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Abstract 

Two-photon (2P) activable photocleavable protecting groups (PPGs) can be introduced in polymer 

networks as photodegradation sites or as blocking groups for active sites, which enable the alternation 

of mechanical properties and biochemical signals and allow to study consequent cell response in a 

spatiotemporal controlled manner. So far, the design of high efficient 2P activable hydrogels is 

challenging. This Thesis presents novel designs of photodegradable hydrogels that contain the 4’-

methoxy-4-nitrobiphenyl-3-yleth-2-yl)methyl (PMNB) PPG. PMNB-gels formed under physiological 

conditions and showed tuneable hydrolytic stability and adequate rate for cell encapsulation. 

Moreover, PMNB-gels can be photodegraded efficiently upon 2P excitation (λ = 740 nm). Preliminary 

experiments of PMNB-gels as 4D matrices for the investigation of cell response are presented. In a 

second part, a 2P-activatable PPGs endowed with an extended π conjugation was demonstrated and 

introduced to yield the RGD cell adhesive peptide. The targeted peptide is obtained but only in low 

yield due to its low stability. The results of this Thesis provide new tools for instructing cells in 3D 

cultures using 2P-activated processes and demonstrate the potential of photochemistry for the 

realization of 4D biomaterials. 
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Zusammenfassung 

Zwei-Photonen-(2P)-aktivierbare photolytisch spaltbare Schutzgruppen (PPGs) können in 

Polymernetzwerke als photokysestellen oder als Schutzgruppen für aktive Stellen eingeführt werden, 

das Alternieren von mechanischen Eigenschaften und biochemischen Signalen ermöglichen und es 

erlauben, die daraus resultierende Zellreaktion in einer räumlich-zeitlich kontrollierten Weise zu 

untersuchen. Bisher ist das Design von hocheffizienten 2P-aktivierbaren Hydrogelen eine 

Herausforderung. In dieser Arbeit werden neuartige Designs von photodegradierbaren Hydrogelen 

vorgestellt, die 4'-Methoxy-4-nitrobiphenyl-3-yleth-2-yl)methyl (PMNB) PPG enthalten. PMNB-Gele 

bildeten sich unter physiologischen Bedingungen und zeigten eine einstellbare hydrolytische Stabilität 

und eine angemessene Geschwindigkeit für die Immobilisierung von Zellen. Darüber hinaus können 

PMNB-Gele bei 2P-Anregung (λ = 740 nm) effizient photolytisch abgebaut werden. Es werden erste 

Experimente mit PMNB-Gelen als 4D-Matrizen für die Untersuchung der Zellreaktion vorgestellt. In 

einem zweiten Teil wurde ein eine 2P-aktivierbares PPGs mit einer verlängerten π-Konjugation 

demonstriert und eingeführt, um das zelladhäsive RGD-Peptid zu erhalten. Das angestrebte Peptid 

wurde gewonnen, allerdings aufgrund seiner geringen Stabilität nur in geringer Ausbeute. Die 

Ergebnisse dieser Arbeit liefern neue Werkzeuge für die Steuerung von Zellen in 3D-Kulturen mit Hilfe 

von 2P-aktivierbaren Prozessen und zeigen das Potenzial der Photochemie für die Realisierung von 

4D-Biomaterialien. 
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Motivation 

Photoresponsive biomaterials attract interest as models of the dynamic properties of the extracellular 

matrix (ECM) in natural tissues, and as useful platforms for in vitro cell culture to study the response 

of cellular responses (e.g., adhesion, migration, proliferation, or differentiation) to spatiotemporally 

regulated changes in vitro. Light as external trigger is especially convenient to manipulate the 

properties of materials in the presence of cells, as it is non-invasive, easily available, tunable (in terms 

of wavelength and dose), and it allows for high spatial resolution and temporal control. Additionally, 

light can be incorporated into medical devices and, therefore, it is considered convenient for future 

application of photoresponsive biomaterials in cell-based therapies for tissue regeneration. 

For this purpose, hydrogels with increasing sophistication have been developed in the field of 

biomaterials for engineering tissues. These incorporate functionalities necessary as ECM mimics, 

including the possibility to be formed in the presence of living cells, high hydration and mechanical 

stability at low polymer contents, and also phototunable biophysical (e.g., mechanics, porosity) and 

biochemical (e.g., adhesive cues) properties. Despite the significant progress, there are still challenges 

around the development of photoactivatable hydrogels that need to be addressed, such as the 

efficient response to wavelengths in the NIR range to avoid cell damage during exposure and to 

increase penetration depth. 

Photocleavable protecting groups (PPGs), which can be cleaved upon light illumination, have been 

extensively used for the realization of photoactivatable hydrogels. In most cases, these groups have 

their absorption maxima within the UV range and are cleaved using one-photon (1P) excitation. 

However, 1P irradiation does not allow deep penetration in the hydrogel or 3D resolution of the 

photoactivation process. In this regard, two-photon (2P) excitation using light in the NIR would be 

advantageous, as it allows improving the penetration depth and spatial resolution. However, reported 

2P-activable hydrogels contain photoresponsive groups with low 2P efficiency. This leads to the need 

of applying high exposure doses for activation, which can lead to cell photodamage and loss of cell 

function. 

In this context, this Thesis aims to develop more efficient 2P-light responsive  hydrogels with tuneable 

mechanical properties, and to demonstrate their suitability for in situ cell encapsulation and the 

activation and study of cell migration.  

This Thesis has the following specific objectives: 

• To design and synthesize efficient 2P photoactivable macromers as crosslinkers, and to study 

the effect of diverse structural components (e.g., photolabile bonds, flanking spacers) on the 

reactivity, stability and functionality (e.g., photocleavage, water solubility and stability).  

• To develop 2P degradable PEG-based hydrogels using biocompatible crosslinking reactions to 

allow the direct encapsulation of living cells during the gelation process. 

• To 3D pattern hydrogels by using 2P lasers at a light dosage at wavelengths which do not 

damage cells and to direct cell migration by activating degradation of the polymer network. 



 

2 
 

• To synthesize efficient 2P photoactivable cell adhesive peptides for the biofunctionalization 

of 4D hydrogels to be used for dynamic cell culture.  

With these objectives in mind, the Thesis is organized as follows: 

Chapter 1 presents a literature review. It describes hydrogels as ECM mimics and summarizes 

materials properties and crosslinking methods used for cell encapsulation. Additionally, the progress 

and the current limitations of light-triggerable hydrogels used for 4D cell culture upon 1P and 2P 

excitation are presented. The state of the art of 2P-activable PPGs in cell biology is also described and 

current molecular approaches to improve their shortcomings are described. 

Chapter 2 describes the chemical design and synthesis of a library of photodegradable crosslinkers 

with various structural variations. Studied and optimized molecular parameters are water solubility, 

hydrolytic stability, 2P-activation efficiency, and the type of crosslinking chemistry for hydrogel 

formation. The properties of the novel crosslinkers in solution are benchmarked against reported 

photodegradable molecules used in biomaterials research.  

Using the novel crosslinkers synthesized and characterized in the previous chapter, in Chapter 3 these 

are used for the synthesis of PEG hydrogels by polymerization with complementary macromers. The 

derived PEG gels are prepared via diverse crosslinking chemistries, all of them effective under 

cytocompatible conditions, and their materials properties characterized, including their gelation 

kinetics and mechanical strength. 1P and 2P-induced photodegradation of the obtained hydrogels is 

evaluated by rheology and 3D laser scanning microscope. The impact of photolabile bonds on the 

hydrolytic stability of hydrogels under cell culture conditions is investigated. Finally, preliminary 

experiments of cytocompatibility and 2P-degradation of such hydrogels are shown, to test the 

potential of the developed platform for directing cell migration in vitro. 

Chapter 4 describes a novel 2P PPG designed to increase the 2P efficiency by extending the π-

conjugation length of the compound. This group is incorporated to at the COOH group of the Asp 

residue within the cell-adhesive peptide RGDfC via solid phase peptide synthesis (SPPS), with the 

purpose of regulating its bioactivity. The characterization of the photochemical properties of the 

photoactivatable peptide is presented. The hydrolytic stability of obtained photoactivatable aspartic 

acid is studied under the conditions used in SPPS and the opportunities for further developments in 

this area are identified. 

A Conclusions section summarizes the main results of the presented work and provides a brief outlook 

on future directions. 

Finally, the Appendix section includes all the supplementary information about the materials and 

methods, instrumentation and experimental protocols; compound characterization (NMR, HPLC, mass 

spectrometry data), photolysis studies (UV/Vis, mass spectrometry and HPLC data), as well as 

complementary photorheological, microscopy and biological studies of hydrogels. 
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Chapter 1: Introduction 

1.1 Hydrogels as mimics of the native extracellular matrix 

Hydrogels are three-dimensional (3D) networks of crosslinked hydrophilic polymer chains, which can 

uptake high amount of water, up to more than thousand times their own dry weight.1, 2 Their hydrated 

state and their softness and 3D porous structure resemble the characteristics of native extracellular 

matrix (ECM), and motivate their use as biomaterials to encapsulate cells to be used for cell culture, 

tissue engineering or cell therapies.3-6 Hydrophilic polymers of natural, synthetic or hybrid 

composition are used to form hydrogel networks and embed living cells for this purpose.7, 8 

In conventional 2D cell culture, hydrogels are used as flat substrates onto which cells can grow. In this 

geometry cells exhibit abnormal polarization, and show different responses to their in vivo 

environment.9, 10 In 3D cell cultures, cells are fully surrounded by a hydrogel matrix. When properly 

designed, in terms of biofunctionalization, diffusion and mechanical properties, such 

microenvironments provide a more realistic representation of the natural ECM. Figure 1.1 describes 

and compares the most relevant cell features in 2D vs. 3D culture types. Hyaluronic acid (HA), collagen, 

alginate and poly(ethylene glycol) (PEG) hydrogels, among others, are widely used as polymeric 

backbones in 3D cell culture scaffolds, and have shown high compatibility to the cells.  

 

Figure 1.1 Cells microenvironments in 2D and 3D hydrogels. Adapted with permission from Journal of Cell 

Science.11  

 

1.1.1 Hydrogel properties for cell encapsulation  

For cell encapsulation, hydrogels must fulfil a number of biochemical and physical design criteria in 

order to support cell growth and function as in the natural microenvironment (Figure 1.2). The 

gelation process for cell encapsulation should occur under physiological conditions in order to have 

high cytocompatibility. Hydrogels of Young’s moduli in the physiological range of 1-100 kPa should 

form at solid content of <10 wt%. Ideally, the mechanical properties can be adjusted to meet the 

individual needs of the encapsulated cells. Moreover, the hydrogel should be degradable to allow cells 

enough space for migration and proliferation, and to be replaced by the matrix secreted by the cells. 

Diffusion properties is also a crucial factor to ensure continuous supply of the essential nutrients and 
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removal of waste products, thus maintain the cell viability and functions. Biofunctionalization can also 

be adapted for desired application with the incorporation of different bioactive molecules. Ideally, 

hydrogel biochemical and mechanical properties can be tuned over time to mimic the dynamic 

evolution of tissues in developmental and pathological states. 

 

Figure 1.2 Hydrogel design criteria for cell encapsulation. Reprinted with permission from the Royal Society of 

Chemistry.12  

 

Cytocompatibility 

Cytocompatibility is a key criterion for a host material designed to encapsulate a living cell. 

Biocompatibility depends on different factors, e.g. the chemical and mechanical properties of the 

material, the presence of biofunctional groups and the degradation ability and kinetics. For cell 

encapsulation, hydrogels should not be toxic. If the hydrogels are to be used in vivo, they should also 

not cause an immunological response. Synthetic polymers like PEG, PHEMA or PLGA, and natural 

polymers like alginate or collagen present adequate biocompatibility and were well tolerated in vitro 

and in vivo. Modification with cell adhesive molecules increases the cytocompatibility of the hydrogel 

(see section “biofunctionalization”). The reactive functionalities or the chemical reactions during 

hydrogel synthesis (e.g. release of toxic side product or the catalysts or initiators of the gelation 

reaction) can also lead to cell damage. For example, unreacted maleimides, widely used in thiol-

maleimide crosslinking reactions, are cytotoxic to neuronal cells.13 The reaction conditions for 

crosslinking (e.g. pH, ionic strength, polymer concentration) also play an important role in keeping 

high cell viability and should remain close to physiological values (pH~6-8, temperature~20-40oC).14, 15 

Overall, biocompatibility of hydrogels need to be evaluated for the particular cell type and application.  

 

Gelation kinetics 

Gelation kinetics is an important parameter that determines the time window for encapsulating cells 

in the hydrogels. It can influence the cell distribution, viability and function of the cells inside the 
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hydrogel. The gelation kinetics is strongly dependent on the type of crosslinking approach applied.16, 

17 Gelation kinetics depends on several intrinsic factors pertaining to the gel precursors such as 

polymer concentration and molar mass, concentration and distribution of crosslinkable groups, but 

also on external factors such as temperature, pH, initiator concentration or presence of catalysts. 

Gelation times between 30 s and a few minutes are typically considered ideal for crosslinking 

hydrogels in the presence of cells while keeping high cell viability.18 

 

Bio-functionality 

In the native cell microenvironment, the ECM presents cell adhesive sites and growth factors that are 

recognized by cell surface receptors and regulate cell function. Therefore, such biological cues need 

to be incorporated in hydrogels for cell culture. Natural hydrogels present inherent bioactive sites, for 

example HA polymer presents repeating disaccharides of D-glucuronic acid and N-acetyl-d-

glucosamine cues that bind to cell surface receptors CD44, but show some batch-to-batch variability 

in the functionalization depending on the source and isolation process.19 In the case of synthetic 

hydrogels, such as PEG, no biological signals are offered intrinsically, but they can be added at desired 

concentration by chemical derivatization of the polymer precursors before cell encapsulation. Hybrid 

hydrogels combine the inherent bioactive features with well-defined molecular architectures and 

properties.20 Different kinds of bioactive ligands, proteins and growth factors have been incorporated 

into hydrogels. For example, the arginine-glycine-aspartic acid (RGD) tripeptide sequence was 

identified as the smallest cell adhesion motif within ECM proteins (including fibronectin, vitronectin 

and laminin) and can be recognized by the ECM adhesion receptors known as integrins (including αvβ3, 

α5β1 and αIIbβ3).21 RGD can be easily incorporated into hydrogel backbone without disturbing the 

overall structure due to its small size. The cyclic RGD peptide is preferred instead of linear RGD peptide 

since the linear RGD peptide showed lower stability under enzymatic conditions and lower biological 

activity. Additionally, Pfaff et al. demonstrated that the cyclic RGDfV pentapeptide had higher activity 

to soluble and immobilized αvβ3 (3.2-fold (IC50 = 11.3±1.2 μM) and 5.8-fold (IC50 = 0.4±0.2 μM) 

respectively) compared to the linear RGDfV peptide.22 Dahlin et. al. studied the biocompatibility of 

PEG hydrogels modified with RGD cell adhesion peptide motif in vitro. Human periosteum-derived 

cells (hPDCs) were encapsulated in the enzymatically degradable PEG-based hydrogels with RGD 

peptide functionalization (Ac-GCGYGRGDSPG-NH2). After 4 weeks in vitro culture, higher cell viability 

(~85%) were maintained in RGD-functionalized PEG hydrogel (150 µM) compared to the non-

functionalized hydrogels (~40 %). Moreover, RGD peptide also showed a significant impact on the cell 

proliferation when culturing with growth medium (GM).23 

 

Mechanical properties 

Mechanical properties of in vivo ECM microenvironments vary across types of tissue (Figure 1.3). A 

wide range of tissue elasticity, signed by a Young’s modulus E < 1 kPa (brain, lung, breast), 1–10 kPa 

(endothelial tissue, muscle) and 10-100 kPa (skeletal muscle tissue) has been reported. Such range 
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defines the possible stiffness for mimicking the native ECM by using the hydrogel-based biomaterials 

(0.01-100 kDa), which can be achieved by varying hydrogel composition and crosslinking degree.24, 25 

The mechanical properties of matrix play an important role in regulating cell fate, including migration, 

proliferation and differentiation. For instance, Ehrbar et al. studied the effect of matrix stiffness on 

regulating cell fate (preosteoblastic cells MC3T3-E) within enzymatically degradable transglutaminase-

poly (ethylene) glycol(TG-PEG) hydrogels. Cells showed round morphology , decreased cell mobility 

and improved the onset of migration (from 4 h to 6 h) when the increased stiffness (94±25 Pa 

to482±77 Pa).26 The hydrogels stiffness can also govern cell differentiation. Mesenchymal stem cells 

(MSCs) differentiate into neuronal linage or glial cells at 1 kPa and 10 kPa in collagen-hyaluronic acid 

3D matrices respectively.27 Other studies also support this finding: MSCs differentiate into osteogenic 

lineages and adipogenic lineage in RGD-modified alginate hydrogels with a stiffness of 11-30 kPa and 

2.5-5 kPa, respectively.28  

 

Figure 1.3 Mechanical properties of in vivo ECM microenvironments across native tissues. Republished with 

permission from Journal of Wiley online library.25  

 

Degradability 

In native tissues, cells can remodel their surrounding ECM by a degradation process (typically by 

enzymatic degradation), therefore increasing matrix porosity and enabling cell migration and cell-cell 

interactions.29 Natural hydrogels (e.g. collagen or fibrin) are normally enzymatically degradable, while 

the synthetic hydrogels typically degrade through hydrolytically unstable chemical bonds. A lack of 

control over degradation rate of above approaches has motivated novel strategies. Degradability can 

be achieved by introducing biodegradable sequences, like peptides that can be enzymatically cleaved 

by metalloproteases.  

For example, the matrix metalloproteinases (MMP)-cleavable peptide sequences (e.g., CGPQGIWGQC 

and GCRDVPMSMRGGDRCG (VPM)) are widely used as crosslinkers to fabricate enzymatically 

degradable hydrogels, and have been proved to play a key role in cell migration and ECM remodeling.30, 
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31 Side functional groups of those peptide sequences (e.g. thiol groups) also capable for crosslinking 

via multi-type of chemistry approach. In addition, hydrogels can be designed with degradable sites by 

hydrolysis or by using reversible reactions (e.g. retro Michael-type cleavage and retro Diels–Alder 

cycloreversion) or including photolytic sites (Figure 1.4). The modulation of hydrogel degradation can 

lead to changes in stiffness, porosity, swelling ratio and structural integrity. Leach et al. reported 

hydrolytically degradable PEG hydrogel using PEG vinyl sulfone (PEG-VS) and PEG-diester-dithiol. The 

hydrolysis rate varied from hours to days by changing the crosslinker’s molecular weight (3.4-8 kDa), 

varying the number of methylene moieties between the ester and the thiol group of the crosslinker 

and polymer concentration (5-15% w/v).29 Lueckgen et al. reported enzymatically degradable alginate 

hydrogels using UV-initiated thiol-ene chemistry between alginate and enzymatically-degradable 

peptide crosslinkers (VPM or VpMSmRGG). The degradation kinetics was varied by using different 

enzymatically-degradable peptide sequence and the effect on cell spreading was studied.32 Baldwin 

et al. reported degradable hydrogels by using reversible Michael-type addition reactions based on the 

reduction of arylthioether-succinimide adducts by glutathione (GSH). The degradation rate varied 

depending on the structure of mercaptoacid under a reducing environment.33 Recently, 

photodegradation pathway has attracted a great attention since the degradation can be 

spatiotemporally controlled. Anseth et al. reported photodegradable PEG hydrogels by using acrylated 

o-nitrobenzyl (oNB) based crosslinker. These hydrogels can be degraded upon exposure at λ= 365 nm, 

405 nm and 740 nm.34  

 

Figure 1.4 Modes of hydrogel degradation by hydrolysis, enzymolysis, reversible click reactions or photolytic 

cleavage. Republished with permission from Royal Society of Chemistry.12 

 

1.1.2 PEG hydrogels for cell encapsulation 

PEG synthesis and derivatization 

Poly(ethylene glycol)(PEG) (also known as poly(oxyethylene) or poly(ethylene oxide) (PEO)) is a 

synthetic polymer that contains oxyethylene repeat unit (–O–CH2–CH2–) and have proven useful as 3D 
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scaffold to mimic ECM microenvironments for a variety of biomedical applications, such as drug 

delivery and tissue engineering. PEG hydrogels present high biocompatibility, non-toxicity, high 

swelling capacity, tunable mechanical and chemical properties and are approved to be used in several 

clinical applications.35  

PEG can be synthesized by a ring-opening polymerization of ethylene oxide with a broad range of 

molecular weights from 0.3 kDa to 10,000 kDa. It can be functionalized by reacting the terminal 

hydroxyl groups to create telechelic PEG polymers with end-functionalities like thiol (-SH), maleimide 

(-Mal), hydroxysuccinimide ester (-NHS ester), amine (-NH2), azide (-N3), carboxylic acid (-COOH), 

norbornenes, alkynes, acrylates/methacrylate, vinyl sulfone or cyclooctyne. This offers chemical 

versatility for crosslinking and gel formation (Figure 1.5). For example, PEG hydrogels can be obtained 

by crosslinking reactions between -SH and –Mal or vinyl sulfone via Michael-type chemistry;36, 37 

acrylate/methacrylate can photocrosslink via free-radical polymerization;38 thiol and norbornene can 

crosslink via photoclick reaction.39 Moreover, heterofunctional PEGs can also be synthesized under 

controlled conditions. PEG precursor molecules are also commercially available in different 

geometries such as linear, branched, Y-shaped, star shape or comb shape geometries. Among these, 

Star PEGs are branched polymers with several linear chains (>3) linked to a central core. Star PEGs 

with controlled molecular architecture, molar mass and high mono-dispersity are advantageous to 

develop hydrogels with controlled architecture. Star PEG macromolecules have a small hydrodynamic 

radius, a low degree of dynamic entanglement and a high density of functional groups. This results in 

low intrinsic viscosity of hydrogel precursor solutions and high rate constant of gel formation 

compared to linear analogues of the same molecular weight, which is an advantageous property for 

cell encapsulation since they allow mixing at low shear forces.40 Star PEGs with a range of molar mass 

from 5 kDa-40 kDa are commonly used as hydrogel backbone for cell encapsulation and lead to 

hydrogel networks with typical mesh sizes between 40 and 200 Å41 and Young’s Modulus up to 

elasticities of 30 kPa.16, 42  

 

Figure 1.5 Commercial PEG polymers with different end-functional groups. 

 

1.1.3 Crosslinking reactions used for cell encapsulation 

Different physical and chemical crosslinking approaches have been used for preparing biomimetic 

ECM scaffolds. Physically crosslinked hydrogels are formed by non-covalent interactions, such as 

hydrogen bonding, ionic interactions, host-guest interactions, hydrophobic interactions, or peptide 
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assembly. The advantage of physically crosslinked hydrogels is the high biocompatibility sue to the 

absence of reactive chemical crosslinking agents. However, physical gels have weak mechanical 

properties. In chemically crosslinked hydrogels the crosslinking density and the final mechanical 

properties of the hydrogel are defined by tuning the composition of the reactive precursors. Since 

polymer chains in the network are connected by covalent bonds, chemically crosslinked hydrogels are 

more stable than physical hydrogels. 

In order to be suitable for hydrogel formation in the presence of cells, the ideal crosslinking reaction 

needs to work at physiological conditions, i.e. at pH (~6-8), temperature (20-40oC) and in buffer of 

adequate ionic strength (Typically 10-50 mM)43. The kinetics of the crosslinking reaction determines 

the gelation rate. In general coupling reactions with a second-order reaction rate constant between 

10-2 to 102 M-1 s-1 have been demonstrated to lead to homogeneous hydrogels with uniform cell 

distribution. Table 1.1 summarizes the most common chemical approaches for gelation. The following 

sections shortly introduce the general features of each reaction. 

Table 1.1 Comparison of the different commonly used chemical crosslinking coupling reactions for hydrogel 

formation in the presence of living cells 

Crosslinking 

chemistry 

Chemical reactions Conditions Gelation 

time 

Features 

Free-radical 

acrylic 

polymerization44 
 

Initiator 

 

Seconds-

mins 

High conversion (+) 

Highly sensitive to oxygen (-) 

Inhomogeneous structure (-) 

Radical thiol-ene: 

photocrosslinking
45 

 
hv 

Photoinitiat

or 

pH 6-8 

seconds-

hours 

Spatiotemporal control (+) 

UV irradiation (−) 

Radical generation (−) 

SPAAC46, 47 

 

pH 7.4 

 

seconds-

hours 

 

Bioorthogonal (+) 

Biocompatibility (+) 

Homogenous structure (+) 

Thiol-mediated 

Michael 

additions48-52 
 

pH 6-8 

 

seconds-

mins 

Kinetics: too slow or two fast 

(-) 

Amine-NHS ester 

coupling53-56 

 

pH 6.6-9 

 

Seconds-

mins 

Highly pH dependent (-) 

Water sensitive precursor (-) 

Schiff-base 

crosslinking57, 58 

 

pH 3-10 

 

seconds-

hours 

Benign byproduct (+) 

Biocompatibility (+) 

Potential toxicity (−) 

pH sensitivity of Schiff base 

linkage (-) 

Reversibility (±) 

Thiol-

methylsulfone 

(MS) chemistry59, 

60 

 

pH 6-9 

 

seconds-

hours 

pH dependent (+) 

Efficient and selective (+) 

Biocompatibility (+) 

Homogenous structure (+) 
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Free-radical polymerization of acrylic groups 

Free-radical polymerization of acrylate functionalized polymer chains involves a chain-growth 

polymerization mechanism which can be initiated by free radicals formed by light, heat, pH or redox 

initiators. These radicals then react with vinyl monomers to generate a crosslinked network. 

Ammonium persulfate (APS)61, 62 is the most common initiator used for cell applications. Hydrogels 

prepared via radical polymerization present properties that depend on the concentrations of initiator 

and precursor polymers. Free-radical acrylic polymerizations are sensitive to oxygen, since the 

scavenging of the radical by oxygen is significantly faster than the rate constants of initiating and 

propagating radical species (~5x108 and 109 L mol-1 s-1, respectively)63, 64 Therefore, a degassing step of 

polymer precursor solutions is typically needed.  

Acrylate polymerization is widely used to prepare hydrogels, and occurs at high conversion, mild 

crosslinking conditions and is tolerant to diverse functionalities (e.g. allyl, amino, epoxy, hydroxy and 

vinyl group). 44 However, the free radicals can oxidize proteins and damage cells through oxidative 

stress, therefore the amount of radicals should be controlled. Temenoff et al. studied the cytotoxicity 

of two different radical initiator (APS and sodium persulfate (NaPS)) with three reducing agents 

derived from ascorbic acid (AA, sodium ascorbate (Asc), and magnesium ascorbate2-phosphate (Asc-

2)) for oligo(poly(ethylene glycol) fumarate) (OPF)-based hydrogel system for MSCs. High MSC viability 

(> 90%) was demonstrated at low concentrations of the initiator combinations (10 mM), while a 

significant reduced viability was observed at high concentrations (100 mM).65 Moreover, hydrogels 

may display inhomogeneous structure due to the heterogeneous nature of polymerization mechanism. 

Acrylated polymers such as poly(methyl methacrylate) (PMMA), poly(acrylamide)(PAAM), 

methacrylated hyaluronic acid (MeHA) and poly(ethylene glycol) diacrylate (PEGDA) have been used 

to prepare hydrogels via radical polymerization. The possibility to use radical photopolymerization has 

great advantages to control the polymerization in time and space. For example, Schesny et al. 

demonstrated a biocompatible implant using photo-crosslinked PEGDA scaffold which can promote 

bone marrow-derived stem cell migration and angiogenesis into cardiovascular cells via post 

myocardial infarction treatment.66 

 

Free-radical thiol-ene photopolymerization 

Photocrosslinking of radical mediated thiol-ene chemistry is also a key approach for constructing 

platforms for cellular applications as this chemistry can be performed under physiological conditions 

under light illumination. Photocrosslinking can be controlled in a user-defined manner (spatial and 

temporal) by adjusting the initiator concentration, light wavelength and light intensity, especially for 

3D matrix. Irgacure-2959,67 eosin-Y 68 and lithium acylphosphinate (LAP)69 are the most common used 

biocompatible photoinitiators. A cell compatible dose of light (e.g., ∼5-10 mW cm-2 at 365 nm within 

2-5 minutes) is needed for reducing phototoxicity.70 Despite current development, approaches for 

polymerization using light of longer wavelengths (i.e. red and near infrared) to achieve deeper 

penetration and lower light intensity to minimize photodamage need to be developed. Free-radical 

thiol-ene photopolymerization follows a two-steps mechanism: i) an initial addition of thiyl radical to 
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an alkene (“ene”) functional group to form a carbon-centered radical followed by a subsequent 

hydrogen abstraction with a thiol group to give a thiyl radical, and ii) the reaction terminated by the 

radical and radical coupling.71 A photoinitiator is needed to generate radicals and initiate the 

crosslinking between -SH groups and alkene groups. Compared to the traditional free-radical 

crosslinking, radical thiol-ene crosslinking is not oxygen sensitive which can contribute to a higher 

degree of functional group conversion and a utilization of lower initiator concentration, as well as 

eliminating the degassing of precursor solutions. For example, McGann et al. reported a successful 

preparation of resilin-like polypeptide-PEG hydrogels via photoinitiated thiol-ene crosslinking 

between thiol functionalized star PEG and norbornene functionalized resilin-like polypeptides (RLPs). 

Hydrogel was formed in seconds using low cytocompatible doses (5 mW cm-2 at 365 nm) with LAP 

photoinitiator (2.3 mM). Human mesenchymal stem cells (hMSC) were encapsulated within the 

hydrogels and presented high viability up to 28 days of culture, indicating the cytocompatibility of 

illumination dosage and crosslinking chemistry.45  

 

Strain-promoted azide-alkyne cycloaddition (SPAAC) 

The strain-promoted azide-alkyne cycloaddition (SPAAC) reaction is a type of click reaction with 

moderate second order reaction rate constants (~ 1-60 M-1 s-1) under aqueous conditions. As no 

catalyst is needed, this coupling was used to overcome toxicity issues of copper-catalyzed azide–

alkyne cycloaddition (CuAAC). SPAAC click chemistry allows bioorthogonal conjugation under 

physiological conditions with high conversion and efficiency, and has been used in a broad of 

applications, such as cell encapsulation and drug delivery.72 Dibenzocyclooctyne (DBCO) (DBCO and 

azides, k2=1−60 M−1 s−1) and bicyclononyne (BCN) (BCN and azides, k2=0.05−1 M−1 s−1) are the most 

representative alkynes used for SPAAC.46 Zhan et al. compared the bioorthogonality of different 

hydrogels prepared from star PEG-BCN or PEG-DBCO with star PEG-N3 by encapsulating human 

mesenchymal stem cells (HMSCs) in the hydrogels in presence of azide-functionalized matrix 

metalloproteinases cleavable peptide (MMPcp-) and RGDS-peptide motif. DBCO/N3 hydrogels showed 

faster gelation kinetics (gelation time~ in the orders of minutes), thus higher homogeneity was 

achieved which was indicated by the homogeneous distribution of cells through the hydrogels, while 

cells sedimented to the bottom in BCN/N3 hydrogels (gelation time ~ 1 hour). Moreover, HMSCs in 

these peptide-rich BCN/N3 and DBCO/N3 hydrogels (containing both MMPcp and RGDS motifs) were 

still viable after 5 days post-encapsulation.47  

 

Thiol-mediated Michael additions 

Michael addition is defined as a nucleophilic addition of Michael donor (e.g., thiols) to an α,β-

unsaturated carbonyl (Michael acceptor) resulting in the generation of C−C, C−N, C−S, C−O, and other 

C−X bonds with high conversion and high efficiency, including carbon-Michael reactions,49 oxa-Michael 

addition,48, 49 aza-Michael addition,50 and the thiol-Michael addition.51, 52 Among these, thiol-Michael 

addition attracts the most interest and has been extensively studied for developing biomaterials for 

cell studies. The thiol group presents high nucleophilicity under physiological conditions (partially 
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deprotonated as thiolate at pH 7.4) thus offering the advantage of reacting under mild conditions with 

a broad range of compounds, however it might also offer the disadvantage of low hydrogel uniformity 

due to the high reactivity of thiol groups. For example, Phelps et al. studied the gelation kinetics and 

network structure of thiol-maleimide (Mal) and thiol-vinylsulfone (VS) PEG hydrogels. Mal groups 

present higher electrophilicity than VS groups due to the high ring strain imposed by the alkene bond, 

which can leading to a higher reaction rate. Hydrogels were prepared by crosslinking between star 

PEG (PEG-4MAL or PEG-4VS) and thiol-containing adhesive peptide GRGDSPC. Murine C2C12 myoblast 

cells were encapsulated in the PEG hydrogels and RGD peptide (2.0 mM) was also incorporated to 

support 3D cell adhesion and spreading. A fast-crosslinking kinetics (gelation time: 1–5 min) was 

obtained for PEG-4MAL hydrogels in PBS with triethanolamine (TEA) (4 mM, pH 7.4) which allowed a 

uniform distribution of cells throughout the hydrogels. Moreover, C2C12 cells presented high 

metabolic activities and maintained cell viability at 3 days in PEG-4MAL hydrogels after encapsulation. 

In comparison, a slower crosslinking kinetics (gelation time: ∼30–60 min) was obtained for PEG-4VS 

hydrogels in PBS with higher TEA concentration (400 mM, pH 7.4), resulting in negative effects (e.g. 

lower metabolic activity and viability) on cells assayed by MTS assay. 73 Besides the differences 

observed in the crosslinking kinetics of MAL vs. VS electrophiles, thiol-VS gels were reported to present 

higher hydrolytic stability compared to thiol-Mal hydrogels under same conditions, which is 

advantageous for long term cell experiments that require longer lasting materials.59 

  

Amine-NHS ester coupling 

The amine-NHS ester coupling reaction is a useful strategy that has also been applied for hydrogel 

formation and bioconjugation in aqueous media. Amine-NHS ester reactions involves the conjugation 

of NHS ester with primary amines to form amide bonds with release of hydroxysuccinimide under 

close-to-physiological conditions (pH 6.6 to 9). This coupling chemistry is strongly pH-dependent: i) at 

low pH (lower than the amine pKa), amine group is protonated and becomes less nucleophilic, 

therefore cannot react efficiently with activated NHS ester group.53 ii) at high pH (typically higher than 

physiological pH), NHS ester hydrolyzes faster (e.g. the hydrolysis half-life for NHS-ester at pH 7.0 and 

0°C is 4 to 5 h, while at pH 8.6 and 4°C is 10 min).54 The optimal pH for amine-NHS ester coupling is 

near physiological region (pH~7.5). Furthermore, the ionic strength of the precursor solutions was also 

reported to have a big impact on the coupling reaction. For example, Yanagawa et al. used star PEG-

amino and star PEG-NHS crosslinker to prepare hydrogels in high concentrated buffer conditions (10 

× 10−3 M phthalic acid buffer (pH 4.0) with 140 × 10−3 M NaCl and 1:1 (v/v) mixture of PBS and 0.3 M 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (pH 7.0)). Gelation kinetics was 

controlled by adjusting pH from 6.6 to 7 and the gelation time varied from 3 min to 30 s. However, 

human umbilical vein endothelial cells (HUVECs) were only seeded onto the hydrogel surface instead 

of encapsulated into hydrogels due to the high concentrated buffer conditions which can be toxic to 

cells due to their high ionic strength.55 Amine-NHS ester coupling reaction was also reported to take 

place in PBS buffer.56 However, the low reproducibility and the difficulties to incorporate bioligands 

limit further applications, such as cell encapsulation.  
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Schiff-base crosslinking 

Schiff base crosslinking is an important family of click chemistry and involves the formation of imine 

bonds via reaction of aldehydes or ketones with amines or other amine derivatives (like hydrazide or 

hydroxylamine groups) to form hydrogel networks.57 The ideal pH for Schiff base crosslinking is 

between pH 3-7 (typically 4.5) owing to the fast attack of amine group on the carbonyl. However, this 

pH is too acidic for maintaining high cell viability. These crosslinking reactions can also be performed 

under physiological conditions which allows the applications in cell encapsulation and drug delivery.58 

For example, Cao et al. prepared an injectable hydrogel from amino-functionalized chitosan and 

aldehyde-functionalized PEG via Schiff-base crosslinking chemistry under physiological conditions (in 

PBS buffer, 37oC). A short gelation time ~ 1-3 min was obtained by adjusting the concentration of PEG. 

