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Chapter 1. Motivation and overview of the 

thesis 

 

1.1  Introduction 

Over several decades, tremendous advancement in the field of tissue engineering and 

regenerative medicine has been achieved to improve the quality and longevity of 

human life. Systematic solutions are engineered by combining multiple scientific 

faculties with biological systems to develop functional tissue or organ substitutes using 

tissue engineering. The principal focus of tissue engineering involves designing, 

controlling, and tuning microenvironments that imitate natural, healthy, and diseased 

tissue/organs. This can be achieved by a combination of materials, cells, and bioactive 

molecules. The resulting constructs can function as implants, used for therapeutic 

applications, or employed ex vivo to generate quantitative knowledge of biological 

processes.1 One of the earliest achievable applications includes regenerating skin 

epidermal tissue using hydrogel-based scaffolds2. Other non-regenerative methods to 

improve tissue function are metallic support inserts to support damaged bone tissue3 

or more recent bionics, which establish synaptic connections between prosthetic 

limbs and functional nerves4. The latter aims to bypass an injured or diseases tissue 

site with machinery, while regenerative medicine has the goal of regrowing 

functional tissue. Ex vivo tissue constructs are developed to understand and 

comprehend cellular mechanisms, test pathological conditions, and reduce the need 

for animal experiments.5 Organoid models are developed in vitro to mimic the 

microanatomy and physiology of organs in great detail. These present simplified 

versions of healthy tissues and disease models, such as genetic disorders, infectious 

diseases, or even cancer.6 Organ-on-a-chip technology is now combined with patient-

derived cells to develop personalized treatment.7 The potential of culturing patient-

derived cells/tissues in vitro in combination with biomaterials is developed to later 
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implant/inject the same scaffold into the patient in vivo, minimizing immune 

response and improving the recovery phase.8 In this thesis, I investigated the influence 

of different cues from the cells' microenvironment to design suitable biomaterials for 

tissue regeneration. Hence, scaffolds supporting cell growth and invasion without 

triggering immune responses are essential. Several combinations of materials derived 

from natural or synthetic origin and cells are used to recreate the extracellular matrix 

(ECM) and achieve a profound understanding of cell-material interactions.9 

Figure 1: Schematic representation of tissue regeneration assisted by hydrogels to form fully 

functional tissues over time. Adapted from reference9 with kind permission from John Wiley 

and Sons. 

Extensive research in biomaterials is performed either in vitro, in combination with 

cells grown on two-dimensional (2D) substrates or in three-dimensional (3D) 

matrices, imparting physical or mechanical and biochemical cues, or in vivo with 

animal models. While 2D models do not envisage the dynamic complexity and 

hierarchy of native ECM, the animal models only partly recapitulate the clinical 

features of human diseases. Furthermore, minimizing the scale of animal testing is 

desired which often involve high costs and work effort.10  Hence, to achieve plausible 

clinical success, a translation from 2D substrate-based models to 3D models is desired, 

where the cells experience signals and forces from all directions.11 In vitro, 3D models 

offer an alternative to animal testing involving multiple testing groups for preliminary 

biomaterial screening and in addition, act as an intermediate screening platform, 

reducing the number of animals required.  
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1.2 Recapturing ECM components and their functions in tissue 

engineering  

Biomaterials developed from natural or naturally-derived ECM scaffolds vary in their 

properties based on their conformation, containing proteinaceous (collagen, elastin, 

laminin, fibronectin) and non-proteinaceous (glycosaminoglycans or alginate) 

components.12 The proteinaceous scaffolds offer fibrous topography that supports cell 

adhesion, migration, and direct tissue reorganization while providing structural, 

architectural, and chemical cues.13 Whereas, the non-proteinaceous components, such 

as glycosaminoglycans, mainly fill up the extra interstitial spaces while supporting the 

scaffold in hydration to regulate swelling pressure and endure external compressional 

forces.14 Capturing the functional properties of ECM components include response to 

cell interaction and signal transmission, including chemical, mechanical or electrical 

signals (Figure 1).9,15 Loss or damage in one or several components of ECM results in 

pathological conditions in these tissues.16 Scaffolds made of decellularized tissues 

display several advantages of biocompatibility and retain native architectures 

compared to synthetic scaffolds.17 Although natural proteins and biopolymers are the 

most sought-after biomaterials, they often offer immunogenic responses with batch-

to-batch variability that vastly affects reproducible outcomes. Hence synthetic 

matrices with high reproducibility and controllability are desired. We can envisage 

the complex hierarchical ECM as a chemically defined model by simplifying its 

composition using a modular approach, using a soft synthetic hydrogel network with 

appropriate spatial and temporal cues. To render this artificial ECM (aECM) 

functional and hierarchical, three major stimuli: mechanical, biochemical, and 

architectural, that vastly influence cell fate inside an aECM need to be controlled with 

suitable assemblies (Figure 2). The close interdependence of these parameters offers a 

limitation to decoupling them one from another (Figure 3). 

Among the synthetic matrices, polymeric scaffolds are the most sought-after materials 

for fabricating hydrogels with highly controlled and tunable properties.18 These 
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scaffolds swell in an aqueous environment to form hydrogels composed of > 90% 

water. Though they lack the native biochemical and architectural cues, these 

properties can be easily tuned to mimic cellular micro-environments and control 

cellular responses.19 The different synthetic scaffolds are discussed in detail in Chapter 

2. The major advantage is that they are predominantly a solution as a precursor 

enabling encapsulation of cells inside the hydrogel to render them injectable or 

implantable.  

 

Figure 2.  Schematic representation of 3 fundamental cues influencing cell fate: Mechanical, 

Biochemical, and Architectural cues. Derived from these cues are different parameters that 

affect the viability, growth, proliferation, and invasion of cells inside an artificial ECM.  

1.2.1 Bio-Mechanical cues 

Mechanical properties of a hydrogel, such as mesh size, degree of swelling, elastic 

modulus, viscoelasticity, strain stiffening, and degradation, impart mechanical forces 

on the cells and can be easily controlled by tuning the hydrogel composition, 

crosslinking type and kinetics, and degradation domains. The physical cues in aECM 

are provided by the polymeric networks that form either covalent or non-covalent 

bonds resulting in matrices that are either permanently altered due to degradable 

domains or remodeled locally with reversible bonds.20 The degree of crosslinking 

determines the stiffness, which is inversely proportional to the mesh size and swelling 

(Figure 3). Among the synthetic scaffolds, medically (FDA) approved polyethylene 

glycol (PEG)-based hydrogels offer a bioinert blank slate that can be easily rendered 
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bioactive and biodegradable. While facile synthesis of PEG polymer is possible with 

different functional groups that determine the crosslinking method and kinetics, the 

degradation kinetics depends on the number and type of cleavable sites, such as 

esters21 or enzyme sensitive domains22, thus imparting unique hydrogel properties for 

every system. Unlike linear polymers, the multi-arm or star-PEG (sPEG) polymers 

allow for simultaneous crosslinking and biofunctionalization using the same sPEG 

polymer. 

Additionally, these gels are crosslinked at concentrations lower than their critical 

concentration, resulting in heterogeneous pores suitable for nutrient transport and 

perfusion.23 Two unique sPEG hydrogel systems with different arm lengths, 

crosslinking mechanisms, and the number of PEG arms are investigated in Chapter 4 

and Chapter 6 in detail. The first system involves enzymatic crosslinking of two 8-

arm sPEG-VS coupled with lysine-bearing peptides or glutamine-bearing peptides. 

These gels mimic the fibrin crosslinking mechanism using transglutaminase, making 

them biocompatible and highly specific.24,25 The second PEG system involves a 4 arm 

sPEG vinyl sulphone (sPEG-VS) crosslinked with a linear di-cysteine crosslinker 

bearing a degradable domain sensitive to matrix metalloproteases (MMP) produced 

by the cells. The polymers are crosslinked by Michael type addition at physiological 

conditions.26 Biofunctionalization in both systems is achieved using mono 

functionalized pendant-like adhesive ligands coupled using their respective 

crosslinking mechanisms. Such gels are often applied in wound models where their 

ability to fill the irregular shape of the cavity in the injury site makes them ideal for 

non-invasive therapies. 

1.2.2 Bio-Chemical cues 

The biochemical properties are often incorporated inside aECM by tethering cell 

adhesive domains or growth factors to the backbone of the polymer network.27 The 

cell viability and growth depend on the concentration of cell adhesion ligands and 

rate of growth factor perfusion.28 The cell-ECM interaction is regulated via the cell 
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membrane, which consists of transmembrane proteins called integrins involved in 

bidirectional cell-ECM signaling, regulating physiological processes such as adhesion, 

migration, proliferation, and apoptosis. The adhesive ligands to enable integrin-

mediated cell adhesion are covalently incorporated into scaffolds to promote cell-

matrix interaction.26 Several known domains are endogenous proteins, their 

fragments, or derived peptides. For example, fibronectin, laminin, and collagen are 

the most applied proteins in tissue engineering for adherent cells, with RGD peptide 

as the most common ligand for integrin binding. Engineered protein fragments can 

assemble specific functions, like FNIII 9*-10/12- 14 derived from fibronectin, which 

consists of domains FNIII 9*-10 responsible for cell adhesion29 and FNIII 12-14  for 

growth factor binding30. Such protein fragments offer synergistic sites where the 

adhesion occurs adjacent to the growth factor site.31 Integrin binding sites in proteins 

like fibronectin and laminin were decoded, revealing the role of small peptide ligands 

responsible for cell adhesion. Peptides such as Arg–Gly–Asp (RGD)32, Tyr–Ile–Gly–

Ser–Arg (YIGSR)33, Ile-Lys-Val-ala-Val (IKVAV)34, Arg-Asn-Ile-Ala-Glu-Ile-Ile-Lys-

Asp-Ile (RNIAEIIKDI)35, Pro–His–Ser–Arg–Asn (PHSRN)36 are some of the most 

explored integrin-binding domains. Peptides are easily synthesized in high purity 

using peptide synthesizers that are either semi or wholly automated to produce in 

large-scale with high reproducibility. 

Being synthetic, these peptides do not trigger an immune response, thereby 

facilitating scaffold compatibility for in vivo application. A combination of YIGSR and 

RGD peptides that were covalently immobilized inside PEG acrylate gels with 

endothelial cells induced greater tubule length and diameter in vitro, resulting in 

greater vessel density and branching in vivo.37 Similarly, a combination of equal molar 

ratios of RGD, IKVAV, YIGSR, and RNIAEIIKDI in fibrin gels showed a synergistic 

effect, improving the neurite out growth. The highest level of regeneration was 

observed during in vivo experiments when the optimized fibrin was injected inside a 

tube used to bridge the gap between nerve disconnected stumps in adult male rats.38 

Another class of synthetic molecules emerged to replicate the docking site of integrin 



  
 

 
7 

 

heterodimers, called peptidomimetics, which impart high selectivity and affinity.39 

These chemically defined ligands adhere to integrin proteins on the cell surface. The 

extent of adhesion depends on the conformation and structure of the ligand, thus 

imparting selectivity and affinity to integrins. For example, the integrin selectivity of 

a protein fragment from fibronectin FNIII 9*-10 is inclined more toward α5β1, 

promoting MSCs proliferation and differentiation29 while I observed that bicyclic 

RGD peptides developed to bind αvβ3.40 In Ligands, the integrin affinity and selectivity 

can be improved by adding amino acids before and after the adhesive peptides as 

suitable spacers41 or by cyclization of the peptides. For example, monocyclic RGD 

peptides known for their high cell binding affinity lacked selectivity. Hence, I 

investigated the effect of a new class of cyclic peptides bearing two cyclic loops 

containing an integrin binding site like RGD peptide and a tri amino acid sequence 

which promotes integrin selectivity. This has been discussed in detail in Chapter 4.  

Two bicyclic peptides were coupled to PEG hydrogels and I investigated their 

influence on cell growth, and alignment for L929 cells and primary sensory nerve 

cells. 

1.2.3 Architectural cues 

Hierarchical tissues, such as muscles, heart, cartilage, spinal cord, bone, and tendons 

have oriented tissues, and the design of such aECM demands anisotropy to achieve 

functional tissue regeneration.42 The anisotropy is often induced by incorporating cues 

developed by micro and nanofabrication techniques that create patterns inside the 

scaffold to impart chemical or mechanical gradients.42,43 Physical gradients in the 3D 

microenvironment are often created by orienting the intrinsic hydrogel fibers by layer 

by layer patterning, extrusion, movement of magnetic particles, or flow imparting 

directional cues.43–45 For example, spherical microgels particles are annealed to form a 

packed bulk scaffold with pores between for cell infiltration,46 and tethering these 

microgels with biomolecules enabled spatial patterning inside the 3D porous 

scaffolds.47 In the case of monolithic hydrogels, where the porosity is accounted only 
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from the mesh size created by the molecular crosslinks, spatial cell patterning was 

achieved with magnetically labeled cardiomyocytes in the presence of an external 

magnetic field. This resulted in magnetic patterning of cells to obtain biomimetic 

cardiac cell alignment.48 However, direct contact between magnetic 

micro/nanoparticles and cells is discouraged for in vivo applications.49 Magnetic 

nanoparticles dispersed in a collagen matrix in the presence of low magnetic fields 

resulted in the aggregation of particles to form magnetic strings. During gelation, the 

orientation of the collagen fibers was influenced by the oriented magnetic strings. In 

vitro experiments with neurons showed elongated morphology along the direction of 

the magnetic string.50 Though the magnetic strings provide directional cues, they are 

less controllable in dimensions and require more magnetic materials (~ 3 mg/mL). 

Moving iron nanoparticles were employed during bioprinting with collagen to avoid 

direct contact with magnetic particles and cells.43 Here, the magnetic materials 

migrated to an edge which can be removed easily, however, this system may be 

unsuitable for in vivo experiments. Hence, a system employing the magnetic 

nanoparticles embedded in PEG microgels or fibers was developed.51,52 While the 

magnetic nanoparticles are used in low concentrations and help orient the microgels, 

the aspect ratio of microgels plays a critical role in influencing anisotropy. The 

microgels/fibers are anisometric in dimension, enabling them to orient along the 

direction of the external magnetic field lines. Encapsulating these microgels/fibers 

inside a bulk crosslinking PEG hydrogel creates a spatial distribution of oriented 

microgels/fibers.25 These gels, also referred to as ANISOGELS, impart anisometric 

material properties to promote cell growth in an oriented manner and are investigated 

in Chapters 3 and 5.52,53 Biofunctionalization of such microgels with ligands, such as 

RGD, enable ANISOGELS to present a combination of mechanical, architectural, and 

biochemical cues for the cells.54 Alternatively, exclusive bio-chemical gradients in 3D 

hydrogels are often desired to understand the role of biochemical gradients in 

determining cell fate by decoupling the biophysical cues. Such interactions mimic 

native tissues responses where the cells grow and mature without altering the 
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mechanical properties. Such microenvironments can be artificially developed by 

applying photo-patterning techniques to enabling spatial and temporal control, where 

multiple biomolecules can be tethered to synthetic hydrogels using orthogonal 

chemistry.55,56 In chapter 6, such biochemical patterns are fabricated in 3D, at high 

spatial resolution using confocal and two photon lithography microscopes. I was able 

to fabricate biochemical gradients without altering the biomechanical properties and 

bind specific cell adhesive and growth factor binding sites like RGD, IKVAV and FN 

9*-10/12-14 create spatial biochemical pattern/gradients. Since the spinal niche is one 

of the most highly ordered tissue, understanding the fundamentals of axonal viability, 

growth, and steering is essential. Throughout my thesis, I investigate the influence of 

several aECM cues in distinct modules on nerve cells from dorsal root ganglions 

extracted from chick embryo.  

 

Figure 3. Schematic representation of interdependence between physical/ mechanical, 

biochemical and architectural cues influencing cell growth and proliferation, forming a triad. 

In mechanical cues, the stiffness is directly proportional to the degree of crosslinking and 

inversely proportional to mesh size and swelling. In biochemical cues, trans-membrane 

integrin receptors and its sub-units engage in the interaction with ECM and docking on 

ligands and growth factors. Different architectural cues, either physical or biochemical, 

responsible for cell guidance and orientation.  
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1.3 Role of physical cues in determining cell fate 

Among the several stimuli affecting cell growth and proliferation, the physical 

guidance cues play a prominent role in determining cell fate, especially for 

hierarchical tissues imparting anisotropic tissue morphology. In an attempt to mimic 

in vivo neuronal niches, synthetic substrates, such as fibers and surfaces with isotropic 

and anisotropic features, are used as 2D scaffolds to emulate the features of ECM 

(Figure 4).57,58 The cytoskeleton (microtubules, actin, intermediate filaments) of cells 

undergoes morphological changes due to interaction with scaffold with the help of 

cellular protrusions (lamellipodia and filopodia).59 Other cellular mechanisms, 

including cellular attachment, migration, polarization, and growth, are also 

coordinated by these flat membranous lamellipodia and the thin finger-like 

projections of the filopodia that also sense chemical gradients.60  

In the case of nerve cells, the growth cone (GC) is the motile structure at the tip of a 

polarized neuron that explores the ECM, is receptive to external cues, and reacts via 

signal cascades.61 62 The growth of axons involves three distinct peripheral domains in 

the GC: filipodia and lamellipodia at the tip of the growth cone, the transition zone, 

and the central domain that consists of microtubules connecting to the axon. Axon 

growth is initiated as the GC advances, changing the outermost peripheral domain to 

become the central domain, subsequently becoming part of the axon.63 As the GC 

advances, the filipodia and lamellipodia probe the ECM by forming temporary 

attachments, which detect chemical and mechanical cues. Reports reveal that GC is 

capable of detecting attractive and repulsive molecular cues.64 65  

In the presence of linear physical cues, two distinct populations of filipodia are formed 

in the GC. While one population senses the environment's anisotropy, the other 

behave stochastically. The cytoskeleton of the first population of filopodia is rich in 

F-actin, while the latter population consists of non-aligned and unstable filopodia, 

suggesting crosstalk between both filopodia populations. Long filopodia are observed 

on flat substrates and cannot be stabilized by a robust F-actin cytoskeleton, resulting 
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in neurite collapse events.66 As the GC advances, an alternate exchange between 

deterministic and stochastic behavior occurs with a transition in between where the 

external cues influence axonal steering.67 The GC responds to the external stimuli by 

turning to a side of the GC when microtubules invade the side of the peripheral 

domain resulting in directional polarization.61,63 Filipodia and lamellipodia in the GC 

act as cytoskeletal sensors that sense topographical or biochemical (for example, 

laminin, tenascin, fibronectin) cues in the cellular ECM using transmembrane 

receptors, such as integrins. The integrins bind to ECM ligands by signaling cascades68, 

which impart cues and guidance achieved by physical contact. This is popularly 

known as 'contact guidance' and plays a significant role in axonal steering and cell 

migration in, for example, nerve regeneration and cancer propagation models. 

Especially in neurons, ECM topographies are known to induce changes in morphology 

and affect growth direction. 69 

The ECM in an oriented nervous tissue niche contains microstructures imparting 

physical cues, such as fibrils, and anisotropic features, which the GC senses during the 

morphogenesis of the neurites.70 Peripheral nerve regeneration vastly depends on the 

extent of aligned Schwann cells paving a path for axonal myelination.71 Hence 

replicating and understanding neuronal growth on Schwann cell topographies allow 

us to understand nerve regeneration better. The artificial topographies influence the 

rate of cell motility and the direction of the growth cone.72 Mimicking such surfaces 

is now possible by advanced micro- and nanofabrication techniques that can imitate 

parts of the native topography, such as dimensions or structure.57 Techniques, such as 

photolithography, soft lithography, electrospinning, and etching, are developed to 

study in vitro cell interactions.73 To understand neurites' interactions with bio-active 

environments, in vitro experiments were predominantly performed on 2D substrates, 

revealing faster and straighter axonal growth on stiffer substrates74 with topographies 

classified as isotropic or anisotropic based on their aspect ratios. Isotropic topographies 

have uniform features along all directions, while anisotropic topographies have a 

preferential direction along single or multiple axes. 
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Similarly, discreet geometrical features57,73,75 are tailored to guide cells and promote 

migration.76 Though these topographies offer linear cell guidance, they failed to create 

one primary direction, especially with an isotropic micropillar array, where the 

micropillars' shape determines the neurites' growth direction. For example, the 

primary nerve cells from rat dorsal root ganglia (DRG) grew longer axons in 6 

directions (60° between each other) along the hexagon's sides.77,78 Similar 

discontinuous isotropic pillar arrays cultured with primary hippocampal neurons 

demonstrated that optimal spacing between the pillars enables neurites to grow longer 

along one primary direction, indicating that the gaps between pillars are preferred 

over high frequency of the pillars to achieve growth in one direction.79  

 

Figure 4. 2D in vitro substrate topography. a) Flat Surface, b) Micro/nanodots, c) Micropillars, 

d) Wrinkles, e) Fiber topography, f) Grooves and ridges, g) Micro cones/zig-zag, h) 

Continuous anisometric microelements, i) Discreet anisometric microelements. 

Discontinuous micron-scale topographies with anisotropic geometries, such as linear, 

circular, angular gratings, triangles, or rectangles, are reported to influence the length 

of the axons and dendrites more than isotropic geometries, such as dots, grids, 

squares.80 Further, femtosecond pulsed laser on silicon wafer produced pseudo discreet 
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elliptical micro cones that linearly guided DRG axonal growth, shedding light on the 

influence of an anisotropic surface in nanoscale.75  

 

Figure 5. a) Schematic representation of the spatial distribution of microelements with 

defined horizontal and vertical spacing on a glass substrate printed using b) a two-photon 

lithography machine and a photoresist. The dimensions of the microelements are fixed to 20x 

1x 10 µm. C) The FE-SEM images reveal that the cells follow the auto-fluorescent 

microelements, as shown in d). The beta-tubulin stained microelements are analyzed using 

an elliptical kernel, revealing the maximum orientation at 0° for microelements and narrow 

distribution of neurites around 0°.    

Although both isotropic and anisotropic topographies influence directed axonal 

growth, the anisotropic elements direct cells in a linear manner imparting greater 
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control in the primary growth direction of axons. Physical parameters, such as 

dimensions of the features, widths, slopes, and depths, generate different effects on 

cells at the macroscale, microscale, and nanoscale. While subcellular structures 

influence the sensitivity of cellular filopodia, integrin-mediated adhesion involves 

clustering primarily at the nanoscale, and micro-scale topographies regulate changes 

in the direction, morphology, and polarity. 70,76,81  

Externally triggered orientation of directional cues is essential for the spatial 

distribution of physical cues, especially in injectable systems, to create in situ 

anisotropic microenvironments. As described before, incorporating magnetically 

orientable anisometric elements inside ANISOGELS provides a directed ECM 

architecture allowing neurons to grow in a highly oriented and linear manner.52,82,83 

The ANISOGELS initially containing fibrin as surrounding gel and magnetically 

orientable microelements (microgels/fibers) enabled linear growth of axons inside the 

fibrin with one primary direction. The microgels were further coated with bio-

adhesive molecules, such as RGD, to provide biochemical cues in addition to physical 

cues.54 Such matrices led to oriented cell growth yet reduced native aligned 

fibronectin production to further direct cells in a positive feedback cycle. This 

demonstrated that overstimulation could make the cells 'lazy', resulting in reduced 

biological healing. Switching from fibrin to fully synthetic PEG hydrogels enabled 

higher control in scaffold development, for example, to incorporate engineered 

fibronectin fragments, which possess both integrins and growth factor binding sites.25 

Some of the parameters of the orienting microelements that influence directed cell 

growth are size, aspect ratio, and distance. When tested inside fibrin matrices, 

variation of these parameters revealed superior growth for long microgels (50 µm) 

with shorter cross-sections (2.5 µm).53 Though this works covers a wide range of 

microgel parameters, it lacks control to study the effect of the distance between the 

microelements to guide unidirectional cell growth.  
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In Chapter 3, I developed a more controlled, high-throughput 2.5 D platform with 

two-photon lithography (TPL) to study varying interelement spaces (vertical and 

horizontal) and elucidate the role of physical guidance cues required to steer neurite 

growth linearly. Here, short, anisometric discreet microelements with varying 

interelement spaces are fabricated (Figure 5a, 5b) to obtain a deeper understanding of 

the minimal physical guidance cues required for axonal navigation in primary sensory 

nerve cells. A comparative study with continuous guidance cues shows that similar 

nerve alignment can be achieved with discreet/discontinuous anisotropic 

microelements (Figure 5c, 5d). The incremental increase in horizontal spacing (HS) 

and vertical spacing (VS) is used to analyze the behavior of cell-material interaction, 

and neurite orientation is quantified using an anisometric orientation kernel that 

measures the influence of neurite growth direction with reference to the direction of 

the microelements (Figure 5e).84 This is plotted in polar coordinates, revealing most 

orientation kernels occupying the same direction resulting in a sharp peak for 

microelements (blue), a blunter yet narrow peak for neurites influenced by the 

microelements (green), and finally, a broad distribution of neurite orientation for 

neurites without physical guidance cues from the microelements (red).  

A discreet anisometric microelement array (VS = 5 µm, HS = 10 µm) resulted in the 

highest physical guidance for directed neurite growth, with over 55% of neurites 

orienting parallel to the guiding direction and only < 5% in the direction 

perpendicular with an interquartile range (IQR) ~ 24° (Figure 6). On the other hand, 

similar levels of neurite alignment are achieved for different HS and VS combinations, 

resulting in different total areas occupied by the guiding elements on the substrate. 

Interdependence between HS and VS is reported where even at large VS up to 100 µm 

between the discrete elements, linear nerve growth was still achieved for HS: 20 µm. 

Hence, we can reduce the total volume of the required guidance cues to obtain cell 

alignment by altering the vertical or horizontal spaces between the microelements. 

We also report an increase in the neurite orientation perpendicular to the 

microelements when VS: 200 µm (at HS:  20 µm), demonstrating a maximum vertical 
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distance at which the long axis of the anisometric microelements is still dominating 

the directionality of nerve growth.  

 

Figure 6. An array of anisometric microelements of dimension 20 x 1 x 10 µm with defined 

horizontal spacing (HS) of 10 µm and variable vertical spacing (VS) of 0 to 200 µm shows a 

decrease in neurite alignment along the microelements with an increase in VS.  

1.4 The transition from 2D models to 3D models 

Cells grown on flat substrates experience forces only from the surface, unlike native 

3D tissue (Figure 7a), where cells experience forces from all directions (Figure 7b). 

These forces come from interaction with their surrounding ECM or their neighboring 

cells. Haptotatic signals (biochemical signals attached to the substrate) determine how 

cells interact with their surroundings, and this often occurs in the form of gradients 

to direct cells in a specific direction.85,86 In addition, cells respond to different stimuli, 

such as and shear forces that are transmitted through the bulk of the tissue or bulk 

resistance that is drastically different from traditional 2D in vitro culture.85 In the case 

of 2D cell monolayer formation, the cells spread horizontally in one plane, and no 

control in the vertical plane is feasible. Control in bulk is essential, especially to steer 

cells in the direction of biochemical and mechanical gradients. 
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In contrast to 2D substrates where integrin-mediated cell adhesion occurs in a short 

period due to the restraint-free, unrestricted access to adhesion sites, cells inside 3D 

are dependent on degradable domains or physical remodeling of the 

microenvironment to spread, which usually takes a longer period.87 Hence, 2D 

substrates do not faithfully reflect the complexities of the  ECM, and the spreading 

morphologies of the cells are vastly different on 2D than in 3D scaffolds.  To 

recapitulate the native ECM, a transition from 2D to 3D in vitro is desired. The 3D 

scaffolds are one step closer to mimicking the native ECM and act as an intermediate 

between 2D models and animal testing by playing a pivotal role in reducing the 

number of animal experiments, especially when screening a biomaterial for its 

cytocompatibility and toxicity, drug testing, and understanding cellular mechanisms. 

Another advantage of a 3D system is its versatility in imparting material architecture 

with cell models to mimic hierarchical tissue niches. Fabrication of ANISOGELS is 

one such example of creating spatially distributed mechanical cues imparting an 

anisotropic microenvironment for cells51 (Figure 7c) (Chapter 4). Similarly, 

biomolecules can be spatially incorporated inside 3D gels to create a chemical gradient 

for controlling cell fate88 (Figure 7d) (Chapter 6). 

1.5 Strategy and need for hierarchical ECM mimicking 

scaffolds 

Hierarchical tissues are complex, with architectures specific to their function. They 

are usually vascularised and/or innervated with nerve cells from the peripheral 

nervous system. The peripheral nervous system includes the nerves from and to the 

spinal cord. Both are composed of highly oriented neural tissue enclosed in long 

tubular structures.89 After a spinal cord injury (SCI), the tissue architecture is damaged 

due to compression, laceration, stretching, or shearing, which is followed by 

secondary injuries that aggravate neurological deficit, impede axonal growth, induce 

further scar formation around the lesion, resulting in a loss in cell-cell 

communication, leading to impairment of sensory and motor functions as the 
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connection from the brain to the peripheral nervous system is interrupted.90–94 

Regeneration of such oriented nerve tissues after trauma involves designing a 

biocompatible environment for the injured neurons to regrow. This is achieved with 

either topographical cues to guide damaged axons to reach their target92 or 

pharmacological neuroprotective drugs to reduce further damage. The former can 

promote tissue engineering-based strategies to promote self-regeneration of cells and 

their native ECM production to bridge the injury gap by filling the cavity created at 

the site of the injury95 and creating a passageway93,96.  

For recovery of such injury sites, bio-instructive scaffolds need to provide an 

ambiance for cellular adhesion for neurites, reduce glial scar formation, and provide 

directional cues for the regenerating axons to cross the injury site to regain partial or 

complete functionality.95,97 Implant technology allows for the incorporation of 

artificial conduits or scaffolds that often involve removing damaged tissues, which 

may cause plausible damage to any spared functional tissue.52,98 Transition from 

implantable to injectable scaffolds paved the way to minimally invasive tissue 

engineering. Although injectable scaffolds developed from exogenous (agarose, 

chitin), endogenous (fibrin, collagen), or synthetic (PEG, PLGA) biomaterials provide 

microenvironments with chemical and physical cues, they usually do not create 

directional guidance for axons to cross the site of injury.99 Understanding the process 

of neuronal circuits, their regeneration, and axonal navigation is primordial for 

developing functional biomaterial scaffolds.100 Axonal regeneration is primarily 

influenced by the architecture of the scaffold, adhesive chemical cues, supporting 

cells, and growth factors.101 In the following sections, we will address these 

components to develop hydrogels imparting oriented cell growth.   

1.6 Integrin binding domains improve cell adhesion  

In addition to the diverse bio-physical cues discussed in section 1.3, biochemical cues 

in the form of ligands are either soluble in media and diffusible for cell uptake or are 

available inside scaffolds for cellular adhesion. These biochemical cues determine the 
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cell fate, especially for adherent cells. The integrin transmembrane proteins are 

composed of α and β subunits responsible for focal adhesion between cells and their 

ECM.102 Focal adhesions, formed by clustered receptor-ligand interactions, can be 

temporary and permanent depending on their microenvironment. While in specific 

cells, focal adhesion occurs exclusively via one or many pathways, it is often regulated 

by the ligands that bind to the receptors in the cell membrane.103  

 

Figure 7. Schematic representation of cell adhesion a) on hydrogel with integrin-binding 

ligands, b) Cells encapsulated in 3D hydrogel matrix that is degradable on cell demand with 

proteolytic cleavage sites, soluble signaling molecules, and integrin-binding ligands integrated 

to the matrix. c) Additionally, integrin-binding ligands can be incorporated via short rod-

shaped microgels that are mixed with injectable PEG hydrogels also bearing cell adhesion 

ligands. d) Integrin binding ligands can be incorporated spatially via photopatterning. 

The smallest ligand binding to integrins is tri-aminoacid peptide Arg-Gly-Asparic acid 

(RGD), often flanked with other amino acids to improve the binding affinity.104 

Variants of linear RGD peptides were developed to improve affinity and selectivity 

towards integrin subunits, such as mono-cyclic RGD peptides and peptidomimetic 

ligands.39 For example, a simple flanking of the linear RGD peptide with glycine (G) 
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at the N terminus and serine (S) at the C terminus results in a decrease in half-

maximum inhibitory concentration (IC50) values by 3 and 4 folds for αvβ3 and α5β1 

integrin subunits, respectively.104 Lower IC50 values indicate a higher affinity to 

integrin subunits, and the lowest IC50 value was observed for heptapeptide GRGDSPK, 

which is 7 folds lower than for tripeptide RGD in the case of αvβ3. Similarly, the 

cyclization of linear RGD peptides (RGDfK) and incorporation of one D-amino acid 

residue between Asp (D) and Lys (K) improves affinity to integrin subunits and 

increases stability towards enzymatic degradation.105 

The monocyclic RGD peptides show moderate to low IC50 values towards multiple 

integrin subunits, such as αvβ3, αvβ5, αvβ6, and α5β1. For example, the lowest IC50 values 

are observed for αvβ3 subunits as cyclization improves integrin-binding affinity for 

αvβ3 in the range of 1.5–6.0 nM, in contrast to α5β1 in the range of 141–236 nM.104 

Similar to flanking in linear RGD, flanking in cyclic RGD peptides with linear 

polyproline improves cell spreading and focal adhesions in rat embryo fibroblasts 

compared to other spacers like PEG.106 Another class of high affinity and selective 

integrin-binding ligands is the peptidomimetics, which can distinguish between 

different integrin subtypes in vitro and in vivo.107,108 It is important to understand the 

role of integrin-mediated adhesion to its corresponding ligands in the ECM for 

controlling cell fate in regenerative materials.  

For nerve regeneration, scaffold development is desired specific to the requirements 

at the injury site. The De Laporte research group developed ANISOGELS with full-

length fibronectin, fibronectin fragments, or linear RGD for oriented nerve growth. 

Although several hydrogel-based scaffolds have been developed for axonal 

regeneration, the optimal combination of biochemical, physical, and architectural 

cues in the microenvironment to induce unidirectional nerve growth in a fully 

synthetic scaffold is still not achieved.54 In Chapter 4, I investigated the role of bicyclic 

RGD peptides in fully synthetic ANISOGELS. This novel class of adhesive bicyclic 

RGD peptides, consisting of two loops with tri-aminoacids, is easily synthesized and 
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offers a low immunogenic response. The first loop consisting of an RGD sequence 

imparts the cell adhesive cues, while the second loop has the potential to affect the 

RGD selectivity towards different integrin subunits (Figure 8b).109,110 These peptides 

offer high selectivity towards αvβ3 and α5β1 integrin subunits and demonstrate 

outstanding conformational rigidity and metabolic stability compared to 

commercially available ECM proteins or genetically engineered protein fragments.  

 

Figure 8. A) Schematic description of 8 arm PEG-Q and PEG-K crosslinked hydrogels bearing MMP 

sensitive domains and bicyclic RGD peptides. B) Chemical structure of bicyclic peptides selective for 

integrin αvβ3 and α5β1, respectively. C) Influence of integrin peptide bearing PEG hydrogels on L929 

mouse fibroblast growth showing superior cell growth in gels with bicyclic RGD peptides compared to 

monocyclic and no RGD. D) Similarly, the nerve from chick DRG growth is superior in gels with 

bicyclic RGD peptides compared to monocyclic and no RGD. Adding anisometric fibers to such 

hydrogels revealed superior nerve alignment.   
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Therefore, I investigated the role of the novel bicyclic RGD peptide, which was 

developed in collaboration with PEPSCAN, inside synthetic PEG hydrogels. The 

bicyclic RGD peptides are tethered into the backbone of the gels (Figure 8a) via 

transglutaminase-induced crosslinking, resulting in an improved microenvironment 

for 3D cell culture. Enhanced growth of mouse fibroblasts (Figure 8c) and nerve cells 

in gels tethered with bicyclic RGD peptides is observed (Figure 8d) in comparison to 

gels tethered with linear or monocyclic RGD peptides.40 A slight increase in nerve 

length is shown with bicyclic peptides selective towards αvβ3 compared to α5β1. This 

opens an opportunity for integrin-specific cell growth in artificial synthetic ECMs. 

The hydrogel microenvironment is further optimized by screening several MMP 

degradable crosslinkers in combination with bicyclic RGD peptides to obtain a fully 

synthetic ECM with optimized chemical and physical cues. To achieve directionality 

in the optimized hydrogels, anisometric orientable short fibers are incorporated in the 

PEG hydrogel to obtain a fully synthetic ANISOGEL, which imparts all the necessary 

growth cues for controlled and directional cell growth (Figure 8e). In addition, such 

hydrogels are injectable at the site of injury, which could improve the ability of the 

nerves to regenerate. 

