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Resumo 

Migração e proliferação celular no processo de cura de feridas são caracterizados pela degradação 

da matriz extracelular por MMPs. 

Neste trabalho são discutidas todas as etapas necessárias para a produção de PEG-MAL hidrogel 

pela reação de adição tipo Michael, capaz de ser especificamente clivado por MMP-14 e funcionalizado 

com péptidos de adesão celular. As sequências peptídicas usadas foram sintetizadas por SPPS e 

purificadas por HPLC. A deteção da oxidação nos resíduos de cisteína foi feita pelo teste de Ellman e 

foi avaliado e otimizado o processo de redução com resina TCEP ou diretamente com TCEP. Foi 

estabelecido que o uso direto de TCEP é mais adequado para a produção do hidrogel. 

A toxicidade do TCEP foi avaliada com células NMuMG e foi concluído um relevante efeito mesmo 

em concentrações reduzida, apesar disso células foram capazes de proliferar num PEG gel 

previamente tratado com TCEP, após de este ser lavado. 

Diferentes sequências peptídicas foram utilizadas, CRGDS e CGGGRGDS, para funcionalizar o 

hidrogel, tendo observado um aumento considerado de adesão e proliferação para sequência CRGDS 

na superfície do hidrogel. Finalmente, a deteção da migração celular em 3D, foi testada com hidrogéis 

de colagénio, que continham variadas concentrações de FBS, utilizando células MDA-MB-231 e 

NMuMG.  

Este trabalho serve como o ponto de partida para o desenvolvimento e otimização de um de 

hidrogel PEG, que será capaz de avaliar a migração proteolítica celular, mediada especificamente por 

MMP-14, através de uma matriz 3D e possivelmente poderá ter aplicação na aceleração da cicatrização 

em feridas crónicas.       
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Abstract 

Cell migration and proliferation, in the wound healing process, are characterized by the 

remodeling of ECM by MMPs.  

This work focused on developing and optimizing a customizable MMP-14 responsive PEG-MAL 

hydrogel for the study of 3D in vitro cell migration. The PEG-MAL hydrogel was prepared using the 

maleimide-thiol Michael-type addition reaction, with a specifically cleavable MMP-14 sequence used as 

a cross-linker and functionalized with cell adhesion peptides. Crosslinking sequences and adhesion 

peptides were produced by SPPS and purified by HPLC. The presence of cysteine oxidation in the 

peptide solutions, which impaired gel formation, was detected with Ellman assay and different reduction 

processes (with TCEP resin and directly with TCEP) were tested and optimized to overcome this 

limitation. The direct use of TCEP was found to be a more practical reduction solution for the production 

of PEG hydrogel. 

TCEP cytotoxicity was evaluated with NMuMG cells and showed that small quantities of TCEP 

added directly to the medium were cytotoxic, however cells were able to grow on gels previously 

incubated with TCEP, and washed, which indicated that TCEP reduction treatment was adapted for the 

PEG hydrogel formulation.  

Different adhesion peptide sequences, CRGDS and CGGGRGDS, were used for PEG 

functionalization and, as anticipated, the CRGDS sequence promoted increased cell adhesion and 

proliferation on hydrogel surface. Finally, a 3D cell migration detection system, 3D Object Counter, was 

assessed using MDA-MB-231 and NMuMG cells seeding on collagen gels, containing variable FBS 

contents, as cell migration model systems. 
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1. Introduction 

1.1. Wound healing 

Wound healing is a complex multiphase process that involves coordination between diverse 

immunological and biological systems, which integrate into a careful and precise cascade of highly 

regulated events [1],[2]. 

1.1.1. Normal healing process 

In acute or normal wounds (i.e. lesions that can repair by themselves) the wound healing process 

follows a defined and scheduled pathway. Although the process of healing is a continuous event, it can 

be divided into four smaller phases to ease the understanding of the overall process. These four 

overlapping phases are: coagulation, inflammation, proliferation (formation of granulation tissue) and 

remodeling or scar formation [3].  

During the coagulation and inflammatory stage, that start immediately after injury, platelets initiate 

the release action of numerous factors that trigger a blood-clotting cascade, preventing bleeding and 

providing protection to the wound [4]. Numerous factors are secreted to the wound area at this phase, 

including proteins from the Transforming Growth Factor family (TGF-A1 and TGF-β) and the Platelet-

Derived Growth Factor (PDGF). This hormone cocktail recruits inflammatory cells, such as 

macrophages and leukocytes, that clear the wound from bacteria or other foreign bodies [5]. 

The proliferative phase of the wound repair is characterized by fibroblast migration, extracellular 

matrix (ECM) deposition and angiogenesis, all of which give rise to the formation of the granular tissue. 

Factors produced by inflammatory cells, such as TGF-β and PDGF, attract fibroblast from the 

surroundings of the wound [6]. Once inside, fibroblasts start to proliferate profusely and produce matrix 

components such as hyaluronic acid, fibronectin and collagen.  The accumulation of these ECM 

components in the wound bed provide support for further cell migration and are essential for the wound 

contraction process [7]. 

The process of angiogenesis is performed by endothelial cells that degrade basement membrane, 

migrate towards the wound, proliferate and eventually form new blood vessels [8]. During skin wound 

healing, epithelial cells collectively migrate and proliferate as a monolayer, promoting re-epithelization 

due to the activity of the fibrinolytic enzyme, plasmin and due to the activity of matrix metalloproteinases 

(MMPs) that cleave and degrade collagens in the matrix and basal lamina, thus promoting cell migration 

[9].        

In the final phase of the wound healing, ECM is maturated, wound collagen content is increased 

while hyaluronic acid and fibronectin are degraded. The tensile strength of the wound increases 

progressively. Throughout this phase continuous matrix remodeling by MMPs produced by 

macrophages and fibroblasts is a normal occurrence [10],[11]. The activity of MMPs has a crucial role 
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in remodeling the complex wound microenvironment and supporting cell migration and proliferation. In 

this final stage, fibroblastic cell apoptosis also occurs that leads to formation of a scar tissue with similar 

tensile strength as any unwounded tissue.  

Figure  1: Complex dynamics of normal wound healing process (coagulation omitted). The inflammatory 
phase starts moments after the injury and is characterized by the recruitment of blood-borne cells, 
macrophages and neutrophils, and epidermal and dermal cells. The proliferative phase starts within 
3days after injury and is characterized by fibroblast and keratinocyte proliferation and migration, and by 
neovascularization and ECM synthesis. The final stage, i.e. the remodeling phase, takes place within 1-
2-weeks after the injury, and is characterized by ECM remodeling by fibroblasts. Figure adapted from 
[3]. 

1.1.2. Chronic wounds  

When one of the normal wound healing phases is affected is some way, and/or an imbalance 

between variable factors in wound microenvironment occurs, the wound progresses into a chronic state. 

Several types of chronic wounds exist and they can be categorized, for example, as vascular ulcers, 

Inflammatory phase 

Proliferative phase 

proliferative phase 

Remodeling phase 
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diabetic ulcers and pressure ulcers, accordingly to the imbalance that occurs at the site of injury. Chronic 

wounds almost always require external intervention to be able to heal. Some shared features common 

in all types of chronic wounds include, excessive inflammation [12], extensive bacterial presence [13] 

and inadequate responses to stimuli by dermal and epithermal cells. Major groups of risk to develop 

such wounds are diabetic patients and elderly, since hyperglycemia and arterial and venous 

insufficiencies are closely linked to these pathology [14].  

At molecular level, the excessive inflammatory activity triggers the production of reactive oxygen 

species (ROS) that damage ECM and destabilize cell membranes [15]. Additionally, the production of 

MMPs is induced and consequently the proteolytic activity in the wound microenvironment is increased. 

Bacterial proliferation can be a decisive factor, since they can produce proteases that degrade 

ECM, and are of difficult elimination when colonizing the wound in the form of a biofilm [16]. 

Phenotypic cell abnormalities in the chronic wound have also been correlated with inadequate 

wound healing. For example, fibroblasts isolated from chronic wounds were found to have a lower 

proliferative response due to a decrease in receptor density of PDGF-α and -β [17].  

Considering the complexity of the wound healing process and the numerous factors that can shift 

the wound stability, it is logical to conclude that treatment strategies should be adjusted to the individual 

needs, according to the would type characteristics, growth factors, and the activity of the MMPs. 

1.2. Cell Migration 

All nucleated cell types, at some point during their development, performed the intricate process 

of cell migration. For the great majority of the cell types the ability to migrate is confined to 

morphogenesis and terminates with final differentiation into tissues. This ability is only reversed in tissue 

regeneration processes or in neoplastic processes that can give rise to tumor formation. Nevertheless, 

cell migration in fully developed multicellular organism is a fundamental activity that establishes and 

maintains tissue homeostasis, providing adequate immune response and wound healing.  

1.2.1. Cell migration in 3D environments 

Different cell types employ variable mechanisms to migrate within the ECM matrix. As a main 

characteristic of the cell migration is the collectiveness of the migration. Either cells migrate individually 

or collectively, as a multicellular unit. It is valuable to note that each specific type of migration is 

associated with a wide diversity of molecular mechanisms, cell-cell and cell-matrix interaction which 

result into specific migration patterns [18].The single cell migration mode can also be divided into two 

categories: one is the amoeboid migration and the other is the mesenchymal migration.  

Amoeboid migration is commonly regarded as a movement of ellipsoid or rounded cell that lack 

mature focal adhesions and stress fibers, providing them poor adhesion to the ECM. Cells that migrate 

in an amoeboid manner for instance include leukocytes, dendritic cells and some stem cells [19]. 
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Mesenchymal migration, on the other hand, is characterized by higher adhesion to the ECM and 

enhanced contractibility. Cell types that use this mode of movement are fibroblast, neural crest cells and 

dedifferentiated cancer cells, among others [20]. 

Collective cell migration is characterized by stable cell-cell adhesions and communications that 

enable coordination of the multicellular movement with leading edge protrusion and rear area 

contractions. Most common representatives of this mode of migration are epithelial cell and some cancer 

cell types [21]. 

 

Figure  2: Cell morphology is closely associated with the mode of migration that cells perform. Each 
migration mode is governed by a specific set of molecular mechanisms, the regulation of which can alter 
the migration method. Figure adapted from [22]. 