Moreover, the hydrogels presented low degradation profile for long term both in vitro and in vivo 

microenvironments (up to 3 months). The 3D encapsulation of chondrocytes within hydrogels was 

reported and encapsulated chondrocytes were found to maintain a high viability and a round cell 

morphology, indicating the compatibility of Schiff-base crosslinking for constructing platforms for 3D 

cell studies.74 Notably, Schiff base crosslinking is a reversible reaction under physiological conditions 

which can decrease the hydrogel stability due to the accelerated hydrolysis. 

 

Thiol-methylsulfone (MS) chemistry  

Thiol-MS coupling chemistry was reported by del Campo’s group as an alternative chemistry to the 

thiol-Mal or thiol-VS coupling chemistries, Thiol-MS-based coupling reactions present an intermediate 

rate between thiol-Mal and thiol-VS chemistry, with gelation times between seconds to minutes.59 

Thiol groups can effectively react with heteroaromatic rings carrying methylsulfone electrophiles 

(Figure 1.6) under physiological conditions via a nucleophilic aromatic substitution (SNAr) mechanism 

with the formation of stable, irreversible thiol-ether adducts and release of methanesulfinate as 

leaving group.60 This coupling chemistry was demonstrated for a variety of applications, including 

selective cysteine conjugation,60 thiol-blocking75 and hydrogel formation for 2D and 3D cell culture.59, 

76 A high reaction conversion, high chemoselectivity, moderate kinetics and high stability of formed 

adducts were observed, and the reaction kinetics could be regulated by adjusting pH and the electron-

deficient character of heteroaromatic sulfone compounds. Paez et al. first used thiol-MS coupling 

chemistry to prepare hydrogels for 3D cell encapsulation by using star PEG-oxadiazole methylsulfone 

(star PEG-Ox-MS) and star PEG-SH. Compared with thiol-Mal and thiol-VS chemistry, this thiol-MS 

coupling allows an intermediate gelation kinetics and the reaction rate can be controlled by pH 

adjustment in the range 6.6 to 8, to obtain cell laden hydrogels with homogeneous distribution of cells. 

Fibroblasts and HUVECs were encapsulated in the hydrogels and cells showed high viability (>90%) 

after 6 days encapsulation which indicated the good cytocompatibility of resulting hydrogels.59 More 

recently, the gelation kinetics of PEG hydrogels derived from star PEG-SH and star PEG-MS with 

different heteroaromatic sulfones (phenyl-tetrazole (Tz), benzothiazole (Bt), and oxadiazole (Ox) 

sulfones) were compared. Hydrogels were formed from few seconds to hours by varying the pH (8.0 

to 6.6) and by using different MS heteroaryl units (i.e. relative gelation speed was thiol-Mal > Ox > Tz > 
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Bt > thiol-VS). Compared with Ox- or Bt-based system, the most recent MS substrate, Tz-based, was 

demonstrated as a most promising candidate since the derived hydrogels showed higher hydrolytic 

stability during cell culture. Moreover, hydrogels derived from Tz-based MS substrate also showed 

high cytocompatibility and enabled homogeneous distribution of cells.18 

 
Figure 1.6 Thiol-methylsulfone coupling chemistry. Republished with permission from American Chemical 

Society.18  

 

1.2 Light-regulated hydrogels for cell culture 

Dynamic hydrogels are responsive materials designed to mimic the dynamic nature of the natural ECM. 

Different external stimuli (e.g. pH,77 temperature,78 mechanical force,79 electrical signals,80 light,81 et 

al.) have been used to dynamically manipulate the properties of hydrogels for cell encapsulation. 

Among these stimuli, light shows advantages, as it is readily available and can be easily dosed. More 

importantly, high spatial resolution and real-time manipulation of light enables to perturb the specific 

cellular or molecular interactions in 3D, therefore allowing the study of individual process of cells in a 

temporal and spatially controlled manner. 

Light-responsive hydrogels have been used to generate 3D cell culture scaffolds with properties that 

can be modulated in space and time and guide cellular responses (e.g. cell migration,34, 82, 83 cell 

differentiation34) on demand.84 Light enables remote manipulation of hydrogels at any time point in 

both 2D and 3D. In most light-responsive systems for dynamic cell culture, photocleavable protecting 

groups (PPGs) are used as photoresponsive unit. When intercalated into the polymer backbone, PPGs 

can be used to dynamically control the mechanical properties of the hydrogel. Upon illumination, 

photodegradable hydrogels undergo a photodegradation process, which has a direct consequence on 

the mechanical properties and mesh size of the hydrogel, which might affect the behavior of cells. 

Apart from photodegradation, PPGs have been used to temporally block the bioactivity of 

biomolecules incorporated into the hydrogel. Photoactivation of the biochemical ligands within 
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hydrogels has been used to regulate adhesive cues or and to release cargos, and to control specific 

cell-material interactions. Importantly, light dosage needs to be considered in order to avoid 

photodamage to the cells. Typical light dosage at 365 nm light, Irradiance = 5–20 mW cm-2, t = 2–20 

min is total dose 5–10 J cm-2 ;85, 86 at 420 nm, irradiance 1.55 mW cm-2 , t = 6–12 h gives total dose 29–

63 J cm-2 87 and at NIR light (e.g. 740-900 nm, 20-100 mW)88, 89 have been used for cell studies. 

Conventionally, photoactivation of PPGs-based hydrogels is induced by one-photon excitation in the 

VIS range. Phototoxicity and low penetration are drawbacks of these illumination conditions. Two 

photon (2P) excitation involving NIR light (~700-1000 nm) has attracted considerable interest as an 

alternative to 1P processes. In 2P excitation process, the molecule is excited upon the simultaneous 

incidence of two photons of approximately half energy than that required for each photon compared 

to 1P process, thus 2P ultimately happens at longer wavelengths. Moreover, longer wavelength 

photons allow deeper penetration (∼5 mm) in a 3D construct. 2P excitation offers high 3D spatial 

resolution (∼0.1 μm3) 90, 91 because the 2P excitation is proportional to the square of the excitation 

intensity, thus the 2P excitation is strictly confined within the focus region due to its nonlinear 

feature.92 As showed in Figure 1.7.  

 

Figure 1.7. Comparison of 1P and 2P excitation processes. (A) Jablonski-type diagram of 1P and 2P excitation. 

Adapted with permission from Beilstein Journal of Organic Chemistry.92 (B) Spatial resolution achieved in 1P and 

2P excitation. Adapted with permission from Future Medical Chemistry.93 (C) Light penetration depth in tissue 

as function of wavelength. Adapted from ref.94  
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1.2.1 Light-responsive hydrogels with photoregulated degradation 

        
Figure 1.8. Schematics of photo-cleavage chemistry for controlled regulation of hydrogel degradation. 

Hydrogel degradation in most examples of photodegradable hydrogels arises from photocleavable of 

PPGs incorporated in the hydrogel backbone, as showed in Figure 1.8. o-nitrobenzyl (oNB) derivatives 

are the most widely used PPGs due to their clean photolysis mechanism and commercial availability 

of suitable precursor reagents. Kloxin et.al reported PEG-based photodegradable hydrogels via radical 

polymerization of a diacrylated oNB-based photocleavable crosslinker with PEG monoacrylate (PEGA) 

in PBS buffer. Precise control of degradation degree was achieved by illumination at 365 nm and 405 

nm, and also using 2P excitation (740 nm). The bulk photodegradation of hydrogels was performed by 

flood irradiation at 365 nm and 405 nm and followed by the decrease of storage modulus (G’) from 

photo rheology experiments, the time scale of photolabile group degradation time in hydrogels were 

observed in ~140 s, ~280 s and ~930 s with irradiation intensity and wavelength of 365 nm at 20 mW 

cm-2, 365 nm at 10 mW cm-2 and 405 nm at 25 mW cm-2 respectively. hMSCs were encapsulated in the 

hydrogels and exhibited a rounded morphology and high viability. Upon UV exposure, the material 

was softened which consequently affected cell behavior, for example, cell migration and chondrogenic 

differentiation were also demonstrated within these photodegradable hydrogels (Figure 1.9).34  

In a follow-up work (Figure 1.10), the photodegradation approach was combined with an orthogonal 

photoconjugation step. A PEG hydrogel was prepared via the SPAAC reaction between star PEG 

tetracyclooctyne and photocleavable bisN3 polypeptide bearing an intercalated oNB group. In a 

second step, thiol functionalized cell adhesive peptide RGD was incorporated to the network by thiol-

ene photoreaction using eosin Y as photoinitiator and visible light irradiation (490–650 nm, 10 mW 

cm-2, 0.5–2 min). At this wavelength range, the oNB group is stable. Photodegradation of the hydrogel 

was possible by subsequent illumination at 365 nm or 740 nm. A cell-laden (3T3 fibroblasts) fibrin clot 

was encapsulated within the hydrogels to demonstrate the wavelength-dependent, orthogonal 

control of cellular response. Adhesive RGD peptide sequence was conjugated into certain area of 

hydrogels in presence of cells and these were found to migrate into the degraded channels.95  
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Figure 1.9. Photodegradable hydrogels from diacrylated oNB-based photocleavable crosslinker. (A) Hydrogel 

formation was done via free radical polymerization followed by photodegradation. (B) Surface erosion and 3D 

patterning upon exposure to 320-500 nm or 740 nm light. Scale bars= 100 μm. (C) Cell migration along the 

eroded channels. Scale bars= 50 μm. (D) Chondrogenic differentiation of hMSCs. Scale bars= 100 μm. Adapted 

with permission from Journal of Science.34  

 

Figure 1.10. Orthogonal photoconjugation and photodegradation of oNB-based photodegradable hydrogels (A) 

Hydrogel formation via SPAAC. (B) UV spectra of the photoinitiator and the photolabile oNB group. (C) 

Orthogonality of photocoupling and photodegradation within hydrogels with subsequent illumination at 

different time point. Scale bars= 50 μm. (D) Directed cell migration within 3D patterned hydrogel. Scale bars = 

100 μm. Adapted with permission from Journal of Nature chemistry.95  

Other oNB photodegradable hydrogels loaded with upconverting nanoparticles (UCNPs) were 

degraded using near infrared light (NIR). The UCNPs mediate conversion of NIR light into UV light and 
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enable UV-light-induced photolysis of oNB functionalities using light of longer wavelength.96 So far, no 

cell encapsulation was reported in photodegradable hydrogels in presence of UNCPs.  

Coumarins are alternative chromophores to oNB group that present higher photoefficiency, moderate 

photostability, red-shifted absorption and exhibit weak fluorescence after photolysis. Only a few 

coumarin-based hydrogels have been reported. Azagarsamy et al. reported the synthesis of a hetero-

functional coumarin with amine and azide groups and subsequently attached into star PEG backbone 

to yield star PEG tetra-azide. The hydrogel was prepared from star PEG tetra-alkyne (5 kDa) and star 

PEG tetra-azide (5 kDa) via CuAAC mechanism. Photodegradation kinetics was monitored by in situ 

photorheology. Upon light exposure (365 or 405 nm: 40, 10.4, 4.0, and 1.4 mW cm-2), nearly 2 orders 

of magnitude of degradation rate constant could be achieved from 1.0 × 10−4 s−1 under exposure to 

1.4 mW cm-2 405 nm light to 79 × 10−4 s−1 under 10.4 mW cm-2 365 nm light. Hydrogel degradation was 

also demonstrated under 2P excitation (740 nm, 800 nm, 860 nm and 900 nm),97 however, no cell 

studies were performed, probably due to toxicity of copper catalyst used for the CuAAC crosslinking. 

In another work (Figure 1.11), Lux et al. reported coumarin-based photodegradable polyacrylamide 

(PAA) hydrogels. Instead of serving as photodegradable crosslinker, bromohydroxycoumarin (Bhc) was 

used to block the -NH2 group of ornithine in order to break ornithine lactamization under biologically 

relevant conditions. After UV or NIR light exposure, PAA hydrogel degraded due to the cleavage of Bhc 

through intramolecular cyclization. A high photoefficiency under UV exposure was demonstrated 

since only a very low irradiation dose (365 nm, 1 mW cm-2) was needed. These hydrogels were used 

to encapsulate small hydrophilic payloads such as Fluo-Bovine Serum Albumin (BSA). Murine 

mesenchymal stem cells expressing green fluorescent protein (GFP-mMSCs) were also successfully 

encapsulated in the hydrogels. Photorelease of mMSCs was also demonstrated upon illumination (365 

nm, 1 mW cm-2). However, no cell viability studies were presented.98 

 

Figure 1.11. Coumarin-based photodegradable hydrogels (A) Light induced photodegradation PAA hydrogels 

due to the cleavage of Bhc through intramolecular cyclization. (B) Payload release from hydrogels under UV light 

exposure. Irradiation dose: 365 nm, 15 min, 1 mW·cm−2. Adapted with permission from American Chemical 

Society.98  
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Photocleavable bonds based on the allyl sulfide/thiol exchange have also been used for the design of 

photodegradable hydrogels via reversible addition fragmentation chain transfer (AFCT) mechanism. 

Brown et.al synthesized photodegradable hydrogels between star PEG-DBCO and bifunctional azide 

crosslinker containing allyl sulfide bonds via SPAAC mechanism (Figure 1.12). Photoinitiator (LAP) and 

a monofunctional thiol molecule were used to induce the generation of thiyl radicals, which attack the 

allyl group and results in fragmented macromolecules upon UV light exposure, thus leading to 

decrosslinking. Hydrogel can be degraded in 1 min under cytocompatible conditions (4 mM LAP, 25 

mM mPEG-SH, 10 mW cm−2 at 365 nm light) and demonstrated good cytocompatibility for cell 

encapsulation and subsequent release.99  

 

Figure 1.12. Photodegradation of allyl sulfide bond-based hydrogels via AFTC mechanism. (A) Chemical 

structures of star PEG-DBCO and bifunctional azide terminated crosslinker containing the allyl sulfide 

functionality. (B) Light induced photodegradation in presence of an initiator and free -SH molecules. (C) photo 

degradation followed by in situ rheology. Irradiation dose: 365 nm, 10 mW·cm−2. (D) Bulk scale erosion and 

cytocompatible cell encapsulation and release. Scale bars: 100 μm. Adapted with permission from Wiley.99  

1.2.2 Hydrogels with photoactivatable biochemical signals 

PPGs have been used to block the active site of biomolecules to temporarily inhibit their bioactivity, 

and later activation upon light exposure, as depicted in Figure 1.13. 

 

Figure 1.13. Schematics of photo-cleavage chemistry for controlled regulation of biochemical signals in 

hydrogels. 
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Peptidomimetics of cell adhesive sites of matrix proteins are widely used to biofunctionalize hydrogels 

for cell culture. These can be synthesized with reduced synthetic effort and ease of purification 

compared to their complex protein counterparts.100 Lee et.al reported implanted biomaterials based 

on PEG hydrogels with a photoprotected cyclic RGDfK peptide. Upon UV light illumination, the 

chromophore was cleaved and RGD peptide was exposed. This photoactivatable material was 

demonstrated in vivo useful for regulating cell adhesion and vascularization of biomaterials. Moreover, 

the chronic inflammation and fibrosis in vivo were significantly reduced with a delayed presentation 

of RGD peptide on implanted biomaterials, courtesy of the temporal controlled conferred by this 

approach. However, the spatial resolution and depth of penetration (1 mm) is still limited in terms of 

using UV light (Figure 1.14).101 Recently, biomaterials that present RGD motif with different 

chromophores were reported, to support spatiotemporal control over cell-materials interactions.102, 

103 Lin et.al demonstrated a cell-material interfacing system which can undergo a structural transition 

to expose a cell-penetrating peptide upon 1P or 2P excitation, thus trigger the uptake of different 

cargos loaded on the cell-penetrating peptide.103  

 
Figure 1.14. PEG hydrogels with photoactivatable cyclic RGDfK peptide. (A) Photolysis of photoprotected RGD 

peptide-functionalized PEGDA hydrogels at 350-365 nm. (B) Light-triggered in vivo cell adhesion. Scale bar: 200 

μm. (C) Time-regulated presentation of RGD peptide on implanted biomaterials to modulate fibrous 

encapsulation in vivo. Scale bar: 100 μm. (D) Light-triggered in vivo vascularization. Scale bar: 100 μm. Irradiation 

dose(B-D): 351 nm, 10 mW·cm−2, 10 min. Adapted with permission from Nature Materials.101  

The laminin mimetic peptide Ile-Lys-Val-Ala-Val (IKVAV) is another peptide used for control of cellular 

response, particularly for neuronal growth. Farrukh et. al reported hydrogels conjugated with IKVAV 

sequence protected with different PPGs at the amino side group of the K residue. Upon light exposure, 

IKVAV epitope was exposed and 2P-induced neuronal attachment and differentiation was 

demonstrated to pre-determined directions. Neuronal growth was obtained by using PPGs in a light-

regulated manner (Figure 1.15).104 
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Figure 1.15. Light-guided neuronal growth with biomaterials presenting photoprotected IKVAV peptide. (A) 

Schematic representation of phototriggerable IKVAV peptides with different photocleavable groups. (B) Light-

triggered neuronal growth. Adapted with permission from Wiley.104  

Other photoactivatable biomolecules, such as sortase A glycine (SAG) donor peptides was 

incorporated into hyaluronan hydrogels to orient axonal growth under 2P excitation at 770 nm 

(SP/Mai Tai MP system: 20-30% at a frame rate of 0.6 Hz) with high spatiotemporal resolution.105  

1.3 Two-photon responsive hydrogels for cell encapsulation 

This section describes the few examples of photoresponsive hydrogels that have been tested for 2P 

activation in the presence of cells. To spatially manipulate hydrogel degradation, Arakawa et al. 

reported 2P degradable hydrogels and used them to fabricate endothelialized 3D microvascular 

networks with user-defined geometry in 3D in the presence of encapsulated cells (Figure 1.16).106 

Photodegradable hydrogels were prepared via SPAAC crosslinking between star PEG-BCN and a 

bisazide-functionalized peptide as crosslinker, which contained an intercalated oNB moiety. The 

hydrogel was also functionalized with the RDGS cell adhesive peptide and the enzymatically cleavable 

GPQGIWGQ peptide. A hydrogel with high cytocompatibility and user-defined manipulation 

possibilities was formulated. Illumination at 740 nm (1.9 W laser power, pixel dwell time of 2 μs and 

5–7 frame repeat scans) was used to create 3D interconnected channels in presence of green 

fluorescent protein (GFP)-labeled human bone marrow-derived hS5 stromal cells. The channels were 

endothelialized with HUVECs for 4 days while the hS5 cells inside the hydrogel during illumination 

maintained high viability, as displayed in Figure 1.16. 

In another work, Lunzer et.al. reported an methodology to improve 2P efficiency of photodegradable, 

oNB-based photodegradable HA-PEG hydrogel by adding a water soluble two-photon sensitizer (P2CK). 

Upon illumination with light at 800 nm, the photosensitizer transferred energy to activate oNB 

functionalities via Förster resonance energy transfer (FRET) process. By adding 0.1 mM P2CK, 

irradiation power required for photoactivating oNB could be reduced from 70 to 50 mW, which did 

not cause phototoxicity. Spheroids of hTERT immortalized human adipose-derived mesenchymal stem 

cells (ASC/TERT1) were encapsulated in the hydrogels and migrated into horseshoe-shaped channels 

scanned at different laser powers. High cell viability was proven after 14 days (Figure 1.17).89  
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Figure 1.16. 2P degradable hydrogels to fabricate endothelialized 3D microvascular networks. (A) Hydrogel 

preparation via SPAAC chemistry between star PEG-BCN and a bisazide-functionalized peptide contains oNB 

moiety, RDGS peptide sequence and an enzymatically cleavable GPQGIWGQ polypeptide sequence. (B) 

Photodegradation of biomimetic microvessel patterns. (C) Fabrication of endothelialized channels with HUVECs 

in the presence of encapsulated stromal cells. Adapted with permission from Wiley.106  

 

Figure 1.17. 2P degradable hydrogels for cell migration. (A) Hydrogel preparation and 1P degradation (B) 2P 

degradation in presence of 2P sensitizer P2CK. (C) 2P degradation of hydrogels to fabricate micro-channel to 

allow cell migration. Adapted with permission from Wiley.89  

Hydrogels with 2P-activable bio-motifs have also been designed and used for spatiotemporal 

manipulation of cell behavior by light-driven modulation of photoactivatable adhesive ligands 

attached to the hydrogel. A two-photon activatable PMNB-protected RGD peptide, cyclo 
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[RGD(PMNB)fC], was developed for triggering angiogenesis with precise spatiotemporal control in 

PEG-based hydrogels. The active binding site of RGD peptide was blocked by PMNB groups, and was 

cleaved under 740 nm light to expose the RGD domain with appreciable biocompatibility. Well-defined 

microvasculature was formed in the activated area (Figure 1.18).107  

2P activable or degradable hydrogels for cell encapsulation allow for the study of the role of 

biomolecules and helping to understand the cellular responses in a high spatiotemporal manner. 

However, the high illumination dose were used may cause the damage for the living cells and no direct 

illumination on the cells are allowed due to the low efficiency of reported 2P PPGs. Moreover, the 

poor solubility and the poor hydrolytic stability of linking bonds (e.g. ester labile bond) are still need 

to be improved for long term cell studies. 

 

Figure 1.18. 2P light-Induced angiogenesis in hydrogels presenting PMNB-protected RGD peptide. (A) 2P 

activation of cyclo[RGD(PMNB)fC] functionalized PEG hydrogels. (B) 2P activated angiogenesis. (Irradiation 

conditions: 740 nm laser at 170 µs µm−1 scanning rate, 95% intensity). Adapted with permission from Wiley.107  

 

1.4 Photocleavable protecting groups for efficient two-photon activation 

1.4.1 General design rules for efficient two-photon activatable chromophores 

Currently, only a few PPGs with useful 2P sensitivity have been reported.108 However, none of them 

satisfy all the criteria needed for biology applications (e.g. high photoefficiency, water solubility, 

hydrolytic stability). As summarized in Table 1.2. Increasing the photoefficiency of 2P PPGs is still 

needed to improve the performance of photoactivatable hydrogels. The 2P absorption cross-section 

(δ) is a key parameter to be considered for designing of 2P sensitive PPGs, which has units of GM (1 

GM = 10-50 cm4s photons-1). In the last decade, the relationship between the structural factor and 

photoefficiency of PPGs has been extensively studied. Main features to improve photoefficiency are: 

i) extension of the π-conjugation, ii) introduction of substituents with strong electron-donor or 

acceptor character to promote strong internal charge transfer, and iii) alternation of molecular 

symmetry with multibranched or oligomer structures to improve cooperative effects.109 Water 

solubility is a relevant parameter in a PPG to be used in biological applications. The solubility have 

been improved by incorporating charged110 or polar substituents111, or hydrophilic segments (e.g. PEG 
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chains)112, 113. Good hydrolytic stability is also important to prevent undesired hydrolysis and to avoid 

materials degradation by other pathways than light exposure. The hydrolytic stability is related to the 

nature of chromophore’s structure and the type of the linking group. Several types of linking group 

(e.g. ester, amide, carbonate and carbamate) have been studied, in which the ester and amide linking 

group are the most widely used. The oNB incorporated into PEG hydrogels by ester, amide, carbonate 

or carbamate linking group have been demonstrated to exhibit significant different hydrolysis speed 

at different time scale (ester: <1 h; carbonate:<2 h; amide:<12 h and carbamate:>72 h) under 

accelerated hydrolysis studies (in PBS, pH 10) over 72 h.  

Table 1.2 Structure and summary of properties of reported 2P activable PPGs groups. 

a the time at which half of a bonds break in PBS pH 7.4. 
b in water for 24 h. 

 

1.4.2 The (o-nitrobiphenyl)propyl family 

The o-nitrobiphenylpropyl family was developed by Gug for more efficient 2P photolysis.123 The two-

photon cross section in the range of δ= 3.2-11 GM at 740 nm or 800 nm is significantly higher than 

that of oNB (0.015−0.065 at 750 nm).108 The higher δ is a consequence of the extended conjugation 

and donor-acceptor structure. Among the different family members (Table 1.3), the 3-(2-propyl)-4’-

methoxy-4-nitro-biphenyl (PMNB), with an electron donating methoxy group at the para position, has 

been used as PPG for cell biology experimentation.107  

A decrease om the 2P absorption cross section was observed by shifting the methoxy group from the 

para to the ortho or meta positions (δ = 2.2 and 1.8 GM at 740 nm respectively).124 Substitution effect 

at para position with different substitute dialkyamino groups was also studied by Specht et.al.124, 125 

Compared to methoxy, dialkyamino groups are better electron donors and can additionally enhance 

Chromophores Structures 2P cross-section 

(δ) 

Hydrolysis 

 

Solubility Applications 

oNB 

 

0.015−0.065 at 

750 nm108 

t1/2
a = 16.88 

h for oNB 

ester 114 

- Cell 

applications34, 

89, 95 

Coumarin 

 

0.35 to 2 GM at 

740 nm108 

≥95%b 115 >0.1 mM in 

H20116 

Drugs117 

Cell 

applications118 

(o-

nitrobiphenyl)propyl 

family 

  

3.2-11 GM at 740 

nm or 800 nm 107, 

119, 120 

See next 

section 

 

See next 

section 

 

Cell 

applications107 

The (o-nitrobiphenyl 

acetylene)propyl 

family 

 

19.8 GM at 800 

nm121 or 

25.8 ± 3.2 GM at 

690 nm122 

- 20 µM in 

cell medium 

with 0.1% 

DMSO121 

Cell 

applications121 
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the water solubility. In this case, a red shift ∼90 nm, an increase of 2P cross-section (up to 11 GM at 

800 nm) and higher water solubility were demonstrated. However, the presence of dialkyamino 

groups might lead to a poor hydrolytic stability.107, 119, 120 Therefore, the substitution group needs to 

be considered carefully.  

Table 1.3 Structure and summary of properties of reported (o-nitrobiphenyl)propyl family groups. 

Chromophores Structures λmax and 2P cross-

section 

Hydrolysis 

in PBS (pH 7.4) at r.t. 

Solubility 

in PBS (pH 

7.4) at r.t. 

PMNB: R=Me 

 

PENB: 

R= (2-(2-(2-methoxy 

ethoxy) 

ethoxy)ethyl 

 

λmax= 317 nm 

3.1 GM at 740 nm124 

 

PMNB-Glu 

3% in 24 h. 

PMNB-RGD 

Stable >1 month107  

PENB-Glu  

> 5 mM124  

 

mMNB:  

R1=H, R2=OMe 

 

oMNB:  

R1= OMe, R2= H 
 

mMNB-Glutamate 

(Glu) 

λmax= 296 nm 

1.8 GM at 740 nm124 

 

oMNB-Glutamate 

λmax= 302 nm 

2.2 GM at 740 nm124 

- - 

ANBP: R= Me 

HANBP: 

R=CH2CH2OH 

CANBP: 

R=CH2COOH 

EANBP: 

R=(CH2CH2O)2Me 

 

up to 11 GM at 800 

nm126 

ANBP-RGD  

63% in 1 week107 

HANBP-RGD 

58% in 1 week107 

CANBP and  EANBP-GABA 

≤1% in 24 h126 

EANBP-GABA 

10 mM124 

 

1.4.3 The (o-nitrobiphenylacetylene)propyl family 

A further extension of conjugation of o-nitrobiphenyl family by intercalating an alkyne spacer in the 

donor-acceptor biphenyl system has also been reported.121 The (o-nitrobiphenyl)acetylene unit with 

a bis(2-(2-methoxyethoxy)ethyl)amino group at para position was used as PPG to block the C-6 

carboxy position of phytohormone gibberellic acid (GA3), as showed in Figure 1.19. The resulting 

photoactivatable GA3 (paGA3-3) showed an absorption maximum around 400 nm, and the photolytic 

reaction had a 2P cross-section ~1.8±0.4 times higher than the chromophore without the alkynyl 

spacer. The high 2P efficiency enabled the photorelease of GA3 in cultured COS-7 cells (incubated with 

paGA3-3 (20 µM in cell medium with 0.1% DMSO) for 5 min) to induce the translocation of mPlum-

GID1 (far-red-fluorescent protein mPlum labeled GA3-receptor) within seconds at 800 nm with 80 

mW.121 However, hydrolytic stability was not demonstrated for paGA3-3. 
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Figure 1.19. Photocleavage of plant hormone GA3 from π-extended (o-nitrobiphenyl)acetylene chromophore. 

Reproduced after permission from American Chemical Society.127  

 

1.4.4 Alternative PPGs 

Besides nitrobiphenyl107, 119, 120, 124 and o-nitrobenzyl derivatives,34, 128, 129 other PPG families have been 

tested for 2P activation in cell experiments, including coumarin derivatives98, 130, 131 and nitroindoline 

derivatives 132, 133 134, summarized in Figure 1.20. These groups show low 2P efficiency due to their 

short conjugation length and internal charge transfer effects. 2P chromophores with branched 

structures or extended conjugation can lead to improved 2P properties, but the synthetic effort and 

expected low water solubility limit their development.135, 136 

 

Figure 1.20. Chemical structures of common 2P chromophores used in cell studies. 
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Chapter 2: Synthesis of two-photon degradable crosslinkers and 

PEG-precursors 

2.1 Introduction 

Hydrogels engineered with photolabile groups are of interest for biological studies and applications. 

For example, photodegradable hydrogels have been used to control the migration1-3 and 

differentiation2 states of cells in 3D cultures. In other examples, proteins and drugs4-6 have been 

loaded into photodegradable hydrogels and released on demand upon light exposure. To this purpose, 

photocleavable moieties are incorporated into the hydrogel network.7 Examples so far have mainly 

made use of o-nitrobenzyl (oNB) derivatives,2, 8, 9 10 and occasionally coumarin.11 Allyl sulfide groups 

were also demonstrated to as an efficient 1P cleavable moiety through reversible radical addition-

fragmentation chain transfer (AFCT) reactions.12 As summarized in Table 2.1. These groups absorb 

light in the UV range in most cases. To minimize the risk of photodamage to embedded cells, 

alternative systems that allow activation at longer wavelengths, VIS or NIR have been suggested13 and 

are currently an active field of research. 

Table 2.1 Main chemical approaches for fabrication of photodegradable hydrogels 

Functional group Mechanism/approach 
Relative use 

One-

photon (1P) 

Two-photon 

(2P) 

Photocleavable system 

o-nitrobenzyl 

chromophore2, 8, 9 

   

 

  √a √ 

o-nitrobenzyl 

chromophore + 

photosensitizer10 
    

√ √ 

Coumarin 

chromophore11  

√ √ 

Reversible photocleavable system 

Allyl sulfide group12 

 

√ Xb 

 
a The related chromophore or groups have been used for 1P or 2P activation. 
b The related chromophore or groups have not been used for 1P or 2P activation. 

 

 The oNB group can also be activated with femtosecond lasers in the NIR range if the dose used is 

enough to activate two-photon excitation processes.2, 8, 9 The sensitivity of a photoremovable group 

to two-photon activation depends on its two-photon absorption cross-section (), which is the 
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capacity of a chromophore to absorb two photons of a particular wavelength and polarization, and is 

expressed in Göppert-Mayer (1 GM = 10-50cm4 s photon-1). Two-photon absorption cross-section can 

be measured by z scan of two-photon photoluminescence excitation spectroscopy.14 The Anseth’s 

group reported two-photon degradable PEG-based hydrogels based on the oNB photolabile moiety 

and demonstrated that spatially controlled photodegradation allowed controlled cell migration into 

the exposed areas. However, the low two-photon absorption cross section (0.02 at 750 nm)15 required 

high exposure doses for activation (> 10 J cm-2), and this can cause cell photodamage. In the photolysis 

of o-nitrobenzyl esters the primary aci-nitro intermediates is formed by the photoinduced H-atom 

transfer (HAT*), followed by the ground state cyclization between hydroxyl moiety of nitro group and 

the benzylic carbon (Figure 2.1). The molecule is deprotonated and cleaves to form ketone or aldehyde, 

with concomitant release of X−carboxylic acid.15, 16  

 

Figure 2.1 Reported photodegradation mechanism for o-nitrobenzyl ester groups.15, 16 

 

Synthetic efforts towards photodegradable hydrogels containing photoremovable groups with higher 

2P photolysis efficiency have been made. For example, two-photon degradable hydrogels based on 

coumarin cleavable groups (δ = 0.35 to 2 GM at 740 nm)15 were also developed. 2P degradation of the 

hydrogel network was achieved at 740 nm, 800 nm and 860 nm, but low efficiency was observed at 

900 nm. Note, however, that these experiments were not done in the presence of cells.11  

An interesting alternative of photoremovable groups with higher 2P efficiency is the o-

nitrobiphenylpropyl family.17-20 They present a two-photon absorption cross-section δ = 3.1-11 GM 

depending on the length of the extended π conjugated system, donor-acceptor structure and the 

attached substrate. The 4’-methoxy-4-nitrobiphenyl-3-yleth-2-yl)methyl (PMNB) candidate has a two-

photon cross-section of 3.1 GM at 740 nm and 0.45 GM at 800 nm (Table 2.2), which is > 47 times 

higher than that of the o-nitrobenzyl group. This is due to the π-extended conjugated structure.17, 21 

PMNB has been used as efficient photoremovable protecting group to block the active site of 

glutamate and neurotransmitter GABA.17, 18 In del Campo’s group, PMNB was incorporated into 

crosslinked polymers to develop a positive photoresist.19 In this Chapter, photodegradable hydrogels 

based on the PMNB group are presented.  
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Table 2.2 Comparison of oNB and PMNB derivatives15, 22, 23 

Properties o-Nitrobenzyl (oNB) based 

crosslinker 

Methoxynitrobiphenyl 

(PMNB) based crosslinker 

Structure 

  

𝝀𝒎𝒂𝒙
𝒂𝒃𝒔  (nm) 352 nm24 317 nm17 

One-photon quantum yield (φ) 0.005 at 355 nm24 0.1 at 315 nm17 

Two-photon cross section (GM) 0.02 at 750 nm22 3.1 at 740 nm, 0.45 at 800 nm17 

 

The photolysis mechanism of PMNB-based ester and carbamate derivatives involves a β-elimination 

pathway (Figure 2.2). The photolysis of 2-nitro-2-phenethyl ester derivatives (that release -COOH 

groups upon cleavage) and 2-nitro-2-phenethyl carbamates (that release -NH2 functionalities) have 

been studied.25, 26 As photolysis byproduct, an o-nitrobenzyl propene group is formed. Specifically, the 

photolysis of 2-nitro-2-phenethyl derivatives and 2-nitro-2-phenethyl carbamate derivatives occur 

through an aci-nitro intermediate (analogous to that for o-nitrobenzyloxycarbonyl and o-

nitrobenzyloxycarbamate derivatives) as shown in Figure 2.3, followed by rearrangement to 

photolabile o-nitrostyrene with β-elimination of the protected group. Moreover, CO2 is released by 

the decomposition of the carbamic acid intermediate of 2-nitro-2-phenethyl carbamate derivatives.15, 

17, 25-28  

 

Figure 2.2 Reported photodegradation mechanism for o-nitrophenylethyl ester groups.13, 15 

 

Figure 2.3 Reported photodegradation mechanism for o-nitrophenylethyl carbamate groups.25, 26 

In this chapter, the PMNB group will be used as an efficient 2P cleavable groups to construct the 

crosslinker for degradable hydrogels.  
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2.2 Molecular design of photodegradable hydrogels for cell encapsulation 

Polymer backbone  

Star PEGs are commercially available in 5-40 kDa molar mass range, and this range has been proved 

adequate for cell encapsulation. In this Thesis, star PEGs (Figure 2.4) with molar mass 20 kDa were 

selected as it is the most widely used variant used successfully for cell encapsulation and 3D culture.29, 

30 

 

Figure 2.4 Chemical structures of star PEGs 

Crosslinking chemistry 

Star PEGs are available as homo- or hetero-functional stars with different terminal reactive 

functionalities. This allows high versatility for crosslinking and incorporation of bioactive cues for 

improving biocompatibility into cell laden hydrogels. Maleimide (Mal), N-hydroxysuccinimide (-NHS), 

cyclooctyne, thiol (-SH), amine (-NH2) and azide (-N3) are the most commonly used terminal groups 

used for gelation of star PEGs. The combinations Mal-SH, NHS-NH2, and cyclooctyne-N3 allow for gel 

formation under physiological conditions and have been extensively used for cell encapsulation and 

3D cell culture. In addition, the methyl sulfone (-MS) group is another good candidate since it can react 

with –SH groups in seconds-minutes time scale under physiological conditions, and this reaction is 

orthogonal to alcohols, amines, carboxylic acids, and acrylate functional groups.31-33  

The selection of the crosslinking reaction for cell encapsulation is guided by the following 

considerations: i) high efficiency (i.e. with high conversions) under mild reaction conditions, ii) 

biocompatibility of precursors and crosslinked products and iii) adequate reaction rate for cell 

encapsulation applications. The crosslinking kinetics is a crucial parameter for preparing a 

homogenous cell culture platform. Gelation times should be typically between 30 s to 3-4 min to 

ensure proper mixing of precursors and cells under low shear forces (typical second-order reaction 

rate constants range k2~ 102 to 10-1 M-1s-1), while avoiding cell sedimentation during crosslinking. Given 

the previous considerations, thiol-MS chemistry and strain-promoted azide-alkyne cycloaddition 

(SPAAC) were selected for the studies in this Thesis, since they exhibit crosslinking speed of seconds-

minutes in buffer at pH 7.4.32, 34 An additional advantage of the thiol-MS chemistry is the pH tunability 

of the reaction rate, thus the gelation speed can be easily adjusted by altering pH within physiological 

range. 