1.7 Transition from elastic to viscoelastic and strain-stiffening 

microenvironments  

Unlike the native ECM, which is naturally fibrillar, viscoelastic, and strain-

stiffening111, covalently crosslinked synthetic hydrogels predominantly present an 

elastic, homogeneous microenvironment primarily addressing the role played by 

matrix stiffness and water content in the design of aECM.112 Natural proteins, such as 

collagen and fibrin, offer a fibrous environment that is dynamically tunable. Their 

fibers provide a skeletal structure to the cells imparting tensile forces during ECM 

probing and docking, and subsequently, cell adhesion and migration. Such cellular 

mechanisms are vital to control cell proliferation and direct tissue repair and 

regeneration.13 Although PEG behaves as a blank template that can be tuned for its 
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biological and architectural properties by incorporating different motifs, when 

crosslinked covalently, the hydrogel consists of innate homogeneous elastic properties 

that fail to mimic the biological properties, such as physical crosslinks, viscoelastic 

properties, and strain-stiffening behavior, which renders the gel dynamic with the 

ability to strain stiffen or stress relax at different time scales. Cellular mechanisms 

regulated by mechanosensitive proteins (YAP, MRTFA) and enzymes require an 

external mechanically responsive microenvironment inside synthetic artificial 

ECMs.113,114 Introduction of degradable moieties, such as hydrolytically degradable 

esters115,116 or proteolytically cleavable MMP ligands26, alters the mechanical 

properties of the hydrogels moving away from the purely elastic environment.117 

However, hydrogels functionalized with reversible bonds present an alternative to 

elastic matrices by offering stress relaxing20,113 or strain stiffening 

microenvironments118. Reports show that viscoelastic materials can dissipate cell-

induced stress over time and mimic native ECM better than pure elastic gels.113 For 

example, hydrazone bonds are reversible, imparting stress relaxation properties of 

biological tissues. PEG hydrogel with hydrazine functional groups allows crosslinks 

to rearrange in the time frame similar to cellular mechanisms, like extensions, for 

example, to enable cytoskeletal outgrowth in myoblasts to form myotubes.20 However, 

hydrogels with self-healing ability are generally weak and do not hold their structure 

over the period required for regeneration.119  

Recently developed synthetic matrices, such as poly-iso-cyanide (PIC) with oligo 

(ethylene glycol) side chains that self-assemble to form β-helical superstructures, 

employ non-linear mechanics in mimicking fibrillar proteins.120 These filamentous 

polymers are tuned by altering their polymer contour length (Lc) to impart a wide 

range of fiber diameters that form bundles and their associated mechanical properties. 

The PIC bundles are strain stiffening, which means that after certain critical stress, 

the hydrogel responds rapidly by stiffening,121,122 a phenomenon occurring in the 

native tissues at a short time scale. PIC hydrogels are formed above their tunable LCST 

(~15° C) when the ethylene glycol substitution in the polymer becomes hydrophobic, 



  
 

 
24 

 

resulting in a thermal switch. The helical structures of polymeric chains form bundles 

even at low concentrations (0.5 to 5 mg/mL) with a shear modulus ranging from 30 to 

1000 Pa. Hydrogen bonds stabilize the side chains. A decrease in pore size is observed 

with increased polymer concentration and bundle diameter with a broad pore size 

distribution (nm to µm).  The PIC polymer bundles with variable persistence length 

enable the formation of soft yet mechanically stable gels at low concentrations.120  Cell 

responses to strain stiffening include differentiation of MSCs to adipose cells at lower 

critical stress with shorter PIC polymer and differentiation into osteogenic lineage in 

long PIC polymer at higher critical stress, revealing the role played by the rate 

sensitivity to strain stiffening during differentiation.123 The PIC hydrogels are 

rendered bioactive by incorporating GRGDS peptides with controlled distances 

between adjacent RGD peptides.118 While such gels provide an ideal environment for 

cell growth and aECM fabrication, they are susceptible to temperature fluctuations 

resulting in variable mechanical properties and sometimes fragile gels.  

In Chapter 5, I investigated a combination of PEG and PIC gels to form 

interpenetrating polymer networks (IPNs) with properties from both hydrogels. 

Typically, an IPN consists of 2 or more polymer networks that are independently 

formed without covalent bonds between each other. One of the standard techniques 

to form IPN is a sequential formation where a formed hydrogel is swelled in another 

monomer and activator to form the interpenetrating networks. Another technique is 

the simultaneous formation of the two polymer networks by mixing different 

precursors to form independent networks.124 Here, I employ the latter system with an 

interpenetrating network (IPN) with Q/K PEG (described in Chapter 4) and PIC 

hydrogels. The desired properties from the individual hydrogels are combined to 

create a synthetic hybrid artificial scaffold (Figure 9a). An increase in temperature (> 

15°C) results in thermal gelation of PIC hydrogels with reversible physical crosslinks, 

while enzymatic crosslinking of 1 wt% PEG (with t > 20 mins) results in a chemically 

crosslinked soft PEG hydrogel system. While the IPN offers a strain stiffening matrix 
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at 37°C, the PEG hydrogels impart thermal and physical stability at all temperature 

ranges.  

 

Figure 9 a) Schematic representation of hybrid hydrogel network with 8 arm PEG hydrogels 

and polyisocyanide gels forming interpenetrating networks (IPN) imparting properties of 

both elastic and viscoelastic matrix. b) Rheological properties are measured for IPN and PEG 

hydrogels by applying shear forces to measure the gelation kinetics at 37°C, and a temperature 

sweeps down to 4°C to decouple the properties imparted by PIC hydrogels c) 3D cell growth 

of mouse L929 cells inside PEG hydrogels in (i) IPN with PEG-RGD, (ii) IPN with PEG and 

PIC RGD, and (iii) only PIC RGD showing increased cell spreading in IPN compared to PIC 

alone. 
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At physiological temperature with fixed strain, the IPN has an increased stiffness by 

~3 folds compared to the pure PIC gels and ~27 folds higher than the PEG hydrogels. 

The PIC hydrogel is dissolved on cooling, resulting in an exclusive PEG gel (Figure 

9b). The cells encapsulated in the IPN show improved cell spreading compared to PIC 

hydrogels or PEG hydrogels alone (Figure 9c). Such hybrid hydrogel is investigated 

in Chapter 6 and can be employed as an injectable scaffold possessing mechanical and 

biochemical properties of both elastic and strain stiffening hydrogels, moving a step 

closer to mimicking native ECM.  

1.8 Hierarchical aECM constructs with spatiotemporal control 

via patterning 

Traditional aECM matrices are predominantly static and isotropic and often fail to 

capture the biologically responsive feedback mechanism involving the dynamic, 

complex, and heterogeneous microenvironment, neglecting spatial and temporal 

triggers required to form specific tissue architectures.125  Creating a user-defined 

biomolecular gradient126, local spatial degradation127, or temporal matrix stiffening128 

are essential, especially during tissue formation or disease development. This is 

achieved by patterning architectures essential for cell organization and mini-tissue 

formation in 3D.125 Among the several non-invasive and non-toxic techniques 

available (Chapter 2), photopatterning offers the possibility to tune several 

parameters, such as local functionalization and crosslinking density, resulting in 

various aECM models.129 Most 3D studies employ a single mode of homogenous 

crosslinking, whereas now it is possible to spatially alter the matrix stiffness to control 

the behavior of cells encapsulated. Opto-regulation can control both mechanical and 

biochemical properties inside the synthetic gels, altering one or many properties based 

on the desired tissue model.129   
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1.8.1 Regulating biomechanical properties  

Opto-regulation allows for modifying mechanical properties by creating 

heterogeneities in an otherwise homogeneous hydrogel (Figure 10a) with high spatial 

and temporal control by either creating additional crosslinks to increase the matrix 

stiffness (Figure 10b) or cleaving crosslinks to make the gels softer (Figure 10c). At the 

same time, matrix stiffness can be introduced by crosslinking of un-crosslinked 

functional arms, such as acrylates130 or reactive groups blocked by photoprotective 

groups (PPG). A report with acrylate-based hyaluronic acids gels with cell adhesive 

sites and MMP-cleavable crosslinkers showed that the local matrix stiffness could be 

tuned adjacent to the encapsulated cells. While the original network is "permissive" 

to remodeling and cellular spreading, only a portion of the total acrylate groups is 

consumed during initial crosslinking. Therefore, exposure to UV light post-

crosslinking results in additional crosslinks with the remaining functional groups in 

the hydrogel, creating an " inhibitory " network to cell spreading.131 An essential 

feature of PPG is their availability to be sensitive to a wide range of wavelengths (300 

nm to 860 nm) that allows for incorporating multiple orthogonal PPGs in the same 

hydrogel.132 Although most systems employ UV-based PPGs, such as nitro-benzyl 

groups, the far red photon (720 - 860 nm) based coumarin PPG is considered more 

cytocompatible and cell-friendly.133,134 After light-induced deprotection, the 

unprotected reactive functional groups are available to either crosslink or link to 

bioactive domains. Alternatively, the deprotection leads to breakage of crosslinks to 

cleave the matrix, leading to an alteration of local stiffness that is essential to mimic 

tissue organization in the body with varying stiffness, ranging from soft neural tissues 

(100 - 1000 Pa), muscle tissue (8- 17 kPa), and stiff bone tissues (25- 40 kPa).112 The 

importance of photo-stiffening was first demonstrated on 2D in vitro platforms where 

patterns using photomasks are created with light to form highly crosslinked hydrogels 

regions. Methacrylated hyaluronic acid hydrogels showed better MSC cell growth on 

UV exposed regions compared to non-exposed regions.135 In the case of 3D PEG gels, 

on-demand photo-stiffening, presented a tuneable matrix with stiffness shuttling 
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from 10 to 50 kPa on exposure to UV at 365 nm. This system was employed as a tool 

to explore mechano-transduction pathways for cardiac fibroblasts, revealing the  

stiffness dependent NFAT nuclear localization is feasible by regulating substrate 

modulus over short time scales.136 However, most photo-chemistry involved free-

radical polymerization that uses radicals harmful to cells; hence a milder yet specific 

hydrogel system was developed using click chemistry between electron-withdrawing 

groups (EWG), like maleimide, vinyl sulphone, or acrylates, and electron-donating 

groups, like thiol or amine. Star-PEG bearing photo-protected thiols (SH) are mixed 

with their conjugate star-PEG-VS and on deprotecting the thiols with light, the two 

PEG precursors crosslink to form a gel with defined stiffness. The spatially and 

temporally controlled stiffness in such gels is regulated by altering light intensity.137 

Additional factors like pixel dwell time, magnification of the objective, and 

attenuation of the light path, control the degree of PPG deprotection. Although these 

techniques recapture part of the native ECM, they have to be constantly protected 

from exposure to light that triggers mechanical or biochemical alterations. While 

these techniques allow stiffness modulation by light, the same technique can be 

employed to incorporate bioadhesive ligands that enable cell adhesion.130,138  

In contrast to additive crosslinking, light-induced photodegradation causes hydrogel 

crosslinks to cleave, resulting in subtractive modulation of the elastic modulus, 

thereby regulating or retracting cell migration in confined volumes. Degradation of 

local crosslinks using UV light allowed for the formation of hollow patterns inside 

non-degradable PEG hydrogel enabling controlled cell invasion.139 Typically, cell 

migration is controlled by either restricting its available support by degrading the 

photopatterned region140 or permitting migration in fabricated microchannels using 

photoablation141. In one study, the vascularized microchannels were fabricated by 

incorporating photo-degradable moieties in the gel backbone, resulting in the 

formation of hollow ducts in the light-exposed regions. The cross-sections of the ducts 

are fabricated between 10 to 200 µm2, allowing endothelial cells to form hollow tubes 

in the proximity of stromal cells.142 Evolving from such platforms, biofunctionalized 
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hydrogels were developed with PPG groups that spatially modulate the biomolecular 

ligand density of short peptides or proteins. Using a crosslinking mechanism via click-

type photochemistry with oxime-based PEG hydrogels, stiffness modulation, and 

immobilization of multiple full-length proteins at micron-scale resolution was 

possible.143 However, the duration of UV exposure dictates the mechanical properties 

along with the concentration of the biomolecule density. In many studies discussed 

above, opto-regulation of mechanical properties goes together with opto-regulation 

of biochemical properties inside the patterned regions.  

Figure 10. Schematic representation of biophysical or biochemical photopatterning in PEG 

hydrogels. a) Control hydrogel represents a homogeneous microenvironment. b) Increase in 

crosslinking density inside the region of interest, c) removal of crosslinks by ablation to tune 

the local biophysical properties in 3D PEG gels. d) Addition of biomolecules, e) removal of 

biomolecules or caging groups, and f) coupling of different biomolecules to the PEG hydrogel 

to tune local biochemical properties in a photopatterned hydrogel.  

1.8.2 Regulating biochemical properties  

Biochemical properties inside the hydrogels are altered by additive bio-

functionalization (Figure 10d), subtractive bio-functionalization (Figure 10e), or by 

sequential cleaving of PPGs and locally tethering biomolecules (Figure 10f). Combing 

more than one biofunctionalization strategy is also feasible when orthogonal photo-

chemistries are applied.144 Here, the conjugating biomolecule is a mono-

functionalized ligand with a reactive group that binds to the PEG arms like a hanging 
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pendant.143 De Forest et al. developed a series of PEG hydrogel systems with bio-

orthogonal photo-chemistries to achieve reversible immobilization of peptides and 

proteins of interest.126 Caged functional groups with ortho-nitrobenzyl groups 

incorporated in the crosslinking arms are cleaved using light. After cleavage, the 

terminal site becomes an active site to bind peptides or proteins.145 Such photo-

triggerable systems enable caging of molecules, such as biotinylated antibodies, to 

enable region-specific immobilization of streptavidin, targeting selective cell 

attachment.146  

A major challenge in tissue engineering lies in developing in vitro organoids, tumor 

models, or mini tissues with functional blood vessels that transport nutrients and 

oxygen into the tissues and remove waste to avoid the formation of a necrotic core. A 

non-invasive photo-chemical patterning offers a tangible solution by spatially 

directing cells inside biomolecular patterns in 3D scaffolds to address this issue. RGD 

peptides modified with PPGs allow for in situ regulation of cellular response on 

exposure to light.147 HUVECs encapsulated inside PEG hydrogels with an MMP 

degradable matrix and caged RGD molecules as biochemical cues enable selective cell 

growth and migration confined in the photopatterned hydrogel regions. Furthermore, 

sequential photopatterning at several time points enables microvasculature formation 

in the newly activated region to achieve temporally controlled vasculogenesis.148  

As discussed previously, the role of integrin-specific ligands is crucial in designing 

aECM scaffolds, and the development of a photo-triggerable variant of α5β1 antagonist 

with a photo-caged group inhibited the biological activity of the ligand. Upon 

selective deprotection, HUVECs were attached exclusively to the photoactivated 

regions, highlighting integrin selectivity's relevance and importance.149 Similarly, for 

other tissues, such as nerves, the short laminin-derived peptide IKVAV, known to 

induce neurite formation, was caged at its lysine (K) and conjugated to acrylamide-

co-acrylic acid hydrogels. Site-selective biomolecule activation using visible light at 

490 nm exposed free IKVAV available for neurites to follow the photopattern.138,150  
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In Chapter 6, I investigated the use of caged RGD and caged IKVAV as biomolecules 

inside 3D PEG hydrogels in collaboration with Prof. Del Campo (INM, Saarbrücken). 

I created biomolecular patterns in hydrogels resulting in a spatially controlled growth 

of DRGs (after 7 days) and fibroblast clusters (L929, after 5 days) inside the patterned 

regions (Figure 12 c,d). However, these results were not reproducible due to technical 

difficulties described in Chapter 6. Despite desired control in cell growth, the gels 

have to be protected from visible light throughout the culture period to prevent 

unspecific decapping of RGD, even though the PPG are mainly sensitive to UV light. 

Hence, I employed a two-step process for photo-patterning, where the caged group is 

an intermediate between the basal network and biomolecule. This method enables 

binding of more than one biomolecule sequentially. In another similar study, 

modified agarose hydrogels with capped nitro benzyl cysteine are deprotected on 

exposure to UV resulting in free thiols to further react with maleimide containing 

RGD at physiological conditions enabling the growth of primary neurons from 

DRG.151 Thus, confined patterning of biochemical cues in 3D gels is feasible without 

having to protect the scaffold from light throughout the study.  

Hyaluronic acid (HA) based gels are often employed as a scaffold for neural tissue 

engineering. Modifying HA with lysine and glutamine residues enable tuneable 

gelation kinetics in a highly specific manner in the presence of transglutaminase, 

similar to the PEG-KQ system described above and in Chapter 4. Neural cells from 

embryonic cortices extracted from rats encapsulated in these gels showed long-term 

stable and coordinating spiking activity.152 This principle was applied with PEG gels 

where the caged intermediate is a caged lysine-containing peptide tethered to the star-

PEG-VS backbone by Michael addition reaction via a cysteine. The system employs a 

caging nitrobenzyl group that protects lysine and activates the amine upon light 

exposure (Figure 11a), reacting further to the glutamine-bearing biomolecule of 

interest (BOI) via a highly specific transglutaminase reaction in the presence of 

activated factor XIII.153,154 This system employs the crosslinking and 

biofunctionalization mechanism discussed in Chapter 4 but here, the mechanism is 
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applied only for biofunctionalization instead of crosslinking. The photopatterning 

experiments were performed in MMP degradable sPEG hydrogels crosslinked via 

Michael-type addition using star-PEG-VS and linear di-cysteine MMP sensitive 

peptides.  

Figure 11. a) The reaction scheme of Caged Nvoc protecting amine of lysine peptide is 

cleaved using light which can be coupled to a glutamine bearing peptide (NQEQVSPLERCG) 

which can be modified to bear a biomolecule of interest. b) The decapping is performed using 

a lamp at 365 nm, and its spectrum is measured over 120 minutes. c) Similarly, the o-

nitrobenzyl group protecting an amide group is cleaved using a 365 nm lamp exposing the 

free glutamine group. d) The decapping spectra are measured over 60 minutes. 

The deprotected K peptides bind to biomolecules bearing the specific 

transglutaminase sequence (NQEQVSPL).155,156 During these studies, I observed that 

the presence of such flanking peptide sequences (NQEQVSPL) reduces nerve cell 

growth in comparison to RGD ligands without these flanking amino acids. This 

screening was performed on a thin film made from sPEG-NCO157, which binds to the 

free amine of biomolecules, creating a thin layer of biomolecules available for cells. 

Thus, I adapted the patterning system to remove the NQEQVSPL peptide sequence to 

improve nerve cell growth. Therefore, I switched the caging amino acid from lysine 

to the glutamine inside an NQEQVSPL peptide sequence attached to the PEG 
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backbone. The caged glutamine-containing peptide was engineered and produced 

with Prof. Peter Timmerman, PEPSCAN B.V, NL. Using this method, the BOI can be 

any ligand bearing a lysine or a free amine to conjugate with the de-protected 

glutamine, which renders this system more versatile and practical.  Such a spacer-free 

BOI opens the possibility of applying a wide range of biomolecules into the photo-

patterned region (Figure 11c). The decapping kinetics of both the caged lysine and 

caged glutamine showed that the duration and choice of laser wavelength are crucial 

for photopatterning as this may be the limiting/slowest step in bio-patterning (Figure 

11b, d). Therefore, I investigated the influence of these patterning parameters by 

quantifying the density of free amines immediately after decapping capped lysines. 

This revealed that with tuning the laser exposure time or pixel dwell time, the density 

of the decapped free amines can be easily controlled (Figure 12b). Over 1h duration 

of photopatterning with 405 nm laser was required to achieve strong contrast between 

patterned regions and non-patterned regions. Further investigation revealed that a 

higher intensity laser is required to obtain the required contrast between patterned 

and non-patterned regions.  

A limitation in the reported system is that when the laser light passes through the 

hydrogel, the entire light path is decapped, with the strongest decapping efficiency at 

the plane of focus. Hence, I employed a two-photon laser (TPL) assisted patterning at 

a wavelength of 700 nm to achieve a high spatial control inside the hydrogels in the 

z-axis. The two high-frequency photons enable controlled and high-resolution spatial 

patterning. Application of TPL in other reports shows that PEG hydrogels with BCN 

groups are formulated with a PPG bearing an azide and an MMP-based crosslinker. 

On exposure to the 2 photon laser, the nitro benzyl group is cleaved off, creating 

hollow spaces in the pattern region to fabricate channels for endothelial cells in the 

presence of stromal cells.142 This system allowed the formation of vascularized 

channels with diameters ranging from 10 to 200 µm. The potential to use near infra-

red light in TPL opens avenues to tightly focus spatial biomolecular patterns down to 

0.5 microliter volumes in deep tissue up to 10 cm.158 TPL is also applied on photoresist 
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resins as described in Chapter 3 to create 3D scaffolds by covalent crosslinks to 

fabricate structures with distinct biomolecular coatings.159  

 

Figure 12. a) The Schematic representation of degradable hydrogels with MMP sensitive 

crosslinkers and biomolecules are now translated to spatiotemporally defined regions using 

photopatterning. b) Quantifying density of decapped lysine peptide using CBQCA assay that 

detects free amine concentration at both short (1 min) and long (60 mins) exposure times. c) 

3D Neurite outgrowth in photo-patterned regions after 7 days. d) Similarly, invasion of L929 

fibroblast cluster inside photopatterned regions after 5 days. 

1.9 Summary  

This doctoral thesis reports multiple strategies to develop 3D aECM for directed in 

vitro cell growth. The influence of different biomaterial parameters, such as chemical, 

physical, and architectural cues, on cell growth is characterized. Chapter 1 discusses 

the research motivation highlighting the most relevant literature in the field of aECM 

development towards hierarchical scaffolds, its limitations, and my approaches to 

specifically address these limitations. It provides the red line through my thesis. 

Chapter 2 highlights state-of-the-art in more detail: i) ECM development, ii) 

Engineering integrin-binding domains, iii) Fabrication techniques for surface 
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topographies and iv) Synthetically derived 3D scaffolds. Chapter 3 describes the role 

of architectural cues in orienting nerve cells on 2D platforms developed using a high-

throughput TPL system. The ability of nerves to follow discreet anisometric 

microelements is systematically investigated. Subsequently, the role of supporting 

cells in creating aECM platforms is realized. Chapter 4 describes the transition from 

2D to 3D scaffolds, which is essential for mimicking relevant tissue models in vivo. 

Synthetic PEG hydrogels tethered with novel integrin-specific bicyclic RGD peptides 

are investigated, reporting superior nerve growth compared to linear or monocyclic 

RGD peptides. ANISOGELS made with magnetically orientable fibers provided 

oriented nerve growth in these hydrogel systems. Chapter 5 illustrates the importance 

of the viscoelastic and strain-stiffening microenvironment in aECM design and the 

role of interpenetrating networks of PIC and PEG showing superior mechanical 

properties compared to the individual gels for cell growth. Chapter 6 discusses in 

detail the techniques to spatially photo-pattern biomolecules relevant for cell 

adhesion. Here, two different photo-patterning systems are explored that do not alter 

the biomechanical properties. The caged RGD system and the caged Q/K systems both 

show possibilities for directed and spatial control of cells. The variety of PPG available 

in different wavelengths paves the way from in vitro photopatterning towards in vivo 

photopatterning to create biochemical gradients in injectable aECM scaffold. To 

summarize, the PEG hydrogel reported in this thesis is a versatile system that can be 

employed as a promising injectable scaffold with integrin selective adhesion cues, 

imparting viscoelastic properties in combination with PIC-PEG IPNs, and finally 

enabling oriented cell growth using ANISOGELS or through bio-patterning.  
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Chapter 2. State of the art 

 

2.1 Extracellular Matrices (ECMs) 

ECM provides the fundamental structural and biochemical support required for cell 

growth development.160 The characteristic functions of ECM include cellular response 

to biochemical and mechanical signals, permeation and perfusion of nutrients 

gradients, transport of cell-cell signals, and aid in cell differentiation, proliferation, 

and apoptosis.161,162 The cues imparted by the ECM to the cells and vice-versa guide 

dynamic remodeling of the ECM to obtain specific microenvironments or niches163 

for cellular reorganization and tissue formation.16 Interactions between cell 

membrane receptors and chemical ligands in the ECM that are essential for cellular 

metabolisms involving cascade signaling, especially in the adherent cell.164 Such 

ligands in the ECM act as anchor sites promoting cell adhesion, while gradients 

promote cellular migration.165,166 Integrins are heterodimeric cell membrane proteins 

with α- and β-subunits acting as bidirectional transmembrane receptors.167 ECM 

matrices composed of native proteins such as fibronectin168, and laminin,169 primarily 

consist of ligands that are used by the integrin subunits for anchorage. The specific 

sites in the protein responsible for integrin binding are reverse-engineered to find the 

smallest integrin recognizable ligand bearing 3 amino acids: Arg-Gly-Asp (RGD).170 

Other peptide ligands include Ile-Lys-Val-Ala-Val (IKVAV), and YIGSR33 present in 

laminin proteins and are relevant for neuronal tissues.171,172, 173  To recapitulate the 

ECM, it is essential to comprehend the essential features of the ECM to generate 

artificial functional tissue scaffolds. 

2.2 Naturally derived biopolymers as scaffolds  

Natural ECM consists of a network of hydrated proteoglycans coiled around fibrous 

proteins. Scaffolds developed from natural ECM are often processed from whole ECMs 
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or are isolated and purified from individual ECM components such as collagen174, 

fibrinogen175, elastin, fibronectin, and laminin.176 These components are viscoelastic, 

cyto-compatible, and support cell growth without modification.13 Hydrogels are the 

sought after material due to their water retention ability and biopolymer-based 

hydrogels are often coupled with artificial materials to form stable and reproducible 

scaffolds.177 

Collagen is the most predominant fibrillar protein present in the ECM of connective 

tissues that provide structural support. Thermally initiated collagen fibril assembly 

during hydrogel formation provides tensile strength and enables the formation of 

controlled architecture.178 Some of its limitations include the production of collagen 

gels with stiffness >1kPa without chemical crosslinking and long-term culture that 

causes the gels to contract and shrink.179 Fibrinogen is an endogenous protein that is 

enzymatically crosslinked using FXIII activated by thrombin to produce fibrin during 

wound healing.180 They are often employed in cultures involving wound healing and 

angiogenesis.181 The fibrils are highly extensible with longitudinally aligned fibers 

used as a scaffold for traumatic peripheral nerve injuries.182 Most commonly, fibrin is 

used as a sealant to stop bleeding.183 However, its protease-induced degradation limits 

long-term culture. Similarly, elastin is an important ECM fibrous protein that 

contributes toward structural integrity, and flexibility enduring repeated cycles of 

stretch and relaxation in tissues. They are largely present in skin, ligaments, cartilages, 

arteries, and lungs.184  

In most tissues of the human body, fibronectin (FN) and laminin are primary protein 

components of ECM that support tissue regeneration in dermal, connective, and 

neuronal tissues.185 FN can bind to a variety of molecules like growth factors and 

involve in cell signalling via integrin receptors.30 They are essential during 

developmental stages and especially during wound healing.168 While these proteins 

are produced by cells endogenously, large production of these proteins results in high 

variability with batches. Additionally, requiring cost-intensive purification and 
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temperature-specific storage to prevent denaturation. Often modifications like 

crosslinking, or mixing with stabilizers are required for direct usage of such 

proteinaceous hydrogels due to their thermal and osmatic sensitivity. Hence full-

length FN or fragments of FN (9*-10/12-14) is applied in synthetic ECM as 

biochemical cues.25 

Matrigel is one of the widely studied hydrogels composed of laminin, type IV collagen, 

proteoglycan, and growth factors.186 Unlike collagen, they self-assemble into a 

hydrogel at physiological temperature. Although Matrigel is a golden standard for 3D 

in vitro culture, its tumorigenic origin, diverse composition, and variability in the 

mechanical and chemical properties pose a reproducibility issue.187  

Some polysaccharides like alginate are derived from brown algae which consist of β-

D-mannuronic acid M units and α-L-guluronic acid G units assembled as block 

copolymers.188 They form ionic crosslinking using divalent cations (Ca2+ or mg2+) to 

form ionic bridges between G units. Alginate cannot support cells without 

modification, hence integrin-binding ligands such as RGD are often employed to 

make alginate hydrogel cytocompatible.  

Another popular non-sulfated glycosaminoglycan is hyaluronic acid (HA) which is 

composed of disaccharide units of glucuronate and N-acetylglucosamine. 189 HA is 

predominantly found in skin and cartilage and is produced in microbial fermentation 

in E.coli. HA is tunable for its physical and biochemical properties by modifying HA 

with functional groups to enable crosslinking and bioconjugation.190  

2.3 Engineered integrin-binding domains  

Though proteins offer ideal matrix environments, parts of these proteins responsible 

for adhesion, growth factor binding, and integrin-binding sites are reverse engineered 

to obtain local ligands that carry out similar functions. For example, RGD a tri-amino 

acid peptide derived from fibronectin and laminin is the smallest integrin 
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recognizable ligand which is vastly explored in TE to render a material bio-adhesive. 

Similarly, short laminin peptides such as IKVAV and YIGSR derived from α-and β- 

chain respectively, demonstrate a strong influence on cellular adhesion and tubule 

formation in endothelial.191,192 The covalently immobilized RGD, IKVAV, and YIGSR 

in PEG hydrogels have different effects on tubule formation while a combination of 

RGD and YIGSR together shows improved tubule length and diameter invitro.37 

While proteins are naturally bulky and need to be extracted from endogenous sources, 

engineered protein fragments are short domains of native protein that contain the 

desired amino acids responsible for key functions of the native protein itself. Active 

domains responsible for cell adhesion, linkers to couple to hydrogels, and growth 

factor binding are engineered to obtain less bulky fragment domains replicating native 

protein conformation. For example, fibronectin fragment FNIII 9*-10/12-14 (51 kDa) 

bearing cell-adhesive RGD and PHSRN domains in FNII9-10, is combined with 

growth factor binding domains FNIII 12-1430. Enhanced conformational stability is 

achieved on mutation (represented by *) from leucine 1408 to proline in FN 9-10 

enhancing regeneration in the skin and bone tissue due to synergistic signaling 

between adjacently placed integrin and growth factor domains.31,193  

2.4 Two-Dimensional artificial microenvironments  

2.4.1 Microfabrication strategies 

Controlled architecture in microenvironments is fabricated using microfabrication 

techniques that deposit or remove materials from substrates to create spatially defined 

patterns. Techniques such as etching194, electro or solvent-assisted spinning195, soft 

lithography196, contact printing197 and photolithography198 are employed to make 

scaffolds. Several limitations are posed for dry etching, which often expels toxic gases 

and the desired dimensions depend on the laser intensity, angle of laser incidence, 

and etching rates.73 Though electro and solvent-assisted spinning have good control 

over fibers diameter and surface topography, it has limited control over the 
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mechanical properties.195,199 Soft lithography allows the fabrication of microscale 

topographies using a mask or template.200 Contact printing allows biochemical surface 

modification essential for cell growth on substrates. Photolithography is popularly 

used to create patterns using light allowing spatial control over surfaces. Acrylamide-

based hydrogels were photo-patterned to create functionalized surfaces that 

covalently bind proteins exclusively promoted nerve cell growth and the neurons 

showed active synapse.197  Some of its limitations include fabricating curved 

structures, which is now possible using direct writing techniques involving two-

photon lithography128 or volumetric printing201. However, the fabrication requires 

multiple steps and a cleanroom facility is essential for such expensive equipment. 

Combination of master (negative) created from photolithographic techniques and 

scaffold itself from replica molding by soft-lithography is a simple and widely used 

procedure. Reproducible stamps are created from single master with high 

topographical feature resolution.73,202  

2.4.2 Role of substrate topographies as biophysical cues 

A brief synopsis of the state of the art is presented reporting topographies influencing 

cellular morphology or alignment developed using one of the above-mentioned 

fabrication tools. Patterned glass surfaces with aligned Schwann cells were used as a 

mold to prepare a PDMS substrate with inverse topography (soft lithography). These 

PDMS films which now consist of Schwann cell morphologies were then rolled into 

conduits. An increase in neurite guidance of postnatal rat pup dorsal root ganglia 

(DRGs) was observed when the conduit was made with topographies oriented parallel 

to the axis of the conduit compared to perpendicular.203 This knowledge was then 

transferred to substrates with elliptical micropillars as somas, continuous lines as 

axons, and a combination of both revealing that the lines have a stronger influence on 

the axonal alignment, compared to elliptical pillars or a combination of lines and 

pillars.204 This report opened a wide range of avenues to study in-vitro platforms using 

topographies that provide continuous guidance cues for neurites. The dimensions of 
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the topographies, their inter-element distances, and aspect ratio play a critical role in 

altering cellular mechanisms to cause morphological, directional, or physiological 

modifications. A study on continuous microchannels (height: 0.6 µm; width groove = 

ridge = 25 µm) induced exclusive guidance for the growth of spiral ganglion neurons 

parallel to the microchannels in contrast to fibroblasts.205 Similar study on 

photopolymerized microgroove patterns revealed that the alignment of DRG neurons 

increased with an increase in channel depth ( 1 to 8 µm) while the alignment 

decreased with an increase in distance between the channels (10 to 50 µm). 206 For 

PDMS grooves and ridges with equal widths, Schwann cell alignment was higher for 

lateral groove dimensions of 20 µm with a depth of 2.5 µm compared to flat or lower 

lateral groove dimensions (4  or 1 µm with a depth of 850 or 350 nm, respectively). 207 

Two distinct guidance phenomenon is reported here where topography with channel 

sizes smaller than the cell bodies prevents the cell to reach the bottom of the substrate, 

therefore, the neurite growth is only along on top of the channels while the second 

phenomenon describes boundary guidance, where the cells have enough space to go 

between the topography reaching the bottom. Tonazzini reports that the boundary 

guidance is stronger than the contact guidance denoting that sensing walls have a 

higher impact than the depth cavities.207 A study with nanoimprinted grooves made 

of poly (ethylene-co-vinyl acetate) (EVA) report the regenerative capability in DRG 

neurons from rats after an on-site injury. The topography induces linear growth along 

the grooves with the highest alignment with pitch length (distance between adjacent 

grooves) of ~900 nm and depth of ~165 nm.208 A similar study using PMMA confirms 

the influence of equally spaces nano ridges and grooves (200 nm each) with a depth 

of  300 nm in aligning DRG neurons. The larger groove width is reported to decrease 

axonal guidance.209 The neurites are observed to grow on ridges than grooves, which 

may be due to the smaller groove width and deeper groove depth, unlike the previous 

study. Polycaprolactam fibers fabricated by solvent-assisted spinning were fabricated 

with controlled inter-fiber distances that induce linear nerve growth in chick DRG 

neurons. The fiber topography with grooved features in combination with an inter-
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fiber distance (IFD) of 30 µm showed the maximum aligned neurons in comparison to 

IFD such as 10, 50, and 100 µm.199 Photopolymerized micropatterns (10 µm wide 

alternating ridge and valley with 1.5 µm high) were able to direct spiral ganglion 

neurons overcoming conflicting directional chemo-repulsive cues.210 This reveals the 

dominance of physical cues over repulsive chemical cues when directing neurite 

growth or orientation. A large-scale screening involving isometric, radial, linear, and 

anisometric PDMS-based microelements fabricated from Si molds was used to study 

the topographical effect on hippocampal nerve length. The continuous and 

anisotropic discreet topographies promoted axonal growth compared to the isotropic 

discreet and flat topographies.211 

2.4.3 Discontinuous physical guidance 

While continuous geometries showed aligned nerves at lower periodicities and 

heights, the discontinuous array with isometric geometries, mostly made of silica or 

PDMS, showed neurite growth on or in between the microelements, without a 

primary growth direction.77 The shape of the micropillars has been shown to influence 

the growth direction, for example, hexagonal micropillars fabricated using soft 

lithography showed 6 predominant growth directions in hippocampal nerve cells.212 

Similarly, the distances between the isometric micropillars also affect the growth 

direction. Park et al reported that cylindrical micropillar (5 µm height) array with 

different inter-pillar distances (Along the x- and y- direction) between them direct 

nerve cells with one primary growth direction.213 Here the interelement distance of 3 

µm along the proximal axis and 12 µm along the distal axis enables nerve growth along 

the proximal axis in comparison to equally spaced micropillars (3 µm) along the 

proximal and distal axis.213 Another study with anisometric micro-cones fabricated 

using laser etching allowed the formation of elliptical cones that are pseudo discreet. 

