 

fascinating last illustration of the immense versatility of hydrogel-based biomaterials is their 

function as interfaces between stimulating electrodes and excitable retinal neurons for vision 

restoration, as showcased by Barriga-Rivera et al. [39]. 

 

4b. Alginate hydrogels: properties and applications 
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As the hydrogel material of choice in this work is alginate, a justification for this 

selection will be provided, as well as a more detailed description of its properties and uses. 

Alginate is often considered a powerful ‘blank slate’, as it is naturally bioinert, meaning that it 

is non-toxic and elicits a minimal inflammatory response when implanted in vivo [40, 41]. 

Additionally, chemical modifications, for instance, to introduce crosslinking moieties or the 

cell-adhesive fibronectin motif RGD, can mostly be accomplished in a straightforward and 

cheap manner, without the need for extensive technical expertise or expensive equipment. 

Importantly, due to its widespread use in the food industry, for example, to thicken jam, 

stabilize ice cream, and prevent sedimentation of pulp in fruit juice and protein in milk, it is 

approved by the United States Food and Drug Administration for human consumption, 

immensely facilitating its use in medical contexts [42].  

The biocompatible, water-soluble alginic acid sodium salt can be industrially extracted 

from brown seaweed species, such as Laminaria digitata and Laminaria hyperborea, by 

adding sodium carbonate, precipitating with calcium/sodium chloride, and treating with 

hydrochloric acid, prior to purification to extract a compound suitable for clinical use [43] 

(Figure 2). 

 

 

Figure 2: Alginate polymer is extracted and purified from brown seaweed species, such as 

laminaria digitata. Hydrogels can be fabricated by ionic or covalent crosslinking schemes. 

 

The polysaccharide consists of 1,4-linked D-mannuronic acid (M-block) and L-

guluronic acid (G-block) residues, of varying compositions, ratios, and molecular weights, 

depending on the specific source [40]. This hydrophilic polymer is conventionally crosslinked 

via divalent cations such as barium, calcium or magnesium that bind to guluronate blocks 

leading to gelation via the egg-box model [44]. This technique comes with the drawback of 

uncontrolled in vivo degradation due to ion exchange with ubiquitous cations and a possible 

undesired host immune response [40, 45].  

Covalent approaches necessitating chemical conjugation with a methacrylate or 

polyallylamine for light-induced gelation overcome this disadvantage, while simultaneously 

improving mechanical properties [46]. Similarly, alginate polymer chains modified with 

norbornene or tetrazine functional groups spontaneously form covalent linkages that are 

stable regardless of the ionic environment encountered upon in vivo implantation [47]. While 

conventional alginate hydrogels are mostly fabricated by simple mixing or exposure to a light 
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source to induce crosslinking, more sophisticated techniques, such as 3D printing [48, 49] 

and electrospinning [50] have also been explored. 

In terms of applications, alginate has enjoyed considerable success in the delivery of 

drugs [51] and probiotics [52], as well as in the regeneration of different tissues, such as 

bone [53], cartilage [46], retinal tissue [54], skeletal muscle [55], spinal cord [56], and tooth 

[57]. Considering diabetes mellitus as a clinically relevant example wonderfully illustrates the 

versatility of alginate hydrogels: they have been investigated to develop an artificial pancreas 

[58], to encapsulate cells for islet transplantation [59], and in glucose sensing technology 

[60]. In the realm of translation, alginate-based dressings for wounds and ulcers are already 

commercially-available for instance under the trade name Tegaderm™ [61] and more 

complex applications in cardiac tissue engineering have led to first successful clinical trials 

[62, 63]. Following this concise introduction to the alginate material system, another 

fundamental topic of this thesis will be discussed: the degradation of hydrogel biomaterials 

over time.  

 

4c. Biomaterial degradation: importance and mechanisms 

 

Material degradation is of paramount importance in different bioengineering 

applications. In the realm of drug delivery, biomaterials can be used to prevent a bolus burst 

release, instead enabling a sustained kinetic that circumvents the issues of short circulatory 

half-life and toxic off-target effects [64]. In this regard, the biomaterial carrier should not only 

be considered as a passive, biologically inert structure but rather as an active mediator of the 

elicited response, by acting synergistically with or antagonistically to the released therapeutic 

[65]. Hydrogels thus acting as immunomodulatory agents can not only be used in the context 

of drug delivery [66], but also in the fields of regeneration [67] and cancer therapy [68].  

In addition to serving as a delivery vehicle for drugs, degradable materials can also 

house cells that participate in the healing cascade through the secretion of bioactive 

molecules and/or the deposition of ECM. In the field of tissue engineering, material 

degradation can thus first enable the spreading and proliferation of encapsulated cells, and 

eventually matrix deposition and differentiation [69]. From a regulatory point of view, 

however, it is much more convenient to implant empty scaffolds that through their mere 

presence or particular architecture foster endogenous regeneration [70], though this 

approach often necessitates more extensive in vitro optimization to ensure successful 

outcomes. 

In both presented contexts, it is crucial to consider not only the degradation kinetics 

and the formation of side products that should be non-toxic and clearable from the body but 

also how this process affects the mechanical stability and permeability of the hydrogel [71]. 
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Clearly, the degradation process is so complex that it depends not only on the polymer 

properties; such as chain mobility, concentration, crosslink density (connectivity/size), 

crystallinity, hydrophilicity, and molecular weight; but also on microenvironmental factors, 

such as pH and temperature; as well as on the presence of specific chemical species, 

enzymes, or ions (Figure 3). 

 

 

Figure 3: Biomaterial degradation is influenced by hydrogel, environmental, and other factors, and 

affects such diverse cell responses as spreading and differentiation. 

 

In the context of regeneration, the process of degradation should, on one hand, be 

appropriate to promote cell survival and potentially host infiltration, while, on the other hand, 

not compromising the mechanical functionality of the tissue during the healing process. 

Furthermore, the requirements differ depending on whether the construct is acellular, 

meaning that host cells will be interfacing a 2D surface, or whether it contains encapsulated 

cells in the 3D bulk. While robust cell attachment is decisive in the former, mass transport is 

fundamental in the latter to ensure the supply of nutrients to and removal of waste products 

from the cells, thus enabling long-term survival. 

Numerous studies have shown that the degradation of the polymeric carrier can 

fundamentally affect the behavior of 3D encapsulated cells. Bryant and Anseth combined 

degradable and non-degradable synthetic polymers in different ratios to demonstrate that 3D 

encapsulated chondrocytes proliferate faster and deposit more ECM in a degrading 

environment [72]. Chung and colleagues determined that embedded MSCs in a 

hydrolytically- and enzymatically-degradable HA hydrogel up-regulate type II collagen and 

aggrecan compared to static controls [73]. Interestingly, compressive moduli increased most 

significantly in this set-up when matrix deposition complemented hydrogel degradation.  

In terms of in vivo studies, an increased extent and quality of bone formation were 

detected in more rapidly degrading gamma-irradiated alginate hydrogels with encapsulated 

osteoblasts when implanted subcutaneously into rats [74]. Furthermore, Lutolf et al. 

established that recombinant human bone morphogenetic protein-2 (BMP-2) release and 

subsequent bone formation in a critical-sized rat cranial defect model are both a function of 

the proteolytic sensitivity of the surrounding peptide-crosslinked polymer, controlled by the 

careful selection of the MMP-degradable linker sequences [75]. 
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While certain naturally-derived biomaterials, such as collagen, chitosan, and gelatin, 

are inherently degradable, others such as alginate must be chemically modified to impart this 

feature [71]. Common strategies to achieve this goal of rendering polymeric materials 

degradable include the introduction of labile amide, anhydride, or ester linkages [64]. 

Macroscopically, degradation modes can broadly be divided into those that occur 

homogeneously throughout the bulk of the material and those that are restricted to the 

surface, though both can also occur simultaneously in the same structure. Mechanistically, 

these processes can be classified into hydrolytic degradation, enzymatic cleavage, reversible 

click reactions or light-triggered processes, although other modalities also exist. Last, the 

respective target can be the polymer backbone, the crosslinks, or even pendant groups [69] 

(Figure 4).  

 

 

Figure 4: Biomaterial degradation modes can be classified according to where and how they react 

mechanistically, and what the target of this reaction is. 

 

The two modes of degradation applied in our material system, hydrolytic and 

enzymatic, will be portrayed in the following sections. Oxidation of the alginate backbone, 

which leads to its hydrolytic degradation, can be achieved by reaction with sodium periodate, 

a technique pioneered by Bouhadir and colleagues [76] (Figure 5). Specifically, this reaction 

alters the conformation of urinate residues by cleaving one carbon-carbon bond, causing the 

aldehyde groups to form six-membered hemiacetal rings with the closest hydroxyls [77]. This 

rearrangement leads to an open-chain-adduct behaving like an acetal group that becomes 

susceptible to hydrolytic scission [77]. The oxidation reaction can be followed by a reduction 

of the aldehyde groups using ammonia borane, which ensures that these chemical species 

do not cause cytotoxic effects on encapsulated or surrounding cells or interfere with crosslink 

formation by degrading click moieties. Hydrolysis follows second-order reaction kinetics, 

being proportional to the concentration of water and hydrolytic bonds, the latter being tunable 

by adjusting the percent of oxidation [78].  
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Figure 5: Non-degradable alginate is oxidized by sodium periodate and reduced by ammonia borane. 

The hydrolytically-labile polymer yields degradation products when exposed to water. 

 

While many polymer properties further influence the degradation kinetics, particularly 

significant factors are crosslink density and hydrophilicity, which dictate the rate of water 

molecule infiltration into the network [76]. Evident environmental conditions, such as pH and 

temperature, also play a role. Among other applications, these oxidized alginate materials 

have been employed in vivo for the therapeutic delivery of vascular endothelial growth factor 

(VEGF) to enhance angiogenesis for the treatment of ischemic diseases [79], and of BMP-2 

to promote bone healing [80]. 

Polymeric hydrogels can be rendered enzymatically-degradable by choosing peptide 

crosslinkers that are recognizable and cleavable by MMPs. MMPs, which exist either in 

soluble or membrane-anchored form, degrade various constituents of the ECM [81]. These 

proteases are tightly regulated by gene expression, compartmentalization, pro-enzyme 

activation, and inhibition [82]. Though they sustain a significant role in tissue homeostasis, 

they are specifically upregulated in angiogenic, immunologic and remodeling responses [82]. 

In addition to the aforementioned material properties influencing the kinetics of degradation, 

the specificity of the amino acid sequences, in other words, how many enzyme subtypes will 

likely cleave at this site, and the abundance of those target enzymes in the hydrogel’s 

microenvironment are decisive in dictating degradation kinetics.  

Among the first to systematically study these substrate amino acid sequences and 

their respective susceptibilities to cleavage by various MMPs were Nagase and Fields [83]. 

Patterson and Hubbell performed Michaelis-Menten analyses and quantified the response of 

encapsulated cells in terms of spreading and invasion potential when encapsulated within 

materials crosslinked with different MMP-degradable crosslinkers [84]. These investigations 

provided the groundwork embraced by Lutolf and colleagues who popularized the idea of 
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engineering cell-orchestrated matrices, which has henceforth led to the incorporation of 

various MMP-sensitive peptides into many, mostly PEG-based, hydrogel systems [85, 86]. 

In addition to serving as a suitable backdrop to probe cell behavior in mechanistic 

studies, enzymatically-degradable hydrogels have also found application in the cell-

empowered delivery of pro-angiogenic peptides [87] or as alginate nanoparticle coatings to 

control cargo release [88]. In contrast to these covalently-crosslinked matrices, 

enzymatically-degradable ionically-crosslinked hydrogels, specifically those based on 

alginate, have been studied by Fonseca and colleagues, who demonstrated in vitro cell 

spreading and in vivo tissue infiltration in these degradable structures [89-91]. Their scheme, 

however, features two simultaneous degradation mechanisms: passive, uncontrolled 

diffusion of crosslinking Ca2+ ions and active, cell-mediated degradation, rendering 

decoupling of each contributor impossible – a shortcoming that was overcome in our 

covalently-crosslinked system. As this thesis features degradable alginate hydrogels 

crosslinked via click chemistry, this family of reactions will be portrayed in the next section. 

  

4d. Click chemistry: general characteristics and different reaction types 

 

The term “click” was termed by Barry Sharpless and colleagues in 2001 to describe a 

chemical reaction possessing certain criteria: it must be (i) highly specific and (ii) modular, 

(iii) expend readily-available starting materials, (iv) operate in benign solvents, (v) proceed 

under simple conditions, (vi) give high yields, and (vii) necessitate only simple product 

isolation, while (viii) generating inoffensive by-products [92] (Figure 6). In general, click 

reactions can be divided into two sub-families: cycloadditions, most notably the Azide–Alkyne 

Huisgen 1,3-Dipolar, Copper-Catalyzed Azide–Alkyne and Diels-Alder types, and thiol-based 

reactions, such as the thiol-ene or thiol-yne radicals and thiol-Michael additions [93].  

 

 

Figure 6: All click reactions possess a set of distinct characteristics, and find application in diverse 

contexts, from basic research to drug discovery. 

 

Since the inception of this powerful field of organic chemistry, this particular family of 

reactions has received increasing attention also in the biology, materials, and pharmaceutical 
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communities [94], and has inspired application in biological labeling [95], cellular engineering 

and drug delivery [96]. By definition, these click reactions are also bioorthogonal, meaning 

that they are specific enough to proceed in biological systems without participating in 

unintended side reactions that would both lower the reaction efficiency and impact the 

biology itself  [97]. A more detailed description of the two specific reactions operating in our 

material system, Diels-Alder, and thiol-ene, will be provided in the following paragraphs. 

The crosslinking reaction implemented in the hydrolytically-degradable network 

involves alginate polymer modified with norbornene or tetrazine functional groups via 

carbodiimide chemistry and relies on an inverse-electron-demand Diels-Alder (IEDDA) 

mechanism, which proceeds spontaneously, without the addition of external energy or 

catalysts [98]. Mechanistically, the first step of this reaction involves a cycloaddition between 

tetrazine as the electron-donating diene and norbornene as the electron-withdrawing 

dienophile, resulting in a highly strained bicyclic adduct, which then converts rapidly via two 

intermediate species to the final product, by the release of nitrogen gas [99].  

Due to its benign nature and high specificity, IEDDA has found application in the 

development of fluorescent probes [100], including quantum dots [101], even to label single 

antigens in living cells [102], and in radiopharmaceutical chemistry for clinical use in high-

resolution nuclear imaging and targeted therapy [103]. In the realm of biomaterial science, 

the norbornene-tetrazine chemistry has for instance been used by Koshy and colleagues to 

fabricate degradable gelatin hydrogels promoting in vitro cell spreading and in vivo 

degradation [104]. 

The crosslinking mechanism applied in the enzymatically-degradable material system 

is a free-radical mediated thiol-ene reaction between norbornene-modified alginate and 

dithiol peptides in the presence of photoinitiator and UV. While norbornene, a strained 

cyclohexane ring, serves as the site of addition, the thiols, in this case turned into thiyl 

radicals, are supplied by two cysteine amino acids situated terminally on the crosslinker 

[105]. On a mechanistic level, radicals are formed by the UV-mediated decomposition of 

photoinitiator molecules, which abstract a proton from sulfhydryl groups on the cysteine 

forming thiyl radicals (initiation), which in turn react with vinyl bonds in the norbornene 

molecule [106]. While this reaction results in a thiol-ether bond, another radical is left, 

capable of forming another thiyl radical (propagation) [106]. This highly-efficient addition 

reaction proceeds in stoichiometric ratio until one of the reactants, norbornene or thiol, has 

been consumed (termination) [93]. It should be pointed out that norbornene is a particularly 

reactive starting compound due to its electron-dense and distorted double bond, which is 

very favorable to react in order to reduce ring strain [93, 107].  

Due to the bioorthogonality of this crosslinking scheme, it invites the encapsulation of 

cells and proteins, though fabrication settings must be carefully considered in order to 
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safeguard the viability of the former and bioactivity of the latter. While the photoinitiator 

concentration, UV exposure intensity and time certainly affect the viability of cells and the 

bioactivity of encapsulated enzymes or growth factors, both parameters can be reduced to 

such an extent that the unfavorable consequences are negligible. The specific effect of UV 

on cell behavior was determined in a proteome-wide analysis, delving into the proliferation, 

apoptosis, and proteome shifts as a function of intensity and time [108]. Similarly, McCall and 

colleagues confirmed that proteins retain their full functionality upon UV exposure, while still 

ensuring a rapid and highly-efficient reaction, for the examples of lysozyme and TGF-ß [109]. 

In addition to merely retaining the bioactivity of encapsulated compounds, the release of 

therapeutics can also be engineered for targeted and sustained delivery [110]. While 

homogeneous hydrogels have been discussed so far, the following sections will highlight 

how the same crosslinking mechanisms can be leveraged to fabricate patterned structures.  

 

4e. Patterning and orthogonal crosslinking reactions  

 

Patterning biomaterial surfaces or 3D constructs presents a promising avenue for 

controlling cell behavior, including attachment, morphology, and differentiation, on a local 

level. Essentially, instead of pushing all cells to attach to (or spread or differentiate on) a 

substrate, one can regulate this process, by spatially controlling biophysical or biochemical 

parameters. This ability is exciting not only because it permits insight into cell behavior, 

deepening our understanding of these processes on an elemental level, but also because it 

opens possibilities in terms of future clinical applications. In this regard, patterned implants 

could guide cell migration to a defect site, and steer the healing process by permitting matrix 

deposition and eventually tissue formation only in pre-selected user-defined regions. Though 

these clinical possibilities are encouraging, the focus of this work lies in establishing a 

material platform for fundamental studies, to understand cellular processes in a well-

controlled setting. 

In the material system described here, Diels-Alder and thiol-ene click chemistry can 

be combined orthogonally in the same dual-crosslinked material. As the thiol-ene 

crosslinking reaction relies on UV for initiation, the precise spatial location of this step can be 

controlled using photomasks. In general, a patterned photomask can be applied to form 

simple patterns and a moving unpatterned photomask results in gradients [111]. In both 

cases, the light source dictates the precision of the material modification with regular lamps 

modifying the full thickness, single-photon lasers permitting more precise conjugation of only 

≈25 µm of the z-depth and multi-photon lasers affecting only ≈2-3 µm [112]. The central 

advantage of these photochemical modifications is that in addition to offering spatial control, 

they also permit temporal control, thereby more accurately recapitulating the dynamic 
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processes occurring in vivo, as hydrogels can be modified at precise user-selected points in 

time.  

 Broadly speaking, the fabricated heterogeneous biomaterials can be divided into two 

main categories: those involving biophysical and those comprising biochemical patterning. 

The former includes stiffness patterns that have been achieved in different material systems, 

to study or elicit a multitude of cell behaviors. Stiffness patterned polyacrylamide sheets have 

been used to study fibroblast migration demonstrating durotaxis from less crosslinked (soft) 

to more crosslinked (stiff) regions with concurrent higher spreading and traction forces [113]. 

This finding has since been confirmed with MSCs in a PEG-based network [114].  

Jason Burdick’s group has contributed a significant body of work on HA-based 

hydrogels combining different crosslinking schemes, mostly based on a primary addition 

reaction and a secondary radical reaction. In their material system, sequentially-crosslinked 

regions resulted in stiffer mechanical properties prompting enhanced MSC spreading and 

proliferation in 2D [115], but generating a restrictive environment in 3D that reduced MSC 

spreading and outgrowth from chick aortic arches [116]. His group also demonstrated that 

patterned stiffness has decisive effects on differentiation potential: hepatic stellate cells 

remained round with lipid droplet on soft substrates, while they differentiated into myoblasts 

as verified by spread morphology, absence of lipid droplets, and high α-smooth muscle actin 

expression on stiff substrates [117].  

Stiffness patterns can also be engineered on a smaller scale in the form of 

micropatterning. For instance, Jeon et al. took advantage of oxidized methacrylated alginate 

and 8-arm PEG pre-cursors to generate micropatterns with dimensions influencing adipose-

derived stem cell proliferation and revealing differentiation preference into the chondrogenic 

vs. osteogenic lineages [118]. Another study featuring PEG-based micropatterned hydrogels 

reported higher cell spreading on substrates with higher concentrations of stiff regions, but 

only as long as micropatterns were organized: when their configuration was changed from 

regular to randomized, rounder morphologies were stimulated [119].  

In terms of patterns in degradation, Kloxin and colleagues have demonstrated that 

photo-degraded channels in a PEG-based material system can elicit cell migration, while 

degradation-induced removal of biomolecules, in this case, the adhesive peptide RGD with 

an additional serine amino acid, can promote chondrogenic differentiation, quantified via the 

expression of the chondrocyte marker COLII and the production of glycosaminoglycans 

[120]. In an HA-based material system, Burdick and colleagues have shown that cell-

mediated degradation can promote vasculogenesis and angiogenesis [121], and even 

differentiation into the adipogenic vs. osteogenic lineages in non-degradable “restrictive” vs. 

degradable “permissive” regions, respectively, independently of the material stiffness [122]. 
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Other studies have established the stimulatory effects of material degradation on other cell 

responses, such as spreading, chemokine secretion, and proliferation [69]. 

Transitioning from the presentation of biophysical cues, biochemical patterning most 

commonly features the cell-adhesive peptide RGD to control cell attachment, but other 

peptides and proteins, such as VEGF to promote directed migration, have also been used 

[123-125]. Importantly, the covalent coupling of growth factors to the polymer has been 

shown to significantly increase potency compared to the soluble administration of these 

moieties by ensuring their retention directly on-site [126]. Some material platforms even offer 

simultaneous tuning of mechanical and chemical cues, as developed in a thiol-ene 

crosslinked HA-based hydrogel, though only fluorophores, not biomolecules, were tethered in 

this proof-of-concept study, highlighting the need for further investigation [127]. 

 Another fascinating example of dynamic patterned biomaterials involves 

photocleavage to degrade [111], photocaging to reveal bioactive species [128], or reversible 

crosslinks to change hydrogel properties at user-defined times [129]. Cole DeForest’s 

research group has engineered several PEG-based material platforms permitting, for 

instance, independent tuning of mechanical and chemical signals in a degradable network 

[130], reversible patterning of vitronectin to differentiate stem cells to osteoblasts and back 

[131], and photodegradation to control vascularization at the µm-scale [132], in addition to 

designing a library of 17 different materials degrading in response to disease biomarkers for 

site-specific release of encapsulated cells [133]. Though these sophisticated patterning 

approaches are certainly promising, they have thus far not been tested in vivo, meaning that 

the ease of translation remains questionable. As the required background information has 

now been presented, we can transition to the body of the thesis, beginning with a short 

roadmap presenting its structure. 
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5. Thesis Structure 

 

As mentioned in the Introduction section, this Ph.D. project is divided into three sub-

projects, each of which leading to a separate journal publication. The first publication 

investigates hydrolytically-degradable Diels-Alder crosslinked hydrogels [134], while the 

second publication explores enzymatically-degradable thiol-ene crosslinked hydrogels [135]. 