Photodegradable crosslinker 

PEGs are non-degradable polymers and need to be crosslinked with degradable crosslinkers to support 

cell culture. In this Thesis, photodegradable crosslinkers are presented to allow spatiotemporal control 

of gel degradation.35 The specific aim is the development of crosslinkers that can be degraded using 
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2P excitation processes at cell-compatible doses. A general scheme of photodegradable crosslinkers 

used is shown in Figure 2.5.  

Relevant criteria for the selection of the photocleavable group in the crosslinker are: i) high efficiency 

of the photolytic process (i.e. high 2P absorption cross-section); ii) photolysis byproducts should be 

cell-compatible; iii) moderate synthetic effort and high yield; iv) high hydrolytic stability. Considering 

these criteria, and the information specified in the introductory part of this chapter, the 

photocleavable group (4’-methoxy-4-nitrobiphenyl-3-yleth-2-yl)methyl (PMNB) was selected. PMNB 

can be prepared in 5 steps with an overall yield of ~15% and has a high 2P cross section (3.1 GM at 

740 nm and 0.45 GM at 800 nm), high hydrolytic stability, cell-compatible photo byproduct but 

considerably low water solubility.17, 20 PMNB has been used previously in the context of cell studies.33 

In previous work in the group19 the PMNB derivative 2-(4'-(2-hydroxy ethoxy)-4-nitro-[1,1'-biphenyl]-

3-yl)propan-1-ol (PMNB(OH)2) was synthesized (Figure 2.5). This intermediate has two hydroxyl 

groups that can be derivatized with OEG chains. To ensure solubility, OEG arms with number of repeat 

units n> 10 were attached to it.  

Another point to consider for the photoefficiency is the leaving group in the photocleavage reaction, 

which are determined by the choice of the linking group (Figure 2.5). Ester and carbamate linking 

groups have been reported for oNB derivatives. The oNB carbamate exhibited ~1.5 times higher 

photolysis efficiency (quantum yield Φ = 0.054 at 365 nm) than the oNB ester bond (quantum yield Φ 

= 0.034 at 365 nm) within a hydrogel network. 6 This could be explained that the carbamate linking 

group can better stabilize the corresponding o-nitrobenzyl type radicals, thus weaken the C–H bond 

that is cleaved in the photoinduced hydrogen atom transfer step and hence lower the barrier and 

released more efficiently.16 

Ester groups have been used in photodegradable hydrogels reported by other groups2, 10, but are 

prone to hydrolysis at physiological conditions. Star PEG-based hydrogels with linear photodegradable 

PEG (PEG-bis-NB-azide) crosslinker bearing ester labile bond showed appreciable hydrolysis within 2 

hours at physiological conditions (neutral pH, aqueous medium).36 A recent report quantifies the 

photolysis and hydrolysis kinetics of photodegradable PEG hydrogels with oNB group linked with 

different bonds (ester, amide, carbonate and carbamate) to the PEG backbone. oNB ester showed 

high hydrolysis rates (complete hydrogel degradation in 1 h in PBS at pH 10), whereas oNB carbamate 

showed similar hydrolysis behavior as nondegradable control hydrogels and ~1.5 times higher 

photolysis efficiency.6 Taking in to account these results, a PMNB-based crosslinker with esters and 

carbamate linkage to the OEG chains were synthesized to find out the best compromise between 

chemical and photolytic stability (Figure 2.5). Ester linkages are easy to introduce by esterification of 

the two pendant hydroxyl groups of PMNB(OH)2 with a bifunctional COOH-PEGn-X. Carbamate linkages 

are introduced by first activating the two pendant hydroxyl groups into carbonate intermediate to 

render the further reaction with NH2-PEGn-NHBoc under milder conditions. Boc protecting group was 

cleaved to obtain free -NH2 group and was subsequently reacted with -COOH terminated small 

molecules to obtain PMNB carbamate crosslinkers. 
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Figure 2.5 Chemical structures of functional two-photon degradable crosslinkers based on PMNB structure with 

ester labile bonds and carbamate labile bonds. 

 

To compare the photolytic performance of PMNB hydrogels with previously reported chromophores 

from the literature, similar crosslinkers containing the oNB photocleavable group were also 

synthesized as control system (Figure 2.6). In this case, to minimize synthetic effort, the azide group 

(X= -N3) was selected as terminal group for coupling to polymer backbones.  

 

Figure 2.6 Chemical structure of NB-E-(EGn-N3)2 with ester labile bond. 

The crosslinker combinations used to prepare photodegradable hydrogels for cell encapsulation and 

dynamic cell culture in this Thesis are listed in Table 2.3. 
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Table 2.3 Scheme of PEG hydrogels with intercalated photocleavable linker under physiological conditions. 

 

2.3 Synthesis of photodegradable crosslinkers  

2.3.1 Synthesis of PMNB ester crosslinkers 

PMNB(OH)2, (5) 

The intermediate PMNB(OH)2 was synthesized in good yields following a previously described 5-step 

procedure with some modifications (Figure 2.7).19 The synthesis started with the acylation of p-bromo 

nitrobenzene at ortho position. The acylated compound 1 was obtained in good yield (70%). Its 

chemical structure was confirmed by 1H-NMR after column purification. The singlet corresponding to 

the tert butyl ester (1.44 ppm, 9H) and a singlet corresponding to the methylene group (3.91 ppm, 2H) 

were visible in the spectrum. In the second step, the benzylic position was methylated by iodomethane 

through electrophilic methylation to afford 2 in 82% yield.15 The methyl substituent has been reported 

to enhance the quantum yield of derived chromophore.15, 37, 38 The success of the reaction was 

confirmed by the appearance of a doublet at 1.59 ppm (3H) corresponding to the methyl group and a 

multiplet at 4.20 ppm (1H) that corresponds to the -CH at the benzylic position. The bromide in 2 was 

reacted with 4-hydroxyphenylboronic acid by Suzuki coupling under microwave conditions to give 3 
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in 50% yield after column purification. The reaction product was confirmed by mass analysis 

(m/z=366.2 for [M+Na]+) and the appearance of the signals corresponding to the aromatic ring (6.91-

8.03 ppm) in 1H NMR. Compounds 1-3 were prepared in gram scale. Etherification of 3 with tert-butyl 

bromoacetate rendered 4 in 58% yield. The mass spectrum showed signal at 480.2 m/z corresponding 

to [M+Na]+ of the expected product. The 1H-NMR spectrum showed a new singlet at 4.57 ppm (2H) 

corresponding to the methylene carbon, and a new singlet at 1.50 ppm (9H) from the tert butyl ester. 

The reduction of tert butyl ester groups to primary hydroxyls was achieved using DIBAL-H to afford 5 

in 75% yield and high purity (>99%) after HPLC separation. Compound 5 was identified by mass 

spectrometry ([M+H]+ 318.2 m/z) and by the disappearance of the tert butyl group signal and the 

appearance of multiplets at 3.84 ppm (2H), 4.01 ppm (2H) and 4.14 ppm (2H) that corresponds to the 

methylene carbons. 

 

Figure 2.7 Synthetic route for the key intermediate PMNB(OH)2 (5) 

 

 

Figure 2.8 Synthesis route for PMNB(E-PEGn-SH)2, PMNB(E-EG12-N3)2 and PMNB(E-EG13-Ox-MS)2 



                                                                                                                                                          Chapter 2 
 

45 
 

PMNB(E-PEGn-SH)2, (6) 

The PMNB(E-PEGn-SH)2 crosslinker 6 was synthesized by reaction of PMNB(OH)2 with COOH-PEGn-SH 

(1 kDa) by modification of a previously described procedure (Figure 2.8).39, 40 DTT was used as reducing 

agent in order to avoid disulfide bond formation during the reaction and p-TsOH was used as catalyst. 

A large excess (10 eq.) of COOH-PEGn-SH and a reaction time of 48 h was necessary to increase reaction 

yield of the disubstituted product to 70%. High yield of the disubstituted product was only achieved 

from commercial COOH-PEGn-SH from Sigma Aldrich, which showed a narrower molecular weight 

distribution. The reason for this effect remains unknown at this point. The purity of 6 after purification 

was checked by HPLC (~90%) and the chemical structure was confirmed by 1H-NMR and mass 

spectrometry. A complete consumption of PMNB(OH)2 was observed (peak consumed at retention 

time 25 min) and a new peak at retention time 28 min was evident from analytical HPLC chromatogram 

(Figure 2.9). Mass analysis (Appendix) showed [M+2NH4]2+ signal at m/z = 1307.2. The 1H-NMR 

(Appendix) spectrum showed a new proton signal corresponding to –SH at 1.61 ppm and a multiplet 

at 3.5-3.7 ppm corresponding to the methylene units of the PEG chain. These results demonstrated 

the successful synthesis of the target compound with high purity. PMNB(E-PEGn-SH)2 was soluble in 

PBS, HEPES buffer and cell culture medium at up to 10 wt% concentration.  

 
Figure 2.9 Analytical RP-HPLC chromatograms of PMNB(E-PEGn-SH)2 vs. intermediate PMNB(OH)2. 

 

PMNB(E-EG12-N3)2 , (7) 

The azide-functionalized PMNB crosslinker was obtained in two-step, as opposed to –SH or -MS groups 

that required 3 and 5 steps, respectively. The introduction of terminal azide groups for conjugation 

was considered advantageous since –N3 group is biorthogonal to many other functional groups and 

this facilitates upscaling. PMNB(E-EG12-N3)2 was synthesized by esterification of PMNB(OH)2 with 

COOH-PEG12-N3 using DMAP as base and DCC as coupling agent (Figure 2.8). The product was obtained 

in 71% yield and was soluble in water at a concentration of 10 wt%. The purity of the compound was 

94% according to analytical HPLC chromatography, and the corresponding signal appeared at 
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retention time 32 min (Figure 2.10). Mass spectrometry analysis confirmed the chemical structure of 

the product with a [M+NH4]+ peak at m/z = 1585.8 (Appendix). The 1H-NMR spectrum showed an 

intense and broad multiplet at 3.50-3.66 ppm (93 H) corresponding to the methylene protons of the 

PEG chain (Appendix).  

 
Figure 2.10 Analytical RP-HPLC chromatograms of PMNB(E-EG12-N3)2 

 

PMNB(E-EG13-Ox-MS)2, (8) 

The synthesis of PMNB(E-EG13-Ox-MS)2, (8) required 4 steps (Figure 2.8&11) since the hetero-

bifunctional PEG carrying -MS and –COOH groups is not commercially available. The MS-PEG13-COOH 

intermediate was prepared in 3 steps according to previously reported protocols.31, 32, 41, 42 The 

synthesis started by N-acylation of 4-(5-(methylsulfonyl)-1,3,4-oxadiazol-2-yl)aniline with Boc-Gly-OH 

using isobutyl chloroformate in a one-pot reaction. A protected amine group was necessary to avoid 

reaction between amine and isobutyl chloroformate, and thus 9 was chemoselectively obtained in 

good yield (73%). The reaction product was confirmed by mass spectrometry (m/z=419.0 for [M+Na]+) 

and the appearance of new signals from the aromatic ring (7.91-8.10 ppm, 4 H) and methyl protons 

(3.63 ppm, 3 H) corresponding to the–SO2Me group in the 1H-NMR spectrum (Appendix). After Boc-

cleavage in acidic conditions, the free amine of 10 was obtained and coupled to the NHS group of NHS-

PEG13-COOH. Compounds 10 and 11 were obtained in 67 and 52% yield, respectively. Compound 10 

was identified by the m/z = 297.1 ([M+H]+) and the disappearance of the signal corresponding to the 

-Boc group (1.43 ppm) in the 1H-NMR spectrum (Appendix). It should be noted that 10 showed low 

stability and decomposed in < 1 day. Therefore, compound 10 was always freshly prepared before use. 

Compound 11 was identified by the [M+NH4]+ signal at m/z = 986.4 in the mass spectrum (Appendix) 

and by the appearance of the methylene protons of the PEG chain (3.48 -3.8 ppm) in the 1H-NMR 

spectrum (Appendix). The final compound 8 was obtained by esterification of PMNB(OH)2 with 11. 

HPLC chromatography was used to purify compound 11. The product was characterized by mass and 

NMR analysis. 1H-NMR analysis showed the protons from PEG spacer (3.50-3.66 ppm, 96H), the 

aromatic protons from the biphenyl unit (7.02-7.64 ppm, 7H) and the protons from the 

arylmethylsulfone group (7.84-8.06 ppm, 8H and 3.48 ppm, 6H). Mass spectrometry analysis 

confirmed the chemical structure of the product with a [M+2NH4]2+ peak at m/z = 1127.50 (Appendix). 

The corresponding integrals matched expected values and confirmed the identity of the product. 

However, the determination of the purity of the compound by HPLC chromatography proved difficult 

(Figure 2.12). Multiple peaks were observed with similar retention times in analytical HPLC after 
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purification, presumably due to the presence of some impurities. Of note, dialysis method was also 

performed, but failed to purify the compound, presumably due to the low molecular weight (~2 kDa) 

of the linker, which was limited by the pore size distribution of commercial dialysis membrane.  

 
Figure 2.11 Synthesis route for compound 11. 

 

 

 
Figure 2.12 Analytical RP-HPLC chromatograms of PMNB(E-EG13-Ox-MS)2 before HPLC purification 

 

2.3.2 Synthesis of control crosslinker 

 NB-E-(EGn-N3)2, (13) 

NB-E-(EGn-N3)2 was synthesized in two steps (Figure 2.13) by sequentially introducing EG-N3 arms to 

commercially available 4-[4-(1-hydroxyethyl)-2-methoxy-5-nitrophenoxy] butyric acid. The first 

reaction involved the amidation of the carboxylic group with NH2-PEG10-N3 to obtain OH-NB-EG10-N3, 

12 at yield of 90%. The reaction product was confirmed by the [M+H]+ peak in the mass spectrum at 

m/z = 808.4, and by the appearance of the methylene protons from PEG spacer (3.56 -3.66 ppm, 84H) 

in the 1H-NMR spectrum (Appendix). HPLC analysis showed a new peak at retention time of 26 min 

(Figure 2.14). The final product NB-E-(PEGn-N3)2, 13 was obtained by the esterification of 12 with 

COOH-PEG12-N3 at yield of 88 %. The mass analysis showed the [M+2NH4]2+ signal of the expected 

product at m/z = 734.3. This control crosslinker has similar molar mass compared to PMNB(E-EG12-N3)2 

but a bit lower than PMNB(E-PEGn-SH)2 and PMNB(E-EG13-Ox-MS)2. The similar molecular weight 

between crosslinkers to be used for the formation of a polymer network analogues typically enables 

the obtention of materials with similar mechanical response, and thus allows direct comparison. The 
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1H-NMR spectrum (Appendix) showed new signals at 2.61 ppm and 3.38 ppm corresponding to 

methylene protons of COOH-PEG12-N3. HPLC analysis showed a new peak at retention time of 27.5 min 

(Figure 2.14). A purity of 93% was determined by HPLC chromatography. NB-E-(PEGn-N3)2 was soluble 

in PBS at 10 wt% concentration.  

 

 
Figure 2.13 Synthesis route for NB-E-(EGn-N3)2 

 

 
Figure 2.14 Analytical RP-HPLC chromatograms of NB-E-(EGn-N3)2 vs. 4-[4-(1-hydroxyethyl)-2-methoxy-5-

nitrophenoxy] butyric acid and OH-NB-EG10-N3 

 

2.3.3 Synthesis of PMNB carbamate crosslinkers  

PMNB(C-EG11-Tz-MS)2, (25) 

In order to obtain carbamate bonds, 4-nitrophenyl chloroformate was used to activate the hydroxyl 

groups of compound 5 in the presence of base (triethylamine, Et3N). The intermediate 14 was 

obtained at high yield of 83% and its chemical structure was confirmed by 1H-NMR and mass analysis 

after HPLC purification. The analytical HPLC chromatogram (Appendix) showed a new peak at 

retention time 37 min. Mass analysis (Appendix) showed [M+NH4]+ signal at m/z = 665.2. The 1H-NMR 

(Appendix) spectrum showed new signals corresponding to aromatic protons from the nitrophenyl 

unit (8.22-8.31 ppm, 4H and 7.28-7.42 ppm, 4H). Worth noting, compound 14 showed good stability 
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as solid up to 1 month under storage at -20oC. Compound 14 was reacted with amine-substituted 

hetero-bifunctional PEG(NH2-PEGn-X). In addition, for coupling with star PEGs, X= -SH or –MS were 

considered as terminal groups (Figure 2.15).  

A first route to PMNB carbamate crosslinker, 17 was performed by reacting 14 and NH2-PEG27-Ox-MS, 

16. Compound 16 was obtained in a 3-step procedure starting from 10. The –NH2 group of 10 was 

coupled with free –COOH group of COOH-PEG27-NHBoc to obtain 15. The mass analysis (Appendix) 

showed the [M+2NH4]2+ signal of the expected product at m/z = 867.9. The purification of the 15 by 

HPLC chromatography proved challenging since some impurities remained. Therefore, compound 15 

was used for the next step without further purification. The deprotection of -Boc groups of 15 to free 

–NH2 groups was achieved using TFA/DCM to afford 16 with a purity of 92% after HPLC separation. 

Compound 16 was identified by mass spectrometry ([M+NH4]2+, m/z = 809.4 m/z) and the appearance 

of –NH2 group signal at 3.15 ppm (2H). Aminolysis of nitrophenyl carbonate of 14 to obtain 17 was 

firstly performed without base at room temperature. The reactants remained unreacted even after 

24 h, as evidenced by HPLC. We hypothesized that the long and flexible PEG chain of 16 are folded, 

therefore, the free –NH2 are hindered and not available for coupling. To overcome this, the reaction 

temperature was increased to 40oC and reaction was conducted overnight, however no success was 

observed from HPLC. Moreover, a base (Et3N) was added to promote the conversion of reaction.43 

However, the increased reaction rate also leads to various side products which might due to the 

hydrolysis of -MS group. No relevant mass corresponding to the expected compound was detected 

from mass analysis. No further attempts to optimize this reaction condition were conducted.  

A second route was carried out. Compound 18 was synthesized under milder condition (no base and 

heating were needed) by reacting 14 with a shorter –NH2 functionalized PEG in which the second –

NH2 is protected by -Boc group. The product was obtained with 90% yield since the compound 14 

hydrolyzed to small extent during reaction. This reaction was proved successful by mass spectrometry 

(m/z=846.9 for [M+2NH4]2+) and the appearance of new signals from -Boc group (1.42 ppm, 18H) and 

methylene protons from PEG spacer (3.46 -3.64 ppm, 88H) in the 1H-NMR spectrum (Appendix). The 

deprotection of –Boc to get free amine groups was achieved using TFA/DCM to afford, 19 in yield (60%) 

and purity (>98%) after HPLC separation. Compound 19 was identified by mass spectrometry 

([M+2H]2+ 729.9 m/z) and by the disappearance of the -Boc group signal at 1.42 ppm (18H) and 

appearance of –NH2 group signal at 3.10 ppm (4H). Synthesis of compound 20 was attempted by 

reacting 19 with 2-acetamido-4-mercaptobutyric acid-γ-thiolactone based on thiolactone chemistry. 

However, a low degree of thiolation of the crosslinker was achieved with excess thiolactone 

compound vs. –NH2 groups, while excess –NH2 vs. thiolactone compound are typically used in the 

literature to ensure the high thiolation degree.44 No further attempts to optimize thiolation condition 

were carried out in this thesis.  

Based on the second route, converting –NH2 into other functional group (e.g. –MS group) would be an 

attractive alternative for later coupling with star PEGs carrying thiol groups. A small linker compound 

containing –Tz-MS and –COOH groups was envisioned as suitable for coupling with 19. Compound 24 

was synthesized in a 4-step procedure starting from commercial 1-(4-Hydroxyphenyl)-5-

mercaptotetrazole. The first reaction involves the methylation of the -SH group with methyl iodide 
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(CH3I) to obtain 21 at yield of 74%. The reaction product was confirmed by the [M+H]+ peak in the 

mass spectrum at m/z = 209.0, and the appearance of protons from methyl group (2.79 ppm, 3H) in 

the 1H-NMR spectrum (Appendix). Etherification of 21 with tert-butyl bromoacetate at room 

temperature rendered 22 with a purity of 90% after extraction, which was confirmed by 1H-NMR 

spectrum (Appendix). Compound 22 was used in the next step without further purification. The –SMe 

group of 22 was oxidized by meta-Chloroperoxybenzoic acid (mCPBA) to give 23 in high yield after 

HPLC purification (96%). Reaction was monitored by mass analysis since the starting compound and 

product were eluting together in TLC and HPLC. The reaction product was confirmed by mass analysis 

(m/z=372.1 for [M+NH4]+) and the appearance of the signals corresponding to the –SO2Me (3.63 ppm, 

3H) in 1H NMR. The acidic cleavage of tert butyl group to give –COOH was achieved using TFA/DCM to 

afford 24 in a moderate yield (60%) after HPLC separation. The reaction product was confirmed by 

mass spectrometry ([M+ NH4]+ at m/z = 316.0) and by the disappearance of the tert butyl group signal 

at 1.47 ppm (9H). Of note is that compound 24 showed good stability as solid up to 2 weeks under 

storage at -20oC (confirmed by NMR analysis). PMNB carbamate crosslinker PMNB(C-EG11-Tz-MS)2, 25 

was synthesized by reacting 19 and 24 via coupling reaction using HBTU and HOBT as coupling agents. 

This reaction was completed in 2 hours at room temperature, as monitored by HPLC. HPLC analysis 

showed a new peak at retention time of 25 min (Figure 2.16). A purity of 95% was determinated by 

HPLC chromatography. 1H-NMR analysis showed the protons from PEG spacer (3.40-3.67 ppm, 88H) 

and the aromatic protons from (7.02-7.64 ppm, 7H). The protons from the methylsulfone group (6H, 

expected at around 3.6 ppm) could not be identified since the peaks were overlapped with PEG core 

signal in 1H-NMR spectrum. Therefore, the appearance of signal corresponding to –SO2Me (44.35 ppm) 

in 13C-NMR analysis was used to confirm the product. Mass spectrometry analysis confirmed the 

chemical structure of the product with a [M+2NH4]2+ peak at m/z = 1027.0 (Appendix). To ensure 

solubility, OEG arms with n=15 were also attached to it to yield PMNB(C-EG15-Tz-MS)2 by following 

same synthetic route. 
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Figure 2.15 Different synthesis routes for PMNB(C-EGn-Tz-MS)2 

 

 
Figure 2.16 Analytical RP-HPLC chromatograms of PMNB(C-EG11-Tz-MS)2 vs. compound 19 and compound 24 
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 PMNB(C-EGn-Ox-MS)2, (28) 

A small linker compound containing –Ox-MS and –COOH groups was first synthesized for further 

coupling with 19. Compound 27 was synthesized in a 2-step procedure starting from commercial tert-

butyl malonate and 4-(5-(methylsulfonyl)-1,3,4-oxadiazol-2-yl)aniline (Figure 2.17). The first reaction 

involves the coupling of carboxylic acid with amine groups using HBTU and HOBT as coupling agents 

to obtain 26 at relatively low yield (30%). The reaction product was confirmed by the [M+H]+ peak in 

the mass spectrum at m/z = 382.2, and the appearance of protons from methyl group (3.64 ppm, 3H), 

aromatic ring (7.9-8.1 ppm, 4H) and tert butyl group (1.46 ppm, 9H) in the 1H-NMR spectrum 

(Appendix). The acidic cleavage of tert butyl group to give –COOH was achieved using TFA/DCM to 

afford 27 in a moderate yield (68%) after HPLC separation. The reaction product was confirmed by 

mass spectrometry ([M+ NH4]+ at m/z = 343.2) and by the disappearance of the tert butyl group signal 

at 1.46 ppm (9H). Worth noting, compound 27 showed good stability as solid up to 2 months under 

storage at -20oC. PMNB(C-EG15-Ox-MS)2, 28 was synthesized by reacting 19 and 27 using HBTU and 

HOBT as coupling agents in a yield of 71% (Figure 2.17). 1H-NMR analysis showed the protons from 

PEG spacer (3.52-3.65 ppm, 121H) and the aromatic protons from (7.01-8.08 ppm, 15H). The mass 

analysis (Appendix) showed the [M+2NH4]2+ signal of the expected product at m/z = 1230.0. To ensure 

solubility, OEG arms with n=23 were also attached to it, to yield PMNB(C-EG15-Ox-MS)2 by following 

same synthetic route. 

 
Figure 2.17 Synthesis routes for PMNB(C-EGn-Ox-MS)2 

 

2.4 Synthesis of star PEG-hydrogel precursors 

Star PEGs (20 kDa) functionalized with -Ox-MS and -DBCO terminal groups were obtained by 

derivatization of commercially available star PEGs with reactive end groups. A high degree of 

substitution degree of PEG macromers is necessary to achieve high crosslinking degree and thus to 

build stable and predictable hydrogel networks. Therefore, one-step reactions -with expected high 

yield were selected for PEG modification, in order to have end-group functionalization degrees close 

to 100%. Purification of the derivatized star PEGs was performed by dialysis. 

Star PEG-Ox-MS 

Star PEG-Ox-MS was synthesized by terminal group modification of star PEG-COONHS with the 

arylmethylsulfone precursor, 2-amino-N-(4-(5-(methyl sulfonyl)-1,3,4-oxadiazol-2-yl) phenyl) 

acetamide, following a reported protocol (Figure 2.18).32 The NHS activated carboxylic acid reacted 



                                                                                                                                                          Chapter 2 
 

53 
 

with the free amine in the presence of NMM as a base. The crude was dialyzed against water/acetone. 
1H-NMR analysis confirmed the coupling of the MS group by the appearance of the methyl sulfone 

protons as a singlet at 3.48 ppm (3H) and the protons of the phenyl-oxadiazole ring at 7.83-8.08 ppm 

(4H). The substitution degree was estimated by end-group determination from the integrals of the 1H-

NMR spectrum (Figure 2.19). The integral of the PEG core (3.5-3.6 ppm) was set to 440H and related 

to the integral of the protons of the phenyl-oxadiazole ring (7.83-8.08 ppm, 4H). A functionalization 

degree of >88% was obtained, which is at the reasonable range of functionalization. The Star PEG-Ox-

MS polymer was obtained in a 200 mg scale and showed long-term stability over 6 months under 

storage at -20oC. 

  
Figure 2.18 Synthesis route for star PEG-Ox-MS 

 

 
Figure 2.19 1H-NMR of star PEG-Ox-MS 

 

Star PEG-DBCO 

Star PEG-DBCO was first synthesized by reacting star PEG-COONHS and DBCO-NH2 in the presence of 

a base (NMM). However, a polymer with low sustitution degree was obtained. A second condition was 

studied: star PEG-DBCO was synthesized by reacting star PEG-COOH and DBCO amine in presence of 

coupling agents (HOBT and HBTU) and a base (DIPEA). A high substitution degree was obtained but 

with low reproducibilty even in high excess molar ratio of DBCO-NH2 to star PEG-COOH (4:1) and long 
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reaction time (up to 72 hours). Therefore, a third condition was selected according to previously 

reported protocols (Figure 2.20).45 Star PEG-DBCO was synthesized by reacting star PEG-NH2 with 

DBCO-COONHS in the presence of Et3N. In order to maximize reaction conversion, the reaction was 

also tested in the presence of NMM. The reaction in Et3N rendered higher conversion values (92%) 

than NMM (50%). Based on reported mechanism (Figure 2.21), a zwitterionic intermediate is 

generated from NHS ester and primary or secondary amines, which is followed by a rate-determining 

breakdown to afford amide product by two concurrent pathways, a noncatalyzed pathway, k’1, and a 

general-base catalyzed pathway, k’2. During aminolysis, a base is used to deprotonate the amine to get 

the final product. In this reaction, the use of NMM as a weaker base (pKa: 7.38) than TEA (pKa: 10.9) 

resulted in a lower substitution degree. We hypothesized that a stronger base is required efficiently 

promote the reaction.   

 

Figure 2.20 Synthesis route for star PEG-DBCO 

 

 

Figure 2.21 Mechanism of the aminolysis of –NHS ester to form amide bonds 

 

The chemical structure of the product after dialysis was confirmed by the appearance of signals 

corresponding to the aromatic protons (7.25-7.67 ppm, 8H) and methylene protons (5.14 ppm) of the 

cyclooctyne ring in the 1H-NMR spectrum (Figure 2.22). The substitution degree was calculated by the 

ratio of the methylene proton signal from cyclooctyne ring to the methylene signal of the PEG chain. 

The star PEG-DBCO polymer was obtained in a 200 mg scale. This reaction is considered a robust 

approach for preparation of DBCO substituted PEG polymers. However, star PEG-DBCO showed poor 

stability and signs of decomposition during 2-3 weeks of storage at -20oC under argon atmosphere. 

This was confirmed by 1H-NMR by the progressive disappearance of the –CH2 proton signal from DBCO 

ring. Therefore, the star PEG-DBCO polymer was always freshly prepared before use for hydrogels. 
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Figure 2.22 1H-NMR of star PEG-DBCO 

 

2.5 Photochemical properties of PMNB(E-PEGn-SH)2 and NB-E-(EGn-N3)2 

The photolysis of PMNB(E-PEGn-SH)2 (6) and NB-E-(EGn-N3)2 (13) at different light exposure conditions 

(365 and 420 nm and increasing exposure times) was monitored by UV/Vis spectroscopy of irradiated 

solutions, and analyzed quantitatively by HPLC. Light of 365 or 420 nm was used in the studies, since 

these are more convenient wavelengths to minimize phototoxicity in the cell studies. Typical 

irradiation conditions, such as 365 nm light, Irradiance = 5–20 mW cm-2, t = 2–20 min (total dose 5–10 

J cm-2 )46, 47 or 420 nm, irradiance 1.55 mW cm-2 , t = 6–12 h (total dose 29–63 J cm-2 ) have been 

demonstrated cytocompatible to the cells.48 The changes in the absorbance bands of the UV spectra 

and a decay of the integral of the HPLC signal as a function of irradiation time (to follow reaction 

conversion) were monitored to quantify the kinetics of the 1P photolysis reaction in order to have a 

comparison for reported chromophores and would be useful for the 1P-induced cellular applications. 

PMNB(E-PEGn-SH)2 

The UV/Vis spectrum of PMNB(E-PEGn-SH)2 (Figure 2.23) showed an absorption maximum at λmax = 

317 nm. Upon irradiation at 365 nm, the intensity of this band decreased, and two new maxima 

appeared at 390 nm and 520 nm, already after 10 s of exposure. The intensity of the band at 520 nm 

decreased after 40 s exposure, suggesting that it could correspond to the formation and consumption 

of a photolysis intermediate. The intensity of the band at 390 nm increased until 90 s. Clear isosbestic 

points were observed at λ = 303 nm and 365 nm, suggesting that the photolysis reaction occurs 

through a single pathway without side reactions. No further changes were observed in the spectrum 

after 2 min of irradiation. ESI-MS analysis of the irradiated solution at 60 s corroborated the expected 

photolysis products: o-nitrostyrene (m/z = 776.23 for [M+2NH4]2+) and COOH-PEGn-SH (m/z = 1073.30 

for [M+H]+). 
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Similar changes were also observed after exposure at 420 nm: the initial absorbance band at 315 nm 

gradually diminished while absorbance bands appeared at 390 nm and 520 nm. Isosbestic points were 

observed at 303 nm and 365 nm. These similarities indicate that the same photolysis mechanism is 

taking place at both wavelengths. However, 4 min of irradiation was needed for the complete 

photocleavage of PMNB(E-PEGn-SH)2 , which is longer than at 365 nm, presumably due to the lower 

absorbance at 420 nm. ESI-MS analysis of an irradiated aliquot (t= 90 s) corroborated the expected 

photolysis product: o-nitrostyrene product (m/z = 732.89 for [M+2NH4]2+) and COOH-PEGn-SH (m/z = 

1073.30 for [M+H]+).  

 

Figure 2.23 (A) Photochemical reaction expected for PMNB(E-PEGn-SH)2 in solution. (B) UV/Vis spectra evolution 

of PMNB(E-PEGn-SH)2 solution during photolysis (0.10 μM, ACN/H2O (1:1)). (C) ESI-MS analysis of photolyzed 

solution. Conditions: Irradiation wavelength = 360 nm and 420 nm, irradiance = 1.2 mW cm-2. 

The kinetics of the photolysis reaction was quantified by analyzing the consumption of the starting 

compound during irradiation by analytical HPLC (Figure 2.24A and Appendix). In the HPLC analysis, 

the starting crosslinker showed retention time at 28 min. It should be noted that the COOH-PEGn-SH 

signal cannot be detected in HPLC. After illumination for 10 seconds, HPLC analysis showed a decay in 

PMNB(E-PEGn-SH)2 signal at 28 min and the parallel appearance of new signals at 26 min and 31 min. 

The signal at 31 min decreased over time, whereas the signal at 26 min continuously increased. 

Additional peaks were also observed at longer exposure times, suggesting the formation of byproducts 
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during photolysis as consequence of side reactions, probably the reaction between styrene-like side 

product and –SH groups, or the self-polymerization reactions proposed in the literature for styrene.49 

We did not further characterize fragmentation mechanism in this chapter. 

The photolysis of PMNB(E-PEGn-SH)2 was faster at 365 nm than at 420 nm (Figure 2.24B): 93% of 

PMNB(E-PEGn-SH)2 was consumed in 2 min of irradiation at 365 nm, while 4 min were required when 

irradiating at 420 nm. A 90% photolysis conversion for PMNB-glutamate under 364 nm illumination 

was reported by Bolze et al.17 However, a direct comparison is not possible since the concentrations 

used for the studies were different. 

 

Figure 2.24 (A) Analytical HPLC profile of PMNB(E-PEGn-SH)2 aliquots before and after irradiation. (B) Comparison 

of photolysis conversion as function of exposure time for PMNB(E-PEGn-SH)2 solution at different irradiation 

wavelength quantified by analytical HPLC. Conditions: Irradiation wavelength = 360 nm and 420 nm, irradiance 

= 1.2 mW cm-2. 

The photolysis studies were also performed for PMNB(E-EG12-N3)2 in solution. PMNB(E-EG12-N3)2 

showed similar photolysis efficiency both at 365 nm and 420 nm. These data are presented in 

Appendix.  