These substrates linearly promoted nerve growth with one primary direction.75   

In Chapter 3, I report the use of high throughput microarray platform designed and 

fabricated using two-photon lithographic techniques which allow spatial control at 
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high resolution. Previous reports explore guidance by a continuous feature that 

influences axon orientation and alters their length, number of dendrites, the 

orientation of growth cone, and movement of cells in confined spaces. Here I explore 

the role played by interelement spaces influencing nerve alignment which employs 

fewer materials to achieve similar alignment cues.  

2.5 Synthetically derived 3D scaffolds 

Though 2D platforms offer high reproducibility and control of cell fate, they fail to 

recapitulate the 3D microenvironment. Synthetic hydrogels as aECM scaffolds pose a 

favorable alternative to naturally derived ECM scaffolds due to their reproducibility 

and modular control. Synthetic ECMs are predominantly three-dimensional networks 

of polymer chains crosslinked by either covalent bonds or physical interactions.214 The 

ability of hydrogels to form a highly porous network at low polymer concentration 

and retain aqueous biological fluids provides an ambient environment to the 

encapsulated cells. Hydrogels are engineered to offer a tuneable microstructure by 

firstly controlling the physical characteristics by altering stiffness, degradation rates, 

elasticity, viscoelasticity122, and secondly the chemical composition by incorporation 

of bioadhesive ligands and growth factors.215,216  Further, these are tuned to create 

controlled spatial heterogeneities inside the hydrogel for temporal control. The 

hydrogel precursors are synthesized with a high degree of control preventing batch-

to-batch variability and overcoming the limitations of natural biopolymers. Thus an 

ideal aECM material is desired to possess the precision control offered by 

manufactured synthetic materials in combination with the benefits of bioactive 

properties of an ECM-based material.217  

Peptide-based hydrogels. Peptides are a class of molecules synthesized to form chains 

of amino acid monomers linked by peptide (amide) bonds (N=CO). The shortest 

peptides are dipeptides which consist of 2 amino acids joined by a single peptide bond, 

followed by tripeptides, tetrapeptides, etc. Hydrogels derived from polypeptide 

sources are completely synthetic and enable assembly into hierarchical structures to 
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mimic native proteins.218 Peptide amphiphile nanostructures are designed to mimic 

the activity of vascular endothelial growth factor (VEGF) that enable proangiogenic 

behavior in endothelial cells.219 Self-assembling peptides that form nanofibers of ~10 

nm diameter forming a 3D hydrogel are known to enhance cell survival rate after 

grafting into the injured spinal cord. Combining the designer peptide with IKVAV 

and RGD motifs showed predominant nerve growth but only along the wall of the 

injury cavity.220  

Elastin-based hydrogels: Elastin-like polypeptides, composed of pentapeptide 

sequence with VPGXG, where X can be substituted to any desired amino acid except 

proline.221 Thermally responsive ELPs are soluble below the transition temperature 

and undergo a phase transition and aggregate above the transition temperature. These 

chains are produced using recombinant technology in E. coli in a controlled dispersity 

with mechanical properties of native elastin.222 ELPs are easily modified with 

bioadhesive cues such as RGD223 or functional groups such as azide and cyclooctyne 

to enable catalyst-free click crosslinking, resulting in a wide range of mechanical 

properties.224 These gels at physiological temperature are not transparent and require 

combining with a polymer such as PEG to form hybrid hydrogels with good optical 

transparency.225  

Polyethylene Glycol: Polyethylene glycol (also called poly (ethylene oxide)) is an 

inert synthetic, hydrophilicity, non-biodegradable, non-immunogenic polymer 

widely used as hydrogel in tissue engineering.226 They are often used as a ‘blank slate’ 

to tether biochemical cues, as they are usually resistant to protein adsorption. 

Manipulation of chain length and functional modification of linear or multi-arm (star) 

PEG at its hydroxyl end groups offers a platform to perform different chemistries.227 

The star-shaped core in a multi-armed PEG network enables both crosslinking as well 

as biofunctionalization in the same PEG molecule.228 Moreover, sPEG polymers 

crosslinked below overlap concentration (c*) show uncontrolled heterogeneous pores 

compared to hydrogels formed above c* due to free dangling and un-crosslinked arms 



  
 

 
45 

 

in the sPEG molecule.229 Incorporating terminal or side-chain functional groups in 

PEG polymers allows fabrication of hydrogel with versatile microstructures, as well 

as bio-functionalization. This is achieved by covalently linking different biomolecules 

such as adhesion peptides like RGD32 or growth factors such as vascular endothelial 

growth factor VEGF27 at low PEG concentrations.216  

 

Figure 1. Structures of linear PEG and 4-arm PEG with various functional end groups. 

Adapted from reference 164 with kind permission from Elsevier. 

Due to their transparent optical properties, these hydrogels are suitable for 

photochemical triggering to spatially and temporally create heterogeneities. This is 

achieved by either incorporating or removing ligands that impart biochemical or 

biomechanical properties to the hydrogel. PEG itself is not degradable, however, 

incorporating hydrolyzable motifs in its crosslinks or incorporating protease cleavable 

crosslinks renders the synthetic matrix degradable.26 PEG hydrogel is elastic in nature 

and thus does not impart the native viscoelastic ECM properties. However, its 

advantages lie in its versatility to functionalize different terminal groups with simple 

chemistry as well as form multi-arm PEG conjugates (Figure 1).  

Several crosslinking strategies have been explored with PEG hydrogels for in vitro 

cell applications due to their stability and hydrophilicity. The crosslinking strategies 

can be classified into chemical methods and physical methods.230 While physical 
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crosslinks include hydrogen bonding, electrostatic bonding, and ultrasonication231, 

chemical crosslinks are covalent in nature that are permanent (Figure 2). Most 

common crosslinking methods reported include ‘click reaction’ such as Michaels 

Additions232, oxime formation233, enzyme-induced crosslinking154,234, or Diels-Alder 

reactions235,236. Most of these reactions are cell-friendly and enable crosslinking at 

physiological pH and temperature in an aqueous (isotonic) medium.237 Some 

applications require rapid crosslinking via photopolymerization that is often initiated 

with UV light involving radicals, which on long exposure to cells are harmful.238,239  

While Michael addition is the most sought-after mechanism for crosslinking and 

biofunctionalization due to its mild and specific conditions that are suitable for in 

vitro cell encapsulation, their addition requires a reaction between a nucleophile to 

an electron-withdrawing group (EWG) bearing the double bonds. Maleimides, Vinyl 

sulphones, and acrylates are employed as the EWGs while thiol (-SH) and amines (-

NH2) are employed as nucleophiles.240,241 Early reports with multi-arm functionalized 

PEG or star PEG (sPEG) polymers involved acrylates and thiols to form soft hydrogels 

for protein delivery.242 Eventually, this model was translated and applied for cell 

encapsulation with controlled biomolecular and degradation cues.243 Replacing the 

core PEG, alternates such as hyaluronic acid and heparin-based compounds were used 

with PEG-diacrylate to fabricate hydrogels crosslinked with thiol-modified heparin 

for the local delivery of growth factors.244 Speidel et al. reported the use of 4 arm PEG 

acrylates crosslinked with heparin-binding peptides sequence with thiol via Michael 

addition as a scaffold for cardiac progenitor cells that can be injected for in vivo cell 

engraftment.245 Similarly, rapid crosslinking 4 arm PEG-maleimide coupled with 

protease cleavable peptide crosslinker, biofunctionalized with VEGF growth factors 

and cell adhesive ligands like RGD peptides demonstrated an engineered matrix for 

pancreatic islet cells by controlling the growth factor release profile kinetics and 

degradation profile.246 While the gelation kinetics for Michael type addition are mildly 

controlled by altering the pH and the temperature, predominant control is achieved 

by employing a strong EWG.  
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Figure 2. Crosslinking reactions to form PEG-based hydrogels (a) via photo-polymerization 

(b) by Michaels Addition (c) via click chemistry (d) enzyme-mediated crosslinking. Adapted 

from reference226 with kind permission from the Royal Society Of Chemistry 

Maleimides have the highest tendency for electro withdrawal followed by PEG-vinyl 

sulfone (PEG-VS), and PEG-acrylate.247  While the role of cell adhesive domains 

played a prominent role in determining cell fate, researchers began to investigate 

several adhesive domain peptides like RGD, YIGSR, IKVAV and its combinations 

inside 3D hydrogels with cells. As peptide modification is simple and results in high 

yield at high purity, it is easy to couple simple thiols like cysteines to the to these 

biomolecules.248 To incorporate highly specific crosslinking and bioconjugation, 

enzymatic crosslinking was developed mimicking fibrin clots using FXIII as an 

enzyme.156 This was developed as two unique PEG conjugates each bearing 

complementary functional groups that form an iso-peptide bond in the presence of 

activated FXIIIa.249 The two PEG conjugates each bear glutamine (Q) and lysine (K) 

peptide residue 155 and the mechanism involves the reaction between the 

γ-carboxamide group on the glutamine and the ε-amino group on the lysine residue 

to form isopeptide side-chain. 250 sPEG conjugates developed with complementary 

residues as described earlier with FXIIIa allowed the formation of soft scaffolds for 3D 
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in vitro nerve growth when supporting adhesion cues like fibronectin fragments were 

incorporated. Superior nerve growth was reported in this synthetic scaffold when the 

linear RGD peptides was replaced with fibronectin fragment.25 Similarly, cyclic RGD 

peptides, especially bicyclic RGD peptides selective to integrin binding domains when 

incorporated enzymatically in PEG Q/K gels showed superior nerve growth compared 

to linear RGD and comparable nerve growth to fibronectin fragment.40 (Chapter 4)  

Similar to transglutaminase reactions, PEG-Peptide conjugates were developed to 

induce tuneable crosslinking in the presence of Sortase A and tuned to degrade with 

the same enzymatic reaction prompting the growth of human mesenchymal stem cells 

(hMSCs) in 3D.251 Several advantages support bacterial ligase Sortase A (SA) over 

FXIIIa. Firstly, they can be produced in large amounts in the laboratory unlike FXIIIa 

which is produced from purified donor blood, and secondly, they are stable in solution 

compared to FXIIIa.252  

Polyisocyanide (PIC) hydrogels: Unlike purely elastic PEG hydrogels, ethylene glycol 

substituted PIC polymers are viscoelastic in nature and mimic strain stiffening 

behavior. These biomaterials impart nonlinear stress responses observed in tissues like 

skin, cartilage, and muscles. PIC polymer forms beta helical structures with 

substituents like ethylene glycol in every carbon in its backbone. The stability of the 

PIC is enhanced when the substituent is further conjugated with D-L-di-alanine 

which stabilizes the helical structure with hydrogen bonds. A key advantage of this 

material is its ability to form gels at low concentrations (0.5 – 2 mg/mL) resulting in 

soft hydrogels with storage modulus between 40 and 1000 Pa (Chapter 5). A wide 

range of mechanical characteristics can be tuned by altering the length of the polymer. 

Additionally, the PIC can be rendered bio-adhesive by coupling RGD peptides to the 

terminal functional groups. While the length of the ethylene glycol determines the 

solubility of the PEG polymer, they also shift the lower critical solution temperature 

(LCST) forming PIC polymer fibers above the LCST. However, the PIC hydrogels are 
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not thermally stable and reversible in nature, as a decrease in temperature below LCST 

makes the fibers soluble once again.  

2.6 Techniques for Patterning in soft hydrogels 

 

Figure 3. Micropatterning techniques are used to create biochemical, mechanical, and 

architectural patterns on and in hydrogels over a wide range of dimensions, depicting unique 

resolution, cost, speed, and cytocompatibility. Adapted from reference253 with kind 

permission from John Wiley and Sons. 

Several microfabrication techniques are employed to mimic the biophysical, 

biochemical, and architectural characteristics of the native ECM. These are obtained 

by incorporating biologically relevant cues in 3D space. Properties such as porosity, 

local stiffness, and biochemical gradient can be altered inside the hydrogel by 

achieving spatial and temporal control. Some of the techniques to pattern in 3D 

include Soft lithography, Gel in gel assembly, inkjet printing, Microfluidic patterning, 

and photopatterning which are discussed in the next section. 253 

2.6.1 Soft lithography 

Soft lithography utilizes the techniques of transferring patterns from pre-designed 

molds/masks to the desired scaffold. Encompassing a wide range of dimensions, the 
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resolution of this technique lies with the size of the patterns in the mold, that is 

fabricated by etching silicon wafer.254 The wettability of the liquid elastomer also 

contributes to the resolution. Its main advantage is rapid prototyping at low working 

costs. Flexible PDMS is employed as the elastomer to obtain replica molds, allowing 

easy transfer of gradients or biophysical cues to the hydrogel scaffolds. Among the 

several techniques to transfer cues from PDMS mold to hydrogels, micro-molding, 

and microcontact printing (μCP) are the most popular. Micro-molding involves a 

simple transfer of information such as grooves, ridges, or pits into the hydrogel 

scaffold255, however, µCP involves the transfer of biochemical cues in the form of ink 

deposition on or in the gel.256 Gobaa et al developed a  high throughput platform with 

soft hydrogel as microwells. These microwell arrays were developed using µCP 

techniques where each well has a custom biomolecule of interest (BOI). Such 

platforms enabled monitoring cell-cell interactions on adipogenic and osteogenic 

differentiation of adherent MSCs based on their local micro well stiffnesses.257 In this 

study, a combination of micro molding and µCP were both applied where the 

biomolecule spotted silicon stamps were used to create wells as well as transfer 

biomolecules.  

2.6.2 Inkjet and Extrusion Printing 

Inkjet printing involves either dispensing biomolecules onto a hydrogel substrate that 

can adsorb or chemically crosslink the BOI of interest whereas extrusion printing 

(bioprinting) involves dispensing biomaterials that are ready to crosslink after ejecting 

from the nozzle.258 In the former, the printing substrate is often a hydrogel and the 

biomolecule printing volumes are limited from pico to microlitres to achieve spatial 

resolution.259 Depending on the spot size requirement, more than one drop can be 

dispensed on the substrate per spot or multiple per spot. Inkjet printing is contactless 

and can generate high throughput micro spots with desired biomolecular combination 

suitable for cells.260 Whereas for the latter involving extrusion-based bioprinting, the 

viscosity of the biomaterial or bioink is often the bottleneck resulting in clogging. 
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Additionally, the pressure imparted on the liquid ink to eject imparts stresses to the 

cells resulting in loss of function. However, the bioprinting technique enables the 

fabrication of complex shapes incorporating spatial heterogeneities relevant to cell 

growth and proliferation. Decellularized ECM is used as bioinks to closely mimic the 

native tissues, in combination with FDA-approved PCL fibers to reinforce the 

structure and the stability of the printed scaffold.261 Skeletal muscle cells were 

encapsulated in Biopolymer-derived hydrogel bioinks commercially available. 

Mature myotubes were formed in nano fibrillated cellulose(NFC)/alginate‐fibrinogen 

crosslinked with calcium chloride and thrombin.262 

2.6.3 Gel in gel  

The gel in gel hydrogels is fabricated by combining multiple layers of hydrogels into 

a single scaffold. They bear different compositions in each layer and assemble them to 

mimic native tissue architecture.263 Spatially distinct trilayer scaffolds were developed 

to mimic articular cartilage by using a variety of material compositions of PEG-DA. 

Three distinct zones were fabricated with PEG-DA in combination with both 

methacrylated chondroitin sulfate, and Hyaluronic acid to mimic the superficial, 

transitional and middle zone.264 However, the combination of gels to form sandwich 

systems is now simplified by altering the building blocks from bulk gels to spherical 

microgels which are easily assembled layer by layer.47,265 Anisometric microgels are 

favored for their large surface area available for either crosslinking or 

biofunctionalization. Rommel et al reported that two PEG-based microgels with 

specific functional groups crosslink with one another resulting in the formation of a 

stable scaffold supporting fibroblast and endothelial cell invasion.266 sPEG-heparin 

microgels were fabricated via microfluidics and encapsulated inside a soft bulk gel. 

Prostate cancer cells were incorporated inside the stiff microgels while the 

surrounding soft gel was nourished with heparin-bound growth factors and adhesion 

ligands. HUVECs were incorporated inside the surrounding soft gel to promote the 
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formation of a capillary network. The multiphasic microtissue model overcame the 

limitation of monophasic hydrogel materials in mimicking native heterogeneities.267 

2.6.4 Photo-Patterning/lithography 

Hierarchically engineered ECM matrices enable us to understand the role of the local 

3D microenvironment and its influence on tissue formation.268 Photopatterning with 

a mask on 2D substrates has now been replaced with confined light exposure in bulk 

materials to understand cell-material interaction in 3D space.269,270 The laser patterning 

approach is applied either using a focused laser beam or a multi-photon laser to 

achieve spatial control.271 The patterning resolution is often limited by the wavelength 

of the light exposed and scattering inside the hydrogel, however, sub-micrometer 

level control is achieved inside a transparent hydrogel.128 The key advantage of this 

technique includes contactless in situ modulation of the local aECM 

microenvironment, which is often non-destructive and cytocompatible. 

Macromolecular hydrogel platforms are designed and developed with properties that 

can be modulated by light at specific time points.272. The degree of spatial patterning 

relies on the crosslinking chemistries which are orthogonal and offer the possibility 

to incorporate biologically relevant cues like growth factors.273 Photoactive species are 

developed for all relevant wavelengths starting from 350 nm to 800 nm and 

distinguished into different classes.274 While nitrobenzyls and coumarins are active 

species at lower wavelength spectrum, PhoCl and ruthenium complexes are active at 

middle order visible wavelengths. The higher-order wavelengths are is sensitive to 

Azobenzene–cyclodextrin based supramolecular complexes.274 

2.7 Development of hierarchical scaffolds using light 

The simplest form of spatial control achieved using light is either by photolytic 

addition275 and/ or subtraction276,142 of scaffold materials. While in the former, 

uncrosslinked free functional groups are allowed to be crosslinked, in the latter, the 

crosslinked groups are photo degraded. This is achieved by incorporating 
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photosensitive motifs which undergo rapid changes in their structure. For example, 

modified agarose-based gels protected with -SH groups on irradiation with UV light 

exposes free SH groups available. Thus, allowing biomolecules like RGD peptides 

(modified with maleimide) which are easily diffusible to bind to the free -SH in 

confined volumes. Such scaffolds demonstrated selective neuronal growth in the 

patterned regions bringing one step closer to fabricating hierarchical aECMs.151 

Similarly, photodegradation is a technique commonly adapted to soften the gel 

network or create 3D localized channels for controlled cell invasion and migration. 

PEG hydrogels are fabricated using cytocompatible strain-promoted azide-alkyne 

cycloaddition (SPAAC) between sPEG- tetrabicyclononyne (sPEG-BCN) and a linear 

diazide bearing crosslinker. The popular mechanism for channel fabrication by 

degradation is to incorporate oNB groups which are present in the backbone of an 

MMP degradable crosslinker (Figure 4a). Two-photon irradiation cleaves the 

crosslinker bearing the o-NB group, resulting in the fabrication of channels controlled 

in 3D in the presence of encapsulated stromal cells. Endothelial cells are then seeded 

inside the hollow channels to fabricate vascular networks. (Figure 4 b,c,d). After 

photo decaging, the ends of the crosslinker bearing the RGD become available for cell 

adhesion and thus promote the endothelialization of in situ fabricated channels.141 

Biochemical modification of substrates is equally relevant to biophysical modulation. 

One of the simplest methods to generate biopatterns in 3D hydrogels is by exploiting 

acrylate chemistry and free radical polymerization. Bioinert PEG-acrylate hydrogels 

are photopatterned by swelling them in solutions containing biomolecules with 

acrylates and treating them with light for biofunctionalization to generate local 3D 

patterns (Figure 6a).130,277 the evolution of photopatterning has allowed us to now 

pattern more complex and dynamic full-length proteins to regulate cell fate.278 For 

example, endothelialization of aECMs is essential to promote healthy viable 3D tissue 

models in vitro, hence spatial photoactivatable growth factors are essential that allows 

controlled angiogenic signal presentation. Nair et al developed a peptidomimetic of 

the vascular endothelial growth factor (VEGF) that can be activated using light.279 This 
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photoresponsive analog is rendered inactive in the presence of the caged group 3-(4,5-

dimethoxy-2-nitrophenyl)-2-butyl (DMNPB) on the scaffold.  Light trigger offers an 

irreversible de caging to expose the angiogenic cues to encapsulated endothelial cells 

and promote angiogenesis.279 Reversible bio-patterning strategies have been 

investigated using a combination of two orthogonal photo chemistries in sPEG 

hydrogels. The first reaction involves radical-induced thiol-ene click chemistry to 

bind biomolecules bearing a thiol motif using visible light ( 490nm – 650 nm), while 

the second reaction involves the removal of these ligands by decaging the o-NB ether 

mediated by UV (365 nm).126 Biomolecular gradients were achieved by binding Fluro-

labelled RGD peptides to the hydrogel using vibible light (Figure 5 a,d). In addition, 

complex gradients were fabricated by photodegradation of these bioadhesive ligands 

using the orthogonal UV light chemistry with the help of a slitted photomask(Figure 

5 b,c,e). 

 



  
 

 
55 

 

Figure 4. 3D in vitro two-photon patterning. A) Formulation of photosensitive hydrogel using 

BCN functionalized sPEG and photo-cleavable azide-based crosslinker. B) Spatial 

photopatterning using 2 photon lithography with 3D control including the Z-axis. C) the 

photo patterned regions are cleaved to form hollow micro-vasculatures after seeding with 

endothelial cells. D) The degradation products of oNB photocleavage yield nitroso- and acid-

terminated by-products. E) RGD moieties incorporated in the crosslinker promote cell 

adhesion and F)  MMP sensitive peptide sequence enables enzymatic cleavage to enable on-

demand aECM. Adapted from reference141 with kind permission from John Wiley and Sons. 

 

Figure 5. RGD peptide bearing a fluorophore was patterned inside sPEG hydrogels by using 

unmasked light (a, b, d) or with a mask that contains 200 μm slits spaced 200 μm apart (c, e). 

The pre-patterned samples were subsequently exposed to gradients of UV light that were 

generated by a moving opaque photomask. By shuttering the light (b) or releasing pre-

patterned lines (c, e), unique gradients in the peptide concentration were generated across the 

network. Scale bars=400 μm. Adapted from reference126 with kind permission from John 

Wiley and Sons. 

While radical-based chemistries are often cyto-incompatible, alternative strategies are 

explored to achieve spatial biopattern with mild yet specific reactions.273,280,281 

Enzymes like Factor XIII and Sortase A are employed to tether specific motifs to the 

hydrogel backbone using photochemistry principles. These photo-sensitive hydrogel 

substrates on exposure to light undergo a photoinitiated decapping or deprotection of 

the caged group revealing the functional group of interest, thus being available for the 

further enzymatic reaction. The bioactive motifs are immobilized only in the light-

activated regions while the surround remains inert (Figure 6b).88,282 More recently 

photoactivatable adhesive peptides were developed with laminin peptides and 

peptidomimetics for spatiotemporal control of neuronal growth.150 However, constant 
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protection from light is essential throughout the culture periods. The new class of 

reversible bio patterning, combing the benefits of both photomasks and laser scanning 

lithography was employed to control protein immobilization. The SPAAC reaction 

was employed for network formation, in combination with a photo-deprotection with 

oxime-ligation sequence for incorporating proteins and an oNB photocleavable group 

for protein removal. (Figure 6d) The photocleaved regions were now available to bind 

multiple proteins. These reversible chemistries offer a high-resolution heterogeneity 

fabrication with orthogonal chemistries to promote specific tissue formations and 

recreation of dynamic cellular microenvironments. 

 

Figure 6. Photopatterning of biochemical cues a) 3D patterning of RGD peptides using a 

multiphoton laser to enable selective migration of fibroblasts in the bio patterned regions277 

(Scale bar:100 μm) b) Multiphoton patterning involving photo-uncaging to ligate growth 

factors via enzymatic pathways (Left). Invasion of axons into confined NGF photo-patterned 

regions. c) Photo decapping on exposure to UV releases caged groups exposing free 

polyacrylamide (PAAm) hydrogels available for cell adhesion. d) sequential photo release and 

oxime ligation of aldehyde-tagged proteins (top). Masked-based lithographic techniques 

at 365 nm to sequentially pattern defined shapes throughout the gels in addition to 

multiphoton lithography in PEG hydrogels. Scale bar = 100 μm. Adapted from reference253 

with kind permission from John Wiley and Sons. 
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Chapter 3. Anisometric Microstructures to 

Determine Minimal Critical Physical Cues 

Required for Neurite Alignment 

Sitara Vedaraman, Amaury Perez Tirado, Tamas Haraszti, Jose Gerardo-

Nava, Akihiro Nishiguchi and Laura De Laporte 

 

In nerve regeneration, scaffolds play an important role in providing an artificial 

extracellular matrix with architectural, mechanical, and biochemical cues to bridge 

the site of injury. Directed nerve growth is a crucial aspect of nerve repair, often 

introduced by engineered scaffolds imparting linear tracks. The influence of physical 

cues, determined by well-defined architectures, has been mainly studied for 

implantable scaffolds and is usually limited to continuous guiding features. In this 

report, we investigate the potential of short anisometric microelements in inducing 

aligned neurite extension, their dimensions, and the role of vertical and horizontal 

distances between them. This provides crucial information to create efficient 

injectable 3D materials with discontinuous, in-situ magnetically oriented 

microstructures, like the Anisogel. By designing and fabricating periodic, anisometric, 

discreet guidance cues in a high-throughput 2D in vitro platform using two-photon 

lithography techniques, we were able to decipher the minimal guidance cues required 

for directed nerve growth along the major axis of the microelements. These features 

determine whether axons grow unidirectionally or cross paths via the open spaces 

between the elements, which is vital for the design of injectable ANISOGELS for 

enhanced nerve repair. 

3.1 Introduction 

Implantable and injectable artificial scaffolds, such as conduits98,283–285, fibers 97,286, and 
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hydrogels287 have been developed to promote directed nerve growth after injury. The 

internal structure of implantable scaffolds generally contains an aligned architecture 

in the form of long fibers, elongated pores, or channels that provide physical and 

mechanical guiding stimuli to enable oriented nerve growth.288 The presence of 

directional cues inside the biomaterial scaffolds is crucial to facilitate re-connection 

of the nerves with their appropriate targets99 to regain partial or complete function. 

More recently, research has focused on creating injectable materials with the ability 

to form anisotropic structures.50 This is important to create low-invasive therapies for 

soft, oriented neuronal tissues, such as the spinal cord. For example, the Anisogel 

consists of magneto-responsive rod-shaped microgels or short fibers that orient in situ 

in the presence of a low magnetic field, while a surrounding hydrogel precursor 

solution crosslinks to immobilize the 3D anisotropic structure after removal of the 

magnetic field.82 Compared to implants, the Anisogel system consist of small injectable 

alignable elements that lead to discontinuous, individually aligned guiding structures 

that span the entire length of the material. Therefore, understanding the effect of the 

structure dimensions and aspect ratios, and the vertical and horizontal distances 

between the elements is an important step towards successfully steering neurite 

growth in a linear manner. However, we believe that the currently reported material 

systems have not yet studied the effect of discrete anisometric topographic elements 

in a controlled manner.  

So far, continuous topographies, such as long patterned lines (ridges and 

grooves)66,69,207,208, nanowires289, and fibers199,290, or discontinuous topographies, such as 

nano-291 and micropillars194,292,293 have been produced to study directed growth of 

neural or neurogenic cells. Microfabrication technologies, such as etching194, 

electro/dry spinning195, soft-lithography196, photo-lithography198, and wrinkle 

formation294 have been employed to fabricate these nano- and micro-interfaces with 

a wide range of materials and architectures to gain further information on cell-

material interactions.73,200 For example, topographies that mimic native ECM were 

developed by inverse molding of aligned Schwann cells on patterned glass surface. 
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The obtained polydimethylsiloxane (PDMS) films were rolled into conduits with 

Schwann-cell like topographies oriented parallel to the axis of the conduit, resulting 

in increased neurite guidance compared to topographies oriented perpendicular to the 

conduit’s axis.203 A study with continuous grooves and ridges with equal widths 

(periodicity 20 µm) on a PDMS film reported higher Schwann cell alignment with 

groove depths of 2.5 µm compared to flat or lower lateral groove dimensions 

(periodicity: 4 or 1 µm) and depths (850 or 350 nm).207 In another study with 

continuous microgrooves and ridges (depth 1 µm) developed with photo-lithography 

of methacrylate polymers, reduced nerve alignment was observed when the lateral 

distance increased from 10 to 50 µm, while neurite orientation improved for deeper 

pattern depth up to 8 µm.295 On a smaller scale, nano ridges with widths ranging 

between 100 and 800 nm demonstrated preferential nerve growth on the ridges, while 

the highest alignment was observed on equally spaced ridges and grooves of 200 nm 

each.209 Compared to sharp edge patterns, gradually sloping grooves and ridges were 

produced, demonstrating that the optimal lateral groove spacing for oriented nerve 

growth was dependent on the groove depth. Maximum alignment of spiral ganglion 

neurons was achieved on both lateral spacings at 50 or 10 µm at a groove depth of 8 

or 1 µm, respectively.198 Wrinkles with even more natural features created via uniaxial 

mechanical stretching/plasma treatment of PDMS reported that the inter-wrinkle 

distances (width) dominate the effect on cell alignment in comparison to the 

amplitude (depth) of the wrinkles. 296 A wrinkle width of 26 µm and amplitude of 2.9 

µm allowed for differentiation of human bone marrow-derived MSCs to neurons, thus 

exploring topography-mediated neuronal differentiation.297  

In contrast to continuous patterns, the role of substrates with discontinuous guiding 

elements has not been widely explored. Isometric micropillars with dimensions of 1-

2 µm and interpillar distances of 1-2 µm were fabricated with ion etching techniques 

and guided nerve cells in a straight path.293 Here, the shape of the isometric pillars 

determines the direction of neurite growth, for example, hexagonal micropillars 

(width 1.6 µm and height 3 µm), with inter-pillar distances of 1.4 µm reported linear 
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neurite extension in six preferred growth directions following the edges of the 

hexagonal shape.79 Therefore, the physical guidance afforded by the micropillar array 

failed to provide one primary growth direction, while continuous guiding cues 

induced unidirectional growth.211 In the case of discreet topographies, the ability to 

retain the growth direction is influenced by the dimensions, aspect ratio, and inter-

elemental spacing of the elements. For example, discontinuous elliptical microcones 

(spikes) with subcellular dimensions, fabricated by laser irradiation on Si wafer and 

oriented parallel to one another show improved neurite alignment.75 Despite their 

ability to direct neurite growth, a lack of control in the spatial positioning and 

architecture of microcones using this technique limits its applicability as a screening 

technology for our purpose. In another study, discreet anisometric rectangular 

(length: 45 µm, width: 3 µm) nano-high ridges were fabricated via photolithography 

at fixed inter-element distances (vertical spacing: 6 µm, horizontal spacing: 30 µm), 

demonstrating that for low topographies between 10 and 50 nm, the alignment of the 

neurites with the nanoridges depends on the angle of incidence, while for higher 

nanoridges above 50 nm, growth cones reaching the elements in a perpendicular 

manner will still move parallel to the ridges.298,299  

Despite much progress in the field, a good understanding of the effect of dimensions 

and aspect ratio of discrete elements, and the vertical and horizontal distances 

between them, on unidirectional nerve growth is still unknown but an important step 

to develop injectable materials that form anisotropic structures in situ, such as the 

Anisogel.50 These materials are extremely important for creating low-invasive 

therapies to repair and regenerate soft, oriented tissues, such as the spinal cord. To 

study this without the inherent variability of the distances between anisometric 

microstructures inside the 3D constructs after injection, we present a simplified 

platform using two-photon lithography (TPL) technique to produce controlled 

anisotropy with discrete, anisometric elements in a 2D model. This technique offers a 

high-throughput system to study the effects of different physical parameters with 

defined dimensions and interelement distances on axonal growth and alignment, and 
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thus to obtain a deeper understanding of axon navigation in contact with 

biomaterials.100 The substrate is coated with gelatin and primary sensory nerve cells 

harvested from chick dorsal root ganglia (DRGs) are cultured. The ability of neurons 

and other cells to continue growing in a pre-defined direction after they lose their 

guidance cue is ventured. Although in vitro surfaces have previously been employed 

to understand the influence of substrate geometry and topographies on axonal growth 

and neural tissue guidance,57,209,292,300,301 the role of discreet anisometric cues with 

discreet multi-axial, interelement spacing, acting as geometrical constraints to induce 

axonal guidance, has not been studied before. Such a system can provide information 

on the minimal physical guidance cues that are required for directed nerve growth, 

replacing the conventional continuous implantable scaffolds with new injectable 

regenerative therapies. 52,82 

3.2 Results and Discussion  

3.2.1. Substrate preparation 

Custom-designed anisometric microelement arrays are 3D printed by TPL using the 

Nanoscribe system. These substrates are developed to understand cell-substrate 

interactions while allowing for long-term cell culture. An acrylate-based resin is 

printed onto acryl-silanized glass coverslips to produce polymeric anisometric 

microelements with various inter-elemental spacing (Figure 1a). The computer-aided 

design enables rapid fabrication of multiple array micropatterns on a single glass 

substrate, which allows for testing one cell population on multiple differently spaced 

microelement patterns. The fabricated substrate is robust and transparent allowing 

bright field imaging for time-lapse microscopy, and the microelements show auto-

fluorescent that can be detected at excitation: 480 - 550 nm (Figure 1c-ii). To improve 

cell-substrate interactions, the resulting high precision microstructures (Figure 1c-

i,ii,iii) are coated with cell adhesive proteins and poly-L-lysine. Anisometric 

microelements with dimensions 20 x 1 x 10 µm (length x width x height, aspect ratio 
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of 20) are used in this study. In order to provide a pseudo-3D environment292, the 

height of the microelements was set to 10 µm in an attempt to prevent neurites from 

crossing over them (Figure 1a). Micropatterns are fabricated with horizontal spacings 

(HS) ranging from 5 to 200 µm (distance between elements at their longest side), and 

vertical spacings (VS) between 0 and 200 µm (distance between elements at their 

shortest sides). Substrates without vertical spacing are continuous and act as a positive 

control while flat substrates without any micropatterns are used as a negative control. 

The space between the microelements creates a paradigm for the cells and axons to 

decide their growth direction. By varying the inter-element distance, it is possible to 

systematically study and understand its role in neurite alignment and the ability of 

the elements to promote unidirectional growth.  

3.2.2 Cell – Substrate Interactions 

Since the cells and neurites normally do not attach to unmodified glass or the acrylate-

based microelements, various cell-adhesive molecules were tested to be used as a 

coating to improve cell attachment. Poly-L-lysine has shown to support nerve growth 

through interactions of its positive electrostatic charge interaction with the negatively 

charged ions in the cell membrane and was compared to ECM proteins, such as 

fibronectin and laminin, and gelatin (derived from collagen) (Figure 1b).302,303 

Fibronectin, followed by gelatin and laminin show high neurite growth per covered 

area but 10 mg/mL gelatin was selected for coating the substrates due to its lower costs. 