The third publication merges themes developed in the previous two in order to fabricate and 

characterize hydrogels with patterns in biophysical and biochemical cues and has been 

submitted to the journal Biomaterials for publication. The first two research articles can, 

therefore, be seen as largely independent works, though implementing the same base 

polymer, which are then effectively combined in the third publication, featuring patterned, 

dual crosslinked Diels-Alder and thiol-ene materials, with spatial control in stiffness, 

biomolecule presentation, and degradation. These publications are presented in 

chronological order, each prefaced with an overview and outline of my personal contribution, 

followed by a general conclusion, discussing applications, limitations, and future directions. 
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6. Publication I: Hydrolytically-degradable click-crosslinked alginate 

hydrogels 

 

6a. Overview 

 

The impetus for this first sub-project was to develop a way to render the previously-

studied Diels-Alder crosslinked alginate hydrogels degradable, as this feature is essential to 

many tissue engineering applications [47]. Since oxidation of the polymer backbone had 

been shown to induce hydrolytic degradation in ionically-crosslinked matrices, the 

reasonable assumption was that it would have the same effect in this particular context of 

covalently-crosslinked alginate hydrogels. This work thus describes oxidized norbornene- 

and tetrazine-modified alginate crosslinked spontaneously by Diels-Alder chemistry. The 

resulting hydrogels were investigated for their initial mechanical properties, rheological and 

degradation behavior, 2D and 3D cell compatibility using mouse pre-osteoblasts, and in vivo 

performance after subcutaneous implantation into a mouse model, as visualized by 

histological staining. 

 

6b. Personal contribution 

 

For this publication, I carried out the material synthesis, hydrogel fabrication, and 

characterization, as well as in vitro experiments and ex-vivo processing of implanted 

hydrogels. Additionally, I evaluated the data, interpreted the results, generated the figures, 

and wrote the manuscript. I learned alginate material synthesis techniques during a 3-month 

internship at Harvard University at the beginning of my Ph.D. in 2015. I performed tetrazine 

synthesis at the Wyss Institute for Biologically Inspired Engineering during this and another 

week-long stay in Boston the following year. While I conducted rheology measurements at 

the Helmholtz Center Berlin for Materials and Energy, all other experimental work was 

carried out at the Julius Wolff Institute in Berlin. 

 

6c. Publication notification 

 

This work was published in the journal Biomaterials in July 2018 and is available at 

https://www.sciencedirect.com/science/article/pii/S0142961218305167. 

(https://doi.org/10.1016/j.biomaterials.2018.07.031) 

Lueckgen A, Garske DS, Ellinghaus A, Desai RM, Stafford AG, Mooney DJ, Duda GN, 

Cipitria A. Hydrolytically-degradable click-crosslinked alginate hydrogels. 

Biomaterials. 2018;181:189-98. 

https://www.sciencedirect.com/science/article/pii/S0142961218305167
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1. Introduction 

ABSTRACT 

Degradable biomaterials aim to recapitulate the dynamic microenvironment that cells are naturally 
exposed to. By oxidizing the alginate polymer backbone, thereby rendering it susceptible to hydrolysis. 
and crosslinking it via norbornene-tetrazine click chemistry, we can control rheological, mechanical. and 
degradation properties of resulting hydrogels. Chemical modifications were confirmed by nuclear 
magnetic resonance (NMR) and the resulting mechanical properties measured by rheology and uncon
fined compression testing. demonstrating that these are both a function of norbornene coupling and 
oxidation state. The degradation behavior was verified by tracking mechanical and swelling behavior 
over time. showing that degradation could be decoupled from initial mechanical properties. The cell 
compatibility was assessed in 2D and 3D using a mouse pre-osteoblast cell line and testing morphology. 
proliferation. and viability. Cells attached. spread and proliferated in 2D and retained a round 
morphology and stable number in 3D. while maintaining high viability in both contexts over 7 days. 
Finally. oxidized and unoxidized control materials were implanted subcutaneously into the backs of C57 / 
816 mice. and recovered after 8 weeks. Histological staining revealed morphological differences and 
fibrous tissue infiltration only in oxidized materials. These materials with tunable and decoupled me
chanical and degradation behavior could be useful in many tissue engineering applications. 

© 2018 Elsevier Ltd. All rights reserved. 

Tissue engineering aims to regenerate or replace damaged 
native tissues through the strategic combination of materials. cells 
and bioactive factors. Hydrogels are particularly suitable in this 
context due to their propensity to soak up water, creating a hy
drated structure that resembles native soft tissues. In particular, 
alginate hydrogels based on the naturally occurring, biocompatible 
polysaccharide polymer, have found application as drug delivery 
vehicles, wound dressings or in the regeneration of various tissues, 
such as bone, cartilage, and muscle [1-51. While this polymer has 
traditionally been crosslinked ionically by the introduction of 
divalent cations, covalently-crosslinked alginate hydrogels based 
on click chemist1y have recently been developed [6,71. This family 

of crosslinking mechanisms is highly specific and rapid - when 
additionally designed to be biorthogonal, it becomes extremely 
useful in a wide range of biomedical contexts, from biosensing to 
drug discove1y [8-101 .  In particular, this system's crosslinking re
action is an inverse electron demand Diels-Alder cycloaddition 
relying on norbornene and tetrazine functional groups introduced 
into the polymer backbone [61. 

Despite these advantages, previous studies based on click
crosslinked alginate hydrogels have demonstrated a lack of degra
dation of these materials in vivo, even 2 months after subcutaneous 
implantation [61. Instead, a fibrous capsule that retained its struc
tural integrity and hindered cell penetration formed around the 
implanted hydrogels [ 6 I. Degradability of biomaterials is crucial in 
ensuring a dynamic and truly biomimetic environment that per
mits encapsulated cells to survive and function in the long-term 
[ 111- Hydrolytic, enzymatic, photolytic and ion exchange are 
among the most common pathways of degradation, and have been 
implemented in various material systems [121. These approaches 

• Corresponding author. Max Planck Institute of Colloids and Interfaces, 
Department of Biomaterials. Am Muhlenberg 1, 14476 Potsdam, Germany. 

E-mail address: amaia.cipitria@mpikg.mpg.de (A. Cipitria). 

ht tps: / /doi.org/ 10.1016/j.biomaterials.2018.07.031 
0142-9612/© 2018 Elsevier Ltd. All rights reserved. 
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vary not only due to their underlying chemistries, but also due to 
their kinetics, and to what extent these can be tuned. Additionally, 

these processes differ by how degradation is initiated, whether it 
occurs passively (hydrolytic), involves cells to actively participate 

by secreting enzymes (enzymatic), requires external user input by 

presenting light (photolytic), or is based on environmental condi

tions that could be adjusted by introducing chemical species or 

could change based on biological processes occurring in the tissue 

(ion exchange). 

The degradation mode of choice in this material system is hy

drolytic due to its ease of implementation and passive reaction 

mechanism, which is initiated spontaneously when the material 

contacts water-based fluids. Oxidation of the alginate polymer 

backbone has previously been applied with ionically-crosslinked 

alginate in order to render the resulting hydrogels hydrolytically 

degradable (13-15]. As ionically-crosslinked materials degrade in 

an uncontrolled manner by ion exchange, these hydrogels essen

tially combined two modes of degradation that could not be 

decoupled from each other or controlled independently [16]. The 

current publication thus builds upon previous works, by combining 

click crosslinking of alginate and introducing the susceptibility to 
passive, hydrolytic degradability via oxidation. Here, we report for 

the first time a stable alginate-based hydrogel system that is 
covalently-crosslinked by click chemistry and rendered degradable 

in a controlled and tunable manner by oxidation. 

The main aim of this work is to engineer a dynamic, degradable 
click-crosslinked alginate-based material platform with tunable 

material properties. In order to achieve this goal. we have oxidized 
the polymer backbone, and introduced either norbornene or tet

razine functional groups for crosslinking. The resulting material 

properties were thoroughly characterized by nuclear magnetic 
resonance (NMR). rheology, and unconfined compression testing. 

The degradation behavior was measured by tracking mechanical 
and swelling behavior over time. The cell compatibility was 

assessed in 2D and 3D using a mouse pre-osteoblast cell line and 

testing morphology. proliferation. and viability. Finally. to deter

mine the materials' in vivo functionality, the biomaterial was 

implanted subcutaneously into the backs of mice and the degra

dation and cytocompatibility were determined via histological 

staining. We envision that this material system that allows control 
over rheological, mechanical, and degradation properties could be 

suitable for various tissue engineering applications where the 

material itself is required over a defined and limited time frame, 

such as drug delive1y and wound healing. 

2. Materials and methods 

2.1. Synthesis of hydrolytically-degradable alginate polymers 
suitable for click cross/inking 

2.1.1. Oxidation of alginate base material 
The base material was ultrapure, high molecular weight (265 kg/ 

mol), high guluronic acid, sodium alginate (Pronova UP MVG; 
NovaMatrix). To oxidize 5% of the monomer units. sodium alginate 

was dissolved at 1% w/v in double-distilled water (ddH20) and 

reacted with sodium periodate (ACS reagent, 2:99.8%; Sigma

Aldrich) by stirring at 250 rpm for 17 h at room temperature in 

the dark. The solution was dialyzed (Spectra/Por 6, MWCO 3.5 kDa; 
Spectrum) in ddH20 for 3 days with 3-4 water changes per day, 

then sterile-filtered (0.22 �tm; Steriflip-GP, Merck) and lyophilized. 

2.1.2. Reduction of oxidized alginate base material 
To selectively reduce aldehyde groups, the oxidized polymer 

was dissolved at 1 % w/v in ddH20 and reacted with ammonia 

borane (97%; Sigma-Aldrich) by stirring at 250 rpm overnight at 

room temperature. The resulting solution was dialyzed. sterile
filtered and lyophilized as before. The success of these reactions 

was confirmed by NMR (sample dissolution at 1.5% w/v in deute
rium oxide; 256 scans; Agilent 600 MHz PremiumCOMPACT 

equipped with Agilent OneNMR Probe) (Supplementary Fig. S 1 ). 

2.1.3. Synthesis of 3-(p-benzylamino )-1,2,4,5 tetrazine 
3-(p-benzylamino )-1,2.4,5-tetrazine 

was synthesized, as previously described (6]. Briefly, 4-(amino

methyl)benzonitrile hydrochloride and formamidine acetate were 

mixed, then anhydrous hydrazine was added. After permitting gas 

evolution to subside, the reaction was covered and stirred at 

200 rpm for 40 min at 90 °(. during which time the color gradually 

changed from transparent to red. The mixture was then cooled on 

ice and sodium nitrite solution was added. 10% hydrochloric acid 

solution was introduced drop-wise to acidify the reaction, gener

ating nitric oxide gas in the process. The oxidized acidic crude 

mixture was extracted with dichloromethane, retaining the 

aqueous layer and discarding the organic one. The aqueous fraction 

was then saturated first with sodium chloride, then sodium bicar

bonate. filtered through a Buchner funnel, and extracted with 
dichloromethane. The final product was recovered by rotary 

evaporation, purified by high-performance liquid chromatography 
using a 5-25% acetonitrile gradient and then lyophilized. All 

chemicals required for synthesis were purchased from Sigma

Aldrich. 

2.1.4. Coupling of click functional groups by carbodiimide chemistry 
Oxidized and reduced alginate was dissolved overnight at room 

temperature at 1% w/v in 0.1 M 2-(N-morpholino)ethanesulfonic 

acid (MES; Sigma-Aldrich), 0.3 M NaCl (EMD Millipore) buffer (pH 
6.5). Then, N-hydroxysuccinimide (NHS; Sigma-Aldrich), followed 

by 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochlo
ride (EDC; Sigma-Aldrich) were added drop-wise to the alginate 

solution at 5000 molar equivalents each. To modify the polymer 

with norbornene functional groups (N-Alg). S-norbornene-2-

methylamine (TCI Deutschland GmbH) was added at a theoretical 

degree of substitution (DSrheo) of 500 (highN) or 300 (lowN) mol

ecules per alginate polymer chain. To synthesize tetrazine modified 

alginate (T-Alg). 3-(p-benzylamino )-1.2.4,5 tetrazine was added at a 
DScheo of 500. Both click reagents were added to yield a final re

action concentration of 0.6% w/v. 

The reaction was allowed to proceed by stirring at 700 rpm for 

20 h at room temperature, and quenched by adding hydroxylamine 

(Sigma-Aldrich). The solution was then dialyzed (MWCO 3.5 kDa) 

against a salt gradient (6 g/L to O g/L) in ddH20 for 3 days with 3-4 

water changes per day, purified with activated charcoal (Sigma

Aldrich), then sterile-filtered, and lyophilized as before. Actual DS 
(DSactuaI) values of N-Alg and T-Alg were determined by NMR 

measurement as above (Supplementary Figs. S2-S4) and reaction 

efficiencies were calculated (Supplementary Table Sl ). Unoxidized 

click alginates were modified with norbornene or tetrazine in the 

same manner as controls. 

2.2. Fabrication of degradable click alginate gels 

Click alginate hydrogels were cast by first dissolving the 

lyophilized N -Alg and T -Alg at 2% w/v in phosphate-buffered saline 

(PBS without ca++, Mg++, and phenol red; Biozym) overnight at 

SO °C with agitation. The N-Alg and T -alg components were then 

mixed using two syringes and a Luer Lock connector (Bio-Rad 
Laboratories). injected onto a glass plate onto which a silanized 

glass slide (Sigmacote, Sigma-Aldrich) was placed with 2 mm 

spacers. Following 2 h casting at room temperature, the top glass 

slide was removed after lubrication with PBS and cylindrical gels 
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were punched out using biopsy punches (Integra Miltex) of 
different diameters (0 = 8 mm for material characterization, 
0 = 6 mm for cell studies). 

2.3. Characterization of degradable click alginate gels 

2.3.1. Detennination and tunability of mechanical properties 
Hydrogels with ratios of norbornene and tetrazine (N:T ratio) 

from 0.5 to 3, determined by dividing the DSactual of N-Alg by the 
DSactual of T-Alg with constant 2% w/v total polymer concentration, 
were prepared as above. After 2 h equilibration time in PBS, they 
were subjected to uniaxial unconfined compression testing (BOSE 
TestBench LM1 system). Measurements were performed at 
0.016 mm/s using a 250 g load cell (Model 31 Low; Honeywell) 
without preload. The elastic modulus (E) was calculated as the 
slope of the 2-10% linear region of the generated stress vs. strain 
curve using a Matlab script (n = 3 ). Hydrogel dimensions were 
measured using calipers for the diameter (2 perpendicular mea
surements) and using the BOSE uniaxial compression system for 
the height by lowering down the top plate slowly until contact was 
established. 

2.3.2. Evaluation of gelation kinetics and rheological properties 
To evaluate the rheological behavior of degradable click alginate 

hydrogels during gelation, N -Alg and T-Alg were mixed by v o r 

texing and then immediately pipetted onto the bottom plate o f  a 
rheometer(MCR 702; Anton Paar) equipped with a 8 mm flat upper 
geometry (PPOS; Anton Paar). Mineral oil was applied to the pe
riphery of the forming gel to prevent dehydration. Storage and loss 
moduli were recorded during a time sweep performed over 4 hat a 
constant frequency of 1 Hz, followed by a frequency sweep from 
0.01 to 10 Hz over 30 min. Both measurements were conducted at 

0.1 % shear strain, while temperature was maintained at 25 °C using 
a Peltier cooling module (n = 3 ). 

2.3.3. Tracking mechanical properties and swelling behavior over 
time 

To track the degradation of oxidized click alginates (5%ox) and 
unoxidized controls (unox), the elastic moduli and mass swelling 
ratios (Qm) were tracked over a time of 28 days with time points at 
0 (after 2 h equilibration)/1/3/7/14/21/28 d (n = 3). At each time 
point, mechanical testing and dimension measurement were per
formed as indicated above. Qm was calculated with the formula 
Qm = (Ww - Wd)/Wd, where Ww refers to the hydrogel weight in 
the fully-hydrated state and Wd refers to the hydrogel weight in the 
dry state following lyophilization. 

2.4. Cell compatibility of degradable click alginate gels 

2.4.1. MC373-E1 cell culture 
MC3T3-E1 mouse preosteoblasts (Subclone 4; ATCC) were 

cultured in Alpha Medium (without nucleosides, with 2 g/L 
NaHC03, without L-glutamine; Biochrom) supplemented with 10% 
v/v fetal bovine serum (Biochrom), 2 mM glutamax (Thermo Fisher) 
and 100 U/mL penicillin - 100 µg/mL streptomycin (VWR). Cells 
were maintained in 5% CO2 environment at 37 °C and passaged 
every 3-4 days. 

2.4.2. Coupling of RGD peptide by thiol-ene chemistry 
The cell adhesive peptide RGD was bound to remaining available 

norbornene groups present on the polymer backbone during the 
last phase of the gelation process for all gels intended for cell 
studies. In addition to N -alg and T-alg, 0.5% w/v photoinitiator 
(Irgacure 2959; Sigma-Aldrich) and a thiol-containing RGD 
sequence (CGGGGRGDSP peptide; Peptide2.0) were added to the 

gel solution to result in a DSrheo of 12 RGD peptides per alginate 
polymer chain (0.95 mM). After allowing the click reaction to pro
ceed for 110 min, gel sheets were exposed to 365 nm UV light for 
10 min at 10 mW/cm2. After punching out cylindrical gels, these 
were washed once in medium before starting culture to remove 
residual photoinitiator and unreacted peptide. Medium was 
changed every 2-3 days throughout culture. 

2.4.3. Cell seeding, morphology, proliferation, and viability in 2D 
After allowing gels to equilibrate overnight, cells were seeded at 

a density of 2000 cells/gel (72 cells/mni) and medium was added 
to barely cover the surface. After 1/3/7 d of culture, gels were 
washed once with PBS, before Live/Dead staining with 1.6 µM cal
cein AM (C125400; TRC) and 4 µM ethidium homodimer-1 (L3224; 
Thermo Fisher) to identify live and dead cells, respectively. Imaging 
was performed on an inverted microscope (DMl6000B; Leica). 
Quantification of cell numbers to calculate viability at each time 
point was completed using lmageJ software where the same 5 
positions (one central, the others emanating 1 mm in each direc
tion) were analyzed at 20x magnification per gel for n = 4 gels per 
group. 

2.4.4. Cell encapsulation, morphology, proliferation, and viability in 
3D 

To encapsulate cells in 3D, cell suspension was incorporated into 
the gel solution to yield a final concentration of 200,000 cells/ml. 
After 1/3/7 d of culture, Live/Dead staining and subsequent quan
tification was performed as described for 2D experiments, except 
that a 800 ftm z-stack with 10 fll11 step size was acquired at each of 
the 5 positions per gel for n = 3-5 gels per group. These z-stacks 
were then collapsed to 2D projections to permit quantification. 

2.5. In vivo perfonnance of degradable click alginate gels 

2.5.1. Hydrogel fabrication for implantation and surgical approach 
lowN,unox and highN,5%ox materials were selected for in vivo 

investigation due to their comparable initial mechanical properties 
and demonstrated lack ofvs. significant degradation in vitro. These 
materials are termed non-degradable and degradable, respectively, 
for the subsequent in vivo work. Hydrogels were prepared as 
described in Section 2.4.2 and equilibrated overnight before 
implantation. 

All work was performed with female C57/Bl6 (17-19g) mice 
(Charles River Laboratories) in compliance with legal local animal 
rights protection authorities (Landesamt fiir Gesundheit und 
Soziales Berlin; G 0104/17). The surgery was performed under 
inhalation anesthesia with isoflurane gas (Forene; AbbVie 
Deutschland GmbH) and subcutaneous injection of Buprenorphin 
(0.03 mg/kg BW; Essex Pharma). Eyes were covered with ointment 
to protect against dehydration and damage to the cornea 
(Bepanthen). The lower back was shaved and spray-disinfected 
(Braunoderm). While placing the animal on its ventral side, a 
3 cm diagonal incision extending from the upper left to the lower 
right of the distal back was cut. Blunt scissors were used to open 
two cavities that the hydrogels were slid into, placing one on the 
lower left and one on the upper right, as far away from each other 
as possible. After placement into these pockets, one single stitch 
suture comprising the underlying muscle was sewn centrally to 
prevent hydrogels from sliding towards each other, followed by 
interrupted dermal sutures to close the wound. Animals received 
analgesia for 3 d post-operatively via Tramadol (0.5 mg/ml; Gri.i
nethal) supplemented into the drinking water. 

2.5.2. Hydrogel retrieval and histological evaluation 
After 8 weeks, animals were euthanized in deep anesthesia with 
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intraperitoneal injection of Ketamin (75 mg/kg BW; Actavis) and 
Medetomidin ( 1 mg/kg BW; Pfizer), followed by intracardial injec
tion of 2 mL 10% potassium chloride solution (Braun Melsungen 
AG). To assess in vivo cytocompatibility, hydrogels along with the 
tissue immediately surrounding the constructs was carefully 
dissected out and embedded in Super Cryoembedding Medium 
(SCEM; Section Lab). Cryosections with 4 �tm thickness were cut 
according to the Kawamoto film method using a Leica cryotome 
(CM1850; Leica Microsystems) [17j. Sections were stained with 
Hematoxylin and Eosin (H&E) and imaged at 5x for mosaic over
views and at l!Ox for detailed views to reveal differences in gel 
morphology arid the interface region between the hydrogel mate
rial and surrounding tissue (n = 5). Sections were also stained with 
Picrosirius Red,. imaged at 5x for mosaic overviews, and the extent 
of fibrous tissue infiltration (%) was quantified by setting a region of 
interest around the gel perimeter and quantifying the amount of 
fibrous tissue inside of this area (n = 5). 

2.6. Statistical analysis 

All experiments were conducted with n = 3-5 samples and 
results were presented as mean ± standard deviation. Statistical 
analyses were executed using GraphPad Prism Software. Compar
isons between groups used a one-way ANOVA followed by Bon
ferroni's posthoc test (p < 0.0001 ), while those between time 
points were performed by unpaired t-test (p  < 0.05). 

3. Results 

3.1. Fabrication of hydrolytical/y-degradable click-cross/inked 

alginate gels 

In order to prepare hydrolytically -degradable alginate polymers, 

A B 

5% of the hydroxyl groups on the polymer backbone were oxidized 
with sodium periodate (NaI04), which alters the conformation of 
urinate residues to an open-chain adduct that is susceptible to 
hydrolysis (Fig. 1A). However, the reactive aldehyde groups that 
form during this modification can readily react with amines to have 
cytotoxic effects on surrounding cells, and can interact with or 
degrade click moieties, thereby hindering their ability to crosslink. 
Therefore, the reactive aldehyde groups were reduced with 
ammonia borane (BH3N H3) (Fig. lA). The oxidation and reduction 
reactions were confirmed by NMR (Supplementa1y Fig. Sl ). 

The degradable alginate was then modified with either nor
bornene or tetrazine functional groups by carbodiimide chemistry 
with a theoretical degree of substitution of 500 (highN) or 300 
(lowN) (Fig. 1 B). The success of these reactions was verified by NMR 
(Supplementary Figs. S2-S4) and reaction efficiencies were calcu
lated (Supplementary Table Sl ). The norbornene-modified alginate 
and tetrazine-modified alginate were then mixed together to form 
hydrogels in the spontaneous, rapid, and specific manner intrinsic 
to click reactions (Fig. 1 8). The resulting materials' mechanical, 
rheological and degradation properties could be tuned by adjusting 
material parameters, specifically ( 1 )  the amount of norbornene 
introduced onto the polymer backbone ( highN vs. lowN), (2) the 
oxidation state (unox vs. 5%ox). and (3) the ratio of norbornene to 
tetrazine. Four hydrogel types were thus generated: highN,unox; 
lowN,unox; highN,5%ox; and lowN,5%ox (Supplementary Table S2). 