NB-E-(EGn -N3)2 

The photolysis kinetics of NB based ester crosslinker was also studied. The UV/Vis spectrum of NB-E-

(EGn-N3)2 (Figure 2.25) showed an intense band at λmax = 300 nm which gradually decreased during 

exposure at 365 nm. New bands appeared at 270 nm and 360 nm with increasing intensity during 

exposure.50 Clear isosbestic points at 288 nm and 320 nm were observed. ESI-MS analysis of an 



Chapter 2 
 

58 
 

irradiated sample (t= 15 min) corroborated the expected photolysis product: o-nitroso ketone (m/z = 

807.4 for M+NH4) and COOH-PEGn-N3 (m/z = 661.4 for M+NH4). Similar changes were observed during 

exposure at 420 nm, though in this case the intensity of the band at 360 nm increased until 15 min 

irradiation and then decreased. These changes are possibly associated with different photochemical 

side reactions of byproducts which were not reported in the literature and were not investigated here 

any further. ESI-MS analysis of an irradiated aliquot (t=10 min) corroborated the expected o-nitroso 

ketone and COOH-PEGn-N3 photolysis products. 

 

Figure 2.25 (A) Photochemical reaction expected for NB-E-(EGn-N3)2 in solution. (B) UV/Vis spectra evolution of 

NB-E-(EGn-N3)2 solution during photolysis (0.10 μM, ACN/H2O (1:1)). (C) ESI-MS analysis of photolyzed solution. 

Conditions: Irradiation wavelength = 360 nm and 420 nm, irradiance = 1.2 mW cm-2. 

The kinetics of the photolysis reaction was quantified by analyzing the consumption of the starting 

compound during irradiation by analytical HPLC (Figure 2.26A and Appendix). In the HPLC analysis, 

NB-E-(EGn-N3)2 showed retention time at 26 min. After 1 minutes of illumination, HPLC analysis 

showed diminished NB-E-(EGn-N3)2 signal at 26 min and the parallel appearance of new signals at 22 

min. The signal at 26 min decreased over time, whereas the signal at 22 min increased and then 

decreased. Also, new peaks were also observed with longer exposure times. Same photolysis effect 

was observed as for 2-(4,5-dimethoxy-2-nitrophenyl)-propyl (DMNPP) (other NB derivatives) as 



                                                                                                                                                          Chapter 2 
 

59 
 

reported by Specht et.al51 where only partial amount (60%) of photoproduct (benzoic acid) was 

detected, effect that was caused by alternative photolysis pathways.  

NB-E-(EGn-N3)2 showed higher photolysis conversion at 365 nm than at 420 nm under same 

illumination doses (Figure 2.26B). These results are also consistent with the lower absorbance at 420 

nm in UV/Vis studies. NB-E-(EGn-N3)2 consumed 99% in 15 min of irradiation under 365 nm while at 

420 nm a similar consumption was observed after 40 min exposure. Interestingly, analytical HPLC 

chromatograms showed other signals of low intensity corresponding to other photolysis products, 

indicating a cleaner photolysis than for PMNB. 

 

Figure 2.26 (A) Analytical HPLC profile of NB-E-(EGn-N3)2 aliquots before and after irradiation. (B) Comparison of 

photolysis conversion as function of exposure time for NB-E-(EGn-N3)2 solution at different irradiation 

wavelength quantified by analytical HPLC. Conditions: Irradiation wavelength = 360 nm and 420 nm, irradiance 

= 1.2 mW cm-2. 

According to the HPLC analysis of photolysis kinetics, the photocleavage of PMNB(E-PEGn-SH)2 was 7-

times more efficient than NB-E-(EGn-N3)2 after irradiation at 365 nm and 420 nm (Figure 2.27A). After 

2 min of irradiation, a photolysis yield of 93% and 79% was obtained for PMNB(E-PEGn-SH)2, whereas 

36% and 13% was obtained for NB-E-(EGn-N3)2 at 365 nm and 420 nm, respectively. These results 

confirm that and extended conjugation of the π-system in o-nitrophenylethyl systems improves 

photo-efficiency in comparison to the o-nitrobenzyl ester systems. 
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Figure 2.27 (A) Comparison of photolysis efficiency of NB-E-(EGn-N3)2 and PMNB(E-PEGn-SH)2. (B) 

photodegradation kinetic curve fits for crosslinkers in solution: plotted from (A). Conditions: λ= 365 nm and 420 

nm, I0= 1.2 mW cm-2. 

In order to calculate the photodegradation rate constant, it was assumed that the photolysis reaction 

followed a first-order kinetic law.1  

𝐶′(𝑡) = C′0 𝑒−𝑘𝑜𝑏𝑠 𝑡  

Where C’ is the concentration of crosslinker at a given time, C’0 is the initial concentration; t is the 

time of exposure. From this equation, the photodegradation rate constant can be obtained from the 

slope of the natural log of the normalized conversion versus exposure time as follows: 

ln
(𝐶′)

(𝐶0
′)

= −𝑘𝑜𝑏𝑠𝑡 

This plot is represented in Figure 2.27B. The first order rate constant obtained is listed in Table 2.3.6 

For PMNB(E-PEGn-SH)2, a value of 27.3 x10-3 s-1 was obtained at 365 nm, whereas a 2-fold smaller value 

of 12.75 x 10-3 s-1 was obtained at 420 nm. As a comparison, for NB-E-(EGn-N3)2, a value of 4.34 x 10-3 

s-1 and 1.32 x10-3 s-1 were obtained at 365 nm and 420 nm, respectively.  

Table 2.3. Comparison of photolysis kinetics values of PMNB(E-PEGn-SH)2 and NB-E-(PEGn-N3)2 obtained at 

irradiation wavelengths of 365 and 420 nm. 

(1) The apparent kinetic constant of cleavage normalized to the light intensity (kobs/I0). I0= 1.2 mW cm-2
.  

The results for NB-E-(EGn-N3)2 in the present study are consistent with previous reports, where a value 

of 3.3 x 10-3 s-1 upon 365 nm was informed, whereas the value upon 420 nm was unfortunately not 

informed.52 Based on these results, PMNB based ester crosslinker with conjugated biphenyl structure 

is demonstrated to be more efficient than NB based ester crosslinker upon one-photon illumination 

in solution.  

Chromophore 365 nm 420 nm 

Photodegradation 

rate constant kobs 

[s-1] 

kobs/I0   

[cm2s-1mW-1](1) 

Photodegradati

on rate constant 

kobs [s-1] 

kobs/I0   

[cm2s-1mW-1](1) 

PMNB(E-PEGn-SH)2 27.3 (x10-3) 22.8 (x10-3) 12.75 (x10-3) 10.63 (x10-3) 

NB-E-(EGn-N3)2 4.34 (x10-3) 3.6 (x10-3) 1.32 (x10-3) 1.1 (x10-3) 
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2.6 Hydrolytic stability of PMNB ester and carbamate crosslinkers 

The stability of PMNB ester PMNB(E-PEGn-SH)2) and carbamate (PMNB(C-EG15-Tz-MS)2) macromers in 

PBS buffer at room temperature was analyzed by mass spec and HPLC. The solutions were prepared 

in the same concentration in an amber vial and protected from light at room temperature for 3 days. 

The fresh prepared solution (t=0 h) showed retention time at 28 min (Figure 2.28A). PMNB(E-PEGn-

SH)2 solution at day 2 showed a significantly diminished signal at 28 min and only 29% concentration 

remained. For a comparison, 95% remaining concentration of PMNB(C-EG15-Tz-MS)2 solution was 

observed at day 3. These results were complemented with mass analysis (Figure 2.28B). ESI-MS 

analysis of PMNB(E-PEGn-SH)2 solution (t= day 2) corroborated the expected hydrolyzed product: HO-

PMNB-E-PEGn-SH (m/z = 1471.8 for [M+Na]+) and COOH-PEGn-SH (m/z = 1171.6 for [M+Na]+). No 

related masses of hydrolyzed compounds were found for PMNB(C-EG15-Tz-MS)2 solution (t= day 3). All 

these results indicate a much lower hydrolytic stability of ester vs. carbamate labile bond.  

 

Figure 2.28 (A) Analytical HPLC profile of PMNB(E-PEGn-SH)2 and PMNB(C-EG15-Tz-MS)2aliquots during hydrolysis. 

Conditions: 0.10 μM in PBS buffer at room temperature. Absorbance intensity at 360 nm. (B) ESI-MS analysis of 

hydrolyzed solutions. 



Chapter 2 
 

62 
 

2.7 Conclusion 

Three photodegradable ester crosslinkers based on PMNB chromophore, bearing different functional 

end groups (-MS, -SH or -N3) were successfully synthesized. The PMNB(E-PEGn-SH)2 and PMNB(E-EG12-

N3)2 were obtained in only 1 step and from the key intermediate PMNB(OH)2. PMNB(E-EG12-N3)2 was 

synthesized at >50 mg-scale, favored by the only small excess of spacer (1.5-fold) needed. In contrast, 

the synthesis of PMNB(E-PEGn-SH)2 required big excess of SH-PEGn-COOH spacer (>10-fold) and this 

fact limited the synthesis scale to < 50 mg, due to the high cost of the PEG spacer. Higher synthetic 

effort (3 more synthetic steps) was needed for synthesis of PMNB(E-EG13-Ox-MS)2 since the COOH-

PEG13-MS spacer is not commercially available. All these crosslinkers presented good solubility in 

aqueous solvents. To compare the effect of linkage chemistry between the OEG chains and the PMNB 

chromophore on the hydrolytic stability of the linker, PMNB(C-EGn-Tz-MS)2 and PMNB(C-EGn-Ox-MS)2 

with carbamate labile bonds were also synthesized via multiple steps at ~ 50-100 mg scale. A 

considerably longer OEG arm with n> 15 was needed to ensure good aqueous solubility due to the 

bulky hydrophobic structure of -Tz-MS and -Ox-MS groups. The different solubility of PMNB-based 

crosslinkers highlighting the importance of how the hydrophilicity of terminal functional groups 

affecting the solubility, of which needs to be carefully considered. The functional end-groups allow 

flexibility in the selection of the crosslinking reaction in presence of cells. Two additional control 

crosslinkers were designed and successfully synthesized. First, a NB-based ester crosslinker, NB-E-

(EGn-N3)2 with –N3 groups was successfully synthesized at 85 mg scale, in 2 synthesis steps with a high 

overall yield of 87%. This NB-based crosslinker will be used as benchmark to PMNB ester system. 

Second, a non-photodegradable control crosslinker, PEG(C-Tz-MS)2 for PMNB carbamate crosslinker 

(of similar length) was synthesized in a 5 steps procedure with an overall yield of 18%. 

Star PEG macromer precursors with -MS and -DBCO functional end groups at high substitution degree 

were successfully obtained. The star PEG-Ox-MS precursor was obtained in 4 synthesis steps at 200 

mg scale, showed long-term stability under storage (6 months) and presented good solubility in 

aqueous solvents. The star PEG-DBCO precursor was obtained in 1 synthesis step from commercial 

compounds at 200 mg scale and with high substitution degree. In this case, the reaction conditions 

were optimized for star PEG-DBCO synthesis. The star PEG-DBCO precursor presented good solubility 

in aqueous solvents, however it showed poor stability under storage (< 3 weeks). Compared to star 

PEG-Ox-MS, the poorer stability of star PEG-DBCO is expected to limit its use in practical applications.  

The one-photon photolysis efficiency of crosslinkers with ester labile bonds in aqueous solution was 

studied and compared. PMNB(E-PEGn-SH)2 crosslinker showed higher photolysis efficiency than NB-E-

(EGn-N3)2 under light exposure at 365 nm and 420 nm. The high 1P efficiency of PMNB-based 

crosslinker is promising for further cell studies to reduce the photodamage.  

The hydrolytic stability of PMNB ester vs. carbamate labile bonds was studied. PMNB(C-EGn-Tz-MS)2 

showed significantly higher hydrolytic stability than PMNB(E-PEGn-SH)2 in aqueous solutions, which is 

good for better understanding the hydrolysis behavior of different linking groups, thus utilized to 

design the degradable hydrogels in different time scale for applications. Moreover, the high hydrolytic 

stability of PMNB carbamate crosslinker makes it a good candidate for long term cell experiments. 
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The crosslinkers and PEG macromers described in this Chapter were used to fabricate derived PEG 

hydrogels and their properties were characterized, as shown in the coming Chapters.  
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Chapter 3: Synthesis and physicochemical properties of 

photodegradable PEG-hydrogels  

3.1 Introduction 

Photodegradable hydrogels allow dynamic and user-defined degradation of the network structure by 

controlled light exposure.1, 2 Such materials are attractive for biomedical applications including drug 

delivery and tissue engineering.3 Photodegradable hydrogels for cell encapsulation have used 

hyaluronic acid (HA),4 polyethylene glycol (PEG)1, 5, 6 and gelatin7 as polymeric backbones, as 

summarized in Table 3.1.  

Table 3.1 Main polymeric backbones and crosslinking approaches for fabrication of photodegradable hydrogels. 

Polymeric 

backbones 

Structures Crosslinking 

approaches 

Cell applications 

In situ 3D cell 

encapsulation 

Cellular response 

upon 1P or 2P 

exposure 

PEGA 8  

Free-radical 

polymerization 

x 1P-induced cell 

migration 

Star PEG-

amine 

Or Gelatin7  

Amine-NHS 

ester coupling 

chemistry 

x 1P-induced cell 

migration 

Star PEG-

BCN9 

 

SPAAC x Endothelialized 

3D vascular networks 

after 2P degradation 

Star PEG-

DBCO10 

 

SPAAC √ 2P induced cell 

migration 

Star PEG 

alkyne2 

 

CuAAC x x 

PEG 

diamine 

and HA4 

 

Michael-type 

thiol-ene 

addition 

√ 2P induced cell 

migration 

 

In one of the first reported degradable hydrogels, Anseth and coworkers synthesized hydrogels by 

using PEG monoacrylate (PEGA) with a total 15 wt% macromer oNB-based photodegradable 

crosslinker: PEGA 10 mol% : 90 mol%) in water and 0.3 M redox initiator AP via redox-initiated free 

radical polymerization. HT1080 fibrosarcoma cells were encapsulated in the hydrogels with 100 nM 

fibronectin and cell migration into the eroded channels (UV light  at 365nm, 10 mW cm-2 for 20 min) 

was observed over 2 days. However, no 2P-induced cell migration was studied due to the high 

irradiation dose needed for hydrogel degradation.8 In another work, Sugiura and coworkers 

synthesized activated-ester-type oNB-based photocleavable crosslinker and prepared hydrogels by 
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using star PEG amine or gelatin via amine-NHS ester coupling chemistry in a high concentrated buffer 

system (in 10 mM phthalic acid buffer (pH 4.0) with 0.14 M NaCl, PBS and 0.3 M HEPES buffer (pH 

7.0)). HUVECs were cultured on the hydrogels and present high viability after illumination (>2.0 J cm−2 

at 365 nm ). However, in situ 3D cell encapsulation was not studied which might due to the use of the 

high buffer concentration. Moreover, the amine-NHS ester coupling has a significant dependence on 

pH which can also limit the alternation for hydrogel composites for cell applications.11 More recently, 

Ovsianikov and coworkers reported a high 2P degradation efficient PEG-HA based hydrogels (PEG-HA-

SH) in presence of P2CK photosensitizer with 12.5 wt% total macromere content via Michael-type 

thiol-ene addition. 3D spheroids was encapsulated in the hydrogels and exhibit good biocompatible 

under the encapsulation conditions. Cell migration was observed into predetermined channels in a 

high spatiotemporal controlled manner upon 2P excitation.4 Despite the progress for utilized 

crosslinking and degradation approaches for cell studies, in situ 3D cell encapsulation in hydrogels 

with tunable kinetics under physiological conditions and high 2P efficient hydrogel degradation 

remains a challenge.  

Therefore, in this Chapter, 2P photodegradable PMNB-based crosslinkers and PEG macromers 

synthesized in Chapter 2 are used to prepare 2P-degradable PEG hydrogels. The crosslinking kinetics 

and photochemical properties of photodegradable gels are evaluated. Crosslinking kinetics, final 

mechanical strength and 1P degradation of PMNB-based PEG hydrogels (PMNB hydrogels) are 

characterized by photo-rheology. Patterned degradation of derived gels is demonstrated with 2P 

illumination in a laser scanning microscope (LSM) and using a NanoScribe system. A oNB-based 

benchmark gel and a control non-degradable gel are prepared for benchmarking with reported 

systems. PMNB-based hydrogels described in this chapter allow modulation of the mechanical 

properties at low illumination doses. Hydrogel formulations and hydrolytic stability are also adjusted 

for cell encapsulation and light-triggered migration. Finally, the possibility of encapsulating living cells 

in these materials is tested. 

 

3.2 Synthesis of hydrogels 

4-arm star PEG-Ox-MS and PEG-DBCO precursors (20 kDa) and the photocleavable crosslinkers 

synthesized in Chapter 2 (Figure 2.4) were used to prepare hydrogels. Non-photodegradable 

hydrogels were also synthesized for control experiments. Five different hydrogel variants were 

prepared, as shown in Figure 3.2, using the thiol-MS or SPAAC crosslinking. 

In reported literature, PEG polymer concentrations between 2.5 wt% and 10 wt% have been 

demonstrated to provide hydrogels with mechanical properties within a physiologically relevant range 

(i.e., elastic moduli ranging from 0.03 to 6 kPa).12 For this reason, hydrogels with polymer content 

between 5.7 and 6.5 wt% were prepared. For this purpose, precursor solutions freshly prepared were 

mixed at (1:1) molar ratio of functional groups (MS:thiol or DBCO:N3) and in equal volume. Precursor 

solutions presented low viscosity and allowed mixing of the two components to obtain homogeneous 

reactive mixtures after vortexing and centrifuging to remove bubbles.  
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Figure 3.2 Hydrogels developed in this work based on thiol-MS (A) (C) or SPAAC crosslinking (B). (A) 

Photodegradable hydrogel (PEG-OxS-E-PMNB hydrogel) with ester labile bonds and non-photodegradable 

control gel (PEG-OxS hydrogel) preparation by crosslinking of star PEG-MS with PMNB(E-PEGn-SH)2 or PEG-SH2. 

(B) Photodegradable hydrogel with ester labile bonds (PEG-T-E-PMNB hydrogel), benchmark gel (PEG-T-E-NB 

hydrogel) and non-photodegradable control hydrogel (PEG-T hydrogel) preparation by crosslinking of star PEG-

DBCO with PMNB(E-EG12-N3)2, NB-E-(EGn-N3)2 or PEG(N3)2. (C) Photodegradable hydrogel (PEG-STz-C-PMNB 

hydrogel and PEG-SOx-C-PMNB hydrogel) with carbamate labile bonds by crosslinking of star PEG-SH with 

PMNB(C-EGn-Tz-MS)2 or PMNB(C-EGn-Ox-MS)2. 

Hydrogels synthesized by thiol-MS crosslinking were prepared in 20 mM HEPES buffer, pH 7.5/8 and 

at room temperature.13 These conditions were selected to obtain high conversion and an intermediate 
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crosslinking speed in order to ensure the homogeneous distribution for 3D cell encapsulation and high 

cell cytocompatibility. Hydrogels including PEG-OxS-E-PMNB hydrogels, PEG-OxS hydrogels, PEG-STz-

C-PMNB hydrogels and PEG-SOx-C-PMNB hydrogels were prepared under these conditions. The 

reaction between the thiol and arylmethylsulfonyl groups is a nucleophilic aromatic substitution 

(Figure 3.3), where the nucleophilic thiolate attacks the electrophilic aromatic ring at the position 

substituted by the MS group, followed by a release of methanesulfinate anion as leaving group (pKa 

2.3).13-16 

 
Figure 3.3 Mechanism of thiol-MS reaction particularized for the Ox-MS substrate. 

Hydrogels synthesized by SPPAC reaction of DBCO and N3 terminated precursors were prepared in PBS 

buffer, pH 7.4 and at room temperature. These conditions were selected to achieve for high 

conversion and intermediate gelation speed. The reaction between the azide and DBCO groups is 

following a 1,3-dipolar cycloaddition reaction, affording a highly stable 1,2,3-triazole linkage (Figure 

3.4). SPAAC click chemistry have been widely used in cell studies due to high specificity (chemical 

orthogonality to many biological processes), high stability and high yield.17 Variants were obtained by 

reaction of star PEG-DBCO with PMNB(E-EG12-N3)2 , or PEG(N3)2 (non-degradable control) and NB-E-

(EGn-N3)2.  

 

Figure 3.4 Mechanism of N3-DBCO click reaction. 

An important parameter for cell encapsulation is the gelation time. This time was measured by 

pipetting method for the described hydrogels, and is defined as the time from the time point of mixing 

the two precursors until pipetting of the mixture was no longer possible. For cell encapsulation 

experiments, a gelation time between seconds to minutes is considered appropriate, since it enables 

the homogenization of precursor solutions and leads to fewer network defects. For thiol-MS 

crosslinking chemistry, the gelation time is dependent on the pH due to the deprotonation of –SH 

group (pKa~8).18 In order to optimize crosslinking time for PEG-OxS-E-PMNB hydrogels, HEPES buffer 

of varying pH (7.5-8) and concentration (10-20 mM) were studied. The concentration increase from 

10 mM to 20 mM allowed speeding up the gelation process from 5 h to 3 s. The pH decrease from 8 

to 7.5 allowed slowing down the gelation process from 3 s to 30 s. Table 3.1 shows the estimated 

gelation times for PEG-OxS-E-PMNB hydrogels. For PEG-OxS hydrogel, a shorted gelation time ~10 s 
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was obtained when same conditions were used (HEPES buffer, pH 7.5, 20 mM), which is probably due 

to the higher flexibility of PEG-SH2 chains that allows them to interact with binding sites more 

efficiently.  

Table 3.1 Preparation conditions for PEG-OxS-E-PMNB hydrogels formulations and gelation times estimated by 

a macroscopic test. 

Polymer concentration 

[wt %] 

HEPES Buffer pH and 

Concentration 

Temperature Gelation time* 

6.3% pH 8, 10 mM 25 oC ~ 5 h 

6.3% pH 8, 20 mM 25 oC ~ 3 s 

6.3% pH 7.5, 20 mM 25 oC ~ 30 s 

* Gelation time was taken from the time point of mixing the two precursors until pipetting of the mixture was 

no longer possible. 

The gelation kinetics of MS-hydrogels can also be influenced by factors like temperature or buffer 

concentration, in addition to pH and the type of MS substrate. For thiol and Ox-MS coupling, the pH 

range between 6.6 and 8, the temperature range 40-50 oC and the polymer concentration range 1.3 

to 10 wt% allow formation of gels within a range of gelation times between 3 s - 4 mins, 7 - 30 s and 2 

- 18 s respectively.19 For thiol and Tz-MS coupling, a longer gelation time ranged from 36 s to 1.9 h was 

obtained under same conditions due to the lower electrophilicity of -Tz group. Faster gelation rate 

(kobs × 104 Pa s−1: 2.05 ± 0.42 to 10.1 ± 2.0) was reported in the literature by increasing buffer 

concentration (10, 20, or 50 mM concentration of HEPES).20 Different parameters, including 

encapsulation medium (HEPES buffer (20 mM)) and pH (7.5-8), were studied in this Thesis for the 

adjustment of gelation rate.  

For PEG-STz-C-PMNB and PEG-SOx-C-PMNB hydrogels, a reducing agent (tris(2-

carboxyethyl)phosphine, TCEP) is required to break disulfide bond formation between free -SH groups 

of the star PEG-SH precursor. An equimolar ratio of TCEP in respect to thiol groups was used (i.e., 

TCEP:SH 1:1). For PEG-SOx-C-PMNB hydrogels, a similar gelation time was obtained ~ 30 s as for PEG-

OxS-E-PMNB hydrogels under same conditions (HEPES buffer, pH 7.5, 20 mM). For PEG-STz-C-PMNB 

hydrogels, A longer gelation time was obtained, around ~ 15 min, in HEPES buffer (pH 7.5, 20 mM) 

due to the lower electrophilicity of the Tz ring and the restricted solubility properties of PMNB(C-EG15-

Tz-MS)2. Gelation time was shorted to ~ 7 min was when using higher pH (HEPES buffer, pH 8, 20 mM) 

in order to avoid sedimentation of the embedded cells. 

For SPAAC coupling between –N3 and –DBCO groups, the relation time ranged from 50-90 s in PBS 

buffer (pH 7.4), which is a comfortable range to enable homogenization of precursor solutions before 

the gelation is achieved. Similar gelation time was observed for SPAAC crosslinking chemistry as 

reported by Anseth et.al.10, 21 Table 3.2 shows the estimated gelation times (tube inversion method) 

after optimization for different PEG hydrogels. 
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Table 3.2 Preparation conditions for different PEG hydrogels formulations and gelation times estimated by a 

macroscopic test. 

* Gelation time was taken from the time point of mixing the two precursors until pipetting of the mixture was 

no longer possible. 
# TCEP was added in a 1:1 molar ratio to -SH groups of star PEG-SH. 

  

3.3 Characterization of crosslinking kinetics and mechanical properties of the 

hydrogels by rheology 

In order to monitor the gelation kinetics of the hydrogels and to quantify their mechanical properties, 

shear oscillatory rheology experiments were performed during crosslinking. In oscillatory time sweep 

experiments, the storage (G’) and loss (G’’) moduli were tracked as function of time. The gelation time 

in this method is defined as the time where the cross-over of G’ and G’’ curves occurs. The plateau 

value of G’ was taken as the final stiffness of the hydrogel. Precursor mixtures were prepared directly 

on the plates of a rotational rheometer and mixed with pipet for a few seconds. A 12 mm diameter 

top plate was lowered to set an initial gap of 250 μm and the area surrounding the sample was sealed 

with silicone oil to prevent dehydration during measurement. The time sweep measurement was 

immediately conducted at controlled temperature of 25oC (using a Peltier element), strain of 1% and 

frequency of 1 Hz. These values are within the linear viscoelastic range of the sample. A time about 90 

s was needed for setting in-situ rheology experiments, after which data collection started. The shear 

storage and loss moduli were tracked during 60 min. Of note, star PEGs and OEG crosslinkers (> 90%) 

with high substitution degree of end-functionalized groups (> 88%) were used. 

The time sweep curves of the different gels are shown in Figure 3.5 and relevant parameters are 

summarized in Table 3.3. An increase in G’ was observed during the first minutes in most samples, 

indicating that the hydrogel stiffens as the crosslinking reaction progresses. In all samples the gelation 

point (G’ > G’’) was achieved before the start of the measurement, i.e. within the first 90 s, and 

therefore the crossover point is not visible in the curves. This is in agreement with the macroscopic 

Hydrogel MS:SH 

molar 

ratio 

DBCO:N3 

molar 

ratio 

Final polymer 

conc. [wt%] 

Solvent Gelation time 

[s]* 

PEG-OxS-E-PMNB  1:1 - 6.3% 20 mM HEPES, pH 7.5 ~30 s 

PEG-OxS  1:1 - 6.5% 20 mM HEPES, pH 7.5 ~10 s 

PEG-T-E-PMNB  - 1:1 5.8% PBS buffer, pH 7.4 ~50 s 

PEG-T-E-NB  - 1:1 5.7% PBS buffer, pH 7.4 ~60 s 

PEG-T  - 1:1 6% PBS buffer, pH 7.4 ~90 s 

PEG-STz-C-PMNB  1:1 - 6 wt% 20 mM HEPES, pH 8  

+ TCEP# 

~7 min 10 s 

PEG-SOx-C-PMNB  1:1 - 5.25 wt% 20 mM HEPES, pH 7.5  

+TCEP# 

~30 s 



                                                                                                                                                          Chapter 3 
 

73 
 

observations (Table 3.2). Gelation is completed within 5-7 minutes, as indicated by a steady state 

value reached by G’. 

The crosslinking rate varied with the type of the crosslinker and crosslinking conditions. PEG-OxS-E-

PMNB hydrogels showed slower crosslinking rate than PEG-OxS hydrogels, which might be explained 

by a restricted conformational mobility of the spacer in the former due to the rigid biphenyl structure. 

This could make the terminal -SH less accessible to be incorporated into the network structure of the 

star PEGs. Hydrogels crosslinked with DBCO-N3 showed a faster gelation than thiol-MS systems, these 

results are also consistent with reported data.13, 22 

The final G’ values of the crosslinked hydrogels were also dependent on the type of crosslinker and 

crosslinking reaction. G’ of PEG-OxS hydrogels was 8 times bigger than of PEG-OxS-E-PMNB hydrogels, 

which might due to the high flexibility of SH groups of linear PEG-SH2 .  

In DBCO-N3 crosslinked hydrogels smaller differences of G` were observed between the three variants, 

though a small trend PEG-T hydrogels > PEG-T-E-NB hydrogels ≈ PEG-T-E-PMNB hydrogels was still 

noticed. This can be explained by the 1) higher flexibility of PEG linker than NB and PMNB crosslinker 

structure that allows more efficient coupling to DBCO groups, and 2) higher rigidity of the biphenyl 

structure of PMNB in relation to NB structure.  

 

Figure 3.5 Rheological time sweep curves showing the curing kinetics and final mechanical strength of different 

PEG-based gels: PEG-OxS-E-PMNB hydrogel (A),PEG-OxS hydrogel (B), PEG-T-E-PMNB hydrogel (C), PEG-T-E-NB 

hydrogel (D) and PEG-T hydrogel (E)). Hydrogel composition: star, 20 kDa PEG macromers, 5.7-6.5 wt% final 

polymer content, in 20 mM HEPES pH 7.5 (A-B) or PBS pH 7.4 (C-D).  
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Table 3.3 Shear storage modulus (G’) for different PEG hydrogel formulations at 30 and 60 min curing. 

Hydrogel G’ (Pa)  

at t= 30 min 

G’ (Pa) 

at t= 60 min 

PEG-OxS-E-PMNB  338±29 444±55 

PEG-OxS  4494±871 4883±750 

PEG-T-E-PMNB  410±235 427±223   

PEG-T-E-NB  589±272 629±277 

PEG-T  848±289 926±324 

 

In summary, hydrogels with shear modulus values ranging from 0.4 to 5 kPa were prepared using 

close-to-physiological conditions at room temperature. Good mixing and homogenization of precursor 

solutions was possible in all cases, in spite of the fact that the gelation time, defined as the crossover 

point of G’ and G’’ in the rheology curves, was < 90 s in all cases. Gelation kinetics mediated by thiol-

MS coupling was slower than in DBCO-N3 crosslinked hydrogels. 

The polymer concentration is known to affect the gelation rate, but this factor was not further studied 

in this Thesis. For later cell studies, cell medium instead of PBS might be used for gel formation and 

cell encapsulation, and this could also affect the gelation. However, in a macroscopic test similar 

gelation time was observed for PEG-OxS-E-PMNB hydrogel (6.3 wt%) and PEG-SOx-C-PMNB hydrogel 

(5.25 wt%) preincubated with cyclo[RGDfC] (1/8 or 1/6) when using a mixture of cell culture medium 

and HEPES buffer. Finally, coupling of cell adhesive ligands to the network before gelation might also 

affect gelation kinetics. In fact, incorporation of RGD domains in crosslinked hydrogels resulted in 

longer gelation times and lower storage modulus as consequence of the lower effective crosslinking 

degree.23 

 

3.4 Study of hydrolytic stability of the hydrogels 

Hydrolytic stability of hydrogels in culture is an important parameter that influences cellular response 

and the life time of the cell culture itself. In this work, we aimed at fabricating photo-tunable hydrogels 

which degradability can be regulated by light exposure on demand. Ideally, these materials should be 

hydrolytically stable to allow the user direct control of the materials degradation rate at will. However, 

from the chemical structure of the crosslinkers used in this work (ester vs. carbamate linkages) the 

possibility of hydrolytic degradation cannot be excluded. Therefore, the stability of the hydrogels was 

studied in cell culture medium and 37 °C. Degradation is expected to decrease the crosslinking degree 

and to result in increased swelling and final dissolution of the network. 

Hydrogels were incubated in cell culture medium at 37 °C in the dark, and the degradation of the 

hydrogel over time was monitored. For these experiments, hydrogels modified with 1-2 mM 

concentration of the cell-adhesive peptide RGDfX were used, as needed for the later cell experiments. 

Table 3.4 shows the hydrolytic behavior of different hydrogels. PEG-OxS-E-PMNB hydrogels, with a 
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polymer concentration from 6.3 to 9.4 wt%, fully degraded in 12 h. The hydrolysis of the ester bond is 

supposed responsible for the degradation.24, 25 In an attempt to extend the stability, hydrogels with a 

mixture of degradable PMNB(E-PEGn-SH)2 crosslinker and non-degradable PEG-SH2 crosslinker were 

studied. No significant improvement of stability (<2 days) was observed. The hydrogels with 

carbamate labile bonds PEG-STz-C-PMNB (4.83 – 6 wt%) and PEG-SOx-C-PMNB (4.0 - 5.25 wt%) 

presented higher stability and remained intact for more than 2 months. This behavior is similar to that 

of nondegradable control hydrogels PEG-OxS. In summary, the chemical identity of the linker bonds 

between PMNB chromophore and PEG spacer affected the hydrolytic stability of the hydrogels. PEG-

STz-C-PMNB and PEG-SOx-C-PMNB hydrogels with carbamate labile bond exhibited stability for > 2 

months, suggesting their utility for long term cell studies. Note that this degradation might be 

accelerated in the presence of living cells because the cells can secrete proteases which can participate 

in multi proteolytic activities, thus leading to hydrogel degradation. 

 Table 3.4 Hydrolytic stability of hydrogels with different crosslinker 

 

3.5 Study of hydrogel photodegradation with UV/Vis light by rheology 

3.5.1 1P degradation of hydrogel at UV/Vis 

The photo-degradation of the hydrogels during illumination was monitored in a rheology experiment. 

The evolution of G’ upon exposure to UV light at increasing time was recorded. Cleavage of the 

photolabile bonds within the polymer backbone breaks the network structure and this should lead to 

a decrease of G’ with the irradiation time.1 

Hydrogel Crosslinker Polymer 

Concentration 

(wt%) 

RGD amount 

(RGD:-MS 

molar ratio) 

RGD 

concentration 

Stability 

PEG-OxS-E-

PMNB 

PMNB(E-PEGn-SH)2 6.3% 1/8 1.25 mM < 12 h 

9.4% - - < 12 h 

 PMNB(E-PEGn-

SH)2 :PEG-SH2   1:1 

6.3% - - < 2 days 

9.4% - - < 2 days 

12.6% - - < 2 days 

PEG-OxS PEG-SH2 6.3% - - > 2 months 

5.25 wt% 1/6 1.34 mM > 2 months 

4.6 wt% 1/6 1.18 mM > 2 months 

PEG-STz-C-

PMNB 

PMNB(C-EG15-Tz-

MS)2 

6.2 wt% 1/6 1.67 mM > 2 months 

4.83 wt% 1/6 1.33 mM > 2 months 

PEG-SOx-C-

PMNB 

PMNB(C-EG23-Ox-

MS)2 

5.25 wt% 1/6 1.33 mM > 2 months 

4.6 wt% 1/6 1.17 mM > 2 months 

4.0 wt% 1/6 1 mM > 2 months 
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For these experiments, a rheometer with a parallel plate geometry and a transparent lower plate was 

used. An illumination source (Omnicure s2000, filter λ= 365 nm) was connected to the rheometer and 

the irradiance was adjusted by output power. The sample was allowed to cure in the dark for 30 - 120 

min until reaching a stable G’ value. Afterwards, the lamp was switched on and the sample was 

irradiated for other 120 min while the measurement continued. The irradiation dose used for the 

photodegradation experiments is calculated as:  

𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑑𝑜𝑠𝑒 =
𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒

1000
× 𝑡𝑖𝑚𝑒 

Where irradiation dose is defined in J cm-2, irradiance in mW cm-2 and time in s. 

PEG-OxS-E-PMNB and PEG-OxS hydrogels 

Figure 3.6 shows the evolution of the shear and loss modulus of PEG-OxS-E-PMNB and PEG-OxS 

hydrogels as a function of illumination time. In PEG-OxS-E-PMNB hydrogels, a progressive decay of G’ 

and G’’ was observed during illumination, indicating a softening of the network, presumably as a 

consequence of the photocleavage of the PMNB group (Figure 3.6A). Initial G’~ 600 Pa decreased by 

50% and 90% after 5.5 and 18 min exposure at 20 mW cm-2. The degradation of the network was 

confirmed by the fluid appearance of the irradiated sample after completion of the study. In the 

control hydrogel PEG-OxS, no changes in G’ or G’’ with exposure were observed. This result confirmed 

that the decay observed in PEG-OxS-E-PMNB hydrogels is solely associated with the presence of the 

photocleavable PMNB group. 