The resulting SEM images of highly ordered microelements (double-headed arrow) 

(Figure 1c-i) with cultured cells demonstrate cell-substrate interactions (arrowheads), 

where cells align in between and across multiple microelements (Figure 1c-iv) and 

stretch to connect the microelements (Figure 1c-v). This suggests that the gelatin 

coating is present on both the glass and polymerized microelements. At higher 

magnification, the cell structures resemble both cell lamellipodia and filopodia (white 

single-headed arrowheads) probing and adhering to the walls of the microelements 

(Figure 1c-vi, vii). Few cells are also observed on the top of the microelements and 
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stretch to reach the bottom of the substrate (Figure 1c-viii). Their ability to sense the 

biochemical cues for anchorage allows the cells to gather information about the 

substrate and to find suitable paths to follow. The integrin-binding sites, present in 

the ECM molecules, provide a chemical stimulus to create contact attachment points, 

that alter the motility of the growth cone (GC) by activating specific integrin receptors 

in the cells, leading to subsequent secretion of ECM proteins resulting in modification 

of their environment.68 

3.2.3 Influence of inter-elemental spacing on neurite orientation 

The micropattern arrays with patterns presenting 36 different combinations of inter-

elemental distances (HS and VS) were studied and networks of polarized nerve cells, 

extending their axons were observed on the bio-functionalized substrates with 

anisometric microelements (Figure 2, 3). The anisotropy created by the 

microelements influences the growth direction of the neurites (Figure 4a). Overall, 

we observe that the increase in inter-elemental distance (either VS or HS) above a 

certain threshold decreases neurite alignment along the microelements. Fluorescence 

micrographs show a combination of microelements (green) and β-tubulin stain (red) 

(Figure 4a). An elliptical orientation kernel is used to determine the direction of the 

neurites and is represented by a color-coded image (Figure 4b). By filtering out the 

bodies of the nerve cells, interference with the alignment analysis is prevented. The 

shape of the orientation distribution of the microelements distinguish between 

neurites grown on a flat substrate without a micropattern array, and the neurites in 

the presence on a micropattern array (VS: 20 µm, HS: 50 µm) (Figure 4c). The presence 

of the aligned microelements influences neurite outgrowth along the major axis of the 

microelements as indicated by the narrow distribution (green line) close to that of the 

highly aligned microelements (blue line). In contrast, orientation of neurite growth 

in the samples without any micropattern have a broad distribution with multiple 

peaks (red line). Introduction of the anisotropic microelement array facilitates neurite 

guidance and results in oriented extension along the microelements, resulting in a 
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narrow distribution with a peak around a preferred direction (indicated as 0°), 

depending on the inter-element spacing. These results are in accordance with the 

study performed on discreet microcones showing that neurite alignment is higher for 

anisometric microcones in comparison to isometric microcones.75 

To study the degree of neurite orientation in between microarray patterns with 

different vertical and horizontal spacing, the discreet orientation distribution of 

neurites is normalized to the maximum count in the histograms. As previously 

reported, neurite orientation parallel to the channel wall in continuous 

microchannels was higher for channel widths of 20 - 30 µm, compared to wider 

channels (up to 60 µm) and to that of flat substrates.304 In this report, this width is 

associated with the HS parameter. Therefore, to investigate the effect of discontinuous 

tracks, arrays of microelements (20 x 1 x 10 µm, L x W x H) presenting VS between 0 

and 200 µm under a constant HS of 20 µm were used. As VS increases, the shape of 

the distribution changes from a sharp single peak distribution around 0° to a 

broadened and flattened distribution, an indication of loss of neurite alignment along 

the major axis of the microelements (Figure 5a, 5b).  

 

Figure 1. Development and fabrication of micropattern substrates. (A) Schematic of two-

photon lithography to develop microelements from computer-aided design. The micropattern 
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is designed with custom inter-element spacing by varying the horizontal spacing (HS) and 

vertical spacing (VS) on a single substrate in high-throughput. (B) Comparison of neurite 

coverage among different cell-adhesive coatings showing higher neurite outgrowth on gelatin 

and fibronectin coatings. (C) SEM images of micropatterns show (i-iii) highly ordered two-

photon polymerized microelements that autofluorescence in the green channel. (iv) Cells 

align along the microelements. The ability of cells to sense the microelements and stretch in 

between them is observed (v). Cell-material interaction (arrowheads) is achieved by the 

exploration of the finger-like projection of filopodia (vi) and web-like structures of 

lamellipodia (vii). Some cells are observed interacting with the microelement from the top 

reaching the bottom of the substrate (viii). Arrowhead: lamellipodia, filopodia and cell-

material interaction, double-headed arrow: microelement. Data presented as mean ± SD, n ≥ 

3 , P-values are calculated using one-way ANOVA with Bonferroni correction, *P<0.05, 

**P<0.01. 

For a micropattern with a VS of 5 µm, the neurites are primarily guided along the 

major axis of the microelements. While a peak at 90° can be observed in the case of a 

VS of 200 µm, suggesting that at long interruptions of the linear tracks, the short axis 

of the elements (1 µm wide) also provides physical guidance (Figure 6). More 

important, even at this high VS up to 200 µm, the ability of the cells to recognize the 

anisometry of the microelements is evident as the shape of the distribution is still 

retained around 0° despite the peak observed at 90°. This demonstrates that the nerve 

cells respond stronger to the long axis of the guiding elements, even if vertically 

spaced at a distance 10 fold higher than their length and HS. These observations 

illustrate the power aligned discrete microelements retain, compared to continuous 

guiding paths.  
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Figure 2. DRG cultured for 3 days and immunostained (TUJI) on micropatterns with different 

interelement spacing. An array of varying interelement spacing ranges from 0 - 200 µm in 

vertical spacing (VS) and 5 - 200 µm in horizontal spacing (HS). The microelements are 

observed in the green channel and the nerve cells are observed in the red channel.  

 

Figure 3. DRG cultured for 3 days and immunostained (TUJI) on micropatterns with different 

interelement spacing VS = 5 µm, 10 µm, 20 µm, 50 µm, 100 µm  and 200 µm with HS = 2 µm, 
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150 µm and controls without microelements. The microelements are observed in the green 

channel and the nerve cells are observed in the red channel.  

 

Figure 4. The images are processed to obtain the orientation distribution of the extending 

neurites on the micropatterned substrate. The multichannel image (A) is split into its 

corresponding channels revealing the primary orientation of the microelements. On applying 

the anisometric Gaussian orientation kernel, an alpha image (B) is generated to depict the 

direction of the neurites. The orientation distribution around the direction of the anisometric 

microelements (0˚) obtained is further plotted, here for VS: 20 µm and HS: 50 µm (C), to 

compare with the distribution of the microelements and the distribution of neurites without 

microelements (control). The shape of the distribution indicates the influence of the 

microelements on neurite alignment.  

In contrast, when the VS is fixed at 20 µm and HS is varied (Figure 5b), the increase 

in HS influences the shape of the orientation distribution to a larger extent. At higher 

HS (200 µm), the orientation distribution gets shifted towards ±90° and the cells move 

along the guiding elements, as well as in between the guiding elements, resulting in 

the major fraction of neurites oriented in the direction perpendicular to the long axis 

of the microelements. Understanding the role of physical guidance along the major or 

minor axis of anisometric microelements is crucial in systems where the changing the 

VS or HS or both, alters neurite growth direction. When primary neurons are cultured 

on a flat gelatin-coated substrate without microelements, their axonal extension is 

random without any directionality and thus no principal peaks in the orientation 

distribution are observed (Figure 5d).  
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The neurite orientation distribution is measured ranging from -90° to 90° with the 

major axis of the microelements orienting at 0° (Figure 5c). This distribution is 

analyzed by determining the interquartile range (IQR) (Figure 5e, 5f). The IQR is 

calculated as the difference between the angle (°) at the 75th percentile of neurite 

orientation and the 25th percentile of neurite orientation depicting the ‘middle 50%’ 

of the neurite orientation distribution. This allows for the quantification of neurite 

orientation along a certain direction. Lower IQR values (< 90°) indicate over 50% of 

the neurite orientation along a certain direction, whereas higher IQR (> 90°) suggest 

random neurite outgrowth. While the IQR reveals oriented growth in a specific 

direction, it does not convey whether this direction is along the microelements. 

Hence, an additional parameter is needed to measure the neurite orientation along 

the major (parallel) and the minor axis of the microelements (perpendicular) (Figure 

5g). The combined information provided by the IQR and the percentage of neurites 

parallel or perpendicular to the microelements reveals the neurite growth direction. 

It is intuitive to assume that at a lower inter-element spacing, neurite alignment 

increases, in contrast to higher inter-element spacing with less physical guidance cues. 

This is confirmed by the higher IQR values that are obtained when the VS increases 

for a fixed HS (Figure 5e, 5f). On the other hand, the orientation distribution 

histograms (Figure 5a, 5b) demonstrate that discreet microelements can provide 

physical guidance for the neurites to grow along the major axis of the microelement 

even at large VS up to 50-100 µm, depending on HS.  

Despite the continuous alternating probing of the growth cone, neurites tend to retain 

quasi linear paths due to their inherent rigidity and resistance towards bending.305 

This supports our observation that interrupted guidance cues are able to provide 

sufficient support to sustain unidirectional growth even with larges spacing between 

them. In contrast, a different trend is observed for the IQR when HS increases at a 

constant VS. In this case, an initial decrease in IQR is observed when HS increases 

from 5 to 10 or 20 µm, which could be due to the lack of space for the neuronal cell 

bodies (~ 10 µm) to reach and adhere to the bottom of the substrate when HS is too 
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small.

 

Figure 5. Orientation analysis of immunostained DRG neurons cultured on micropatterns 

with different inter-elemental spacing VS and HS. (A) Orientation distribution of neurites 

with a fixed HS (20 µm) and variable VS (5-200 µm). (B) Orientation distribution of neurites 

with a fixed VS (20 µm) and variable HS (5-200 µm). (C) A pictorial description of neurite 

orientation in a polar coordinate system. (D) negative control substrate without any 

microelements. (E) The IQR of all the micropattern conditions with altering VS and HS. (F) 

Map showing average IQR for different combinations of HS and VS. (G) Percentile of neurites 

growing along the direction of the microelements, as well as perpendicular to the direction 

of the microelements. (G-inset) Schematic representation of neurite growth along the major 

axis of the microelement (blue) and minor axis of the microelement (red). Data presented as 

mean ± SD, n ≥ 3. 

Even though the cells can deform to adjust to this topographical constrain, most of 

the cells were observed on top of the microelements with only some axon protruding 

to reach the bottom of the substrate for a micropattern array with HS equal to 5 µm. 

These observations are in line with previously reported continuous microchannels 
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(channel width of 5 µm, height of 25 µm), where reduced neurite outgrowth was 

observed.306 As aligned neurites have a positive feedback effect on the directionality 

of neighboring neurons, fewer axons can negatively influence overall alignment and 

thus result in higher IQRs. Therefore, there is a critical lower limit for HS ~ 10 µm to 

provide sufficient space for the neuronal bodies to settle in between the 

microelements leading to neurite polarization (Figure 7). The IQR trend for HS > 10 

µm shows an increase with increasing HS at constant VS. In comparison, the 

previously reported study on neurite alignment in the presence of discreet periodic, 

isometric, micropillars (1 µm diameter, 5 µm height) showed an increase in neurite 

alignment when HS increased from 3 µm to 12 µm for a constant VS of 3 µm.307 Here, 

neurons were also mainly growing on top of the topography in the case of HS and VS 

equal to 3 µm. Interestingly, for the several micropattern arrays tested here, neurite 

orientation remains oriented along the major axis of the microelement. Highly aligned 

neurite networks are observed at lower VS (5 - 50 µm), in combination with a range 

of HS (10 - 200 µm) showing little dependency of the IQR-VS trends to HS during 

physical guidance. For micropattern arrays with VS ≥ 150 µm at HS of 5, 100, or 200 

µm, IQR values above 90° were observed. 

 

Figure 6. Neurite growing perpendicular to the major axis of the microelements at VS = 200 

µm and HS= 20 µm. 

The ability of the neurites to retain their growth direction in between the 

microelements depends on the proximity of the guidance cues available. The neurites 

have two possible directional cues available after they lose their contact to the 

physical guidance (Figure 5g, inset), either perpendicular (red) or parallel (blue) to the 

microelement. An elliptical, ‘Mexican hat’ orientation kernel is employed to measure 
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the orientation of neurites and the percentages of neurite segments (Ns) growing along 

the major axis of the microelements (parallel, (0° ± 9°)) or the minor axis of the 

microelements (perpendicular, (-81° > Ns > 81°)) are studied for different inter-

elemental spacing HS and VS (Figure 5g, Methods). The percentages of neurites 

growing in parallel and perpendicular to the microelements are consistent with the 

IQR data (Figure 5e, 5f), with the percentile of neurites growing in parallel to the 

major axis being the highest at low VS (2-20 µm) for all tested HS, while it reduces 

gradually with increasing VS. In contrast, the fraction of neurites growing 

perpendicular to the microelements is increasing with increasing VS. At higher HS 

(100, 200 µm), HS equal to 5 µm, and VS (100 , 150 , 200 µm), neurite growth shows 

limited directionality with similar low fractions of neurites (~15% to 20%) growing 

perpendicular or parallel to the microelements, demonstrating a behavior that mirrors 

that of flat control substrates. The maximum difference in parallel versus 

perpendicular neurite growth is observed at a VS of 5 µm and HS of 10 µm, where > 

52% of the neurites align along the microelements and only < 4% orient perpendicular 

to the microelements. As nerve cells follows the major axis of the micropatterns, 

changing the micropattern orientation changes the primary growth direction (Figure 

8). 

 

Figure 7. Neurite growth area [%] is plotted for difference VS and HS per field of view. 

In view of developing scaffolds with minimal guiding cues, and therefore less material, 

estimating the space occupied by the guiding elements is of great importance. Our 
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research shows that in comparison to the volumes occupied by a continuous guidance 

cue, the space occupancy of discrete guidance cues under similar conditions can be 

reduced by 20 vol% (Figure 9). Arrays of microelement with different VS and HS but 

similar percentages of neurites growing parallel to the microelements also have 

comparable IQR values. As an example, a neurite orientation distribution of IQR ~35°, 

Ns|| ~ 45%, Ns⊥ ~ 4% is observed in micropatterns with both large HS and small VS (HS: 

100 µm, VS: 2 µm), as well as for equally spaced HS and VS (20 µm). In the first case, 

the pattern takes up 91% of the total guidance area that would be occupied by single 

continuous guides of the same width, while the equally spaced micropattern reduces 

the guidance area further to only 50%. However, when looking at the total volume 

occupied by the microelements in the array, the HS=100, VS= 2 array takes only 0. 

90% of the total volume, compared to 2.38% occupied by the elements that are equally 

spaced (Figure 10). In contrast, at high VS and low HS, (HS: 5 µm, VS: 200 µm), we 

observe that the percentile of neurites growing perpendicular to the microelements 

(NK⊥16.99%) is higher than those growing in parallel (NK|| 13.03%) (Figure 5g). This 

shows that the directional guidance cue imparted by the long axis of the anisometric 

microelements can be overruled by spatial arrangements of the guidance cues with 

low HS and high VS. In the case of an injectable Anisogel, in which anisometric, 

magneto-responsive guiding elements align in situ, it is challenging to obtain 

anisometry in interelemental spacing.  

Hence, a more isometric HS and VS has been achieved in our previous reports, 

showing that a distance of ~ 22.5 µm) is the most efficient inter-microgel spacing for 

nerve guidance in 3D fibrin-based ANISOGELS using rectangular microgels (width 

2.5 µm, length 50 µm) with aspect ratio of 20. Here we demonstrated that thinner 

elements (2.5 µm versus 5 µm width) enhance the rate of nerve growth due to a 

reduced cross section, which can impair neurite extension in the direction parallel to 

the long axis of the elements. 53 As an axon has a diameter of 1 µm, we chose this as 

width for our elements and an aspect ratio of 20.  
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Figure 8. Nerve growth direction is promoted along the major axis of the microelements (VS 

= 10 µm HS= 10 µm) with their major axis in the  vertical (left) or horizontal (right) direction, 

compared to random growth when no microelements are present (middle). 

 

Figure 9. IQR vs reduction in the volume of guiding microelements in comparison to 

continuous microelements with the same HS. Data presented as mean. 

 

Figure 10. IQR vs vol% of guiding microelements in comparison to flat substrates. Data 

presented as mean ± SD, n ≥ 3.  
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3.2.4 Supporting cells influence axonal directionality 

The orientation of the neurites is influenced by the microelements but can also be 

affected by the other supporting cells and their alignment. This can be observed by 

performing live imaging of the cultures on the micropattern platforms (Figure 11a, 

11b). Bright field time-lapse analysis shows the growth cones (GC) of the nerve cells 

exploring their surroundings. The GC acts as a motile growth sensor and is affected 

by physical74 and chemical308 factors, which result in signaling cascades causing 

morphological and directional changes.70,309 During the advancement of the GC, an 

alternate exchange between stochastic and deterministic behavior occurs, with a 

transition step in between, where the cues of the environment influence the steering 

of the neurite axon.67 Unlike previously reported observations 306, where cells are 

spatially restricted along continuous ridges of the groove, the GC in our setup senses 

its local environment in all directions, detecting the periodic guidance from the 

microelements and steering in between the microelements (Figure 11a). It was 

observed that GC exploration and directionality are influenced by the neighboring 

cells, as the GC can form temporary or permanent connections with these cells. In 

some cases, the GC chooses the shortest path to connect to its neighboring cells 

ignoring the influence of the microelements when it has the choice to follow a 

microelement or to connect with another neuron or supporting cell in its direct 

vicinity. This is likely due to chemoattractants produced by the cells. As the influence 

of the supporting cells is sometimes stronger than the influence of the micropattern, 

axons can grow perpendicular to the major axis of the microelements to form a neural 

network (Figure 11b). Neurons have the innate ability to make connections to other 

neurons and in some cases to other types of cells, such as epithelial tissues, for cell-

cell communication. They undergo morphogenesis to grow and extend as neurites 

until the neurons form a circuit connecting the brain and body.59,62  
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Figure 11. Influence of microelements and supporting cells on the neurite steering direction. 

(i) Live imaging of axonal steering on anisometric micropattern substrates. Different time 

points (minutes) reveal that the axons steer in between the microelements, sensing different 

physical cues and other cell bodies. Micropatterns with interelemental spacings of VS = HS = 

20 µm and (ii) VS=20 and HS= 50. (Scale: Length of microelement = 20 µm) (iii) IQR 

corresponding to the orientation of neurites and actin positive cells. (iv) Percentile of cell 

growth along the major and minor axis of the microelements for neurites and actin positive 

cells. Data presented as mean ± SD, n ≥ 3. 

In the case of a microelement array with VS = 20 µm and HS = 50 µm (Figure 11c), an 

IQR of ~50° is observed, where ~30% of neurites grow along the major axis of the 

microelements, and ~7.5% growing along the minor axis of the microelements. In this 

case, although a major component of neurite growth is along the microelements, the 

proximity of the other cells has a strong influence on the direction of the neurite 

alignment. Unfortunately, it is very difficult to decouple the influence of proximal 
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cells and microelements on neurite alignment as the supporting/other cells are an 

integral part of any neural network and their morphology is also affected by the 

microelement patterns. Comparing the GC motility between a micropattern array and 

flat control substrates reveals that the guiding microelements play a major role in the 

realization of directed neural networks. The supporting cells stained for actin 

filaments are oriented along the direction of microelements for inter-elemental 

spacing smaller than the cellular dimensions (Figure 12). This is consistent with 

previously reported work, demonstrating actin and nuclear reorganization of cells in 

confined spaces.310 The orientation distributions (IQR) of the actin positive cells and 

neurites are compared with each other for VS 0-200 µm at a HS of 20 or 100 µm (Figure 

11c, 12). For each stain individual, an increase in IQR is observed for increasing VS, 

with a steeper increase in the case of 100 µm. This denotes a stronger influence of VS 

along the major axis of the microelements for a large horizontal spacing. Comparing 

the percentiles of cells oriented perpendicular and parallel to the microelements, a 

similar trend is observed (Figure 11d). With decreasing VS for a given HS, the fraction 

of neurites and supporting cells, oriented parallel to the microelements, increases. 

Therefore, the results demonstrate that the orientation of supporting cells is also 

influenced by the inter-elemental spaces between the microelements and may thus 

indirectly affect neurite directionality. 

 

Figure 12. Image processing of neuron and actin channels to obtain orientation distributions.  
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3.3 Conclusion 

A microelement array with custom-designed, anisotropic, and discreet guiding cues 

was developed to study the ability of discontinuous elements to influence the 

orientation of neurite outgrowth in a systematic, high-throughput manner. A 

methodic alteration in both the vertical and horizontal inter-element spacing 

between the microelements reveals their interplay in inducing neurite alignment for 

the first time. As expected, an increase in neurite alignment occurs along the major 

axis of the microelements at lower horizontal and vertical distances. A microelement 

array with a VS of 5 µm and a HS of 10 µm showed the highest neurite alignment (> 

52%) parallel to the major axis of the microelement, with only < 4% neurite extension 

perpendicular to this direction and an IQR of ~24°. This array is associated with a 

reduction in the total volume of guidance cues by 20% in comparison to continuous 

patterns. Interestingly, micropatterns resulting in similar neurite alignment (IQR~ 

36°) are observed with different HS and VS combinations, leading to different total 

volumes needed as guiding elements. This shows that the amount of material required 

as guiding cues can be reduced without compromising cell guidance, proving that it 

is possible to develop highly efficient orientation systems. In addition, moderate 

alignment (IQR < 50°) is observed at smaller VS (5 µm) with larger HS (200 µm) and 

for larger VS (100 µm) and with smaller HS (20 µm). Overall, this report shows the 

power of discrete anisotropic guiding elements to orient neurite outgrowth, while the 

minimal amount of physical guidance can be determined by altering the inter-

element spaces. While we demonstrate that several micropattern arrays with 

anisometric inter-elemental distances showed directed neurite growth in a 2.5D 

system, achieving a similar approach in a full 3D system presents a challenge due to 

limitations in generating arrangements with defined asymmetric HS and VS. 

Furthermore, live time-lapse imaging of these in vitro platforms revealed that 

neighboring cells (neurons or actin positive supportive cells) in combination with 

anisometric microelements play a role in creating a directed neural network. The 
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results of this work brings us one-step closer to understanding the complexity of the 

formation of neural tissue by physical microfeatures. This information can be used for 

the development of engineered tissue regeneration strategies such as 3D injectable 

scaffolds that aim to provide minimal guiding cues for directed nerve growth and 

repair.  

3.4 Experimental section  

Microfabrication of microelements: The design of the base microelement with 

dimensions of length 20 μm, width 1 µm and height 10 μm and the patterns with 

different interelement spacing ranging from 5-200 µm in horizontal spacing and 2-

200 µm in vertical spacing were designed in G-code using software DeScribe 2.5.3 

(Nanoscribe GmbH). All the micropatterns in this study were fabricated using TPL 

(780 nm, ~100 fs, 80 MHz), using a 63x NA, 1.4 immersion-based objective with a 

voxel size of xy= 0.25 µm and z= 0.4 µm enabled the fabrication of structures at a 

resolution < 1 μm. The patterns were printed on acryl silanized glass coverslips to 

improve attachment of the elements to the substrate.  

Surface functionalization: Ø30 mm glass coverslip (Menzel Glaser # 1.5, Thermo 

Scientific, USA) is cleaned with isopropanol/acetone (Sigma-Aldrich, ≥99.8%) in an 

ultra-sonication bath for 5 minutes. The cleaned glass coverslips are incubated in a 

0.8% v/v solution of 3-(trimethoxysilyl) propyl acrylate (Sigma-Aldrich, 92 % with 

100 ppm butylated hydroxytoluene BHT) in acetone overnight at room temperature. 

This allows the crosslinking between the photoresist and glass substrate at its interface 

improving microelement anchorage on the substrate. The silanized glass substrates are 

rinsed with deionized water and dried in a flow of nitrogen.  

TPL: 100 μL of photoresist (IP-L 780) is drop cast on the silanized substrate. Laser 

power 60%, scan speed 20000 µm s-1, galvo mirror speed 300µm s-1 is optimized. The 

smallest photo polymerization volume (1 voxel) has an elliptical shape with a width 

of 0.33 μm and a height of 0.80 μm. These are printed layer-by-layer with a slicing 
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distance of 0.5 μm. The uncrosslinked polymer resin is dissolved using propylene 

glycol monomethyl ether acetate (PGMEA), (Sigma-Aldrich, ≥99.5%) for 30 minutes 

at room temperature and washed with isopropanol. The substrate is dried in a flow of 

nitrogen. 

Bio-functionalization: Substrates were individually coated using different 

biomolecules such as poly-L-lysine (0.1 mg mL-1, PLL, Sigma-Aldrich); mouse laminin 

(10 µg mL-1, Invitrogen), PLL (0.1 mg mL-1) and laminin (10 µg mL-1, PLL-Laminin) in 

combination; human fibronectin (10 µg mL-1, Sigma-Aldrich); gelatin (10 mg mL-1, 

Sigma-Aldrich, from bovine skin) at 37°C for 30 minutes and dried at room 

temperature.  

Cell Culture: Dissociated dorsal root ganglions (DRG) extracted from 10-day old 

chicken embryos were dissected and cleared from other supporting tissues and 

temporarily collected in Hank’s balanced salt solution (HBSS) supplemented with 6 

g/L glucose. Pooled DRGs were then dissociated into single primary nerve cells (PNCs) 

by incubating them in Trypsin (1X, Sigma Aldrich) for 30 mins at 37°C, followed by 

trituration through a fire-polished glass pipet several times until a single cell 

suspension was obtained. The cells are panned for 2 h at 37°C to obtain pure neuronal 

cells by separating adherent cells such as fibroblasts and Schwann cells. The cells were 

suspended in Dulbecco's modified Eagle medium (DMEM), supplemented with 10 % 

fetal bovine serum (FBS), 1% antibiotics/antimycotics (AMB) and 20 ng/mL of β-nerve 

growth factor (NGF, Peprotech). The seeding density of the cells is controlled by using 

PDMS rings to confine the area of cell growth on the micropattern. A seeding density 

of 150 cells/mm2 was chosen to study the growth of neurites and cultured at 37 °C, 5 

% CO2 and 95 % humidity for 3 days. DRG tissue was extracted in accordance with 

the local animal ethics regulations and the European Directive 2010/63/EU. 

Immunostaining: After 72 h in culture PNCs were fixed in prewarmed (37 °C) 4% 

paraformaldehyde (PFA, AppliChem) in phosphate buffer saline (PBS, 1X, pH 7.4) for 

20 minutes. The substrate is washed twice with PBS and permeabilized using 0.1 % 
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Triton X-100 (Sigma-Aldrich) in PBS for 3 minutes. After a short PBS wash (2x) 

substrates were incubated with primary anti-tubulin (1: 250, TUJ1 monoclonal 

antibody mouse-derived, Biolegend) in 5 % bovine serum albumin (BSA, Sigma-

Aldrich) in PBS solution for 4h at RT, and washed twice for 30 min with PBS. The 

secondary antibody Alexa Fluor 633 goat anti-mouse was added and incubated for 2 

followed by a final PBS wash. To stain actin, phalloidin-iFluor 594 (1: 1000, Abcam) 

is added, incubated for 2 hours. Samples were counterstained using 4′,6-diamidino-2-

phenylindole (DAPI) (1: 100, Thermo Fischer Scientific) by incubating the substrate 

for 10 minutes followed by PBS wash (x2) for 30 minutes.  

Imaging: Samples were visualized with a Zeiss Axio Observer Z1 microscope equipped 

with an Axiocam MR Camera or with a laser scanning confocal microscope (SP8 

Tandem Confocal, Leica Microsystems Inc.). In the case of SP8, the light sources are 

a diode 405 (for DAPI fluorescence), argon-ion laser adjusted to 488 nm emission 

(fluorescence from microelements), diode-pumped solid-state laser 561 nm (iFluor 

594), and helium-neon laser 633 nm (Alexa Fluor 633). The images are acquired in 

sequential channels or with suitable detector settings to avoid cross-talk between 

signals. The substrates are imaged with 20 µm Z stack height with a slicing distance 

of 1 µm. Image processing is performed using LasX, AxioVision, Image J and Python.  

Neurite Orientation Analysis: Neurite alignment induced by the microelements is 

quantified by analyzing the beta-tubulin signal (red channel) and the microelements 

signal (green channel). A slight overlap of the microelement signal is still observed in 

the neurite images, which is then eliminated by subtracting the microelements from 

the neurite resulting in a signal corresponding only to tubulin. The orientation of the 

tubulin positive structures is analyzed using an elliptic differential kernel. The kernel 

is calculated as a rotated 'Mexican hat' (the second derivative of a two-dimensional 

Gaussian) function with a broad and a narrow width in X and Y direction respectively. 

The procedure has the following main steps. (i) Background correction and 

highlighting features. (ii) Constructing binary masks. (iii) Convolution with the 
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rotated kernel. (iv) Identifying orientation based on the highest intensity in the 

convolved images along the angle axis (Z-axis), then removing unwanted data points 

applying the binary masks defined above in (ii).  

Background correction: Images are blurred using a Gaussian kernel with a radius of 

60 pixels (matrix size: 121 x 121 pixels) and standard deviation (\sigma) of 20 pixels. 

This background is subtracted from the image, and negative values are set to zero. The 

image is then smoothed using another Gaussian kernel, with a window radius of 5 

pixels (matrix size 11x11 pixels), and width (σ) of 1 pixel. The dynamic range of the 

image was then compressed around its mean value applying a square root function. In 

detail, first the image was divided by its mean value, then the square-root was applied, 

and the result was multiplied back with the mean.  

Binary Masks: Two types of binary masks were created. One was using the image of 

the microelements. This image was converted to a binary image keeping all pixels 

below 50% of its maximal intensity. The pattern was further eroded using a simple 

erosion operator two times. This removes every pixel which has at least one zero 

neighbor. Data are kept where this filter was nonzero. The second filter uses a 

structure tensor to characterize the local neighborhood of each point. Blobs are 

assumed for relative intensities above 1% of the amplitude maximum, where the 

coherence around each point is less than 0.5. 311,312 The local neighborhood is 5 times 

the size of the smoothing filter. Data are removed where this filter was nonzero.  

Convolution with kernel and maximum image: Convolution with the rotating kernel 

results a set of 2 dimensional images, forming a Z-stack, where the Z-axis is the 

orientation angle of the kernel. The maximum is collected along this Z-axis for each 

pixel into a 'maximum image', and the angle where this maximum occurred is 

recorded into an 'alpha' image. A threshold is applied to this maximum image using 

Otsu's method, and all points are erased below this threshold. Then those points are 

also removed which were defined by the binary masks above. The remaining points 

are used to collect the corresponding angular values (discreet intervals of 9° between 
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-90° and +90°). A histogram is determined from the angles. The whole process is 

implemented in Python, and the core functions are available online as part of the 

ImageP package on Launchpad [https://launchpad.net/imagep]. Alternatively, the 

angular values are post-processed in R and the angles are reoriented to the angle 

defined by the microelements in order to compare the relative orientation properties.  

Statistical Analysis: Data points are shown as mean average with error bars indicating 

standard deviation with sample size ≥ 3. One-way ANOVA and pair comparisons 

using Bonferroni and Tukey's methods are performed to determine statistical 

significance, and the p values for statistical significance are represented with stars: * p 

< 0.05, ** p < 0.01. Statistical analysis is done using OriginPro 2020. 

3.5 Future scope 

 

Figure 13. a) Schematic evolution of microelement array from 2.5D to 3D (top) followed by 

fabrication of hollow microelements and encapsulating them in 3D synthetic PEG hydrogels. 

b) Evolution of CAD design of hollow micro channels/elements from simple tube-like 
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structures to complex shapes that support cell orientation. c) Fabricating HME2 and HME 5 

using TPL (top view). d) HME 1 and HME 5 under a bright field microscope. e) Bright-field 

images of in vitro nerve cell growth showing cell guidance in a 3D micro array platform 

surrounded with PEG hydrogel.  

Translating the 2.5D platform described earlier to the 3D platform involves applying 

the obtained information on minimal guidance cues and translating it into a 3D 

microelement array. For example, tall elements were fabricated using TPL of 

dimensions 20 µm x 1µm with a height of up to 200 µm (Figure 13a, top). These tall 

micro-walls lose their stability and collapse due to their high aspect ratio on the z-

axis. Hence, I used PEG Q/K gels (Chapter 4) to support the stability of the free-

standing tall microelements and provide a hydrogel casing encapsulated with cells. I 

was able to culture primary nerve cells dissociated from DRGs in this platform to 

orient nerve cells in 3D space (Figure 13e). A gradual evolution from tall micro-walls 

to hollow microelements is desired (Figure 13 a, bottom) to address the stability issue 

and reduce material usage. Fabrication of hollow channels was realised by designing 

features in a CAD model (Figure 13b). Smooth hollow channels were then altered to 

bear additional cavities for nutrient exchange and fabricated using TPL (Figure 13c). 

Harvesting hollow micro channels/elements are possible by placing the fabricated 

substrate in an ultrasound bath. However, the yield is low. An additional optimization 

is desired to translate simple microelements in ANISOGELS to complex shape bearing 

microelements.  
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Chapter 4. Bicyclic RGD peptides enhance nerve 

growth in synthetic PEG-based ANISOGELS 

Sitara Vedaraman, Dominik Bernhagen, Tamas Haraszti, Christopher 

Licht, Arturo Castro Nava, Abdolrahman Omidinia Anarkoli, Peter 

Timmerman, and Laura De Laporte 

 

Nerve regeneration scaffolds often consist of soft hydrogels modified with 

extracellular matrix (ECM) proteins or fragments, as well as linear and cyclic peptides. 

One of the commonly used integrin-mediated cell adhesive peptide sequences is Arg-

Gly-Asp (RGD). Despite its straightforward coupling mechanisms to artificial 

extracellular matrix (aECM) constructs, linear RGD peptides suffer from low stability 

towards degradation and lack integrin selectivity. Cyclization of RGD improves the 

affinity towards integrin subtypes but lacks selectivity. In this study, a new class of 

short bicyclic peptides with RGD in a cyclic loop and ‘random screened’ tri-aminoacid 

peptide sequences in the second loop is investigated as a biochemical cue for cell 

growth inside three-dimensional (3D) synthetic poly(ethylene glycol) (PEG)-based 

ANISOGELS. These peptides impart high integrin affinity and selectivity towards 

either αvβ3 or α5β1 integrin subunits. Enzymatic conjugation of such bicyclic peptides 

to the PEG backbone enables the formulation of an aECM hydrogel that supports 

nerve growth. Furthermore, different proteolytic cleavable moieties are incorporated 

and compared to promote cell migration and proliferation, resulting in enhanced cell 

growth with different degradable peptide crosslinkers. Mouse fibroblasts and primary 

nerve cells from embryonic chick dorsal root ganglions (DRGs) show superior growth 

in bicyclic RGD peptide conjugated gels selective towards αvβ3 or α5β1, compared to 

monocyclic or linear RGD peptides, with a slight preference to αvβ3 selective bicyclic 

peptides in the case of nerve growth. Synthetic ANISOGELS, modified with bicyclic 
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RGD peptides and containing short aligned, magneto-responsive fibers, show oriented 

DRG outgrowth parallel to the fibers. This report shows the potential of PEG 

hydrogels coupled with bicyclic RGD peptides as an aECM model and paves the way 

for a new class of integrin selective biomolecules for cell growth and nerve 

regeneration. 

4.1 Introduction 

The native neuronal tissue is soft (0.1-1 kPa) and consists of a highly ordered 

microarchitecture to enable connections between neurons and their supporting cells 

to form a functional neural network.313 Efficient nerve regeneration in an artificial 

extracellular matrix (aECM) is achieved by mimicking the extracellular matrices 

(ECM) with three-dimensional (3D) scaffolds where the cells inside the scaffold 

experience a combination of chemical, physical, and architectural cues.18,314 Ex vivo 

mimicry of biological systems is established to create relevant models and micro-

environments that enable cells to adhere, proliferate and migrate either by squeezing 

through the aECM (amoeboid) or by degrading their local environment by secreting 

proteases (mesenchymal).315 Most of the studied ECM mimicking neural niches and 

3D scaffolds are based on endogenous protein sources, such as collagen316, fibrin286,317, 

hyaluronic acid152,318, or a combination of these.319,320 Although proteinaceous gels or 

scaffolds offer a natural environment for cell growth, their batch to batch variability 

and lack of controlled properties are limiting factors. On the other hand, scaffolds 

made from synthetic polymers or other macromolecules are reproducible, more 

resistant to immunogenic reactions, and easy to vary in properties, such as stiffness, 

degradability, architecture, biomolecule modification, etc.321 To combine the 

advantages of both natural and synthetic building blocks, hybrid materials are often 

employed. Arginylglycylaspartic acid (Arg-Gly-Asp or RGD) is the smallest integrin 

recognizable ligand present in vivo, which is widely used to induce cell adhesion in 

synthetic scaffolds322. For example, elastin-like proteins (ELP) with controlled RGD 

ligand density and optimized scaffold stiffness enabled neurite outgrowth of chick 
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dorsal root ganglions (DRGs).323 Semi-synthetic scaffolds, prepared from PEGylated 

albumin or PEGylated fibrinogen enabled nerve growth at low concentrations of PEG 

(1.6 w/v% and 2.3 w/v%, respectively) with 0.8 w/v% of the respective proteins.177 

Besides RGD, the laminin-derived adhesion peptide IKVAV is often employed to 

induce vascularization and innervation, for example in composite hydrogels 

consisting of elastin-like polypeptides and PEG, creating a microporous environment 

with controlled mechanical properties.324 In the case of non-endogenous sources, 

proteinaceous gels, such as silk325 and alginate326-based hydrogels provide a promising 

environment as a 3D neuronal scaffold. 