3.2. Initial mechanical properties of hydrolytical/y-degradable 

click-cross/inked alginate gels 

To demonstrate the tunability of this material system, the ratio 
of norbornene to tetrazine functional groups ( N :T ratio) was varied 
from 0.5 to 3 and initial mechanical properties were determined by 
unconfined compression testing (Fig. 2). 
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Fig. 2. Initial mechanical properties ofhydrolytically-degradable click-crosslinked alginate gels. Elastic modulus changes as a function ofnorbornene modification, oxidation state. 
and norbomene to tetrazine ratio (N:T Ratio). highN,unox (A), lowN,unox (B), highN,5%ox (C), and lowN,5%ox (D). Elastic modulus measured by unconfined compression after 2 h 
equilibration. Bars indicate mean + standard deviation (n = 3). 

Overall, unoxidized materials and materials with high norbor
nene modification were stiffer than oxidized ones and those with 
low norbornene modification. The maximum elastic modulus of 
21.2 ± 0.28 kPa was reached at N:T = 1.5 for unoxidized materials 
(Fig. 2A). For 5% oxidized materials (Fig. 2C and D) the differences 
once N:T 2: 1 were smaller than in the unoxidized groups (fig. 2A 
and B). For all remaining experiments, highN,unox with N:T = 1.5 
was selected as the stiffest material, while lowN,unox and highN,5% 
ox with N:T = 3 were investigated further. as initial mechanical 
properties were comparable (E = 7.7 ± 0.1 vs. E = 6.2 ± 0.2 kPa) and 
keeping the N:T ratio constant eliminated one confounding variable 
during comparisons. The softest. degradable material with 
E = 2.4 ± 0.2 kPa used for subsequent experiments was lowN,5%ox 
with N:T=3. 

3.3. Celadon kinetics and rheological properties of hydrolytically

degradable click-cross/inked alginate gels 

To attain a more thorough understanding of the gelation 
behavior of the generated materials. a series of rheological exper
iments was performed. A 4 h time sweep tracking the evolution of 
the storage ( G'; top line) and loss moduli (G"; bottom scattered 
points) over this duration (Fig. 3A) allowed the calculation of a 
gelation kinetic, which was defined as the time to reach 1000 Pa 
(Fig. 3B). The apparent noise of the loss modulus signal is due to the 
fact that the y -axis is logarithmic, meaning that visible fluctuations 
are actually minimal, in the range from O to 42 Pa. for all groups at 
all time points (Fig. 3A). While the highN,unox material gelled 
fastest and the lowN,5%ox material gelled slowest. all groups gelled 
at significantly different kinetics except for lowN,unox and 
highN,5%ox (as indicated by ns on Fig. 3B). 

Next, a frequency sweep was conducted, which enabled the 
determination of the plateau storage modulus (Fig. 3C). This test 
revealed that only highN,unox had a significantly higher modulus 
than the remaining materials. Using the plateau storage modulus 
obtained from rheology and the volumetric swelling ratio, the 
number of crosslinks formed (N) was estimated using the equation 
N = (G'*QV3)/RT, where G' is the plateau storage modulus, Qv is the 
volumetric swelling ratio defined as Vw/Vd, where Vw refers to the 
volume in the fully-hydrated state and Vd refers to the volume in 
the dry state (V d = dry mass/density polymer), R is the ideal gas 
constant 8.314 m3 Pa/K • mol and T is the temperature 298 I< 
(Fig. 30) I 18[. While more crosslinks were formed in the highN 
groups in general, most crosslinks were formed in the highN,unox 
material in particular. Here, the extent of norbornene coupling had 
a more profound effect on rheological properties and crosslinking 
density than oxidation state. 

3.4. Mechanical and swelling behavior of hydrolytical/y-degradable 

click-cross/inked alginate gels over time 

After characterizing the initial mechanical and rheological 
properties of these materials, the degradation behavior was 
explored in order to confirm that oxidation of the polymer did 
indeed impart susceptibility to hydrolytic degradation to the 
polymer. To this end, the elastic modulus and mass swelling ratio 
were tracked over 28 days, where a decrease in the former and an 
increase in the latter was deemed indicative of degradation (Fig. 4). 

The elastic modulus remained fairly constant for unoxidized 
groups; while this parameter significantly decreased in 5% oxidized 
groups, as expected. This trend became even more apparent when 
the elastic modulus at each time point was compared to its initial 
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value, measured after an equilibration time of 2 h (Fig. 4A). Mass 

swelling ratios adjusted to the initial value were fairly constant for 

unoxidized materials and increased for 5% oxidized ones (Fig. 4B). 

Though lowN,unox and highN,5%ox have similar initial elastic 

moduli and mass swelling ratios, the evolution of these properties 

differs significantly over time, indicating that one material is 

degrading, while the other remains stable. These two materials, 

with different degrees of substitution of norbornene at the same 

N:T ratio. exhibit comparable initial mechanical properties. yet 

d ifferent subsequent degradation behaviors. lowN,5%ox with the 

lowest elastic modulus and crosslinking density degrades fastest. 
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3.5. MOT3-E1 pre-osteoblast cells seeded on 2D hydrolytically
degradable click-cross/inked alginate gels 

Following the hydrogels' material characterization. cyto

compatibility was verified by seeding MC3T3-E1 pre-osteoblasts on 

their surface and monitoring their morphology, proliferation, and 

viability over 7 days. While cells attached equally successfully on all 

4 materials on day 1, they proliferated more on unoxidized gels 

(Fig. SA,B.E). In contrast. cell number remained constant on the 5% 

oxidized materials over the time period investigated (Fig. SC.D,E). 

LowN materials promoted higher proliferation than highN 
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Fig. 4. Mechanical and swelling behavior of hydrolytically-degradable click-crosslinked alginate gels over time. Elastic modulus adjusted to 2 h time point (A) and mass swelling 
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materials in both groups, though this trend is more evident in the 
unoxidized group and not statistically significant. Oxidation state 
had a more significant impact on the cells' ability to attach and 
proliferate than the extent of norbornene coupling. Cell viability 
remained high on all materials at all time points without decrease 
due to extended culture, with a robust percentage of ;:::93% (Fig. SF). 

3.6. MC313-E1 pre-osteoblast cells encapsulated in 3D 

hydrolytically-degradable click-cross/inked alginate gels 

Cytocompatibility was verified in 3D by encapsulating cells into 
the hydrogel during fabrication and following their behavior over 
time, specifically their morphology, proliferation, and viability over 
7 days. Cells remained round and did not proliferate over the time 
course investigated (Fig. 6A-E). Cell viability for all groups and time 
points was ;:::82%, indicating robust cell survival rates, also in 3D 
(Fig. 6F). 

3. 7. In vivo perfonnance of hydrolytically-degradable c/ick
cross/inked alginate gels 

Histological evaluation by H&E revealed that non-degradable 
hydrogels retained their circular shape and structural integrity 
over 8 weeks (Fig. 7 A). The higher magnification images and Pic
rosirius Red staining highlight the fibrous capsule formed around 
the material, creating an undisturbed barrier between the foreign 
body and the native tissue (Fig. 7B-D). In contrast, degradable 
materials are deformed and begin to fall apart, while being 
permissive to cellular infiltration into the main body, though tissue 
host tissue response was more heterogeneous in this group 
(Fig. 7E-H, Supplementary Fig. S5). These observations are quan
tified by the extent of tissue infiltration into each material type, 
which is negligible at 0.03 ± 0.04% in unoxidized materials and 
reaches 4.1 ± 3.0% in oxidized ones (Fig. 71). 

4. Discussion 

We show that click-crosslinked alginate gels can be rendered 
hydrolytically-degradable by oxidizing the polymer chains. While 
this chemical modification step does affect the resulting material 
properties, it does not prevent efficient crosslinking and gel for
mation. Different classes of materials were engineered by tuning 
the ( 1 )  degree of substitution of norbornene and the (2) oxidation 
state during polymer synthesis and the (3) norbornene to tetrazine 
ratio during gel formation. Performing compression testing of 
hydrogels after 2 h equilibration following casting revealed that 
initial mechanical properties were affected by the degree of sub
stitution of norbornene and the oxidation state, where lower de
gree of substitution and oxidation both resulted in softer materials. 
Furthermore, this parameter could be tuned up to two-fold within 
each group by adjusting the N:T ratio, for a constant 2% w/v, leading 
to a total range in mechanical properties from about 2 to 20 kPa, 
which could be further broadened by varying the polymer con
centration. As these values correspond to the stiffnesses of several 
tissues, this material platform offers a high degree of flexibility and 
invites application in different tissue engineering contexts [ 19 [. 

Rheological evaluation revealed that the degree of substitution 
of norbornene and oxidation state also affect the gelation kinetics 
and rheological properties, where lower degree of substitution and 
oxidation both result in materials that gel more slowly (require 
more time to reach 1000 Pa) and exhibit lower final plateau storage 
moduli. Oxidation played a more decisive role in affecting the 
mechanical properties, in this case reducing them, compared to the 
extent of norbornene coupling. Calculating the number of cross
links showed that more crosslinks can form within those materials 
where more norbornene is coupled, though this crosslink forma
tion is, to an extent, impaired in oxidized polymers. It should be 
noted that the difference in crosslink formation between unoxi
dized and oxidized materials is due to lower reaction efficiencies of 
the norbornene and tetrazine introductions onto the polymer 
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backbone following the oxidation and reduction steps 

(Supplementary Table Sl, Supplementary Figs. S2-S4). This ten

dency can be attributed to the altered chemical milieu created by 
the oxidation and reduction steps that renders further modification 

steps less efficient, by causing a deviation from the optimal pH 

conditions for carbodiimide modifications at 6.5, for instance (20 ] .  

Alternatively, steric hindrance due to the changed chemical struc
ture of the polymer backbone impairing accessibility of the reacting 
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Fig. 7. Tissue infiltration following subcutaneous implantation of hydrolytically-degradable click-cross linked alginate gels. Non-degradable lowN,unox (A- D). degradable highN,5% 
ox (E-H). Tissue sections were recovered from C57 /Bl6 mice 8 weeks following implantation and stained with Hematoxylin and Eosin (left ove1view A/E. center small details B-C/F
G indicated by dashed boxes in overview) and Picrosirius Red (D/H). Representative images for each staining and quantitative analysis of tissue infiltration (I) (scale bar = 1 mm in 
overview and 100 µm in detail). alg = alginate, fc = fibrous capsule, + = cell infiltration. Bars indicate mean + standard deviation (n = 5). • indicates statistically significant 
differences based on unpaired t-test (p < 0.05). (For interpretation of the references to color in this figure legend. the reader is referred to the Web version of this article.) 
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groups could be responsible. 
Tracking the mechanical and swelling behavior of oxidized 

materials and unoxidized controls over 28 days evidenced that 
oxidized materials undergo a statistically significant decrease in 
elastic modulus and increase in swelling ratio. These particular 
changes in material properties are indicative of degradation, as 
demonstrated previously [ 13,14,21.22 ]. In addition, the degradation 
rate was found to be a function of the degree of substitution of 
norbornene, where higher degree of substitution led to slower ki
netics. This expected finding can be linked back to the higher 
number of crosslinks formed in materials where more norbornenes 
are present on the alginate backbone. Clearly, in these materials. 
more crosslinks must be broken in order to lead to degradation, 
thereby slowing down this process. This effect of crosslinking 
density on degradation kinetics has been shown in hyaluronic acid
and PEG-based materials [23-25] .  

In summary, oxidation was shown to increase the gelation time 
and decrease the initial elastic modulus of resulting hydrogels, at 
the same degree of substitution of norbornene and N:T ratio. The 
former parameter could however be adjusted to generate hydrogels 
with the same rheological and initial mechanical properties that 
then degrade or not depending on the oxidation state. Exactly this 
strategy was implemented when fabricating lowN,unox and 
highN,5%ox, which exhibit comparable gelation times and initial 
elastic moduli at the same N:T ratio, but then degrade (highN,5%ox) 
or not (lowN,unox) with time. This possibility reveals one note
worthy strength of this material system: gelation and rheological 
behavior, as well as initial mechanical properties, can be decoupled 
from subsequent degradation behavior. 

Furthermore, this material system allows the flexibility of tun
ing the degradation profiles by adjusting two parameters, both 
affecting the crosslinking density: the degree of substitution of 
norbornene and the N:T ratio. We have demonstrated that at con
stant oxidation of 5% and N:T ratio of 3, higher degree of substi
tution of norbornene (higher crosslinking density) results in slower 
degradation. It is postulated that in general increasing the cross
linking density results in slowing down degradation, when other 
parameters are held constant, as has been previously shown 
(26,27 ]. ln this material system in particular, changing the N:T ratio 
at constant percent of oxidation and degree of substitution of 
norbornene offers a further degree of freedom to regulate degra
dation kinetics. 

Following the material characterization of click-crosslinked 
alginate hydrogels, cell compatibility was demonstrated in 2D by 
seeding mouse pre-osteoblasts on the surface of materials where 
the cell-adhesive ligand RGD had been coupled. Cells attached and 
retained high viability on all materials; they proliferated on non
degrading surfaces, while cell number remained stable on 
degrading ones over 7 days. As initial cell attachment is similar 
between the 4 groups, RGD modification efficiency is evidenced to 
be comparable and sufficient, as postulated based on residual 
norbornene groups being available for the covalent coupling of the 
peptide in all groups (Supplementary Table S2). 

The constant cell number over time observed when cells were 
seeded onto oxidized hydrogels could either be due to impaired 
proliferation and robust attachment or robust proliferation and 
impaired attachment. Both scenarios may be attributed to lateral 
forces due to increased swelling that place additional stress on 
cells, a difference in the precise structure of the polymer backbone, 
or an alteration in the chemical milieu, all of which have previously 
been shown to influence these cell behaviors (12,28,29] .  

When encapsulated in  3D, cells remained viable and retained a 
round morphology in all materials with stable cell numbers over 7 
days. The retention of cell viability is a sound indication that while 
there are differences in swelling and thereby diffusivity between 

the materials, diffusion of nutrients in and cellular waste products 
out is not limiting cell survival. 

In vivo subcutaneous implantation and subsequent staining of 
recovered hydrogel and tissue sections revealed that non
degradable hydrogels retained their structural integrity and did 
not permit cell penetration - instead, a fibrous capsule formed 
around the gels effectively sectioning them off from the sur
rounding native tissue. Degradable materials, in contrast, were 
deformed and began to fall apart after 8 weeks. Additionally, they 
permitted extensive levels of cellular infiltration and tissue depo
sition as visualized by Picrosirius Red-positive collagen deposits, 
demonstrating a vigorous interaction with host cells, most likely 
fibroblasts. Though 4% tissue infiltration may appear low, it is 
strikingly significant compared to the complete lack of infiltration 
observed in the non-degradable controls. Additionally, the degra
dation is expected to continue with time, which would be accom
panied with more extensive cellular infiltration, likely causing the 
construct to eventually fall apart completely. Taken together, these 
data indicate that oxidized materials degraded to such an extent as 
to encourage native cells to actively migrate into the fragmenting 
body to further expedite thedegradation process. 

5. Conclusion 

Click-crosslinked alginate hydrogels can be rendered 
hydrolytically-degradable via oxidation of the polymer backbone. 
The resulting materials have tunable rheological and mechanical 
properties by means of changing the ( 1) degree of substitution of 
norbornene, (2) oxidation state, and (3) norbornene to tetrazine 
ratio. The formed hydrogels are amenable to cell seeding in 2D and 
encapsulation in 3D, as demonstrated by stability in cell number 
and retention of high viability. Oxidized materials, compared to 
their unoxidized counterparts, degrade in vivo and promote host 
cell infiltration. Taken together, we have introduced a novel ma
terial system with tunable rheological and mechanical properties 
that can be decoupled from degradation behavior. We have 
demonstrated cytocompatibility and functionality in vitro and 
in vivo, rendering this platform useful for many tissue engineering 
applications. 
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Name DStheo DSactual reaction efficiency (%) 
highN-alg, unox 500 221 .01 44.2 
lowN-alo,unox 300 1 07.54 35.8 
hiqhN-alq,5%ox 500 87.04 17.4 
lowN-alq,5%ox 300 67.63 22.5 
T-alo ,unox 500 96.46 19.3 
T-alq ,5%ox 500 49.26 9.85 

Supplementary Table S1 .  Norbornene or tetrazine-modified alginate polymers, before these 

are combined to form a hydrogel, theoretical degree of substitution (OS), actual OS and 

reaction efficiency (%). 

Name N:T ratio 
crosslinks/ free N after free N after 

chaintheo click coupling RGD coupling 
hiohN,unox 1 . 5  147.3 73.7 61 .7 
lowN,unox 3 35.8 71 ,7  59.7 
hiohN,5%ox 3 29.0 58.0 46.0 
lowN,5%ox 3 22.5 45. 1 33. 1 

Supplementary Table S2. Four types of norbornene-tetrazine click-crosslinked hydrogels 

described throughout the manuscript: theoretical number of crosslinks per chain, free 

norbornene molecules after reaction with tetrazine and after RGO coupling. 
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Supplementary Figure S1 . NMR spectra of alginate polymer following oxidation (alg,5%ox) 

(A) and oxidation and reduction (alg,5%ox-red) (B) demonstrating the disappearance of the 

aldehyde peak at 5.3ppm, highlighted by the box. 
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Supplementary Figure S2. NMR spectra of alginate polymer with high degree of substitution 

of norbornene of an unoxidized (highN 1 unox) (A) and 5% oxidized (highN,5%ox) (B) base 

material, showing characteristics norbornene peaks between 6.2-5.8ppm. 
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Supplementary Figure S3. NMR spectra of alginate polymer with low degree of substitution 

of norbornene of an unoxidized (lowN,unox) (A) and 5% oxidized (lowN,5%ox) (B) base 

material, showing characteristics norbornene peaks between 6.2-5.8ppm. 
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Supplementary Figure S4. NMR spectra of algi nate polymer with high degree of substitution 

of tetrazine of an unoxidized (highT,unox) (A) and 5% oxidized (highT,5%ox) (B) base material, 

showing characteristics tetrazine peaks at 1 0.3, 8.3 and 7.4ppm. 
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(A) non-degradable 

(B) degradable 

Supplementary Figure S5. Tissue response following subcutaneous implantation of 

hydrolytically-degradable click-crosslinked alginate hydrogels (n=4 additional replicates per 

group). non-degradable lowN ,unox (A), degradable highN,5%ox (8). Representative images 

of hydrogel sections recovered from remaining C57/Bl6 mice 8 weeks following implantation 

and staining with hematoxylin and eosin (left) and Picrosirius Red (right) (scale bar = 1mm). 
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7. Publication II: Enzymatically-degradable alginate hydrogels promote 

cell spreading and in vivo tissue infiltration 

 

7a. Transition 

 

Following the fabrication and characterization of hydrolytically-degradable Diels-Alder 

crosslinked hydrogels, we decided to explore a different crosslinking scheme and means of 

degradation, using the same base polymer. The motivation was to permit the user more 

flexibility in customizing the desired degradation behavior, specifically the conditions that 

would induce an active, cell-mediated degradation response. Cell-empowered degradation, 

as opposed to passive, hydrolytic degradation decoupled from cell behavior explored in the 

first publication, comes with the noteworthy advantage that this process matches the cells’ 

metabolic needs: as they proliferate, they also secrete more enzymes, which degrade the 

surrounding matrix, facilitating their diffusion-limited access to nutrients, as well as freeing up 

space for 3D spreading. This work features norbornene-modified alginate crosslinked with 

enzymatically-degradable peptide crosslinkers using UV-initiated thiol-ene chemistry. We 

selected linkers that are not specific to one particular MMP but can rather be recognized and 

cleaved by a broad range of enzymes, ensuring expedited degradation. The resulting 

hydrogels were investigated for their initial mechanical properties, rheological and 

degradation behavior, 3D cell compatibility using mouse fibroblasts, and in vivo performance, 

in terms of cell and tissue infiltration, after subcutaneous implantation into a mouse model, as 

visualized by extensive histological staining. 

 

7b. Personal contribution 

 

For this publication, I carried out the material synthesis, hydrogel fabrication, and 

characterization, as well as in vitro experiments and ex-vivo processing of implanted 

hydrogels. Additionally, I evaluated the data, interpreted the results, generated the figures, 

and wrote the manuscript. I learned alginate material synthesis techniques during a 3-month 

internship at Harvard University at the beginning of my Ph.D. in 2015. While I conducted 

rheology measurements at the Max Planck Institute of Colloids and Interfaces in Potsdam, all 

other experimental work was carried out at the Julius Wolff Institute in Berlin. 

 

7c. Publication notification 

 

This work was published in the journal Biomaterials in June 2019 and is available at 

https://www.sciencedirect.com/science/article/pii/S014296121930393X?via%3Dihub. 

https://www.sciencedirect.com/science/article/pii/S014296121930393X?via%3Dihub
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ARTICLE INFO ABSTRACT 

Keywords: 

Alginate hydrogel 
Enzymatic degradation 

In vivo hydrogel degradation 

In vivo tissue infiltration 

Peptide crosslinking 
Thiol�ene chemistry 

Enzymatically-degradable materials recapitulate the dynamic and reciprocal interactions between cells and their 
native microenvironment by allowing cells to actively shape the degradation process. In order to engineer a 
synthetic 3D environment enabling cells to orchestrate the degradation of the surrounding material, norbornene
modified alginate was crosslinked with two different peptide crosslinkers susceptible to cleavage by matrix 
metalloproteinases using UV-initiated thiol-ene chemistry. Resulting hydrogels were characterized for their in
itial mechanical and rheological properties, and their degradation behavior was measured by tracking changes in 
wet weight upon enzyme incubation. This process was found to be a function of the crosslinker type and enzyme 
concentration, indicating that degradation kinetics could be controlled and tuned. When mouse embryonic fi
broblasts were encapsulated in 3D, cell 1111mber remained constant and viability was high in all materials, while 
cell spreading and extensive filopodia formation was observed only in the degradable gels, not in non-degradable 
controls. After implanting hydrogels into the backs of C57 /Bl6 mice for 8 weeks, histological stainings of re
covered gel remnants and surrounding tissue revealed higher tissue and cell infiltration into degradable mate
rials compared to non-degradable controls. This alginate-based material platform with cell-empowered enzy
matic degradation could prove useful in diverse tissue engineering contexts, such as regeneration and drug 
delivery. 