1.2.2. Migratory strategies  

Cells can adopt different migration strategies when moving within the ECM. In a simplistic way, 

one can categorize the strategies based on migratory speed. Fast migration strategy is achieved by 

non-proteolytic integrin-independent migration, that has been observed in leukocyte movements. 

Leukocytes migrate in an amoeboid fashion by rapid cycles of actin polymerization and actomyosin 

contraction [22]. 



17 

 

Intermediate speed migrations are archived by non-proteolytic integrin-dependent migration. 

Specifically, this is governed by the Rho GTPase signaling pathway that regulates cell cytoskeleton and 

cell migration. This type of behavior was observed in tumor cell invasion [23],[24]. 

In these both cases of protease independent cell migration, the ECM structure remains non-

degraded, thus cells change their own shape and squeeze between the ECM´s pores for the migration 

to occur. This is only possible to a certain degree since nucleus deformation presents itself as a physical 

barrier to the migration [25]. Depending on ECM´s physical properties, cells can also deform temporarily 

the ECM, process that occurs with the help of actomyosin-mediated structures [26]. 

Slow migration is achieved by proteolytic migration. In this type of migration, cells upregulate and 

activate different proteases that degrade and remodel ECM. The remodeling of ECM can be done by 

diffusive proteolysis, cell surface associates proteolysis or intracellular lysosome degradation.  

In the diffusive proteolysis, soluble enzymes such as MMPs and cathepsins diffuse and degrade 

structural ECM components outside the cell membrane [27]. This type of degradation is poorly focalized 

and can lead to ECM cleavage at arbitrary sites. Cell surface associated proteolysis is a case where the 

degradation of ECM is controlled by cell topography leading to a localized matrix breakdown in the 

vicinity of the cell surface. The degradation is performed by proteases that are either bond to the cell 

surface by receptors, for example MMP-2, or have a transmembrane domain as MMP-14 [28]. Last, 

intracellular degradation is a process where pre-solubilized ECM from extracellular ECM degradation is 

lysed. This step helps ECM removal and passive remodeling of the surrounding ECM [29].         

The choice of the strategy to be used is based on various physical and chemical factors of the 

ECM. For instance, fast migrating leukocyte can adopt slow migrating proteolytic activity when trafficking 

through endothelial cell monolayer [30]. Nevertheless, different studies indicate that pore size present 

itself as a crucial factor when comes to the choice of the type of migration that cells adopt. Specifically, 

during integrin mediated cell mobility, cell migrate at high speed when the pore size is considerable, but 

when the pore size diminishes below optimal size, cells tend to reduce their migration speed. Reaching 

a point when the pore size is too small, cells are required to engage in a proteolytic degradation of the 

matrix to proceed with migration at low pace [31]–[33]. 

1.2.3. Factors that influence cell migration  

Cell migration is a complex process influenced by physical properties of its surrounding, namely 

the properties of the ECM. Some key variables include: confinement, adhesion, topology, matrix 

stiffness or rigidity, whether the ECM is continuous or discontinues and where the forces generated by 

cytoskeleton are applied. 

Confinement 

Cells migrate in a different manner in 3D environments than in 2D. High cell confinement provided 

by 3D environment, enables migration with low levels of adhesion to the ECM since cell detachment is 

prevented. This phenomenon doesn’t occur in 2D environments since low adhesion to ECM can 

enhance cell detachment from the surface. This only applies to adhesion-dependent cells. 
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Additionally, confinement can control the type of protrusions that cells are able to make. The 

migration of the cells on a surface (2D) is frequently characterized by branched arrays of polymerizing 

actin that push the plasma membrane forward, forming a structure known as lamellipodia, which 

increases cell migration [24], [34]. 

In more confined environments, different structures push the membrane forward. For instance, 

structures such as filopodia, characterized by parallel actin filaments, or more complex 3D arrays of 

polymerized actin filaments are responsible for membrane deformation [35], [36]. 

Stiffness 

ECM stiffness or rigidity, which can be measured as elastic modulus, is another important factor 

to consider in cell migration. This characteristic depends on the molecular properties of the matrix such 

as fiber thickness and the extent of fibril cross-links in the ECM. Cell are capable of detecting matrix 

stiffness by a process known as mechanotransduction [37].  

Generally, high matrix stiffness reinforces cell protrusions, by enhancing RhoA mediated 

actomyosin contraction and formation of focal adhesions that leads to cell spreading [38]. On the other 

hand, soft matrix does not reinforce focal adhesion formation and cytoskeletal contractibility, leading to 

a cell rounding. Usually, through the mechanosensing mechanism, cells general greater actomyosin 

force on more rigid matrices.  

Adhesion 

Cell-ECM 

For anchorage-dependent cells, cell adhesion to the ECM plays an important role in translating 

the forces generated by the cytoskeleton into motion. Cell adhesion to ECM is predominantly generated 

by integrin-mediated mechanics, via coupling to cytoskeletal and signaling proteins. Major ECM 

components such as laminins, fibronectin and collagens engage with integrins in a binding process [39]. 

Integrin-mediated adhesions have relevant properties that can influence cell migration, since they 

determine cell shape as well as the forces that are generated during cell migration. Furthermore, cells 

can adjust the affinity of the integrins for the matrix components by binding of talin and kindlin proteins 

to the integrin beta subunits [40]. 

High levels of integrin expression have been associated with high attachment forces and with 

slow turnover of adhesion sites, and as a result, slow cell migration rates. Contrary, low level of integrin 

expression are associated with less elongated morphology, smaller pseudopodium structures and 

reduced adhesion forces to the substrate [41], [42].    

It is important to mention that cell adhesion is also related to the cell type. Distinct cell types such 

as fibroblast and myoblasts present strong adhesion, others, like endothelial and epithelial cells, exhibit 

a more moderate adhesion and fast-moving leukocytes show weak adhesion [43],[44]. 
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Cell-cell 

Cell to cell adhesion can also play an important role in cell migration. The conservation of cell-

cell junction during migration promotes collective coordinated cell migration, contrasting with the case 

when these junctions are disrupted, which enhances independent single cell migration. 

Cell to cell adhesion is mainly mediated by cadherins, such as E-cadherins in epithelial cells or 

VE-cadherin in endothelial cells [45],[46]. Thus, the degree of the cell-cell junction stability, in a migration 

cell population, determines whether collective translocation (high stability), cell streaming (intermediate 

stability) or single cell (low stability) migration is being generated [47]. 

Figure  3: Physical variables that can influence cell migration. Rigidity (a): soft matrix is more susceptible 
to deformation by cells, which can enhance cell invasion, but it reduces the activation of 
mechanotransductive signaling pathways and generates less cell spreading. High levels of confinement 
(b) enables cell migration with low levels of adhesion and limits lateral expansion of lamellipodia. 
Adhesion (c) is responsible for the sensing ability of the cells and modulating the interaction with ECM 
and other cells. Topology (d) is responsible for surface sensing via a feedback loop between actin 
polymerization and adhesion molecules. Figure adapted from [48].      

Cell guidance 

As discussed previously, cell migration can be modulated by mechanical or chemical cues. 

Consequently, the gradient of these cues, so called “-taxis”, can guide and direct cell motility. 

It is widely accepted that cell guidance is enabled by cellular sensing of gradients of chemical 

factors; this ability is called chemotaxis. The sensing of soluble factors is achieved by specific membrane 
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receptors such as tyrosine kinases and it has a central importance in cancer progression [49]. In 

addition, a process called autologous chemotaxis can take place, which relies on the detection of a 

gradient of chemokines secreted by the leading edge of the migrating cells [50]. 

Haptotaxis, defined as the ability of cells to navigate along a concentration gradient of adhesive 

ligands, commonly ECM proteins that are recognized by integrin receptors, has been demonstrated in 

vitro using fibroblasts [51]. Cells can also detect changes in matrix elastic modulus, a process known as 

durotaxis. Resulting from this ability, cells, when presented with stiffness gradients in the matrix, migrate 

from softer areas towards the stiffer areas. It is believed that this cue has a huge importance in tissue 

repair [52]. Other physical cell guiding cues have been reported to play a role in collective cell migration 

such as, cohesotaxis, guidance by intracellular force gradient and plithotaxis, guidance by intracelular 

tension [53]. 

1.3. Matrix metalloproteinases 

Matrix metalloproteinases (MMPs) are a family of zinc-containing and calcium dependent, 

secreted or membrane bond proteolytic enzymes that are responsible for degradation of the ECM, 

consequently, associated with tissue remodeling. This family is capable of degrading a wide variety of 

substrates including elastins, collagens, gelatin, glycoproteins and proteoglycan. Most MMPs are 

soluble proteins and are secreted from cells but MMPs can also be sub classified as membrane-type 

enzymes, MT-MMPs, which contain transmembrane and intracellular domains and are membrane 

associated. 

 There are several factors that can enhance and regulate MMP expression. This regulation is 

highly dependent on the specific type of MMP and cell type and is not fully understood. Factors that 

regulate MMP expression include some of ECM functional molecules, such as hormones, as well as 

cytokines and growth factors, such as TGF-β, EGFR, TNF-α and IL-1β [54], [55]. 

MMP´s regulation becomes even more complex with the evidence that cell-ECM and cell-cell 

interactions can also induce the gene expression of these enzymes [56]. 

It is important to refer that MMPs are synthesized in the inactive form, as zymogens, and require 

post-translation processing by other proteolytic enzymes such as furin, plasmin or other MMPs. Thus, 

the control of MMP activity can be regulated at the activation of the proenzymes. In this way of control, 

intracellular enzyme activation occurs via proteolytic activity, for example by MMP-11 and MT1-MMP 

[57], via phosphorylation for the MMP2 [58] or via oxidative stress for MMP-7 [59]. 

Regulation at the cell surface is also possible, as demonstrated by the activation of MMP-2 by 

various MT-MMPs, using different mechanisms [60], [61].  

MMP inhibition is mainly performed by the Tissue Inhibitor of Metallopeptidases (TIMP) family of 

proteins, that target individual MMPs by inserting an anchor into the active site and destabilize catalytic 

zinc ion [62]. Inhibition activity of TIMP proteins is not optimal [63] and as observed with MMPs, TIMPs´ 

expression is also regulated by numerous ECM factor [64]. Altogether, while it is well accepted that MPP 

regulation can be achieved through various mechanisms, allowing a very tight and precise modulation 
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of their proteolytic activity, but at this stage the whole picture of MMP regulation and expression patterns 

in cells remains to be fully elucidated. 