In the case of polymeric hydrogel scaffolds, the mechanical properties can be varied 

by the composition, structure, molecular weight, reaction mechanism, and 

concentration of the pre-polymer, and optimized to support nerve growth and axon 

protrusion.25,327 Inside these constructs, spatial distribution323,328 of integrin-binding 

ligands and the internal structure are crucial factors in bio-mimicking the native cell 

microenvironment. Designing hydrogels with large pores that facilitate perfusion of 

growth factors and nutrients329, while at the same time permitting temporally 

controlled degradation is primordial to promote cell proliferation and enable cell 

motility and scaffold invasion.330 Among the several reported polymeric hydrogel 

systems, PEG-based networks offer a biocompatible microenvironment for cells with 

a low risk of immune reaction. By using degradable crosslinks, the degradation 

products can be eliminated from the body via natural biochemical mechanisms.22,331,332 

The PEG system used in this report employs an enzymatic crosslinking and bio-

conjugation method, inspired by fibrin clotting,24 while degradation moieties are 

included in the backbone to enable proteolytic degradation by matrix 

metalloproteases (MMPs).22,26 These MMP sensitive domains in the crosslinker 

degrade when cells produce MMPs, resulting in gel degradation on cell-demand and 

providing space for growing cell populations. Such a system has been reported by our 

group to promote 3D nerve growth when a specially designed fibronectin fragment 

FNIII9*-10/12-14 was coupled inside the gel.25 Compared to linear RGD, much lower 
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concentrations of the fragment were sufficient to support cell growth. FNIII9*-10/12-

14 has previously demonstrated to enhance wound and bone regeneration when 

bound to a fibrin gel, likely due to the synergistic effect of providing integrin binding 

domains adjacent to growth factor binding domains.31 In the case of RGD coupling to 

a synthetic fibrin-mimicking PEG gel, Ehrbar et al. determined the binding efficiency 

via the transglutaminase reaction using release studies by reverse phase 

chromatography and mass spectroscopy, resulting in ~ 72% RGD binding efficiency 

for 5 wt/v % gels in the case of 4.3% RGD peptides of total PEG-K arms.234 We 

previously translated these gels with FNIII9*-10/12-14 to ANISOGELS to create 

anisotropy imparting gels by incorporating magneto-responsive rod-shaped microgels 

or short fibers and aligning them along external magnetic field lines to promote 

unidirectional neurite extension.25  

Integrin binding domains, incorporated inside aECMs are involved in bidirectional 

transmembrane signalling between cells and their environment and play an important 

role in cell growth.102 Integrins are involved in the regulation of physiological 

processes such as migration, proliferation, survival, and apoptosis. The focal adhesion 

mechanisms between the ECM ligand and the integrin receptor heterodimers, 

consisting of α and β integrin subunits, have been extensively studied.103,333 Linear 

RGD peptides, cyclic RGD peptides, and peptidomimetic ligands have evolved 

progressively for binding integrin subunits.334  Flanking linear RGD peptides with 

amino acids, such as glycine (G) at the N terminus and serine (S) at the C terminus, 

results in a decrease in half-maximum inhibitory concentration (IC50) values by 3 and 

4 folds for αvβ3 and α5β1 integrin subunits, respectively.41 Lower IC50 values indicate a 

higher affinity to integrin subunits and the lowest IC50 value is observed for 

heptapeptide GRGDSPK, which is 7 folds lower than for tripeptide RGD in the case 

of αvβ3.41 Similarly, the cyclization of linear RGD peptides (RGDfK) and incorporation 

of one D-amino acid residue between Asp (D) and Lys (K) improves affinity to integrin 

subunits and increases stability towards enzymatic degradation.41,105 Monocyclic RGD 

peptides show moderate to low IC50 values towards multiple integrin subunits, such 
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as αvβ3, αvβ5, αvβ6, and α5β1. The lowest IC50 values are observed for αvβ3 subunits and 

cyclization improves integrin αvβ3 binding affinity in the range of 1.5-6.0 nM and 

integrin α5β1 binding affinity in the range of 141-236 nM.41 Similar to flanking in 

linear RGD, flanking in cyclic RGD peptides with linear polyproline improves cell 

spreading and focal adhesions in rat embryo fibroblasts in comparison to other spacers 

like PEG.106 Another class of high affinity and selective integrin-binding ligands are 

the peptidomimetics, which can distinguish between different integrin subtypes in  

vitro and in vivo.107,108  

It is important to understand the role of integrin-mediated adhesion to its 

corresponding ligands in the ECM for achieving directed cell fate in tissue engineering 

applications. For example, the ability of cells to sense the mechanical properties of its 

fibronectin based ECM is mediated by the synergy between the α5 β1 and αv-class 

integrin subunits.335 Similarly, the inter-dependence of integrins (α5β1,αvβ3) employed 

during focal adhesions is explored on 2D platforms with integrin specific RGD-

coupled gold nanoparticles on PEG gels. The study revealed that during focal 

adhesion, the recruitment of αvβ3 integrins occurs on patterned substrates that are 

exclusive for α5β1, but the vice versa is not true.336 In addition, 3D hyaluronic acid 

hydrogels with specific integrin activation (α3/α5β1) induced sprouting in an 

endothelial cell angiogenic model in vitro and enabled the formation of non-leaky 

blood vessels in stroke models.318 Such examples show the importance of integrin-

mediated cell adhesion and migration, which in turn determines cell fate. 

In this report, a new class of integrin selective engineered bicyclic peptides with one 

loop containing the integrin-binding RGD peptide is employed to study neuronal 

growth in 3D PEG-based hydrogels and ANISOGELS. These peptides have 

demonstrated greater conformational rigidity, metabolic stability, and most 

importantly, high integrin selectivity. The primary loop consists of an RGD peptide 

flanked with cysteine residues that bind to a tri-covalent scaffold (1,3,5-

tris(bromomethyl)benzene). The secondary loop consists of a tri amino-acid sequence, 
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which is screened using a ‘random approach’ and imparts the potential to affect the 

RGD selectivity towards different integrin subunits (αvβ3 or α5β1).109,110 Elastin-like 

recombinamers (ELR), produced with recombinant proteins and coupled with 

bicyclic RGD peptides selective for α5β1 show an increase in HUVEC proliferation at 

early periods of culture.337 Here, we describe for the first time the effect of bicyclic 

RGD peptides for nerve growth in synthetic 3D PEG hydrogels to study the affinity 

towards selective integrin sites. Soft, synthetic, degradable multi-arm PEG hydrogels 

are enzymatically crosslinked using transglutaminase and conjugated with different 

bicyclic RGD peptides. Domains cleavable by MMP 1, MMP2, and plasmin are 

incorporated in the PEG precursors to enable on cell-demand degradation at the 

crosslinking arms. The MMP 1 and MMP 2 sensitive domains enable extensive cell 

growth inside the hydrogel. Expansion of both mouse fibroblasts and primary nerve 

cells from chick DRGs is investigated and compared with linear and monocyclic RGD 

and a specific fibronectin fragment FNIII9*-10/12-1431 (FN*). Bicyclic RGD 

conjugated gels show superior nerve and fibroblast growth. Also, cell growth and 

innervation in PEG gels are dependent on the type of proteolytic cleavable MMP-

sensitive peptide present in the crosslinker. Finally, fully synthetic ANISOGELS are 

prepared by mixing and orienting short, magneto-responsive polycaprolactone (PCL) 

fibers (diameter ~ 5 µm, length ~ 50 µm, 1 vol %) before crosslinking of the 

surrounding PEG hydrogels, modified with the bicyclic peptides and optimal 

degradation domain VPMS↓MRGG (K2). Embedded DRGs inside ANISOGELS, 

tethered with bicyclic RGD peptides (K-P2 RGD), linear RGD (K-RGD) and 

fibronectin fragment (FN*) demonstrate unidirectional nerve growth. 

4.2 Results and discussion 

4.2.1 Designing RGD conjugated PEG hydrogels   

Nerve and fibroblast cell growth in synthetic PEG hydrogels is compared among 

bicyclic peptides and standard RGD peptides, commonly used for biomaterial 

development. The RGD peptides are tethered to the PEG hydrogels (Figure 1a) either 
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by its amine in the lysine (K), its amide in glutamine (Q), or via the amine from the N 

terminus of any unmodified RGD peptide. The RGD peptides with K or Q residues 

bind to the arms PEG-Q or PEG-K, respectively. Transglutaminase reaction between 

the Q and the K residues is initiated in the presence of an enzyme (activated FXIII), 

resulting in the formation of an iso-peptide bond.338 The multiple arms in PEG 

facilitate crosslinking and bio-conjugation simultaneously. PEG polymer is used at 1 

wt/v% to fabricate hydrogels with a storage modulus of ~ 10 Pa25, to which a fixed 

concentration (100 µM) of RGD peptide is conjugated. In a previous report, we 

demonstrate superior cell growth using this RGD concentration.25 The proteolytic 

cleavable sites are incorporated in the arms of PEG-K; PEG-K1: FKGG-GPQG↓IWGQ-

PEG (K1), PEG-K2: FKGG-VPMS↓MRGG-PEG (K2), PEG-K3: FKGG-K↓K↓GHK↓LHL-

PEG (K3). These MMP sensitive domains are cleaved by proteases. However, PEG-

KND: FKGG-GDQGIAGF-PEG (KND) (Figure 1d), where the 8 amino acid sequence not 

degraded by MMPs.22,339 

Mixing the precursor solution with the cells and controlling the crosslinking rate by 

the concentration of activated Factor XIII (FXIIIa) enables 3D encapsulation of cells. 

Bicyclic RGD peptides, engineered by Bernhagen et al., contain two loops, consisting 

of an RGD sequence and integrin selectivity imparting sequence, where Ala-Trp-Gly 

(AWG) results in selectivity towards α5β1 and loop His-Pro-Gln (HPQ) leads to 

selectivity towards αvβ3 (Figure 1b). Bicyclic RGD peptides (Figure 1c) (K-linker-

CT3RGDcT3AWGCT3109, NQEQVSPL-CT3RGDcT3AYJCT3G, GCT3RGDcT3AYJCT3, K-

linker-CT3HPQcT3RGDcT3110, NQEQVSPLCT3HPQcT3RGDcT3G, GCT3HPQcT3RGDcT3), 

cyclic RGD peptides (cyclo-RGDfK41, cyclo-DfK[K-linker]RG), and linear RGD 

peptides (K-linker-GRGDS, NQEQVSPLRGDSPG, GRGDS41) are used as cell adhesive 

domains in this study with controls, such as scrambled second loops (K-linker-

CT3RGDcT3WGACT3, K-linker-CT3PQHcT3RGDcT3) and scrambled RGD peptides (K-

linker-CT3GDRcT3AWGCT3, K-linker-CT3HPQcT3GRDcT3). Fibronectin fragment FNIII 

9*-10/12-14 is used as positive control and PEG gels without RGD as another negative 

control. 
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4.2.2 Influence of RGD peptides on fibroblast growth 

Hydrogels conjugated with RGD peptides enable the spatial distribution of integrin-

binding ligands for cell adhesion, spreading, and proliferation. These peptides are 

classified based on their structure as linear, cyclic, and bicyclic, reporting an increase 

in integrin affinity and selectivity based on IC50 from former to the latter.41,109,340 L929 

mouse fibroblasts are encapsulated within the hydrogel at a fixed cell concentration. 

3D cell growth in multiple planes is quantified after staining for actin filaments and 

imaging as z-stacks. A 200 µm z-stack image (Figure 3) of cells in a K-P2 conjugated 

hydrogel is represented by a color-coded depth profile, showing homogeneous cell 

distribution. Cells show different morphologies depending on the type of RGD 

peptide tethered to the hydrogels (Figure 2a). 

 

Figure 1. PEG hydrogel system. A) Schematic of PEG hydrogel system with MMP 

cleavable arms in PEG-K precursor and RGD peptide conjugation via its K and Q 

residues. B) Representative bicyclic RGD peptides P1 and Bicyclic RGD peptide P2, 

selective for integrin α5β1 and αvβ3 respectively. C)  Summarized peptide sequences 

for bicyclic, mono-cyclic, linear RGD peptides indicating selective integrin target. D) 

Proteolytic cleavable amino acid sequences incorporated in the 8-arm PEG-K 

precursor. 

The cells inside the hydrogels with bicyclic (K-P1, K-P2) and monocyclic (K-cRGD) 

RGD peptides spread and stretch to form network-like structures, in contrast to cells 
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in gels with linear RGD (K-RGD) or no RGD. For hydrogels, modified with linear 

RGD, only some cells stretch, while others are more rounded with small protrusions 

(white arrows) resembling filipodia. In the control condition without RGD, most cells 

appear rounded, even though some cells are able to spread, likely due to their natural 

production of ECM proteins and proteases. The superimposed z stacks of the actin-

stained images are compared for their cell invasion area (%) per field of view (Figure 

2b). K-P2 is the only peptide that statistically leads to similar cell invasion, compared 

to FN*, suggesting that the fibroblasts used in this culture may be more sensitive to 

αvβ3 binding domains. This is in agreement with the fact that the mono-cyclic peptide 

(more selective to αvβ341) leads to better cell invasion compared to the linear RGD 

peptide, which has 5x lower affinity to αvβ3 and binds to both αvβ3 and α5β141. In 

addition, none of the RGD peptides have the synergistic domain PHSRN, which is 

required for efficient α5β1 binding.341 This could explain the fact that the bicyclic 

peptide P2 shows a higher binding affinity towards αvβ3 (IC50: 30 nM340) compared to 

peptide P1 towards α5β1 (IC 50: 173 nM109).  

Among the bicyclic RGD peptides tethered via K, the peptide K-P2 show significantly 

higher cell invasion compared to K-P1, however, no such difference is observed in 

the case of bicyclic RGD tethered via Q. In addition, the K-P2 peptide leads to higher 

cell invasion compared to Q-P2, with the K-peptide having the shorter linker. Factors 

affecting the performance of a bicyclic peptide leading to the differences in cell 

behaviour can thus be attributed towards their Q or K residue peptide linkers, spatial 

availability of RGD peptide, and binding efficiency. When comparing the RGD 

peptides with fibronectin fragment FNIII9*-10/12-14 (5 µM, FN*)25, the fragment 

results in a more dense cell network. We reason that FN* provides a more natural 

ECM mimicking environment, compared to the RGD peptides, as the RGD sequence 

in FNIII10 can work together with its synergistic PHSRN sequence in FNIII9*,341 

which is not present in any of the peptides used. In this experiment, linear K-RGD is 

employed to compare with the K-cRGD as both Q-RGD (100 µM) and K-RGD (100 

µM) have a similar RGD potency when a proliferation assay is performed with L929 
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fibroblasts grown on thin PEG substrates (Figure 4). Further, a comparison of cell 

invasion in 3D gels, modified with Q-RGD (100 µM) or FN* (5 µM), leads to a similar 

Q-RGD vs FN* ratio (ratio: 0.59) (Figure 5) as when comparing K-RGD (100 µM) with 

5 µM FN* (ratio: 0.57) (Figure 2b). 

 

Figure 2. Different RGD peptides and fibronectin fragment influencing fibroblast 

spreading and growth in PEG gels. A) Mouse fibroblast cells immunostained for actin 

filaments in PEG hydrogels with bicyclic RGD peptides tethered via Q (Q-P1, Q-P2) 

or K (K-P1, K-P2) residues, monocyclic RGD (K-cRGD), linear RGD (K-RGD), 

fibronectin fragment FNIII9*-10/12-14 (FN*) and no RGD as control. White arrows 
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indicate circular non-spread cells B) z-stack of PEG hydrogels tethered with K-P2 

represented color-coded depth profile of actin stained fibroblasts in 3D. B) Cell 

invasion area (%) of superimposed z-stack fluorescent micrographs. Quantification of 

shape factors using C) circularity, and D) edge effect of cells inside PEG gels modified 

with different RGD peptides. Data presented as mean + s.d. and statistical significance 

performed using one-way ANOVA with Bonferroni comparison (* p < 0.05; ** p < 0.01; 

*** p < 0.001). 

 

Figure 3. L929 fibroblasts were cultured in PEG hydrogels tethered with K-P2 

RGD bicyclic peptide, fixed and immunostained for actin fluorescent markers, 

and imaged with a minimum z-stack size of 200 µm (color-coded), showing 

homogeneous cell distribution.  

In parallel to the cell invasion area (%), which is a function of cell proliferation inside 

the hydrogels, the shape factors of the invading cells is investigated by quantifying 

the circularity and edge effect of the cells or cell clusters, which account for the shape, 

as well as the size of the cells. Since most of the hydrogel conditions support cell 

spreading, it is difficult to image single cells inside the network of fibroblasts. Hence, 

a circularity analysis tool (Figure 6) is employed to compute the perimeter of single 

cells or cell clusters. Circularity measures the irregular shape of spread cells and cell 

clusters, with a circularity of 1.0 indicating a rounded cell and a well-spread cell being 

represented by a circularity closer to 0. All bicyclic RGD peptides Q-P1, Q-P2, K-P1, 

and K-P2 show significantly lower circularity (0.10 to 0.12) compared to cyclic RGD 

(K-cRGD, 0.16)) and linear (K-RGD, 0.19; Q-RGD, 0.15) (Figure 2c, Figure 5). FN* 

still has the lowest circularity (0.09), validating the high network-like cell spreading 
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observed in the fluorescent micrographs. No statistical difference in circularity is 

observed between the bicyclic peptides, inferring to the possible recruitment of 

multiple integrins during fibroblast cell adhesion and migration.  

 

Figure 4. A similar RGD potency is observed between Q-RGD and K-RGD when a 

proliferation assay is performed with L929 fibroblasts cultured on thin PEG substrates 

coupled with Q-RGD (100 µM) or K-RGD (100 µM). 

Multiple integrin receptors contribute during focal adhesion kinase mediated 

fibroblast migration, such as α5β1 and α4β1 playing a major role and αvβ3, αvβ6, and αvβ8 

a minor role on fibronectin.342 Similarly, the edge detection tool - edge effect - 

computes the ‘perimeter’ to ‘square root of surface area’ ratio, which is directly 

proportional to cell spreading (Figure 2d, Figure 5 c). A higher ratio reflects more 

spread cells. However, if multiple cells are clustered together or cells in multiple 

planes are overlapping with one another in the superimposed images, an increase in 

cell area is associated with a reduction in the edge effect and an increase in circularity 

due to hidden perimeters inside the clusters. While circularity considers the shape 

factor, the edge effect in addition considers how much the cells are expressing local 

protrusions (Figure 6a). FN* showed the largest edge effect followed by bicyclic RGD 

peptides, Q-P1, Q-P2, and monocyclic K-cRGD peptides. A significant increase in 

edge effect is observed for bicyclic Q-P1 compared to the linear K-RGD. Similarly, a 

significant increase in edge effect is observed for FN* compared to the bicyclic K-P1, 
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K-P2, monocyclic K-cRGD, and linear K-RGD. Therefore, the combined reduction in 

circularity and increase in edge effect (Figure 6 b) demonstrate the higher cell 

spreading for bicyclic RGD peptides compared to linear and monocyclic RGD 

peptides.  

 

Figure 5. A) L929 cells encapsulated in PEG hydrogels tethered with Q-RGD and FN* 

showing actin filament (green) spreading across multiple planes in comparison to the 

negative control (NC) where the cells are predominantly rounded. B) Superior cell 

invasion is observed in FN* compared to Q-RGD and NC, however, the C) Edge effect 

and D) Circularity show that the cells are spreading well in Q-RGD and FN*.  
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Figure 6. A) Schematic representation of stages in quantifying edge effect which is a 

combination of shape factor as well as the local protrusions, and circularity which 

measures the roundness of the cells. B) Interdependence of circularity and edge effect 

resulting in different cell morphologies relevant in 3D cell growth. 

4.2.3 Influence of different degradable MMP sensitive domains on fibroblast growth. 

To render the hydrogel degradable, MMP sensitive domains are incorporated in the 

arms of the PEG-K precursors. This enables on cell-demand hydrogel degradation as 

the cells secrete the enzymes needed to cleave the crosslinks. This creates physical 

space for the cells to migrate and proliferate.331 PEG gels fabricated with di-cysteine 

K1 or K2 peptides as linear degradable crosslinkers previously reported an increase in 

cell invasion for K2 in comparison to K1 in the case of mouse myofibroblasts, owing to 

its high catalytic constant kcat for MMP1 and MMP2.22 Similarly, K3 derived from 

Secreted Protein Acidic and Rich in Cysteine (SPARC) has been demonstrated to be 

degraded by plasmin, while its high kcat enhanced cell invasion in PEG gels.339 Here, 

the growth of mouse fibroblasts is investigated in bicyclic K-P2 RGD-modified PEG 

hydrogels depending on these three proteolytic sensitive domains (K1, K2, K3), and 

compared to a non-degradable domain (KND) and no RGD. The fluorescent 

micrographs stained for actin (Figure 7a) and their corresponding cell invasion areas 

(%) (Figure 7b) indicate a significantly higher level of cell growth in PEG gels 

crosslinked with K1 or K2 (> 17.5 %) degradable domains and tethered with bicyclic 

K-P2 RGD peptide, when compared to their controls without RGD (< 13 %). 

The lower levels of cell growth in K1 and K2 gels in the absence of RGD indicate that 

the cells partly try to rescue themselves by secreting both ECM proteins and proteases. 

These observations are in agreement with a previous report from our research group 

where an increase in native fibronectin production by fibroblast cells was observed in 

the presence of bioinert microgels inside 3D Anisogel, compared to RGD-

functionalized microgels.54 A low cell invasion area is observed for K3 gels with (~ 13.5 

%) and without (~ 2 %) K-P2 RGD peptide, with the K3, no RGD showing exclusively 

rounded single cells in 3D. Although Patterson et al. reported improved cell invasion 
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in gels made with K3 peptide, the results obtained here are not demonstrating 

enhanced cell growth.  

 

Figure 7. MMP sensitive domains influencing fibroblast growth in PEG gels. A) Mouse 

fibroblast cells immunostained for actin filaments in PEG hydrogels with different 

MMP sensitive domains (K1, K2, K3, and KND) and bio-functionalized with 100 µM 

bicyclic K-P2 RGD peptides or no RGD as control. B) Cell invasion area (%) of 

superimposed z-stack of fluorescent micrographs. Quantifying cell shape using C) 

circularity and D) edge effect tools. Data presented as mean + s.d. and statistical 

significance performed using one-way ANOVA with Bonferroni comparison (* p < 

0.05; ** p < 0.01; *** p < 0.001). 
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The PEG gels prepared with KND show a low cell invasion area (%) and a high 

circularity (Figure 7c), indicating low cell spreading and moderate cell proliferation. 

However, in the presence of K-P2 RGD, the cells appear more clustered, which 

suggests that the presence of RGD does promote cell proliferation but due to lack of 

open space, spreading is limited. In the case of the edge effect (Figure 7d), the 

hydrogels with degradable environment show higher edge effects for cells in gels 

modified with K-P2 compared to no RGD. Hydrogels with crosslinkers K1 and K2 

have the highest edge effect offering a favourable environment for cell growth and 

spreading. Overall, the multi-parameter analysis reveals high fibroblast growth in 

hydrogels crosslinked with K1 or K2 degradable domains in the presence of bicyclic K-

P2 RGD peptides, in comparison to K3 and KND, highlighting the importance of 

degradable domains in par with the cell adhesive ligands when developing artificial 

ECM scaffolds for functional cell growth. 

4.2.4 Influence of RGD peptides on nerve growth 

To study the effect of RGD peptides on nerve growth, DRGs are encapsulated in PEG 

precursors with a fixed RGD concentration of 100 µM. The explants are cultured in 

PEG-based hydrogels, modified with bicyclic RGD (K-P1, K-P2, Q-P1, Q-P2), linear 

RGD (K-RGD, Q-RGD, RGD), or monocyclic RGD (K-cRGD, c-RGD), and controls 

(no RGD, FN*) hydrogels. DRGs are cultured for 7 days, fixed, immunostained for β-

tubulin fluorescent markers, and imaged with a minimum z-stack size of 200 µm 

(Figure 9). Neurite outgrowth (Figure 8a) is analyzed using an image processing 

platform developed in-house to compute the nerve length at half-maximum density 

and the longest distance travelled by nerve from the edge of the explant. The 

fluorescent micrographs of bicyclic RGD peptide (K-P1, K-P2) show superior nerve 

growth in length (at half-maximum density) (~ 600 µm) compared to monocyclic (K-

cRGD,  420 µm) and linear (K-RGD, 270 µm), while comparable extension is observed 

among the bicyclic RGD peptides and FN* (520 µm).  
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Consistent with the bright field images, the negative controls without RGD show 

minimal innervation of the PEG gels. This can be rationalized by the production of 

ECM proteins and proteases as discussed in the previous section. To quantify nerve 

growth, the distance of neurite extensions from the edge of the DRG is measured 

radially, until the distance where the neurite density drops to half of the maximum 

density (Figure 8b). This reveals superior neurite growth in bicyclic RGD gels (K-P1, 

Q-P2, and K-P2) compared to the hydrogels, modified with linear RGD (K-RGD). 

Interestingly, neurite growth in gels, tethered with bicyclic RGD via K residues shows 

longer neurite extensions at half-maximum density compared to their corresponding 

bicyclic RGD peptides conjugated via Q residues. 

Interestingly, this difference is only observed for bicyclic peptide selective towards 

α5β1 whereas, no such major difference nerve growth is observed between bicyclic 

peptide selective for αvβ3. In addition, bicyclic RGD peptides with integrin selectivity 

towards α5β1 or αvβ3 show significantly better nerve growth compared to bicyclic 

peptides with a scrambled secondary loop, which imparts integrin selectivity, 

highlighting the influence of integrin selectivity in nerve growth. Scrambled RGD 

peptides (RDG) in the first loop also lead to worsened neurite outgrowth. The neurite 

growth at half maxima for Q-RGD (~ 450 µm) is comparable to that of the monocyclic 

RGDs but is not significantly different than the two other linear RGD peptides.  

Enhanced neurite length at half-maximum density is observed for bicyclic RGD 

peptides (K-P1, Q-P2, K-P2) in comparison to our previously optimal condition FN* 

(5 µM)25, however, no statistical significance is observed. Such enhanced nerve growth 

is likely attributed towards the spatial cyclic conformation of the RGD loop in 

combination with the integrin selective secondary loop.  
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Figure 8. Innervation of PEG gels modified with different RGD peptides and MMP sensitive 

domains. A) Neurite outgrowth from DRGs in PEG hydrogels tethered with various RGD 

peptides, fibronectin fragment FN*, and full-length fibronectin. B) Neurite length at half-

maximum density for different RGD peptides and its scrambled sequences, compared to FN*. 

C) Longest distance travelled by nerve for RGD peptides, compared to FN*. D) Neurite length 
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at half-maximum density and the longest distance travelled in PEG gels with different MMP 

sensitive domains (K1, K2, K3, and KND), and bio-functionalized with bicyclic K-P2 RGD 

peptides. Data presented as mean + s.d. and statistical significance performed using one-way 

ANOVA with Bonferroni comparison (* p < 0.05; ** p < 0.01; *** p < 0.001). 

Next to the neurite length at half-maximum density, the longest distance travelled by 

nerve inside the gels is compared among the different RGD-tethered hydrogels 

(Figure 8c) with both parameters demonstrating similar trends. The longest neurite 

outgrowth distance (longest distance travelled by nerve) of ~ 1200 µm is observed for 

bicyclic RGD peptide (K-P2), selective for αvβ3 integrin subunits, which is 

significantly longer than for linear RGD peptides K-RGD (~ 600 µm) and RGD (~ 500 

µm). These results are in compliance with our previous observations of dissociated 

DRGs cultured on 2D sPEG hydrogels, where a larger decrease in nerve growth is 

observed when αv integrins are blocked relative to α5 integrins, revealing the 

importance of αv integrins in nerve growth. Similarly, integrin αvβ3 is reported to bind 

an RGD sequence in immunoglobulin Ig6 to promote neurite outgrowth in DRGs and 

retinal cells.343 Also, cellular migration of avian neural crest cells involves interaction 

between integrin αvβ3 and vitronectin,344 while an upregulation in αvβ3 is reported on 

astrocytes post-ischemia.345  

4.2.5 Influence of degradable MMP sensitive domains on nerve growth 

The different scaffold degradation domains are also investigated for neurite growth. 

Similar to the fibroblast culture, three proteolytic sensitive domains (K1, K2, K3) and 

one non-degradable domain (KND) are investigated in hydrogels modified with 

bicyclic RGD peptides (K-P2) (Figure 8d). The neurite length at half-maximum 

density in K-P2 tethered gels with K1 and K2 crosslinkers is significantly longer in 

comparison to KND gels with K-P2. Among K1 and K2 with K-P2, longer neurite growth 

is observed for K2, however, no statistical significance between them is computed. 

Although K3 is degradable by plasmin, it shows comparable nerve length to the non-

degradable KND. In addition to neurite length at half-maximum density, the longest 

distance travelled by nerve is quantified for these gels, revealing a similar trend with 
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K2 gels conjugated with K-P2 RGD with a distance travelled by ~ 1300 µm, followed 

by K1 gels with K-P2 RGD with ~ 1200 µm (Figure 8d). Both K3 and KND hydrogels, 

conjugated with K-P2 RGD, enable their longest travelled nerve up to ~900 µm and 

~700 µm, respectively.  

 

Figure 9. DRGs are cultured for 7 days in PEG hydrogels tethered with K-P2 RGD bicyclic 

peptide, fixed and immunostained for β-tubulin fluorescent markers, and imaged with a 

minimum z-stack size of 200 µm (color-coded).  

4.2.6 Oriented nerve growth using anisometric magneto-responsive short PCL fibers 

Among the investigated RGD bicyclic peptides and different proteolytically 

degradable domains, K-P2 RGD modified MMP-based K2 PEG gels lead to the best 

nerve growth. Therefore, this combination is employed to prepare synthetic 

ANISOGELS with short magneto-responsive polycaprolactone (PCL) fibers (diameter 

of ∼ 5 μm and length of ∼ 50 μm), which are incorporated at a concentration of 1 

v/v% and aligned in the presence of a low external magnetic field (50 mT) before 

crosslinking of the surrounding PEG gel.25 The short anisometric fibers act as 

directional guidance cues, function as physical barriers, and induce mechanical 

anisotropy in the hydrogel to trigger nerves to grow parallel to their orientation, 

resulting in neurite alignment. K-P2-modified ANISOGELS are compared with linear 

(K-RGD) and fibronectin fragments (2µM, FN*) and their respective controls without 

short fibers. Magnetically oriented fibers resulted in highly aligned neurites (Figure 
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10a). The dimensions of the fibers and their innate surface properties are known to 

affect the cell adhesion and alignment of cells and nerves.52,195 Neurite orientation is 

analyzed with defined anisometric orientation kernels resulting in a range of 

orientation distributions between -90° to +90°. K-P2, K-RGD, and FN* all have a 

narrow distribution of aligned nerve growth with maxima around 0° (Figure 10b). 

Bright-field images superimposed with tubulin-stained (yellow) ANISOGELS show 

nerve growth along the direction of the fibers (Figure 10c). 

All of the ANISOGELS studied showed superior nerve alignment compared to their 

respective controls without oriented short fibers (Figure 10d). ANISOGELS tethered 

with Bicyclic RGD (K-P2), linear RGD (K-RGD) and fibronectin fragment (2 µM, FN*) 

have comparable FWHM of ~ 80° with no statistical significance between them. We 

define that nerves are highly aligned when the FWHM < 90°.53 These observations are 

consistent with our previous report on fully PEG-based ANISOGELS tethered with 

fibronectin fragments.25  

 

Figure 10. ANISOGELS to induce nerve alignment in bicyclic RGD peptide tethered 

PEG gels. A) DRG encapsulated in short fiber-based Anisogel, stained for β-tubulin 
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(yellow) in PEG hydrogels with K2 MMP degradable crosslinker in combination with 

bicyclic RGD peptides (K-P2), linear RGD peptides (K-RGD), and 2 µM fibronectin 

fragments (FN*), Scale bar 200 µm. White arrows indicate the direction of magnetically 

oriented fibers. B) Neurite distribution is plotted radially from 90 to -90° revealing 

narrow distribution for bicyclic, linear, and fibronectin fragments around 0°. C) 

Superimposed bright field and tubulin stained Anisogel with K-P2 revealing neurite 

alignment along the direction of the short anisometric PCL fibers.  D) Full width at 

half-maxima (FWHM, °) is quantified for neurite orientation distribution in DRGs with 

(short fiber-Anisogel) and without (control) and plotted among different biomolecules. 

4.3 Conclusions 

PEG hydrogels crosslinked with proteolytically degradable domains and RGD bicyclic 

peptides selective towards integrin subunits are investigated to improve fibroblast 

growth and nerve extension inside synthetic PEG-based hydrogels. The short bicyclic 

RGD peptides are easily tethered to the PEG hydrogels via their amine or glutamine 

linkers. Fibroblast cells in 3D PEG gels show high network like formation compared 

to cells in gels tethered with linear and cyclic RGD peptides. The bicyclic peptides 

significantly enhance nerve growth (at half-maximum density) length (~ 600 µm) and 

the longest distance travelled (~ 1,200 µm) when compared to linear and mono-cyclic 

RGD peptides. In the case of nerve growth, the αvβ3 selective P2 bicyclic peptides 

slightly outperformed the engineered fibronectin fragment FNIII9*-10/12-14, 

however not significantly. Degradable MMP cleavable crosslinkers incorporated in 

the gels with bicyclic RGD peptides improve cell invasion for K1 (GPQG↓IWGQ) and 

K2 (VPMS↓MRGG) MMP degradable crosslinkers and a marginal increase in cell 

growth for both fibroblasts and nerves in the case of K2. This report demonstrates for 

the first time the large potential of bicyclic RGD peptides inside PEG-based hydrogels, 

showing superior fibroblast and nerve growth compared to linear and monocyclic 

RGD peptides. Including oriented magneto-responsive short fibers inside bicyclic 

RGD-modified ANISOGELS demonstrates highly aligned nerve growth in the 

direction along the oriented fibers comparable to ANISOGELS modified with the 

fibronectin fragment.  
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4.4 Experimental Section  

Fabrication of PEG gels. 8-arm 20 kDa PEG (Jenkem Technology, USA) is conjugated 

separately with two types of peptides, H-NQEQVSPLERCG-NH2 (PEG-Q) and Ac-

FKGG-GPQG↓IWGQ-ERCGNH2 (PEG-K1) or alternative MMP-sensitive domains 

(Pepscan, Netherlands) bearing conjugated Q and K amino acids, respectively. A 

stoichiometric ratio of 0.477 w/v % PEG-Q and 0.522 w/v % PEG-K is crosslinked in 

the presence of activated Factor XIII (20 U/mL, CSL Behring GmbH, 1250 U FXIII). 

Factor XIII is activated with thrombin (200 U/mL) buffered with 10 mM TRIS, 25 mM 

CaCl2, and 150 mM NaCl for 30 min at 37 °C (briefly vortexing every 5 min). A buffer 

solution (10X, 0.1 M CaCl2, 0.5 M Tris, 1.1 M NaCl) is used to regulate the osmotic 

pressure of the gel precursor. All RGD-based bio-functional cell adhesive peptides are 

coupled to the gel at 100 µM concentration of the final gel volume, resulting in a ratio 

of 1:24 between RGD peptides and total arms of star PEG molecules. In the case of 

complete peptide coupling, either 7.75% of the PEG-K arms would be tethered with 

RGD peptides or 8.46% of the PEG-Q arms, depending on the peptide domain used. 

The gels are incubated at 37 °C for 30 minutes for crosslinking and cultured in media.  

Peptide synthesis. First, the linear RGD-sequences and other integrin-selectivity-

promoting peptides are synthesized via Fmoc-based solid-phase peptide synthesis 

using a fully automated peptide synthesizer as described by Bernhagen et al. 109 

Subsequently, these peptides are dissolved to 0.5 µM concentration in a 1:3 mixture 

of Acetonitrile (ACN) /MilliQ-water and mixed with ~1.1 equivalent of 

tris(bromomethyl) benzene (T3; dissolved in pure ACN at 10 mM concentration) until 

homogeneity, and left at room temperature for 1 h. Then, the reaction is quenched 

with 10% TFA/H2O to pH < 4 and the reaction mixture is purified via preparative 

HPLC, followed by lyophilization. All peptides were produced in PEPSCAN. B.V, the 

Netherlands.  