1. Introduction 

Alginate-based hydrogels have found widespread application in re

generative medicine to assist or replace damaged tissues, such as bone 
and muscle [1-4]. In this regard, alginate has been considered a pow

erful "blank slate," as it is naturally biocompatible and can be modified 

chemically to introduce various functional groups with relative ease 
[5]. Though alginate has conventionally been crosslinked ionically via 

the addition of divalent cations [ 6), this polysaccharide is also amen
able to covalent crosslinking after chemical modification [7-9]. When 

norbomene functional groups are introduced onto the polymer back

bone via carbodiimide chemistry, the resulting material can be cross
linked with a dithiol crosslinker in the presence of photoinitiator and 

ultraviolet (UV) light by thiol-ene chemistry. This particular cross
linking strategy was applied in this work and comes with the 

advantages inherent to click chemistry reactions: it proceeds rapidly, 

while being highly efficient and specific [10). These thiol-norbornene 
click reactions have found extensive attention in the biomaterials 

community in recent years and have been applied in cellulose, gelatin, 
hyaluronic acid and pectin, but mostly in PEG-based material systems 

[11-24]. 

A further advantage of covalently-crosslinked alginate hydrogels, 
and another reason for its "blank slate" character, is that degradation 

behavior can be introduced on demand, as it does not occur sponta
neously [7]. In contrast, ionically-crosslinked hydrogels that already 

suffer from a significant loss in mechanical properties in the first 24 h 

after casting due to the diffusion of ions, then degrade in an un
controlled manner once implanted in vivo by natural ion exchange with 

ions present in the body, and might even trigger an inflammatory re

sponse [5,25,26]. The material described in this work is first 

• Corresponding author. Max Planck Institute of Colloids and Interfaces, Department of Biomaterials, Am Miihlenberg 1, 14476, Potsdam, Germany. 
E-mail address: amaia.cipitria@mpikg.mpg.de (A. Cipitria). 

hllps:/ /doi.org/10.1016/j.biomalerials.2019.119294 
Received 16 May 2019; Accepted 20 June 2019 
Available online 20 June 2019 
0142-9612/ © 2019 Elsevier Ltd. All rights reserved. 
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mechanically stable and then degrades in a cell-controlled manner. This 

kind of controlled hydrogel degradability is of fundamental importance 

in many tissue engineering contexts such as wound healing, as it en

sures the long-term survival of encapsulated cells, while creating a 

dynamic microenvironment permitting tissue infiltration into a defect 
site. 

Different approaches have been implemented to engineer the de

gradation behavior of covalently-crosslinked alginate-based hydrogels. 
For instance, oxidation of the polymer backbone was performed to 

render the material susceptible to hydrolytic degradation [8]. Other 
potential pathways that have been tested in different material systems 

include photolytic degradation, hydrogen bond cleavage, or reversible 

chemical bonds [27]. The degradation mechanism of choice in this 
work is enzymatic, as the progression is regulated by cells within or 

around the material, and more specifically their secretome [28]. This 
active cell-mediated process ensures that the material is degraded in 

accordance with the spatial and metabolic needs of the cells: as they 
proliferate, they also secrete more enzymes to degrade the surrounding 

polymer, thereby expanding the available space and increasing their 

diffusion-limited access to nutrients. When cells orchestrate the de

gradation of the surrounding polymer, this process is more likely to 

occur at the appropriate kinetic. 

This work implements two different dithiol amino acid sequences 

susceptible to cleavage by cell-secreted enzymes, as reported by other 

groups. The first sequence VPMSMRGG has been employed in various 
hydrogel systems, including those based on PEG and hyaluronic acid, 

and with different cell types, such as mesenchymal stem cells and 
smooth muscle cells [29-32]. The second sequence GPQGIWGQ was 

initially incorporated into PEG-based hydrogels by Lutolf et al., but has 

since found widespread application to encapsulate and expand different 

cell types, to serve as a material backdrop for photochemical reactions, 

and to encourage vascularization [33--40]. 

The main aim of this publication was to develop an alginate-based 

hydrogel platfom1 with tllllable mechanics and cell-controlled de

gradation behavior. We hypothesized that synthetic 3D environments 

susceptible to degradation via cell-secreted proteolytic enzymes could 

be engineered by tuning the amino acid sequence of their peptide 

crosslinkers. This material could be useful in different tissue en

gineering settings, specifically in regeneration and drug delivery ap

plications, where tunable mechanics and cell-regulated degradation can 

be used to ensure optimized healing or localized, targeted release. 

2. Materials and Methods 

2.1. Fabrication of enzymatically-degradable peptide-cross/inked alginate 
hydrogels 

2.1.1. Coupling of norbomene functional groups by carbodiimide chemistry 
Low (30 kDa; LMW) or high (265 kDa; HMW) molecular weight, 

high guluronic acid, sodium alginate (Pronova UP VLVG or MVG; 
NovaMatrix) was dissolved overnight at 1 % w/v at room temperature 

in 0.1 M 2-(N-morpholino)ethanesulfonic acid (MES; Sigma-Aldrich), 
0.3 M NaCl (EMD Millipore) buffer (pH 6.5). First N-hydro

xysuccinimide (NHS; Sigma-Aldrich), then l-ethyl-3-(3-dimethylami

nopropyl)-carbodiimide hydrochloride (EDC; Sigma-Aldrich) were 
added drop-wise at 5000 molar equivalents to the stirring alginate s o 

lution. Next, 5-norbornene-2-methylamine (TCI Deutschland GmbH) 
was added to introduce norbornene functional groups to the polymer 

backbone at a theoretical degree of substitution (DS11,e0) of 200 mole

cules per alginate chain for LMW and 300 molecules per alginate chain 

for HMW materials. Both reactions were performed at a final reaction 

concentration of 0.6% w/v. 

The reaction was run at room temperature for 20 h while stirring at 
700 rpm, then quenched by adding hydroxylamine (Sigma-Aldrich). 

After dialysis (Spectra/For 6, MWCO 3.5 kDa; Spectrum) against a salt 

gradient (6 g/L to O g/L; Sigma-Aldrich) in ddH20 for 3 days with 3--4 
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changes per day, the solution was purified with activated charcoal 

(Sigma-Aldrich), sterile-filtered (0.22 µm; Steriflip-GP; Merck), and 

lyophilized. NMR measurements (sample dissolution at 1.5% w/v in 
deuterium oxide; 256 scans; Agilent 600 MHz PremiumCOMPACT 

equipped with Agilent OneNMR Probe) allowed the determination of 
actual DS (DSactuail values, which were then used to calculate reaction 

efficiencies (Supplementary Fig. S2; Supplementary Table Sl). 

2.1.2. Design of enzymatically-degradable peptide crosslinkers 
The enzymatically-degradable peptide crosslinkers VPMSJ,MRGG 

and GPQGJ,IWGQ (degr), where J, denotes the location of the cleavage 

site, were designed based on previous publications [41,42]. The same 

flanking linker sequence GCRD-XXX-DRCG was implemented for both 
sequences, where the neutral amino acids glycine (G) and aspartic acid 

(D) act as spacers, cysteine (C) permits thiol-ene based crosslinking and 
the hydrophilic amino acid arginine (R) increases solubility. While 

these peptide crosslinkers have comparable molecular weight and water 
solubility, they differ in their isoelectric point and charge 

(Supplementary Table S2). Peptide crosslinkers that are not susceptible 

to degradation to act as negative controls ( ctr!) were engineered by 

switching amino acids in key sites (indicated in lower case) to the D

isoform, rendering them unrecognizable to enzymes, and are referred to 

as VpMSmRGG and GpQGiWGQ (ctr!) in this manuscript 

(Supplementary Table S2). All peptide sequences were ordered from 

WatsonBio Sciences at 98% purity with trifluoroacetic acid removal. 
Sequence fidelity was confirmed by the supplier via high-performance 

liquid chromatography and mass spectrometry analysis. 

2.1.3. Casting of enzymatically-degradable peptide-cross/inked alginate 
hydrogels 

Norbornene-modified alginate, photoinitiator (lrgacure 2959; 

Sigma-Aldrich), and peptide crosslinkers were dissolved in phosphate
buffered saline (PBS without ca++, Mg++ and phenol red; Biozym). 
HMW alginate and photoinitiator were allowed to dissolve overnight at 

50 •c with agitation, while all other reagents were dissolved just prior 

to use to prevent potential degradation or disulfide bridge formation of 

the peptides. These components were combined to yield a hydrogel 

with 2% w/v alginate and 0.5% w/v photoinitiator concentration, with 

varying crosslinker concentrations. After thorough mixing, precursor 

solution was pipetted on top of a glass plate onto which a di

chloromethylsilane-coated glass slide (;;: 99.5%; Sigma-Aldrich) was 

placed with 2 mm spacers. Gel sheets were exposed to 365 nm UV light 

for 10 min at 10 mW/cm2 (OmniCure S2000) in a custom-built chamber 

to initiate thiol-ene crosslinking. The top glass slide was removed after 

lubricating with PBS and cylindrical gels with 0 = 5 or 6 mm for ma

terial characterization or cell and in vivo studies, respectively, were 

punched out using biopsy punches (Integra Miltex). Gels were washed 
once with PBS to remove residual photoinitiator and unreacted peptide 

before proceeding. 

2.2. Characterization of enzymatically-degradable peptide-cross/inked 
alginate hydroge/s 

2.2.1. Detennination and tun.ability of initial mechanical properties 
Hydrogels based on LMW and HMW alginate with different cross

linker concentrations, with constant 2% w/v total polymer concentra

tion, were prepared as above. After 2 h equilibration time in PBS, uni

axial unconfined compression testing (BOSE TestBench LMl system) 

was perfom1ed. Measurements were executed using a 250 g load cell 

(Model 31 Low; Honeywell) at 0.016 mm/s. The elastic modulus (E) 
was calculated using a Matlab script as the slope of the linear region of 

the generated stress vs. strain curve, in the 2-10% strain range (n = 3). 

Hydrogel height was determined using the BOSE uniaxial compression 
system by lowering down the top plate until contact, while the diameter 
was measured using calipers. All subsequent analyses were performed 

on LMW hydrogels. 
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2.2.2. Confirmation of homogeneous mechanical properties 
Uniformity of UV exposure and penetration was evaluated via re

sulting homogeneity in mechanical properties in xy and z. The stiffness 
of a hydrogel crosslinked with 3 mg/mL VPMSMRGG linker was con
firmed by microindentation measurement of one 1 mm2 region on one 
gel's top and one 1 mm2 region on another gel's bottom surface (Piuma; 
Optics 11; probe with 0.50 Nim stiffness and 44 µm tip radius; in
dentation depth of 10 µm; 10 x 10 measurement points spaced 100 µm 
apart). Both hydrogels came from the same fabrication batch. The 
elastic modulus was determined using the Hertzian model applied to 
the 0-30% region of the load vs. indentation depth curve. 

2.2.3. Analysis of rheological and swelling behavior 
Hydrogels based on 2% w/v LMW alginate with different VPMSM

RGG concentrations, as well as the 3 mg/mL VpMSmRGG, GPQGIWGQ 
and GpQGiWGQ concentration, were prepared as above. After overnight 
equilibration in PBS, gels were placed onto the bottom plate of a rhe
ometer (Physica MCR 301; Anton Paar) equipped with a 8 mm flat 
upper geometry (PP08; Anton Paar). A frequency sweep from 0.01 to 
10 Hz over 30 min was conducted at constant 1 % shear strain, while 
temperature was maintained at 25 'C using a Peltier cooling module 
(n = 2-4). Following rheology, the wet weight (Ww) of these gels was 
measured prior to freezing and lyphilization to determine the dry 
weight (Wd)- The mass swelling ratio (Qm) was then calculated using 
the fornrnla: (Ww • W<iJ/Wd, The number of crosslinks formed (N) was 
estimated using the formula: N = (G'*Qv 

113)/RT, where G' is the pla
teau storage modulus, Qv is the volumetric swelling ratio (approxi
mated with Qrn, polymer density 1601 kg/m3 and solvent density 
1000 kg/m3

), R is the ideal gas constant 8.314 m3·Pa/K-mol and T is the 
absolute temperature 298 K [ 43]. 

2.2.4. Quantification of residual thiol groups 
Hydrogels based on 2% w/v LMW alginate with different VPMSM

RGG concentrations, as well as the 3 mg/mL VpMSmRGG, GPQGIWGQ 
and GpQGiWGQ concentration, were prepared as above. After 4 h in
cubation in PBS, Ellman's assay was performed to quantify the con
centration of residual thiol groups within hydrogels [44]. Briefly, gels 
were equilibrated in 0.1 M Na2HPO4, 1 mM EDTA Ellman's reaction 
buffer (pH 7.7; both Sigma-Aldrich), before exposing to Ellman's re
agent (Thermo Fisher Scientific) for 90 min protected from light. Then, 
absorbance values were obtained by spectrophotometer reading (In
finiteM200Pro; Tecan) at 405 nm and concentrations were calculated 
by comparison to a cysteine standard curve (Sigma-Aldrich). All sub
sequent analyses were performed on LMW hydrogels with 3 mg/mL 
crosslinker. 

2.2.5. Tracking of wet weight over time 
To track the degradation of LMW enzymatically-degradable peptide

crosslinked alginate hydrogels with 3 mg/mL crosslinker concentration 
and non-degradable controls, the wet weight was tracked over 8 h with 
intern1ittent measurement points after 0, 0.5, 1, 2, 4 and 8 h. Hydrogels 
were incubated in collagenase enzyme (from Clostridium histolyticum; 
Sigma-Aldrich) solutions at 0, 0.2, 2, and 20 U/mL concentrations at 
37 'C with moderate shaking. At each time point, wet weight was 
measured after carefully removing the sample from the enzyme solu
tion, and then promptly replacing to continue the experiment (n = 3). 
Additional non-specific enzymatic degradation tests were performed 
with different concentrations of trypsin (Trypsin (1 :250)/EDTA 
(0.25%/0.02%); Biochrom). 

2. 3. Cell compatibility of enzymatically-degradable peptide-cross/inked 
alginate hydrogels 

2. 3.1. Mouse embryonic fibroblast cell culture 
Mouse embryonic fibroblasts (SCRC-1040; ATCC) were cultured in 

Dulbecco's Modified Eagle's Medium (30-2002; ATCC) supplemented 

Biomaierials 217 (2019) 119294 

with 15% v /v fetal bovine serum (Biochrom), 2 mM glutamax (Thermo 
Fisher Scientific), and 100 U/mL penicillin • 100 µg/mL streptomycin 
(VWR). Cells were maintained in a 5% CO2 environment at 37 'C and 
passaged every 3-5 days. Cells were used at passage 15 for in vitro 
experiments. 

2.3.2. Coupling of RGD peptide by thiol-ene chemistry 
For gels intended for cell studies, the adhesive peptide RGD was 

bound to residual norbornene groups present on the polymer backbone 
not involved in crosslinking. A thiol-containing RGD sequence (CGG
GGRGDSP; Peptide 2.0) was added to the gel precursor solution to re
sult in a theoretical degree of substitution of 12 RGD peptides per al
ginate chain (0. 95 mM). These moieties were coupled by thiol-ene 
chemistry during the UV-induced crosslinking reaction described 
above. 

2.3.3. Cell encapsulation and assessment of proliferation, viability, and 
morphology in 3D 

LMW alginate hydrogels crosslinked with 3 mg/mL VPMSMRGG 
and the corresponding VpMSmRGG non-degradable control were se
lected for additional in vitro investigation. For 3D encapsulation, cell 
suspension was incorporated into the gel precursor solution at a final 
concentration of 1 xl 06 cells/mL. After 1 and 14 days of culture, gels 
were washed once with PBS, before further processing. 

One subset of gels was stained with 1.6 µM calcein AM (C125400; 
TRC) and 4 r1M ethidium homodimer-1 (L3224; Thermo Fisher 
Scientific) to identify live and dead cells, respectively. Fluorescent and 
bright-field imaging was performed on an inverted microscope 
(DMI6000B; Leica). A 400 rim z-stack with 10 µm step size was acquired 
at 5 positions per gel for n = 3 gels per group. These z-stacks were then 
collapsed to 2D projections to permit quantification of cell number per 
unit volume and viability, which was adjusted to take into account the 
swelling of the hydrogel over time. Bright-field images were used to 
quantify the cell longest axis using ImageJ software (n = 300 cells from 
n = 3 gels). 

The other subset of gels was fixed in 4% neutral buffered formalin 
(Liquid Production GmbH), permeabilized with 0.1 % v /v Triton-X-100 
(T8787; Sigma-Aldrich}, and stained at 1:500 with DAPI (D1306; 
Thermo Fisher Scientific) and at 1:40 with Alexa Phalloidin (A12379; 
Thermo Fisher Scientific) dyes to visualize the cell nucleus and actin 
cytoskeleton, respectively (n = 3). Representative images were ob
tained on a Leica TCS SP5 confocal microscope. The four representative 
images were used to quantify filopodia length and number using the 
ImageJ Filoquant plug-in [45]. 

2.4. In vivo perfonnance of enzymatically-degradable peptide-cross/inked 
alginate hydrogels 

2. 4.1. Hydrogel fabrication for implantation 
Hydrogels for in vivo work consisted of LMW alginate crosslinked 

with 3 mg/mL VPMSMRGG or VpMSmRGG, which are simply referred 
to as degradable (degr) and non-degradable control (ctrl) linker in the 
subsequent descriptions. Hydrogels were prepared as described in 
Methods section 2.1.3, with the addition of RGD peptide to foster cell 
attachment as in Methods section 2.3.2, and equilibrated for 48 h at 
37 'C before implantation. 

2. 4.2. Surgical approach 
Permission for the animal study was obtained from legal local an

imal rights protection authorities (Landesamt fiir Gesundheit und 
Soziales Berlin; G 0104/17). All work was conducted with n = 8 female 
C57 /Bl6 (19-22 g) mice (Charles River Laboratories). Inhalation of 
isoflurane gas (Forene; AbbVie Deutschland GmbH) and subcutaneous 
injection of Buprenorphin (0.03 mg/kg BW; Essex Pharma) was utilized 
for anaesthesia and analgesia during the surgery. To protect against 
dehydration and damage to the cornea, ointment was applied to the 
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eyes (Bepanthen), before shaving the lower back and spray-disinfecting 

(Braunoderm). An approximately 3 cm diagonal incision extending 

from the upper left to the lower right of the distal back was cut, while 
the animal was laying on its ventral side. Two cavities were opened by 

blunt preparation where hydrogels were placed, positioning one on the 
upper right and one on the lower left. Placement of degradable vs. 

control hydrogels into the right vs. left pocket was alternated to elim

inate potential site-related differences. To prevent hydrogels from 
sliding towards each other, one single stitch suture comprising the 

underlying muscle was sewn centrally. Subsequently, single stich cu
taneous sutures were used to close the wound. Tramadol (0.5 mg/mL; 

Grlinenthal) supplemented into the drinking water was delivered for 

analgesia for 3 days post-operatively. 

2.4. 3. Hydro gel retrieval and histological evaluation 
At the 8-week time point, animals were euthanized with in

traperitoneal injection of Ketamin (75 mg/kg BW; Actavis) and 
Medetomidin (1 mg/kg BW; Pfizer), followed by intracardial injection 

of 2 mL 10% potassium chloride solution (Braun Melsungen AG) while 

in deep anaesthesia. Hydrogels along with the surrounding tissue were 
carefully dissected out and embedded in Super Cryoembedding Medium 

(SCEM; Section Lab). 4 rim thick cryosections were cut with a Leica 

cryotome (CM1850; Leica Microsystems) according to the Kawamoto 
method [46]. 

To evaluate the tissue and cell infiltration, three different histolo
gical stainings were performed. Firstly, to visualize the interface region 
between the hydrogel material and the surrounding tissue and quantify 

the extent of fibrous tissue infiltration (%), sections were stained with 

Picrosirius Red and imaged under regular light at 5x magnification for 

mosaic overviews, and under polarized light at l0x for detailed views. 
Using bright-field images, the amount of fibrous tissue inside of a region 
of interest, determined by the gel perimeter, was quantified using 

ImageJ software (n = 7). Secondly, to reveal differences in gel mor
phology, the extent of gel degradation and cell infiltration, sections 

were stained with Hematoxylin and Eosin (H&E). The number of cells 
per area (#/mm2) inside of the gel perimeter, or in the fiber-free area 

within this region was quantified using ImageJ software. Thirdly, to 

clearly differentiate the hydrogel from the infiltrated tissue and parti
cularly highlight accumulated cells at their interface, Movat 

Pentachrome staining was performed. Sections stained with H&E and 
Movat Pentachrome were imaged at l0x for detailed views (n = 7). One 

sample per experimental group was excluded from the quantitative 

analysis, due to artifacts from cryotome sectioning. 

2.5. Statistical analysis 

Experiments were conducted with n = 2-4 samples for in vitro and 

n = 7 samples for in vivo work. Results originating from in vitro work 
were depicted as bar graphs with mean ± standard deviation, except 

for cell major axis length and filopodia length quantifications, which 
were shown as box plots with median and interquartile range ± 

minimum/maximum. In vivo results were displayed as scatter plots 

with median ± interquartile range. Comparisons between groups and 

time points for both in vitro and in vivo analyses applied the Mann

Whitney U test (p < 0.05). GraphPad Prism software was used for 
these statistical analyses. 

3. Results 

3.1. Fabrication of enzymatically-degradable peptide-cross/inked alginate 
hydrogels 

Enzymatically-degradable peptide-crosslinked alginate hydrogels 
were prepared by combining norbornene-modified alginate and peptide 

sequences with thiol-containing cysteines at either end (Fig. 1). LMW 

and HMW alginate were modified with norbornene functional groups at 
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a theoretical degree of substitution of 200 and 300 groups per alginate 
chain, respectively, using carbodiimide chemistry. The success of this 

reaction was quantified by NMR measurement (Supplementary Fig. S2; 
Supplementary Table Sl). The peptide sequences VPMSMRGG and 

GPQGIWGQ known to be recognized and cleaved by various enzymes 
were selected to render the resulting material enzymatically degradable 

(Supplementary Table S2). In the presence of a photoinitiator, alginate 

and peptides crosslink upon exposure to UV light via the highly specific 
thiol-ene chemistry (Supplementary Fig. Sl). Though this reaction re

lies on the input of UV light, it is often considered a click reaction, due 
to its high efficiency, rapid progression, and superior yield without the 

generation of side products. Additionally, thiol-containing RGD can be 

coupled to residual available norbornene groups during the crosslinking 
reaction (Fig. 1; Supplementary Fig. Sl). 

3.2. Characterization of enzymatically-degradable peptide-cross/inked 
alginate hydrogels 

To investigate the range of mechanical properties achievable with 

this material platforn1, LMW and HMW hydrogels with varying cross
linker concentrations were fabricated and subjected to uniaxial un

confined compression testing (Fig. 2). The crosslinker type did not have 

a significant effect on the resulting mechanical properties, while the 
polymer molecular weight and crosslinker concentration did. For LMW 

alginate, the softest gel contained 2 mg/mL crosslinker with 1. 93 kPa 
for VPMSMRGG and 0.83 kPa for GPQGIWGQ, while the maximum 

stiffness CEmaiJ was reached at 10 mg/mL with 12.31 kPa for VPMSM

RGG and 13.90 kPa for GPQGIWGQ (Fig. 2A). For HMW alginate, the 
softest gel tlrnt could be formed, punched out and measured contained 

0.5 mg/mL crosslinker with 0.57 kPa for VPMSMRGG and 0.78 kPa for 
GPQGIWGQ, while Emax was reached at 5 mg/mL with 10.69 kPa for 

VPMSMRGG and 10.08 kPa for GPQGIWGQ (Fig. 2B). 