The rate and extent of hydrogel photodegradation was dependent on the irradiance of the lamp. PEG-

OxS-E-PMNB hydrogels with initial G’ ~ 600 Pa showed a 50% drop in G’ when irradiated for 5.5, 6 or 

9.5 min at 20, 10 or 5 mW cm-2, and a >90% drop after 18, 20 and 40 min exposure, respectively. These 

results demonstrate that PEG-OxS-E-PMNB hydrogels allow controlled photodegradation by 

regulating the exposure dose. Moreover, the irradiation dose used for degrading PEG-OxS-E-PMNB 

hydrogels is in the range for cytocompatible cell encapsulation (5–10 J cm-2).26, 27 According to the 

reported literature, typically irradiation conditions which have proved under cytocompatible range 

are λ= 365 nm, Irradiance = 5–20 mW cm-2, t = 2–20 min; total dose 5–10 J cm-2).28, 29 For PEG-OxS-E-

PMNB hydrogels, a same corresponding irradiation dose of 12 J cm-2 was required at irradiance of 5 

and 10 mW cm-2 due to different irradiation time, while a higher irradiation dose of 21.6 J cm-2 was 

required at irradiance of 20 mW cm-2. According to these results, irradiation dose required for fully 

degradation of PEG-OxS-E-PMNB hydrogels is above the cytocompatible range, which might need to 

be carefully used according to the different degradation degree for 1P degradation of hydrogels in 

presence of cells. 

The G’ and G’’ curves of PEG-OxS-E-PMNB showed a fast drop (in seconds) when irradiation started, 

but the curve returned almost to the initial value within one minute. A similar behavior was reported 

for disulfide-crosslinked hydrogels, which can cleave and reform upon UV exposure due to thiol-

disulfide exchange.30 Thiol–disulfide exchange can be initiated by light via the thiyl-centered 

mechanism. A nucleophile thiolate anion (RS−) attacks the sulfur atoms of the disulfide to give a new 

disulfide bond and a new free thiolate is released.31 This leads to the hypothesis that the PEG-OxS-E-
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PMNB hydrogels could present thiol-disulfide exchange. Light exposure would induce the 

conformational changes of polymer chain, thus the hindered –SH groups are exposed. The self-

reaction of the thiol groups of the crosslinker would form disulfide bonds and undergo thiol-disulfide 

exchange. On the other side, there are also disulfide bonds formed during hydrogel preparation, which 

can also undergo thiol-disulfide exchange. After illumination, cleavage of the disulfide groups and the 

formation of new bonds (i.e. reconfiguration) could lead to the sudden changes in G’ and G’’. For PEG-

OxS hydrogels, no sudden change was observed upon illumination, which might be due to a higher 

conversion because more –SH groups reacted with MS groups (due to higher mobility of PEG-SH2 

crosslinker). Upon illumination with varying exposure doses, PEG-OxS control hydrogels didn’t shown 

any sign of degradation, as expected from the absence of cleavable chromophores. A slightly variable 

G’ value was observed which might also be due to the thiol-disulfide exchange (Figure 3.6B). The side 

photolytic reactions can lead to unpredicted change of G’ and uncontrolled degradation degree, 

therefore a longer irradiation time was needed, resulting a poor precision over degradation accuracy 

and higher irradiation doses may cause reduced cytocompatiblity to the further cell experiments. 

 

Figure 3.6 Evolution of the shear and loss modulus of PEG-OxS-E-PMNB (A) and PEG-OxS (B) hydrogels during 

illumination at different irradiance values. Colored regions in the plots indicate the illumination time. PEG-OxS-

E-PMNB and PEG-OxS hydrogels composition: 20 kDa, star PEG-MS, 6.3-6.5 wt% polymer content, 20 mM HEPES 

(pH 7.5). Conditions for illumination: λ=365 nm, irradiance = 5, 10 or 20 mW cm-2.  

In summary, these results demonstrate that the network structure of PEG-OxS-E-PMNB hydrogels can 

be degraded by light illumination, and that the degradation rate and extent can be modulated by 

tuning the light dose. 

PEG-T-E-PMNB and PEG-T hydrogels 
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Figure 3.7 shows the evolution of the shear and loss modulus of PEG-T-E-PMNB and PEG-T hydrogels 

as a function of illumination time. PEG-T-E-PMNB hydrogel of initial G’ ~ 166 Pa showed a 60% drop 

of G’ followed by a jump to 462 Pa within the first seconds of light exposure. A progressive increase 

of G’ to 678 Pa was observed in the following 60 minutes of exposure, indicative of an increase in the 

crosslinking degree of the network. No signs of the expected softening, i.e. degradation, were 

observed during 120 min illumination (Figure 3.7A). The hydrogel sample after irradiation was 

brownish and maintained a gel character in visual inspection. The stiffening of the hydrogel upon 

illumination was unexpected, and contrasted with the softening observed in the PEG-OxS-E-PMNB 

hydrogel in the previous experiments (Figure 3.6). These two systems differ in the type of crosslinking. 

The irradiation seems to trigger unexpected side reactions that lead to additional crosslinking of the 

network instead of depolymerization. The phototriggered stiffening could be consequence of i) 

cycloaddition reactions between unpolymerized DBCO groups or ii) cross-reaction between triazole 

groups with the nitrostyrene photolysis product. Ethyl azide groups are not expected to contribute to 

the observed stiffening, since photoinitiators and catalyst are needed for photoactivated 

cycloaddition reactions between ethyl azide and alkyne groups.32  

To test these hypotheses, a number of control experiments were performed. To test the possibility of 

cycloadditions between unpolymerized DBCO groups, control experiments with PEG-T hydrogels were 

performed. No changes in G’ or G’’ were observed upon exposure. However, it is important to highlight 

that PEG-T hydrogels showed higher G’ final values and, therefore, a higher crosslinking degree is 

expected or, in other words, no free DBCO groups would be available for additional cycloadditions 

(Figure 3.7B). These results are with PEG-T hydrogels are, therefore, not conclusive. Photorheology 

measurements of a solution of PEG-DBCO precursor were performed (Figure 3.7C). A slow increase of 

G’ and G’’ was observed. A gelation point was achieved after 70 min exposure, and a gel with G’ ~ 805 

Pa formed after 120 min. This result indicates that light exposure might induce cycloaddition reactions 

between unpolymerized DBCO groups, but this might not be a major reason for the photo-triggered 

stiffening of PEG-OxS-E-PMNB hydrogel since a time delay was observed. Note that photoreaction of 

DBCO groups in the presence of a photoinitiator in SPAAC hydrogels has also been reported by other 

authors.22, 33 This effect could be avoided by blocking of unreacted DBCO groups via incubation with a 

short N3 compound before illumination. In order to test this possibility, PEG-T-E-PMNB hydrogels were 

incubated with O-(2-Azidoethyl)-O’-methyl-triethylene glycol in order to react remaining free DBCO 

groups after gel formation prior to light exposure (Appendix).34 In the subsequent rheology 

experiment, G’ (68 Pa) increased to 508 Pa within the first minutes, and gradually decreased during 

the following 90 minutes the initial value (Figure 3.7D). This result indicates that the observed photo-

stiffening of PEG-T-E-PMNB hydrogels is not caused by unreacted cyclooctynes.  

Based on these results, the unexpected photo-stiffening of PEG-T-E-PMNB hydrogel is attributed to a 

light-promoted reaction between nitrostyrene photoproduct and other groups in the polymer chain, 

presumably the triazole group. These features hinder the application of the PEG-T-E-PMNB hydrogel 

and, therefore, this system was not studied further in this Thesis. 
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Figure 3.7 Behavior of PEG-T-E-PMNB and PEG-T hydrogels upon light exposure, as followed by in situ rheology. 

Colored regions in the plots indicate illumination. (A) PEG-T-E-PMNB hydrogels. (B) PEG-T hydrogels. (C) Star 

PEG-DBCO precursor only upon light illumination. (D) PEG-T-E-PMNB hydrogels with prior blocking of free DBCO 

groups via reaction with a monofunctional PEG-N3 spacer. Hydrogel composition (A,B,D): 20 kDa star PEG-DBCO, 

5.8-6.0 wt% polymer content, in PBS buffer pH 7.4. Composition in (C): 5 wt% polymer content in PBS buffer pH 

7.4. Conditions for illumination: λ=365 nm, 5 mW cm-2. 

Comparison of photodegradation of PEG-OxS-E-PMNB and PEG-T-E-NB hydrogels  

In order to compare the photodegradation efficiency of PMNB-based hydrogels with the benchmark 

NB-based hydrogels, similar rheology studies were performed with PEG-T-E-NB hydrogel (Figure 3.8A). 

Light illumination of the PEG-T-E-NB hydrogel led to rapid decrease of G’, indicative of an efficient 

photolysis of the NB photocleavable group and consequent softening of gels. A 50% decay of G’ was 

observed at 0.25 min (at 20 mW cm-2). Photodegradation rate was regulated by light dose. Upon 

illumination at irradiance= 20, 10 and 5 mW cm-2, a drop of > 90% of G’ was observed in 6.4 min, 3 min 

and 1 min, respectively.  

Corresponding irradiation dose of 1.92 J cm-2, 1.8 J cm-2 and 1.2 J cm-2 was required at irradiance of 5-

120 mW cm-2. Control experiments with PEG(N3)2 (Figure 3.8B) showed no changes in G’ or G’’, 

confirming that the degradation of PEG-T-E-NB gels is due to the presence of NB group. The photolysis 

product of PEG-T-E-NB hydrogels is a o-nitrosoketone group that does not seem to interfere with the 

photodegradation, as observed in PEG-T-E-PMNB hydrogels (Figure 3.9). This is an apparent 

advantage of the NB system vs. the PMNB hydrogel in the context of 1P degradation. 
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Figure 3.8 Behavior of PEG-T-E-NB and PEG-T hydrogels upon light exposure by in situ rheology. Colored regions 

in the plots indicate illumination. (A) Photodegradation kinetics of PEG-T-E-NB hydrogels upon different 

illumination dose. (B) Control PEG-T hydrogels. Gel composition: 20 kDa star PEG-DBCO, 5.7-6.0 wt% polymer 

content, PBS buffer pH 7.4. Conditions for illumination: λ=365 nm, 5 mW cm-2, 10 mW cm-2 or 20 mW cm-2. 

 
Figure 3.9 Chemical structures of (A) triazole-DBCO, and (B) photoproducts of PMNB and oNB photolysis: o-

nitro styrene vs. o-nitrosoketone. 

In order to compare the photodegradation efficiency of the PMNB and oNB-based hydrogels, the 

rheological curves of PEG-OxS-E-PMNB and PEG-T-E-NB hydrogels measured at different irradiances 

were normalized and merged in one graph (Figure 3.8A). Note that both hydrogels showed G’ values 

of 444±55 Pa and 629±277 Pa after crosslinking. PEG-T-E-NB hydrogels showed a faster 

photodegradation efficiency than PEG-OxS-E-PMNB hydrogels. Moreover, all the hydrogels showed 

dose-dependent degradation. Longer exposure time (> 25 min) was needed for PEG-OxS-E-PMNB 

hydrogels, while < 7 min were used for PEG-T-E-NB hydrogels. Corresponding irradiation doses of PEG-

T-E-NB hydrogels (1.2-1.92 J cm-2) were significantly lower than PEG-OxS-E-PMNB hydrogels (12-21.6 



                                                                                                                                                          Chapter 3 
 

81 
 

J cm-2). These results indicate a higher suitability of NB-based photodegradable hydrogels in the 

applications of encapsulated cells excited by 1P. 

 The kinetic parameters of the photolysis reaction were extracted from these curves by assuming that 

the photolysis reaction occurs with a first-order kinetics, and fitting the rheological curve to a first-

order degradation model, where the first order rate constant (kobs) that can be expressed as:10, 28, 33 

𝐺′(𝑡) = 𝐺′0 𝑒−𝑘𝑜𝑏𝑠 𝑡 

Where G’ is the shear storage modulus at a given time, G’0 is the initial shear storage modulus, and t 

is the time of exposure. From the integral of this equation: 

ln
(𝐺′)

(𝐺0
′)

= −𝑘𝑜𝑏𝑠𝑡 

By plotting ln (𝐺′ 𝐺0
′⁄ ) as a function of time and after linear fitting, the value of kobs can be obtained 

from the slope. To avoid interference of other photolysis processes, only the 90% to 50% of initial 𝐺0
′  

was selected for calculation of the rate constant.35 Of note, in the rheological data from PEG-OxS-E-

PMNB hydrogels, the initial jump was not considered for this calculation.  

 

Figure 3.10 (A) Comparison of photodegradation efficiency of PEG-OxS-E-PMNB hydrogels and PEG-T-E-NB 

hydrogels. (B) Photodegradation kinetic curve fits for PEG-OxS-E-PMNB hydrogels and PEG-T-E-NB hydrogels. 

Gel composition: 20 kDa, star PEG, 5.7-6.3 wt% polymer content, PBS buffer pH 7.4 or 20 mM HEPES buffer pH 

7.5. Conditions for illumination: λ=365 nm, 5-20 mW cm-2. 

The photo-softening curves of PEG-OxS-E-PMNB gels and PEG-T-E-NB hydrogels fit well to the first-

order approximation (Figure 3.10). Table 3.5 shows the values of the value of kobs and also the 

calculated apparent kinetic constants of the photodegradation process normalized by the light 

intensity (kobs/I0). The photodegradation rate constants obtained for PEG-OxS-E-PMNB hydrogels 

ranged from 1.36 to 2.16 × 10-3 s-1, and for PEG-T-E-NB hydrogels from 5.6 to 28.8 × 10-3 s-1. The 5- to 

10-fold slower photodegradation rate obtained for PEG-OxS-E-PMNB gels vs. PEG-T-E-NB hydrogels is 

surprising taking into account that contrary trend in these parameters were observed in the 

photocleavage studies of the PMNB and NB crosslinkers in solution (followed by HPLC and UV/Vis 

spectra) (see Chapter 2, Table 2.3). We attribute the lower photo-efficiency of PMNB gels obtained 

from rheology data to the occurrence of photo-triggered polymerization reactions in parallel to the 
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photolysis process. Our results showed that these could be reactions involving disulfide and free –SH 

groups in the network. 

Table 3.5 Photodegradation rate comparison of crosslinkers and hydrogels upon 365 nm light irradiation. 

Chromophore Hydrogel 

Photodegradation rate kobs [s-1] (1) kobs/I0[cm2s-1mW-1] (1) 

PMNB 1.36-2.16 (x10-3) 0.1-0.28 (x10-3) 

oNB 5.6-28.8 (x10-3) 1.12-1.44 (x10-3) 

(1) The apparent kinetic constant of cleavage normalized to the light intensity (kobs/I0). I0= 5-20 mW cm-2
. 

In conclusion, both the nature of the photocleavable group and the nature of the crosslinking groups 

used in the network affected the photodegradation of the hydrogels. PEG-T-E-NB hydrogels showed a 

faster photodegradation rate than PEG-OxS-E-PMNB hydrogels, while PEG-OxS and PEG-T hydrogels 

did not photodegrade due to the unexpected occurrence of light-induced side reactions of the 

photolysis byproduct. These results indicates that photo-efficiency of PEG-OxS-E-PMNB hydrogels is 

lower than the efficiency of PEG-T-E-NB hydrogels that might limit the applications of encapsulated 

cells excited by 1P. 

 

3.5.2 2P degradation of PEG-OxS-E-PMNB hydrogels 

In order to visualize the spatially defined photodegradation after 2P excitation, exposure experiments 

were performed using a 3D laser scanning microscope (LSM). An LSM equipped with a Ti-Sapphire 

pulse laser operating at 740 nm was used to scan small volumes at defined exposure doses. A 

resolution (latera resolution: 872 nm, axial resolution: 2.18 µm) at 740 nm can be achieved with a 10x 

objective (NA:0.3), which was calculated according to the two-photon-modified Abbe’s diffraction 

formula.36 

For the visualization of the degraded sites, a previously reported method was followed.4 Hydrogels 

were immersed in a solution of fluorescein-dextran (FITC-dextran, 1 mg mL-1) with an average 

molecular weight of approximately 2000 kDa. This molecule cannot diffuse into the crosslinked 

hydrogel and remains in the surrounding solution. The illumination of hydrogel close to the hydrogel 

surface cleaves the network chains, increases the mesh size at the illuminated regions and allows 

diffusion of the fluorescent dextran and reveals the illuminated pattern by fluorescence imaging in 3D 

using a confocal microscope. 

 

PEG-OxS-E-PMNB vs. PEG-T-E-NB hydrogels 

Defined volumes of PEG-OxS-E-PMNB hydrogels swollen in dextran solution (1 mg mL-1 in PBS) were 

illuminated at 740 nm with a Ti-Sapphire pulsed laser. Rectangular prisms of 150x50x52.6 μm3 were 

scanned inside the hydrogel, with the laser starting scanning from the hydrogel surface (Figure 3.11A). 

A series of prisms scanned with increasing light doses were achieved by varying the laser power 
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between 1 and 3%, the scan speed between 628 and 19.6 μs μm-1, and the number of scans. The 

sample was then imaged to detect fluorescence of the dextran diffusing into the scanned volumes. 

Figure 3.11B shows the obtained images. A fluorescent pattern appeared, with similar dimensions to 

the scanned pattern. The fluorescence intensity in the scanned volumes increased with the 

illumination dose, indicating a dose-dependent diffusion of the FITC-dextran and, consequently, a 

light-regulated degradation of the hydrogel. The threshold dose for the appearance of fluorescence 

was observed at 1% power intensity and scanning speed > 314 μs μm-1, at 2% power intensity and 

speed > 39.2 μs μm-1, and at 3% power intensity and speed > 19.6 μs μm-1. A gradient in intensity from 

the edge of the hydrogel to the interior volume was observed in each prism, indicating that diffusion 

of the fluorescent dextran into the degraded hydrogel is more hindered inside the hydrogel. Similar 

scanning experiments were performed on control PEG-OxS hydrogels. No fluorescence was detected 

after illumination, in agreement with the lack of photosensitivity of these hydrogels (Figure 3.11B). 

These results demonstrate that PEG-OxS-E-PMNB hydrogels photodegrade by two-photon exposure 

by photocleavage of the PMNB group intercalated in the network structure. The z-stack images shown 

in Figure 3.12A demonstrate the fluorescent intensity in the z dimension and demonstrate the 3D 

resolution that can be achieved by 2P photodegradation. The illuminated volumes maintained the 

same shape at low irradiation doses (laser power intensity < 2%), whereas higher doses, i.e. more 

extensive degradation, resulted in small shape changes as consequence of the increased swelling of 

the exposed regions. 

Similar experiments were performed with PEG-T-E-NB hydrogels. Significantly higher irradiation doses 

were needed to observe fluorescent patterns (Figure 3.11B&12B). Fluorescence was only visible at 

laser power intensity > 2% using scanning speeds < 628 μs μm-1. At laser power intensity > 3%, scanning 

speeds < 314 μs μm-1 were required. Similar scanning experiments were also performed on control 

hydrogels PEG-T and no fluorescence was detected after illumination (Figure 3.11B).  

Notably, at same doses used (i.e. intensity:1%, scanning speeds: 628 μs μm-1), a higher degradation 

degree was observed in PEG-OxS-E-PMNB hydrogel than PEG-T-E-NB, signed by a higher fluorescence 

signal in the irradiation region. These proof-of-concept 2P degradation experiments demonstrated a 

significantly lower 2P degradation efficiency of PEG-T-E-NB vs. PEG-OxS-E-PMNB hydrogels, indicating 

a higher 2P efficiency of PMNB compared to the oNB within the hydrogel networks. They proof the 

validity of the hypothesis of this Thesis, and are in good agreement with the lower 2P cross-section of 

oNB vs. PMNB group (Chapter 2, Table 2.2).37, 38 
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Figure 3.11 Photopatterning of the different gels by 2P excitation upon illumination with a 740 nm laser. (A) 

Scheme of hydrogel preparation, micro-channel fabrication with a 2P laser and visualization of exposed volume 

by soaking in a solution of FITC-dextran. Illuminated volumes present lower crosslinking degree (i.e. softening), 

are infiltrated by FITC-dextran and show increased localized fluorescence. (B) Confocal microscopy images 

displaying orthogonal cross-sections (x,y-plane) of micro-channels fabricated at varying irradiation dose over the 

different hydrogels. Scale bars= 100 μm. Conditions for illumination: 740 nm, 1-3% power intensity, speed: 628 

- 19.6 μs μm-1, scan 1, interval at z-direction: 6.57 μm. Hydrogel composition: 20 kDa, star PEG, 5.7-6.3 wt% 

polymer content, PBS buffer pH 7.4 or 20 mM HEPES buffer pH 7.5.  
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Figure 3.12 Confocal images with z-stack of 3D hydrogel patterning at different 2P illumination doses. (A) PEG-

OxS-E-PMNB hydrogels (B) PEG-T-E-NB hydrogels. Conditions for illumination: 740 nm, 1-3% power intensity, 

speed: 1-6 (628 - 19.6 μs μm-1), scan 1, interval at z-direction: 6.57 μm. Hydrogel composition: 20 kDa, star PEG, 

5.7-6.3 wt% polymer content, PBS buffer pH 7.4 or 20 mM HEPES buffer pH 7.5.  

 

In an additional experiment, the local degradation of PEG-OxS-E-PMNB hydrogels was visualized using 

a different strategy. In this case, the fluorophore Alexa Fluor 555 maleimide was covalently coupled 

to the PEG-OxS-E-PMNB network by adding it to the polymerization mixture. The maleimide group of 

the fluorophore is covalently bound to –SH groups of PMNB(E-PEGn-SH)2 (1/8 -Mal to –SH groups). 

Light exposure is expected to cleave the PMNB group and also the fluorophore from the network and, 

in consequence, a loss of fluorescence is expected in the irradiated volumes. 

The scanning laser was used to write different 3D patterns within the hydrogels with a thickness of 

52.6 μm (Figure 3.13A). Fluorescence imaging of the exposed areas reflected a local decrease of 

fluorescence signal (Figure 3.13B). Similar scanning experiments were performed on control PEG-OxS 

hydrogels. No fluorescence decrease was detected after illumination, confirming the decrease of 

fluorescence is not caused by photo bleaching (Figure 3.13C). This experiment demonstrates the 3D 

resolution of the activation process using two-photon irradiation inside the hydrogels. 

At this point, it is important to compare the illumination conditions used in these experiments with 

acceptable illumination doses for living cells. Reported data in the group have used the same scanning 

laser at λ=740 nm, power intensity 95% and speed 170 μs μm-1 to active caged peptide to induce the 

HUVECs migrated towards the activated area.39 The exposure conditions for degradation of NB based 
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hydrogels in other groups were λ= 860 nm, power 350 mW μm-2, speed 1.27 μs μm-2 to direct 3D cell 

motility within 3D patterned hydrogels.21 But it should be noted here, no direct illumination on the 

cells was performed in these reported studies. The illumination doses used in this chapter for the 

degradation of PEG-OxS-E-PMNB hydrogels are considerably lower. The exposure dose is expected to 

be compatible with encapsulated living cells and not cause photodamage and associated loss of 

function of the cells due to the lower dose used compared to oNB systems. 

 

Figure 3.13 Confocal images with z-stack showing 3D patterning of fluorescently labeled hydrogels. (A) Scheme 

of 3D patterning of hydrogel with a 2P laser, (B) PEG-OxS-E-PMNB hydrogels, (C) PEG-OxS hydrogels. Gel 

composition: 20 kDa, star PEG-MS, 6.3-6.5 wt% polymer content, 20 mM HEPES buffer pH 7.5, labeled with 0.15 

mM Alexa Fluor 555. Conditions for illumination: 740 nm, 2% power, speed 19.6 μs μm-1, interval at z-direction: 

6.57 μm. 

 

PEG-SOx-C-PMNB and PEG-STz-C-PMNB hydrogels 

Similar photodegradation experiments were also performed with PEG-STz-C-PMNB and PEG-SOx-C-

PMNB hydrogels. For PEG-STz-C-PMNB hydrogels, a pattern was observed in the illumination region 

but no increase of bright field signal was detected, indicative of absent of photodegradation and an 

occurrence of photoinduced side reactions (Figure 3.14A-B). We hypothesized that the photo-

triggered reaction could be consequence of reactions of i) light induced thiol-ene reactions between 

the unreacted thiol groups and the nitrostyrene photolysis product or ii) cross-reaction between 

tetrazole groups with the nitrostyrene photolysis product. To test the first hypothesis, PEG-STz-C-

PMNB hydrogels were incubated with the Mal-PEG-OMe (5kDa) in order to react the remaining free -

SH groups after hydrogel formation (Appendix). However, a similar effect was observed (Figure 3.14C), 

suggesting that the free -SH groups were not involved in this additional crosslinking. In consideration 

of the second hypothesis, it should be noted that the light induced nitrile imine mediated tetrazole–

ene cycloaddition (NITEC) has been reported on the literature, where the tetrazol groups can be 

activated by light illumination to form a highly reactive nitrile imine intermediate, which in turn 

reacted with unsaturated alkene groups via 1,3-dipolar cycloaddition reaction.40, 41 These results 

demonstrate that PEG-STz-C-PMNB hydrogels are not a good scaffold for 2P degradation. For PEG-
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SOx-C-PMNB hydrogels, a similar degradation was observed as PEG-OxS-E-PMNB hydrogels with dose 

dependent (Figure 3.15). 

 

Figure 3.14 Photopatterning of PEG-STz-C-PMNB hydrogels (A-C) and PEG-SOx-C-PMNB hydrogels (D) by 2P 

excitation upon illumination with a 740 nm laser. Scale bars= 50 μm. Conditions for illumination: (A,C) 2% power, 

speed: 157 μs μm-1, scan 1, interval at z-direction: 6.57 μm. (B) 1% power, speed: 39.2 μs μm-1, scan 1, interval 

at z-direction: 6.57 μm. (D) 2% power, speed: 39.2-628 μs μm-1, scan 1, interval at z-direction: 6.57 μm.  

 

Figure 3.15 Photopatterning of PEG-SOx-C-PMNB and PEG-OxS hydrogels by 2P excitation upon illumination at 

740 nm with varying irradiation dose. Scale bars= 50 μm. Conditions for illumination: 740 nm, 1-3% power 

intensity, speed: 2-6 (314 - 19.6 μs μm-1), scan 1, interval at z-direction: 6.57 μm. Hydrogel composition: 20 kDa, 

star PEG-SH, 5.25 wt% polymer content, 20 mM HEPES buffer pH 7.5 with TCEP.  
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Scanned patterns in the hydrogel using the Nanoscribe® 

In order to test the possibility of micropatterning PEG-OxS-E-PMNB hydrogels at high speed, an 

ultrafast multi-photon lithography (MPL) equipment was used to scan more complex patterns with 

higher spatial resolution.42 The software of this equipment makes it easier for users to fabricate 

complex patterns in a straightforward process from CAD model. The equipment allows fast scanning 

speed can be achieved (≥ 100 mm/s) compared to a normal confocal microscope (e.g. LSM880: 628 μs 

μm-1).43, 44 A resolution (latera resolution: 348 nm, axial resolution: 1.2 µm) at 780 nm can be achieved 

with the following setting: 25x objective with oil immersion (NA:0.8).36, 45 

PEG-OxS-E-PMNB hydrogel samples, prepared in a mold and attached to a glass slide (Figure 3.16A), 

were scanned with the MPL (Figure 3.16B). The scanning parameters were optimized by changing the 

speed (5-100 mm s-1) and laser power (5-25 mW) while scanning cuboids of volume 50x75x100 μm3 

with the 780 nm laser (Figure 3.16C). 2P degradation of the PEG-OxS-E-PMNB hydrogels was visible at 

a laser power of 10 mW and writing speeds up to 100 mm/s, which is the highest writing speed limit 

of Nanoscribe. The degradation could also be observed at a power of 5 mW with a writing speed < 25 

mm/s. Importantly, the patterning of multiple cuboids (25 cuboids, total volume: 9.375x106 μm3 ) in 

the MPL required 30 min in PEG-OxS-E-PMNB hydrogels. Similar patterned volumes required > 3 h at 

the laser scanning microscope.  

In comparison, the PEG-T-E-NB hydrogels required a higher power (15-25 mW) and lower writing 

speeds (5-15 mm s-1) to reveal a pattern (Figure 3.16C). These results were also consistent with the 

results obtained from LSM: PEG-OxS-E-PMNB hydrogel can be efficiently degraded upon two-photon 

illumination and showed faster degradation rate than PEG-T-E-NB hydrogels. No photodegradation 

was observed in control PEG-OxS hydrogels (Figure 3.16C). These experiments defined the working 

window for the patterning of PEG-OxS-E-PMNB hydrogels and PEG-T-E-NB hydrogels in the MPL 

equipment.  

To demonstrate the possibility to pattern complex 3D geometries by MPL, a 3D pattern mimicking 

branched blood vessels was scanned in the PEG-OxS-E-PMNB hydrogel (Figure 3.16D). This pattern 

took 30 min when using a power of 10 mW and a writing speed of 50 mm s-1. 

In summary, PEG-OxS-E-PMNB hydrogels were efficiently photodegraded and photopatterned with a 

two-photon scanning laser using a conventional two photon laser scanning microscope for cell imaging, 

or a Nanoscribe® equipment designed for complex two-photon lithographic processes. The PEG-OxS-

E-PMNB hydrogels show significantly higher photodegradation efficiency than the PEG-T-E-NB 

hydrogels when the photolysis is performed using two-photon excitation. The degradation rate and 

extent of degradation can be modulated with the illumination dose. Visualization of hydrogel 

degradation was successfully achieved by fluorescence microscopy using hydrogel-conjugated 

fluorophores or diffusible fluorescent dextran polymers with high spatial resolution. 
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Figure 3.16 2P degradation of gels at the Nanoscribe. (A) Schematics of gel preparation on pre-functionalized 

glass slides and (B) placing the sample of multi-photon lithography. (C) Optimization of light exposure conditions 

for the different hydrogels. Speed and power sweep were conducted by multi-photon lithography. Conditions 

for processing: 780 nm, laser power: 5-25 mW, writing speed: 5-100 mm s-1. Scale bars= 100 μm. (D) Fabrication 

of artificial blood vessels with a total dimension of 700 μm x 500 μm x 150 μm on PEG-OxS-E-PMNB hydrogels. 

Programmed 3D structure (left) and results obtained (right). Conditions for processing: laser power: 10 mW, 

writing speed: 50 mm s-1, interval at z-direction: 1 μm. 

 

3.6 Cytocompatibility of photodegradable hydrogels and application for 

dynamic cell culture 

PEG-OxS-E-PMNB, and PEG-SOx-C-PMNB hydrogels were tested as matrix for 3D cell encapsulation 

and for dynamic cell culture. Different cell assays were performed in collaboration with Rocío 

Valbuena, a PhD student in the group. 
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To support cell culture, PEG hydrogels need to be functionalized with cell adhesive peptides. For this 

purpose, the polymer content of 6.3 wt% and 5.25 wt% were selected for PEG-OxS-E-PMNB and PEG-

SOx-C-PMNB hydrogels (5-10 wt% PEG hydrogels are typically used to encapsulate cells20, 46) and the 

RGD peptide concentration in the range of 1.25 -2 mM (1/8 – 1/4 to -SH or -MS groups) were selected 

(1-2 mM are typically used to encapsulate cells)46, 47. In addition, hydrogels for 3D cell culture need to 

be degradable to provide cells the ability to remodel the synthetic matrix and create their own. In this 

Thesis, such degradation functionality is included by the photodegradable crosslinker. However, for 

control experiments, GCRDVPMSMRGGDRCG (VPM) peptides (degraded by matrix metalloproteinases 

(MMP)) were used as enzymatically degradable crosslinkers to support degradation.48 

The cytocompatibility of thiol-methylsulfone-based hydrogels have been explored and reported for 

the 3D cell encapsulation application and the cells remained high viability (>90%) at day 6, proving the 

cytocompatibility of thiol-methylsulfone-based hydrogels.19 Therefore, PEG-OxS-E-PMNB, and PEG-

SOx-C-PMNB hydrogels are expected to exhibit good cytocompatibility and further cytocompatibility 

tests will be carried out, which are not described in this Thesis.  

 

Light-guided cell migration in photodegradable hydrogels 

We tested the possibility to photodegrade PEG-OxS-E-PMNB, and PEG-SOx-C-PMNB hydrogels in the 

presence of cells by light exposure, and the ability of the embedded cells to migrate into the exposed 

areas. HUVEC spheroids were used for the migration assay. After spheroid encapsulation, regions 

around the spheroid were scanned and the migration of the cells from the spheroids into the degraded 

areas was monitored. 

Spheroids of HUVEC (1000 cells/spheroid) stained with green cell tracker were encapsulated in PEG-

OxS-E-PMNB (6.3 wt%) hydrogel biofunctionalized with 1.25 mM cyclo[RGDfC] peptide (see details in 

the Appendix). Encapsulated spheroids showed their typical cobblestone morphology, which was 

analyzed by the 3D reconstruction using Z-stack images, and had an average diameter of 153.7 ± 6.4 

µm. After 1.5 h encapsulation in the hydrogels, prisms-shaped channels (z: 24.9 μm) with increasing 

exposure dose (740 nm, power:2%, scan speed: 314 μs μm-1, scan number: 1-32) were scanned around 

the spheroids (Figure 3.17). After three hours, cells were imaged by fluorescence microscopy. Initial 

migration of cells out of the spheroid into the scanned channels was observed (Figure 3.17). PEG-OxS-

E-PMNB hydrogels degraded completely within 12 h and, therefore, photoinduced migration could 

not be monitored. No migration was observed in negative control hydrogels with no degradation units 

(PEG-OxS hydrogels). 
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Figure 3.17 Schematics of HUVEC spheroids encapsulated in PEG-OxS-E-PMNB hydrogels (6.3 wt%, 1.25 mM 

cyclo[RGDfC] peptide). (A) and demonstration of light-triggered cell migration along the micro 3D channels after 

2P light illumination; (B). Irradiation conditions: 740 nm, power:2%, scan speed: 314 μs μm-1, scan number: 1-

32. Scale bars= 50 μm. 

To overcome the fast degradation, PEG-SOx-C-PMNB system was then used for encapsulation. In this 

system, the ester groups are replaced by more stable carbamate groups. HUVEC spheroids (500 

cells/spheroid) were encapsulated in PEG-OxS-E-PMNB (5.25 wt%) hydrogels functionalized with 2 

mM cyclo[RGDfK(Mal)] peptide with an average diameter of 135.3 ± 8.2 µm. After 1.5 h encapsulation, 

a volume surrounding half of the spheroid was scanned (107.9 x 132.8 x 39.45 μm3). After 1 d of culture, 

cells migrated into the irradiated area and migration continued up to day 3. No migration was 

observed into the non-irradiated area (Figure 3.18A). Control experiments were performed with PEG-

OxS hydrogels (nondegradable, negative control) and hydrogels crosslinked with enzymatically 

degradable VPM peptide as crosslinker (enzyme degradable, positive control). In the negative control, 

no migration was observed after exposure (Figure 3.18B). In the positive control, migration of cells 

was observed already at day 1 and became more visible at day 3 (Figure 3.18C). However, cells 

stopped migration after day 3. A live/dead assay (see Appendix) conducted at day 3 indicated low cell 

viability in all the hydrogels (including positive and negative control hydrogels) (Figure 3.19). The low 

viability of cells may explain the failure of cell migration after 3 days, indicating the need of further 

optimization of the system, including e.g., the protocol of spheroids preparation and the steps of 

culture conditions. Of note, the illumination experiments was not performed for positive hydrogels. 

Collectively, these preliminary results demonstrate the possibility to regulate hydrogel degradation 

and consequently cellular migration in 2P photodegradable PEG-SOx-C-PMNB hydrogels in a 3D-

regulated manner. Future studies to optimize this system for light-guided bulk migration and 

angiogenesis are planned. Compared to the reported 2P degradable hydrogels (e.g., oNB-based 

hydrogels),4, 8, 35 PEG-SOx-C-PMNB hydrogels not only enabled a more efficient degradation upon 2P 

excitation but also maintained high hydrolytic stability in the cell culture conditions. Such 2P 

degradable hydrogels are potentially interesting for studies such as their usage as angiogenesis 
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scaffold, for the study of isolated cell functions and cellular response to the changes in their 

mechanical environment. 