Encapsulation of cells in 3D hydrogel scaffolds and cell culture. L929 mouse-derived 

fibroblasts cells (ATCC, Germany) and DRGs from 10 days old embryonic chicks are 
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harvested in RPMI and Hanks Balanced Salt Solution (HBSS, Gibco), respectively. In 

the case of single fibroblasts, the gel precursors are mixed with a pre-counted cell 

suspension in a defined volume, resulting in a cell concentration of 500/µL. Individual 

DRGs are embedded manually into the hydrogel precursors using tweezers. The cell 

encapsulated hydrogels or ANISOGELS are flipped every 10 minutes to ensure a 

homogeneous cell distribution and after 30 min, the gels are incubated with media at 

37 °C to ensure complete precursor crosslinking before adding the media. The 

crosslinked gels are cultured for 7 days in RPMI basal medium, enriched with 10% 

Fetal Bovine Serum (FBS, Biowest) and 1% Antibiotic-Antimycotic (Gibco) for L929 

cells and DMEM, enriched with 20 ng/mL nerve growth factor, 10% fetal bovine 

serum (FBS, Biowest) and 1% Antibiotic-Antimycotic (Gibco) in the case of DRGs. 

The media is exchanged every two days, and the cell-loaded gels are cultured at 37 °C, 

5 % CO2, and at 95 % humidity.   

Anisogel Fabrication. Short magneto-responsive rod-shaped fibers are produced via 

solvent-assisted spinning (SAS) based on previous reports.52 A polymer solution with 

17 w/v% polycaprolactone (PCL) is prepared by dissolving PCL in 50:50 v/v 

chloroform: acetic acid, while superparamagnetic iron oxide nanoparticles (SPIONS) 

are dispersed into the solution before SAS.52 The fibers are collected on a cylindrical 

rotating drum and harvested for cryo-cutting at desirable lengths. The fiber 

concentration in the PEG hydrogel precursor solution is approximately 1 v/v%. The 

Anisogel precursor mixture is cast on a DRG between two magnets generating a field 

of ~ 50 mT. This enables the fibers to align parallel to the magnetic field lines during 

crosslinking of the surrounding PEG-based hydrogel. The bulk matrix around the 

aligned fibers is allowed to crosslink for 30 minutes at 37°C before adding more media.  

3D immunofluorescent staining. All the incubation steps in this staining protocol are 

performed on a plate shaker (at 30 rpm) unless stated otherwise. Encapsulated cells in 

3D gels are washed twice with PBS for 30 minutes and are fixed with 4% 

paraformaldehyde (PFA) in PBS for 1 h on a plate shaker. After fixing, the gels are 
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washed twice with PBS for 1 h and treated with 0.1% TritonX-100 for 40 minutes, 

and further washed twice with PBS for 1 h. For L929 fibroblasts, the gels are treated 

with iFluor- phalloidin 488 or 594 (Abcam, Germany) (1:1000) in PBS in combination 

with DAPI (1:100) and incubated for 4 h. The gels are washed twice with PBS for 1 h 

each and stored until imaging. The encapsulated DRGs in the gel are blocked with 5% 

bovine serum albumin (BSA) (Sigma, Germany) in PBS for 4 h, followed by the 

addition of primary Beta-tubulin antibody TUJ1 (BioLegend, USA) (1:250) in 5% BSA 

solution for 18 h. The gels are washed twice with PBS for 1 h before adding the 

secondary antibody Alexa Fluor 633 goat anti-mouse (Invitrogen, Germany) (1:1000) 

in PBS and DAPI (1:100). The secondary antibody solution is incubated for 4 h and 

washed twice for 1 h each and stored in PBS until imaging with confocal microscopy.  

Imaging. Laser scanning confocal microscopy (SP8 Tandem Confocal, Leica 

Microsystems Inc.) is used to image the Z stacks of the cells encapsulated in the 

hydrogel. Air objective of 10X /0.3 N.A magnification is used to obtain fluorescent 

micrographs by exciting the fluorophores at different wavelengths and obtaining the 

emission signals at multiple channels.  

Analysis of Fibroblast growth. The Z stack images are converted into a maximum 

projection image using FIJI image J after the background calculated with a rolling ball 

filter (size =20) has been subtracted. The image is then converted into an 8-bit image 

with an auto-Otsu threshold to convert the images to binary. These images are 

referred to as threshold images and the percentage of cell invasion areas is computed. 

Cell invasion here is quantified based on % of actin pixels per field of view or per 

image. This data can be a combination of cells that are spread, as well as rounded cells, 

taking cell proliferation into account. To obtain a smoothened image, the threshold 

images are further treated with a shape smoothening plugin (relative proportion fds=5, 

absolute number fds=5). The edge effect is analyzed using the formula: 



  
 

 
109 

 

𝐸𝑑𝑔𝑒 𝑒𝑓𝑓𝑒𝑐𝑡 (%)

=
𝐴𝑟𝑒𝑎 (%) 𝑜𝑓 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 𝑐𝑒𝑙𝑙𝑠 − 𝐴𝑟𝑒𝑎 (%) 𝑜𝑓 𝑠𝑚𝑜𝑜𝑡ℎ𝑒𝑛𝑒𝑑 𝑐𝑒𝑙𝑙𝑠

√𝐴𝑟𝑒𝑎 (%)𝑜𝑓 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 𝑐𝑒𝑙𝑙𝑠
  

In addition, each cell or cell cluster is analyzed for its circularity, after applying the 

‘Otsu’ threshold, the images are processed using a particle analyzer tool (FIJI, Image 

J) for particle sizes > 500 pixels. Hence, cells that are spreading well does not guarantee 

that they undergo similar proliferation and invasion rates. On the other hand, a large 

cell invasion does not always mean the cells are healthy and spreading. Cell invasion 

and the edge effect are both computed per field of view, while the circularity is 

measured for each cell or cell cluster. The data obtained from different gel conditions 

are compared and plotted in Origin.   

Analysis of Neurite outgrowth. The Z stack images are converted into a maximum 

projection image using FIJI image J. The explant/core of the DRG is manually fitted 

into a mask and the position of the centroid of the mask is used as the center for radial 

analysis. The tubulin-stained images are Gauss smoothened with a window radius of 

5.0 pixels and a width of 1.0 pixel. Power law dynamic compression/expansion is 

applied with power 0.5. The binary images subtracted with the explant mask are used 

for radial analysis. The number of non-zero pixels at subsequent radial distances from 

the center of the mask is computed. The number of non-zero pixels as a function of 

distance (radius) is obtained, which is further computed to get pixel density = 

pixels/unit area. Neurite growth at half-maximum density is computed by measuring 

the distance between the edge of the DRG explant and the distance at which the 

neurite density reaches half-maximum. The longest distance travelled by nerve is 

defined as the distance from the edge of the DRG explant until the pixel density < 

0.001 pixels/µm2 (Figure 6). 

The orientation of neurites inside a PEG-based Anisogel. Neurites stained for β-

tubulin are imaged as z-stack. Neurite alignment is quantified inside the 3D hydrogel 

starting 10 µm above the first neurite in focus, starting from the bottom. A stack size 
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of 100 µm is imaged and the maximum z-projection is used for orientation analysis. 

The DRG core is converted into a mask to remove from the image during orientation 

analysis. Neurite orientation is quantified using an elliptical Mexican hat filter (a 

Laplace operator applied on an elliptic two-dimensional Gaussian function) as 

previously reported.25 The orientation kernels are designed to account for only the 

neurite data, excluding non-specific stains. The angles of the orientation kernels are 

plotted as a histogram and the maxima are set to zero to compare the relative 

distributions among other neurite orientations and thus using the full width at half-

maximum (FWHM) as a measure of the degree of alignment of neurites in the 

ANISOGELS. Based on our previous reports, lower FWHM [FWHM< 90°] indicates 

higher neurite alignment.53   

 

Figure 11. Analysis of neurite outgrowth using pixel density to compute the neurite length at 

half-maximum density and the longest distance travelled by nerve. 

Statistics. Statistical analysis is performed in Origin 2016 for Windows. A one-way 

ANOVA is applied with p-values below 0.05 being considered significant in 

combination with Bonferroni correction. 

4.5 Future Scope 

In tissue engineering, creating macro-pores inside synthetic PEG hydrogels is desired 

to provide ample space for cell invasion in 3D.346 Here, I attempted a preliminary study 
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to encapsulate degradable microgels (µgels) to mimic hollow cheese hole-like 

structures (Figure 12a). The µgels were produced using microfluidic techniques with 

a final gel concentration of 5 wt/vol% (Figure 12b) with a diameter of 75 µm. A simple 

click reaction between 6 arms 12K Vinyl-sulphonate functionalized PEG polymers 

and 6 arms sPEG 12k thiol functionalized polymers occurs in the microfluidic 

channels to produce spherical microgels. The µgels are produced with either 1mM 

GRGDSPC or kept inert without RGD. The novelty behind using Vinyl-sulphonate 

(VSate) µgels lies in their ability to degrade rapidly, resulting in bulky pores inside the 

surrounding gel. The composition of the surrounding gel employed here is 1 wt% PEG 

Q/K gels tethered with 100 µM K-P2 bicyclic RGD peptides. L929 mouse fibroblasts 

were encapsulated in the PEG Q/K gels at a cell concentration of 100,000 cells/ mL. 

While conditions with RGD tethered µgels showed no cell proliferation in the inert 

PEG Q/K gels (Figure 12b), the gels with inert µgels in PEG Q/K tethered with 100µM 

bicyclic RGD peptides showed drastic cell growth and proliferation (Figure 12c). Cells 

are stained for actin filaments and they appear to engulf the microgels, spread on the 

cell-microgel interface, and invade the hybrid hydrogel (Figure 12 d,e). While several 

internal reports revealed the toxicity of the degradation products from PEG-VSate, no 

such observations were made in this study. Further investigation is required to study 

the degradation kinetics of the PEG-VSate microgels. Such hybrid µgel in gel models 

enable the fabrication of hierarchical scaffolds with spherical and rod-shaped 

microgels induced pores available for tissue formation.   
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Figure 12. a) Degradable microgel embedded hydrogel platform to create macro-pores 

in scaffold on hydrolysis. b) Cells encapsulated in RGD tethered µgel inside inert PEG 

hydrogel. c) proliferating cells in inert µgels with bicyclic RGD functionalized 

surrounding PEG Q/K gels. d) Color-coded Z stack rendering e) actin stained images 

of cells engulfing microgels in 3D space. 
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Chapter 5. Interpenetrating Poly-Iso cyanide 

and PEG networks enable cell invasion 

Sitara Vedaraman, Aron Kirschner, Max Schüler, Susan Babu, Kaizheng 

Liu, Paul Kouwer, Laura De Laporte 

 

5.1 Introduction  

While the native tissues in the body are complex, often dynamic, and possess non-

linear mechanical properties which are difficult to mimic using elastic hydrogels347, 

cells predominantly thrive in environments where they can actively manipulate and 

remodel their ECM by either digesting their local environment by producing 

proteases or deposition of endogenous proteins.348 As previously discussed in chapter 

4, PEG acts as a blank template that can be tuned for its wide biological and 

architectural properties. However, its innate homogeneous elastic properties fail to 

mimic the dynamic and reversible crosslinks that impart compartmentalized or 

gradient ECM properties to the cells.113,349 Although stiffness is often used as a 

characteristic and representative property to understand mechanical properties, these 

static elastic or storage modulus values play little role in understanding dynamic cell-

ECM interactions.350  

Natural proteins such as collagen, and fibrin, offer a fibrous environment that is 

dynamically tunable and provide a cytoskeletal structure that imparts tensile forces 

during ECM probing, docking, and subsequently, cell adhesion and migration.179,351 

Such cellular mechanisms play a vital role in controlling cell proliferation and 

directing tissue repair, regeneration, or development.13,352 The stress induced by cells 

alters fibrous ECM initiating the filaments to contract, resulting in stress propagation 

through the filaments to generate contraction-induced stiffness gradients.353 Similarly, 

interaction with ECM triggers reaction pathways inside the cells. For example, by 
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mechano-sensing the stiffness of the ECM, cellular metabolism, and gene expression 

are regulated by shuttling proteins (YAP/TAZ, MRTFA) between the cytoplasm and 

nucleus.354,355 In fibrous proteins, the non-linear elasticity allows transmission of 

forces over longer ranges, enabling long-distance cell-cell communications.353 In the 

case of collagen matrices, a repetitive cycle of force generation by cells followed by 

collagen strain stiffening enables mechanical feedback between cells and ECM 

interactions, especially in tumor microenvironments.351 

Investigating such responsive microenvironments led to the development of synthetic 

gels that possess biologically relevant features such as strain stiffening356, stress 

relaxing113, shear-thinning357,358, or dynamic bonds359. Several materials are developed 

to recapitulate such dynamic environments using reversible bonds imparting self-

healing properties. HA-based synthetic hydrogels enable non-covalent host-guest 

interactions and allow for shear thinning. Such unique properties enable injectability 

and further allow printing through extrusion.357 Similarly, supramolecular hydrogels 

developed with non-covalent interactions are often reversible and adaptable to matrix 

remodeling. In one example, RGD functionalized ureido-pyrimidinone (UPy) groups 

as supramolecular building blocks assemble into fibrous hydrogels allowing cell 

invasion in 3D.359 Such features support cell growth inside the hydrogel independent 

of pore size and its ability to degrade.360,361 Unlike fibrous scaffolds, polysaccharide-

based hydrogels impart stress relaxation properties that are biologically relevant. 

Chaudhuri et al. demonstrated that increasing the stress relaxation rate in alginate gels 

enabled MSCs to thrive and differentiate into specific lineages inside artificial 

ECMs.113,114 While stress relaxation is known to dominate at shorter time scales 

involving integrin clustering and cell adhesion, strain stiffening is a time-independent 

characteristic that depends on forces applied by the cells after adhesion.350 

Strain stiffening is a prominent feature observed in nature in semiflexible, filamentous 

proteins, where a linear relationship between stress and stiffness is observed below 

the critical stress. However, above this threshold, the matrices show a non-linear 
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stiffening response, often multiple times stiffer than their initial stiffness.179 Similar to 

fibrin, soft tissues like cornea, lung parenchyma, and blood vessels become stiffer 

when increased strain is applied, preventing tissue damage.362 While some systems are 

fully reversible when the strain is removed, predominantly, most systems are only 

partially reversible. The flexibility, persistence length, and nature of crosslinks in the 

filaments, play a significant role in altering the critical stress and the final matrix 

stiffness.362 On the contrary, stiffening in matrices by applying external strain allows 

rearrangement of fibers parallel to the strain direction creating matrices for aligned 

tissue growth.363 In this study, fibrin gels cultured with myoblasts and HUVECs 

showed oriented proliferation and lumen formation when uniaxial strains were 

applied.364 Thus, the desire to replicate viscoelastic and biologically relevant properties 

brings us closer to developing synthetic alternatives bearing native properties.  

This chapter investigates synthetic alternatives imparting mecahno-responsive 

properties using recently developed poly-iso-cyanide (PIC) based gels. These 

synthetic matrices are composed of PIC with oligo (ethylene glycol) side chains that 

self-assemble to form β-helical superstructures, which employ non-linear mechanics 

in mimicking fibrillar proteins.120 The PIC fibers are composed of favorable 41 helical 

structures365 of polymeric chains (Figure 1a,b) to form bundles. These filamentous 

polymers are tuned for their polymer contour length (Lc) and diameter to impart a 

wide range of tunable mechanical properties. The PIC bundles are strain stiffening 

which means that after certain critical stress, the hydrogel responds immediately by 

stiffening.121,122 This phenomenon often occurs in the native ECM like actin and 

myosin filaments.122  

When dissolved in solution, the PIC polymers form into the desired gels only above 

their transition temperature (Tgel) when the ethylene glycol substitution in the 

polymer becomes hydrophobic. The side chains of the PIC are modified with D-L-di-

alanine with oligo (ethylene glycol), which are further stabilized by hydrogen 

bonds.366 The length of PEG side chains influences the solubility and the lower critical 
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solution temperature (LCST).367 Additionally, the length of the ethylene glycol side 

determines the gelation temperature of the polymer solution from 5 °C to 60 °C.368 The 

PIC polymer bundles with tuned persistence length enable the formation of soft yet 

mechanically stable gels even at concentrations as low as 1 mg/mL or 0.1 wt/vol % 

with storage modulus starting from ~20 Pa onwards.120 With an increase in the 

polymer concentration, a decrease in pore size is observed due to an increase in the 

number of polymer bundles rather than an increase in bundle diameter.120 

Additionally, the PIC polymers are functionalized with biomolecules like RGD 

peptides121 and are used in wound healing and 3D printing applications.369,370 

Analyzing the structural properties using 3D fluorescence imaging revealed 

heterogeneous pores with an average pore diameter between 1.8 µm to 3.7 µm and 

reported that the length of PIC polymer strongly affects the stiffness of the gels and 

has minimal influence on fiber architecture.371 The PIC hydrogels are rendered 

bioactive for cell encapsulation and culture by incorporating RGD peptide motifs with 

controlled distances between adjacent RGD peptides.118  

A study reported that MSCs differentiated into adipose cells with shorter PIC polymer 

at lower strain stiffening, whereas they differentiated into an osteogenic lineage with 

longer PIC polymer at higher strain stiffening microenvironment.123 These hydrogels 

were exploited for their thermo-reversibility to harvest cells in vitro by cooling the 

material below its LCST.123 Similarly, the cell functions such as spreading can be 

improved by lowering the critical stress of the PIC hydrogels resulting in a gel with a 

stronger stiffening.118 While the PIC hydrogels have several advantages, their thermal 

reversibility to liquefy at a temperature below their LCST is a prominent disadvantage 

with in vitro models and demands constant storage above their LCST.  

Bioinspired hybrid networks constituting PIC and biopolymers are developed to 

mimic biological networks. The combination of semiflexible and flexible polymers is 

reported to improve the mechanical properties of scaffolds. Jaspers et al. reported that 

the combination of PIC with synthetic materials bearing different persistence lengths 
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like stiff, semiflexible, or flexible materials to form independent double network 

composites imparted non-linear mechanical properties to the resulting hydrogels. 

While the PIC/ carbon nanotubes (CNT) showed the most strain response, the 

PIC/fibrin reduced stiffening due to fibrin's semiflexible polymers. For flexible 

acrylamide (AAm) networks, the resulting hydrogel with PIC/AAm shows the lowest 

stiffening response.372 In another example, an extremely responsive hybrid network 

with pNIPAM and PIC was developed, which could increase its stiffness by 50-fold 

only by increasing the temperature by a few degrees. Such dynamically switchability 

in hybrid interpenetrating networks mimics myosin motor stress fibers.122 In this 

Chapter, we combined the merits of PIC with the previously discussed PEG hydrogels 

(Chapter 4) as an interpenetrating network and observed a 2-fold increase in stiffness 

of the resulting gel compared to PIC and a 10-fold increase in comparison to PEG. 

With 2% strain and at 10 Hz frequency, the gel's stiffness was increased by 38%.  

Combining polymers bearing different mechanical properties will bring us closer to 

developing biohybrid materials with linear and non-linear mechanical properties. 

Interpenetrating polymer networks (IPNs) are composed of 2 or more polymers 

independently forming a network within one another. As they do not form a covalent 

bond with one another and hence in most cases, retain their individual properties. 

Among the different types of IPNs, the sequential IPNs are formed when a hydrogel 

is swelled in another prepolymer or monomer with an activator solution, triggering 

the formation of two interpenetrating networks within one another. In such cases, 

the first polymer network is not hindered by the presence of the second network. 

However, the vice-versa is not valid. In the case of simultaneous IPN, two polymer 

networks are mixed to form independent networks within one another 

simultaneously.124 In this chapter, I will apply a combination of the two systems to 

form an interpenetrating network (IPN) with PEG Q/K hydrogels (Chapter 4) and the 

optimized PIC hydrogels. The desired mechanical properties from the individual 

hydrogels are combined to create a synthetic hybrid artificial scaffold.  
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5.2 Results and Discussion 

5.2.1 Characterization of PIC hydrogels for in vitro applications 

The PIC prepolymers substituted with 1k and 2k Da ethylene glycol side chains were 

employed (Kouwer Lab, Radboud University, the Netherlands). The stable PIC 

hydrogels were fabricated between concentrations ranging from 1 mg/mL to 2 mg/mL 

with gelation triggered at around ~15° C (Figure 1c). The stiffness of the hydrogels 

was measured using a rheometer where the storage modulus G' ranged from ~20 Pa 

to ~150 Pa with an increase in PIC polymer concentration at 37°C. To incorporate 

biofunctional domains, RGD peptides were pre-functionalized to the PIC polymers at 

controlled distanced (d) (Figure 1 a,b).  
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Figure 1. a) Schematic representation of 41 Helical PIC polymer bundles (green) with PEG 

side chains (yellow) inside a b) PIC hydrogels with cells. c) Rheology data showing storage 

modulus over temperature for PIC polymers with concentrations of 1, 1.5, and 2 mg/mL. d) 

Cell invasion by L929 cell spheroids (1500 cells/ spheroid) when encapsulated in PIC-azide 

(no biomolecule) and PIC-RGD hydrogels at different concentrations. No cell invasion into 

the gels was observed in all concentrations of PIC-azide, while an increase in the 

concentration of PIC RGD resulted in reduced cell invasion. 1mg/mL PIC-RGD was most 

suitable for cell invasion, migration, and proliferation.  

Cell experiments were performed using L929 mouse fibroblast cell spheroids obtained 

using the hanging drop technique. The spheroids are encapsulated in a cold polymer 

precursor and then allowed to gel at 37°C for 30 minutes. This ensures uniform gel 

distribution around the spheroids. The fibroblast spheroids were cultured in 1 mg/mL, 

1.5 mg/mL and 2 mg/mL PIC concentrations with and without RGD peptides. While 

cell invasion into the PIC gels was observed in bright field imaging for 1 and 1.5 

mg/mL PIC hydrogels, a decrease in cell invasion was observed with increased PIC 

concentration. The negative controls with PIC- azide showed no cell invasion after 7 

days of culture (Figure 1d). Hence the RGD bearing PIC polymer at 1 mg/mL was 

chosen as a basis for further experiments.  

PIC hydrogels bearing different PEG polymer chain length (1k and 2k Da) at 1mg/mL 

was then used to encapsulate L929 cells. These cells were cultured for 7 days and 

stained for actin filaments. The fluorescent micrographs revealed improved cell 

invasion and proliferation in PIC-RGD hydrogels with 2k PEG side chains compared 

to 1k Da (Figure 2 d,e). The controls without RGD showed no cell growth and 

proliferation in 2k-Azide (N3) except for mild filapodial protrusions (Figure 2 b,c). 

However, in PIC-1k- N3, minimal cell sprouting was observed despite the absence of 

RGD peptides (Figure 2a). A color-coded Z stack image reveals the uniform 

distribution of proliferating cells in 3D (Figure 2f). 
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Figure 2. a) Immunostained maximum z-projections micrographs of L929 cells (500 cells/µL) 

suspended in PIC gels with linear oligo (ethylene oxide) chains of length 1k and 2k. a,b,c) The 

Actin stained micrographs show poor to no cell invasion by L929 cells when encapsulated in 

PIC-azide (N3, no biomolecule) 1k and 2k hydrogels. d,e) PIC-RGD hydrogels with different 

chain lengths, an increase in cell invasion is observed for PIC with 2k PEG side chains. f) A 

color-coded Z-stack represents cell invasion in all planes.  

Although the gel fabrication and cell encapsulation with thermo-reversible PIC 

hydrogels were easy, the temperature sensitivity during fixing and staining resulted 

in the loss of several replicas posing difficulty in reproducibility. Hence an attempt to 

crosslink the PIC polymer bundles and stabilize the hydrogels was made by 

incorporating linear crosslinkers. PIC-2k polymer with acrylate functionalized 

terminal groups was employed to crosslink with linear di-thiol 2k-PEG crosslinkers. 

Rheology experiments were performed with temperature sweep on different molar 

combinations between thiol from crosslinker and acrylates from PIC. The 

temperature ramp triggered gelation at 15°C, which is consistent with experiments by 

Liu et al. The precursor mix was heated to 37°C for stable gel formation and cooled 

below gelation temperature (Tgel). With an increase in thiol concentration, we 

observed an increase in storage modulus at 5°C, below Tgel, indicating the Michael 
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Type addition between acrylates and PEG dithiol. At equimolar acrylate to thiol 

concentration, the PIC gels, upon cooling, retained a part of their initial stiffness (35 

Pa) at 4°C. However, when decreasing the molar ratios of acrylate to thiol, the stiffness 

at 4°C gradually reduced to 1 Pa (Figure 3). Here we report in vitro crosslinking in 

PIC gels to alter the mechanical stability of the PIC hydrogels.    

 

Figure 3. 1mg/mL of 2k-PIC Acrylate prepolymers are reacted with different stoichiometric 

ratios of linear PEG di-thiol. We observed an increase in storage modulus during the 

temperature ramp from 5°C to 37°C. The crosslinkers are allowed to react at pH 7.4 for 30 

minutes and then a decreasing temperature ramp from 37°C to 5°C resulting in the retention 

of a part of the initial stiffness at 5 °C for a 1:1 ratio of thiol to acrylate.  

Though this technique to crosslink the hydrogels improved its stability and shelf life, 

the production of PIC acrylate at RU Netherlands was not reproducible. Hence, we 

opted for an alternative technique to stabilize the gels using hybrid networks. Here 

we employed a combination of PIC and PEG hydrogels.  

5.2.2 Characterization of interpenetrating networks (IPN) of PIC and PEG  

Oscillatory rheology measurements were performed to evaluate the mechanical 

characteristics of 1 mg/mL of PIC, 10 mg/mL of PEG, and both in the IPN. For the 

IPN, an increase in storage modulus is observed when the temperature is raised from 
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5 °C to 37 °C with a gradient of 2 °C/min, and the gel is formed at T > ~15°C (Figure 

5a), similar to the PIC control. Meanwhile, At 37°C, the PEG precursor initiates to 

crosslink enzymatically after 15 minutes. Though the gel precursor is mixed 

simultaneously, PIC hydrogels are formed first, followed by PEG gels inside the PIC 

scaffold. Though the PEG is not crosslinked, it is likely to pose a steric hindrance to 

the PIC prepolymers during bundle formation. Similarly, since the PIC bundles are 

already formed when the PEG is crosslinked, the PEG network is likely to be sterically 

hindered by the PIC bundles. The stiffness of the PIC, PEG, and IPN after 60 mins are 

15 Pa, 70 Pa, and 190 Pa, respectively. A two-fold increase in the Hybrid-IPN 

compared to the PIC hydrogel and a 10-fold increase compared to the PEG hydrogel 

at 37°C (Figure 5b). The IPN-based hydrogels have a higher storage modulus than the 

cumulative stiffness of their components. It is important to note that though the 

weight fraction of PIC (1 mg/mL) is 1/10th of the PEG (10 mg/mL), it offers 5 folds 

higher storage modulus than PEG owing to their building blocks and ability to form 

bundles, unlike the PEG. Similarly, we observe the PIC hydrogels lose their integrity 

with a reverse temperature ramp while the PEG retains its stiffness at 10 Pa at 5°C 

(Figure 5 c,d). The differences between the heating and cooling curve for IPN 

networks demonstrate this characteristic (Figure 6 a,b). Like the PIC hydrogels, the 

IPNs are also strain stiffening in nature. The storage modulus of IPN at 1 and 2% strain 

is 275 Pa which is 27 times the PEG control and 2.5 folds PIC control at a similar strain 

(Figure 6c). 

 

Figure 4. Schematic representation of two low polymer-containing gels combined to form 

interpenetrating networks to impart stability and improve mechanical properties.   
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Figure 5. Mechanical Characterization of Hybrid-IPN. The results of oscillatory rheology on 

hybrid IPN hydrogels compared to 1 mg/mL PIC and 10 mg/mL PEG. There are four steps 

during this protocol, a) temperature ramp from 5°C to 37 °C, b) time sweep at 37 °C for 1h, c) 

reverse temperature ramp from 37°C to 5 °C, and d) a time sweep at 5°C for 5 minutes. 

5.2.3 Influence of Interpenetrating networks on cell fate   

L929 cells are encapsulated inside the PIC-PEG IPN to investigate the cell-material 

interaction. RGD peptides are used as biomolecules, and they are either tethered to 

the PEG Q/K gels or the backbone of the PIC polymers. In the case of negative controls 

without biomolecules, PEG without RGD and PIC with azide functionalized polymers 

were employed. The concentration of the biomolecules is kept constant at 100 µM. 

Several combinations of PIC-PEG IPN were formulated, encapsulating L929 

fibroblasts. The cells were cultured in the IPN for 5 days, fixed, and stained for actin 

and DAPI (Figure 7). Most cell invasions were observed in IPN with RGD tethered to 
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both PIC and PEG, followed by IPN with RGD in PEG and then IPN with RGD in 

PIC. The images are analyzed for circularity of the cells, indicating if the cells are 

more spread (Circ~0) or more rounded (Circ ~ 1). When the cells thrive in a 

microenvironment, adherent cells are spread, forming tissues. The image analysis is 

consistent with visual interpretation with the lowest circularity for the IPN with RGD 

functionalized for both PIC and PEG. The least cell invasion is observed in PIC Azide, 

with no RGD having the highest circularity value (Figure 7).  

 

Figure 6. Mechanical Characterization of Hybrid-IPN. The results of oscillatory rheology on 

hybrid IPN hydrogels. The d There are 4 steps during this protocol, a) time sweep, b) Heating 

and cooling ramp at 4°C and 37°C, and c) frequency sweep at 1 and 2% Strain. 
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Figure 7. Actin stained micrographs of cells encapsulated in a-c) IPN consisting of PIC and 

PEG with RGD and controls such as d) PIC-RGD and e) PIC-N3 (PIC-Azide). f) Circularity is 

analyzed for the cells revealing increased cell invasion in IPN with RGD tethered to PIC and 

PEG. 

5.2.4 Innervation of PIC hydrogels 

 

Figure 8. Tubulin-stained micrographs of DRGs encapsulated in 0.75 mg/mL PIC acrylate after 

7 days of culture. Fibronectin was mixed inside the precursor gel to render the matrix 

biofunctional. In both images, the gels are observed to be broken due to the mechanical 

instability of the PIC hydrogels. b) Color-coded Z stack image revealing innervation in all 

planes up to a height of 120 µm. 
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DRGs from embryonic chick were encapsulated in PIC acrylates with 1µM 

Fibronectin as biochemical cues. Different PIC concentrations were tested starting 

from 0.75 mg/mL to 2mg/mL. Among them, neurite growth from DRGs was observed 

only in PIC acrylate with a concentration of 0.75 mg/mL. The tubulin-stained 

micrographs show long neurite extension of lengths >500 µm (Figure 8a), and the 

color-coded z stack show innervation along the z planes up to a height of 120 µm 

(Figure 8b). However, we observed the gels to be disintegrated in several regions due 

to their weak structural integrity. Since high PIC concentrations do not support nerve 

growth, IPN is a choice of material to support both cell growth and retain material 

integrity.  

5.2.5 Development of PIC ANISOGELS  

 

Figure 9. 2.5x2.5x25 µm microgels at 0.5 vol% concentration are encapsulated inside PIC 

acrylate and PIC RGD gels at concentrations ranging from 1mg/mL to 2 mg/mL unidirectional 

alignment along the direction of the magnetic field.  

ANISOGELS were fabricated using microgels fabricated from PRINT techniques 

bearing the size 2.5x2.5x25 µm and encapsulated in PIC acrylate and PIC RGD-based 

hydrogels in the presence of a magnetic field. The rhodamine-labeled microgels 

imaged are oriented for all PIC concentrations (Figure 9); however, the degree of 

orientation is lower at higher PIC concentrations due to high precursor viscosity and 

rapid thermally induced gelation kinetics. This investigation allows us to formulate 

IPNs after optimizing the gelation kinetics to enable microgel orientation. 
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Figure 10. IPN formulated with PIC acrylates 1mg/mL and 1 wt/vol% PEG Q/K gels as 

ANISOGELS and cultured for 7 days. a) The microgels are stained for rhodamine b) the DRGs 

are stained for beta-tubulin showing nerve growth with low contrast to the background. c) 

The merged images of microgels and cells reveal that the cells are guided by the microgels 

locally, but no global direction is observed.  

IPNs were formed using 1mg/mL PIC acrylates and 1 wt/vol% of PEG Q/K gels as 

ANISOGELS with 2.5x2.5x25 µm microgels in the presence of an external magnetic 

field of 100 mT (Figure 10). The immunostained micrographs reveal that the 

rhodamine-labeled microgels failed to orient along one primary direction (Figure 

10a). However, the neurites in some regions were able to align locally along the 

direction of the microgels (Figure 10 b,c). Although the IPN-based ANISOGELS were 

able to stabilize the structure of the gel from disintegrating, the high viscosity and the 

gelation kinetics of the IPN could not orient microgels in one primary direction. 

Further investigation with a freshly prepared PIC batch is necessary to confirm the 

existing issues as often batch-to-batch variability of PIC is observed.  

5.3 Conclusions 

The native ECM is composed of properties like stress relaxation and strain stiffening, 

which synthetic PEG gels cannot reproduce. Hence, we employed PIC hydrogels 

which are thermo-reversible, strain stiffening, and cell compatible. To render the 

matrix viscoelastic and yet stable, IPN was developed by combing the merits of both 

PEG and PIC hydrogels. The hybrid hydrogel offers thermal stability from PEG while 
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offering strain stiffening properties of the PIC hydrogels. In vitro results with L929 

fibroblast cells and nerve cells from DRGs revealed that cell invasion and neurite 

extension are both feasible in an optimized hydrogel composition. IPN bearing RGD 

peptides in both precursors showed increased fibroblast invasion in 3D than the PIC 

RGD alone. The IPN was translated into ANISOGELS by adding short anisometric 

microgels, which are magnetically orientable to create a viscoelastic synthetic 

oriented scaffold. Further investigation is required to comprehend the cell-material 

interactions of the IPN-based ANISOGELS. 

5.4 Experimental Section 

PIC polymers. Polyisocyanides were synthesized as previously reported.118 

Triethylene glycol functionalized isocyano-(D)-alanyl-(L)-alanine monomer (M1) 

and the corresponding azide-terminal monomer (M2) were copolymerized to form 

PIC polymers. The polymerization was done through nickel catalysis by changing the 

catalyst to monomer ratio, and the polymer's length was adjusted between 1k Da and 

2k Da. After polymerization, the polymer was precipitated in a di-isopropyl ether, 

collected through centrifugation, dissolved in dichloromethane, and precipitated two 

more times before being air-dried.  

RGD functionalization. GRGDS (H-Gly-Arg-Gly-Asp-Ser) was used to bio-

functionalize the PIC polymers described in previous reports.123 In short, GRGDS 

peptide is dissolved in a borate buffer (pH 8.4) at 6 mg ml-1 and mixed with a BCN-

NHS in DMSO in a 1:1 ratio by continuous mixing for 24 hours at RT. Next, the azide 

functionalized polymer was separately dissolved in acetonitrile to achieve a 

concentration of 2.5 mg ml-1. Next, the coupled BCN-GRGDS solution is mixed (at 

95% molar equivalency of azide polymer) with the azide polymer and allowed to react 

for 24 h at RT. Finally, polymer-peptide conjugation was precipitated in di-isopropyl 

ether and air-dried for 24 h.  
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Rheology Measurements. The mechanical properties of the interpenetrating 

hydrogels were measured using a 20 mm stainless steel conical plate geometry 

(Discovery HR-3, TA instruments) with a fixed gap of 51 µm height or 74 µL volume 

gel was used to measure the storage and loss modulus of the hydrogels while 

crosslinking in situ. First, the polymer precursor is loaded on the cold Peltier plate at 

T= 5 °C, with a temperature ramp of 1°C/min until 37°C. The moduli were measured 

in the linear viscoelastic regime at strain at 1% and frequency = 1 Hz for 30 minutes 

to ensure complete crosslinking. Next, the hydrogel is subjected to oscillatory stress 

frequencies ω = 0.1 to 10 Hz at strains 1 % and 2 %. A second temperature ramp from 

37 °C to 5 °C at 5 °/C is performed on the gels at strain 1 % and frequency 1 Hz. Finally, 

the moduli are measured again at 5 °C with a strain of 1 % and frequency of 1 Hz.   