Comparable mechanical properties of gels formed with non-de
gradable crosslinkers VpMSmRGG and GpQGiWGQ compared to de

gradable ones were confirmed (Fig. 2C). 
To ensure that the UV light uniformly reached the xy surface and 

penetrated into the full 2 mm z depth of the material, microindentation 

surface mapping was performed on one LMW hydrogel crosslinked with 
3 mg/mL VPMSMRGG linker (Supplementary Fig. S3). Mechanical 

properties were measured for a 1 mm2 area on the top surface of one gel 
and a 1 mm2 area on the bottom surface of another gel from the same 

fabrication batch. Comparable stiffness values in xy and matching va

lues on the top and bottom surfaces indicated that the applied UV light 

reached the exposed hydrogels homogeneously with minimal light de

flections and penetrated through the entire depth. 
To further characterize the material properties, rheological testing 

was performed on LMW hydrogels crosslinked with different con

centrations of VPMSMRGG by tracking the storage and loss modulus as 
a function of frequency (Fig. 3; Supplementary Fig. S4). As expected, 

the plateau storage modulus increased with increasing crosslinker 
concentration, while the mass swelling ratio decreased (Fig. 3A/B). 

Both of these phenomena are supported by the estimated nmnber of 

crosslinks showing a crosslinker-concentration dependent increase 

(Fig. 3C). All three parameters were comparable between hydrogels 

crosslinked with the degradable VPMSMRGG and the control 
VpMSmRGG at the same 3 mg/mL concentration, highlighting their 

chemical, mechanical, and rheological similarity. 

To determine the concentration of residual thiols within different 
hydrogel types, the quantitative Ellman's assay was performed 

(Supplementary Fig. S5). This assay revealed that even at the lowest 
crosslinker concentration, not all linkers were participating in forming 

effective crosslinks. In general, increasing peptide crosslinker con

centration resulted in increased unreacted thiol concentration. Fur
thermore, the reaction efficiency calculated based on the theoretical 

initial concentration of thiols and the experimentally-determined con

centration of residual thiols, was constant and > 90% for all groups and 
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Fig. 1. Fabrication of enzymatically-degradable peptide-crosslinked alginate hydrogels. Bis-cysteine peptides (reel) crosslink with norbornene-modified algi
nate (blue) when exposed to UV light in the presence of photoinitiator by thiol-ene chemistry. Simultaneously, cysteine-coupled RGD molecules (green) can be 

incorporated, while crosslinkers can be designed to be susceptible to enzymatic degradation. (For interpretation of the references to color in this figure legend, the 

reader is referred to the Web version of this article.) 

peptide concentrations, suggesting that this value is inherent to this 
particular crosslinking reaction. Consequently, considering that nor
bornene functional groups were present in great excess and -90% of all 
thiols were consumed during the crosslinking reaction at each cross
linker concentration, more thiols were left unreacted with increasing 
crosslinker concentration, while simultaneously leading to higher me
chanical and rheological properties. 

After characterizing the initial mechanical and rheological proper 
ties, the actual degradation of  these hydrogels upon enzyme exposure 
was tested. To achieve this goal, LMW hydrogels with 3 mg/mL cross
linker were prepared, incubated in collagenase enzyme solutions, and 
subjected to wet weight measurement over time (Fig. 4 ). Hydrogels 
prepared with either VPMSMRGG or GPQGIWGQ crosslinker had 
comparable initial wet weights and showed first an increase in wet 
weight due to swelling, followed by a decrease and eventual dissolution 
due to degradation. This process was found to occur in an enzyme
concentration dependent manner: the higher the collagenase con
centration, the faster the degcadation. The kinetics of degradation was 
influenced by the crosslinker type, with the VPMSMRGG crosslinker 
(Fig. 4A) leading to slower degradation, compared to its GPQGIWGQ 
counterpart (Fig. 4C). All hydrogels incubated in 0 U/mL collagenase 
solution maintained a stable wet weight through the 8 h duration of the 
study, as did the non-degradable controls, even at the highest col
lagenase concentration of 20 U/mL (Fig. 4B/D). 

To test the hydrogel's susceptibility to other enzymes, a qualitative 
degradation study was perforn1ed with the enzyme trypsin 
(Supplementary Fig. S6). Here, the behavior of hydrogels fabricated 
with degradable crosslinkers was comparable to that observed upon 
collagenase incubation: degradation occurred upon exposure to the 20 
U/mL trypsin concentration, while being absent at 0 U/mL 
(Supplementary Fig. S6A/C). In contrast to degradable gels, hydrogels 
fabricated with non-degradable crosslinkers actually degraded in 
trypsin, though this process required more time compared to hydrogels 
with degradable crosslinkers (Supplementary Fig. S6B/D). This im
portant finding indicates that the selected crosslinkers, and specifically 
the intended negative controls, can be recognized and cleaved by cer
tain enzymes, implying an enzyme specificity of the cleavage reaction. 

3. 3. Cell compatibility of enzymatically-degradable peptide-cross/inked 
alginate hydrogels 

For in vitro studies, only LMW alginate hydrogels with 3 mg/mL 
VPMSMRGG and its control were employed, as these crosslinkers 

demonstrated smaller differences in tem1s of mechanical and rheolo
gical perfomiance. As such, any difference in cell response could be 
attributed directly to enzymatic susceptibility and degradation by 
eliminating material properties as a confounding variable. Mouse em
bryonic fibroblasts were encapsulated into the 3D hydrogels and cell 
number, viability, and morphology were tracked over 14 days (Fig. 5; 
Fig. 6). Cells were homogeneously distributed throughout the 3D space 
and retained a constant number (Fig. SA/B). Viability remained ;;:: 92% 
over the 14 days of culture, indicating that the UV exposure had no 
cytotoxic effects and pore size and porosity were sufficient to allow 
nutrient transport to and waste removal from the cells (Fig. SA/C). 

Differences in morphology became evident in the Live/Dead images, 
but were most striking after DAPI/Phalloidin staining (Fig. 6A). While 
all cells presented a round morphology on day 1, those encapsulated 
into a degcadable hydrogel had spread by day 14, though small dif
ferences could already be perceived at the initial time point: cells in a 
degradable matrix extended longer and more filopodia into their sur
roundings. This behavior was quantified by measuring the longest axis, 
which presented a median value of 41.22 fllll for cells embedded in 
degradable networks vs. 23.70 µm for cells embedded into non-de
gradable control networks on day 14 (Fig. 6B). Additionally, both cell 
filopodia length and number were considerably higher when embedded 
into degcadable vs. control hydrogels as evidenced by the median 
length of 9.24 11m for 247 counted filopodia vs. 2.05 µm for 30 counted 
filopodia on day 14 (Fig. 6C). 

3.4. In vivo performance of enzymatically-degradable peptide-cross/inked 
alginate hydrogels 

After recovering hydrogel remnants and surrounding tissue fol
lowing 8-week subcutaneous implantation, histological stainings were 
performed. Picrosirius Red staining was used to visualize the infiltrated 
connective tissue in dark red, and the hydrogel in light pink. Due to the 
great variability with regard to the in vivo degradation and the extent 
of fibrous tissue infiltration within the degradable and non-degradable 
control groups, samples with low, medium, and high fibrous tissue in
filtration are presented (Fig. 7 A/B). Quantitative analysis revealed 
statistically significant differences: while 16.3 ± 4.8% of the area in
side the hydrogel perimeter was infiltrated with fibrous tissue in de
gradable materials, only 12.7 ± 6.0% was infiltrated in controls 
(Fig. 7C). Additionally, visualizing these samples under polarized light 
demonstrated that both groups featured thick collagen type I and thin 
collagen type III fibers, which can be distinguished by their red-orange 
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Fig. 2. Initial mechanical properties of enzymatically-degradable peptide
crosslinked alginate hydrogels. Elastic modulus of low molecular weight (A) 
and high molecular weight (8) hydrogels with different crosslinker concentra
tions. Non-degradable control crosslinker in low molecular weight hydrogels 
compared with degradable counterparts at 3 mg/mL concentration (C). Elastic 
modulus measured with unconfined compression. Bars indicate mean + stan
dard deviation (n = 3). 

vs. green birefringence, respectively (Supplementary Fig. S7). 

H&E stains cell nuclei in dark purple, host and infiltrated connective 
tissue in pink, and hydrogel in pale purple color. Cells inside of de

gradable materials were found along infiltrated fibers, but also in fiber

free areas (Fig. SA). In contrast, cells inside of non-degradable control 

materials were predominantly located directly on infiltrated fibers, and 

were invading fiber-free areas to a lesser extent (Fig. 8B). These trends 
were quantified indicating that 561 ± 131 vs. 296 ± 89 cells/mm2 

were present in the total hydrogel area (including fiber-containing and 

fiber-free areas) in degradable vs. control materials. Additionally, 
145 ± 43 vs. 24 ± 18 cells/mm2 were present in the fiber-free hy

drogel area in degradable gels compared to non-degradable controls 

(Fig. SC). 

Another striking difference in the cell infiltration behavior between 

the two groups became particularly evident following Movat 

Pentachrome staining, which differentiates hydrogel in turquoise, col

lagen in yellow, reticular fibers and glycosaminoglycans in light blue, 
and cell nuclei in black color (Supplementary Fig. S8). In degradable 
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Fig. 3. Rheological properties of enzymatically-degradable peptide
crosslinked alginate hydrogels. Plateau storage modulus (A), mass swelling 
ratio (8) and number of crosslinks (C) of low molecular weight hydrogels with 
different VPMSMRGG (degr, red) crosslinker concentrations. VpMSmRGG (ctr!, 
red stripes), GPQGIWGQ (degr, blue), and GpQGiWGQ (ctr!, blue stripes) at 
3 mg/mL crosslinker concentration. Bars indicate mean + standard deviation 
(n = 2-4). (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 

materials, cells collected at the periphery of the hydrogel, forming a 

densely packed layer, measuring up to 500 rim in thickness in 717 

samples. These cell accumulations either extended alongside the host 

tissue-hydrogel interface, or formed pockets in selected regions right 

inside the gel perimeter. Similar cell masses at the border region of the 
hydrogel were not observed in any non-degradable control materials. 

4. Discussion 

In this study, we fabricated enzymatically-degradable hydrogels by 

crosslinking norbornene-modified alginate with peptide crosslinkers. 
Two important characteristics of these linkers enable their function

ality. Firstly, crosslinking is achieved as the amino acid sequences 

contain cysteines on both ends enabling thiol-ene bonds to fom1 be
tween the norbornene and thiol groups in the presence of photo

initiator, when exposed to UV light. Secondly, degradation is attained 

as the particular amino acid sequences are susceptible to recognition 
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Fig. 4. Degradation behavior of enzymatically-degradable peptide-<:rosslinked alginate hydrogels. Wet weight changes of low molecular weight hydrogels as a 

function of crosslinker type and collagenase concentration. Hydrogels crosslinked with 3 mg/mL VPMSMRGG (degr, filled red) (A), VpMSmRGG (ctrl, empty red) (B), 
GPQGIWGQ (degr, filled blue) (C) and GpQGiWGQ (ctr!, empty blue) (D). Collagenase concentration in U/mL. Error bars indicate :!: standard deviation (n = 3). (For 

interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

and subsequent cleavage by matrix metalloproteinases (MMPs). 

Importantly, this process is orchestrated by cells according to their 

metabolic state and requirements. Those norbornene groups present on 

the polymer backbone not involved in the thiol-ene crosslinks remain 

available for modification through the same thiol-ene chemistry with 

any thiol-containing biomolecule. We took advantage of this featute to 

couple RGD residues onto the polymer enabling cell attachment. These 

norbornene moieties thereby enable both crosslinking and biomolecule 

incorporation. 

Hydrogels based on low and high molecular weight alginate with 

two different enzymatically-degradable crosslinkers were generated. 

The range of stiffness attained was 2-14 kPa for LMW gels and 1-11 kPa 
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for HMW gels. As many tissues, such as Jung, fat, breast, brain, kidney, 

and heart have comparable stiffnesses (listed in increasing order), this 

range is physiologically relevant and invites application of this material 

system in different tissue engineering contexts [ 47,48] . Additionally, 

the achieved range in mechanical properties could likely be extended 

easily by changing the degree of substitution of norbornene during the 

synthesis or the polymer weight percent during the fabrication. 

One finding that could appear counterintuitive upon first inspection 

is that the HMW hydrogels have lower mechanical properties than their 

LMW counterparts at the same crosslinker concentration (i.e. at 10  mg/ 

mL VPMSMRGG crosslinker concentration). This result arises from their 

different norbornene substitutions, both theoretical and actual, as 
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Cell number and viability of lxl06 cells/mL in hydrogels with 3 mg/mL VPMSMRGG (degr) or VpMSmRGG (ctrl) crosslinker on day 1 and 14. Live/Dead staining (A), 
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confirmed by NMR measurement (Supplementary Table Sl). The LMW 

material has more norbomene functional groups per kDa than the 

HMW, while having shorter chain lengths. Specifically, the LMW 

polymer possesses (i) a 2x higher density of norbomenes available for 

binding with (ii) a l0x shorter polymer chain length enhancing chain 

motility due to lower chances of chain entanglement and weaker in

termolecular forces. Both of these factors explain that when considering 

the same number of crosslinkers in both polymer solutions, more ef

fective crosslinks are likely to form in the LMW material, leading to its 

enhanced mechanical properties compared to the HMW under these 

experimental conditions. 

Rheological assessment demonstrated that the plateau storage 

modulus increases in a crosslinker-dependent manner, as more effective 

crosslinks are fom1ed. As crosslink density increases, water infiltration 

is hindered, resulting in a simultaneous decrease in the mass swelling 

ratio. Quantification of residual thiols indicated that even at the lowest 

crosslinker concentration, not all thiols were consumed in the cross

linking reaction, though norbornene functional groups were present in 

great excess. Given the constant reaction efficiency of -90% of these 

thiol groups, it is intuitive that more crosslinks are formed with in 

creasing initial peptide crosslinker concentration, resulting in enhanced 

mechanical and rheological properties, despite leaving more thiols 

unreacted. 

Tracking the collagenase-induced degradation via changes in wet 

weight of LMW hydrogels crosslinked with the two different en

zymati<:ally-degradable peptides at 3 mg/mL concentration revealed 

that the kinetics of this process is both a function of enzyme con

centration and crosslinker type. We demonstrate that these hydrogels 

have the same initial mechanical properties but different, tunable de

gradation kinetics thereafter. Importantly, no degradation was detected 

when no enzyme was added to the incubation solution, and when hy

drogels were crosslinked with the non-degradable control crosslinker, 

even at the highest enzyme concentration. 

Degradation tracking in collagenase enzyme solution revealed se

lective degradation, only of those hydrogels crosslinked with peptide 

sequences designed to degrade, not the negative controls. This ex 

ploration of degradation behavior was extended to another enzyme, 

trypsin, which is known to cleave less selectively, actually at the C

terminal of any arginine or lysine residue [ 49].  As our flanking linker 

GCRD attached to both ends of the target sequence contains one lysine 

residue, even the non-degradable control hydrogels crosslinked with 

GpQGiWGQ or VpMSmRGG, degraded when exposed to trypsin, though 

this process required considerably more time, than for the "degradable" 

crosslinkers (Supplementary Fig. S6 ). Still, this analysis revealed that 

selective degradation can only be ensured when considering specific 

enzyme families, as the "non-degradable" crosslinkers actually de

graded upon trypsin, but not collagenase, incubation. 

Though we show that the degradation kinetics can be controlled by 

incorporating different crosslinkers, further tuning can likely be 

achieved in this material system by changing other parameters, either 

on the crosslinker or on the polymer side. With regard to the former, the 

crosslinker concentration can be changed easily during the gel fabri

cation. With regard to the latter, more possibilities arise: the polymer 

molecular weight, the amount of norbomene functional groups, as well 

as the oxidation state can be manipulated during the synthesis proce

dure to regulate the final degradation behavior [8]. 

Mouse embryonic fibroblasts encapsulated into the hydrogel net

work retained their viability over a 2 -week time course, in both de

gradable and non-degradable environments. The cell morphology, 

however, became spread inside of degrading materials only, with long 

fi.lopodia extensions emanating from the center and reaching out into 

the newly-opened spaces created by the cells' secreted proteolytic en

zymes, as has been described in a hyaluronic acid-based material 

system [39]. In contrast, cells remained round in non-degrading ma

terials. This degradation-induced cell spreading has also been docu

mented in ionically-crosslinked alginate-based hydrogels, and those 

where degradation was imparted through the addition of alginate lyase 

during the fabrication process, as well as in other material systems 

based on PEG [50-52]. Simply changing the isoform of two amino acids 

in the peptide linker sequence resulted in extensive cell spreading 

compared to retaining a round, compact morphology, with the de

gradable and non-degradable crosslinker, respectively. This important 

finding confirms the hypothesis that a 30 synthetic environment pro

moting cell spreading can be engineered by slightly changing the amino 

sequence of the peptide crosslinker. 

Testing the in vivo degradation of these materials by subcutaneous 

implantation into the backs of mice, revealed more fibrous tissue in

filtration into degradable hydrogels compared to non-degradable con

trols, as visualized by Picrosirius Red staining. The high variability 

within each experimental group could be attributed to differences in the 

animals' physiological state. Furthermore, slight differences in the 

precise surgical placement of each implant, such as proximity to muscle 

tissue leading to higher mechanical stimulation, could be responsible. 

One unexpected finding of this investigation was the evident tissue 

infiltration also into materials that had been designed to be non-de

gradable. This outcome provides valuable information regarding the 
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specificity of the selected peptide crosslinkers. One explanation for this 

result could be that while degradable crosslinkers are cleaved specifi

cally at the central linker portion and non-specifically at the flanking 
linker portions, negative control crosslinkers could also be cut non

specifically at the flanking linker portions. This finding aligns with the 
in vitro degradation experiment, showing degradation upon trypsin 

incubation, even in the material designed to be non-degradable, and 

with other in vivo studies describing a measureable material degrada
tion, even in those materials designed to be non-degradable [32). 

Clearly, complete lack of degradation in vivo in the negative controls 
cannot be guaranteed. 

However, the significantly higher total cell infiltration specifically 

into fiber-free areas in the hydrogel, provides clear evidence that these 
two materials elicit divergent in vivo responses. The presence of cell 

accumulations near the tissue-hydrogel interface in degradable mate 
rials also indicates that more cells are recruited to the site of im

plantation. Taken together, these data indicate that hydrogels designed 
to degrade foster a more robust interaction with the host, manifested in 

higher tissue and cell infiltration, favoring faster degradation of the 

material than non-degradable controls when implanted in vivo. 

5. Conclusion 

In this study, we report the fabrication of degradable hydrogels 

featuring norbornene-modified alginate crosslinked with two different 
thiol-coupled peptides susceptible to cleavage by MMPs. We show that 

initial mechanical and rheological properties can be decoupled from 

subsequent degradation behavior. In addition, extensive spreading and 

filopodia formation of encapsulated cells is achieved only in hydrogels 

designed to degrade. Finally, significantly higher tissue and cell in
filtration upon in vivo implantation occurs in degradable materials 

compared to non-degradable controls. This material platform invites 

application in different bioengineering domains, specifically those ne 

cessitating cell-mediated degradation or drug delivery. In both sce

narios, the active, cell-orchestrated process of material degradation for 
the purpose of tissue healing or controlled drug release would likely 

prove advantageous over passive degradation modes, or diffusion-based 

release. 
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low molecular weight high molecular weight 

molecular weight (kDa) 30 265 

norbornene DSt11eo 200 300 

norbornene DSac!ual 23.26 1 07.54 

reaction efficiency (%) 1 1 .6 35.8 

norbomene/kDa 0.77 0.41 

Supplementary Table S1. Norbomene-modified low molecular weight and high molecular 

weight alginate polymers with theoretical degree of substitution (DS), actual DS, reaction 

efficiency (%) and norbornene/kDa approximation. 

sequence GCRDVPMSMRGGDRCG GCRDGPQGIWGQDRCG 

structure C63H 10eN2s022S4 C6sH10sN2s023S2 

residues (#) 1 6  1 6  

l inker GCRD-XXX-DRCG GCRD-XXX-DRCG 

molecular weight (Da) 1 697 1 705 

water solubil ity good good 

isoelectric point 8. 1 1  5.92 

charge +1 0 

negative control GCRDVpMSmRGGDRCG GCRDGpQGiWGQDRCG 

Supplementary Table S2. Two peptide crossl inkers and their properties. Water solubility, 

isoelectric point and charge were calculated using the online peptide property calculator 

PepCalc.com (http:!lpepcalc.com; lnnovagen AB). Amino acids in D-isoform for negative 

control in lower-case. 



56 
 

0 OH O OH 
' OH �<?lb ,, 
-o H 9 

o��o
�

o 

unmod;fied a1g;nate O tl;;H O 0[/H 

OH 
�Hu, 

(\_ .A 
[J_J 'NH2 

norbornene methanamine 

0 NH O OH 
',o H

-ffc.

o
; o�o

�
o--

0 OH O NH
OH 

OH O NH � 
norbornene-modified alginate 

V 
V 
0 0 

cysteine RGD /'.. ,R HsY'x�s 
R=GGGGRGDSP HS" j 'R NH NH2 

UV + photoinitiator NH2 
2 

bis-cysteine 
MMP-degradable crosslinker 

X=VPMSMRGG 
N H2 <>1. 

or GPQGIWGQ 
R

/v
S 

"-1 
o 

l

o NH o OH 

',o . oH -

J

o
; o�o-�o" 

0 O OH �J 6� 
NH 

OH O NH 7 
r o'L '"' 

0� r0 0 1--...._NH 
o 1� 

-�x 2 -
�X NH2 r-..� 0� 0 N H2 

<; NH2 
� 

� 

�

HN O HO 
HN 

OH O HO O O 

,,osEEro� o 6 HJ! o,, 0-6� HO .�:.� HO O H
h

O 

S�R 
p-0J NH2 

Supplementary Figure S1.  Thiol-ene reaction between norbornene-modified alginate and bis

cysteine MMP-degradable crosslinker in the presence of UV light and photoinitiator. Cysteine

RGD incorporation occurs simultaneously to the crosslinking reaction. 
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(A) norbomeoe-mo<ified low molecular weight alginate 

0.014 

0.013 

0.012 

0.011 

.i!:-0.010 
·.; j 0.009 

i 0.008 

� 0.007 

b 0.006 
z 

0.005 

0.004 

0.003 

0.002 

0.001 

7.5 7.0 6.5 6.0 5.5 

(B) norbomene-modified high molecular weight alginate 

0.014 

0.013 

0.012 

0.011 

-� 0.010 

§ 0.009 

j 0.008 

� 0.007 

b 0.006 
z 

0.005 

0.004 

0.003 

0.002 

0.001 

7.5 7.0 6.5 6.0 5.5 

5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 
Chemical Shift (ppm) 

5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 
Chemical Shift (ppm) 

Supplementary Figure S2. NMR spectra of low molecular weight (A) and high molecular 

weight (B) alginate polymers after norbornene modification, showing three characteristic 

norbornene peaks between 6.2-5.8ppm. 
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Supplementary Figure S3. Microindentation measurement of one location ( 1 0  x 1 0  

indentation points) on the top surface (A) and one location on the bottom surface (B) of two 

hydrogels coming from the same fabrication batch (low molecular weight alginate with 3 mg/ml 

VPMSMRGG crosslinker), demonstrating constant UV exposure and penetration by resulting 
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Supplementary Figure S4. Rheological assessment of low molecular weight alginate 

hydrogels with different crosslinker types and concentrations. Representative storage (A) and 

loss (B) modulus curves as a function of frequency. 
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Supplementary Figure S5. Thiol quantification of low molecular weight alg inate hydrogels 

with different crosslinker types and concentrations using Ellman's assay. Thiol concentration 

(mM) with cysteine standard curve (A) and thiol reaction efficiency (%) (B). Bars indicate mean 

+ standard deviation (n=3). 
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Supplementary Figure S6. Qual itative degradation of enzymatically-degradable and non

degradable control peptide-crosslinked alginate hydrogels. I ncubation in collagenase (coll) or 

trypsin (tryp) solutions; concentrations in U/ml. Low molecular weight alginate with 3 mg/ml 

VPMSMRGG degr (A), VpMSmRGG ctrl (B), GPQGIWGQ degr (C), and GpQGiWGQ ctrl (D) 

crossl inkers. Degradation Metric: 4 = intact, 3 = soft, 2 = very soft, 1 = almost gone, O = gone. 
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degr ctrl 

Supplementary Figure S7. Representative polarized l ight m icroscopy images of P icrosirius 

Red-stained sections of degradable (A) and control (B) hydrogels recovered after 

subcutaneous implantation (th ick collagen type I in red-orange and th in collagen type I l l  fibers 

in green; scale bar = 1 00 µm). 