 One crucial characteristic of the MMP family is the reduced specificity towards the substrates, 

which has been demonstrated, in vitro, to be fairy indistinguishable. Among substrates associated with 

this family include different types of collagen, gelatin, fibronectin and laminin. 

All these characteristics make the study of MMPs and consequently, any other dependent 

mechanism a difficult task [65].    

As discussed before, the activity of MMPs has a huge importance in wound healing and 

achievement of the homeostasis. MMPs, by modifying the wound matrix, allow cell migration and tissue 

remodeling. Various types of MMPs are usually present in wound matrix, such as, MMP-1 and MMP-13 

that are responsible for collagen degradation [66], MMP-9 that plays an important role in wound closure 

[67], and MT1-MMP. 

MT1-MMP or MMP-14, plays a crucial role in cell migration during wound healing [68]. MT1-MMP 

is expressed at the migration of keratinocytes front in the wound, and as mentioned before, activates 

MMP-2. Study demonstrated also that the loss of MT1-MMP is associated with defective collagen type 

I turnover [69]. MT1-MMP is also known to regulate epithelial cell proliferation during wound healing 

[70],[71]. MMPs are also closely associated with cancer invasion, since MMPs can influence the tumor 

environment by promoting tumor growth, angiogenesis and metastasis [72]. Even more, MMP 

expression is linked with tumor aggressiveness and stage [73]. 

Recently, non-proteolytic MMP-14 activity was correlated with osteoclast differentiation [74], and 

targeting MMP-14 expression in cancers such as multiple myeloma can have a great impact in 

progression of the disease [75].  

Despite this clear association between cancer invasion and MMPs, the field of MMP research in 

cancer has been far from successful. The difficulty associated with the development of MMPs inhibitors 

rise from the main characteristics of these enzymes discussed before, such as the broad specificity of 

subtracts, mutual expression controls among diverse MMPs and zymogen activation [76]. 

Figure  4: Membrane localization of MT-MMP (MMP14) promotes ECM degradation. Positioning of MT-
MMP in specific cell membrane structures such as invadopodia, actin-rich protrusions of plasma 
membrane, and lamellipodia, membrane protrusion by cytoskeletal actin at the leading edge of the cell 
enables focal degradation of ECM during cell migration. Figure adapted from [77].    
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1.4. Biomaterials 

In the recent years, tissue engineering and regenerative medicine have been gaining attraction 

due to novel developments in biomaterials. Biomaterial, defined by IUPAC as “material exploited in 

contact with living tissues, organisms, or microorganisms” [78], can be categorized accordingly to their 

origin, which is either natural or synthetic. Artificial 3D matrices made from biomaterials, which can, to 

some extent, mimic the natural ECM hold great promise for tissue engineering applications and 

regenerative medicine. These ECM analogs not only can be explored as temporary scaffolds and drug 

or cell carriers but also more complex systems can be used to close the gap between in vitro 3D cell 

studies and in vivo studies.   

1.4.1. Natural biomaterials 

Natural biomaterials, which are constituted by variable components of the ECM, generally tend 

to be biocompatible and associated with high degree of cell interaction. Natural biomaterials include 

protein-based materials such as collagen, fibrin and silk, and polysaccharide-based materials such as 

agarose, alginate, chitosan and hyaluronic acid. 

Collagen, main component of the connective tissues, is one of the most heavily studied 

biomaterial for a variety of applications, including bone, ligaments, and cartilage engineering. 3D 

collagen scaffolds have been used to culture a wide assortment of stem cells for different tissue 

engineering applications and disease modeling [79]. Mechanical properties of this material can be 

regulated to some extend by degree of mineralization [80], polymerization temperature [81] and pH [82]. 

However, collagen, like other natural biomaterials, has major drawbacks. These include a high 

degree of variability associated with the purification process and a restricted range and control over the 

material mechanical properties. These disadvantages encouraged to the development of fully synthetic 

materials with high reproducibility and tailored mechanical proprieties.  

1.4.2. Synthetic materials      

Synthetic biomaterials provide an alternative to natural materials. The numerous advantages over 

natural material such as reproducibility due to their defined chemical composition and the ability to 

control and tailor the mechanical (and biological) properties to the need, are making synthetic materials 

a reasonable choice to many tissue engineering applications [83].  

However, synthetic biomaterials have one disadvantage, they are known to lack sites for cell 

adhesion. This drawback can be simply corrected by minor biofunctionalization with small functional 

domains, for example, integrin-binding sites such as a RGD sequence (arginine-glycine-aspartic acid). 

RGD sequence is found in several ECM proteins, including laminin, collagen type IV and fibronectin, 

and has been demonstrated to enhance cell adhesion [84]. 

Some materials that do not absorb proteins, like PEG hydrogels, are being used as a blank 

template and modified with adhesion domains. Additionally, PEG scaffolds can include enzyme 
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degradable peptide cross-linkers, which when combined with cell-mediated degradation allows cell 

migration through the gel in a process reminiscent of tissue remodeling [85].  

1.5. PEG  

PEG synthetic hydrogels present numerous key features including, their intrinsic low-protein 

absorption proprieties, reduced inflammatory characteristic and customizable mechanical and biological 

abilities by functionalization, which makes them the “gold standard” in the field of tissue engineering. 

1.5.1. PEG chemistry 

Various cross-linking chemistries have been used to create a bioactive hydrogel of PEG 

macromers [86]. In PEG-diacrylate hydrogels (PEG-DA), macromers are cross-linked via free-radical 

initiated polymerization of acrylate end groups. Free radicals are created either by chemical activation 

or UV cleavage of a photoinitiator [87]. One additional characteristic of the free-radical polymerization is 

the ability to control the incorporation of bioligands or mechanical properties through photo-patterning 

technics. A major drawback of the free-radical cross-linking is its cytotoxicity during the polymerization 

phase, which makes, in situ photo cross-linking for in vivo delivery applications and encapsulation of 

sensitive cells, a challenging process. Another drawback is the non-ideal control over the network 

structure of the hydrogels that can contain chains of non-similar sizes [88]. 

Figure  5: Thiol-Maleimide Michael addition reaction. Catalytic cycle (b) requires the formation of some 
quantity of nucleophilic thiolate anions. This can be achieved by utilizing nucleophiles (not shown) or 
base. In the base-initiated mechanism (a), a catalytic amount of a weak base or buffering agent is used 
to deprotonate some quantity of available thiols. The resulting thiolate anion, a strong nucleophile, 
attacks the π bond of maleimide, which gives rise to perpetuate addition cycle. Figure adapted from 
[89].          

In contrast, Michael-type addition cross-linking avoids the use of cytotoxic free-radicals and UV 

light, but instead requires a nucleophilic buffering reagent such as triethanoamine (TEA) or HEPES to 

enhance the addition reaction [90]. Moreover, PEG hydrogels obtained by Michael-type addition can be 
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generated from PEG with numerous end groups, including acrylate, vinyl-sulfone, maleimide and thiol. 

The Michael-type addition reaction, Figure 5, is broadly characterized as the reaction of an enolate-type 

nucleophile in the presence of a catalyst to an α-β unsaturated carbonyl. Additionally, the nature of this 

reaction is regarded as “click” due to the ability to produce highly stereospecific and regiospecific 

products [91]. Specifically, the thiol-Michael addition is one of the most common reactions used in cross-

linking processes since it offers an enhanced level of control over reaction parameters.  

Thiol-maleimide Michael addition crosslinking systems have been extensively used in biological 

environment because of its fast reaction kinetics, high specificity at physiological pH and stability of thiol-

maleimide products [92]. Maleimide based cross-linked PEG gels have several advantages over other 

cross-linking strategies such as, stoichiometric incorporation of bioligands, improved cross-linking 

efficiency and well-defined hydrogel structure [93].       

1.5.2. PEG customization 

 PEG hydrogels can be highly customized according to the needs. Great variability of different 

PEG derived macromers, with different configurations such as lineal bi-functional and branched 4-or 8-

arm macromers, give rise to a huge customization agility [90]. Such PEG macromers with specific end 

groups, for example maleimide, can be crosslinked via thiol Michael-addition reaction and form a 3D 

network, as demonstrated by Figure 6. The cross-linking sequence can be either non-degradable, in 

case where the cross-linkage is made with thiol-polymer, or cell degradable, such as where MMP 

degradable peptides flanked by cysteine residues are used [94]. 

Figure  6: Representation of PEG hydrogel customization ability. 3D network is assembled by 
crosslinking 8-arm PEG macromers with MMP sensitive peptide sequences, additional functionalization 
is performed with cell adhesive sequences, for example integrin binding sites, or/and with other 
compatible molecules such as growth factors. Cell migration through the hydrogel occurs by degradation 
of MMP crosslinks, which consequently alters the 3D network and mesh/pore size.       

Since PEG hydrogels provide low to none attachment to the cells, it is important to functionalize 

the PEG network with cell adhesion sequences, such as RGDS. This is possible by, again, flanking the 

peptide sequence with one cysteine, resulting into CRGDS, and performing the thiol Michael reaction 

between thiol group from cysteine and functional group of one or more PEG arms. 
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Other functionalization strategies are possible. For instance, peptide or drug release systems can 

be integrated into the PEG gel network by the same crosslinking principles with a degradable sequence 

that enables the release of the payload. [95]. 

Hydrogel mechanical properties, such as stiffness, mesh size and gel swelling can be 

manipulated by controlling the gel cross-linkage, for example by engaging in the reaction a variable 

number of PEG arms or by controlling the weight percentage of PEG in the gel [96].  

1.5.3. MMP cleavable PEG hydrogels 

PEG hydrogels formed with Michael addition reaction by crosslinkage with proteolytically sensible 

MMP sequences have long been studied for drug delivery, but their use as scaffolds for regenerative 

medicine application is a hot topic in scientific community. Namely, PEG hydrogels bio-functionalized 

with cell adhesion sites, such as integrin binding RGDS sequence, and containing MMP degradable 

substrates have been attracting interest due to their ability to promote and guide new tissue formation. 