 

Figure 3.18 Light-triggered cell migration from HUVEC spheroids in PEG-SOx-C-PMNB hydrogels (A), negative 

control (B) and positive control hydrogels (C). Irradiation conditions: 740 nm, power:3%, scan speed: 314 μs μm-

1, scan number: 4. Scale bars= 50 μm. Final polymer composition (5.25 wt%): 20 kDa, 10 wt% star PEG, 2 mM 

cyclo[RGDfK(Mal)] or cyclo[RGDfC] peptide, 20 mM HEPES buffer, pH 7.5. 

 

Figure 3.19 Live (green)/Dead (orange) assay of HUVEC spheroids in PEG-SOx-C-PMNB hydrogels, negative 

control and positive control hydrogels over 3 days of culture. Scale bars= 50 μm. 

 

3.7 Conclusions 

In this chapter, different photodegradable PEG-based hydrogels were synthesized and their 

physicochemical properties were characterized. Gelation time of PMNB-based hydrogels was 

achieved in a range of seconds to minutes under physiological conditions, which allowed comfortable 
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homogenization of precursor solutions and homogeneous distribution of embedded cells in the 3D 

cell encapsulation process. 

PEG-OxS-E-PMNB and PEG-T-E-NB hydrogels were photodegradable upon illumination in the UV range. 

In opposition to the results of photolysis efficiency shown in Chapter 2 (PMNB > NB), the degradation 

rate of the derived hydrogels followed the trend: PEG-T-E-NB hydrogel > PEG-OxS-E-PMNB hydrogel. 

This is attributed to reconfiguration in the PEG-OxS-E-PMNB network induced by UV exposure, as well 

to the occurrence of side reactions. Surprisingly, PEG-T-E-PMNB hydrogel did not show softening but 

stiffening upon light illumination. This is contrary to the photolysis of PEG-T-E-PMNB crosslinker in 

solution. This unexpected effect was attributed to parallel side reactions between the nitro-styrene 

photolysis product and triazole groups.  

The hydrolytic stability of hydrogels depended on the nature of the photolabile linking group (ester vs. 

carbamate). PEG-OxS-E-PMNB hydrogel with ester labile groups presented low stability (< 12 h) in cell 

culture conditions, while PEG-STz-C-PMNB and PEG-SOx-C-PMNB hydrogels with carbamate labile 

groups were stable for more than 2 months. This stability range is advantageous for long culture 

studies. 

The degradation of the hydrogels under 2P excitation was investigated. 3D patterns with spatial 

resolution with micrometer resolution (latera resolution <1 µm and axial resolution ≥1.2 µm) were 

scanned in the hydrogels using a LSM (740 nm) and a NanoScribe (780 nm). Visualization of the 

degradation step was achieved based on diffusivity of different fluorescent reporters. PEG-OxS-E-

PMNB and PEG-T-E-NB hydrogels could be photodegraded after 2P excitation. The degradation rate 

followed the trend: PEG-OxS-E-PMNB hydrogel > PEG-T-E-NB hydrogel. This trend is reverse to that 

found in 1P-based photodegradation by rheology because of the higher 2P cross section of PMNB 

chromophore and also indicates the absence of side photolytic reactions (e.g., thiol-disulfide exchange) 

upon 2P illumination. Controlled degradation was achieved by regulating the scanning parameters. 

PEG-OxS-E-PMNB and PEG-SOx-C-PMNB hydrogel could be degraded at lower illumination doses, 

which is advantageous for a possible use as photodegradable matrix for cell encapsulation. PEG-STz-

C-PMNB hydrogels underwent parallel polymerization reactions during illumination, indicating that 

the -Tz-MS and -SH coupling is not suitable for their integration in light induced degradation 

applications.  

PEG-OxS-E-PMNB and PEG-SOx-C-PMNB hydrogels can support 3D cell encapsulation. Using 

controlled 2P exposure, spatial photodegradation patterns could be scanned and used to initially guide 

cell migration in PEG-OxS-E-PMNB hydrogels. However, the low hydrolytic stability limited the long-

term cell studies. Cell migration and direct illumination of spheroids were also demonstrated for PEG-

SOx-C-PMNB hydrogels, in this case with higher hydrolytic stability. These materials deserve further 

investigation as matrices for 3D cell culture with light-regulated spatiotemporal control.   

2P photodegradable hydrogel (PEG-SOx-C-PMNB hydrogel) is demonstrated as a suitable scaffold for 

3D cell encapsulation and potentially as efficient 2P degradable material to guide cell migration and 

angiogenesis. 
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Chapter 4: Synthesis of two-photon activatable cell adhesive peptide  

4.1 Introduction 

The interaction of cells with synthetic hydrogels is usually mediated by coupling cell adhesive 

molecules in the synthetic material. These can be adhesive proteins from the extracellular matrix 

(fibronectin, collagen, laminin, etc) or short peptidomimetics derived from them (e.g., RGD, GFOGER 

or IKVAV). The cell adhesive molecules can be recognized by specific adhesive receptors at the cell 

membrane, typically integrins, and mediate the formation of adhesive complexes between the cell 

and the material. Among cell adhesive peptides, RGD variants and in particularly the cyclic RGDfX 

(cRGDfX) pentapeptide, is commonly used as it can be recognized by different integrins.  

 
Figure 4.1 Light-responsive variants of RGD peptide with different photoactivable groups. (A) Phototriggering of 

cRGDfK with DMNPB photocleavable group at 350 nm.1 (B) Phototriggering of linear RGD peptide with oNB 

photocleavable groups at 365 nm.2 (C) Phototriggering of cRGDfK  with photoswitchable azobenzene groups at 

530 nm.3 (D) Phototriggering of cRGDfK with photoactivable CarH proteins groups upon green light exposure.4  

In order to regulate the adhesive interaction between cells and materials, photoresponsive molecular 

designs have been developed based on modification of the adhesive molecules with photocleavable 

groups1, 5 or photoswitches,4, 6 or the use of photoswitchable adhesive proteins.7, 8 The del Campo’s 

group reported a photoactivatable variant of the cRGDfK peptide where the COOH group of the Asp 

side chain was modified with a 3-(4,5-Dimethoxy-2-nitro phenyl)-2-butyl ester (DMNPB) 

photocleavable group (λmax= 346 nm, ɛmax= 4100 M-1cm-1) (Figure 4.1A). The aspartate was selected as 

site for modification since it anchors a bivalent cation within the RGD-integrin binding site. The 

presence of the DMNPB chromophore inhibited the bioactivity of the cRGDfK peptide. Activity was 

restored by irradiation at 351 nm and photomodulated cell adhesion was demonstrated on 2D 
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surfaces with spatio-temporal resolution. Photo-regulated cell attachment was also achieved using a 

photoactivatable variant of the linear peptide YAVTGRGDSPASS after exposure at 365 nm (Figure 

4.1B).2 In this case the o-nitrobenzyl (oNB) photocleavable group was intercalated at the amide bond 

between the Gly and Arg residues, which was proved as a critical site for biological activity.3 Besides 

photocleavable groups, azobenzene photoswitches were also used to link the cRGDfK to a materials 

surface and change the orientation of the peptide at the surface for binding to the membrane integrins 

(Figure 4.1C).4 The Wegner’s group also reported spatiotemporal control of cell adhesions by a green 

light responsive protein CarH to change the availability of adhesive ligands at the surface (Figure 4.1D). 

CarH forms a tetramer in the dark and dissociates into its monomers upon green light exposure.8  

The described approaches allow manipulation of cell-materials adhesive interactions in 2D. In order 

to regulate these interactions in 3D, 2P excitation can be used. For this purpose longer wavelengths, 

which are less phototoxic for cells and allow higher penetration into tissues, can be used.1 In this 

direction, the Stevens’s group (Figure 4.2A) developed a photoactivatable cell penetrating peptide 

containing hepta-arginine (R7), hepta-glutamic acid (E) sequences with an intercalated oNB 

photoremovable group. These peptide could be cleaved by exposure to 740 nm light of a femtosecond 

laser.9 However, oNB groups have a low two-photon absorption cross section (δ = 0.015−0.065 GM at 

750 nm), therefore, they are not ideal for two-photon activation. The group of Specht10 reported a 

family of o-nitrophenylethyl based photoremovable groups with higher two-photon absorption cross-

section than oNB groups. Among them, the 3-(2-propyl)-4’-methoxy-4-nitro-biphenyl (PMNB) group, 

with a two-photon cross-section of 3.2 GM at 740 nm, was used by del Campo to modify the RGD 

peptide. The c[RGD(PMNB)fC] peptide could be activated with coherent pulsed laser light (λ = 740 nm, 

power = 2320 mW cm−2 and scan speed = 170 μs μm−1) (Figure 4.2B). Compared to DMNPB (δ = 0.17 

GM at 720 nm for DMNPB-glutamate),11 PMNB can be activated at lower doses. Cell studies 

demonstrated that the exposure dose was acceptable for activating the cell adhesive peptide in 

regions around the cells, but caused phototoxicity when used for direct illumination of living cells.12 

More efficient chromophores are needed to allow photoactivation processes in 3D hydrogels requiring 

direct exposure of cells. 

 

Figure 4.2 2P-induced cellular responses mediated by photo-triggerable ligands. (A) 2P light-activated cellular 

uptake of cargos via a structural transition of photo-caged peptide (antifouling ligand transitions to a cell-

penetrating peptide upon irradiation).9 (B) 2P light-induced cell angiogenesis based on a two-photon activatable 

cRGDfC peptide, c[RGD(PMNB)fC]. (Irradiation conditions: 740 nm laser at 170 µs µm−1 scanning rate, 95% 

intensity).12 
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In the design of more effective photoremovable groups for 2P activation, two structural effects are 

important: (i) the length of the π-conjugated system, and (ii) the alternation of push-pull effect by an 

electron-donating substituent (D) and an electron-withdrawing substituent (A) at either ends of a 

molecule with dipolar character (D–π–A). The (o-nitrobiphenylacetylene)propyl family, with an 

intercalated alkynyl group that extends the conjugation length, and different electron-donating 

moiety at para position, is an interesting example.   

 
Figure 4.3. Structure of reported (o-nitrobiphenylacetylene)propyl family groups 

A few examples (Figure 4.3) of photoactivatable molecules have been reported with dialkylamino or 

ethylhexyloxy group.13 The Hamburger’s group studied the structure–2P property relationship 

between the (o-nitrobiphenyl)propyl chromophore and the (o-nitrobiphenylacetylene)propyl 

chromophore with a ethylhexyloxy group at para position. The 2P uncaging cross section of π-

extended (o-nitrobiphenylacetylene)propyl protected fluorene monomers (25.8 ± 3.2 GM at 690 nm) 

was ~1.8-fold higher than (o-nitrobiphenyl)propyl chromophore (14.0 ± 3.7 GM at 690 nm). 

The Wombacher’s group used this system to prepare a photoactivatable derivative of the 

phytohormone gibberellic acid (Figure 4.4A). Efficient translocation of far-red-fluorescent protein 

mPlum-GID1 to the mitochondria was observed within seconds (20-160 s) at 800 nm and at 80 mW.14 

The photolysis efficiency of this compound at 800 nm was 1.8-fold higher than (2-(4’-bis(2-methoxy 

ethoxy)ethyl)amino)-4-nitro-[1,1’-biphenyl]-3-yl)propan-1-ol) (EANBP), i.e. the chromophore lacking 

the intercalated alkynyl group (Figure 4.4B). The -NR2 group in para-position led to a bathochromic 

shift of max to ~ 400 nm. This allowed 2P activation to occur at 800 nm, a wavelength range with 

reduced tissue scattering effects.14 The NR2 group also increased the water solubility of the molecule.  

 
Figure 4.4 2P light-Induced protein dimerization based on different phototriggerable chromophores of 

gibberellic acid (GA). (A) General scheme of photo-induced protein dimerization of the GA3-receptor GID1 and 

GAI. (B) Chemical structures of photo-caged GA3-derivatives with oNB, o-nitrophenylethyl and (o-

nitrobiphenylacetylene)propyl based groups and photolysis studies upon 1P and 2P illumination. (1P Irradiation 

conditions: 412 nm, in phosphate buffer pH 7.4 with 3 vol% DMSO. 2P Irradiation conditions: 800 nm. In 

phosphate buffer pH 7.4 and acetonitrile 1:1 vol%).14 
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The extension of the conjugation with an internal alkynyl group proved to be a valuable alternative to 

improve 2P absorption (Table 4.1). Additionally, the strong electron donating group NR2 (e.g. 

dialkylamino group) in para-position significantly increased chromophore solubility and bathochromic 

shift.14 Despite these advantages, the presence of NR2 group might result in overall lower hydrolytic 

stability of the compound, as reported for nitrobiphenyl derivatives (Table 4.2). 12, 15, 16 One alternative 

to the NR2 group is the use of a -OMe group, which has been demonstrated to result in higher 

hydrolytic stability in aqueous solution over one month of incubation in PBS buffer at room 

temperature. In view of these evidences, it appeared feasible to combine the properties of (o-

nitrobiphenylacetylene)propyl system with the -OMe electron donating group, in order to synthesize 

a novel 2P active chromophore with high 2P properties and good hydrolytic stabilities. 

Table 4.1 Comparison of (o-nitrobiphenyl)propyl family chromophore properties with an intercalated alkynyl 

group.13 

 2-(4'-((2-ethylhexyl)oxy)-4-nitro-

[1,1'-biphenyl]-3-yl)propan-1-ol 

2-(5-((4-((2-ethylhexyl)oxy)phenyl)ethynyl)-

2-nitrophenyl)propan-1-ol 

Structure 

 
 

2P uncaging cross-

section 

690 nm (14.0 ± 3.7 GM) 690 nm (25.8 ± 3.2 GM) 

Table 4.2 Comparison of Nitrobiphenyl chromophore properties in terms of different electron-donating groups 

at para-position. 12, 15, 16 

 3-(2-propyl)-4’-

methoxy-4-nitro-

biphenyl (PMNB) 

2-(4'-(dimethylamino)-4-

nitro-[1,1'-biphenyl]-3-

yl)propan-1-ol (ANBP) 

2-(4'-amino-4-nitro-[1,1'-

biphenyl]-3-yl)propan1-ol 

(HANBP) 

Structure 

 
  

2P properties 740 nm (3.2 GM), 

800 nm (0.45 GM). 

9% quantum yield 

800 nm (11 GM), 15% 

quantum yield 

800 nm (11 GM), 15% 

quantum yield 

Hydrolytic stability* 

in PBS (pH 7.4) at r.t 

Stable for more than 

one month 

63% cleavage in one week 58% cleavage in one week 

*Chromophore attached to carboxylic side group of cRGDfC. 

4.2 Molecular design of two-photon activatable RGD cell adhesive peptides 

The molecular design of the 2P photoactivatable cRGD peptide followed previous work in the group 

and specified in the previous section.12, 17 The photocleavable group should be introduced at the COOH 

group of the Asp residue of the cRGDfX by forming an ester bond. Moreover, X could be a Cys or a Lys-

N3 rest, to be used for anchoring to the hydrogels synthesized in this Thesis. The -SH group of Cys and 
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the -N3 group of Lys-N3 are suitable for covalent binding to –Mal, -MS or –DBCO functionalized 

hydrogel precursors, as shown in Figure 4.5. 

 
Figure 4.5 Chemical structure of cRGDfC and c[RGDfK-N3]. 

4.3 Synthesis of cyclo[RGD(PNEP)fX] 

4.3.1 Synthesis PNEP-Asp 

The introduction of the PNEP group at the COOH side group of Asp required the synthesis of the 

precursor 2-(5-((4-methoxyphenyl)ethynyl)-2-nitrophenyl)propan-1-ol (PENP-OH) to react with 

commercially available Fmoc-Asp.17 PENP was synthesized following a previously described 6-step 

procedure (Figure 4.6).14, 16 Briefly, the synthesis started from 2-(5-bromo-2-nitrophenyl) propan-1-ol, 

a, obtained by the reduction of 2 using DIBAL-H as reducing agent in a moderate yield (53%). The 

reaction product was confirmed by the appearance of the signals corresponding to the methylene 

carbon (3.78 ppm, 2H) and methine carbon (3.55 ppm, 1H) in 1H NMR. The product 2 was obtained as 

described in Section 2.3.1, Chapter 2. Compound c was obtained in a one-pot reaction with two steps. 

First, compound b was obtained by reaction of 4-Iodoanisole with trimethylsilyacetylene by 

Sonogashira coupling using PdCl2(PPh3)4 as catalyst. Then, the deprotection of trimethylsilyl group of 

b was performed using potassium carbonate in methanol and dichloromethane. This procedure 

afforded compound c in 89% yield. The success of the reaction was confirmed by the appearance of a 

singlet at 2.99 ppm (1H) that corresponds to the -CH from ethynyl group in 1H-NMR. Compound c is 

labile and decomposed in < 3 days. Therefore, compound c was always freshly prepared before use. 

Reaction of a and c via Sonogashira coupling for 24 h at 50oC afforded compound d with a yield of 67%. 

The product was identified by mass spectrometry ([M+H]+ 312.2 m/z) and by the disappearance of the 

methine group signal at 2.99 ppm (1H) in 1H-NMR. 13C-NMR confirmed the carbon signals from alkynyl 

group at 86.61 ppm and 93.60 ppm. However, the carbon signal from anisole that connected to the 

alkynyl carbon-carbon triple bond was missing from the 13C-NMR spectrum (CPD). Therefore, attached 

proton test (APT) NMR was used to distinguish between carbon atoms with even or odd number of 

attached hydrogens. The spectrum showed a negative signal from the quaternary carbon from anisole 

overlaid with a positive signal from the aromatic methines at 114.19 ppm, indicating the success of 

reaction. This spectroscopic evidence confirmed the successful synthesis of PENP-OH for coupling to 

Asp. 

Fmoc-Asp with a tert-butyl protected alpha carboxylic unit was subsequently reacted with d to afford 

e using DMAP and DCC for ester coupling in 57% yield. 1H-NMR analysis showed the protons from 

aromatic rings from PENP and Fmoc protecting group (6.87-7.78 ppm, 15H), the protons from methoxy 
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group (1.36-1.39 ppm, 3H) and the protons from tert butyl group (1.41-1.35 ppm, 9H). Mass 

spectrometry analysis confirmed the chemical structure of the product with a [M+Na]+ peak at m/z = 

727.40. Deprotection of tert-butyl ester was first carried out in TFA:DCM (1:1) at room temperature 

for 1 h. However, formation of several side products was observed by analytical HPLC and f was 

obtained at very low yield (<10%). Attempts to optimize the reaction by using a lower reaction 

temperature (0oC) improved the yield to 36%, as confirmed by quantitative HPLC (Figure 4.7). 

Importantly, it is presumed that TFA-mediated decomposition during purification may be responsible 

for the low yield since no photolysis byproduct was detected during the course of the reaction. 

Therefore, TFA was removed from HPLC solvent (typically 0.1% TFA is added as eluents) in order to 

minimize the decomposition. After purification, the reaction product was confirmed by mass analysis 

(m/z=649.2 for [M+H]+) and the disappearance of the signals corresponding to the tert-butyl group 

(1.41-1.35 ppm, 9H) in 1H NMR. NMR and mass analysis data for each intermediate are presented in 

Appendix.   

 
Figure 4.6 Synthesis route for Fmoc-Asp(PENP)-OH 

 

Figure 4.7 Synthesis evolution of Fmoc-Asp(PENP)-OH followed by RP-HPLC at different 

temperatures. 
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4.3.2 Stability study of Fmoc-Asp(PENP)-OH  

The stability of f in regular conditions used in solid phase peptide synthesis (SPPS) was tested. In case 

of hydrolytic instability in acidic media, the ester group could be prone to hydrolysis in water media 

to form PENP-OH and Fmoc-Asp-OH, as shown in Figure 4.8. 

 
Figure 4.8 Hydrolysis reaction expected for Fmoc-Asp(PENP)-OH 

Stability tests in mild acidic conditions (TFE/AcOH/DCM 1:3:6) and strong acidic conditions 

(TFA/DCM/TIS 4:1:20) commonly used in SPPS were performed (Figure 4.9). Decomposition of Fmoc-

Asp(PENP)-OH was observed in 4 hours under strong acidic conditions, while no decomposition was 

observed under milder acidic conditions. The stability of the compound under more physiologically 

relevant conditions was then tested. In PBS buffer at pH 7.4, room temperature and in the dark, 90% 

of PENP aspartate decomposed in 72 h, as observed by analytical HPLC (Figure 4.10). The expected 

hydrolysis products, i.e. Asp and PENP-OH, could not be detected by mass spectrometry analysis. 

Therefore, the decomposition mechanism remains unknown at this point. The poor stability of Fmoc-

Asp(PENP)-OH in aqueous environment limits the use of this chromophore for long-term cell studies. 

In comparison, the previously reported c[RGD(PMNB)fC] had shown higher hydrolytic stability: proven 

stable upon incubation in PBS at room temperature for more than one month.12, 15 Despite the 

observed poor hydrolytic stability of Fmoc-Asp(PENP)-OH compound, it was reasoned that its 

incorporation in the derived cRGD peptide could improve such degradability rate (for example, if the 

cyclic peptide structure provides steric shielding thus preventing significant hydrolysis at this position) 

and still remain valuable for cell biology experimentation. This hypothesis was tested in the next 

section.  

 
Figure 4.9 Stability study of Fmoc-Asp(PENP)-OH under acidic conditions of common use in SPPS followed by 

RP-HPLC. 
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Figure 4.10 Stability of Fmoc-Asp(PENP)-OH in PBS buffer at room temperature followed by RP-HPLC.  

 

4.3.3 Synthesis of c[RGD(PENP)fC] via solid phase peptide synthesis 

The cyclic peptide, c[RGD(PENP)fC] (Figure 4.11) was synthesized manually by SPPS following 

established procedures in the group for the preparation of photoactivatable c[RGD(DMNPB)fC] 

peptide via substituting DMNPB-Asp by PENP-Asp.17 The SPPS started from H-Gly-2-Cl-Trt resin and 

the Fmoc-protected amino acids were added sequentially to the resin to build the linear peptide chain 

in the order: Arg(Pbf), Cys(Trt), D-Phe and Asp(PENP). HOBt, HBTU and DIPEA in DMF was used as 

coupling medium. The Fmoc-group was cleaved using 20% piperidine in DMF. PENP-Asp was coupled 

to the GRCf sequence at the last step to prevent decomposition of PENP chromophore decomposition 

reactions during the deprotection/coupling cycles. The success of the coupling reaction was confirmed 

by mass analysis after each coupling step. Taking into account the low stability observed for PENP-Asp 

in the previous section, the GRCfD(PENP) peptide was cleaved from the resin using mild acidic 

conditions, i.e. TFE/AcOH/DCM (1:3:6), to preserve the aspartate ester bond as well as Pbf and Trt 

protecting groups. Mass spectrometry analysis confirmed the chemical structure of the product with 

a [M+H]+ peak at m/z = 1384.5. The cleaved linear peptide was used for the cyclisation step without 

further purification. The cyclisation reaction was performed using DPPA as coupling agent at high 

dilution (0.001 mM) in DMF in order to favor intramolecular vs. intermolecular couplings. The cyclic 

peptide was precipitated from the crude into water and purified by HPLC. The target cyclic peptide 

was confirmed by mass analysis (m/z=1366.2 for [M+H]+) and a peak at retention time 44 min in the 

analytical HPLC chromatogram (Appendix). Cleavage of the –Trt and –Pbf protecting groups was first 

performed at acidic conditions using TFA/DCM/TIS (95/2.5/2.5) at room temperature. However, 

hydrolysis of the PENP was observed in parallel. Deprotection was also tested under milder acidic 

conditions (TFA/DCM/TIS 4/20/1, 0oC, 3.5-5 h). The deprotected peptide c[RGD(PENP)fC] was 

identified by mass analysis (m/z=890.2 for [M+NH4]+) and an HPLC peak at retention time 25 min 

(Appendix). However, c[RGD(PENP)fC] was obtained only at yield of 10% after optimization of the 
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deprotection conditions (~1.3 mg). The intercalation of alkyne spacer in PMNB system seems to lead 

to a decreased stability of the ester group, even when the -OMe group is used as substituent in the 

para-position. Note that c[RGD(DMNPB)fC] and c[RGD(PMNB)fC), which also contain a protected ester 

group, have been obtained in 36.5% and 54% yield.12, 17 

 
Figure 4.11 Synthesis route of c[RGD(PENP)fC] by SPPS. 

 

In order to have enough amount of target compound for physicochemical characterization and 

subsequent use in cell biology expoeriments, a last attempt to obtain the PENP derivatized RGD in 

higher yield was made. In this case, we attempted the synthesis of the peptide c[RGD(PENP)fK-N3] in 

one step by direct reaction of commercial c[RGDfK-N3] with PENP-OH (Figure 4.12). This one-step route 

was expected to provide an alternative pathway to the synthesis of photoactivatable c[RGD(PENP)fK-

N3] through lower synthetic effort while avoiding the last acidic deprotection step needed in the 

previous synthetic design. Moreover, the target compound was designed to present a lateral -N3 group, 
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to allow covalent coupling to DBCO-funtionalized hydrogel precursros via Strain-promoted azide-

alkyne cycloaddition (SPAAC). The synthesis of c[RGD(PENP)fK-N3] was performed under Steglich 

esterification conditions using DMAP and DCC to mediate ester coupling. After HPLC purification, the 

targeted peptide was obtained in ~30% yield and identified by mass spectrometry analysis ([M+H]+ 

peak at m/z = 923.20) and a HPLC peak at retention time 33 min (Appendix). This result is an 

improvement vs. the previous synthetic approach, which had only afforded 10% of pure compound 

(<1 mg). 

 
Figure 4.12 Synthesis route of c[RGD(PENP)fK-N3] 

 

4.4 Photochemical properties of Fmoc-Asp(PENP)-OH in solution 

Figure 4.13B shows the UV/Vis spectrum of Fmoc-Asp(PENP)-OH, with an absorption maximum at 390 

nm that tails up to 550 nm (π→π*). Compared to c[RGD(PMNB)fC] (λmax = 317 nm),12 the extension of 

the conjugated system leads to a 80 nm red-shift of λmax. This is an advantageous property for the use 

of this system in experiments with living cells, since visible light can be employed for the 

photoactivation reaction. 

The photolysis of 2-nitro-2-phenethyl esters is described in the literature to follow a β-elimination 

pathway, signed by the release of a COOH group and formation of a 4-((4-methoxyphenyl)ethynyl)-1-

nitro-2-(prop-1-en-2-yl)benzene as photo by-product (Figure 4.13A).13, 15 The photolysis of Fmoc-

Asp(PENP)-OH was expected to follow the same pathway. To test this hypothesis, photolysis studies 

were performed by UV/Vis spectroscopy and mass spec analysis of 0.2 mM Fmoc-Asp(PENP)-OH 

solutions in H2O /DMSO (4:1) after irradiation at 420 nm at increasing exposure times. Upon irradiation, 

the intensity of the band at 390 nm decreased and a new peak with increasing intensity appeared at 

450 nm. No clear isosbestic points were observed, suggesting that the photolysis reaction does not 

occur through a single pathway and side reactions might happen in parallel. ESI-MS analysis (Figure 

4.13C) of the irradiated solution at 3 min corroborated the expected photolysis products: 4-((4-

methoxyphenyl)ethynyl)-1-nitro-2-(prop-1-en-2-yl) benzene (m/z = 294.0 for [M+H]+) and Fmoc-Asp-

OH (m/z = 378.2 for [M+Na]+).  

The photolysis reaction was also monitored by analytical HPLC. The consumption of Fmoc-Asp(PENP)-

OH during irradiation was quantified (Figure 4.13D). Before irradiation, Fmoc-Asp(PENP)-OH appeared 

at a retention time of 34 min at 360 nm channel while Fmoc-Asp appeared at 5 min in the 210 nm 

channel. After illumination, the Fmoc-Asp(PENP)-OH signal at 34 min decreased in intensity, and a 
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major signal appeared at 31 min corresponding to 4-((4-methoxyphenyl)ethynyl)-1-nitro-2-(prop-1-

en-2-yl)benzene and a number of other signals appeared at other retention times. These could be 

reaction side products. Fmoc-Asp(PENP)-OH was consumed 95% upon 1 min of irradiation and full 

consumption was observed after 3 min of exposure. The Fmoc-Asp peak at 5 min in the 210 nm 

channel was observed after 3 minutes exposure. These results indicate the high photo-efficiency of 

(o-nitrobiphenylacetylene)propyl systems.  

 

Figure 4.13 (A) Photochemical reaction expected for Fmoc-Asp(PENP)-OH in solution. (B) UV/Vis spectra 

evolution of Fmoc-Asp(PENP)-OH solution during photolysis (0.2 mM, H2O/DMSO (4:1)). Conditions: Irradiation 

wavelength = 420 nm, irradiance = 1.2 mW cm-2. (C) ESI-MS analysis of photolyzed solution. (D) Analytical HPLC 

profile of Fmoc-Asp(PENP)-OH aliquots before and after irradiation, λ detection =210 nm and 360 nm. Method: 50B-

95B, 40 min. 
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4.5 Photochemical properties of c[RGD(PENP)fK-N3] in solution 

The expected photolysis reaction of c[RGD(PENP)fK-N3] is shown in Figure 4.14A. c[RGDfK-N3] and 4-

((4-methoxyphenyl)ethynyl)-1-nitro-2-(prop-1-en-2-yl) benzene are the expected photolysis products. 

The UV/Vis spectrum of c[RGD(PENP)fK-N3] showed an absorption maximum at 400 nm (Figure 4.14B), 

which decreased in intensity when irradiated at 420 nm while a new band appeared at ~450 nm. No 

clear isosbestic points were observed, suggesting that the photolysis reaction occurs through multiple 

pathways, as observed for Fmoc-PENP. ESI-MS analysis (Figure 4.14C) of the irradiated solution at 1 

min corroborated the expected photolysis products: 4-((4-methoxyphenyl)ethynyl) -1-nitro-2- (prop-

1-en-2-yl) benzene (m/z = 294.0 for [M+H]+) and cRGDfK-N3 (m/z = 630.4 for [M+H]+).  

HPLC analysis of the irradiated samples showed the peak corresponding to c[RGD(PENP)fK-N3] at 

retention time 33 min (254 and 360 nm channel) and c[RGDfK-N3] at 31 min (254 nm channel) (Figure 

4.14D). Upon illumination, the intensity of the signal at 33 min decreased while a major signal with 

increasing intensity appeared at 31 nm. c[RGD(PENP)fK-N3] was consumed in 95% in 1 min of 

irradiation and full consumption of was observed after 5 min exposure. Compared to the photolysis 

reaction of Fmoc-Asp(PENP), the photolysis process of c[RGD(PENP)fK-N3] seems cleaner (i.e., fewer 

peaks of byproducts observed in the chromatogram profile). One possible explanation for this result 

is the absence of a free -COOH group in the cyclic peptide. 

To conclude, the bridging alkyne spacer has a beneficial effect of bathochromic shift (~ 80 nm) into 

400 nm. An irradiation dose of 0.216 J cm-2 and 0.36 J cm-2 were required for Fmoc-Asp(PENP)-OH and 

c[RGD(PENP)fK-N3] at 420 nm at irradiance of 1.2 mW cm-2, while a doses of 6.48 J cm-2 and 2.16 J cm-

2 were needed for c[RGD(DMNPB)fC] and c[RGD(PMNB)fC] at 365 nm at irradiance of 1.2 mW cm-2. 

These results indicate a higher photo-efficiency of PENP caged compounds compared with reported 

DMNPB- and PMNB-caged compounds under 1P excitation. The bathochromic shift at ~ 400 nm (2P 

activation at ~800 nm) enabled the utilization of cytocompatibility doses with reduced phototoxic and 

less tissue scattering effect.18  
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Figure 4.14 (A) Photochemical reaction expected for c[RGD(PENP)fK-N3] in solution. (B) UV/Vis spectral 

evolution of c[RGD(PENP)fK-N3] during photolysis (0.2 mM solution, H2O). Conditions: Irradiation wavelength = 

420 nm, irradiance = 1.2 mW cm-2. (C) ESI-MS analysis of photolyzed solution. (D) Analytical HPLC profile of 

c[RGD(PENP)fK-N3] before and after irradiation, λ detection =254 nm and 360 nm. Method: 5B-95B, 40 min. 
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4.6 Discussion 

The 2P sensitive chromophore (PENP) with an intercalated alkyne spacer in the biphenyl system and 

with a methoxy group in para-position was synthesized at reasonable scale ~200 mg. The PENP-OH 

derivative was synthesized in 6 steps with an overall yield of 18%. PENP Asp was successfully 

synthesized in 2 steps with a rather low overall yield of 21%. The stability of Fmoc-Asp(PENP)-OH was 

investigated under the conditions used in SPPS. Fmoc-Asp(PENP)-OH showed low stability under 

strong acidic conditions. Meanwhile, Fmoc-Asp(PENP)-OH decomposed in neutral PBS buffer in 3 days. 

Compared with the reported PMNB groups from our previous studies,10 the lower stability of PENP 

chromophore might be due to the intercalated alkyne spacer which is an unsaturated triple bond and 

can go through a variety of addition reactions, e.g. hydrogenation and halogen addition. 

c[RGD(PENP)fC] was successfully synthesized manually by solid phase peptide synthesis (SPPS) with a 

very low overall yield due to the low stability of PENP under strong acidic conditions. Optimization of 

conditions for the deprotection of protecting groups was carried out by altering the ratio of acid, 

reaction temperature and reaction time. The best condition found was TFA/DCM/TIS (4:20:1) at 0oC 

for 3.5-5 h to afford a yield ~10%. To avoid decomposition under strong acidic conditions of PENP 

aspartate, c[RGD(PENP)fK-N3] was successfully synthesized via a one-step route with an improved 

yield~30%.  

Also, other highly conjugated chromophores, e.g. coumarin19, 20 quinoline21, 22 and BODIPY 

derivatives23 can be structural alternatives to PENP to improve stability and retain high two-photon 

absorption cross-section. Although the low hydrolytic stability of PENP limits the application of long-

term cell studies, it would be useful for those applications that need simultaneous release or 

sequential hydrolysis. Such applications go beyond the scope of this work.  
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Conclusions & Outlook  
 
In this PhD thesis, 2P-degradable hydrogels were developed, applied for cell encapsulation and tested 

for light-guided 3D cell migration. The hydrogels were obtained by the thiol-MS coupling reaction of 

PMNB-based 2P-activable crosslinkers and star PEGs in buffer at physiological pH. The gelation 

conditions are compatible with the in situ encapsulation of living cells. Crosslinkers with different 

photolabile groups and length of hydrophilic spacers were developed to improve the hydrolytic 

stability and water solubility of the system. The resulting hydrogels efficiently degraded upon 2P 

exposure. The opened space within the gel triggered migration of cells towards the light exposed sites. 

This work contributes to the field of photodegradable hydrogels with an in-depth study of structure–

property relationship. The developed hydrogels showed improved stability and 2P cleavage efficiency 

in comparison to previously reported materials, which highlights the possibilities for spatial-temporal 

controlled photodegradation in 3D cellular applications to study cellular behaviour.  

Additionally, a 2P-activable RGD peptidomimetics was synthesized. A π-extended chromophore was 

attached to the Asp rest to temporally block the bioactivity site and enabled further 2P light activation. 

However, the low stability of obtained photoactivatable peptide limits the further long-term cellular 

applications.  

The following are the major conclusions of this work:  

1. 2P-cleavable crosslinkers based on bifunctional-PMNB chromophores with ester and 

carbamate labile groups and terminated with -SH, -Tz-MS and -Ox-MS groups can be 

synthesized in reasonable yields to be used as model hydrogel matrices for in vitro cell studies. 