A 
ctrl 

-

Supplementary Figure SB. Representative bright-field m icroscopy images of Movat 

Pentachrome-sta ined sections of degradable (A) and control (B) hydrogels recovered after 

subcutaneous implantation (hydrogel in turquoise, collagen in yellow, reticular fibers and 

g lycosam inoglycans in l ight blue and cell nuclei in black; scale bar = 1 00 µm). 
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8. Publication III: Dual alginate crosslinking for local patterning of 

biophysical and biochemical properties 

 

8a. Transition 

 

After developing and characterizing Diels-Alder and thiol-ene crosslinked hydrogels 

separately, these two crosslinking mechanisms were combined in the same material system 

in order to form patterned hydrogels. By permitting the spontaneous Diels-Alder reaction to 

occur throughout the material and controlling the spatial location of the UV-initiated thiol-ene 

process using photomasks, hydrogels with stripe patterns in stiffness, biomolecule 

presentation, and degradation were fabricated. Patterns in stiffness were characterized by 

fluorescent microscopy and microindentation measurement, before investigating the 

attachment, morphology, and viability of mouse fibroblasts and the differentiation of human 

mesenchymal stem cells. Patterns in RGD presentation were confirmed by the selective 

attachment of mouse pre-osteoblasts. Patterns in degradability were visualized in vitro by 

microindentation measurement following collagenase exposure, and in vivo by histological 

staining following subcutaneous implantation. 

 

8b. Personal contribution 

 

For this publication, I carried out the material synthesis, hydrogel fabrication, and 

characterization, as well as in vitro experiments and ex-vivo processing of implanted 

hydrogels. Additionally, I evaluated the data, interpreted the results, generated the figures, 

and wrote the manuscript. I learned alginate material synthesis techniques during a 3-month 

internship at Harvard University at the beginning of my Ph.D. in 2015. I performed tetrazine 

synthesis at the Wyss Institute for Biologically Inspired Engineering during this and another 

week-long stay in Boston the following year. While I conducted time-lapse imaging at the 

Max Planck Institute of Colloids and Interfaces in Potsdam, all other experimental work was 

carried out at the Julius Wolff Institute in Berlin. 

 

8c. Submission notification 

 

This work was submitted to the journal Biomaterials on 13.12.2019 (pre-print version).  
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ABSTRACT  

 

Hydrogels with patterned biophysical and biochemical properties have found increasing 

attention in the biomaterials community. In this work, we explore alginate-based materials 

with two orthogonal crosslinking mechanisms: the spontaneous Diels-Alder reaction and the 

ultraviolet light-initiated thiol-ene reaction. Combining these mechanisms in one material and 

spatially restricting the location of the latter using photomasks, enables the formation of dual 

crosslinked hydrogels with patterns in stiffness, biomolecule presentation, and degradation, 

granting local control over cell behavior.  

 

Patterns in stiffness are characterized morphologically by confocal microscopy and 

mechanically by uniaxial compression and microindentation measurement. Mouse embryonic 

fibroblasts seeded on stiffness-patterned substrates attach preferably and attain a spread 

morphology on stiff compared to soft regions. Human mesenchymal stem cells demonstrate 

preferential adipogenic differentiation on soft and osteogenic differentiation on stiff surfaces. 

Patterns in biomolecule presentation reveal favored attachment of mouse pre-osteoblasts on 

stripe regions where thiolated cell-adhesive biomolecules have been coupled. Patterns in 

degradation are visualized by microindentation measurement following collagenase exposure 

and patterned tissue infiltration into degradable regions on the surface is discernible in 

n=5/12 samples when these materials are implanted subcutaneously into the backs of mice.  

 

Taken together, these results demonstrate that our hydrogel system with patterns in 

biophysical and biochemical properties permits local tuning of multiple cell behaviors in vitro 

and could be applied to guide tissue growth in vivo, which could prove useful both in 

fundamental studies and in tissue engineering applications. 

 

I. INTRODUCTION 

 

Hydrogels have found widespread application in the field of tissue engineering due to their 

similarity to the native extracellular matrix (ECM) and their suitability for physical and 

chemical modifications. One main trend in the discipline has been to transition away from 

passive to bioinstructive matrices with the motivation of stimulating desired cell responses in 

a spatially-controlled manner. One way of achieving this goal is through the use of 

photopatterning by controlling the site of light-induced reactions using photomasks, thereby 

changing the biophysical or biochemical characteristics locally. 
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Research in this field has involved different light-based chemistries, including azide-alkyne 

cycloadditions and Michael additions, but thiol-ene (TE) coupling has proven especially 

suitable due to its fast, specific, and cytocompatible reaction scheme (1, 2). Photopatterning 

permits the fabrication of cell-instructive matrices presenting mechanical and chemical cues 

in select, well-defined microenvironments. In the context of stiffness modulation, light 

exposure can be used to form stiffness patterns of various geometries or gradients, and this 

has been accomplished in different material systems, affecting such diverse cell behaviors as 

differentiation potential, gene expression, migration, morphology, and proliferation (3-11). 

 

In the realm of biochemical modification, reactions can broadly be divided into those that rely 

on photochemistry to attach a molecule of interest and those that take advantage of light 

exposure to de-protect a caged moiety (12-16). Though covalent immobilization of the cell-

adhesive molecule Arginine-Glycine-Aspartate (RGD) to control cell attachment is most 

common, T cell receptor ligands, antibodies, and different growth factors such as sonic 

hedgehog, bone morphogenetic protein-2 (BMP-2) and vascular endothelial growth factor, 

have also been coupled to different types of surfaces (17-21). In addition to affecting the 

initial adhesion of cells, subsequent migration in 2D and 3D, chondrogenic differentiation 

potential, and neuronal growth have been controlled on a local level using different spatial 

patterns of biomolecules (22-25). 

 

Patterns in hydrogel degradation have mostly been achieved by spatially restricting laser 

light exposure of photo-degradable materials to locally trigger this process. The locally-

induced material changes have been shown to control cell attachment, induce cell spreading, 

guide neuronal network formation, steer vasculogenesis, and stimulate directed migration 

(26-30). Another approach features two orthogonal crosslinking chemistries combined in a 

hyaluronic acid-based network in which regions shielded from ultraviolet (UV) light feature 

primary addition crosslinks remaining “permissive” and those regions subsequently exposed 

to UV obtain secondary radical crosslinks becoming “inhibitory,” thereby allowing control over 

cell spreading and differentiation, as well as in vitro blood vessel formation (31, 32).  

 

Recent efforts have focused on merging biophysical and biochemical cues or applying 

reversible chemistries to create sophisticated matrices with spatiotemporal control over 

biophysical and biochemical properties that more accurately mimic the native 

microenvironment (33-35). 

 

Our biomaterial system features the naturally-occurring polysaccharide alginate that has 

previously been covalently crosslinked using either Diels-Alder (DA) or TE chemistry. The 
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former relies on modification of the polymer backbone with norbornene or tetrazine functional 

groups and covalent crosslinking occurs spontaneously when these two constituents are 

combined (36). The latter involves the same norbornene-modified alginate combined with a 

dithiol peptide linker and covalent crosslinking occurs in the presence of photoinitiator upon 

UV light exposure (37). As this second reaction is UV-mediated, its precise spatial location 

can be controlled using photomasks. This same TE reaction can also be exploited for 

biomolecule conjugation to residual norbornene groups not involved in crosslinking using any 

monothiol biomolecule of interest. Furthermore, patterns in degradation can be achieved by 

choosing an enzymatically-degradable peptide sequence as the dithiol linker. 

 

The aim of this investigation is to engineer a hydrogel system that combines DA and TE 

crosslinking orthogonally, thereby permitting the formation of three different types of patterns: 

stiffness, biomolecule presentation, or degradation. We hypothesized that these patterns in 

biophysical and biochemical properties in one system could be employed to stimulate 

different cell behaviors on a local level, laying the groundwork for a material platform offering 

multiple degrees of freedom for both in vitro and in vivo applications. 

 

II. MATERIALS AND METHODS 

 

2.1 Synthesis of 3-(p-benzylamino)-1,2,4,5 tetrazine 

 

3-(p-benzylamino)-1,2,4,5-tetrazine was synthesized, as previously described, by mixing 4-

(aminomethyl) benzonitrile hydrochloride and formamidine acetate before adding anhydrous 

hydrazine (36). Following gas evolution, the reaction was covered and stirred at 200 rpm for 

40 min at 90°C until the color changed to deep red. The mixture was subsequently cooled on 

ice. Then, sodium nitrite solution was added before 10% hydrochloric acid solution was 

introduced drop-wise to acidify the reaction. After dichloromethane extraction, the aqueous 

fraction was saturated first with sodium chloride, then sodium bicarbonate, filtered through a 

Buchner funnel, and extracted a second time with dichloromethane. Rotary evaporation was 

applied for product recovery and high-performance liquid chromatography for purification, 

followed by lyophilization. All required chemicals were purchased from Sigma-Aldrich. 

 

2.2 Modification of alginate polymer with norbornene or tetrazine functional groups  

 

High (265 kDa; HMW) molecular weight, high guluronic acid sodium alginate (Pronova UP 

MVG; NovaMatrix) was dissolved at 1% w/v in 0.1 M 2-(N-morpholino)ethanesulfonic acid 

(MES; Sigma-Aldrich), 0.3 M NaCl (EMD Millipore) buffer (pH 6.5). To induce the 
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carbodiimide chemistry-based reaction, N-hydroxysuccinimide (NHS; Sigma-Aldrich), then 

1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC; Sigma-Aldrich) were 

added drop-wise at 5000 molar equivalents each to the stirring alginate solution. 5-

norbornene-2-methylamine (TCI Deutschland GmbH) or tetrazine (from section 2.1) was 

added for a theoretical degree of substitution (DStheo) of 500 molecules per alginate chain, 

yielding a final reaction concentration of 0.6% w/v. 

 

After stirring at 700 rpm for 20 h, the reaction was quenched by hydroxylamine (Sigma-

Aldrich) and dialyzed (Spectra/Por 6, MWCO 3.5 kDa; Spectrum) against a salt gradient (6 

g/L to 0 g/L) in ddH2O for 3 days with frequent water changes. Next, the solution was purified 

with activated charcoal (Sigma-Aldrich), sterile-filtered (0.22 µm; Steriflip-GP; Merck), and 

lyophilized. To determine the actual DS (DSactual) required to ensure appropriate norbornene 

to tetrazine (N/T) ratios for crosslinking, NMR measurements (sample dissolution at 1.5% w/v 

in deuterium oxide; 256 scans; Agilent 600 MHz PremiumCOMPACT equipped with Agilent 

OneNMR Probe) were performed (Supplementary Figures S1-2; Supplementary Table S1). 

These polymers were used in the fabrication of stiffness- and biomolecule-patterned gels. 

 

For degradation-patterned gels, norbornene and tetrazine modification procedures were 

performed as described for low (30 kDa; LMW) molecular weight high guluronic acid, sodium 

alginate (Pronova UP VLVG; NovaMatrix) with a DStheo of 200 molecules per alginate chain, 

followed by NMR measurement to confirm the success of the reaction (Supplementary 

Figures S3-4; Supplementary Table S2). 

 

2.3 Fabrication of hydrogels with patterns in stiffness 

 

Fabrication necessitated the use of two syringes and a Luer Lock connector system: in the 

first syringe, norbornene-modified alginate (N-alg) and DL-Dithiothreitol (DTT) (≥99.0%; 

Sigma-Aldrich) at a final concentration of 0.01 mg/mL were combined, while in the second 

syringe, tetrazine-modified alginate (T-alg) and photoinitiator (Irgacure 2959; Sigma-Aldrich) 

at a final concentration of 2.78 mg/mL were mixed. The total final concentration of alginate 

was 2% w/v at an N/T ratio of 1.5. All materials were dissolved in phosphate-buffered saline 

(PBS without Ca++, Mg++, and phenol red; Biozym), which was expedited by moderate 

shaking at 50°C for the HMW alginates and photoinitiator.  

 

After fast, thorough syringe-mixing, precursor solution was ejected onto a glass plate and 

immediately covered with a dichloromethylsilane-coated glass slide (≥99.5%; Sigma-Aldrich). 

The gel height was constrained to 2 mm using glass slides as spacers on three sides. Gel 
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sheets were placed into a custom-built exposure chamber immediately after syringe-mixing 

and exposed to 365 nm UV light at 10 mW/cm2 (Omnicure S2000) for 10 min through a 

photomask to initiate TE crosslinking (Figure 1A). Photomask dimensions featured stripes of 

500 µm thickness placed 500 µm apart for mechanical characterization and stripes of 500 

µm thickness placed 250 µm apart for cell experiments, allowing clear distinction between TE 

only (250 µm narrow) and TE + DA (500 µm wide) regions.  

 

Gel sheets were then kept another 110 min at room temperature to permit DA crosslinking. 

After punching out cylindrical gels with a diameter of Ø = 5 or 6 mm using biopsy punches 

(Integra Miltex) for material characterization or cell work, respectively, drops of thiolated RGD 

(CGGGGRGDSP; Peptide2.0) yielding a final concentration of 1.32 mg/mL were carefully 

pipetted onto each gel surface for those samples intended for cell studies, before exposing to 

UV everywhere for 2 min for homogeneous TE-based peptide coupling. Gels were washed 

once in PBS to remove unreacted peptide or residual photoinitiator and then equilibrated 

overnight in PBS at 4°C or appropriate medium at 37°C before further handling. 

 

2.4 Fabrication of hydrogels with patterns in biomolecule presentation 

 

Hydrogels were prepared by combining N-alg with RGD at the same final concentration of 

1.32 mg/mL in one syringe and T-alg with photoinitiator in a second syringe, yielding a total 

final concentration of alginate of 2% w/v at an N/T ratio of 1.5. After mixing, allowing the 

spontaneous DA crosslinking to proceed for 120 min and punching out gels, these were 

exposed to UV for 2 min (Figure 1B). Importantly, this UV exposure for RGD coupling was 

performed through a photomask to spatially restrict the presence of the biomolecule.  

 

2.5 Fabrication of hydrogels with patterns in degradation 

 

Hydrogels were prepared by combining N-alg and an enzymatically-degradable crosslinker in 

one syringe with T-alg and photoinitiator in a second syringe, exposing to UV light 

immediately for 10 min for TE-based crosslinking prior to allowing 110 min for spontaneous 

DA crosslinking. LMW alginate with 1.5% w/v polymer concentration at an N/T ratio of 3 was 

implemented. The enzymatically-degradable peptide sequence GCRD-VPMS↓MRGG-DRCG 

(98% purity; TFA removal; WatsonBio Sciences), where ↓ denotes the location of the 

cleavage site, was used at a concentration of 7.5 mg/mL in the precursor solution (Figure 

1C). For gels intended for in vivo studies, RGD was coupled via UV-initiated TE coupling 

without a photomask, resulting in its homogeneous distribution, after allowing the crosslinking 

to reach completion.  
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2.6 Bulk mechanical characterization by unconfined compression testing of stiffness-

patterned hydrogels 

 

After equilibration in PBS, stiffness-patterned gels were subjected to uniaxial unconfined 

compression testing (BOSE TestBench LM1 system) with a 250 g load cell (Model 31 Low; 

Honeywell) at 0.016 mm/s without preload. The elastic modulus E was calculated as the 

slope of 2-10% of the linear region of the generated stress vs. strain curve using a Matlab 

script (n=3). The required Matlab inputs of hydrogel height and diameter were determined by 

lowering down the BOSE system top plate until contact was established or by using calipers, 

respectively. 

 

2.7 Visualization of topographical features by fluorescence microscopy of stiffness-patterned 

hydrogels 

 

To visualize topographical features of stiffness-patterned hydrogels, gels were prepared as in 

section 2.3 with the omission of RGD peptide, but additional fluorescent labelling with the 

Cy5 fluorophore. In brief, Cy-5 conjugated tetrazine moieties (Cy5-T) (Kerafast) were reacted 

with N-alg (0.8 mg Cy5-T:100 mg N-alg) at 2.5% w/v in PBS for 20 h in the dark, followed by 

dialysis and lyophilization as described in section 2.2. This labeled Cy5-T-N-alg was 

incorporated into the hydrogels at a ratio of 1:9 to the unlabeled N-alg. Tile scan imaging was 

performed on a Leica TCS SP 5 confocal microscope capturing a 400 µm depth from the 

hydrogel surface with 2 µm step size. 3D reconstructions allowed determination of the height 

difference (∆) resulting from differential swelling of less vs. more crosslinked regions for 5 

positions/gel for n=4 gels using Amira software (version 6.7). 

 

2.8 Local mechanical characterization by microindentation 

 

To determine local mechanical properties of stiffness-patterned hydrogels, gels were 

measured on the Piuma nanoindenter (Optics11). Surface maps with 41 x 41 indents spaced 

50 µm apart (yielding a total area of 2 x 2 mm2) were measured after equilibrium swelling 

(probe with 0.50 N/m stiffness and 23 µm tip radius; indentation depth 10 µm; indentation 

rate 2.6 µm/s; displacement control). Elastic moduli were calculated using the Hertzian model 

on the 0-30% region of the loading curve. Surface maps were created using Surfer software 

(version 16). Biomolecule-patterned hydrogels were measured correspondingly, but 

implementing a probe with 0.51 N/m stiffness and 24 µm tip radius. 
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For degradation-patterned gels, surface maps with 11 x 11 points spaced 50 µm apart 

(yielding a total area of 500 x 500 µm2) were measured (probe with 0.51 N/m stiffness and 24 

µm tip radius) after equilibrium swelling and again after 12-day incubation with 20 U/mL 

collagenase enzyme solution (from Clostridium histolyticum; Sigma-Aldrich) in PBS at 37°C 

with mild shaking (n=1 position/gel). The 121 measurement points per scan were divided into 

regions of interest corresponding to degradable and non-degradable areas. Average stiffness 

values per region were calculated for d0 and d12 to quantify the effect of degradation on 

local mechanical properties. 

 

2.9 2D cell response to patterned alginate hydrogels 

 

2.9.1 Culture of mouse embryonic fibroblast cells 

 

Fibroblasts (SCRC-1040; ATCC) were cultured in Dulbecco's Modified Eagle's Medium 

(DMEM) (30-2002; ATCC) supplemented with 15% v/v fetal bovine serum (Biochrom), 2 mM 

glutamax (Thermo Fisher Scientific), and 100 U/mL penicillin - 100 µg/mL streptomycin 

(VWR). Cells were maintained at 5% CO2 and 37°C, passaged every 3-5 days, and used at 

passage 15. 

 

2.9.2 Culture of primary human mesenchymal stem cells 

 

Bone marrow primary human mesenchymal stem cells (hMSCs) (PromoCell; C-12975) were 

cultured in high glucose DMEM (D5671; Sigma-Aldrich) supplemented with 10% v/v fetal 

bovine serum, 0.8% v/v penicillin-streptomycin (Thermo Fisher Scientific), 0.1% v/v 

amphotericin-B (Thermo Fisher Scientific), 2 mM L-Glutamine (Sigma-Aldrich), 1x MEM Non-

Essential Amino Acids Solution (Thermo Fisher Scientific), 1 mM sodium pyruvate (Sigma-

Aldrich). Cells were maintained at 5% CO2 and 37°C, passaged every 3-5 days, and used at 

passage 5. 

 

2.9.3 Culture of mouse pre-osteoblast cells 

 

MC3T3-E1 mouse pre-osteoblasts (Subclone 4; ATCC) were cultured in Alpha Medium 

(without nucleosides, with 2 g/L NaHCO3, without L-glutamine; Biochrom) with 10% v/v fetal 

bovine serum (Biochrom), 2 mM glutamax (Thermo Fisher) and 100 U/mL penicillin - 100 

mg/mL streptomycin (VWR). Cells were maintained at 5% CO2 and 37°C, passaged every 4-

6 days, and used at passage 21. 
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2.9.4 Time lapse imaging of 2D fibroblast attachment and migration on stiffness-patterned 

hydrogels 

 

Fibroblasts were seeded directly on stiffness-patterned gels at 150 cells/mm2 and allowed to 

settle for 20 min before adding medium containing 100 nmol SiR actin and 1 nmol verapamil 

(Spirochrome) to barely cover the hydrogel surface thus preventing potential floating. After 

4 h, time lapse imaging of a 500 µm z-stack with 25 µm step size was launched recording 

every 1 h for 84 h. Imaging was performed on a Leica TCS SP8 confocal microscope. 

 

2.9.5 Quantification of 2D fibroblast attachment, viability, and morphology on stiffness-

patterned hydrogels 

 

Fibroblasts were seeded directly on stiffness-patterned gels at 50 cells/mm2 and allowed to 

settle for 20 min before adding medium to the side of the well to barely cover the hydrogel 

surface. After 4 h, 24 h and 48 h, Live-Dead staining was performed by incubating with 1.6 

μM calcein AM (C125400; TRC) and 4 μM ethidium homodimer-1 (L3224; Thermo Fisher 

Scientific) to distinguish live and dead cells, respectively. Imaging was performed on an 

inverted fluorescence microscope (DMI6000B; Leica) with 5x magnification for overview 

images and 10x magnification for detailed views used for quantitative analysis, capturing 3 

positions per gel for n=4 gels per time point. Quantification of cell coverage (%), number 

(#/mm2), viability (%) and morphology in terms of cell area (µm2), major axis length (µm), and 

circularity (defined as 4π*area/perimeter2,-), where a value of 1 corresponds to a circle and a 

value of 0 corresponds to a line, was completed using a macro in ImageJ software. 