This is achieved by allowing selective cell migration, invasion, proliferation and ECM deposition within 

the hydrogel, which is in turn degraded in a controlled way. The control of the rate of hydrogel 

degradation by migrating cells is associated with: the kinetic parameters values of the enzymatic 

cleavage of the MMP sensitive sequence, the degree of hydrogel crosslinkage and other physical factors 

that influence cell migration, the density of cell adhesion ligands and the presence of drugs that can 

alter the enzymatic activity or expression of MMPs [97].  

Cell migration studies, performed using fibroblast and other cell types, suggested that PEG 

hydrogels maintain some structural integrity during the migration. In those studies, cells could spread 

and migrate thorough 3D interconnected PEG mesh, highlighting the usefulness of protease-sensitive 

artificial matrices as experimental models to investigate cell–matrix interactions in 3D and understand 

the dependence of MMP regulation during the cell migration [98].   

Application of MMP cleavable PEG hydrogels as a scaffold for tissue regeneration has been 

tested in rats, by implanting subcutaneously within polyurethane sponges and loaded with VEGF, which 

resulted in improved infiltration by connective tissue and neovascularization, in a short period of time 

after surgery [99]. Similar studies used PEG hydrogels for bone formation analysis, that correlated fast 

degradable hydrogels with high cell migration and bone deposition, and for in vitro studies of MMPs 

inhibitors and potential drugs [100]. 

With increasing number of MMPs cleavable sequences, functionalization molecules and 

techniques, MMP sensitive PEG hydrogels have proved to be a sustainable 3D microenvironment 

platform to study cell migration and cell-matrix interaction with abundant number of cells that have been 

used, including fibroblasts, mesenchymal stem cells, endothelial cells cardioprogenitors, cancer cells 

and more [101].   

 For wound healing purposes and tissue regeneration, PEG hydrogels can act as simultaneously 

as a drug delivery system and a scaffold for cell migration and proliferation at the wound site. Although 

with some successes in the field of injectable PEG scaffolds [102] and in situ generated scaffolds applied 

for wound healing [103], the use of tailored PEG hydrogels in wound healing context is an emerging 
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concept, and as such it has to overcome several challenges to achieve the degree of acceptance 

compared to already established biomaterials such as collagen [104].      

1.6. Motivation 

The growing need for understanding the role of MMP-14 in the cell migration and wound healing 

and the inability to exclude its activity from the activity of other proteolytic enzymes during the cell 

migration, promoted the idea of developing an in vitro cell migration hydrogel platform that could help to 

understand how cell migration is influenced specifically by the activity of MMP-14. When developing 

such a platform, several criteria need to be consider: the specific degradation of the hydrogel by MMP-

14 (and not by other MMPs), the presence of cell adhesion cues that can be achieved through the 

optimization and correct functionalization of hydrogels with adhesion peptides, and/or other molecules, 

the physical and chemical cues and characteristics of the matrix that could direct and influence cell 

migration, and the cell migration detection system that will be used, among others.  

The goal of this work in particular was to develop and optimize a robust, tailorable and 

reproducible novel and specific MMP-14 cleavable PEG hydrogel platform that could be used for the 

study of in vitro 3D cell migration, and have the potential to be further modulated with the intent to be 

applied for would healing, in the future.  

To successfully develop such a platform several challenges needed to be addressed. The criteria 

in the design of the system that were evaluated and optimized in this work were: PEG hydrogel 

formulation, peptide production, peptide oxidation assessment, TCEP reduction methods, TCEP toxicity, 

PEG hydrogel functionalization, 3D cell migration detection.    
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2. Materials and Methods 

2.1. Solid Phase Peptide Synthesis 

The solid phase peptide synthesis was performed by using the Fmoc protection system. As a 

solid phase, a Rink amide MBHA resin 0.3-0.8 mmol/g (Fluorochem) was used, with an average value 

of 0.55 mmol/g for calculations. All Fmoc protected amino acids where used in 4x molar excess with a 

coupling cocktail consisting of HBTU (AGTC) with 3.95x molar excess and DIPEA (Sigma) with 6x molar 

excess in Dimethylformamide (DMF). The molar excess of each component is the excess referent to 

the amount of resin used. The coupling reaction was performed for at least 2.5 hours. More detailed 

information regarding amino acids used can be found in Appendix A.   

To provide adequate resin suspension and agitation, a nitrogen flow was created into the peptide 

synthesis vessel. The agitation by the injection of the nitrogen was always on, except in the cases of 

washes and collections, where the vacuum was needed. 

 

 

Figure  7: Solid phase peptide synthesis material setup. Peptide synthesis vessel (1), resin in 
suspension with the coupling solution (2), nitrogen inlet (3), Erlenmeyer flask under vacuum (4). 
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The preparation of the resin was made by swelling the resin with Dichloromethane (DCM), 

approximately 3 times the volume of the resin, for 30 minutes in the peptide synthesis vessel with 

agitation. This was followed by two consecutive steps of deprotection for 10 minutes and drain, wash 

with DCM, two consecutive washes with DMF, two consecutive washes with DCM and a confirmation 

of the deprotection by Kaiser test. 

After the preparation of the resin, the coupling reaction with the specific amino acid was 

performed. From this part forward, the synthesis steps followed a loop described by Table  1, till the 

moment of coupling of the last amino acid.  

The deprotection process was performed using a solution consisting of 20% (v/v) piperidine 

(Sigma) in DMF and consecutive washes were done by alternating DCM (Sigma) and DMF (Sigma) in 

a specific order. 

 

Table  1: Summary of procedures in each stage of solid phase peptide synthesis, order from top to 
bottom. 

Resin Preparation Synthesis Loop Last amino acid 

DCM 30 min Coupling 2,5 h Coupling 2,5 h 

Deprotection 10 min (2x) DMF wash (3x) DMF wash (3x) 

DCM wash DCM wash (3x) DCM wash (3x) 

DMF wash (2x) Kaiser test 

(negative) 

Kaiser test 

(negative) 

DCM wash (2x) DMF wash (2x) DMF wash (2x) 

Kaiser test (positive) Deprotection 10 min (2x) Deprotection 10 min (2x) 

- DMF wash (3x) Cleaving the peptide  

- DCM wash (3x) - 

- DMF wash (3x) - 

- Kaiser test (positive) - 

 

Kaiser Test (Ninhydrin Test) was performed before and after each coupling step to test the 

success of the coupling step or deprotection. This step consisted in draining the vessel with vacuum, 

sampling the resin (small amount of resin) and mixing it with one drop of previously prepared test solution 

in a small glass tube. Kaiser test solution consisted of one drop of each following solutions: 6 % (m/v) 

ninhydrin solution in ethanol, 80% (m/v) phenol in ethanol and Potassium cyanide (KCN) in H2O/ 

pyridine, all solution from Kaiser test kit (Sigma). The tube with the resin sample and test solution was 

heated at approximately 120oC for 1 minute. After the heating process, the presence of a free amine 

was indicated by blue resin color while no color change indicated a negative test, i.e. no free amine 

groups.  

When the peptide sequence is completed, its cleaving from the resin was carried-out by 

incubating the resin for 3 hours with a solution containing: 95% Trifluoroacetic acid (TFA, Sigma), 2.5% 

Triisopropylsilane (TIS, Sigma), 2.5% water and an additive 2.5% m/v of dithiothreitol (DTT, Fisher 

Scientific). The resulting solution was then collected and the synthesis vessel was washed with DCM. 

The process of removal of DCM and TFA from the peptide solution was done by rotary evaporator. The 
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peptide was then precipitated in cold (approx. -20oC) diethyl ether and the precipitate was centrifuged 

at 6500 rpm at 4oC for 10 minutes. Two consecutive washes and centrifugations were performed with 

cold diethyl ether with identical parameters. Residual ether was remover overnight by placing the 

washed peptide precipitate in a vacuum desiccator. After the peptide synthesis, the resulting crude 

peptide material was lyophilized. 

 

2.2. Reversed-phase HPLC 

To purify the desirable peptide from the crude material, a Gilson Preparative Liquid 

Chromatography system (Gilson) equipped with UV detector as a fraction trigger (detection at 220 nm 

wavelength) was used. Depending on the physiochemical properties and stability of the desired product 

this system was run at acidic (trifluoracetic) or basic (ammonium bicarbonate) conditions. 

For acidic condition, a ACE C8 (pore size 100 Å, 5 µm particle size) column (ACE) was used The 

elution was made with a solution of 0.1%(v/v) TFA in water with gradient of acetonitrile, 0-50% in 9 min. 

These conditions allowed the purification of the CIKVAV peptide sequence. 

  Purification of CRGDS and CGGGRGDS peptide sequences was run under basic conditions, 

using a XBridge BEH C18 (pore size 130 Å ,5 µm particle size) column (Waters). The elution was made 

with a solution of 50 mM ammonium bicarbonate in water with the gradient of acetonitrile, 0-70% in 9 

min for the CRGDS peptide and 0-50% in 9 min for the CGGGRGDS peptide. 

In both conditions, the crude material was dissolved in deionized water and filtered through 0.22 

μm membrane (Millipore) prior to injection in the colunm. Elution was performed in gradient mode for 

either condition. 

Collection of the fractions was made by an automated liquid handler at the highest signal peak. 

All collected fractions were lyophilized. 

  

2.3. Mass Spectrometry  

Mass spectrometry using Agilent 1100 Series LC/MSD (Agilent Technologies) was then 

performed to confirm the adequate synthesis and purification of the peptide. 

2 µL of the crude or previously purified by HPLC peptide fractions were injected into a ACE C8 

(pore size 100 Å, 3 µm particle size) column and eluted with 10-90% gradient of acetonitrile in 1.5 min 

with a flow of 1 mL/min. 

The elution step was followed by integration of the signal collected from a UV detector at 220 nm, 

254 nm and 305 nm wavelengths. 
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2.4. Lyophilization 

Samples were frozen at -80oC for more than 3 hours. One layer of light-duty tissue wipers (VWR) 

was placed tightly with rubber bands on top of the falcon tube and the tube cap was placed loosely on 

top of the tube. After this last procedure, samples were placed again for 30 min at -80 oC. 