In vitro PIC hydrogel formulation. PIC polymers are weighed and dissolved overnight 

in water at the desired concentration at 4°C. The PIC polymers are always freshly 

prepared. L929 Mouse fibroblast (ATCC, Germany) cells suspended in RPMI media 

supplemented with 10% fetal calf serum (FCS, Biowest) and 1% Antibiotic-

Antimycotic (AMB, Gibco) is encapsulated in a precursor mix of 10 mg/mL of PIC-

RGD and 10 mg/mL of PEG-RGD. The gel precursors are mixed with a pre-counted 

cell suspension in a defined volume, resulting in a cell concentration of 500/µL. The 

controls are performed with and without RGD for both PIC and PEG. First, the 

precursor solution (at 5°C) is cast on a well plate (glass bottom IBIDI) at 37°C and 

allowed to crosslink further in the incubator for 30 minutes. The hydrogel is flipped 

every 5 minutes to ensure homogeneous suspension of cells inside. Next, the 

crosslinked hydrogel is supplemented with media (RPMI 1640, 10% FCS, 1% AMB) 

and cultured for 5 days at 37°C in a humidified atmosphere with 5% CO2 with media 

is exchanged every two days.  

3D Immunostaining. The encapsulated cells inside the hydrogel are washed with PBS 

for 30 minutes (twice, at 37° C) and subsequently fixed with 4% paraformaldehyde 

(PFA, 37°C) in PBS on a plate shaker for 1 h. After fixing, the gels are washed twice 
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with PBS for 30 minutes and treated with iFluor- phalloidin 488 or 594 (Abcam, 

Germany) (1:1000) in PBS in combination with DAPI (1:100) and incubated for 4 h. 

The gels are washed twice with PBS for 1 h each and stored until imaging with 

confocal microscopy. All the steps were performed at 37 °C under static conditions.  

Imaging. Laser scanning confocal microscopy (SP8 Tandem Confocal, Leica 

Microsystems Inc.) is used to image the Z stacks of the cells encapsulated in the 

hydrogel. Air objective of 10X /0.3 NA magnification is used to obtain fluorescent 

micrographs by exciting the fluorophores at different wavelengths and obtaining the 

emission signals at multiple channels. 

Cell morphology analysis. The Z stack confocal images are converted into a maximum 

projection using FIJI image J. The background calculated with a rolling ball filter (size 

=20) is subtracted, and the image is converted into an 8-bit image with an auto-Otsu 

threshold. Cell invasion is quantified based on % of actin pixels per field of view or 

image. Each cell or cell cluster is analyzed for its circularity using a particle analyzer 

tool (FIJI, Image J) for particle sizes > 500 pixels. Cell invasion is computed per field 

of view, while circularity is measured for each cell or cluster. The data obtained from 

different gel conditions are compared and plotted in Origin.   

Statistical Analysis. Data points are shown as mean average with error bars indicating 

standard deviation with sample size ≥ 3. One-way ANOVA and pair comparisons 

using Bonferroni and Tukey's methods are performed to determine statistical 

significance, and the p values for statistical significance are represented with stars: * p 

< 0.05, ** p < 0.01. Statistical analysis is done using OriginPro 2020 
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Chapter 6. 3D photo-patterning hydrogels to 

incorporate biochemical ligands for directed cell 

growth 

Sitara Vedaraman, Shreyas Ramakrishna, Aleeza Farrukh, Julian Hüffel, 

Delphine Blondel, María Aránzazu del Campo Bécares, Matthias Lutolf, 

Laura De Laporte  

 

Spatio-temporal control over the aECM composition is essential to model hierarchical 

tissues, create injuries, pathological models and evaluate potential therapies. This is 

often achieved by in situ incorporating chemical gradients in the 3D aECM. Photo-

patterning chemical ligands that impart biological cues to cells such as adhesion 

peptides, ECM proteins, or its protein fragments enable spatially control over cellular 

interaction with aECM promoting cell invasion and facilitating cell-cell interaction 

to achieve hierarchical tissue scaffolds artificially. To establish precise control over 

cell invasion in 3D, a mild enzymatic patterning technique is employed to locally 

tether cell adhesive biomolecules inside 3D PEG hydrogels. The mechanical 

properties of the hydrogel are optimized, and the biochemical gradient is created 

using light employing cues such as RGD, IKVAV, YIGSR, and fibronectin fragments 

to allow controlled cell invasion in 3D. This technique enables oriented cell growth, 

mimicking native tissue such as spinal niche, allowing to study its injury model and 

possible repair strategies or as ex vivo models, such as skin models.  

6.1 Introduction 

The development of hierarchical aECM often involves the incorporation of controlled 

heterogeneities that recapitulate features of the native tissue microenvironment with 

appropriate structural, biochemical, and architectural cues.83 Popularly, the 
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patterning on substrates allowed the creation of chemical gradients of varied shapes 

that are often used as cell culture platforms created using soft lithography, 

photolithography373, or electrochemical deposition374. However, such techniques do 

not mimic the native ECM as the patterns are created on planar or pseudo-3D 

substrates, as discussed in chapter 1. The ability to spatiotemporally control cell 

migration and growth is a crucial research area in developing biomimetic scaffolds. 

This level of control can be achieved by introducing spatial biochemical stimuli in 

combination with supportive mechanical stimuli.  

Recently, photopatterning has become a popular technique to induce non-invasive, 

cell-friendly stimuli inside aECM88,130,276. This approach utilizes the principle of 

incorporating cell adhesive biochemical ligands in localized regions inside a hydrogel 

using light/laser.128 Photo patterning of biochemical peptides and proteins inside 

three-dimensional hydrogels has been developed to control the interaction with 

specific cell types spatially.158 This level of control enables the formation of artificial 

extracellular matrices (aECM) to create a biomimetic environment for the cells to 

form tissues18. Especially in synthetic hydrogels with homogenous 

microenvironments, chemical patterns permit the immobilization of proteins and 

peptides, creating local heterogeneity.151 While a degradable micro-environment 

offers cells to create the physical space required for migration and proliferation,22,375 

photoablation degrades parts of the scaffold exposed to light allowing spatial control 

in cell invasion and migration inside 3D patterned regions.376–378  Alternatively, photo-

encapsulating cells, 379 or photopatterning of chemical cues277,380 in a degradable 

environment enabled controlled cell invasion inside 3D PEG gels. Photo-patterning 

facilitated the formation of endothelialized channels in the presence of stromal cells 

enabling cells of multiple lineages to organize and co-culture in a controlled 

manner.141 Biochemical patterning with light allows immobilizing biomolecules in 

defined volumes without altering the physical structure. A common issue is the 

formation of a necrotic core in aECM tissues due to a lack of blood vessels transporting 

oxygen and nutrients. Non-invasive chemical patterning offers a tangible solution 
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enabling spatial cell growth in 3D aECMs. For example, photo-protected RGD in PEG 

hydrogels allowed the formation of blood vessels during in vivo transdermal 

patterning using UV (350 nm- 365 nm).147 To provide a platform to examine the 

disease, damage, and repair models, I further adapted a mild enzymatic patterning 

technique developed in the group of Prof. Matthias Lutof,  to locally tether neuro-

adhesive biomolecules inside poly (ethylene glycol) (PEG) hydrogels.88 This platform 

involves photo-caged linkers binding to hydrogel backbone, allowing enzymatic 

crosslinking of biomolecules at the patterned region.153,273  

Designing cell-specific biochemical ligands for creating spatial gradients is crucial for 

3D photopatterned hydrogels. Peptides derived from ECM proteins like laminin and 

fibronectin are screened for cell growth.381,382 While the relevance of RGD peptides is 

thoroughly investigated in Chapter 4, short laminin peptides (SLP) are explored and 

optimized for photo-patterning. It is essential to screen the SLP combinations and 

concentrations377 for creating spatiotemporal adhesive biopatterns. IKVAV and 

YIGSR are used together with RGD peptides.  The IKVAV peptide derived from the 

α chain has shown promising results for neural regeneration after spinal cord injury, 

with and without the combination with RGD, when incorporated in self-assembling 

peptides. Especially in its amphiphilic forms to induce alignment in nerve growth383,384 

and promote neurogenesis in adult neural stem cell cultures.385 While the IKVAV 

pentapeptide is hydrophobic and unstable in aqueous environments resulting in 

aggregation, a 12-mer-I[K]VAV peptide with a caged motif tethered at the lysine is 

developed by  Prof. Del Campo (INM Saarbrucken) to promote hydrolytic stability 

and enable photopatterning. The Caged I[K]VAV expresses cell adhesive ligands only 

on light irradiation at the desired wavelength promoting the growth of neural stem 

cells.386  

Similarly, the pentapeptide YIGSR from the laminin β chain has been shown to inhibit 

metastases and promote cell attachment of human umbilical vein endothelial cells 

(HUVECs), human foreskin fibroblast (HFF), and human vascular smooth muscle cells 
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(HVSMC).192 In the case of neuronal cells encapsulated in fibrin matrices, tethering a 

combination of YIGSR, IKVAV, RGD, and  RNIAEIIKDI peptides stimulated 

increased neurite outgrowths from DRGs.38 Protein fragments like FN-9*-10/12-14 are 

another class of biomolecules known to support cell adhesion and binding nerve 

growth factors such as brain-derived neurotrophic factor (BDNF) and neurotrophin-

3 (NT-3).387 3D patterning such neuro-adhesive peptides opens avenues to guide 

neuronal and supporting cells, which require different engagement domains and 

growth factors inside an aECM. In this study, I engineered RGD, IKVAV, YIGSR, and 

fibronectin fragments-based biomolecules, which can enzymatically bind to the 

photoresponsive hydrogels imparting controlled spatial biochemical cues. 

In this study, sPEG-VS and sPEG-MAL-based hydrogels were crosslinked with 

degradable linear peptides at physiological conditions via Michael-type addition. The 

3D synthetic scaffold is rendered photosensitive by incorporating caged linker 

peptides, which are susceptible to light. The biomolecules are bound to the gels via a 

transglutaminase reaction between lysine and glutamine residues (Chapter 4). The 

hydrogel is optimized for its mechanical and biochemical properties to enable cell 

growth and proliferation for L929 fibroblasts. Two specific photo-patterning strategies 

involving the transglutaminase (TG) reaction mechanisms are investigated; caged 

lysine ([K]) peptides88 and a novel reverse-engineered system with caged glutamine 

([Q]) peptides. While a certain TG peptide sequence is essential for the biomolecules 

of interest (BOI) in the former, the latter can be applied with any BOI bearing a free 

primary amine. Similarly, optimal light irradiation conditions were tested to obtain 

biopatterns with high contrast with their surroundings. In vitro experiments with 

DRGs and fibroblasts revealed preferential migration of cells into the pattern region; 

however, cell migration in the surrounding matrices is also observed, inferring a lack 

in contrast between biopattern and its surrounding. Two-photon light patterning 

strategies are explored, and further investigation is necessary to conclude the results. 
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6.2 Results and Discussion 

6.2.1 Optimization of neuro-adhesive peptides for photopatterning  

A thin sPEG-NCO film coated on an amine-functionalized substrate enables amine-

bearing biomolecules such as peptides or proteins to adhere as a monolayer. This 

platform enables rapid cell growth screening and enables viability assays (Figure 1b) 

on a 2D substrate. I employed this platform to determine the optimal concentration 

and combination of neuro-adhesive peptides such as RGD and YIGSR to grow 

dissociated primary embryonic chick DRG cells. The sPEG NCO stored in DMF is 

treated with water, and the terminal ends of the multi-arm PEG are converted to 

amine groups, which further reacts with the unreacted isocyanide terminal groups 

and forming a urea bond.388 While some of the arms of the sPEG-NCO covalently bind 

to the amino groups on the well plates, the others are available to crosslink with one 

another and bind amine-bearing biomolecules. Hence a covalent immobilization of 

peptides is feasible on such thin sPEG-NCO films, and the initial challenge is finding 

the optimal concentrations for cell growth. 

Several concentrations of RGD and YIGSR peptides were screened both in 

combination and individually. At 100 µm RGD concentration, prominent neurite 

growth was observed after three days of culture on the PEG films, and on staining for 

beta-tubulin, long thin neurites from the cell body were observed (Figure 1a). A 

combination of the equimolar ratio of the two peptides resulted in superior nerve 

growth. By systematically reducing the concentration of the peptides while 

maintaining the stoichiometric ratio, the lowest concentration that still supports 

nerve growth is 15 µM of YIGSR and 15 µM of RGD. Hence this combination was 

employed in the following study.  
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Figure 1. Neurite extension on PEG film, coated with a) combinations of RGD and YIGSR and 

its control, b) Schematic representation of the substrate coating with biomolecules, c) 

tabulated peptide code and its corresponding sequence, and d) Percentage of the area of neural 

growth in films immobilized with different adhesion peptides.  

To enable enzymatic photo-patterning, Mosiewicz et al., described the cell adhesive 

peptides require a specific transglutaminase sequence NQEQVSPL and a cysteine (C) 

to tether fluorophore to visualize the biomolecules. Thus, the peptides are designed 

with amino acid sequences NQEQVSPL-RGDSP-ERCG (NQRGD-2), NQEQVSPL-

YIGSR-ERCG (NQYIGSR-1), and NQEQVSPL-YIGSR-GG-ERCG (NQYIGSR-2), 

where NQYIGSR bears a spacer between the NQEQVSPL and ERCG (Figure 1c). 
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These peptides are similarly immobilized on sPEG-NCO gels, and primary nerve cells 

were cultured for five days. The outgrowth was measured using ImageJ by estimating 

the area of nerve cell growth. The positive control (fibronectin 1µM) and GRGDS 

(15µM) show > 15% neurite outgrowth, whereas the NQYIGSR (15µM) and NQRGD 

(15µM) show less than 10% neurite outgrowth per field of view (Figure 1 a, d). NQ-

RGD and NQ-YIGSR-2, however, show> 20% neurite outgrowth, and the 

combination of NQ-RGD and NQ-YIGSR-1 shows greater than 12.5% neurite 

outgrowth. Thus, proving immense scope for combining cell adhesive peptides for 

enhanced neural growth. These results are consistent with the reports from Schense 

et al., where they describe a synergistic effect when combining four different types of 

cell-adhesive peptides at equimolar concentrations .38                                  e

 

Figure 2. High throughput biomolecules screening platform using an automatic droplet 

dispenser. B) The droplets are optimized using a piezo dispenser to eject picolitre volumes. C) 

The biomolecules are labeled with a fluorescent dye are cast on a PEG-NCO thin film to 

obtain microspots. C) dried Peptide spot and D) hydrated peptide spot on PEG NCO films 

using optimized conditions.  



  
 

 
138 

 

The sPEG-NCO thin-film high-throughput screening platform allows rapid and 

customized biomolecule screening for cell adhesion and ECM production. These thin 

films can be obtained by spin coating or drop-casting between spacers on substrates 

functionalized with silane. The thickness was measured using ellipsometry, revealing 

the PEG film thickness between 5-8 µm. Combined with an automatic dispenser 

(Micro drop Technologies), an array of peptides coated surfaces in high throughput is 

obtained to screen biomolecules for a single population of cells (Figure 2a). I optimized 

parameters such as frequency of droplet release, number of drops per spot, and the 

volume of droplets (Figure 2b). As a proof of principle, Alexa Fluor Maleimide was 

used to label GRGDSPC using its cysteine terminals by Michael Type addition to 

visualize the peptide binding spot (Figure 2 c,d). The desired spot size of ~480 ± 10 µm 

was achieved at 150 Hz frequency, with 50 droplets of 194 pL per spot resulting in 9.7 

nL of RGD binding to the PEG NCO substrate per spot (Figure 2 c,d). Further 

experiments to investigate cell response in sterile and aseptic conditions are desired.  

A similar system was explored by Gobaa et al. to produce high throughput microarray 

by stamping biomolecules on partially crosslinked PEG hydrogels. In addition, they 

tested the influence of cell-cell interaction on the differentiation of MSCs into 

adipogenic.257 PEG-NCO films offer a great potential to replace such expensive PEG 

hydrogels for 2D high-throughput cell screening. However, 2D platforms do not fairly 

recapitulate the native tissue niche; hence such platforms can be only applied for rapid 

screening purposes.    

6.2.2 3D PEG hydrogel development for in vitro cell growth 

20k Da, 4 arm star PEG polymers are crosslinked with MMP sensitive peptides at pH 

7.4 and 37°C temperatures. The MMP peptide sequence is designed with di-thiol end 

groups to facilitate Michel-type addition on both the terminal ends. The middle part 

of the peptide sequence is similar to the collagen MMP site (Table 1), which is readily 

cleavable in cellular protease (Figure 3a).339 The photolabile groups employed here are 
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caged lysine and caged glutamine peptides, which bear a cysteine to bind to the 

hydrogel. The PEG hydrogel allows tuning of mechanical properties by altering the 

PEG concentration, crosslinking density, degradable domains in the crosslinker, and 

concentration of adhesive peptides. To mimic the ECM of nerve tissues, soft gels are 

formulated with concentrations of 2.5 % to 4% wt/vol% of PEG to identify the desired 

range of stiffnesses. In the rheometer, the precursors are crosslinked in situ at 37°C 

for 2h. The stiffness was measured using a shear-inducing geometry to measure the 

storage modulus (G'). The G' varied from 30 Pa to 2000 Pa for the PEG concentration 

ranges mentioned above (Figure 3b). Hence the desired stiffness for 3D cell invasion 

for fibroblasts and later in nerve cells was chosen to be below 1 kPa. However, the 

super-soft gels like 2% PEG pose difficulty during photopatterning, and the addition 

of bioadhesive ligands like RGD peptides will also consume the PEG-VS arms, which 

will further cause a reduction in stiffness. Hence, the desirable stiffness range was 

between 3- 3.4% of PEG, consistent with previous reports that reported optimal cell 

invasion for MSCs at 3.4 wt/vol%.153 Hence I applied this concentration to study 

different rheological parameters.  

Table 1. List of MMP sequences applied in the study to optimize cell invasion in 3D  

 

Different shear frequencies were applied to the hydrogel to measure the stability of 

the gel. The stiffness for a frequency sweep ranging from 0.1 Hz to 100 Hz (Figure 3c) 

revealed that the gels disintegrate only after 20 Hz, inferring a stable yet soft gel for 

cell applications. The gelation kinetics was measured by plotting the storage modus 

over time. The gels were formed within 30 minutes when no RGD was incorporated 

in the precursor solution. However, the crosslinking initiation for 3.4% PEG 

CROSSLINKER PEPTIDE SEQUENCE DEGRADABLE BY 

16W1 Ac-GCREGPQG↓IWGQERCG-NH2 MMP-1/-2/-3/-8/-9 

16W2 Ac-GCREVPMS↓MRGGERCG-NH2 MMP-1/-2/-3/-7/-9 & MT1-MMP 

16W3 Ac-GCREFPLR↓MRWDERCG-NH2 MMP-1/-2, plasmin 

16W4 Ac-GCREKKGH↓KLHLERCG-NH2 MMP-2, plasmin 

16WSc Ac-GCREGDQGIAGFERCG-NH2 n.d. 

HS-PEG-SH HS-CH2-(CH2-CH2-O)n-CH2-SH n.d. 
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hydrogels with 0.6 mM RGD at pH of 7.4 at 37°C was at 30 minutes, followed by a 

plateau in stiffness after completion of crosslinking around ~ 50 minutes (Figure 3c). 

Such slow crosslinking often results in sedimentation of the encapsulated cell during 

in vitro experiments. Hence it was essential to understand the role played by the 

addition of cysteine pendants (like RGD or caged peptides or linkers) in this PEG 

system (Figure 3d). As expected. An increase in caged K peptide drastically reduced 

the stiffness of the hydrogel with a maximum cysteine pendant concentration of 2mM 

(Figure.3e).

 



  
 

 
141 

 

Figure 3. a) Schematic description of PEG VS with Linear di cysteine crosslinkers with RGD 

peptides binging via Michael type addition. b) Rheology measurement of Storage Modulus for 

PEG hydrogels from 2 wt% to 4%. C) The stability of gels at 3.4 wt/vol % is realized by 

measuring the storage modulus over different frequencies. D) The gelation kinetics of the 

hydrogel is obtained from Storage modulus vs. time at 37°C, where the crosslinking is initiated 

at 20 minutes and completed when reaching a plateau at 50 mins for 3.4% PEG with 0.6 mM 

RGD. E) A decrease in storage modulus of the hydrogels was observed with increase in the 

cysteine pendant concentration. Data presented as average ± s.d. 

In vitro experiments were performed to test the cell response in the optimized 

hydrogel composition. The screening was performed with L929 mouse fibroblast cells, 

by altering the concentration of the PEG network (2% to 7%), tuning the degradable 

domain in the crosslinker (Table 1), and finally regulating the bulk degradation 

kinetics by altering the ratio of degradable to non-degradable domains. Preliminary 

screening for the biomolecule concentration revealed that the proliferation of cells 

detected via MTS assay in 3D hydrogels with 30 µM RGD peptides is statistically 

similar to 100µM RGD peptides. Hence, lower concentration was explored to screen 

other above parameters due to high RGD costs.  

While screening for different PEG network concentrations between 2.5% and 7%, 3.4 

wt/vol% hydrogels showed the most invasive microenvironment with 30 µM 

GRGDSPC as a biomolecule. The stained micrographs for actin filaments were imaged 

as Z-projections and superimposed (Figure 4a). This observation was quantified using 

an image analysis algorithm (chapter 4), where the edge effect of the cells revealed 

the percentage of micro protrusions inside the 3D scaffold, which in turn reveals 

information on cell invasion (Figure 4b). On the one hand, the rounded cells were 

observed in 5% and 7 % PEG network concentrations with and without biomolecules 

owing to the highly-dense polymer network and the inability of cells to degrade the 

crosslinker rapidly. On the other hand, the results show that with reduced gel 

stiffness, cells do not have enough spatial proximity to the integrin-binding site to 

provide enhanced cell spreading. Hence, 3.4 wt/vol% was chosen for the next 

systematic screening.  
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Figure 4. A) L929 cells are encapsulated in 3D PEG hydrogels with different PEG 

concentrations ranging from 2.5% to 7%. The optimal cell growth was observed in 3.4 % PEG 

with 30 µM GRGDSPC peptides for cell adhesion. B) The cell invasion is quantified as the 

protrusions obtained during cell invasion called normalized edge effect per cell (%). Data 

presented as average ± s.d. and statistical significance was performed using two-way ANOVA 

with Bonferroni and Tukey comparison (*p < 0.05, **p < 0.01). 

The cells encapsulated are degrading on demand by secreting proteases. By altering 

the domains in the crosslinker responsible for degrading, we can tune the degradation 

kinetics in vitro. Four different linear di-cysteine crosslinkers (16W1-16W4) were 

explored, each with a unique degradable domain. As a control, non-degradable 

peptide and PEG-based crosslinkers were tested (16Wsc and HS-PEG-SH). 16W2 and 

16W1 show the most invasive microenvironment for L929 cells with the biomolecules 

as adhesion sites (Figure 5a). While in control gels, the cells were primarily dead with 
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and without biomolecules due to the lack of space available for the cells to proliferate 

and migrate. Similar image analysis on fluorescent micrographs revealed a higher cell 

invasion for gels with crosslinker 16W2 followed by 16W1 and 16W4 (Figure 5c). 

 

Figure 5. a) The 3.4 wt% PEG hydrogels are now crosslinked with different MMP cleavable 

groups (16W1- 16W4), Scrambled non-cleavable groups, and non-degradable PEG are tested 

to screen the optimal cleavage site for L929 cells for cell invasion with and without 

GRGDSPC. The cells are stained for actin filaments and c) quantified. b) Live dead assay is 

performed on the gels in culture and d) analyzed. Data presented as average ± s.d. and 

statistical significance was performed using two-way ANOVA with Bonferroni and Tukey 

comparison (*p < 0.05, **p < 0.01).   

The increased cell invasion in hydrogels with 16W2 degradable domains may be due 

to the additional protease sensitivity from MMP 7 and MT 1 (Table 1). The Live-Dead 
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assay images revealed that the cells in the degradable microenvironment could survive 

even without RGD peptides (Figure 5b). On quantifying the images from live dead 

assay, higher cell viability (> 80%) was observed for 16W2 and 16W1 and reduced 

viability for other degradable hydrogels. The lowest cell  viability(< 40%) was 

observed for the non-degradable PEG crosslinker (Figure 5d).   

To understand the interdependency between the adhesive and degradable domains, 

hydrogels with a combination of MMP-degradable and non-degradable crosslinkers 

were formulated with L929 cells. 16W2 crosslinker was employed as the degradable 

crosslinker as it showed the most invasion and the PEG di-thiol crosslinker was the 

most non-invasive crosslinker. As expected, a gradual decrease in cell invasion is 

observed with an increase in the concentration of the non-degradable crosslinker 

(Figure 6a). Hydrogels with up to 50% HS-PEG-SH provided moderate cell invasion 

conditions, whereas the cells in hydrogels with a higher ratio of non-degradable 

crosslinker showed a little interaction with their surrounding gel. On quantifying the 

actin stained images, the edge effect quantification shows higher cell invasion in the 

fully degradable hydrogel with 100% 16W2 crosslinker with biomolecules (Figure 

6b). Despite the presence of biomolecules, the non-degradable hydrogels promoted 

no cell invasion.  

Prolonged storage of the PEG-VS and the crosslinker peptides at -20°C resulted in a 

gradual loss in functionality due to repeated freeze and thaw cycles which affect the 

mechanical properties. Hence, PEG-VS is stored as powder aliquotes, whereas 

crosslinkers with thiols that are more prone to disulfide bond formations must be 

characterized every three months for their thiol concentration using an Ellman's 

assay. We explored options to increase the gelation kinetics from a crosslinking 

duration of 50 minutes to 20 minutes. To achieve faster crosslinking, the gelation 

kinetics can be tuned by altering the temperature, pH, the electron-withdrawing 

group (EWG), and concentration of the reacting molecules of the hydrogel precursor. 

With the desire to produce soft 3D invitro hydrogels and based on the previous 
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reports153, the concentration of the reacting molecules was not altered. However, it 

was essential to reduce the gelation time to prevent cell sedimentation. Hence 4 arm 

maleimide functionalized PEG was employed to crosslink with the linear crosslinker 

and tether with the biomolecules. However, replacing VS with maleimide resulted in 

instantaneous crosslinking under 1s, causing the pipet tips to clog. Hence, to facilitate 

a workable precursor with uniform mixing, different ratios of PEG-VS and PEG-MAL 

were screened for their gelation kinetics. Among the different screening conditions, 

60: 40, where 40 % of the functional VS was replaced with maleimide (MAL) at pH 

7.4, had the most suitable gelation kinetics of 40 minutes (Figure 7a).  

 

Figure 6. A) Combination of degradable and non-degradable crosslinkers is employed, 

revealing a decrease in cell invasion with the increase in the fraction of non-degradable 

crosslinkers. B) Edge effect analysis revealed similar trends. Data presented as average ± s.d. 

and statistical significance was performed using two-way ANOVA with Bonferroni and 

Tukey comparison (*p < 0.05, **p < 0.01). 



  
 

 
146 

 

 

Figure 7. (a) Stiffness (G') vs. time curves for PEG hydrogels of different compositions at pH 

7.4. The black arrow indicated the gelation time for PEG VS-MAL hydrogels. The red arrow 

indicated gelation time for PEG VS hydrogel. (b) Effect of pH on crosslinking kinetics and 

role on storage modulus for 3.4wt% PEG VS-MAL hydrogels. The solid line indicated gelation 

time for hydrogels at pH 7.4. The dotted line indicates the gelation time for hydrogels at pH 

8. Multiple rheology measurements are plotted to show the variability in storage modulus. 

However, an increase in gelation kinetics was not evident until the pH of the 

precursor solution was altered from 7.4 to pH 8, and the crosslinking time was reduced 

to 20 minutes (Figure 7b). We also observed that the gel's stiffness with 60:40 VS to 

MAL had inconsistent storage modulus resulting from batch to batch variability. The 

lack of reproducibility with maleimide-based gels owes to the heterogeneous pores 

formed when the maleimides crosslink rapidly with the crosslinker. These 

observations were consistent with previous reports.389,390 The gelation kinetics were 

quantified using rheology measurements using 20 mm conical plate geometry. 

A simple method to couple linear peptides like RGD is by adding spacer amino acids 

bearing thiol residues like cysteine to enable thiol-Michael addition with PEG 

precursor. However, a sharp contrast between the pattern region and the background 

is essential for in vitro cell guidance and growth for photopatterning. Hence the 

biomolecules incorporated need to be both high in potency and concentration. Thus 

GRGDSPC is mixed in the precursor solution in several concentrations (0 mM to 1 

mM) to decipher the maximum optimal RGD concentration for cell growth in the 

sPEG 60:40 VS:MAL hydrogel combination. As the cysteines in the RGD compete 
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with the cysteines in the crosslinker to bind to the VS, a thorough optimization is 

essential. We attempted to decipher the maximal concentration of RGD molecules 

that can be tethered without compromising the structure of the hydrogel yet 

supporting cell growth.  

 

Figure 8. Maximum intensity Z-projections of fluorescently-labeled RGD tagged PEG 

hydrogels at different concentrations of GRGDSPC (DAPI: 405 nm, Actin: 594 nm, stack 

size:150µm). NA indicates that gels could not be imaged as gels were not formed or were 

extremely weak and did not encapsulate cells. (Scale bar 100 µm) 
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Figure 9. The circularity of 3D distributed L929 cells in 3.4% PEG-VS PEG-Mal hydrogels 

with different concentrations of adhesion peptide GRGDSPC. Data are presented as mean ± 

SD.  

We know from previous sections that 30 µM is already sufficient for cell invasion; 

however, the attempt now is made to incorporate the highest concentration of 

biomolecules for photopatterning application; hence all tested concentrations (0.2 

mM to 0.8 mM) GRGDSPC peptides show improved cell invasion in 3D. The 

fluorescent micrographs stained for actin revealed that the cell spreading is visually 

higher at 0.6 mM and 0.8 mM with dense cell sprouting than in 0.2 mM and 0.4 mM 

RGD tethered hydrogels. Several rounded cells were observed in 0.2 mM and 0.4 mM 

RGD tethered hydrogel, indicating that the density of RGD is less or the density of 

the matrix is high to promote uniform cell invasion (Figure 8). Empirical validation 

for these observations was performed using the superimposed z stack of the 

fluorescent micrographs stained for actin filaments. A computational algorithm was 

employed to analyze the circularity of the cells. Higher the circularity (closer to 1) 

means that the shape of cells to closer to a sphere, whereas low circularity (closer to 

0) interprets higher sprouting and cell invasion (Chapter 4, Methods). While the 

hydrogels with 0.8 mM GRGDSPC show the highest proliferation with the lowest cell 
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sphericity indicating extensive protrusions, it lacks reproducibility due to 

heterogeneous network formation and failure to encapsulate cells. Hence, 0.6 mM 

RGD tethered peptide, which showed equally extensive cell spreading and low 

circularity with reproducible gels, is applied for further experiments (Figure 9). It is 

essential to note that the gels bio-functionalized with 1 mM RGDC did not crosslink 

due to lower VS arms available for crosslinking. It is relevant to note that no statistical 

circularity differences were observed between gels functionalized with 0.6 mM and 

0.8 mM RGD.  

6.2.3 Rendering 3D PEG hydrogel bioactive with K and Q peptides as 

Linkers  

In enzymatic photopatterning, the biomolecules are spatiotemporally tethered to a 

PEG hydrogel through the transglutaminase reaction with uncaged lysine peptides.153 

This requires the BOI to bear a peptides sequence 'NQEQVSPL'. The combination of 

BOI and NQEQVSPL is known to support cell growth much more diminutive than 

peptides without NQEQVSPL (Figure 1d). Hence, I attempted to translate the existing 

system from protected lysine to protected glutamine. By translating from caged K to 

caged Q system, an attempt to eliminate the inhibitory growth effect of NQEQVSPL 

is made. The N[Q]EQVSPLERCG is bound via the cysteine to the PEG backbone in 

the protected glutamine system. In control experiments, peptides without caging 

motifs are tested for in vitro experiments with L929 cells (Figure 9, 10). Here we 

explored the sequential biofunctionalization where the gels with K-peptide linker 

were treated with NQEQVSPL-RGD-ERCG (Q-RGD), and the gels tethered with Q-

peptide linker hydrogels were treated with RGD bearing an amine (K-RGD) solutions. 

Since the incubation is performed after the hydrogel is crosslinked, the diffusion of 

the BOI depends on parameters such as concentration, temperature, time, and enzyme 

concentration. After 90 minutes, the unbound biomolecules are washed. The 

equimolar concentration of the incubation solution with solution volumes five times 

greater than the gel volume was used.                                              
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Figure 10. Maximum intensity Z-projections of fluorescently labelled DAPI, Actin, and 

merged channels in 3D PEG hydrogels functionalized with RGD via K-peptide (stack: 200 

µm). 

 

Figure 11. Maximum intensity Z projects of fluorescently labelled DAPI, Actin, and merged 

channels in 3D PEG hydrogels functionalized with RGD via uncaged Q-peptide (stack: 200 

µm). 

The fluorescent micrographs stained for DAPI and actin revealed that the gels 

functionalized with 0.6 mM Q-RGD bound to K peptide showed moderate 3D cell 

invasion and growth (Figure 10). In contrast, cell invasion with 0.6 mM GRGDS 

bound to Q-peptide showed superior cell invasion (Figure 11). Though the gels were 

formed at pH 8 rapidly and employed a sequential biofunctionalization method, this 

procedure had its demerits. The elevated pH resulted in precipitation of the Ca2+ ions, 

which are essential for activation of FXIII during the incubation. This may be due to 

the buffering solution at pH 8, FXIIIa, and the CaCl2 when in contact with the 

formulated gel. Skin-like precipitation on the hydrogel surface was observed, 
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preventing imaging. Additionally, preparation of the RGD incubation solution with 

FXIIIa in large amounts was required. Therefore, a new enzyme-linked 

biofunctionalization method needed to be developed to combat these issues. 

Meanwhile, Broguiere et al. developed a novel, single-step functionalization protocol 

to bind nerve growth factor (NGF) to hydrogels using Sortase A.154 This protocol was 

adapted to our hydrogel system by combining the formulation and 

biofunctionalization steps. The new protocols now require 10x lower volumes of 

FXIIIa enzyme and RGD peptides. Secondly, the incubation and washing duration in 

the hydrogel is drastically reduced. However, the unbound RGD peptides require 

additional washing. Here we promote the unbound RGD and FXIIIa to diffuse out of 

the gel rather than in the sequential biofunctionalization protocol where the 

molecules are promoted to diffuse into the gel. Similar control experiments with 

uncaged K and Q peptides were developed. The immunostained images of cells 

encapsulated in PEG gels bearing K-peptide with Q RGD and Q-peptide with GRGDS 

tethered hydrogels are investigated (Figure 12, 13). 

The fluorescent micrographs of gels with Q-RGD bound to K-peptide at 0.6 mM and 

1.2 mM showed increased cell proliferation than gels with no biomolecules (Figure 

12a). On analyzing the images for edge effect and circularity (Figure 12 b, c), no 

significant differences were observed between the circularity of 0.6mM QRGD and 

gels without RGD (0.0 mM). Despite visual observations, the data obtained could not 

confirm the statistical difference. Thus, Q-RGD at 1.2 mM showed the most cell 

invasion with both the quantification techniques and hence applied for the single-

step photopatterning experiments. It is important to emphasize that although the 

concentration of RGD peptides tethered is limited to the concentration of K peptides 

during gel formation, the diffusion kinetics play a crucial role in tethering Q-RGD 

peptides, confirming that a higher concentration of RGD peptides promotes diffusion 

for biomolecule binding. Analyzing the actin filament invasion per image, gels with 
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Q-RGD at 1.2 mM concentration had a cell invasion area of 21.99 %, while gels with 

0.6 mM Q-RGD had only 8.50% of cell invasion.  

 

Figure 12. (a) Maximum intensity Z-projections of 3D distributed fibroblasts in PEG-VS, PEG-

MAL hydrogels functionalized with different concentrations of RGD via K-peptide (DAPI: 
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405 nm, Actin: 594 nm, stack size:200 µm). (b) Edge effect of cell in hydrogels (c) circularity 

of cells in hydrogels. 

 

Figure 13. Fluorescent Z-stack images of fibroblasts in PEG VS-MAL hydrogels with K-

peptide linker without FXIIIa in the gel mix 

Control experiments were performed to ensure that the Q-RGD peptides in the 

hydrogel are covalently binding only in the presence of FXIIIa and not in its absence. 