 

2.9.6 2D hMSC differentiation potential on stiffness-patterned hydrogels 

 

For differentiation experiments, hMSCs were seeded directly on stiffness-patterned gels at 

200 cells/mm2 and allowed to settle for 20 min before adding medium to the side of the well 

to barely cover the hydrogel surface. Cells were incubated in either adipogenic medium 

(consisting of high glucose DMEM with 10% v/v fetal bovine serum, 1% v/v penicillin-

streptomycin, 1 µM dexamethasone, 2 µM insulin, 500 µM 3-isobutyl-1-methylxanthine and 

100 µM indomethacin), osteogenic medium (consisting of Alpha Medium (Biochrom) with 

10% v/v fetal bovine serum, 0.5% v/v penicillin-streptomycin, 50 µM ascorbic acid, 10 mM ß-

glycerolphosphate and 100 nM dexamethasone), or growth medium (as in section 2.9.2) as 

negative control, with medium changes performed every 3-4 days. All supplements were 

purchased from Sigma-Aldrich. 
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Adipogenic differentiation potential was assessed on day 12 using the Nile Red fluorescent 

dye, which binds to neutral lipid droplets within cells. After washing in PBS, fixing in 4% 

neutral buffered formalin (Liquid Production GmbH) and rinsing again, cells were incubated 

in Nile Red staining solution (N1142; Thermo Fisher Scientific) with Hoechst counterstain 

(H33258; Sigma‐Aldrich) for 20 min protected from light.  

 

Osteogenic differentiation potential was also assessed on day 12 using the OsteoImage 

Mineralization Assay (PA-1503; Lonza), which binds to hydroxyapatite deposited by cells, 

according to the manufacturer’s instructions. Briefly, after allowing cells to cool to room 

temperature, washing in PBS, fixing in 4% neutral buffered formalin, and rinsing in Wash 

Buffer, cells were incubated in Staining Reagent diluted in Staining Reagent Dilution Buffer 

with simultaneous Hoechst counterstain (H33258; Sigma‐Aldrich) for 30 min protected from 

light. 

 

2.9.7 Quantification of 2D hMSC differentiation potential on stiffness-patterned hydrogels 

 

For both assays, imaging was performed on an inverted Leica microscope taking 5x images 

at 3 positions per gel for n=4 gels per incubation condition (DMI6000B; Leica). Images were 

then quantified for the cell number per total area (#/mm2), the differentiated area (in terms of 

red oil droplet area or green mineralized area for adipogenic and osteogenic differentiation, 

respectively) per total area (%), and the same differentiated area normalized to the cell 

number (mm2/#). Each of these parameters was calculated for soft and stiff hydrogel regions 

incubated in growth and differentiation medium. 

 

2.9.8 Quantification of 2D pre-osteoblast attachment and viability on biomolecule-patterned 

hydrogels 

 

These experiments for biomolecule-patterned gels were performed precisely as described in 

section 2.9.5, but implementing a different cell type with the adjusted cell seeding 

concentration of 200 cells/mm2, and a single time point after 6 d. Cell coverage (%) was 

quantified. 

 

2.10 Degradation-patterned hydrogels for guided in vivo tissue formation 

 

2.10.1 Surgical approach 
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Hydrogels were prepared as described in section 2.5 and equilibrated for 24 h at 37°C prior 

to implantation. Legal local animal rights protection authorities (Landesamt für Gesundheit 

und Soziales Berlin; G 0104/17) granted permission for the use of n=7 11-week old female 

C57/Bl6 (19–22 g) mice (Charles River Laboratories) used in this study. Anaesthesia and 

analgesia was provided by inhalation of isoflurane gas (Forene; AbbVie Deutschland GmbH) 

and subcutaneous injection of Buprenorphin (0.03 mg/kg BW; Essex Pharma) during the 

surgery. Protective ointment (Bepanthen) was applied to the eyes to prevent dehydration and 

damage to the cornea, prior to shaving the lower back and spray-disinfecting (Braunoderm). 

With the animal laying on its ventral side, a 2 cm diagonal incision extending from the upper 

left to the lower right of the distal back was cut. Blunt preparation was employed to open two 

cavities that the n=2 hydrogels per animal were slid into, placing one on the upper right and 

one on the lower left. One single stitch suture including the underlying muscle was sewn 

centrally to prevent hydrogels from moving towards each other or merging over time. Finally, 

single stich cutaneous sutures were applied to close the wound and Tramadol (0.5 mg/mL; 

Grünenthal) was administered in the drinking water for 3 days post-operatively for analgesic 

care. 

 

2.10.2 Hydrogel retrieval and histological staining 

 

8 weeks after the hydrogel implantation, animals were euthanized by intraperitoneal injection 

of Ketamin (75 mg/kg BW; Actavis) and Medetomidin (1 mg/kg BW; Pfizer), followed by 

cervical dislocation. Hydrogels along with the surrounding tissue were removed and cryo-

embedded in Super Cryo Embedding Medium (SCEM; Section Lab). One gel was damaged 

during retrieval and one during embedding, leading to histological evaluation of n=12, out of 

n=14 samples originally implanted. 7 µm thick cryosections were cut with a Leica cryotome 

(CM3050 S; Leica Microsystems) before performing Picrosirius Red staining exposing 

hydrogel in light pink and infiltrated connective tissue in dark red, as well as Hematoxylin and 

Eosin (H&E) staining differentiating cell nuclei in dark purple, hydrogel in pale purple, and 

infiltrated connective tissue in pink. Sections in the hydrogel bulk and approaching the 

surface were cut and stained to analyze differences in the extent of tissue infiltration in these 

regions. 

 

2.11 Statistical analysis 

 

All experiments were conducted with n=3-4 samples for mechanical characterization and in 

vitro studies and with n=12 samples for in vivo work. Results were depicted as bar graphs 

with mean + standard deviation. GraphPad Prism Software was used for statistical analyses. 
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Comparisons between hydrogel regions (i.e. soft vs. stiff, no RGD vs. RGD, degr vs. non-

degr) or time points were performed using Student t-test (p<0.05). Comparisons between 

hydrogel regions and time points for the mechanical characterization of degradation-

patterned gels were performed using a one-way ANOVA followed by Bonferroni's posthoc 

test (p<0.05).  

III. RESULTS 

 

3.1 Chemical reaction scheme of patterned alginate hydrogels 

 

Norbornene- and tetrazine-modified alginates were synthesized via carbodiimide chemistry 

allowing for spontaneous DA crosslinking when combined. The same norbornene-modified 

alginate was simultaneously crosslinked with non-degradable dithiol molecules in the 

presence of photoinitiator and UV light by TE chemistry. Performing this step through a 

photomask spatially restricting the penetration of the UV light, resulted in patterned modes of 

crosslinking, leading to variations in stiffness (Figure 1A). In order to spatially control the 

immobilization of thiol-coupled cell-adhesive moieties on the hydrogel surface, light exposure 

was restricted to select regions using photomasks thereby limiting the UV-initiated coupling 

reaction (Figure 1B). When the non-degradable dithiol crosslinker was substituted by an 

enzymatically-cleavable peptide sequence, patterns in degradation were generated (Figure 

1C). In both the stiffness- and degradation pattern configurations, a homogenous surface 

distribution of RGD was achieved by applying soluble RGD following crosslinking and 

performing a second UV exposure without a photomask. This versatile material platform 

could thus be employed to fabricate hydrogels with patterns in stiffness, biomolecule 

presentation, and degradation. 

 

3.2 Mechanical properties of stiffness-patterned alginate hydrogels 

 

Unpatterned dual-crosslinked hydrogels were prepared and exposed to UV light at different 

time points after casting to investigate the effect of timing on the resulting mechanical 

properties using uniaxial compression testing. Single-crosslinked materials featuring only TE 

or DA reactions were also measured as controls. This investigation revealed that the later the 

UV exposure occurred, the stiffer the resulting material (Figure 2A). The materials 

corresponding to those found on patterned hydrogels are labeled with the numbers 1 

(exposed to UV at the beginning, followed by DA reaction, leading to dual crosslinking) and 2 

(covered by photomask leading to single DA crosslinking). These differences in the relative 

contribution of TE vs. DA crosslinking resulted in striking differences in stiffness with dual-

crosslinked materials measuring 2.5 ± 0.1 kPa and single-crosslinked materials measuring 
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9.4 ± 0.5 kPa, respectively. These differences in crosslinking also resulted in differences in 

swelling, enabling the visualization of the 500 µm-wide stripe patterns, even on the 

macroscopic level (Figure 2B).  

 

To investigate the effect of this differential swelling on topographical features of stiffness-

patterned hydrogels, norbornene-modified alginate was fluorescently-labeled and the 

resulting hydrogel was imaged using a confocal microscope (Figure 2C). Quantification of 

height differences between the more swollen (soft) and less swollen (stiff) stripes yielded an 

average value of 60 µm. To complete the material characterization, a 2 x 2 mm2 

microindentation surface mapping confirmed the intended stripe pattern with individual 

stiffness values corresponding to those measured for single-phase controls, while displaying 

the measured values in the form of a histogram allowed visualization of the two distinct 

stiffness populations at approximately 1-2 kPa (soft) and 9-11 kPa (stiff) (Figure 2D; 

Supplementary Figure S5). 

 

3.3 Cell attachment and morphology of mouse embryonic fibroblasts on stiffness-patterned 

alginate hydrogels 

 

To probe the effect of substrate stiffness specifically on initial cell attachment and migration, 

fibroblasts stained with a fluorescent F-actin probe were seeded on top of patterned 

hydrogels and time lapse imaging was performed for 4 days (Supplementary Video S1). 

Within a few hours, cells align in the direction of the stripe pattern and migrate to stiff regions. 

To examine cell number, viability and morphology, fibroblasts were seeded on top of 

patterned hydrogels, and imaged after 4, 24, and 48 h following Live-Dead staining, 

discriminating the cell cytoplasm of live cells in green and the nucleus of dead cells in red 

(Figure 3A). Importantly, RGD peptide was coupled to the entire gel surface to permit cell 

attachment – not incorporating the RGD resulted in scarce cell attachment and round 

morphologies (Supplementary Figure S6).  

 

While the area covered by cells with respect to the total area of the stripe (%) remained <1% 

on soft substrates, this parameter was already significantly higher on stiff ones with 7% at 4 h 

and increased up to 16% at 48 h (Figure 3B). The number of attached cells was roughly 6 

times higher on stiff compared to soft stripes at all time points, and viability was maintained 

>80% for both conditions over the time frame investigated (Figure 3C/D). In terms of 

morphology, cells were initially round on soft substrates and maintained this shape over time, 

while they spread on stiff ones (Figure 3E-G). This prominent behavior of fibroblasts seeded 

onto stiff stripes was reflected in the initially larger and increasing cell area and major axis 
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length, as well as the decreasing circularity. In contrast, these parameters remained fairly 

constant for cells on soft stripes. 

 

3.4 Differentiation of human mesenchymal stem cells on stiffness-patterned alginate 

hydrogels 

 

Next, differentiation potential into the adipogenic or osteogenic lineage was investigated on 

stiffness-patterned hydrogels using hMSCs. In the case of adipogenic differentiation, bright 

field imaging showcased and nuclear fluorescent staining confirmed that significantly more 

cells attached on stiff vs. soft substrates in both growth and adipogenic medium (Figure 

4A/B). Interestingly, while the percentage of oil droplet area per total area (%) was higher on 

stiff vs. soft substrates (Figure 4C), this trend was reversed when the oil droplet area was 

instead normalized to the cell number (Figure 4D). As expected, differentiation was minimal 

in growth conditions (Figure 4C/D). 

 

In the case of osteogenic differentiation, bright field imaging illustrated and fluorescent 

staining validated that more cells attached on stiff vs. soft substrates in both growth and 

osteogenic medium (Figure 4E/F). The percentage of mineralized area per total area (%) 

was higher on stiff vs. soft substrates (Figure 4G), and this trend was maintained when the 

mineralized area was normalized to the cell number (Figure 4H). Again, differentiation was 

minimal in growth conditions (Figure 4G/H). 

 

3.5 Cell attachment and morphology of mouse pre-osteoblasts on RGD-patterned alginate 

hydrogels 

 

To determine the effect of biomolecule patterning, in this case featuring the cell-adhesive 

molecule RGD, mouse pre-osteoblasts were cultured on patterned substrates and Live-Dead 

staining was performed after 6-day incubation (Figure 5A). Stripe patterns were clearly 

visible demonstrating that cells preferentially attach on regions where RGD has been 

covalently coupled. This finding was confirmed by quantification of the area covered by cells 

relative to the total stripe area corresponding to 64.8% for ‘RGD’ regions and 5.3% for ‘no 

RGD’ regions (Figure 5B). Cell viability was consistently high with values above 96% for both 

regions. Importantly, mechanical properties were confirmed to be homogeneous on the 

hydrogel surface with a mean stiffness of 11.5 ± 0.4 kPa on a 2 x 2 mm2 region, indicating 

that preferential attachment was not due to differences in mechanics, but rather due to 

differences in biomolecule presentation (Supplementary Figure S7).  
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3.6 Mechanical properties of degradation-patterned alginate hydrogels upon enzyme 

exposure 

 

To probe the effect of hydrogel degradation on local mechanical properties, acellular 

hydrogel surfaces were measured by microindentation on day 0 and again after 12-day 

incubation with collagenase enzyme (Figure 6). Stripe patterns were clearly discernible in all 

matrix scans, permitting the setting of regions of interest corresponding to soft, degradable 

and stiff, non-degradable areas on each scan (Figure 6A). Degradable regions softened over 

time when exposed to enzyme solution, as indicated by average stiffness values decreasing 

from 1.8 ± 0.3 kPa on d0 to 1.2 ± 0.7 kPa on d12. Non-degradable regions starting at 4.5 ± 

1.0 kPa on d0 remained constant eventually measuring 4.4 ± 0.4 kPa (Figure 6B). 

 

3.7 In vivo response to subcutaneously implanted degradation-patterned alginate hydrogels 

 

The in vivo response to degradation-patterned hydrogels was qualitatively divided into three 

distinct types: those in which no (n=5/12), partial (n=5/12), or extensive (n=2/12) tissue 

infiltration into the bulk occurred, as visualized by Picrosirius Red and H&E staining 

(Supplementary Figure S8). As enzymatically-mediated degradation begins at the material 

surface, where enzymes first contact the foreign body, hydrogels were sectioned in such a 

way to approach the surface, with the aim to elucidate the tissue-material interaction at this 

interface. Patterned tissue infiltration could thus be revealed in n=5/12 implants, as shown by 

two representative samples (Figure 7A/B). Patterns highlighted by dashed boxes 

approximately match the 500 µm stripe geometry of the photomask. 

 

IV. DISCUSSION  

 

The presented biomaterial system featuring norbornene- and tetrazine-modified alginate, and 

a dithiol crosslinker or monothiol peptide invites the fabrication of hydrogels with different 

kinds of patterns. First, when a dithiol crosslinker is incorporated into the pre-polymer 

solution and the mixture is immediately exposed to UV light, patterns in stiffness are formed. 

Second, when, instead of a dithiol crosslinker, a molecule of interest with a pendant thiol is 

introduced, biofunctionalization can be achieved. Third, when the dithiol crosslinker contains 

an amino acid sequence that is susceptible to cleavage by matrix metalloproteinases 

(MMPs), the resulting material becomes enzymatically-degradable. In all of these variations 

of the same versatile material platform, two orthogonal (cross)linking chemistries are 

combined: the spontaneous DA and the UV-initated TE reaction. Patterning is achieved by 

controlling the spatial location of the TE reaction using photomasks. 
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Stiffness-patterned hydrogels were fabricated possessing single-crosslinked DA regions (not 

exposed to UV; photomask stripe) and dual-crosslinked TE + DA regions (exposed to UV; 

photomask gap). The timing of the UV exposure could be used to tune the resulting 

mechanical properties of unpatterned hydrogels. This preliminary experiment revealed that 

the later the UV exposure occurred, the stiffer the resulting material. This outcome implied 

that, contrary to the expectation of additive crosslinking resulting in stiffer gels, single-

crosslinked DA regions were actually stiffer than dual-crosslinked TE + DA regions. This 

finding is also different from dual-crosslinked hydrogel systems described in the literature, 

like the DTT-crosslinked methacrylated hyaluronic acid hydrogels investigated in Jason 

Burdick’s group (3, 6, 8, 31).  

 

This result suggests that (i) TE crosslinks likely prevent DA bonds from forming and that (ii) 

these latter bonds result in stiffer hydrogels. Conceptually, this could be explained by DA 

crosslinking happening more gradually, allowing for polymer chain movement over extended 

time frames, permitting norbornene and tetrazine molecules to form effective crosslinks. In 

contrast, UV-induced TE crosslinking occurs more abruptly, essentially locking polymer 

chains in place by creating norbornene-DTT-norbornene linkages. These crosslinks then 

prevent norbornene-tetrazine binding partners from finding each other. Numerically, this 

could be rationalized by 5 orders of magnitude more norbornene and tetrazine compared to 

DTT molecules present in the pre-polymer mix (Supplementary Table S3). If DA crosslinking 

is permitted to proceed to completion without interruption by the UV-induced TE reaction (as 

occurs in areas covered by the photomask), more crosslinks can theoretically form. 

Differential swelling in regions with (1) low crosslink density (soft) and high swelling and 

those with (2) high crosslink density (stiff) and low swelling allowed clear pattern visualization 

on the macroscopic level. 

 

2D surface mapping of stiffness-patterned gels demonstrated that soft stripes are wider than 

stiff ones, which can be attributed to lateral swelling in the low-crosslinked, soft regions, as 

well as potential light scattering effects or propagation of the UV-initiated reaction slightly 

beyond the regions left exposed by the photomask. The effect of emerging local surface is 

expected to be negligible as the scale of the swelling-induced height differences (60 µm) is 

small compared to the scale of the pattern size (500 µm). 

 

Fibroblasts were seeded on top of stiffness-patterned substrates and cell attachment, 

viability, and morphology were monitored over 2 days using fluorescent imaging. Significantly 

higher initial and increasing cell attachment on stiff vs. soft stripes matched literature reports 
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(38). While cell viability on both stiffnesses decreased slightly with time, it was not 

significantly different on stiff vs. soft regions, corresponding to previous findings (39). 

Importantly, the RGD ligand concentration was retained constant across the hydrogel 

surface, indicating that differences could be directly linked back to mechanics.  

 

With regards to morphology, quantitative readouts indicating higher spreading on stiff 

surfaces, align with the general agreement in the field, and in particular with a report by 

Discher et al. (40). This behavior can be attributed to stronger focal adhesions and more 

robust stress fibers in cells seeded on stiff substrates compared to less developed 

cytoskeletons in cells on soft substrates (41). Interestingly, while total cell number remained 

fairly constant over time, the area covered by cells increased, indicating that cell spreading 

continues throughout the 48 h time frame. Patterning soft and stiff regions next to each other 

led to cell alignment in the direction of the stripe on stiff substrates, thereby indicating that 2D 

arrangement could be controlled on supracellular length scales. This finding implies that 

organization of groups of cells and eventually matrix deposition could be manipulated using 

these patterned substrates. 

 

Transitioning to the work with MSCs, numerous studies have shown, starting with the 

groundbreaking work by Engler et al. in 2006, that matrix stiffness affects the differentiation 

behavior of stem cells (42, 43). The general consensus is that soft environments favor 

neurogenic or adipogenic, intermediate environments favor myogenic, and stiff environments 

favor osteogenic differentiation of stem cells either cultured on or within biomaterials, when 

other parameters are kept constant. Testing this phenomenon by seeding MSCs on stiffness-

patterned substrates revealed that, when adjusted to the cell number, more oil droplets 

(adipogenic marker) formed on soft substrates, while more mineralized deposits (osteogenic 

marker) formed on stiff substrates, thereby precisely matching these literature reports.  

 

Nevertheless, it is crucial to consider that other material properties also play a role: Khetan et 

al. measured higher osteogenic differentiation in soft vs. stiff regions, as the former allowed 

for 3D cell infiltration and spreading in a softer environment with lower crosslink density (31). 

Jeon et al. reported the same finding, due to softer regions being degradable and therefore 

fostering cell-cell interactions (7). Chadhuri et al. demonstrated that faster stress relaxation 

enhances osteogenic differentiation independently of the hydrogel’s initial stiffness (44). 

Taken together, these studies highlight that not only matrix mechanical properties, but also 

crosslink density, degradability, and stress relaxation behavior must be considered. 
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Biomolecule-patterned hydrogels were fabricated by allowing DA-based crosslinking to 

proceed to completion before coupling thiolated RGD peptides to residual norbornene groups 

in regions exposed to UV, not those covered by the photomask. Though cell attachment in 

terms of total coverage was significantly higher on ‘RGD’ regions, some cells nevertheless 

settled on regions that were theoretically lacking any cell adhesion moieties. This finding can 

be attributed to either light scattering effects that initiated the TE reaction in photomasked 

areas or cells transporting some ECM proteins with them from the cell culture flask to the 

hydrogel surface. Likely candidates for the latter explanation are fibronectin and laminin that 

are intimately connected to integrin receptors – a connection that could remain intact despite 

washing and trypsinization steps, thereby permitting settling anywhere, irrespective of RGD 

presentation (45). The presented differences in cell attachment could be traced back to the 

presence or absence of the biomolecule, as mechanical properties were measured to be 

homogenous on the surface, eliminating a potential mechanical contributor. 

 

Degradation-patterned hydrogels were generated by introducing an enzymatically-

degradable peptide linker and spatially controlling its incorporation during the 10-minute UV 

exposure immediately following casting, resulting in soft, degradable vs. stiff, non-degradable 

regions. The degradation potential was verified by microindentation measurement following 

collagenase treatment by demonstrating that degradable regions softened when exposed to 

collagenase, while non-degradable regions retained their initial stiffness. 

 

When these hydrogels were implanted subcutaneously in vivo, tissue infiltration into the bulk 

varied significantly between samples. These differences could potentially be traced back to 

slight differences in surgical placement of the implant, where vicinity to muscle tissue might, 

for instance, lead to higher mechanical stimulation contributing to faster degradation. 

Variations could also be attributed to the individual physiological states of the animals – a 

hypothesis that is supported by the fact that the two hydrogels featuring extensive tissue 

infiltration derived from the same animal. As the implanted hydrogels were acellular and 

enzymes present in the milieu first access the surfaces, hydrogels were sectioned 

approaching the surface to visualize the interface between the hydrogel and native 

microenvironment. Patterned tissue infiltration at the surface was then detected in n=5/12 

samples. 

 

Taken together, the in vitro and in vivo response to patterned degradation in terms of 

mechanical changes initiated by the degradation process and its effect on in vivo tissue 

formation, was not as robust as anticipated. Recommendations to increase the extent of 

degradation, and thereby amplify the effect on cell behavior would be to minimize the extent 
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of spontaneous DA crosslinking occurring in the background, which is likely still holding the 

material together, even when the degradable linkages have been cleaved. One way to 

accomplish this would be to increase the N/T ratio further, therefore decreasing the number 

of effective N-T crosslinks and increasing the relative contribution of degradable crosslinks in 

the system. A second possibility would be to introduce a monothiol capping peptide into the 

incubation solution that reacts with norbornene functional groups as they become available 

after enzymatic cleavage. This would ensure that no back reaction or latent formation of N-T 

crosslinks as the material degrades occurs. Of course one could also implement a different 

MMP-degradable crosslinker with faster reaction kinetics in order to speed up this process. 