Lyophilization was achieved with the help of FreeZone 2.5 Freeze Dry System (Labconco). Before 

initiating the lyophilization procedure, the vacuum pump was turned on and the collection coil was set 

to a temperature of -50 oC. Peptide sample were placed into a freeze drying chamber and immediately 

sealed with rubber port. Lyophilization was run for 72 hours at pressure of 0.018 mBar and with the 

constant coil temperature of -50 oC. After lyophilization, the samples were stored at -20 oC.  

2.5. Ellman's assay 

Peptide oxidation by detecting the free thiol content was evaluated with Ellman´s assay. The 

assay was performed in a 96 well plate format (Microtest Plate 96 Well,F (Sarstedt)). 200 µL of sample 

or standard curve calibration solution were pipetted into the 96 wells and 50 µL of a 1 mM Ellman´s 

reagent (DTNB) solution was added to each well. After an incubation step of 15 min in the dark, the 

absorbance at 412 nm wavelength was measured using a plate reader Varioskan Lux (Thermo 

Scientific).  

Reaction buffer used was 0.1 M KH2PO4 (Fluka Biochemika), 1 mM EDTA (Sigma) adjusted with 

NaOH to pH 8 and prepared with deionized water. DTNB (Sigma) 1 mM solution was prepared in the 

same way and pH adjusted to 7.5. 

For free thiol quantification, a L-Cysteine calibration curve was freshly prepared by firstly 

preparing a stock solution 1.75 mM L- Cysteine (Sigma) with reaction buffer and then diluting it to obtain 

solutions ranging from 0.01 and up to 0.75 mM L- Cysteine. Peptide samples were prepared by 

dissolving them in reaction buffer. Calibration curve was done in duplicate and each peptide was 

quantified in 6x replicates. 

The quantification of TCEP in the TCEP resin was done similarly. The calibration curve was 

freshly prepared by diluting in reaction buffer a stock TCEP solution at 20.9 mM to solutions at 0.05-

0.25 mM. The stock solution was prepared with TCEP-HCL (Sigma) and reaction buffer, and the pH 

was adjusted to 8 with NaOH. Test samples were prepared by mixing 200 µL of reaction buffer with 10 

µL of TCEP resin in a 1.5 mL eppendorf tube. The DTNB solution (50 µL) was added at the same time 

to the eppendorf tubes and to the well plate containing TCEP calibration curve, and both were incubated 

for 15 min the dark. The Eppendorf tubes were centrifuged at 1000 g for 1 min, the supernatants were 

transferred to the well plate containing TCEP calibration curve, and the absorbance was measured as 

described above. Each sample was done at least in triplicate and the calibration curve was done in 

duplicate.  
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2.6. Absorbance at 280 nm measurement with NanoDrop 

Measurements of absorbance at 280 nm were performed using a NanoDrop 2000 

spectrophotometer (Thermo Scientific). General manufacturer guidelines were followed. Before each 

measurement, the instrument was cleaned with light-duty tissue wipers (VWR) and a sample with 

volume ranging from 1-2 µL was pipetted onto the pedestal, the sampling arm was carefully placed on 

top of the pedestal and a measurement was taken. Before each series of measurements, the baseline 

calibration was done with the buffer used to dissolve the samples. Each sample was measured at least 

3 times. 

BSA quantification was based on the conversion from ABS 280 nm to mg/mL. This conversion 

uses the molar extinction coefficient at 280 nm for BSA of 43.824 M-1cm-1.                 

2.7. Disulfide reduction with immobilized TCEP resin   

The peptide sample consisted of MMP-14 cleavable sequence with the concentration of 7.8 mM 

in Ellman´s assay reaction buffer and working volumes of 30 µL. 

Centrifuge-filter mode 

The process starts with the pipetting of the adequate amount of Immobilized TCEP Disulfide 

reducing resin (Thermo Scientific) into a Ultrafree-MC PVDF 0.22 μm centrifuge filter (Millipore), 

followed by centrifugation at 1000 g for 1 minute. The resulting flow through was discarded and the 

peptide sample was loaded onto the centrifuge-filter and incubated for 1 hour on rotary platform to insure 

resin suspension. After incubation, the samples were centrifuged again at 1000 g for 1 minute to ensure 

the recovery of the reduced peptide solution. Finally, a washing step with the peptide buffer was 

performed followed by centrifugation. 

Batch mode 

 In the batch mode, instead of using the centrifuge-filter to separate the water from the 

suspended TCEP resin and the peptide solution from the resin, a regular 1.5 mL eppendorf tube was 

used to allow the sedimentation of the resin after centrifugation and collection or rejection of the 

supernatant. The incubation step occurs in the eppendorf tube. All the steps are the same as in 

centrifuge-filter mode. 

Batch- Centrifuge-filter mode 

In this mode, the removal of water from the suspended TCEP resin is done as in the batch mode, 

the incubation occurs in an eppendorf tube, but the final separation of the resin from the peptide solution 
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is done by centrifugation in an Ultrafree-MC PVDF 0.22 μm centrifuge filter. All the steps are the same 

as in the centrifuge-filter mode.     

2.8. TCEP resin protein retention with BSA 

A protein test solution (40 mg/mL) was made by dissolving BSA (Sigma) in 1x PBS (Thermo 

Fisher). The TCEP resin (80 µL) was loaded into an Ultrafree-MC PVDF 0.22 μm centrifuge filter and 

the disulfide reduction method was performed on a BSA solution with a loading volume of 40 µL, in 

Centrifuge-filter mode as previously described. Following the reduction step with the TCEP resin, the 

BSA solution was collected, and the centrifuge-filter containing the TCEP resin was successively 

resuspended 5 times with 1x PBS (20 µL) for 5 minutes by using a rotary platform, to thoroughly wash 

the resin and measure how much BSA was still present within the resin. Absorbance at 280 nm was 

measured by NanoDrop, as described above, on each collected solution (the initial BSA solution, the 

recovered BSA solution and each of the wash solutions). 

2.9.  Disulfide reduction with TCEP 

As an alternative, peptide samples were dissolved in HEPES buffer 0.1 M pH 7 containing an 

adequate amount of TCEP. The pH of HEPES buffer containing TCEP (Sigma) was previously adjusted 

to 7, by adding NaOH. After mixing the peptide with the TCEP, the solution was incubated at room 

temperatures for 1.5 hours on a rocker bed. The ratio TCEP:peptide used was of 0.6 for MMP-14 

degradable sequence and 0.5 for all the adhesion peptides, unless stated otherwise. 

  

2.10. 3D type I collagen gel formation 

A collagen casting solution was made by mixing rat tail type I Collagen at 3.96 mg/mL in acetic 

acid (Corning) with 10X DMEM (Gibco), HEPES buffer 0.1 M pH 7.4 (Sigma), Sodium bicarbonate 

solution 7.5% (Thermo Fisher), 1 M NaOH (Sigma), 1X DMEM (Gibco), FBS (Gibco), human insulin 

(Sigma) and Milli-Q water. The concentration of each constant components in the final collagen mixture 

follows as: 8.75% (v/v) for 10x DMEM, 5% (v/v) for HEPES buffer, 4.32% (v/v) for Sodium bicarbonate 

solution and 12.5% (v/v) for 1x DMEM. Human insulin was also incorporated within the collagen gel 

when working with NMuMG cells. The amount of 1 M NaOH to be added was calculated based on 

manufacturer´s indication, 0.02 μL of 1 M NaOH per 1 μL of rat tail type I Collagen at 3.96 mg/mL. The 

pH of the collagen solution after mixing was about 7.5 and the final collagen concentration was 1.5 

mg/mL. 

Before mixing, all reagents were sterilized by filtration through 0.22 μm pore membrane (Millipore) 

and kept chilled in an ice bath during the mixing.  
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Finally, collagen gels with 80 μL (full gel) or 40 μL (half gel) were cast into a 96 well plate (Sarstedt) 

and incubated at 37oC and 5% CO2 for 2 hours. For the 3D cell migration assay, the bottom gel was 

formed first and incubated at specified conditions, after 2 hours an additional top gel was equally formed 

as specified. Precautions were taken to avoid bubble formation when forming the gels. All the 

procedures were performed under laminar flow hood to guarantee sterility. Collagen gels were seeded 

with cells at the day of formation. 

2.11. Cell culture 

 MDA-MB-231 and NMuMG cells (both from ATCC) were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM GlutaMAX +4.5 g/L D-glucose, + pyruvate) from Gibco and supplemented with 10% 

(v/v) fetal bovine serum (FBS) from Gibco.  

MDA-MB-231 cells were also cultured with 1% (v/v) Penicillin-Streptomycin,10000U/mL, (Gibco) 

and NMuMG cells were supplemented with 0.1% (v/v) human insulin (Sigma). 

Cells were maintained in a humidified environment at 37oC and 5% CO2 during culture, and 

passaged before reaching confluence. 

2.12. Cell counting and seeding 

 Cell suspension was diluted 1:2 with 0.4% Tripan Blue solution (Thermo Fisher) and injected 

into cell counting improved Neubauer chamber. Cells were counted manually with the help of light 

inverted microscope Primovert (Zeiss). 

 Cell suspension was spun down for 5 minutes at 250 g and cell pellet was resuspended with 

fresh cell culture medium. Based on the cell number, adequate dilution with medium was performed to 

fit the desired cell density, 50,000 cells/cm2. Specifically, for 96 well plate format, cell suspension to be 

added per well had to be between 100-150 µL. All the cell handling was performed under laminar flow 

hood in sterile conditions.            

2.13. Fixation and staining with Phalloidin and DAPI  

Firstly, samples were washed with DPBS + Ca/Mg (Gibco), and incubated with a 4% (v/v) 

Paraformaldehyde (PFA) solution in DPBS (Electon Microscopy Sciences) for 20 minutes on a rocker 

bed. The PFA solution was replaced by 0.1% (v/v) Triton X-100 (Sigma) solution in DPBS and incubated 

for 10 minutes. Two consecutive washes with 1x PBS (Thermo Fisher) were performed with incubation 

time of 10 minutes each. Afterwards an incubation of 30 minutes was performed with 2% (m/v) BSA 

(Sigma) solution in 1x PBS. The staining solution consisting of 5 μg/mL DAPI (Life Technologies) and 

26.4 nM Alexa Fluor 568 Phallodin (Thermo Fisher) in 2% (m/v) BSA solution was added and incubated 

for 1 hour in the dark. 
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The last step consisted of successive 1x PBS washes: 1 with 1 min incubation time and 3 others 

with 10 minutes of incubation time each. The samples were stored at 4oC in the dark before imaging.            