The incorporation of the PMNB group and the arylmethyl end-groups reduces the water 

solubility of the crosslinkers, which was improved in this Thesis by further increasing the 

length of the hydrophilic PEG spacer. The linkage of the photolabile group to the PEG chain 

influences the hydrolytic stability of the network, and a change of an ester by a carbamate 

was needed to enable longer term cell culture experiments. As demonstrated in Chapter 2, 

the new PMNB-based crosslinker proved to be advantageous vs. the previously reported oNB 

analogue in terms of photoefficiency upon light exposure at 365 nm and 420 nm in solution.  

 

2. The reactivity of the crosslinking groups (reaction yield and kinetics) profoundly affects the 

suitability of a hydrogel system for cell encapsulation. In this work, the thiol-MS system was 

successfully used for this purpose, and new macromers terminated in the Ox group were 

developed and crosslinked with thiolated macromers within minutes time scale. PMNB(C-EGn-

Ox-MS)2 crosslinker proved to be the best choice to prepare hydrogels with high hydrolytic 

stability and highly efficient and chemoselective photocleavage. Preliminary cell studies 

revealed the potential of these hydrogels as 3D scaffold to light-guide cell migration in a 

spatial temporal manner, and open the door to more complex biological studies in the future.  
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3. As shown in Chapter 4, extending the length of the π-conjugated unit in a PMNB-based 

chromophore is beneficial from the point view of 2P-photoefficiency. However, this advantage 

could not be exploited for the synthesis of 2P-photoactivatable peptides in the expected 

extent due to the chemical lability of this group and its incompatibility with reaction 

conditions used for SPPS. The relationship between structure to properties needs to be 

reconsidered for next-generation designs of advanced peptidomimetics and derived 

triggerable materials.  

In the following, a reflection on the encountered limitations in this doctoral work and an outlook on 

future developments in this field are provided.  

1. The chemical approach of this Thesis is demonstrated as a powerful method to engineer 

hydrogel formation and degradation. The crosslinkers can be synthesized in 50-100 mg scale 

which is enough to support many rounds of preliminary cell migration experiments replication 

but the synthesized approach (e.g. the Suzuki coupling and the coupling conditions for 

aromatic amine and carboxylic acid), should be implemented for a bigger-scale manufacturing 

of crosslinkers for further applications.  

 

2. Although PMNB group exhibits a high 2P efficiency, the nitrostyrene photolysis byproduct is a 

strong active species, which was found to be involved in many side reactions during light 

exposure, thus leading to lower control of material response upon illumination. Therefore, the 

selection and utilization of other highly efficient chromophores, with "cleaner" photolysis 

mechanisms, could be an alternative for future research towards engineering 

photoresponsive hydrogels. For example, BODIPY-based chromophores could be investigated 

using a similar approach, and compared to the results found here for PMNB groups. 

Additionally, it was encountered that the somewhat rigid biphenyl structure of PMNB moiety 

limits the mobility of PEG spacer, which might lead to a lower crosslinking conversion and thus 

to materials with lower mechanical strength than anticipated. Further studies should be 

conducted to investigate the effect of hindered mobility of PMNB-containing spacers on the 

crosslinking conversion, and how can this be optimized, e.g., by incorporating diverse flanking 

spacers (such as PEGs of different length).  

 

3. Although thiol-MS coupling chemistry and SPAAC chemistry were proved as great chemical 

approaches for hydrogel formation (i.e., crosslinking), the selection of -MS (e.g. -Tz-MS, -Ox-

MS) and cycloalkyne reactive groups should be carefully considered to avoid further side 

reactions at subsequent time points of the biomaterial. For example, the use of -Tz-MS 

reactive group towards thiols via thiol-MS coupling chemistry proved excellent for the 

crosslinking step, but afterward proved non-optimal during the light exposure step, because 

side reactions involving the thioether-Tz with photoproducts of PMNB, unexpectedly lead to 

hydrogel stiffening instead of softening. It is hypothesized that -Tz-MS is not chemically 

orthogonal to the photoproduct of PMNB upon light exposure. Future research should be 
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performed to identify appropriate crosslinking chemistries that are also orthogonal to other 

relevant chromophores during light exposure, to anticipate possible crosstalk. This will enable 

higher control over engineered hydrogel properties.  

 

4. Preliminary cell migration experiments indicated that PEG-SOx-C-PMNB hydrogel is a good 

candidate to enable 4D manipulation of synthetic cellular microenvironments with high spatial 

resolution (at least within the first 3 days of culture), however the platform has not been fully 

exploited yet. Future research should be performed to optimize the photoactivation 

conditions and culture parameters for better understanding the system in more detail. For 

example, optimization of the concentration of cell-adhesive cue RGD for triggering the 

migration of HUVECs is needed; as well as to solve the problem of low cell viability found after 

3 days culture. Additionally, co-culturing HUVECs with other cell type such as human dermal 

fibroblasts (HDF) could help to stabilize HUVECs, leading in the future to a more reliable 

platform to investigate the angiogenesis process. Finally, the knowledge gained for 

HUVECs/angiogenesis study could be applied to investigate other cell biology questions. In 

this regard, this platform offers the possibility of studying other cellular behaviours like cell 

differentiation.  
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Appendix 

Appendix Section 

Materials and instrumentation Section 5.1 

Chapter 2 Section 5.2 

Chapter 3 Section 5.3 

Chapter 4 Section 5.4 

 

5.1 Materials and instrumentation 

Most of chemicals were purchased from Sigma Aldrich Chemie GmbH (Steinheim, Germany) or Alfa 

Aesar (Kandel, Germany). Alexa Fluor 555 C2 maleimide was obtained from ThermoFisher (Dreieich, 

Germany). SH-PEGn-SH (3 kDa) was purchased from Iris Biotech GmbH (Marktredwitz, Germany). NH2-

PEGn-NHBoc (n=9, 15 or 23) were purchased from BroadPharm (San Diego, USA). Star PEG-COONHS 

(20 kDa), star PEG-COOH (20 kDa), star PEG-SH (20kDa) and star PEG-NH2 (20 kDa) were purchased 

from JenKem Technology USA Inc. (Plano, USA). 

Buffer solutions were freshly prepared. 20 mM HEPES buffers (pH 7.5 and pH 8) and phosphate-buffer 

saline buffer (PBS) (pH 7.4) were used, unless otherwise stated.  

Microwave reactions were performed on an Anton Paar Multiwave PRO. Thin layer chromatography 

(TLC) plates (ALUGRAM® SIL G/UV254) and silica gel for column chromatography (60 Å pore size, 63-

200 μm particle size) were obtained from Macherey-Nagel (Düren, Germany). TLC plates were 

observed under 254 or 365 nm light. HPLC analysis and purification of the compounds were performed 

with a HPLC JASCO 4000 (Japan) equipped with diode array, UV-Vis detector and fraction collector. 

Reprosil C18 columns were used for semi-preparative (250 × 25 mm) and analytical (250 × 25 mm) 

runs. Solvent gradients using a combination of the following eluents were used: solvent A (MilliQ 

water + 0.1% TFA) and solvent B (95% ACN/5% MilliQ water + 0.1% TFA), typically over 40 or 45 min 

duration. 

Solution 1H-NMR and 13C-NMR spectra were recorded using a Brucker Advance 300 MHz or a Brucker 

Advance III UltraShield 500 MHz at 25oC. Chemical shifts are reported in parts per million (ppm) using 

the residual non-deuterated signal of CD2Cl2 (δH = 5.32 ppm), CDCl3 (δH = 7.26 ppm) or acetone-d6 (δH 

= 2.05 ppm) as internal reference. The following abbreviations are used: s: singlet, d: doublet, dd: 

doublet of doublets, t: triplet, m: multiplet. Data was processed and analyzed using the software 

MestReNova. 

Electrospray ionization mass spectrometry (ESI-MS) was recorded using an Agilent Technologies 1260 

Infinity Liquid Chromatography/Mass Selective Detector (LC/MSD) (Agilent Technologies, DE). 

Quadrupole Time-of-Flight (Q-TOF) was recorded using electrospray ionization with a 6545 Accurate-

Mass Quadrupole Time-of-Flight (LC/Q-TOF-MS) (Agilent Technologies, DE). UV/Vis spectra were 

acquired in a Varian Cary 4000 UV/Vis spectrometer (Varian Inc. Palo Alto, USA).  
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Photolysis experiments in solution were performed at 365 nm or 420 nm with a LUMOS 43 lamp (100 

W, 1.2 mW cm-2) (Atlas Photonics, Switzerland).  

5.2 Chapter 2 

5.2.1 Synthesis of PMNB ester crosslinkers 

 

Compounds 1-5 were synthesized according to previously reported protocols,1 with some modifications applied, 

as detailed in following sections. 

(1) Tert-butyl 2-(5-bromo-2-nitrophenyl)acetate  

1-Bromo-4-nitrobenzene (1 eq., 4.95 mmol, 1 g) and tert-butyl chloroacetate (1.5 eq., 7.43 mmol, 1.12 

g) were dissolved in dry DMF (15 mL) under argon. Then the mixture was slowly added to a stirred 

solution of t-BuOK (6 eq., 29.7 mmol, 3.33 g) in dry DMF (15 mL) and purged with argon. The reaction 

was stirred for 2 h at room temperature, then 5% HCl solution (15 mL) was added dropwise at 0oC. 

The reaction mixture was extracted with ethyl acetate (2×100 mL) and washed with brine. The organic 

layer was dried over Na2SO4, evaporated under vacuum and the crude product was purified by silica 

gel column chromatography (10 % ethyl acetate/n-hexane) to obtain a pale yellow solid (1.1 g, 70 % 

yield). The spectroscopic characterization data matched the values reported on the literature. 

1H-NMR (300 MHz, CDCl3, δ [ppm]) = 7.99 (d, 1H, -CH Ar); 7.59 (dd, 1H, -CH Ar); 7.49 (d, 1H, -CH Ar); 

3.91 (s, 2H, -CH2); 1.44 (s, 9H, -C(CH3)3 ). 

13C-NMR (75 MHz, CDCl3, δ [ppm]) = 168.60; 147.85; 136.29; 132.50; 131.65; 128.32; 126.79; 82.35; 

40.94; 28.09. 

(2) Tert-butyl 2-(5-bromo-2-nitrophenyl)propanoate 

Tert-butyl 2-(5-bromo-2-nitrophenyl)acetate (1) (1 eq., 3.17 mmol, 1 g) was dissolved in dry THF (15 

mL) at 0oC and purged with nitrogen for 5 min. In the following order, MeI (9.5 eq., 30 mmol, 2 mL) 

and NaH (60% in suspension in oil, 3.2 eq., 10 mmol, 400 mg) were slowly added to the above solution 

at 0oC. The reaction was stirred at room temperature for 30 min and quenched with water. The 

reaction mixture was extracted with ethyl acetate (2 × 80 mL) and washed with brine. The organic 

layer was dried over MgSO4, evaporated and the crude product was purified by silica gel column 
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chromatography (5% ethyl acetate/n-Hexane) to obtain a pale yellow solid (0.9 g, 86% yield). The 

spectroscopic characterization data matched the values reported on the literature. 

1H-NMR (300 MHz, CDCl3, δ [ppm]) = 7.84 (d, 1H, -CH Ar); 7.63 (d, 1H, -CH Ar); 7.56 (dd, 1H, -CH Ar); 

4.23 (m, 1H, -CH); 1.59 (d, 3H, -CH3); 1.40 (s, 9H, -C(CH3)3 ). 

13C-NMR (75 MHz, CDCl3, δ [ppm]) = 171.80; 148.00; 137.8; 132.95; 131.11; 128.12; 126.45; 81.98; 

42.38; 27.96. 

(3) Tert-butyl 2-(4'-hydroxy-4-nitro-[1,1'-biphenyl]-3-yl)propanoate 

Tert-butyl-2-(5-bromo-2-nitrohpenyl)propanoate (2) (1 eq., 1.21 mmol, 0.4 g), 4-hydroxyphenyl 

boronic acid (1.5 eq., 1.81 mmol, 0.25 g), K2CO3 (2.5 eq., 3.03 mmol, 0.42 g), Bu4NBr (1 eq., 1.21 mmol, 

0.39 g), and Pd(OAc)2 (1 mol-% catalyst) were dissolved in 15 mL (2:1) mixture of ethanol/H2O and 

purged with nitrogen for 10 min. The reaction mixture was heated under microwave conditions at 120 
oC for 10 min. Water (100 mL) was added and the reaction mixture was extracted with ethyl acetate 

(2 x 100 mL). The combined organic phase was washed with brine; dried over Na2SO4; evaporated and 

the crude product was purified by silica gel column chromatography (20% ethyl acetate/n-hexane) to 

obtain the title compound (0.28 g, 50% yield). The spectroscopic characterization data matched the 

values reported on the literature. 

ESI-MS+: 366.2 (M+Na), 709.2 (2M+Na). 

1H-NMR (300 MHz, CDCl3, δ [ppm]) = 8.00-8.03 (d, 1H, -CH Ar); 7.60 (d, 1H, -CH Ar); 7.52-7.55 (dd, 1H, 

-CH Ar ); 7.47-7.50 (d, 2H, -CH Ar); 6.91-6.94 (d, 2H, -CH Ar); 4.28-4.35 (m, 1H, -CH); 1.61-1.63 (d, 3H, 

-CH3); 1.41 (s, 9H, -C(CH3)3). 

13C-NMR (75 MHz, CDCl3, δ [ppm]) = 172.89; 156.66; 145.94; 136.49; 131.41; 128.90; 128.86; 127.72; 

125.82; 125.75; 116.15; 81.76; 42.77; 28.04; 17.72. 

(4) Tert-butyl 2-(4'-(2-(tert-butoxy)-2-oxoethoxy)-4-nitro-[1,1'-biphenyl]-3-yl) propanoate 

Tert-butyl 2-(4'-hydroxy-4-nitro-[1,1'-biphenyl]-3-yl)propanoate (c) (1 eq., 0.58 mmol, 0.2 g), tert-

butyl bromoacetate (2 eq., 1.16 mmol, 0.23 g), potassium carbonate (2 eq., 1.16 mmol, 0.16 g) and 

potassium iodide (0.1 eq., 0.058 mmol, 9.6 mg) were dissolved in 8 mL acetone under nitrogen 

atmosphere. The mixture was heated at reflux overnight under inert atmosphere, then poured into 

20 mL water, and extracted with ethyl acetate (2 x 20 mL). The combined organic phase was washed 

with brine; dried over Na2SO4; evaporated and the crude product was purified by silica gel column 

chromatography (20% ethyl acetate/n-hexane) to obtain a pale yellow oil (0.15 g, 58% yield). The 

spectroscopic characterization data matched the values reported on the literature. 

ESI-MS+: 480.2 (M+Na), 937.4 (2M+Na). 

1H-NMR  (300 MHz, CDCl3, δ [ppm]) = 7.99-8.02 (d, 1H, -CH Ar); 7.61 (d, 1H, -CH Ar); 7.53-7.55 (m, 3H, 

-CH Ar ); 6.98-7.01 (d, 2H, -CH Ar); 4.57 (s, 2H, -CH2); 4.27-4.34 (m, 1H, -CH);  1.60-1.62 (d, 3H, -CH3); 

1.50 (s, 9H, -C(CH3)3); 1.40 (s, 9H, -C(CH3)3). 

13C-NMR (75 MHz, CDCl3, δ [ppm]) = 172.47; 167.84;158.71; 147.48; 145.72; 136.60; 132.15; 128.68; 

127.81; 125.78; 125.75; 115.28; 82.75; 81.51; 65.78; 42.68; 28.19; 28.00; 17.76. 
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(5) 2-(4'-(2-hydroxyethoxy)-4-nitro-[1,1'-biphenyl]-3-yl)propan-1-ol 

Tert-butyl 2-(4'-(2-(tert-butoxy)-2-oxoethoxy)-4-nitro-[1,1'-biphenyl]-3-yl)propanoate (d) (1 eq., 0.63 

mmol, 0.2 g) was dissolved in 20 mL anhydrous THF at 0oC, and 2 mL of LiAlH4 (1 M in THF) was carefully 

added dropwise to the solution with syringe under nitrogen atmosphere and the suspension was 

stirred for 30 min at 0oC. The reaction was quenched with water; dried over Na2SO4, filtered, 

evaporated, and purified by preparative HPLC (method: 30 B to 95 B, 360 nm, r.t.= 18 min) to obtain 

a pale yellow powder (156 mg , 75% yield) after freeze-drying. The spectroscopic characterization data 

matched the values reported on the literature. 

ESI-MS+: 318.2 (M+H). 

1H-NMR (300 MHz, CDCl3, δ [ppm]) = 7.85-7.88 (d, 1H, -CH Ar); 7.62 (d, 1H, -CH Ar); 7.49-7.56 (m, 3H, 

-CH Ar ); 7.02-7.05 (d, 2H, -CH Ar); 4.14-4.15 (m, 2H, -CH2O-); 3.99-4.02 (m, 2H, -CH2); 3.84-3.87 (m, 

2H, -CH2); 3.63-3.70 (m, 1H, -CH); 1.37-1.40 (d, 3H, -CH3). 

13C-NMR (75 MHz, CDCl3, δ [ppm]) = 159.42; 149.12;145.49; 139.13; 132.10; 128.76; 126.44; 125.42; 

125.23; 115.29; 69.50; 68.15; 61.58; 36.59; 17.76. 

 

(6) PMNB(E-PEGn-SH)2  

2-(4'-(2-hydroxyethoxy)-4-nitro-[1,1'-biphenyl]-3-yl)propan-1-ol (5) (1 eq., 0.032 mmol, 10 mg), 1 kDa 

COOH-PEGn-SH (20 eq., 0.63 mmol, 0.63 g), p-TsOH (0.2 eq., 6 μmol, 1.2 mg), and DTT (0.5 eq., 16 

μmol, 2.5 mg) were dissolved in 2.5 mL toluene under nitrogen stream. The mixture was heated at 

80oC overnight under inert atmosphere. Toluene was removed under reduced pressure. The crude 

product was purified by prep HPLC (method: 20 B to 95 B, 360 nm, r.t.= 25 min) to obtain a pale yellow 

powder (57 mg, 70% yield) after freeze-drying. 

ESI-MS+: 662.4 (M+4NH4)4, 877.2 (M+3NH4)3, 1307.2 (M+2NH4)2. 

1H-NMR (300 MHz, CD2Cl2, δ [ppm]) = 7.84-7.86 (d, 1H, -CH Ar); 7.63 (d, 1H, -CH Ar); 7.56-7.59 (m, 3H, 

-CH Ar); 7.01-7.04 (d, 2 H, -CH Ar); 4.50-4.53 (t, 2H, -CH2); 4.31-4.36 (m, 2H, -CH2);4.23-4.27 (m, 2H, -

CH2); 4.18 (s, 2H,-CH2CO); 4.05 (s, 2H, -CH2CO); 3.58-3.68 (m, 193H, PEG chain and -CH); 2.68 (m, 4H,-

CH2S ); 1.61 (t, 2H, -SH); 1.42 (d, 3H, -CH3). 
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13C-NMR (75 MHz, CD2Cl2, δ [ppm]) = 170.70; 159.67; 159.07;158.53; 149.24; 145.75; 138.38;132.25; 

129.10; 126.73; 126.03; 125.56; 121.27; 117.47; 115.62; 113.68; 109.89; 73.34; 71.36; 70.67; 68.93; 

66.56; 63.39; 61.68; 33.77; 30.22; 24.73; 18.12. 
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(7) PMNB(E-EG12-N3)2 

2-(4'-(2-hydroxyethoxy)-4-nitro-[1,1'-biphenyl]-3-yl)propan-1-ol (5) (1 eq., 0.032 mmol, 10 mg) was 

dissolved in 4 mL dry DCM under nitrogen atmosphere, and the following reagents were added in the 

specific order: COOH-PEG12-N3 (3 eq., 0.096 mmol, 61.8 mg), DCC (6 eq., 0.19 mmol, 39.6 mg) and 

DMAP (0.32 eq., 0.01 mmol, 1.25 mg). The mixture was stirred overnight under nitrogen atmosphere 

at room temperature. DCM was removed under nitrogen flow. The crude product was purified by prep 

HPLC (20 B to 95 B, 360 nm, rt = 29 min) to obtain a pale yellow oil (35 mg, 71% yield) after freeze-

drying. 

ESI-MS+: 802.0 (M+2NH4)2, 1585.8 (M+NH4). 

1H-NMR (500 MHz, CD2Cl2, δ [ppm]) = 7.84-7.86 (d, 1H, -CH Ar); 7.64 (d, 1H, -CH Ar); 7.57-7.59 (d, 2H, 

-CH Ar); 7.54-7.56 (d, 1H, -CH Ar); 7.02-7.04 (d, 2H, -CH Ar); 4.46 (m, 2H, -CH2O); 4.28 (m, 2H, -CH2O); 

4.24 (t, 2H, -CH2O); 3.50-3.66 (m, 97H, PEG chain and -CH); 3.37 (t, 4H, -CH2CO); 2.63 (t, 2H, -CH2N3); 

2.51 (t, 2H, -CH2N3); 1.39-1.41 (d, 3H, -CH3). 

13C-NMR (125 MHz, CD2Cl2, δ [ppm]) = 171.91; 171.69; 159.75; 149.24; 145.71; 138.65; 132.22; 129.09; 

126.76; 125.92; 125.52; 115.63; 71.78; 71.12; 71.08; 71.00; 70.98; 70.90; 70.85; 70.82; 70.40; 68.75; 

66.96; 66.91; 66.69; 63.22; 51.33; 35.50; 35.48; 33.79; 33.76; 30.22; 26.49; 25.50; 18.16. 
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(8) PMNB(E-EG13-Ox-MS)2 

2-(4'-(2-hydroxyethoxy)-4-nitro-[1,1'-biphenyl]-3-yl)propan-1-ol (5) (1 eq., 0.032 mmol, 10 mg) was 

dissolved in 4 mL dry DCM under nitrogen atmosphere, and the following reagents were added in the 

specific order: COOH-EG13-Ox-MS (11) (3 eq., 0.096 mmol, 93 mg), DCC (6 eq., 0.19 mmol, 39.6 mg) 

and DMAP (0.32 eq., 0.01 mmol, 1.25 mg). The mixture was stirred overnight under nitrogen 

atmosphere at room temperature. DCM was removed under nitrogen flow. The crude product was 

purified by prep HPLC (20 B to 95 B, 360 nm, rt = 27 min) to obtain a pale yellow oil (14 mg, 20% yield) 

after freeze-drying. 

ESI-MS+: 1127.5 (M+2NH4)2. 

 

Compounds 9-10 were synthesized according to previously reported protocols,2 as detailed in 

following sections. 
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(9) Tert-butyl (2-((4-(5-(methylsulfonyl)-1,3,4-oxadiazol-2-yl)phenyl)amino)-2-oxoethyl) carbamate 

Boc-Gly-OH (1 eq., 16.7 mmol, 2.93 g) was dissolved in 50 mL dry THF/DMF (1:1) at 0 °C and purged 

with nitrogen for 5 min, and isobutyl chloroformate (1.25 eq., 22 mmol, 2.74 mL) was added to the 

solution. After 5 min of stirring, NMM (2.5 eq., 41.7 mmol, 4.6 mL) was added dropwise. The 

suspension was stirred for 30 minutes. A solution of 4-(5-(methylsulfonyl)-1,3,4-oxadiazol-2-yl)aniline 

(0.25 eq., 4.2 mmol, 1 g) in 13 mL dry THF/DMF (1:1) was added dropwise to the mixture and stirred 

for additional 2 h at 0 °C, then overnight at room temperature. Saturated NaHCO3 (100 mL) was added 

and the reaction mixture was extracted with ethyl acetate (2 x 100 mL). The combined organic phase 

was washed with brine; dried over Na2SO4; evaporated and the crude product was purified by silica 

gel column chromatography (50% ethyl acetate/n-hexane) to obtain final product (4.83 g, 73% yield). 

The spectroscopic characterization data matched the values reported on the literature. 

ESI-MS+: 419.0 (M+Na); 815.2 (2M+Na)2. 

1H-NMR (300 MHz, CD2Cl2, δ [ppm]): 9.62 (s, 1H, -NH amide); 8.10 (pseudo-d, 2H, -CH Ar); 7.92 

(pseudo-d, 2H, -CH Ar); 6.32 (t, 1H, -NH amide); 3.95 (d, 2H, -CH2); 3.63 (s, 3H, -SO2Me); 1.43 (s, 9H, -

C(CH3)3). 

13C-NMR (75 MHz, CD2Cl2, δ [ppm]) = 169.58; 166.93; 163.08; 156.98; 144.12; 129.35; 120.21; 117.99; 

79.45; 45.31; 43.48; 28.53. 

(10) 1.2.9 2-amino-N-(4-(5-(methylsulfonyl)-1,3,4-oxadiazol-2-yl)phenyl)acetamide  

Tert-butyl (2-((4-(5-(methylsulfonyl)-1,3,4-oxadiazol-2-yl)phenyl)amino)-2-oxoethyl) carbamate (9) 

(300 mg) was dissolved in 4 mL TFA/dry DCM (1:1) at 0 oC under nitrogen atmosphere, then stirred at 

room temperature for 30 min. The reaction was followed by TLC (EtOAc) every 10 min. TFA and DCM 

were removed by nitrogen flow. The crude was purified with preparative HPLC (5B to 95B, 280 nm, rt 

= 18 min) to obtain a white solid (150 mg, 67% yield). The product was immediately coupled to the 

COOH-PEGn-NHS polymer. The spectroscopic characterization data matched the values reported on 

the literature. 

ESI-MS+: 297.1 (M+H), 593.2 (2M+H), 615.2 (2M+Na). 

1H-NMR (300 MHz, CD2Cl2, δ [ppm]) = 8.11 (d, 2H, -CH Ar); 7.93 (d, 2H, -CH Ar); 4.90 (s, 2H, -CH2); 3.64 

(s, 3H, -SO2Me). 

13C-NMR (75 MHz, CD2Cl2, δ [ppm]) = 166.86; 164.24; 163.15; 143.77; 129.31; 120.48; 118.48; 51.16; 

43.52. 

(11) COOH-EG13-Ox-MS 

2-amino-N-(4-(5-(methylsulfonyl)-1,3,4-oxadiazol-2-yl)phenyl)acetamide (2) (3 eq., 0.5 mmol, 150 mg) 

was dissolved in dry DMF (15 mL) and NMM (30 eq., 5 mmol, 0.55 mL) was added. The solution was 

purged with nitrogen for 15 min. Linear COOH-PEG13-NHS polymer (1 eq., 0.17 mmol, 126 mg) was 

dissolved in dry DMF (4 mL) and added to the mixture under nitrogen atmosphere. The reaction was 

allowed to proceed overnight at room temperature. The crude was purified with preparative HPLC (5B 

to 95B, 280 nm, rt = 24 min) to obtain a pale yellow solid (85 mg, 52% yield).  
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ESI-MS+: 679.2 (M+NH4)2, 1341.4 (M+NH4). 

1H-NMR (300 MHz, CD2Cl2, δ [ppm]) = 10.41 (s, -COOH); 9.19 (s, -NH); 8.05 (d, -CH Ar); 7.87 (d, -CH Ar); 

6.25 (s, -NH); 4.22 (s, -OCH2CO); 4.05 (d, -CH2CO); 3.5-3.8 (m, PEG chain); 3.49 (s, -SO2Me). 

5.2.2 Synthesis of control crosslinker 

 

(12) OH-NB-EG10-N3 

4-(4-(1-hydroxyethyl)-2-methoxy-5-nitrophenoxy)butanoic acid (1 eq., 0.17 mmol, 50 mg) was 

dissolved in dry DMF (1 mL) and purged with argon. The coupling mixture HBTU (1.2 eq., 0.2 mmol, 77 

mg), HOBt (1.2 eq., 0.2mmol, 28 mg), and DIPEA (5 eq., 0.85 mmol, 110 mg) was added and stirred for 

5 min, then N3-PEG10-amine (1.5 eq., 0.25 mmol, 132 mg) in DMF (0.7 mL) was added. The reaction 

mixture was stirred at room temperature overnight, and purified by preparative HPLC (method: 20 B 

to 95 B, 360 nm, r.t.= 19 min) to obtain a pale yellow powder (120 mg, 90% yield) after freeze-drying.  

ESI-MS+: 808.4 (M+H). 825.4 (M+NH4). 

1H-NMR (300 MHz, CD2Cl2, δ [ppm]) = 7.54 (s, 1H, -CH Ar); 7.32 (s, 1H, -CH Ar); 6.30 (s, 1H, -NH); 5.47-

5.53 (m, 1H, -CH); 4.05-4.09 (t, 2H, -CH2 OAr); 3.96 (s, 3H, -OCH3); 3.56-3.66 (m, 38H, PEG chain and -

CH2 ); 3.50-3.53 (m, 2H, -OCH2); 3.36-3.43 (m, 4H, -COCH2 and -CH2); 2.35-2.40 (m, 2H, -CH2); 2.07-2.16 

(m, 2H, -CH2N3); 1.49-1.52 (d, 3H, -CH3). 

13C-NMR (75 MHz, CD2Cl2, δ [ppm]) = 172.57; 154.72;147.54; 140.09; 137.82; 109.62; 109.38; 71.16; 

71.12; 71.03; 70.94; 70.78; 70.43; 70.31; 69.10; 66.08; 56.86; 51.36; 39.87; 32.99; 25.52; 24.77. 
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(13) NB-E-(EGn-N3)2 

OH-NB-EG10-N3 (12) (1 eq., 0.06 mmol, 50 mg) was dissolved in dry DCM (6 mL) under nitrogen 

atmosphere, and the following reagents were added in the specific order: COOH-PEG12-N3 (1.5 eq., 

0.09 mmol, 60 mg), DCC (3 eq., 0.19 mmol, 39.6 mg) and DMAP (0.16 eq., 0.01 mmol, 1.25 mg). The 

mixture was stirred overnight under nitrogen atmosphere at room temperature. DCM was removed 

under nitrogen flow. The crude product was purified by prep HPLC (method: 20 B to 95 B, 360 nm, r.t. 

= 19 min) to obtain a pale yellow oil (85 mg, 88 % yield) after freeze-drying. 

ESI-MS+: 734.3 (M+2NH4)2 

1H-NMR (300 MHz, CD2Cl2, δ [ppm]) = 7.56 (s, 1H, -CH Ar); 7.04(s, 1H, -CH Ar); 6.38-6.44 (m, 1H, -CH); 

6.30 (s, 1H, -NH); 4.06-4.10 (t, 2H, -CH2 OAr); 3.94 (s, 3H, -OCH3); 3.69-3.75 (m, 2H,-CH2); 3.51-3.67 (m, 

84H, PEG chain and -CH2 ); 3.33-3.43 (m, 6H, -COCH2 and -CH2); 2.56-2.64 (m, 2H, -CH2N3); 2.34-2.38 

(m, 2H, -CH2); 2.07-2.16 (m, 2H, -CH2N3); 1.59-1.61 (d, 3H, -CH3). 

13C-NMR (75 MHz, CD2Cl2, δ [ppm]) = 172.22; 170.95; 154.69; 147.94; 140.33; 133.58; 109.44; 108.99; 

71.17; 71.06; 70.99; 70.92; 70.82; 70.44; 70.38; 69.19; 69.94; 68.86; 66.99; 56.92; 51.37; 39.82; 35.75; 

34.44; 32.91; 25.47; 22.28. 
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5.2.3 Synthesis of PMNB carbamate crosslinker 

 

(14) 2-(4-nitro-4'-(2-(((4-nitrophenoxy)carbonyl)oxy)ethoxy)-[1,1'-biphenyl]-3-yl)propyl (4-nitro 

phenyl) carbonate  

2-(4'-(2-hydroxyethoxy)-4-nitro-[1,1'-biphenyl]-3-yl)propan-1-ol (5) (1 eq., 0.137mmol, 43.6 mg)  was 

dissolved in dry DCM (4.4 mL) at 0oC and purged with nitrogen for 5 min. In the following order, 4-

nitrophenyl chloroformate (3 eq., 0.412 mmol, 82.9 mg) and EtN3 were added to the above solution 

at 0oC. The reaction was stirred at room temperature for overnight. The solvents were removed under 

nitrogen steam to give a yellow  slurry which was directly purified by prep HPLC (method: 20 B to 95 
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B, 360 nm, r.t. = 25 min) to obtain a pale yellow powder (54.5 mg, 83% yield) after freeze-drying. 

Notably, TFA was removed from solvent A and B for HPLC purification. 

ESI-MS+: 665.2 (M+NH4) 

1H-NMR (300 MHz, CDCl3, δ [ppm]) = 8.28-8.31 (d, 2H, -CH Ar); 8.22-8.25 (d, 2H, -CH Ar); 7.92-7.95 (d, 

1H, -CH Ar); 7.63 (d, 1H, -CH Ar); 7.55-7.58 (m, 3H, -CH Ar ); 7.39-7.42 (d, 2H, -CH Ar); 7.28-7.31(d, 2H, 

-CH Ar); 7.05-7.08 (d, 2H, -CH Ar); 4.67-4.70 (m, 2H, -CH2O); 4.45-4.60 (m, 2H, -CH2 O); 4.34-4.37 (m, 

2H, -CH2 O); 3.96-4.02 (m, 1H, -CH); 1.48-1.50 (d, 3H, -CH3). 
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(18) PMNB(C-EG11-NHBoc)2 

2-(4-nitro-4'-(2-(((4-nitrophenoxy)carbonyl)oxy)ethoxy)-[1,1'-biphenyl]-3-yl)propyl (4-nitro phenyl) 

carbonate (14) (1 eq., 0.02 mmol, 13 mg) and NH2-PEG11-NH-Boc (3.6 eq., 0.072 mmol, 46.6 mg) were 

dissolved in in dry DCM (0.2 mL) at room temperature, purged with nitrogen and stirred overnight. 

The solvents were removed under nitrogen steam and  directly purified by prep HPLC (method: 30 B 

to 95 B, 360 nm, r.t. = 26 min) to obtain a pale yellow oil (30 mg, 90% yield) after freeze-drying.  

ESI-MS+: 846.9 (M+2NH4)2. 
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1H-NMR (300 MHz, CD2Cl2, δ [ppm]) = 7.82-7.85 (d, 1H, -CH Ar); 7.52-7.64 (m, 4H, -CH Ar); 7.01-7.04 

7.04 (d, 2H, -CH Ar); 4.40-4.43 (m, 2H, -CH2O); 4.21-4.26 (m, 4H, -CH2O); 3.73-3.83 (m, 1H, -CH); 3.46-

3.64 (m, 88H, PEG chain); 3.23-3.38 (m, 8H, -CH2); 1.42 (s, 18H, -C(CH3)3); 1.37-1.40 (d, 3H, -CH3). 

13C-NMR (75 MHz, CD2Cl2, δ [ppm]) = 159.82; 156.69; 156.35; 149.40; 145.70; 138.92; 132.21; 129.11; 

126.67; 125.8; 125.46; 115.60; 79.29; 71.01; 70.82; 70.80; 70.70; 70.47; 68.98; 67.23; 63.53; 41.49; 

40.97; 34.18; 28.69; 18.18. 
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(19) PMNB(C-EG11-NH2)2 

PMNB(C-EG11-NHBoc)2 (18) (28 mg) was dissolved in 0.1 mL TFA/dry DCM (1:1) at 0 oC under nitrogen 

atmosphere, then stirred at room temperature for 30 min. TFA and DCM were removed by nitrogen 

flow. The crude was purified with preparative HPLC (5B to 95B, 280 nm, rt = 25 min) to obtain a pale 

yellow oil (14.8 mg, 60% yield).  

ESI-MS+: 729.9 (M+2H)2;486.9 (M+3H)3. 

1H-NMR (300 MHz, CD2Cl2, δ [ppm]) = 7.82-7.84 (d, 1H, -CH Ar); 7.53-7.64 (m, 4H, -CH Ar); 7.02-7.03 

7.04 (d, 2H, -CH Ar); 4.28-4.41 (m, 2H, -CH2O); 4.20-4.26 (m, 4H, -CH2O); 3.57-3.79 (m, 89H, PEG chain 

and -CH); 3.15-3.35 (m, 8H, -CH2); 1.37-1.39 (d, 3H, -CH3). 
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Compounds 21 were synthesized according to previously reported protocols,3 as detailed in following 

sections. 