 

V. CONCLUSION 

 

We have developed an alginate-based material platform implementing two different 

complementary crosslinking schemes enabling the fabrication of hydrogels with patterns in 

biophysical and biochemical cues. These materials or subsets thereof were characterized for 

their topographical features, their mechanical properties and then subjected to different 

cellular assays and in vivo testing. Stiffness patterns were confirmed by microindentation and 

investigation of fibroblast seeding on these substrates revealed higher initial cell attachment 

and more spreading over time on stiff substrates, as well as alignment along the direction of 

the stripe. Seeding hMSCs on stiffness-patterned substrates revealed higher adipogenic 

differentiation on soft regions and higher osteogenic differentiation on stiff regions, when 

adjusted to the total cell number. Pre-osteoblasts cultured on RGD-patterned hydrogels 

settled and spread in the presence of the adhesive biomolecule, while cell attachment was 

negligible in its absence. Spatially-restricted degradation was tracked by microindentation 

measurement following collagenase exposure. When implanted in vivo, degradation-

patterned hydrogels fostered patterned tissue infiltration at the surface in n=5/12 samples. 

This versatile material platform highlights the importance of local biophysical and/or 

biochemical properties in directing diverse behaviors of different cell types. This system 

therefore represents an important step in paving the way to orchestrating cell responses on 

or within patterned hydrogels, both for in vitro and in vivo settings, which could prove useful 

in fundamental studies and tissue engineering applications. 
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Fig. 1. Chemical reaction scheme of different types of patterned alginate hydrogels. Patterns 

in stiffness are generated by combining norbornene- and tetrazine-modified alginate and 

non-degradable crosslinkers, exposing to UV through a photomask at the start and after 

spontaneous crosslinking to couple RGD homogeneously (A). Patterns in biomolecule 

presentation are generated by combining norbornene- and tetrazine-modified alginate and 

RGD and exposing to UV through a photomask after spontaneous crosslinking (B). Patterns 

in degradation are generated by combining norbornene- and tetrazine-modified alginate and 

degradable crosslinkers, exposing to UV through a photomask at the start and after 

spontaneous crosslinking to couple RGD homogeneously (C). Time indications are included 

under arrows, bonds formed in the previous step are highlighted using dashed circles, and 

final hydrogel products are shown on right. 

 

 

Fig. 2. Mechanical properties of stiffness-patterned alginate hydrogels. Elastic modulus of 

single-phase dual-crosslinked hydrogels measured by uniaxial compression testing as a 

function of 10 min UV exposure timing to initiate the thiol-ene reaction (yellow bar) with 

respect to the spontaneous Diels-Alder reaction (gray bar) (mean + standard deviation; n=3) 

(A). Macroscopic view of stiffness-patterned hydrogel (B). Topographical features by 3D 

reconstruction of fluorescently-labeled gel (scale bar = 250 µm) (C). Surface map of 

microindentation measurement with 41 x 41 points spaced 50 µm apart yielding a total area 

of 2 x 2 mm2 (D). Single-phase hydrogels in (A) correspond to regions on patterned hydrogel 

in (D): (1) gel exposed to UV at the beginning, followed by DA reaction, leading to dual 

crosslinking and (2) gel not exposed to UV or covered by photomask, leading to single DA 

crosslinking. 
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Fig. 3. Cell attachment and morphology of mouse embryonic fibroblasts on stiffness-

patterned alginate hydrogels. Representative images after Live-Dead staining at 4, 24, or 48 

h (scale bar = 200 µm) (A). Quantification of area covered by cells/total area (%) (B), 

cells/total area (#/mm2) (C), viability (%) (D), cell area (µm2) (E), major axis length (µm) (F), 

and circularity (-) (G) (mean + standard deviation; * statistical significance by Student t-test 

with p<0.05; n=4).  

 

 

Fig. 4. Adipogenic and osteogenic differentiation of human mesenchymal stem cells on 

stiffness-patterned alginate hydrogels. Representative images of gels incubated in growth vs. 

adipogenic medium after Nile Red staining showing cell nuclei in blue and oil droplets in red 
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after 12 d (scale bar = 500 µm) (A). Quantification of cells/total area (#/mm2), oil droplet 

area/total area (%) and oil droplet area/cells (mm2/#) (B). Representative images of gels 

incubated in growth vs. osteogenic medium after OsteoImage staining showing cell nuclei in 

blue and mineralized area in green after 12 d (scale bar = 500 µm) (C). Quantification of 

cells/total area (#/mm2), mineralized area/total area (%) and mineralized area/cells (mm2/#) 

(D) (mean + standard deviation; * statistical significance by Student t-test with p<0.05; n=4).  

 

 

Fig. 5. Cell attachment and morphology of mouse pre-osteoblasts on RGD-patterned alginate 

hydrogels. Representative images after Live-Dead staining at 6 d (scale bar = 200 µm) (A). 

Quantification of area covered by cells/total area (%) (mean + standard deviation; * statistical 

significance by Student t-test with p<0.05; n=3) (B).  

 

 

Fig. 6. Mechanical properties of degradation-patterned alginate hydrogels. Surface map of 

microindentation measurement with 11 x 11 points spaced 50 µm apart yielding a total area 

of 500 x 500 µm2 (A). Elastic modulus of degradable vs. non-degradable regions of interest 

on d0 (0) and after 12-day incubation with (+) collagenase enzyme (mean + standard 

deviation; ns indicates groups that are not significantly different from each other, while all 

others are based on one-way ANOVA followed by Bonferroni's posthoc test with p<0.05) (B). 
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Fig. 7. In vivo surface response to subcutaneously implanted degradation-patterned alginate 

hydrogels. Patterned tissue infiltration approaching the surface, as visualized by H&E 

staining for two representative samples (scale bar = 500 µm) (A/B). Stripe-patterned 

infiltration is highlighted using dashed boxes. 
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Supplementary Figure S1. NMR spectrum of norbornene-modified high molecular weight 

alginate showing characteristic norbornene peaks between 6.2-5.8ppm; used for stiffness 

and biomolecule pattern. 

 

 

 

Supplementary Figure S2. NMR spectrum of tetrazine-modified high molecular weight 

alginate showing characteristic tetrazine peaks at 10.3, 8.3 and 7.4ppm; used for stiffness 

and biomolecule pattern. 
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Supplementary Figure S3. NMR spectrum of norbornene-modified low molecular weight 

alginate showing characteristic norbornene peaks between 6.2-5.8ppm; used for degradation 

pattern. 

 

 

Supplementary Figure S4. NMR spectrum of tetrazine-modified low molecular weight 

alginate showing characteristic tetrazine peaks at 10.3, 8.3 and 7.4ppm; used for 

degradation pattern. 
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Supplementary Figure S5. Histogram of 1600 (40 x 40) measurement points from PIUMA 

microindentation measurement of stiffness-patterned hydrogel.  

 

 

Supplementary Figure S6. Cell attachment and morphology of mouse embryonic fibroblasts 

on stiffness-patterned alginate hydrogels without RGD peptide. Representative images after 

Live-Dead staining at 4, 24, or 48 h (scale bar = 200 µm).  

 

 

Supplementary Figure S7. Surface map of microindentation measurement with 40 x 40 

points spaced 50 µm apart yielding a total area of 2 x 2 mm2 of RGD-patterned hydrogel. 
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Supplementary Figure S8. In vivo bulk response to subcutaneously implanted degradation-

patterned alginate hydrogels. Tissue infiltration, as visualized by Picrosirus Red staining (top) 

and H&E staining (bottom) qualitatively divided into none (A), partial (B) and extensive (C) 

(scale bar = 1000 µm). 
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high molecular weight  

(stiffness & biomolecule pattern) 

molecular weight (kDa) 265 

DStheo 500 

modification N-alg T-alg 

DSactual 146.41 54.94 

reaction efficiency (%) 29.28 10.99 

functional group/kDa 0.55 0.21 

Supplementary Table S1. Norbornene (N-alg) and tetrazine (T-alg) modifications of high 

molecular weight alginate polymer. 

 

 
low molecular weight 

(degradation pattern) 

molecular weight (kDa) 30 

DStheo 200 

modification N-alg T-alg 

DSactual 20.40 5.42 

reaction efficiency (%) 10.20 2.71 

functional group/kDa 0.68 0.18 

Supplementary Table S2. Norbornene (N-alg) and tetrazine (T-alg) modifications of low 

molecular weight alginate polymer. 
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soft region 

(Diels-Alder + thiol-ene) 

stiff region  

(Diels-Alder only) 

Norbornene (#/mL)* 6.65 E+18 6.65 E+18 

Tetrazine (#/mL) 2.95 E+18 2.95 E+18 

DTT 4.54 E+13 - 

Bonds formedtheo (#/mL)** 4.54 E+13 2.95 E+18 

* Sample calculation:  

20 mg alginate

1mL hydrogel
∗  

1 g alginate

1000 mg alginate
∗ 

1 mol alginate

265,000 g alginate
∗ 

6.022 E+23 molecules alginate

1 mol alginate
∗

 
146.41 molecules norbornene

1 molecule alginate
 = 6.65 𝐸 + 18

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑛𝑜𝑟𝑏𝑜𝑟𝑛𝑒𝑛𝑒

𝑚𝐿 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙
  

** Assumptions:  

• in soft regions UV-initiated thiol-ene bond formation occurs first, uses up all 

available DTT molecules (limiting reagent), and prevents simultaneous or subsequent 

Diels-Alder bond formation. 

• in stiff regions, spontaneous Diels-Alder bond formation uses up all available 

tetrazine molecules (limiting reagent). 

Supplementary Table S3. Approximation of bond formation in stiffness-patterned hydrogels. 

 

Cell attachment and migration of mouse embryonic fibroblasts on stiffness-patterned hydrogels.mp4

 

Supplementary Video S1. Cell attachment and migration of mouse embryonic fibroblasts on 

stiffness-patterned alginate hydrogels. Time lapse imaging after SiR actin staining of 500 µm 

z-stack with 25 µm step size imaging every 1 h for 4 d.  
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9. Conclusions 

 

9a. Potential research applications 

 

Some possible applications of the material platform presented that were not explored 

or developed in this work, are discussed in the following sections. Both single-phase, but 

even more, patterned hydrogels could be taken advantage of in the realm of drug delivery. In 

general, drug encapsulation into a hydrogel carrier comes with several advantages, including 

targeting to the site of interest, especially compared to systemic injection, which not only 

necessitates higher dosing but also results in unwanted off-target side effects. Another 

benefit lies in the protection of the therapeutic agent within the hydrogel construct that often 

serves to extend the drug’s half-life. The last gain lies in the controlled release of the drug, 

compared to bolus delivery associated with simple injection. The degradation of the 

surrounding polymer, either by passive, hydrolytic or active, enzymatic processes dictates 

the diffusion-limited release of the incorporated drug. The latter is likely more suitable, as it 

ensures degradation and consequently diffusion-based drug release synchronized and 

evolving with the metabolic activity of encapsulated or surrounding host cells.  

Patterned hydrogel constructs could be particularly useful in the realm of drug 

delivery, as local cell behaviors could be controlled by spatially restricting the release of a 

molecule of interest. In this way, cell responses to the drug, either stimulatory (differentiation 

or proliferation) or inhibitory (apoptosis) could be patterned, thereby targeting precise cell 

populations. Drug release, in this case, would not necessarily be diffusion-based, as 

patterning effects would be lost once the system has reached equilibrium. Instead, drug 

moieties could be chemically modified to possess a thiol group that could be used for 

covalent attachment to norbornene functional groups on the alginate. This strategy 

necessitates careful assessment ensuring that the bioactivity of the compound is not affected 

by the thiol modification and that its active site remains accessible upon conjugation to the 

polymer backbone. 

Beyond targeted drug delivery, another straightforward application for patterned 

materials lies in utilizing this platform to answer fundamental biology questions, regarding 

how the behavior of different cell types is affected by local stimuli, such as stiffness, 

biomolecule presentation, and degradation. Some questions that could be investigated are: 

Over what distance can pre-osteoblasts sense a nearby stiff/non-degrading region 

encouraging migration to this substrate? What role does cell-to-cell communication play in 

this process? Do fibroblasts extend towards RGD-dense regions in 3D? Do MSCs 

preferentially differentiate to the osteogenic lineage on stiff substrates with low BMP-2 or soft 

substrates with high BMP-2; in other words, is the biophysical or the biochemical cue more 
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decisive in determining cell fate? Is cell-induced, enzymatic degradation sufficient to enable 

controlled migration and even patterned ECM deposition or are further guiding cues 

necessary? These questions could potentially be answered with this material system.  

 

9b. Limitations 

 

Despite the advantages elucidated in the Introduction section, some limitations of the 

presented material system can be attributed directly to the base polymer: alginate. 

First, though the modification reactions presented here are straightforward one-pot 

reactions, the time factor should not be under-estimated: the complete protocol, from 

reaction to dialysis and lyophilization, requires about one week per modification. In the case 

of hydrolytically-degradable (oxidized and reduced) norbornene-modified RGD-coupled 

alginate, as was used in the first publication, this amounts to roughly one month of material 

synthesis time. The RGD coupling, as alginate is not naturally amenable to cell attachment 

and prolonged survival, is an absolute necessity to ensure functionality, which actually is 

favorable as cell adhesion can, therefore, be tightly regulated by changing the location or 

concentration of the peptide. This feature of the material system, which, as explained, also 

comes with certain advantages including increased user control over the degree of oxidation, 

and norbornene/tetrazine and/or RGD modification, can easily be managed by appropriate 

experimental planning once a stock of alginate batches has been prepared. 

Second, with regard to the mechanical performance, we have shown that the stiffness 

can be tuned by changing the degree of substitution of functional groups, the N/T ratio in the 

case of Diels-Alder crosslinked materials, as well as other parameters, like the polymer 

molecular weight and concentration, which offers the user at least four degrees of freedom to 

modulate this property. Still, the achievable, albeit already wide, range is likely limited to ca. 

50 kPa, which captures the range of most healthy tissue stiffnesses found in the human body 

[136], but might not extend to pathological conditions, such as a myocardial infarct scars, 

where stiffness is known to be significantly increased [137]. This prediction is realistic 

especially because the molecular weight of degradation products should be maintained 

below the renal threshold of 50 kDa to ensure clearance from the body [138], and the 

concentration cannot be increased blindly as it is coupled to higher viscosity and shear 

forces that could eventually become detrimental to the viability of encapsulated cells [139]. 

To compensate for this limited mechanical performance, materials can be simultaneously 

crosslinked ionically [140] or combined with other materials into copolymers and hybrid 

structures with enhanced stability.   

 

9c. Future directions 
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Beyond the fundamental drug delivery and biology applications described above, I 

also envision taking advantage of this material system in different biomaterial contexts, both 

in the single-phase and the patterned configuration. Excitingly, some of these ideas are 

already being pursued within my research group.  

For example, non-degradable hydrogels consisting of norbornene-modified alginate 

crosslinked with a dithiol crosslinker by UV-initiated thiol-ene reaction are currently being 

tested as quiescence-inducing 3D matrices to study cancer cell cycle progression. 

Specifically, they are used as surrogates of the metastatic niche to understand the role of 

mechanical properties in inducing cancer cell dormancy or reawakening leading to metastatic 

growth. For this particular application, genetically-modified cancer cells that change 

fluorescence signal based on the current cell cycle state, appearing red in the G0/G1 phase 

and green in the S/G2/M phase, are implemented. The alginate backdrop permits precise 

control over mechanical properties and the conjugation of chemical moieties to residual 

norbornene groups. As the material is otherwise bioinert, these biophysical and biochemical 

cues can be introduced on-demand to study their effect on the cell cycle status of 

encapsulated cells, and, in particular, to determine their effect on dormant cells reawakening 

and reprogramming towards tumor formation. This knowledge could not only be useful in 

fundamentally understanding the complex interplay of factors orchestrating the disease 

progression, but also in the development of therapeutic strategies targeting cells in the 

metastatic niche. 

Another promising application of these hydrogels, this time in the patterned 

configuration that has already been investigated in its initial stages, involves the 

incorporation of the bioactive molecule BMP-2. Maintaining the retention of the biomolecules’ 

bioactivity and ensuring their accessibility is crucial to safeguarding that they can induce the 

desired cell response. We have already performed preliminary experiments testing the 

covalent immobilization of a BMP-2 mimicking peptide in our hydrogels. The primary aim of 

this sub-project was to test the effect of this bioactive peptide on the osteogenic 

differentiation of hMSCs with the hypothesis that the covalently-coupled form would perform 

better than soluble administration. The secondary aim was then to spatially pattern the 

immobilization of the BMP-2 peptide, to ultimately control the location where cells seeded on 

these modified surfaces would differentiate into the osteogenic lineage. Our particular BMP-2 

mimicking peptide was selected, as it is considerably cheaper than the full protein and had 

already been tested for its stimulatory effect on osteogenic differentiation potential by Madl 

and colleagues [141]. Additionally, due to its small size compared to native BMP, this peptide 

invites facile further chemical medication – in our case, we introduced a thiol group to enable 
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covalent thiol-ene tethering to residual norbornene groups, as well as a short spacer to 

ensure accessibility.  

In order to confront these aims, we first confirmed the osteogenic potential of the 

soluble BMP-2 mimicking peptide via induction of alkaline phosphatase activity, calcium 

deposition, and SMAD1/5 phosphorylation on primary hMSCs cultured on conventional well-

plates. Second, we covalently-immobilized the peptide on the polymer surface and seeded a 

genetically-modified mouse myoblast cell line that develops luciferase activity upon 

recognition of the BMP-2 epitope, as a fast and convenient readout [142]. These cells 

reacted to a BMP protein positive control, but never to our mimicking peptide, though we 

experimented with different hydrogel formulations, UV exposure settings, as well as cell and 

peptide concentrations. Of course, we also tested the effect of the peptide on conventional 

hMSCs, necessitating longer experiments to permit measurable osteogenesis to occur, 

thereby ruling out the possibility that only this specific cell line was not responding to the 

treatment.  

Unfortunately, we never, also due to time constraints, resolved this issue and were 

instead left with a series of questions: (1) How much BMP-2 peptide mimic is covalently-

coupled? How efficient is the reaction? (2) Does the BMP-2 peptide mimic retain its proper 

conformation and orientation? Are aggregates formed? (3) Even more importantly, does it 

remain bioactive? (4) How are these parameters affected by the presentation strategy (2D 

vs. 3D)? Moving forward, I would, therefore, recommend to fluorescently label the BMP-2 

peptide mimic in order to visualize its attachment on the hydrogel surface and prove the 

feasibility of the covalent coupling reaction, as an initial step of troubleshooting, before 

returning to functional cell experiments. 

 

In addition to providing valuable insights into the cellular organization and matrix 

deposition processes, these novel patterned hydrogels could also prove useful for later 

clinical applications. Among other situations, I could imagine these hydrogels contributing to 

the regeneration of (i) joint, (ii) long bone, or (iii) cranial defects, just to provide a few more 

detailed examples (Figure 7). All three examples are motivated by concrete clinical 

challenges, resulting from compromised tissue due to osteoarthritis (joint) or missing tissue, 

as might occur after complicated fractures or tumor resection (long bone/cranium). 
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For joint regeneration (i), a simple bilayered construct with a soft upper layer and a 

stiff lower layer to promote the formation of articular cartilage and subchondral bone, 

respectively, could be developed (stiffness pattern). Bilayered structures based on the 

macromer oligo(PEG)fumarate) have been investigated in Kurt Kasper’s group though their 

materials feature uniform mechanical properties, relying instead either on the encapsulation 

of chondrogenically and osteogenically pre-differentiated MSCs [143] or zonal growth factor 

delivery to achieve the formation of the two different types of tissue [144]. Similar approaches 

have been tested in other material systems with agarose [145] or mixing different materials 

into hybrid structures of alginate with poly(lactic-co-glycolic acid) [146], chondroitin-sulfate 

and PEG diacrylate [147], or collagen and silk [148]. These methodologies were also 

combined with cell encapsulation [145, 147], growth factor delivery [146], or intra-articular 

injection of bioactive molecules [148]. Multilayered hydrogels have been fabricated to 

achieve constructs with tailored gradients in mechanical properties [149], while biphasic 

alginate structures have been applied to form channel-like aligned pores to permit blood 

vessel ingrowth and cell migration from the bone marrow [150].  

Though clearly much attention has been dedicated to this field, in vivo healing 

outcomes and translation to human patients has been challenging and slow [151]. I postulate 

that a bilayered construct based on our stiffness-patterned hydrogels with a soft upper and 

stiff lower zone could be promising for this application, especially because stiffness values 

matching those required for MSC differentiation into cartilage and bone, respectively, can be 

achieved [152, 153]. Moreover, incorporation of cells and/or growth factors to provide an 

additional stimulus for cell differentiation and regional tissue formation could be implemented 

in a straightforward manner. 

Figure 7: Alginate hydrogels with patterns 

in (i) stiffness, (ii) biomolecules, or (iii) 

degradation could find clinical application 

in the regeneration of the (i) joint, (ii) long 

bone, or (iii) cranium. 
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For long bone regeneration (ii), growth factors from the chondroinductive family TGF-

ß and from the osteoinductive family BMP could be spatially oriented in such a way to 

provide a template for the growth of hyaline cartilage and primary centers of ossification 

(biomolecule pattern). Research in this field has thus far focused on stimulating bone 

regeneration by implementing different base materials and composites thereof, combined 

with the strategic delivery of cells and/or bioactive molecules [154]. Very little attention has 

thus far been paid to fabricating patterned structures to locally induce the formation of 

cartilage vs. bone. This unexplored niche could be investigated with biomolecule-patterned 

hydrogels, to locally induce cell differentiation, ultimately leading to long bone regeneration 

through the process of endochondral ossification.    

Finally, in the context of cranial regeneration (iii), degrading channels could guide 

endogenous cells in the periphery of the defect site, precisely orchestrating where they 

migrate and deposit matrix, thereby accelerating the healing process, without compromising 

the functional and mechanical integrity of the tissue throughout this process (degradation 

pattern). Specifically, the infiltration of endothelial cells forming blood vessels could be 

steered. This last example could also prove relevant for other healing scenarios where 

angiogenesis is a crucial step in ensuring successful outcomes by supplying healing tissues 

with the necessary nutrients and oxygen for survival, proliferation, and overall functionality. 

Cell migration has been successfully guided in other material systems not by patterning 

degradation, but rather by patterning the presence of the cell-adhesive RGD molecule in a 

channel [155] or in a homogeneously degradable [156, 157] network using light-induced 

chemistries. Guided angiogenesis has also been demonstrated in these [157] and other 

hydrogel constructs with additional stimulation using angiogenic growth factors [158]. Our 

degradation-patterned hydrogels could prove useful in these studies by contributing 

structures presenting spatial control over susceptibility to enzymatic degradation with the 

addition of either uniform or patterned RGD presentation.  

Of course, we hope that this material platform will become valuable to our colleagues 

in the biomaterials community who will change, adapt, and improve it, extending its 

usefulness to applications we have not even imagined. 
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