2.14. Metabolic activity by MTT assay 

To assess TCEP cytotoxicity, NMuMG cells were seeded into a 96 well plate at a density of 50,000 

cells/cm2 (15,000 cells per well) and incubated in a humidified environment at 37oC and 5% CO2. After 

48 hours, when the cell monolayer presented 90 % of confluency, the old culture medium was replaced 

by 150 μL of new culture medium containing TCEP. The negative control consisted of medium 

supplemented with the vehicle of the TCEP (DPBS buffer). Each condition was done in 6 replicates. The 

stock TCEP solutions, at the concentration of 140 mM, were prepared by dissolving TCEP-HCl (Sigma) 

in DPBS buffer (Gibco) or NMuMG culture medium and adjusting the pH to 7.5 with NaOH. Incubation 

TCEP solutions were made by diluting the stock solutions with NMuMG cell culture medium. Solutions 

for vehicle negative control condition were obtained by diluting NMuMG medium with the correspondent 

volume of DPBS. A 2.5%(v/v) DMSO solution was used as positive control. 

After 24 hours of incubation with the different conditions, the plate was examined with inverted 

light microscope and changes in cell morphology were recorded. 

After morphology examination, samples were gently washed with DPBS (Gibco) and treated with 

DMEM (Gibco) containing 0.5 mg/mL MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium 

Bromide) from Thermo Fisher (100 μL per well). After this step, plates were incubated for 2 hours at 

37oC and 5% CO2. 

The medium was removed gently, and the plates were turned un-side-down for few minutes to 

remove as much medium as possible. Dimethylsulfoxide (DMSO, Sigma) was added to each well (50 

μL per well) to dissolve the formazan crystals. The absorbance of the solutions was measured at 570 

nm and 650 nm using a plate reader Varioskan Lux (Thermo Scientific).              

2.15. Metabolic activity by CCK-8 assay 

Cell Counting Kit-8 (Sigma) was performed according to the manufacturer´s instructions to 

evaluate cell proliferation. 10 μL of the CCK-8 solution was added to each well of the 96 well plate 

previously seeded with NMuMG cells and incubated for 1 hour at 37oC and 5% CO2. 

The absorbance at 450 nm was measured using a plate reader Varioskan Lux (Thermo Scientific).          

2.16. PEG-MAL gel formation 

Firstly, 8-arm PEG Maleimide (tripentaerythritol core), MW 20000 (JenKem Technology) and the 

synthesized adhesion peptide were dissolved in reaction buffer, HEPES 0.1M pH 7, so each solution 

corresponded to 25 % of final gel volume. The crosslinking agent, MMP-14 cleavable sequence or PEG-

dithiol MW 1000 (Sigma), was dissolved in same buffer in a volume that corresponded to the remaining 
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50% of final gel volume. Secondly, the PEG Maleimide solution was mixed with the adhesion peptide 

solution and incubated for 15 minutes. Finally, the PEG Maleimide-Adhesion peptide solution was 

pipetted in a 96 well plate and a gel was formed by adding the crosslinking solution. This step was 

performed with fast and uniform pipetting, since crosslinking reaction has a fast pace. The plate was 

then incubated at 37oC and 5% CO2 for 2 hours. The PEG gels had usually a final volume of 80 μL. Note 

that initial crosslinking tests were performed in Eppendorf tubes. 

All the procedures were performed under laminar flow hood to ensure sterility. Before cell seeding 

the gel was washed 3 times with DPBS buffer (Gibco), with each incubation time of 1 hour at 37oC and 

5% CO2, and finally swelled with culture medium, corresponded to cell type to be seeded, for at least 3 

hours at the 37oC and 5% CO2.   

The calculations for the amount of PEG macromer to be used was based on the gel percentage, 

5-10% (m/v), where the mass corresponds to the PEG and the volume to the gel volume. The amount 

of crosslinking agent and adhesion peptide was calculated based on the amount of PEG arms to be 

functionalized with adhesion peptide, which vary from 0 functionalized arms (fully crosslinked) to 3 

functionalize arms. Note that to form PEG hydrogels, only 4 arms are available to be 

crosslinked/functionalized.    

2.17. 3D cell migration in Collagen Matrix 

Collagen gels were formed in 96-well plate and seeded with MDA-MB-231 and NMuMG cells at 

50,000 cells/cm2 density with 150 μL of correspondent cell culture medium, with normal 10% FBS (v/v) 

or low 2% FBS (v/v) content. Incubation was performed at 37°C and 5% CO2 for 5 days. Afterwards, 

fixation and staining with Phalloidin and DAPI was done and confocal image acquisition was performed. 

Each gel configuration was done in triplicate.    

2.18. Light microscopy  

 Inverted microscope Zeiss Primovert was used in image acquisition equipped with ZEN 2.1 

software. Exposure was adjusted automatically. 

2.19. Confocal microscopy image acquisition 

After fixation and staining, image Z stacks were generated using a Zeiss LSM 800 laser scanning 

confocal microscope equipped with ZEN 2.1 software. Different z-section, distance between z slices, 

had been adopted during the acquisition of the Z stack.   

For migration assessment on collagen gels, a 10X objective positioned under the center of the 

well was used, and with 9.19 μm/z-section for MDA-MB-231 cells and 10.27 μm/z-section for NMuMG 

cells migration. The evaluation of NMuMG cell adherence to PEG hydrogels was performed using a 5X 
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objective with 18.59 μm/z-section. All Z stack image collections were made with enough optical sections, 

z slices, to ensure that all cells were captured.    

2.20. Image processing  

Z stacks generated in confocal microscopy were processed with ImageJ 1.51n. For the evaluation 

of the NMuMG cell adhesion on PEG hydrogels, stacks were projected over the Z axis, by using the 

maximum intensity Z projection tool.   

For the migration analysis, 3D cell position was detected with 3D Object Counter plugin [105], by 

adjusting the threshold and filter size in order to eliminate background noise and optimize the cell 

detection ; note that only nucleus DAPI staining data were used in this step. For each well, the Z 

coordinate of the first detected cell that had not penetrated the matrix was chosen to define the top of 

the gel (0 μm). From the position of each cell in 3D environment, the migratory distance (Euclidian 

distance) was calculated as the distance to the top of the matrix (0 μm). Excel (2016; Microsoft) was 

used for the calculation of the migratory distances and coordinate conversions, pixels to μm. 

ZEN 2.1 lite software was used to add scale bar to microscopy images. 

2.21. 3D scatter graph generation  

To generate 3D scatter graphs, the coordinates of each detected cell were obtained from 3D 

Object Counter and plotted with help of Matplotlib module [106] in Python 3.6.1 environment.  

2.22. Data, Statistical Analysis and Graph plotting 

Data organization, calculation of mean values, standard deviation (SD) and standard error of the 

mean (SEM) were done with Excel (2016; Microsoft). Statistical analysis and graph plotting were done 

with GraphPad Prism (6.01; GraphPad Software). Statistical analysis was conducted to compare means 

with one-way ANOVA (α=0.05) followed by post-hoc analysis with Tukey's HSD test. In tested data, 

markers such as: ****, ***, **, *, ns, indicate a P value <0.0001,<0.001,<0.01,<0.05; and >0.05 

respectively. Additional markers were used to indicate statistical insignificance between conditions, # 

and Ø. Note that each condition that contains one of these markers is mutually statistically 

insignificant with other conditions that contain the same marker. Each experiment was performed 

at least twice.       
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3. Results and Discussion 

3.1. PEG hydrogel development and optimization 

As a result of numerous advantages of synthetic polymers and increased research on cell 

migration and MMPs, the production of MMP cleavable PEG hydrogels, has been long established in 

healthcare associated fields [107]. Nevertheless, a consensus regarding polymerization reactions and 

starting materials has not been reached, since each application requires different tailored needs for the 

biomaterial [108],[109].                       

The development of a reliable and robust MMP-14 sensitive PEG hydrogel that could adequately 

support cell migration required the selection of the starting materials, macromers and peptides, and the 

reaction by which the polymerization process could take place. The selected reaction was the thiol-

maleimide Michael addition due to its high selectivity, fast polymerization kinetics, stability at 

physiological pH and flexibility associated with biofunctionalization using cysteines, which contain a 

reactive thiol group [92].    

The macromer used was a 8 arm PEG-MAL with tripentaerythritol core, which ensures increased 

flexibility, due to multiple reactive arms (eight reactive groups) that could be functionalized and 

crosslinked, and offers lower polydispersity when compared with generic PEG macromers with 

hexaglycerin core [110].  

Cell adhesion peptide sequences to be used for the functionalization of the hydrogels contained 

a fibronectin-derived integrin binding adhesion sequence RGD (arginine-glycine-aspartic acid) or a 

laminin-1 core protein domain IKVAV (isoleucine-lysine-valine-alanine-valine) [111],[112]. 

Since the discovery of the cell adhesion promoting activity of the RGD sequence, different 

variations of this adhesion site have been studied. Mainly variations were done by adding different 

flanking amino acids to the RGD core, which have been shown to impact cell adhesion and spreading 

[113]. Because of this, a spacer sequence containing three glycine amino acids (GGG) was added to 

one of RGD containing peptide sequence.  

To perform the functionalization of the PEG hydrogels with adhesion peptides it is necessary to 

add one cysteine to each peptide sequence, since the reaction requires a thiol group. The selected 

adhesion peptides sequences were: CRGDS, CGGGRGDS and CIKVAV.  

  The crosslinking agent that should promote the polymerization of the PEG network, should be 

flanked on both sides with thiol groups. For the non-degradable PEG hydrogel, linear PEG-dithiol was 

selected while for the MMP-14 sensitive PEG hydrogel, a peptide sequence flanked by one cysteine on 

each side, which could only be degradable by MMP-14 enzyme was used.  

 The MMP-14 cleavable peptide sequence will not be disclosed in this work due to publication 

timelines, and the report of this sequence is not critical for the understanding of the work discussed 

here. Consequently, the discussion of the peptide synthesis and purification process will be focused on 

the adhesion peptides.     