(21) 4-(5-(methylthio)-1H-tetrazol-1-yl)phenol 

4-(5-mercapto-1H-tetrazol-1-yl)phenol (1 eq., 5.13 mmol, 1 g) was dissolved in dry THF (22 mL)  and 

cooled down to -10°C using a bath of dry ice in acetone. The following reagents were added: Et3N (1.2 

eq., 6.16 mmol, 0.86 mL) and CH3I (1 eq., 5.13 mmol, 0.32 mL). The reaction was stirred for 3 h at -

10°C, then quenched with 1 M HCl and allowed to reach room temperature. The organic phase was 

extracted with ethyl acetate; washed with brine; dried over MgSO4; evaporated and the crude product 

was purified by silica gel column chromatography (45% ethyl acetate/n-hexane) to obtain a white solid 

(0.79 g, 74% yield). The spectroscopic characterization data matched the values reported on the 

literature. 

ESI-MS+: 209.0 (M+H); 439.2 (2M+Na). 

1H-NMR (300 MHz, acetone-d6, δ [ppm]): 9.13 (s, 1H, -OH); 7.46 (d, 2H, -CH Ar); 7.08 (d, 2H, -CH Ar); 

2.79 (s, 3H, -SMe). 

13C-NMR (125 MHz, acetone-d6, δ [ppm]) = 160.00; 155.97; 126.97; 126.27; 117.12; 15.29. 

(22) Tert-butyl 2-(4-(5-(methylthio)-1H-tetrazol-1-yl)phenoxy)acetate 

4-(5-(methylthio)-1H-tetrazol-1-yl)phenol (21) (1 eq., 0.38 mmol, 80 mg) was dissolved in dry DMF (2.5 

mL), followed by addition of tert-butyl bromoacetate (2.2 eq., 0.84 mmol, 165 mg) and K2CO3 (5 eq., 

1.9 mmol, 265 mg) under nitrogen atmosphere. The mixture was stirred overnight at room 

temperature. Reaction completion was confirmed by TLC. The mixture was extracted with ethyl 

acetate; washed with brine;  dried over MgSO4; evaporated and the crude product was obtained as a 

white powder (111.5 mg, 85% purity, 90% yield). 

1H-NMR (300 MHz, acetone-d6, δ [ppm]): 7.57-7.59 (d, 2H, -CH Ar); 7.17-7.20 (d, 2H, -CH Ar); 4.76 (s, 

2H, -CH2); 2.80 (s, 3H, -SMe); 1.42 (s, 9H, -C(CH3)3). 

13C-NMR (75 MHz, acetone-d6, δ [ppm]) = 168.10; 160.38; 156.01; 127.78; 126.80; 116.48; 82.44; 66.25; 

28.15; 15.37. 
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(23) Tert-butyl 2-(4-(5-(methylsulfonyl)-1H-tetrazol-1-yl)phenoxy)acetate  

Tert-butyl 2-(4-(5-(methylthio)-1H-tetrazol-1-yl)phenoxy)acetate (22) (1 eq., 0.33 mmol, 106 mg) was 

dissolved in dry DCM (7.8 mL) and cooled down to 0°C, followed by addition of mCPBA (5 eq., 1.65 

mmol, 320 mg).  The mixture was stirred overnight at room temperature. Reaction completion was 

confirmed by mass analysis and 1H-NMR since the similar elution  were observed for starting reactant 

and product in TLC and analytical HPLC. The reaction mixture was then filtered, evaporated and 
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purified with preparative HPLC (20B to 95B, 280 nm, rt = 24 min) to obtain a pale pink powder (111.9 

mg, 96% yield).  

ESI-MS+: 372.1 (M+NH4). 

1H-NMR (300 MHz, acetone-d6, δ [ppm]): 7.68-7.71 (d, 2H, -CH Ar); 7.17-7.20 (d, 2H, -CH Ar); 4.78 (s, 

2H, -CH2); 3.63 (s, 3H, -SO2Me); 1.47 (s, 9H, -C(CH3)3). 

13C-NMR (75 MHz, acetone-d6, δ [ppm]) = 167.99; 161.08; 155.31; 128.18; 127.32; 116.01; 82.47; 71.01; 

66.23; 44.16; 28.12. 
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(24) 2-(4-(5-(methylsulfonyl)-1H-tetrazol-1-yl)phenoxy)acetic acid  

Tert-butyl 2-(4-(5-(methylsulfonyl)-1H-tetrazol-1-yl)phenoxy)acetate (23) (30 mg) was dissolved in 0.6 

mL TFA/dry DCM (1:1) at 0 oC under nitrogen atmosphere, then stirred at room temperature for 1.5 h. 

Reaction completion was confirmed by TLC. TFA and DCM were removed by nitrogen flow. The crude 

was purified with preparative HPLC (5B to 95B, 280 nm, rt = 22 min) to obtain a pale yellow oil (15.2 

mg, 60% yield).  

ESI-MS+: 316.0 (M+NH4). 
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1H-NMR (300 MHz, acetone-d6, δ [ppm]): 7.69-7.72 (d, 2H, -CH Ar); 7.21-7.24 (d, 2H, -CH Ar); 4.90 (s, 

2H, -CH2); 3.63 (s, 3H, -SO2Me). 

13C-NMR (75 MHz, acetone-d6, δ [ppm]) = 169.66; 161.09; 128.29; 127.46; 116.07; 65.53; 44.21. 
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(25) PMNB(C-EG11-Tz-MS)2 

2-(4-(5-(methylsulfonyl)-1H-tetrazol-1-yl)phenoxy)acetic acid (24) (2.5 eq., 0.035mmol, 10.4 mg) was 

dissolved in DMF at room temperature and purged with nitrogen, followed by addition of HOBt (2.5 

eq., 0.035 mmol, 4.7 mg), HBTU (2.5 eq., 0.035 mmol, 13.3 mg) and DIPEA (3 eq., 0.042 mmol, 7.3 µL).  

After 5 min of stirring, PMNB(C-EG11-NH2)2 (19) (1 eq., 0.014 mmol, 20 mg) was added. The reaction 

mixture was stirred for 2 h and DMF was removed by nitrogen flow. The crude was purified with 

preparative HPLC (5B to 95B, 360 nm, rt = 29 min) to obtain a pale yellow oil (21.4 mg, 81% yield).  

ESI-MS+: 1027 (M+2NH4)2. 

1H-NMR (300 MHz, CD2Cl2, δ [ppm]) = 7.82-7.85 (d, 1H, -CH Ar); 7.53-7.61 (m, 7H, -CH Ar); 7.01-7.17 

(m, 6H, -CH Ar); 4.58 (s, 4H, -COCH2O); 4.40-4.42 (t, 2H, -CH2O); 4.16-4.29 (m, 4H, -CH2O); 3.46-3.67(m, 

95H, PEG chain,-CH and -SO2Me); 3.00-3.36 (m, 8H, -CH2); 1.37-1.39 (d, 3H, -CH3). 

13C-NMR (75 MHz, CD2Cl2, δ [ppm]) = 169.44; 160.04; 156.66; 149.37; 145.68; 129.10; 127.39; 127.17; 

125.78; 125.47; 116.17; 115.54; 78.53; 70.80; 70.43; 70.13; 68.97; 68.20; 67.19; 45.52; 44.35; 41.47; 

40.33; 39.44; 34.13; 30.25; 18.15. 
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(26) Tert-butyl 3-((4-(5-(methylsulfonyl)-1,3,4-oxadiazol-2-yl)phenyl)amino)-3-oxopropanoate 

Tert-butyl malonate (2.5 eq., 0.52 mmol, 83.7 mg) was dissolved in 2 mL DMF at room temperature 

and purged with nitrogen, followed by addition of HOBt (2.5 eq., 0.52 mmol, 70.6 mg), HBTU (2.5 eq., 

0.52 mmol, 198 mg) and DIPEA (3 eq., 0.63 mmol, 109 µL). After 5 min of stirring, 4-(5-

(methylsulfonyl)-1,3,4-oxadiazol-2-yl)aniline (1 eq., 0.21 mmol, 50 mg) was added. The reaction 

mixture was stirred for 2 h and DMF was removed by nitrogen flow. The crude was purified with 

preparative HPLC (20B to 95B, 280 nm, rt = 20 min) to obtain a pale yellow oil (23.9 mg, 30% yield).  

ESI-MS+: 382.2 (M+H); 785.2 (2M+Na).  
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1H-NMR (300 MHz, acetone-d6, δ [ppm]): 9.8 (s, 1H, -NH); 8.07-8.10 (d, 2H, -CH Ar); 7.90-7.93 (d, 2H, 

-CH Ar); 3.64 (s, 3H, -SO2Me); 3.45 (s, 2H, -CH2); 1.46(s, 9H, -C(CH3)3). 

13C-NMR (75 MHz, acetone-d6, δ [ppm]) = 167.58; 166.88; 165.71; 163.07; 144.15; 129.34; 120.26; 

118.17; 81.99; 45.64; 43.47; 28.11. 
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(27) 3-((4-(5-(methylsulfonyl)-1,3,4-oxadiazol-2-yl)phenyl)amino)-3-oxopropanoic acid 

Tert-butyl 3-((4-(5-(methylsulfonyl)-1,3,4-oxadiazol-2-yl)phenyl)amino)-3-oxopropanoate (26) (95 mg) 

was dissolved in 2.5 mL TFA/dry DCM (1:1) at room temperature under nitrogen atmosphere, then 

stirred at room temperature for 1.5 h. Reaction completion was confirmed by TLC. TFA and DCM were 

removed by nitrogen flow. The crude was purified with preparative HPLC (5B to 95B, 280 nm, rt = 16 

min) to obtain a pale yellow oil (55 mg, 68% yield).  

ESI-MS+: 326.0 (M+H); 673.0 (2M+Na).  

1H-NMR (300 MHz, acetone-d6, δ [ppm]): 9.91 (s, 1H, -NH); 8.09-8.12 (d, 2H, -CH Ar); 7.92-7.95 (d, 2H, 

-CH Ar); 3.64 (s, 3H, -SO2Me); 3.55 (s, 2H, -CH2). 

13C-NMR (75 MHz, acetone-d6, δ [ppm]) = 169.15; 166.88; 166.07; 163.13; 144.06; 129.39; 120.38; 

118.34; 43.77; 43.48. 
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(28) PMNB(C-EGn-Ox-MS)2 

3-((4-(5-(methylsulfonyl)-1,3,4-oxadiazol-2-yl)phenyl)amino)-3-oxopropanoic acid (27) (2.5 eq., 

0.032mmol, 10.3 mg) was dissolved in 0.8 mL DMF at room temperature and purged with nitrogen, 

followed by addition of HOBt (2.5 eq., 0.032 mmol, 4.3 mg), HBTU (2.5 eq., 0.032 mmol, 12.1mg) and 

DIPEA (3 eq., 0.038 mmol, 6.8 µL).  After 5 min of stirring, PMNB(C-EG15-NH2)2 (19) (1 eq., 0.013 mmol, 

20 mg) was added. The reaction mixture was stirred for 2 h and DMF was removed by nitrogen flow. 

The crude was purified with preparative HPLC (5B to 95B, 360 nm, rt = 30 min) to obtain a pale yellow 

oil (71% yield).  
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ESI-MS+: 1230 (M+2NH4)2. 

1H-NMR (300 MHz, CD2Cl2, δ [ppm]) = 10.36 (s, 2H, -NH); 8.05-8.08 (d, 4H, -CH Ar); 7.81-7.84 (d, 5H, -

CH Ar); 7.52-7.63 (m, 4H, -CH Ar); 7.34 (s, 2H, -NH); 7.01-7.03 (d, 2H, -CH Ar); 4.40-4.42 (t, 2H, -CH2O); 

4.16-4.27 (m, 4H, -CH2O); 3.52-3.65 (m, 121H, PEG chain and -CH); 3.48 (s, 10H, -SO2Me and -CH2); 

3.24-3.44 (m, 8H, -CH2); 1.37-1.39 (d, 3H, -CH3). 
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5.2.4 Synthesis of star PEG-hydrogel precursors 

Star PEG-Ox-MS 

 

2-amino-N-(4-(5-(methylsulfonyl)-1,3,4-oxadiazol-2-yl)phenyl)acetamide (10 eq., 100 μmol, 30 mg) 

and NMM (15 eq., 150 μmol, 40 μL) were dissolved in 2 mL anhydrous DMF and purged with nitrogen 

for 15 min, and 20 kDa, star PEG-NHS (1 eq., 10 μmol, 200 mg) in 1 mL anhydrous DMF was added to 

the solution with syringe under nitrogen atmosphere and the suspension was stirred overnight under 

room temperature. The crude was dialyzed against acetone and water (3x) to obtain a white polymer 

powder (188 mg, 94% yield) after freeze-drying. The substitution degree was calculated as 88% by 1H-

NMR. The spectroscopic characterization data matched the values reported on the literature. 

1H-NMR (300 MHz, CD2Cl2, δ [ppm]) = 9.25 (s, 1H, -NH); 8.08 (d, 2H, -CH Ar); 8.04 (m, 1H, -NH); 7.86 (d, 

2H, -CH Ar); 4.20 (d, 2H, -CH2); 4.05 (s, 2H, -CH2C=O PEG); 3.50-3.68 (m, 440H, PEG chain); 3.48 (s, 3H,-

SO2Me). 

 Star PEG-DBCO 

 

20 kDa, star PEG-NH2 (1 eq., 5 μmol, 100 mg), Et3N (12 eq., 60 μmol, 8.4 μL) and DBCO-NHS (6 eq., 30 

μmol, 12 mg) were dissolved in 2 mL anhydrous DMF under nitrogen atmosphere and stirred overnight 

at room temperature. The crude was dialyzed against acetone and water (3x) to obtain a white 

polymer powder (95 mg, 95% yield) after freeze-drying. The substitution degree was calculated as 92% 

by 1H-NMR. The spectroscopic characterization data matched the values reported on the literature. 

1H-NMR (300 MHz, CD2Cl2, δ [ppm]) = 7.67 (d, H, -CH Ar); 7.51 (m, 1H, -CH Ar); 7.25-7.41 (m, 6H, -CH 

Ar); 6.10 (m, 1H, -NH); 5.14 (d, 1H, -CH2NCO); 3.83 (m, 2H, -CH2); 3.45-3.70 (m, 440H, PEG chain); 2.25-

2.8 (m, 2H, -CH2); 1.8-2.25 (m, 2H, -CH2). 

 

5.2.5 Photolysis studies  of PMNB(E-PEGn-SH)2 and NB(E-EGn-N3)2  in solution. 

Solution of PMNB(E-PEGn-SH)2 and NB-E-(EGn-N3)2 (0.1 μM in ACN/H2O (1:1)) were freshly prepared 

and introduced to a 400-μL quartz cuvette (Hellma Analytics, Germany). The cuvette was placed in a 
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with LUMOS 43 lamp source and light-exposed for increasing exposure times at λ= 365 nm (I= 1.2 J 

cm-2) or λ= 420 nm (I= 1.2 J cm-2). At selected exposure times, the UV/Vis spectrum of the solution was 

recorded. Additionally, one aliquot (15 μL) of the irradiated solution was taken, diluted to 100 μL with 

ACN/H20 (1:1), and 50 μL aliquot was analyzed by HPLC (method: 5B to 95B, 360 nm, 40 min). UV/Vis 

spectra and analytical chromatograms were plotted and analyzed with Origin 8.5. The conversion of 

the photolysis reaction was analyzed quantitatively by analytical HPLC by following the decay of the 

normalized value of the integral of the compound as a function of irradiation time. 

 

5.3 Chapter 3 

5.3.1 Hydrogels formation 

Hydrogels were prepared by mixing solutions of star PEGs and crosslinkers in HEPES buffer (10-20 mM, 

pH 7.5-8) or PBS buffer (pH 7.4). The hydrogel precursors were separately dissolved in buffer. The 

solutions were combined at 1:1 molar ratio of functional groups and at equal volume. In a typical 

example, 2 mg of star PEG-Ox-MS and 0.52 mg of PMNB(E-PEGn-SH)2 were each dissolved in 20 μL 

HEPES (20 mM, pH 7.5), vortexed and centrifuged at 13,000 rpm to eliminate bubbles. 20 μL of star 

PEG-Ox-MS solution and 20 μL of PMNB(E-PEGn-SH)2 solution were combined at 25oC in an Eppendorf 

vial. 

5.3.2 Blocking of unreacted -DBCO or -SH groups after hydrogel formation. 

The precursors of PEG-T-E-PMNB or PEG-STz-C-PMNB hydrogels were freshly prepared in HEPES or 

PBS buffer, vortexed and centrifuged. Then the precursors are mixed in a PDMS mold (8 mm diameter), 

curing for 30-1h min and then incubated with O-(2-Azidoethyl)-O’-methyl-triethylene glycol (20 mM 

in Milli-Q water) or Mal-PEG-OMe (5kDa) (20 mM in PBS buffer) for 30 min at room temperature. 

Hydrogel was subsequently washed with Milli-Q water (3x) and started the photodegradation 

experiments immediately. 

5.3.3 General procedure for gel preparation for LSM 

Hydrogel were prepared in a µ-Dish with culture insert 4well (34 mm, Ibidi GmbH, Germany) in order 

to get a sharp edge for 2P degradation. In a representative example of sample preparation, 15 μL of 

star PEG-Ox-MS solution (fresh prepared) was drop casted onto a µ-Dish with culture insert 4well (34 

mm, Ibidi GmbH, Germany), 15 μL of PMNB(E-PEG-SH)2 solution (fresh prepared) was added at 25oC 

and the gelling mixture was let to cure for 1 h at 25°C in a humidified atmosphere. The obtained 

hydrogels were immersed in PBS buffer (pH 7.4) overnight at room temperature and then washed 

twice with PBS buffer. The culture insert 4-well was  subsequently removed. 

5.3.4 General procedure for gel preparation for NanoScribe 

The experimental procedure is schematized in Figure 5.1. Glass slides (Ø= 30 mm, #1.5, Thermo 

scientific, Germany) were pre-functionalized as above with –SH groups or -N3 groups for covalent 

fixation of the hydrogels and a PDMS mold (Ø= 6 mm) was placed on top. 15 μL of star PEG-Ox-MS 
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solution was drop casted on the glass slide inside the PDMS mold. 2.04 μL Alexa Fluor 555 (0.15 mM) 

or azide Fluor 545 (0.15 mM) was added and allowed to react for 3 min at 25oC. 5 μL of crosslinker 

solution was added at 25oC and let cure for 1 h in a closed chamber. After curing, the PDMS mold was 

removed and the hydrogels were immersed in PBS buffer (pH 7.4) overnight at room temperature. 

 
Figure 5.1  Hydrogel preparation procedure for NanoScribe 

The hydrogel samples were mounted to a Nanoscribe GT photonic professional lithography system, 

equipped with a femtosecond laser (780 nm, up to 50 mW average power) and a 25x oil-immersion 

objective. The following exposure parameters were applied: speed= 5 mm s-1 to 100 mm s-1, and laser 

power= 5 mW to 25 mW. The patterns were written with computer aid design (CAD) model. After 

exposure at the Nanoscribe, the gels were imaged with Zeiss LSM 880. It should be noted that in order 

to avoid heating and dehydration, the hydrogels were immersed in PBS buffer to dissipate generated 

heat. 

5.3.5 Spheroids preparation 

100 µL from a suspension with a 5x103 or 10x103cell mL-1 were added in each well of 96 well, U-bottom, 

cell repellent plate (Greiner Bio-One, 650970). After cultured at 37oC under a humidified atmosphere 

containing 5 % CO2 overnight, all spheroids were collected with a P1000 pipette with cut tip. Spheroid 

suspension was centrifuged 3 min at 200 rpm and the supernatant was removed. 

5.3.6 3D encapsulation of spheroids in hydrogels 

In a presentative experiment for PEG-SOx-C-PMNB with 5.25 wt% polymer concentration, star PEG-

SH solution (8 wt%, 10 µL in sterile HEPES (20 mM, pH 7.5) with 0.9176% TCEP) and c[RGDfK(Mal)] (2 

mM, 2.5 µL in sterile HEPES (20 mM, pH 7.5)) was prepared inside a sterile laminar flow and incubated 

for 5 min at room temperature in a Eppendorf vial. The spheroids prepared (6 µL) in the previous 

section was added and gently mixed. The above mixture (5.8 μL) was subsequently added into an 

ibidi® 15-well angiogenesis slide, followed by an addition of PMNB(C-EG23-Ox-MS)2 (4.2 µL) , carefully 

mixed with pipette tip and let it cure for 30 min at 37 oC under a humidified atmosphere containing 

5% CO2. After gelation, medium (45 µL) was added to each well and substituted by fresh medium every 

24 h during cell culture. The hydrogels were  kept in HUVEC medium at 37 oC under a humidified 

atmosphere containing 5% CO2.  

 

5.3.7 Live/dead assay 

HUVEC spheroids were encapsulated in PEG-gels for 3 days. Cell culture medium was removed and a 

mixture of Fluorescein diacetate (FDA, 40 µg mL-1) (Sigma, F7378) and Propidium iodide (PI, 30 µg mL-
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1) (Sigma, P4170) in PBS was added and incubated for 5 min at room temperature in dark. Then 

hydrogels were washed twice with PBS and imaged with Zeiss Cell Observer epifluorescence 

microscope and Zeiss LSM 880 confocal microscope with a 10x air objective. 

 

5.4 Chapter 4 

5.4.1 Synthesis PNEP-Asp 

 

(a) 2-(5-bromo-2-nitrophenyl)propan-1-ol 

Tert-butyl-2-(5-bromo-2-nitrohpenyl)propanoate (2) (1 eq., 2.59 mmol, 0.854 g) was dissolved in 32 

mL dry THF. DIBAL-H (3 eq., 7.76 mmol, 7.76 mL) (1M in THF) was subsequently added at 0oC. The 

reaction mixture was stirred for 3h at room temperature. 65 mL HCl solution (5 N) was added at 0oC 

and the reaction mixture was extracted with ethyl acetate. The combined organic phase was washed 

with brine; dried over Mg2SO4; evaporated and the crude product was purified by silica gel column 

chromatography (20% ethyl acetate/n-hexane) to obtain the title compound (0.357 g, 53% yield). The 

spectroscopic characterization data matched the values reported on the literature. 

1H-NMR (300 MHz, CDCl3, δ [ppm]) = 7.64-7.67 (d, 1H, -CH Ar); 7.50 (d, 1H, -CH Ar); 7.48 (d, 1H, -CH 

Ar); 3.71-3.86 (m, 2H, -CH2); 3.50-3.62 (m, 1H, -CH); 1.32-1.34 (d, 3H, -CH3). 

13C-NMR (75 MHz, CDCl3, δ [ppm]) = 149.4; 140.5; 131.6; 130.4; 127.5; 67.6; 36.4; 17.4. 

(c) 4-ethynylanisole  4 

4-Iodoanisole (1 eq., 0.85 mmol, 200 mg) was dissolved in dry 0.8 mL Et3N. Trimethylsilyl-acetylene 

(1.42 eq., 1.22 mmol, 0.18 mL) and Copper (I) iodide (0.05 eq., 0.042 mmol, 8 mg) were added  to 

above solution and the mixture was maintained stirred under argon for 5 min. 
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Bis(triphenylphosphine)palladium(II) dichloride (0.05 eq., 0.042 mmol, 30 mg) was added. The 

reaction mixture was then stirred under argon at room temperature for 12 hours and reaction 

completion was confirmed by TLC. Ethyl acetate was added to dilute the mixture and filtered through 

a pad of celite. The mixture then extracted with ethyl acetate and the combined organic phase was 

washed with brine; dried over Mg2SO4 and evaporated. The crude product was then used without 

further purification and dissolved in a mixture of DCM (0.8 mL) and methanol (0.8 mL) under argon. 

Potassium carbonate (2 eq., 1.7 mmol, 235 mg) was added in one portion followed by KF on alumina 

(40 wt%, 94 mg). The mixture was stirred at room temperature for 2 hours, followed by extraction 

with DCM. The organic layer was washed with water and dried over Na2SO4, evaporated and the crude 

product was subjected to silica gel column chromatography (5% ethyl acetate/n-hexane) to obtain a 

brown oil (100.5 mg, 89% yield). The spectroscopic characterization data matched the values reported 

on the literature. 

1 H-NMR (300 MHz, CDCl3). δ= 7.42-7.44 (d, 2 H, -CH Ar); 6.83-6.85 (d, 2H, -CH Ar); 3.81 (s, 3 H, -OCH3); 

2.99 (s, H, -CH). 

13C-NMR (75 MHz, CDCl3, δ [ppm]) = 160.07; 133.73; 114.30; 114.07; 83.80; 75.91; 55.43. 

(d) 2-(5-((4-methoxyphenyl)ethynyl)-2-nitrophenyl)propan-1-ol  

2-(5-bromo-2-nitrophenyl) propan-1-ol (2) (1 eq., 0.58 mmol, 151.4 mg) and 4-ethynylanisole (c) (1.3 

eq., 0.76 mmol, 100 mg) were dissolved in 2 mL Et3N.  Copper(I) iodide (0.1 eq., 0.058 mmol, 11.1 mg) 

was subsequently added and the mixture was purged with argon for 5 min, followed by addition of 

bis(triphenylphosphine) palladium (II) dichloride (0.1 eq., 0.058 mmol, 40.9 mg). The reaction mixture 

was stirred under argon at 50oC for 24 hours, followed by dilution with ethyl acetate and filtration 

through a pad of celite. The mixture then extracted with ethyl acetate and the combined organic phase 

was washed with brine; dried over Na2SO4; evaporated and the crude product was purified by silica 

gel column chromatography (20% ethyl acetate/n-hexane) to obtain the pale yellow powder (121 mg, 

67% yield). 

ESI-MS+: 312.2 (M+H); 329.2 (M+NH4). 

1H-NMR (300 MHz, CD2Cl2, δ [ppm]) = 7.75-7.78 (d, 1H, -CH Ar); 7.60 (s, 1H, -CH Ar); 7.48-7.51 (d, 2H, -

CH Ar); 7.43-7.46 (dd, 1H, -CH Ar); 6.89-6.92 (d, 2H, -CH Ar); 3.84 (s, 3H, -OCH3); 3.79-3.82 (m, 2H, -

CH2); 3.55-3.61 (m, 1H, -CH); 1.34-1.36 (d, 2H, -CH3). 

13C-NMR (75 MHz, CDCl3, δ): 160.28; 149.20; 138.71; 133.38; 131.15; 129.83; 128.74; 124.52; 114.23; 

114.19; 93.60; 86.61; 67.72; 55.37; 36.29; 17.47. 

 

Attached proton test (APT): -CH and -CH3 signals positive and -C and -CH2 signals negative. 
13C-NMR (APT) (75 MHz, CDCl3, δ, APT): -C 160.42; 149.33; 138.83; 128.88; 114.36; 93.73; 86.74. -CH 

133.51; 131.28; 129.97; 124.66; 114.32; 36.43. -CH2 67.87. -CH3 55.50; 17.60. 
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(e) α-tert-butyl δ-(2-(5-((4-methoxyphenyl)ethynyl)-2-nitrophenyl)propyl)-N-Fmoc-L-aspartate  

2-(5-((4-methoxyphenyl)ethynyl)-2-nitrophenyl)propan-1-ol (d) (1 eq., 0.32 mmol, 100 mg) was 

dissolved in 4 mL dry DCM under nitrogen atmosphere, and the following reagents were added in the 

specific order: α-tert-butyl N-Fmoc-L-aspartate (1 eq., 0.32 mmol, 132 mg), DCC (1 eq., 0.32 mmol, 66 

mg) and DMAP (0.08 eq., 26 μmol, 3.2 mg). The mixture was stirred overnight under nitrogen 

atmosphere at room temperature and subsequently saturated sodium bicarbonate solution was 

added (32 mL) followed by extraction with diethyl ether. The combined organic layer was washed with 

brine, dried over MgSO4 and evaporated. The crude product was purified by prep HPLC (50 B to 95 B, 

360 nm, 45 min, rt = 39 min) to obtain a yellow oil (129 mg, 57% yield) after freeze-drying. 

ESI-MS+: 705.2 (M+H);727.2 (M+Na); 743.2 (M+K). 

1H-NMR (300 MHz, CD2Cl2, δ [ppm]) = 7.74-7.78 (m, 3H, -CH Ar); 7.54-7.60 (m, 3H, -CH Ar); 7.36-7.49 

(m, 5H, -CH Ar); 6.87-6.90 (d, 2H, -CH Ar); 5.7-5.72 (d, 1H, -NH); 4.47-4.52 (m, 1H, -CH); 4.27-4.39 (m, 

3H, -CH and -CH2); 4.15-4.24 (m, 2H, -CH2); 3.83 (s, 3H, -OCH3); 3.75-3.80 (m, 1H, -CH); 2.78-2.98 (m, 

2H, -CH2); 1.44-1.45 (d, 9H, -C(CH3)3);1.36-1.39 (dd, 3H, -CH3). 

13C-NMR (75 MHz, CDCl3, δ): 170.82; 169.57; 160.41; 156.00; 148.90; 143.93; 141.34; 137.61; 133.48; 

130.93; 130.28; 128.98; 127.76; 127.15; 125.26; 124.77; 120.03; 114.27; 114.20; 94.01; 86.53; 82.73; 

68.71; 67.27; 55.42; 50.92; 47.20; 36.83; 33.02; 27.94; 17.76. 
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(f) α-tert-butyl δ-(2-(5-((4-methoxyphenyl)ethynyl)-2-nitrophenyl)propyl)-L-aspartate  

α-tert-butyl δ-(2-(5-((4-methoxyphenyl)ethynyl)-2-nitrophenyl)propyl)-N-Fmoc-L-aspartate (e) (1 eq., 

0.082 mmol, 60 mg) was dissolved in 0.6 mL TFA:DCM (1:1) under argon atmosphere at 0oC for 70 min. 

The reaction mixture was stirred for 2 h and DMF was removed by nitrogen flow. The crude was 

purified with preparative HPLC (50B to 95B, 360 nm, rt = 33 min) to obtain a yellow oil (20 mg, 36% 

yield). 
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ESI-MS+: 649.4 (M+H); 667.2 (M+NH4). 

1H-NMR (300 MHz, CD2Cl2, δ [ppm]) = 7.73-7.76 (m, 3H, -CH Ar); 7.54-7.58 (m, 3H, -CH Ar); 7.35-7.49 

(m, 5H, -CH Ar); 6.87-6.90 (d, 2H, -CH Ar); 5.79-5.81 (d, 1H, -NH); 4.65 (m, 1H, -CH); 4.34-4.40 (m, 3H, 

-CH and -CH2); 4.18-4.23 (m, 2H, -CH2); 3.82 (s, 3H, -OCH3); 3.76-3.79 (m, 1H, -CH); 2.82-3.05 (m, 2H, -

CH2); 1.34-1.37 (d, 3H, -CH3). 

13C-NMR (75 MHz, CDCl3, δ): 170.82; 160.34; 156.10; 148.81; 143.67; 141.47; 137.48; 133.42; 130.94; 

130.24; 128.91; 127.73; 127.10; 125.16; 124.70; 119.97; 114.21; 114.09; 93.99; 86.46; 68.95; 67.43; 

55.36; 50.15; 47.06; 36.30; 32.89; 17.59. 
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5.4.2 Stability study of Fmoc-Asp(PENP)-OH 

Fmoc-Asp(PENP)-OH  was freshly prepared in different mixtures (TFE/AcOH/ DCM 1:3:6, TFA/DCM/TIS 

4:1:20  and PBS buffer) at room temperature and placed in a amber vial and maintained in the dark. 

At selected exposure times, one aliquot (50 μL) of the solution was taken and analyzed by HPLC 

(method: 20B to 95B, 360 nm, 40 min). The conversion of Fmoc-Asp(PENP)-OH was analyzed 

quantitatively by analytical HPLC by following the decay of the normalized value of the integral of the 

compound as a function of incubation time.  

 

5.4.3 Synthesis of c[RGD(PENP)fC] by SPPS 

Coupling of amino acids 

Peptides were synthesized manually by SPPS from pre-loaded H-Gly-2-Cl-Trt resin (loading: 0.54 mmol 

g-1, 0.054 mmol, 100 mg) and the next amino acids were coupled sequentially by adding the mixture 

solution of Fmoc-protected amino acids (2 eq., 0.108 mmol), HOBt (2 eq., 0.108 mmol, 14.6 mg), HBTU 

(2 eq., 0.108 mmol, 41 mg) and DIPEA (5.6 eq., 0.314 mmol, 54.6 µL) in 2 mL dry DMF with vigorous 

shaking for 2 h. The coupling solution was then filtered off and the resin was washed with DMF (5 x 2 

mL). Fmoc protecting group was cleaved  by 20% piperidine in DMF (1 mL, 2x10 min). The coupling 

procedure was summarised in Table 5.1. 
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Table 5.1 Procedure for amino acid coupling 

Steps Reagent Time Amount 

Coupling Coupling mixture in DMF 2 h - 

Wash DMF 5x1 min 2 mL/100 mg resin 

Fmoc-cleavage 20% piperidine in DMF 2x10 min 1 mL/100 mg resin 

Wash DMF 5x1 min 2 mL/100 mg resin 

 

Cleavage of peptide from resin 

The linear peptide sequence was washed with DCM for 3 times and cleaved from resin by using 

TFE/AcOH/DCM (1:3:6) (3x30 min) with 10 mL solution of each. The solvents was then evaporated to 

obtain the crude linear peptide. 

 

Cyclization 

The crude linear peptide was dissolved in high dilution in dry DMF (30 mg/20 mL DMF), followed by 

addition of DPPA (3 eq.) and NaHCO3 (5 eq.). The mixture was stirred for 48 h at room temperature. 

The solution was then filtered to remove the solid NaHCO3 and evaporated. The obtained compound 

was then dissolved in acetone and precipitated  in H2O to obtain the cyclic peptide. 

Cleavage of protecting groups 

The protected cyclic peptide was dissolved in TFA/DCM/TIS (4:20:1) (20 mg in 1 mL) and stirred for 

3.5-5 h at 0oC. Solution was removed by nitrogen flow. The obtained peptide was then dissolved in 

AcOH and precipitated in diethyl ether at 0oC. The crude purified with preparative HPLC (30B to 95B, 

360 nm, rt =  25 min) to obtain a pale yellow powder (1.3 mg, 10% yield). 
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Figure 5.2  Preparative HPLC profile of c[RGD(PENP)fC]. λ detection = 360 nm. 

 

Synthesis of c[RGD(PENP)fk-N3]  

c[RGDfK-N3] (1 eq., 3.18 µmol, 2 mg) was dissolved in 0.1 mL dry DCM under nitrogen atmosphere, 

and the following reagents were added in the specific order: 2-(5-((4-methoxyphenyl)ethynyl)-2-

nitrophenyl)propan-1-ol (d)  (1 eq., 3.18 µmol, 1.0 mg), DCC (2 eq., 6.36 µmol, 1.33 mg) and DMAP 
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(0.16 eq., 0.51 μmol, 0.04 mg). The mixture was stirred overnight under nitrogen atmosphere at room 

temperature and the solvent was removed by nitrogen steam. The crude product was purified by prep 

HPLC (20 B to 95 B, 360 nm, 45 min, rt = 39 min) to obtain a yellow oil (0.88 mg, 30% yield) after freeze-

drying. 

ESI-MS+: 923.2 (M+H). 

5.4.4 Photolysis studies  of Fmoc-Asp(PENP)-OH and c[RGD(PENP)fK-N3] in solution. 

Solution of Fmoc-Asp(PENP)-OH and c[RGD(PENP)fK-N3] (0.2 mM in ACN/H2O (1:1)) were freshly 

prepared and introduced to a 400-μL quartz cuvette (Hellma Analytics, Germany). The cuvette was 

placed in a with LUMOS 43 lamp source and light-exposed for increasing exposure times at λ= 420 nm 

(I= 1.2 J cm-2). At selected exposure times, the UV/Vis spectrum of the solution was recorded. 

Additionally, one aliquot (15 μL) of the irradiated solution was taken, diluted to 100 μL with ACN/H20 

(1:1), and 50 μL aliquot was analyzed by HPLC. UV/Vis spectra and analytical chromatograms were 

plotted and analyzed with Origin 8.5. The conversion of the photolysis reaction was analyzed 

quantitatively by analytical HPLC by following the decay of the normalized value of the integral of the 

compound as a function of irradiation time. 
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