Hence Q-RGD peptide hydrogels were formulated without FXIIIa (Figure 13) with 

L929 fibroblasts and cultured for 7 days. Cell appeared rounded, and no cell invasion 

or proliferation was observed at different Q-RGD concentrations revealing that only 

bound RGD peptides contributed to cell adhesion and unbound RGD peptides are 

easily washed out.  



  
 

 
154 

 

 

Figure 14. (a) Maximum intensity Z-projections of 3D distributed fibroblasts in PEG-VS, PEG-

MAL hydrogels functionalized with different concentrations of RGD via Q-peptide (DAPI: 

405 nm, Actin: 594 nm, stack size:200). (b) Edge length effect of cell in hydrogels (c) 

circularity of cells in hydrogels.  

Similar experiments were performed with GRGDS peptide, which bears a free amine 

in the N terminal resembling RGD tethered with lysine (K-RGD). The encapsulated 

cells were stained for actin filaments and DAPI after 7 days of culture (Figure 14a). 
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The visual observation reports that the cell invasion in gels with Q-peptide tethered 

with GRGDS are more prominent than in those without RGD peptides. Both the 

concentration of GRGDS showed similar cell invasion for L929 fibroblast. Quantifying 

the images for edge effect and circularity revealed that the cell invasion is significantly 

higher for both concentrations of GRGDS compared to the control (Figure 14 b,c). 

Lower circularity is observed for both 0.6 mM and 1.2 mM GRGDS revealing that no 

significant differences occur. An increase in RGD concentration for the Q-peptide 

linker is not essential for enhanced cell invasion.  

 

Figure 15. Fluorescent Z-stack images of fibroblasts in PEG VS-MAL hydrogels with Q-

peptide linker without FXIIIa in the gel mix 
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Figure 16. Z-stack projections of DRG in PEG VS-MAL hydrogels with different RGD 

concentrations via K- and Q-peptide linkers (βIII-Tubulin – 633 nm, stack size-variable)  

Similar control experiments without FXIIIa were performed by encapsulating L929 

cells with GRGDS and PEG networks with Q linker peptides. In the absence of FXIIIa, 

cells appear rounded due to the lack of bound GRGDS peptides to the hydrogel (Figure 

15). In addition, very few cells are observed with filapodial sprouts; however, they do 

not contribute to the significant representation of cell behavior in such hydrogels. 

Hence, we conclude that the exclusivity of RGD tethering to the PEG backbone is an 

essential requirement for biofunctionalization. Furthermore, these results indicate 
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that it is both efficient and viable to translate from sequential biofunctionalization to 

single-step biofunctionalization for both K and Q peptide tethered hydrogels. 

Photopatterning is vital for tissues that require complex architecture. Hence to test 

the applicability of this hydrogel platform, similar experiments with chicken dorsal 

root ganglion (DRG) in PEG hydrogels tethered with 0.0, 0.6, and 1.2 mM Q-RGD via 

K-peptide and GRGDS via Q-peptide were investigated. The hydrogel composition 

for DRG growth was favorable at all hydrogels tethered with Q-RGD or K-RGD 

(GRGDS) at both 0.6mM and 1.2 mM via uncaged K-peptide and Q-peptide linkers, 

respectively. The DRGs were stained for β-tubulin (red) to visualize the axon 

innervation in the PEG hydrogels (Figure 16). Further quantification is essential to 

compare the concentrations and tethering systems.  

6.2.4 Photopatterning with caged K and Caged Q peptide tethered 

hydrogels 

The photopatterning described by Mosiewicz et al. involves sequential steps after 

fabricating the in vitro PEG gel with caged peptides sensitive to light.281 The hydrogels 

are irradiated using an optimized protocol, preventing any damage to the encapsulated 

cells. The gels are washed post patterning and labeled with the desired biomolecules 

of interest (BOI). Finally, the unbound BOI is removed by washing repeatedly. 

Though this protocol was optimized for controlled MSCs migration, re-optimization 

is required for the controlled growth of fibroblasts or nerve cells. I employed the PEG 

hydrogels described earlier for photopatterning using [K] peptides (Figure 17a). The 

photosensitive peptide is deprotected, revealing an active site that enables the binding 

of the biomolecule of interest (BOI) via an enzymatic transglutaminase reaction, as 

described in chapter 4. This allows spatial localization of the desired bio-molecules 

such as RGD (Linear/ Cyclic / Bicyclic), IKVAV, YIGSR, and fibronectin fragments 

FN 9*-10/12-14 as screened in previous sections and chapters through mild and highly 

specific reaction mechanism. BOI design requires a specific transglutaminase 
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sequence that is sensitive to FXIIIa crosslinking, and for shorter peptides, this is 

relatively easy to fabricate by peptide synthesis. However, larger protein fragments 

like FN 9*-10/12-14 require special plasmid engineering and production in E. coli.31 

The novelty of PEG and its applications with integrin-specific binding biomolecules 

for controlled cell adhesion and migration have been discussed thoroughly in 

Chapters 1 and 2.  

I observed that the ability of cells to bind to the BOI with transglutaminase sequence 

is lower than the BOI alone. Hence, I also explored the feasibility of using the 

chemistry where the hydrogel is tethered to a caged Q or [Q] peptide, and the BOI 

can be tethered directly by decaging the [Q] peptide and binding to a simple amine 

bearing BOI. This chemistry does not require an additional NQEQVSPL sequence to 

the BOI. Thus, reducing the need for designing BOI with a transglutaminase sequence 

and allowing using peptides bearing only amines, improving cell adhesion drastically.  

This inverse caging mechanism was developed in collaboration with PEPSCAN, 

Lelystad to develop caged glutamine with an o-NB group, which protects the carboxyl 

group of the glutamine. On exposure to UV light, the carboxyl group is made available 

from the photo-protective group, facilitating the transglutaminase reaction with 

peptides bearing an amine group (Figure 17c). The caging groups nvoc and oNB had 

their absorption maxima at ~350 nm and ~265 nm, respectively. While both are caged 

groups are UV-sensitive, the former cleave between 350 - 405 nm while the latter 

cleaves between 265 - 365 nm, respectively (Figure 17 b,d). The absorption spectrum 

was measured with 1mM of Caged peptides and exposed with an 8 mW UV lamp 

instead of laser to decap volumes larger than 500 µL. The spectra are measured at 

different time intervals. Decaging is significantly observed in nvoc and o-NB peptides 

after 120 min and 60 min, respectively.  
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Figure 17. a) De-protection of the photo-protected lysine-based peptide by exposing UV light. 

The caged group nvoc is cleaved off the K peptide, thus exposing free amine groups of lysine. 

This free amine reacts to the carboxylic group of the glutamine to form an isopeptide bond 

via an enzymatic pathway facilitated by FXIIIa. b) UV-Vis absorption spectrum of [K] peptides 

at different UV exposure durations. c) De-protection of the photo-protected glutamine-based 

peptide by exposing UV light. The caged group is cleaved off the peptide, thus exposing free 

carboxyl groups of glutamine. This free carboxyl group reacts with any biofunctional amine-

bearing peptide to form an iso-peptide bond via an enzymatic pathway facilitated by FXIIIa. 

d) UV-Vis absorption spectrum of [K] peptides at different UV exposure durations. 

 

Figure 18. UV-Vis spectra of light-sensitive Q-peptides [Q1], [Q2], and [Q3] after 10 min 

exposure to UV light 

In the case of caged Q peptides, the NQEQVSPL sequence bears two glutamines. 

Hence three variants were developed. These peptides are Q1 with both the glutamine 

caged: NQ(o-NB)EQ(o-NB)VSPLERCG-NH2, Q2 with the first glutamine caged: 
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NQ(o-NB) EQVSPLERCG-NH2 and Q3 with the second glutamine caged: NQEQ(o-

NB)VSPLERCG-NH2. The caged Q peptides bear a broad peak at 270 nm. Decaging 

was measured using absorption measurements for all three variants using UV light at 

254 nm and 365 nm. The absorption spectrum is compared after exposing the peptides 

to a light source at 254 nm, revealing a reduction in absorbance around 270 nm for all 

the caged Q peptides. A more significant decrease in absorption peaks is observed for 

all caged Q peptides after exposure to light at 365 nm (Figure 18). Hence the choice 

of wavelength to photo pattern the Q peptide is at 365 nm.  

Further, the time required for decaging all three Q peptides were analyzed using 

individual absorption measurements after several intervals of light exposure at 356 

nm. The light was exposed to all three peptides in solution for 30 minutes (Figure 19). 

A drastic decrease in the peak was observed after 5 minutes of light exposure. 

However, no significant change in the spectra was observed on extended light 

exposure after 5 minutes. Thus, photopatterning for 5 mins is the minimum 

requirement for Caged Q peptides.  

 

Figure 19 UV-Vis spectra of caged Q peptides ([Q1], [Q2], and [Q3]) at different time points 

after exposure to UV light at 365 nm UV light 

In both the photopatterning systems, the desired spatial pattern must have a strong 

contrast between the patterned and the non-patterned regions for the cells to sense 

the biochemical contrast. Therefore, the photopatterning parameters, such as laser 

intensity, pixel dwell time, and pattern architecture, have been extensively optimized 

for the given laser system to enable localized biomolecule binding with a sufficiently 
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high concentration in the pattern. Using the Leica SP8 confocal (DWI, Aachen), a 

100% intensity of the laser at 405 nm is irradiated into the hydrogel. The output power 

at the focal plane was 0.3 mW, measured using a photodetector (Thor Labs). For the 

entire photopatterning period, the gels are maintained in a closed incubating chamber 

at 37 °C. Since the gels were formulated with HEPES buffer, the pH was stable even 

without CO2.  

 

Figure 20. Screening parameters for different caged K peptide gels with a) 1mM b) 0.5 mM 

and c) 0.25 mM concentrations at 100x, 50x and 25x patterning iterations. d) The mean 

fluorescence intensity is quantified for the entire z stack is reported as (AU).  

The laser intensity is a crucial factor for the decaging of caged K and Q peptides. The 

pixel dwell time is the duration of laser exposure per unit pixel area. Several 

parameters, including patterning speed, pattern size, and the number of scanning 

repetitions, determine the pixel dwell time. For most cell experiments, 48 µs was the 

optimized pixel dwell time. The influence of the concentration of caged peptides and 

the number of iterations was investigated (Figure 20). I observed that for a fixed 

hydrogel composition, an increase in iterations of laser in the ROI resulted in an 

increase in free amines (detected by CBQCA assay). 1mM, 0.5 mM and 0.25 mM 

concentrations of [K] were investigated with 100, 50 and 25 iterations of pattering in 

the ROI (Figure 20 a,b,c). The highest free amines were observed in the 1mM [K] with 
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100 iterations in the ROI. However, a similar decaging degree can be achieved by 

either altering the concentration of the [K] or the number of times the laser is exposed 

in the ROI. For example, the mean fluorescence intensity for 0.5mM with 100 

iterations is similar to 1mM [K] with 50 laser iterations (Figure 20d).   

 

Figure 21. a) Quantification of free amine exposed after decaging inside a 3D photo patterned 

hydrogel CBQCA assay. b) 60mins pattern and c) 13-minute pattern for a fixed laser intensity.  

Similarly, exposing the hydrogels for a more extended period with a fixed pixel dwell 

time in a defined region creates a contrast between the pattern and its surrounding 

(Figure 21). To achieve selective cell growth and migration into the pattern, it was 

essential to compare the biomolecular concentration at the region of the photo pattern 

compared to its background. After photopatterning, the decaged amines can be 

quantified by treating the gels with a CBQCA assay (Thermo Fisher). This assay is 

based on an ATTO-TAG bearing a non-fluorescent reagent, which becomes 

fluorescent on binding to a free amine. The fluorescent pattern after treatment with 

the CBQCA reagent for the gels with longer (60 mins) photo exposure showed higher 

fluorescence compared to the shorter duration patterned (13 mins) hydrogel (Figure 

21). The contrast between the pattern and the background is also higher for the more 

extended irradiated photo pattern. With these results, it is clear that the duration of 
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laser exposure plays a vital role in the contrast of the photo pattern, thereby affecting 

the contrast of the biopattern. 

 

Figure 22. a) In-house-built laser diode showing higher intensity at shorter exposure time 

than the confocal microscope. b) Line laser with a photomask to prevent the light scattering 

and improve the contrast between pattern and background.  

Although the cells initially responded to the biomolecular pattern, they failed to sense 

the contrast between the pattern and the background in more extended culture 

periods. Hence, we switched to a diode laser with higher laser power ranges (30-90 

mW). However, the limitation of this diode laser was that it lacked the precision of a 

confocal microscope. The preliminary tests performed with the diode laser that was 

built in-house with Onur Bakirman (DWI, Aachen) revealed that the diode line laser 

at 60 mW for 60s exposure time has a significant ability to decap the caged peptides 

compared to the confocal laser at 0.35 mW for 35-minute exposure time (Figure 22a). 

The diode line laser was tested with different photomasks to improve its precision. 
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While the addition of a photomask drastically enhanced the width of the line laser 

from 30 µm wide to 15 µm wide at its strongest intensity, it could not remove the 

diffraction gradients created by the photomask, which contributed to 8 µm of 

additional pattern width (previously 75µm without photomask) (Figure 22b).  

Similar to [K] peptides, [Q] peptides tethered to PEG hydrogels were decaged using 

light at 365 nm (Primovo Platform, FZ Jülich). [Q1]-peptide as the linker was 

employed and rendered biofunctional using GRGDS peptides labeled with 

fluorophores. The prelabelled biomolecules tethered via transglutaminase reaction 

PEG backbone can be easily measured using the mean fluorescence. The fluorescence 

intensity of gels exposed to and protected from UV light is measured using a 

photodetector (Leica, SP8). The difference between the pattern and the background, 

though not visually different, is statistically significant (Figure 23a). We reason the 

high fluorescence from the non-photopatterned regions to be due to the unbound, 

unwashed fluorophores from labeled RGD peptides. The fluorescence intensity 

distribution along the Z stack reveals that the gel core (Z ~ 0 µm) has a higher 

fluorescence compared to the edges (Z~100 µm), which are closer to the gel-media 

interface (Figure 23b). The unbound fluoro-RGD must diffuse out of the gels to obtain 

a strong contrast between the biopattern and the non-patterned regions. The decrease 

in fluorescence intensity may be due to higher diffusion at interfaces than the core of 

the hydrogel. While it is essential to create a strong contrast between biopattern and 

background, an experiment comparing the cell invasion in the photopatterned gels 

with RGD in gel mixture and RGD incubated as a solution is performed. The hydrogels 

with caged [K] peptides were used to encapsulate fibroblast spheroids. The gels were 

photo patterned with similar patterning parameters with a focused laser at 405 nm 

and cultured for ten days (Figure 24 a,d). The cells are fixed and stained for DAPI to 

visualize nuclear migration. For gels with Q-RGD in the precursor mixture, higher 

DAPI stained structures are observed in the biopattern. Some cell migration is 

observed in all directions from the spheroids; however, a higher concentration of 

nucleus stained by DAPI is observed exclusively in the 0.6 mM Q-RGD photo-
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patterned region (Figure 24 b,c). However, in the case of RGD incubated as a solution 

(Figure 24 d), the exclusive nuclear migration was not observed may be due to the 

lack of contrast between the patterned region and the nonpatterend surrounding 

regions (Figure 24 e,f). RGD in gel mix is preferred over the RGD incubation solution, 

eliminating the effect of concentration-dependent diffusion of RGD peptides into the 

gel from the incubation solution. 

 

Figure 23. Fluorescence measurements for [Q1]-peptide hydrogels (a) Mean fluorescence 

intensity for photopatterned hydrogels and non-photopatterned hydrogels across 7 ROIs 

(n=2) (***p<0.01, error bars represent mean ± s.d) (b) Fluorescence vs Z-stack for 

photopatterned and non-photopatterned gels in ROI 01 (n=2) 
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Figure 24. Invitro experiments comparing sequential photopatterning and single-step 

photopatterning. a) Bright-field images of photo-pattern adjacent to fibroblast spheroids for 

RGD in gel mix. b) Maximum intensity Z-stack projections of [K]-peptide hydrogels with 0.6 

mM Q-RGD in the gel mix stained for DAPI. c) Cell invasion % computation using image 

analysis to determine increased DAPI levels in RGD in the mix. d) Bright-field images of 

photo-pattern adjacent to fibroblast spheroids for RGD in incubated solution. e) Maximum 

intensity Z-stack projections of [K]-peptide hydrogels with RGD in the incubated solution 

stained for DAPI. f) Cell invasion % computation using image analysis to determine increased 

DAPI levels in RGD in incubated solution (0.6 mM QRGD). 

 

Figure 25. a) Radial RGD biopattern model without the cluster. b) Pattern with L929 cluster 

at day 4 showing selective migration into one of the arms of the radial pattern. c) L929 cell 

model remodeling the radial Q-RGD biopattern after 14 days. d) Single-cell grid model. 

The pattern architecture was designed based on the cell model using a computer 

program that can specify the region of interest to be patterned. Several pattern 

architectures were tested on the nerve cell and DRG/fibroblast cluster models (Figure 

25). Among the several tested, the radial pattern model for DRG/fibroblast cluster 
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showed cell migration on day 5 (Figure 25b). They remodeled the hydrogel around 

the cell cluster when the cells were cultured longer (14 days) (Figure 25c). The 

remodeling of the hydrogel is attributed to the local enzymatic degradation induced 

by the cells and the production of collective ECM by the cell clusters. As a result, the 

cells tend to stay together and grow out of the cluster together. To minimize the 

remodeling of the soft hydrogel due to collective cellular forces applied to the gel with 

a cluster model, a photo pattern model for single cells was designed, and the pattern 

architecture chosen was the grid model (Figure 25d). FN9*-10,12-14, an engineered 

fibronectin protein fragment, was selected as the biomolecule to pattern grids 

mimicking the ANISOGEL architecture. It is to be noted that some single cells in the 

grid model could be exposed to UV as cells are randomly mixed in the gel. 

 

Figure 26. Fluorescent Z-stack images of RGD functionalized via [K]-peptide (a) Regions of 

interest defined for analysis (b) Image obtained after applying Otsu black & white filter on 

the fluorescent image (c) % cell invasion in each ROI. 

PEG hydrogels made with a composition of 0.6 mM [K] peptide linker with QRGD 

were irradiated for 10 mins using a confocal laser at 405 nm, with a pixel dwell time 

of 100 µs and the non-exposed regions of the gels contributed to the negative control. 

We observed preferential cell migration along the pattern region compared to the 
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non-patterned regions (Figure 26 a,b). By analyzing the cell invasion (area % of actin 

stain) in 4 distinct the regions of interest (ROIs) around the cell spheroid bearing both 

light exposed and unexposed regions, a substantial difference in cell invasion in photo 

patterned regions was observed compared to the non-patterned regions (Figure 26 c). 

Additionally, the cells in the patterned region migrated 358.4±54 μm more than in the 

non-patterned regions. However, cells are minimally spread, unlike the uncaged K 

peptides described in previous sections, and inconsistent with the observations from 

earlier reports.153,282  

 

Figure 27. Neurite outgrowth from DRG explant encapsulated in PEG hydrogels with 

IKVAV-19, CIKVAV, Cyclic RGD peptides, and a combination of IKVAV and cyclic RGD 

peptides. The cells are stained for β-tubulin. 
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Uncaged IKVAV peptides (AG Del Campo) were tested in combination with RGD peptides 

(linear and cyclic) to screen for biomolecule concentrations. IK-19, a 19mer IKVAV peptide 

(200 µM), shows innervation along multiple planes in the PEG hydrogels (Figure 27 a). Since 

IK-19 is a commercially available product, this peptide cannot be modified with the 

photocaged groups. Hence, IKVAV bearing a cysteine is designed to bind the IKVAV to the 

PEG gels and also customized with a photolabile group. Neurite growth was screened in PEG 

hydrogels with uncaged CIKVAV at concentrations from 200 µM to 1mM (Figure 27 b). 

Monocyclic RGD peptide was also employed at 200 µM concentrations to test for nerve 

growth (Figure 27 b). In both cases, neurites were able to invade the gel matrix in the presence 

of the desired biomolecules. Finally, the combination of CIKVAV at 990 µM and RGD peptide 

at 10 µM showed the most neurite growth in the IKVAV-tethered hydrogels (Figure 27 d). 

Photopatterning experiments will be performed with this optimum concentration of IKVAV 

and RGD peptides for DRG growth. Control peptides, such as liner IKVAV, and caged 

scrambled IKVAV peptides, are tested to ensure the exclusivity of cell adhesion. 

 

Figure 28. Caged cyclic RGD photo patterning with in vitro studies a) cyclic caged RGD 

peptide is patterned in 3D PEG hydrogel using 405 nm UV laser. The pattern is visualized 

with the help of caged fluorescein, which is coupled to the PEG backbone represented as a 

color-coded z stack pattern (120 µm). b) The mean fluorescence intensity quantified at the 
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pattern is much higher than its background. c) DRG explants are cultured in 1mM caged cyclic 

RGD tethered PEG hydrogels. Photodecapping next to the explant showed 3D cell invasion 

of the neurites; however, this invasion was not exclusive to the patterned region. D) fibroblast 

spheroids are encapsulated in PEG hydrogels with caged RGD peptides. The photopatterned 

region is visualized with the help of caged fluorescein. Selective cell migration is observed 

after 7 days of culture.  

PEG hydrogels developed with caged motif on the IKVAV biomolecules like 3-(4,5-

dimethoxy-2-nitrophenyl)butan-2-ol (DMNPB) or 2,2’-((3’-(1-hy droxypropan-2-yl)-

4’-nitro-[1,1’-biphenyl]-4-yl)azanediyl)bis-(ethan-1-ol) (HANBP)150 enable spatial 

patterning after exposure to UV light. These peptides are suitable for binding to the 

PEG backbone and releasing the caged groups on the trigger. The in vitro studies 

demonstrate that the cyclic caged RGD peptide, patterned in 3D PEG hydrogel shows 

statistically higher fluorescence intensity than its background (Figure 28 a,b). The 

DRG explants cultured in such caged peptides do not show preferential growth in the 

patterned region. This can be reasoned to the on cell demand degradable 

microenvironment that promotes cell growth in all directions (Figure 28 c). However, 

fibroblast spheroids encapsulated in similar gels responded to the decaged RGD 

peptides in the pattern and enabled controlled cell invasion and migration. (Figure 28 

d) 

 A two-photon laser was used to enhance the biomolecular contrast between the 

pattern and the background as a promising alternative. The 2-photon laser system 

creates a voxel of 100 nm diameter, which is then focused inside the 3D hydrogel for 

high precision exclusive 3D patterns with better resolution in the z-direction. The 

concentrated laser voxel volume of the two-photon laser at 780 nm and 80 MHz 

enable successive electronic excitation, which mimics the energy level of a 390 nm 

UV laser. This allows the photo-labile group to be cleaved off, resulting in a free amine 

group for further biomolecule tethering. The optimized hydrogel was tested in the 

two-photon Nano scribe system (Figure 29) for different laser intensities/power 

scaling and slicing distances. Although the contrast with the background can still be 

improved, there is a great potential to use this system by further optimization.  
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Figure 29. Pattern with two-photon laser system A) Pattern with increasing power scaling. b) 

Pattern with increased slicing distance with laser at 780nm at 80 MHz. 

6.3 Conclusion 

Spatial heterogeneities are fabricated in aECM to mimic hierarchical native ECM. 

While unmodified PEG hydrogels cannot recapitulate this dynamic 

microenvironment and resist protein absorption, powerful photopatterning strategies 

are essential to developing the 3D spatial distribution of biochemical cues inside a 

synthetic matrix. This chapter involves the fabrication of PEG hydrogels and tailoring 

them toward developing a robust photopatterning platform for 3D-controlled and 

directed cell growth. The hydrogels are optimized for their biomechanical properties 

like stiffness and degradability, suitable for fibroblasts and nerve cell growth. 

Biochemical cues are incorporated in the form of peptides and ECM fragments (Q-

RGD, GRGDS YIGSR, IKVAV, and FN9*-10, 12-14) to support and stimulate the 

growth. Additionally, integrin-binding domains are screened on 2D PEG-NCO thin 

films. Optimal RGD, YIGSR, and IKVAV concentrations enable fibroblast cells to 

thrive inside the 3D aECM matrix. To render the gel photolabile, K and Q peptide 

linkers tethered to their respective biomolecules were screened at different 

concentrations. Later, these were caged to enable controlled spatial biopattern after 

exposure to light. Biopatterns in hydrogels with caged K residues were observed to 

A B 
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invade both pattern and non-patterned regions due to excessive ECM production. 

However, the RGD biopattern regions showed higher cell migration distances and 

more nuclei confinement. Biopatterns with caged Q peptides residues were able to 

tether biomolecules with any peptides or proteins with a free amine, translating 

enzymatic patterning to be a powerful tool in fabricating hierarchical scaffolds. 

6.4 Experimental Section 

Synthetic 3D PEG hydrogel formulation. 4 arm 20 kDa, with pentaerythritol core 

PEG-VS (Sunbrite, PTE-200VS, NOF Europe) and custom made (Biomatic, Pepscan, 

Caslo) linear crosslinker sequence was designed with di-thiol end groups to facilitate 

Michel type addition on both the ends. The middle part of the peptide sequence is the 

collagen-based MMP site which is readily cleavable in the presence of cellular 

protease at 37°C, pH 7.4. The sequence is GCREGPQG↓IWGQERCG (16W, 1717.93 

Da) with purity > 95%. Stotiomeic functional ratios of PEG-VS and 16W are allowed 

to react to form bulk gels. The hydrogel is rendered photolabile by incorporating a 

caged lysine peptide F[K(Nvoc)]GGERCG ([K], Bachem, Germany), with 

nitroveratryloxycarbonyl (Nvoc) as the caging group and cysteine with which it binds 

to the backbone of the PEG. The hydrogels were prepared in a 10 µl angiogenesis µ-

slide (ibidi®, Germany) with a glass bottom, and after gel formation, the gels were 

allowed to swell in 40 µl of cell cultivation media (DMEM). 

Photo patterning of hydrogels. A confocal microscope (Leica, TCS SP8) equipped with 

a 405 nm diode laser (max. 7 mW at the focal plane, 0.3 mW measured with Thor Labs 

detector) was used to pattern the hydrogel. A 10 x/0.30 air objective was used to 

pattern the gels using the fluorescence recovery after photobleaching (FRAP) setting. 

The region of interest (ROI) facilitates controlled patterns in the x and y planes. The 

format of the bleach was varied based on the size of the photo pattern desired to start 

from 80 pixels to 1024 pixels. The control over the z-axis was satisfied due to the 

inverted positioning of the laser beam, which sufficed the decaging of [K], creating a 
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biochemical gradient along the z plane. The laser was irradiated for 300 iterations at 

100 µs pixel dwell time. The speed of the pattern was set between 10 Hz to 200 Hz.  

Incorporation of bio-functional proteins/peptides. The hydrogels after laser treatment 

were incubated in a solution mixture containing (2 U ml-1 of FXIIIa [Fibrogammin, 

CSL Behring, Germany, activated using thrombin in the presence of 10 mM TRIS, 150 

mM NaCl and 25 mM of CaCl2]), 10 mM CaCl2, 90 mM of HEPES at pH 7.5 in cell 

cultivation media) 150 µM protein/peptide of interest (POI). The POI must bear an 

NQEQVSPL sequence that binds to the decaged lysine in the PEG gel in the presence 

of FXIIIa. To visually observe the patterned regions, the protein was fluorescently 

labeled using maleimide-functionalized Alexa Fluor dye. The solution mixture was 

incubated for 90 minutes at room temperature, gently shaking at 30 rpm. The solution 

mixture was washed with cell cultivation media overnight at 37 °C.  

Two-Step Factor XIII linked biofunctionalization. 3.4 % PEG hydrogel precursor 

solutions were prepared, incorporating desired concentration of [K]-peptide or K -

peptide, or [Q]-peptide or Q peptide, and allowed to crosslink for 1h in a humidified 

chamber. After photopatterning and washing with PBS to remove photodegradation 

products, the free K or Q-peptide linked hydrogels are incubated in a solution with 

the desired concentration of Q-RGD or K-RGD, 20 U ml-1 FXIIIa, 10 mM CaCl2 10 

mM HEPES in Serum-free DMEM for 90 mins. Upon washing to remove unbound 

biomolecules, the hydrogels are cultured for 7 days at 37 °C, 5% CO2 in media, with 

the medium being exchanged every 2-3 days. 

One-Step Factor XIII linked biofunctionalization. A one-step biofunctionalization 

protocol was adapted from Broguiere et al.154 Hydrogel precursor solutions now are 

altered by directly incorporating K- or Q-peptide with their complementary RGD 

peptides (QRGD or K-peptide hydrogels, respectively), 20 U/mL FXIIIa and Ehrbar 

10X buffer. Cells were cultured for 7 days at 37 °C, with 5% CO2 in the culture 

medium, which is exchanged every 2-3 days. 
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sPEG-NCO films. Six arms, 12 kDa star PEG (sPEG), functionalized with isocyanate 

(NCO) groups, are used to dip-coat the bottom layer of an amine-functionalized 96 

well plate (NH-covalink, Corning). Due to in situ gelation of terminal isocyanate 

(NCO) in aqueous solutions, the gels render surfaces ideal for immobilizing proteins. 

PEG-NCO stored in a nitrogen atmosphere is diluted to 100 mg/mL with 

tetrahydrofuran. Further, the sPEG-NCO is diluted with water to a final 

concentration of 10 mg/mL and pre-cured for 5 minutes at RT. The solution is then 

transferred and incubated on the amine covalink wells for 15 minutes at RT. The 

unbound sPEG-NCO is discarded and the NCO coated wells are further washed with 

sterile water and sterilized under UV for 30 minutes. The desired concentration of 

amine-bearing protein/peptide is incubated on the sPEG-NCO coated well plates for 

one hour at RT and 23 hours at 4 °C to covalently binding. Finally, desired cells such 

as dissociated primary nerve cells are seeded at 10,000 cells per well (96 well plate 

area) are cultured for 3-7 days. 

Protein Fragment FNIII9*-10/12-14 production. FNIII9*-10/12-14 is a recombinant 

fragment of fibronectin (FN), engineered to comprise the 9th- 10th type III FN repeat 

(FNIII9-10), containing major integrin-binding domains and the FNIII12-14, which 

binds to nerve growth factors, such as NT-3 and BDNF. Such protein fragments offer 

a cell adhesion environment adjacent to the growth factors binding site proving a 

synergistic growth ambiance. These protein fragments are engineered and produced 

in E. Coli, and their production and purification are explained in detail in Chapter 4 

YIGSR. The Laminin-derived short pentapeptide H-Tyr-Ile-Gly-Ser-Arg-NH2 

(YIGSR) of relative molecular mass of 593.68 [Bachem, Germany]. 

Chick embryo dissection. Fertilized chick eggs are obtained from a local farm and 

incubated at 37 °C with 40% - 50% relative humidity (RH) for 10 days. The egg was 

opened on the 10th day and decapitated. The body is pinned to a pin-dish, and a 

vertical incision is made from the chest to the abdomen to remove all the organelle 

until the spinal cord is reached. The body is repeatedly flushed with Hank's Balanced 
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Salt Solution (HBSS) [Gibco, Germany] to remove blood traces. The DRG was 

removed with forceps, and it was detached from the spinal cord and finally stored in 

an HBSS solution until further use.  

Dissociation of Dorsal root ganglion. The DRGs which were collected in the HBSS are 

treated with 10 vol % of 10x Trypsin (Sigma Aldrich) for 30 minutes at 37 °C. They 

are then transferred to a 50 ml falcon and triturated using a glass pipette along with 3 

ml of fresh media. The supernatant of this triturated mixture is transferred to a new 

falcon tube while the sediment is re-triturated multiple times. Additionally, 3 ml of 

fresh media is added every time before the titration. The dissociated supernatant is 

transferred to a Petri dish for panning for 2 hours at 37 °C. Here the fibroblasts adhere 

to the cell culture dish while the nerve cells are still suspended. The supernatant after 

centrifugation is re-suspended with fresh cell cultivation media and 20 ng/ml of nerve 

growth factor (NGF). The dissociated cells were seeded at a cell density of 10000 

cells/96 well plate area. 

Preparation of L929 Spheroids. Fibroblast cell spheroids were made from a hanging 

drop model, where a master drop mix was prepared by mixing a defined amount of 

cells with 20% methylcellulose (Sigma) in media. Droplets ( 30µL) of the master mix 

were cast on 100 mm Petri dishes with low attachment surfaces and inverted. The 

bottom part is now supplemented with 3 mL PBS to create a humidity chamber for 

the hanging drops. The setup is incubated overnight at 37 °C and collected after 

washing once with media.  

UV-Vis Spectra. 600 μL of 400 μM stock Caged peptide solution dispersed in HEPES 

buffer was placed in a quartz cuvette and set in front of a UV lamp and LEDs (λ = 254 

nm, 365 nm) at a distance of 10 cm. UV-Vis spectra (V-780 Jasco) were measured after 

exposing the solutions to UV light for 10, 20, 30, 45, and 60 mins, respectively. LEDs 

emitting light at 365 nm were obtained from Dr. Rostislav Vinokur.  
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Culture Media. Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% 

Fetal Bovine Serum (FBS) and 1% antimycotic and antibiotic (AMB) as antibiotics for 

nerve cells and Roswell Park Memorial Institute (RPMI 1640) with 10% Fetal Bovine 

Serum (FBS) and 1% antimycotic and antibiotic (AMB) as antibiotics for L929 

fibroblast. 

Immunostaining. Nerve cells were stained with neural class III β-tubulin (TUJ1, 

BioLegend). This primary antibody is highly specific and does not even recognize β-

tubulin in glial cells. L929 Cells are stained for Actin, Nucleus, and ECM proteins. 

Secondary antibody available commercially with a range of wavelengths is used. After 

5-7 days of cultivation, the cells are washed thrice (30 minutes each) with phosphate 

buffer saline (PBS) (VRW, 1x) to remove media and other proteins adhering to the 

gel. The gels are then fixed for 30 minutes in paraformaldehyde, re-washed three 

times with PBS, and treated with 0.1% Triton X-100 for 40 mins. After this prep, the 

cells are stained with the primary antibody overnight at room temperature, followed 

by the secondary antibody for 4 hours. The cells are washed multiple times in between 

with PBS to remove unbound antibodies.  

Ellman's Assay. The concentration of free thiols in solutions is quantified by 

measuring using Ellman's assay. We employ this technique to measure the thiols in 

the precursor solution. A solution comprising of 12.5 µL of Ellman’s reagent (4 mg/mL 

of 5,5’-dithiobis-(2-nitrobenzoic acid), DTNB) in 1 mL 0.1 M phosphate buffer pH 8.0) 

is diluted in 625 µL 0.1 M phosphate buffer pH 8.0 to obtain the Ellman’s reaction 

solution. The DTNB reacts with thiols, forming 2-nitro-5-thiobenzoate (absorbing at 

λ= 412 nm). A calibration curve based on the respective absorbance after reaction with 

cysteine in solution is used to determine the thiol concentrations.  

MTS assay. Cell proliferation assay using Masson's trichrome staining (MTS) is 

performed with a starting cell concentration of 10,000 cells/ 96 well plate area. After 

72h of cell culture on the substrates, media is replaced with MTS solution (diluted in 
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media) and incubated for 2 h at 37 °C. A tissue culture polystyrene (TCPS) dish with 

the same surface area is used as a control. Absorption is measured at λ = 490 nm using 

a microplate reader (Biotek® Synergy HT, USA).  

Live Dead Assay. Live/Dead staining (Live/Dead kit for mammalian cells, 

Thermofischer) 2 µL of 2 mM Ethidium homodimer-1 in DMSO/H2O 1:4 (v/v) and 

0.5 µL of 4 mM Calcein AM in anhydrous DMSO are dissolved in 1000 µL PBS H 7.4 

and added to cells with cell media. Samples are incubated at 37 °C for 40 min and 

washed with PBS. Subsequently, cells are analyzed using fluorescence microscopy 

(λ=530 nm for live cells and λ=645 nm for dead cells).  

Statistics. Statistical analysis was done using Origin 2020b for Windows. A one-way 

analysis of variants (ANOVA) was performed with Bonferroni and Tukey 

comparisons. p-values for significance were represented with star: *p<0.05, **p<0.01, 

***p<0.001. 
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