38 

 

3.1.1. Peptide synthesis and purification 

To produce the desirable peptide sequences, necessary for the functionalization and crosslinking 

process of the PEG hydrogel formation, solid phase peptide synthesis (SPPS), and high-performance 

liquid chromatography (HPLC) were used for the synthesis of peptides and for the purification process, 

respectively.    

Solid Phase Peptide Synthesis 

Solid phase peptide synthesis (SPPS) is a well-established and efficient process to produce 

peptides of lengths not greater than 70 amino acids. This technique centers on the idea of growing a 

peptide attached to an insoluble polymeric resin, characteristic that enables consecutive couplings and 

washing steps [114]. The peptide is synthesized by repetitive cycles of deprotection of the N-terminus 

and coupling of the subsequent amino acid. In this work, the N-terminus protective group of the amino 

acid used was the Fmoc-SPPS.  

 

Figure  8: Major steps of solid phase peptide synthesis. The side chain protective group is variable 
accordingly to the side chain (type of amino acid) and is only removed during the peptide cleavage. N-
terminus protective group is Fmoc and is removed from immobilized peptide before each coupling step. 
Linker and resin consist of Rink amide MBHA resin system, the resin should be swelled and Fmoc 
deprotected before the first coupling step. The last synthesis step consists of three events: Fmoc 
deprotection, peptide cleavage from the resin and side-chain deprotection.           

Fmoc systems have the advantage of relying on relatively safer chemicals in the coupling steps 

(corrosive TFA substituted by piperidine) than more classic Boc-SPPS systems [115]. The yield and 
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success of overall synthesis process is dependent on the yield of each coupling step, for this reason, 4x 

molar excess of amino acids to the amount of peptide to be synthetized was used. This system also 

requires the use of amino acids with not only N-terminus Fmoc protective groups but also with side chain 

protective groups. This has the intent of preventing any undesirable side chain reactions that could 

diminish the yield of the synthesis process. The side protection groups can vary accordingly to the side 

chain (amino acid) and the N-terminus protective group. 

Unlike ribosome protein synthesis, the majority of SPPS, including the one performed in this work, 

proceeds in a C-terminus to N-terminus fashion. This means that by using Rink amide MBHA resin, our 

peptides will have an amide on the C terminus, thus the synthesis of peptides should start with the C-

terminus amino acid and end with the coupling of cysteine as the (N-terminus) last amino acid. As 

mentioned earlier, SPPS follows a well-defined sequence as shows in Figure  8. 

The first step of synthesis consists in coupling the first amino acid to the linker-resin, Rink amide 

MBHA resin, which has previously been swelled with DCM. Swelling of the resin has the intent of 

exposing the reactive sites. Before coupling reaction, Fmoc group has to be removed by deprotection 

with piperidine, as shown by Figure  9. 

 

Figure  9: N-terminus deprotection with piperidine. Removal of Fmoc group with 20% (v/v) piperidine in 
DMF.    

After coupling of the first amino acid, the process enters a loop of consecutive deprotections, 

washes and couplings until the last amino acid is introduced. In the coupling cocktail, besides the amino 

acid to be added and the DMF solvent, other chemicals such as HBTU and DIPEA are used, as shown 

by Figure  10 . The combined action of these chemicals promotes the activation of the carboxyl group, 

which enhances the reaction rate [116].         

Figure  10: Coupling step of the solid phase peptide synthesis. The consecutive addition of amino acids 
to the immobilized peptide is done by coupling reaction enhanced by HBTU and DIPEA, with the 
previous Fmoc deprotection of the immobilized peptide. The protective groups of the side chains and 
the Fmoc protected N-terminus of the added amino acid are not affected.      
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At the end of each coupling and deprotection step, a Kaiser test was performed to ensure that the 

synthesis was performed correctly. The Kaiser test is based on the reaction of ninhydrin with amines, 

which can be visualized by an intense blue/violet color. After each coupling step, the Kaiser test should 

give a negative result (no color change), meaning the absence of free amine groups and consequently 

that the coupling reaction was complete. On the other hand, after each deprotection step, the Kaiser 

test should give a positive result (blue or violet color), meaning the presence of free amine groups, 

resulted from the deprotection of Fmoc groups. It is worth noting that it is impossible to determine the 

extent of deprotection, since an unquantifiable amount of free amine groups could generate color chance 

to blue.     

After the coupling of the last amino acid, in our case it was always cysteine, the last deprotection 

step was followed by the cleavage of the peptide and deprotection of the side chain groups, Figure  11. 

The cleavage solution consisted of TFA, TIS and water. TFA splits the peptide from the resin and 

removes the protective side chain groups. TIS and water act as scavengers by trapping highly reactive 

carbocations generated during the reaction. This cleaving mixture also included DTT, a redox agent that 

had the intent of preventing side chain oxidation, namely the oxidation of the thiol group present in 

cysteines [117].    

 

 

 

 

Figure  11: Cleaving step of the solid phase peptide synthesis. In this final step, all the side protective 
groups and resin linkage are removed by mixture with TFA, TIS, DTT and water. 

 Lastly, SPPS is a fast and versatile tool for the production of peptides, making it a valuable and 

vital procedure to master for anyone in the field of biomaterials. It is also important to refer that the SPPS 

process was done manually, although the peptide synthesis could also be done by using automated 

SPPS systems [118].  

Purification process  

To purify the peptide crude from the SPPS process, reversed-phase HPLC equipped with UV 

detector was used, and mass spectrometry was then performed to confirm that the correct fractions 

were collected from the purification process. 

Reversed-phase HPLC is an essential tool in the separation of peptides, since its high resolving 

capacity is capable of differentiating peptides that differ by only one amino acid [119]. This capacity is 

even more relevant in our case, when resolving peptide crude mixtures from synthesis processes. In 

crude peptide mixtures, similar undesirable peptide sequences can be present as the result of peptide 

truncations and undesirable coupling reaction during the synthesis phase, and need to be separated 

from the desirable peptide. 
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In reversed-phase HPLC, the separation of the peptides is performed due to the variable 

interaction/preference of the peptides, present in the mobile polar phase, for the hydrophobic surface of 

the silica column, stationary phase. It is worth noting that the column hydrophobicity is achieved by the 

attachment of hydrocarbon groups to the silica particles packed in the column [120] . 

  Two different reversed-phase HPLC purification systems were adapted: one for acid condition 

and the other for basic conditions. The acid condition system was operated with a solution containing 

TFA and the basic system was operated with a solution containing ammonium bicarbonate. The reason 

behind the choice of different systems to purify peptides resides on the fact that peptides have variable 

net charge at different pH, accordingly to the amino acids content. This characteristic can affect the 

efficiency of the purification process, by modeling peptide-column hydrophobic interactions, and 

diminishing peptide solubility if the isoelectric point is reached. This last event can, consequently, 

promote peptide precipitation, an incident that is extremely undesirable when working at high pressures 

during HPLC purification. For these reason, peptides with isoelectric points below 7, such as, CRGDS 

and CGGGRGDS were purified at basic condition. Contrarily, CIKVAV, which has an isoelectric point 

above 7, was purified at acid condition. For both conditions a gradient elution with acetonitrile was used.  

 Quick analysis of all the peptide chromatograms indicates a high distinctive peak, that was later 

confirmed to be the desirable peptide, and a not totally resolved spectrum, which in this case was not 

considered a relevant problem. But if desirable in future, this problem could be resolved with the 

optimization of the HPLC process, by changing variable such as: the mobile phase flow rate, acetonitrile 

concentration and elution and the pH of the buffer [119]. Table  2 resumes some relevant information 

regarding peptides purification process such as: retention times of each peptide, operation conditions 

and peptide characteristics. The peptide chromatograms are presented in Appendix B. 

 

Table  2: Peptide characteristics and HPLC information. Molecular weight, isoelectric point, purification 
condition and HPLC retention time of each peptide.  

 

Another procedure used in this work was mass spectrometry (MS), an analytical technique that 

can infer the mass of chemical species, based on the method of sorting ions produced by their mass-

to-charge ratio [122]. This tool was used before HPLC purification process, with the intent to confirm the 

presence of the desirable peptide in the crude mixture, and after purification process to ensure correct 

fraction collection during the HPLC purification. 

 The presence of peptide in the mixture was evaluated with the analysis of the TIC 

chromatogram, by correspondence of the detected mass or fraction of the mass of detected peaks to 

peptide molecular weight. The small deviations between detected masses and peptide molecular weight 

Peptide Molecular weight 

(g/mol) 

Isoelectric point 

[121] 

Purification 

condition 

Retention time 

(min) 

CRGDS 536.6 6.1 Basic 1.8 

CGGGRGDS 707.7 6.1 Basic 4.0 

CIKVAV 631.8 8.9 Acid 7.4 
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can be the result of variable peptide protonation states and equipment accuracy. UV spectrums were 

only used to infer increased purity of the peptide mixture. More detailed analysis of the spectrum was 

not performed as it is outside of the main frame objective of this work. TIC chromatogram as other 

spectra resulted from the mass spectrometry can be found in Appendix C.  

At the end of the SPPS and HPLC purification all peptide mixtures suffered a lyophilization 

process, with the aim of removing all solvents and preserve the desirable peptide, and were posteriorly 

stored at -200C. 

3.1.2. Peptide Oxidation 

The reaction test for the polymerization of 10% PEG hydrogel, fully crosslinked with newly 

synthesized MMP-14 degradable sequence used as crosslinker, indicated no hydrogel formation, while 

previous attempts using other peptide sequence batches were successful. The most probable reason 

to this problem was the oxidation of thiol groups and formation of disulfide bonds, which could 

incapacitate the polymerization reaction between maleimide groups of the PEG macromer and thiol 

groups of cysteines. 

The thiol (sulfhydryl) -SH side chain of cysteine is highly susceptible to the oxidation by ROS, 

giving rise to the formation of oxidative modification such as disulfide bonds [123]. The oxidation 

probably occurred during the purification process or storage, as reducing agent, DTT, was used in the 

last part of the SPPS process to prevent oxidation.  

Not all thiol groups are equally oxidable. The reactivity of the thiol groups is dependent on factors 

such as, accessibility and acid dissociation (pKa) [124]. This last one may play a crucial role, since we 

are dealing with small peptide sequences, thus the formation of structures/conformations that could 

influence accessibility is unlikely. The influence of the pKa on the formation of disulfide bonds can be 

related to the fact that protonated form of the thiol group (-SH) is not particularly reactive when compared 

with the thiolate anion, the deprotonated form (-S-). Thus, cysteines that contain thiol group with low pKa 

are more likely to be modified by reactive species. Additionally, the proximity of the cysteine to proton 

accepting amino acids, such as histidine, arginine or lysine, can lower the pKa of the thiol group and as 

a result increase the thiol reactivity, phenomenon prone to happen with CRGDS sequence. Same logic 

applies to the influence of pH, as alkaline conditions promote the formation of the thiolate anion and 

enhance the likelihood of oxidation [125]. With this evidence, one can speculate that, the peptide 

sequences of adhesion peptides, CRGDS and CGGGRGDS, and MMP-14 crosslinking sequence 

purified at basic conditions, are more susceptible to the oxidation and formation of disulfide bonds. 

In the event of oxidation and formation of disulfide bridge, two distinct configurations can be 

adopted [123], an intra-peptide or inter-peptide disulfide bridge, as showed by Figure  12. Adhesion 

peptides only contain one cysteine, and consequently are only capable of forming inter-peptide disulfide 

links. Contrary, crosslinking MMP-14 sequence contains two cysteine, one on each end, thus, can form 

both, inter-peptide and intra-peptide links.  
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Figure  12: Free thiol oxidation in peptides can produce different disulfide links. 

To investigate the hypothesis of di-sulfide bond formation, specifically in the MMP-14 peptide 

sequence, as the reason for non-polymerization of PEG hydrogel, the Ellman’s assay was performed. 

This well-established assay provides a colorimetric readout of the total reduced thiol content in a sample 

[126]. As shown by the Figure  13, this assay is based on the ability of the free thiols in the sample to 

reduce DTNB, a molecule usually known as Ellman´s reagent. This reduction occurs in stochiometric 

manner with the formation of TNB, a compound with yellow color in neutral-alkaline conditions that can 

be measured spectrophotometrically at 412 nm. By combining external standards of cysteine and high-

throughput spectrophotometric system such as a plate reader, we could obtain a quantitative way of 

measuring the free thiol content in a sample.  

The cysteine oxidation hypothesis was confirmed with the Ellman’s assay as presented in Figure  

14. The newly synthesized peptide sequences, CRGDS, CGGGRGDS and MMP-14 (NS MMP-14) had 

a free thiol content close to zero. The free thiol content, ([𝐶𝑦𝑠] [𝑃𝑒𝑝𝑡𝑖𝑑𝑒]⁄ ), is measured as the ratio 

between the concentration of cysteines (Cys) which is detected by Ellman’s assay, and the peptide 

concentration in sample. For the CRGDS sequence, the free thiol content had a mean value of 

0.048±0.004 (SEM), the newly synthesized MMP-14 sequence (NS MMP-14) had a value of 0.015 ± 

0.009 (SEM) and the old MMP-14 sequence (OS MMP-14), that could crosslink the PEG hydrogel, had 

a value of 0.877±0.005 (SEM). The thiol content of CGGGRGDS was omitted from the Figure  14 due 

to the low signal obtained, which fluctuated around the blank calibration solution. It was impossible to 

solubilize the CIKVAV sequence in the reaction buffer used in Ellman’s assay, thus the Ellman’s assay 

was not performed on this sequence.    
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Figure  13: Detection of the reduced (free) thiol contents with Ellman’s assay. The assay is based on 
the reduction of DTNB by free thiols and stochiometric formation of yellow-colored compound TNB. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  14: Ellman’s assay of SPPS synthesized peptides. A) Calibration curve obtained by using 
external cysteine solutions. B) Measurement of free thiol contents in old synthesized MMP-14 (OS MMP-
14), newly synthesized MMP-14 (NS MMP-14) and CRGDS peptide sequences. The thiol content is 
represented by the ratio between the concentration of cysteines detected and the concentration of 
peptide in sample. The data are presented as mean +/- SEM (n=4). 

Since each adhesion peptide has only one cysteine, a free thiol content around 1 would be 

expected, and the same logic applies to the MMP-14 sequence, with an anticipated free thiol content 

around 2. However, that is considering if we had on our hand a 100% pure peptide, wish was probably 

not the case. Even though it was possible to crosslink and form PEG hydrogel with the old synthesized 

MMP-14 sequence, which has a peptide content lower than one cysteine per peptide. This suggest that 

it is not required to have a 100% pure peptide solution or 100% free thiol content to produce PEG 

hydrogels. Obviously, the physical characteristics of the PEG gel would be affected by the decision of 

using peptide solutions with lower thiol contents.        

With the information provided by Ellman’s assay, one can conclude, the synthesized peptides 

have the reactive thiol group in oxidized state, and consequently their use for the production and 
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functionalization of PEG hydrogel by Michael addition reaction, without prior reduction, is an unfeasible 

task.  

Another remark about Ellman’s assay. Although this tool proves itself as reliable, with linear 

correlation between absorbance and cysteine concentration, R=0.995, in the range of 0-0.3 mM cysteine 

concentration, the molar extinction coefficient of the TNB molecule is extremely variable at different 

buffers, salt contents and pH, which limits the application of Ellman’s assay to specific scenarios.                  

3.1.3. Peptide Reduction 

To be able to use the synthesized peptides in the process of polymerization and functionalization 

of a PEG hydrogel, it was necessary to reduce the thiol groups of cysteines, by breaking the disulfide 

bond that had been formed. 

    From common reducing agents such as DTT and BME, there is one that outstands by its 

numerous advantages, the TCEP molecule. This reducing agent is a more powerful, non-reactive with 

maleimide, odorless, stable and allows the reduction at wide range of pH [127],[128]. Additionally, TCEP 

can be obtained in reducing gel form, immobilized on solid phase, that permits the separation of the 

sample from the reducing agent. 

 

 

Figure  15: Reduction of disulfide bond by TCEP agent.     

Immobilized TCEP disulfide reducing resin 

The first system that was chosen to study for the reduction of thiol groups in the synthesized 

peptides was the TCEP reducing gel. The attractiveness of this system resides in the fact that the 

reducing agent can be entirely removed from the peptide sample. This characteristic is especially 

relevant if we consider that the post-crosslinked PEG hydrogel should be used as a scaffold, for 

assessment of cell migration, and that external reducing agent could compromise the cell viability or 

influence their migration.  

The optimization of this reducing system consisted in finding the optimal TCEP to peptide ratio, 

the optimal operation conditions and characterizing the peptide retention in the reducing gel. 

First, a quantification of the amount of TCEP immobilized in the reducing gel was performed using 

the Ellman’s assay. The TCEP molecule reacts with DTNB and produces the yellow TNB compound, 

similarly to what happens in thiol-DTNB reaction. In this case, the calibration curve was constructed with 

external solutions containing TCEP. As shown in Figure  16, a linear relationship (R2=0.999) was 

observed between absorbance and TCEP concentration. The value obtained for the immobilized TCEP 

was of 0.0082 ± 0.0001 (SEM) mmol/mLof reducing resin. This value is important for the establishment 

of peptide:TCEP proportion is future TCEP resin reductions.  
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Figure  16: Ellman assay of reducing gel containing TCEP. Calibration curve obtained by using external 
TCEP solutions. 

Absorbance at 280 nm can be particularly useful in our study, as it arises strictly from tryptophan, 

tyrosine and disulfide bonds. The MMP-14 peptide sequence contains one of the described amino acids 

along with disulfide bond formed due to oxidation [129],[130]. Thus, absorbance at 280 nm should 

diminish if the disulfide bonds are being reduced, but this signal will not reach values close to zero 

because of the contribution of the other amino acid to the measure of the absorbance. 

The optimization of the TCEP to peptide ratio was carried-out with the MMP-14 cleavable 

sequence, by performing the reduction using different amounts of TCEP resin in centrifuge-filter mode. 

From the information of Figure  17 A2), one can conclude that either of ratios between 0.4 to 0.7 

performed relatively equally, with higher thiol content, 0.622±0.046 (SEM), registered for a ratio of 0.4. 

All the free thiol content is below 1, which could be due to an incomplete reduction of the disulfide bonds 

or due to a reduced peptide purity. Curiously, the highest ratio, that was expected to have higher free 

thiol content due to the ability to drive the thiol reduction to total completion, presented a lower free thiol 

content than any other ratio. This can indicate that higher amount of TCEP resin could promote non-

specific peptide retention, and thus diminish the total free thiol content. The data from the absorbance 

at 280 nm, Figure  17 A3), confirms the idea of partial peptide retention in the resin, with absorbance 

values falling at higher ratios. This data also confirms the reduction of disulfide bonds, with decreasing 

values of absorbances between non-reduced peptide (ratio 0) and reduced peptides. 

Despite the statistical insignificance of the thiol content between different modes of operation, the 

centrifuge-filter mode (Cent.) was found to be the most adequate mode of operation, with thiol content 

values reaching 0.691±0.037(SEM), Figure  17 B2). This conclusion is justifiable by the possible 

inadequate peptide recovery with other operating modes, which is suggested by higher absorbance of 

the sample processed with centrifuge mode at 280 nm than other modes of operation, Figure  17 B3). 

Additionally, the centrifuge mode provides a more user friendly operating protocol and higher processing 

volumes.    
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Figure  17: Optimization of TCEP resin reducing system. A) Optimization of TCEP to resin ratio with 
centrifuge filter mode, A1) Ellman assay cysteine calibration curve; A2) Free thiol content by Ellman 
assay of MMP-14 peptide solutions reduced with different TCEP to peptide ratios; A3) Absorbance at 
280 nm of MMP-14 peptide solutions reduced with different TCEP to peptide ratios. B) Different modes 
of operation with TCEP: Peptide ratio of 0.7. B1) Ellman assay cysteine calibration curve; B2) Free thiol 
content by Ellman assay of MMP-14 peptide solutions reduced by different modes; B3) Absorbance at 
280 nm of MMP-14 peptide solutions reduced by different modes. No reduction was performed in the 
control group. Data are represented as mean +/- SEM (n=2). 

Investigation of a possible peptide retention by the TCEP resin was performed by doing a washout 

test using bovine serum albumin (BSA). BSA can be easily quantifiable by absorbance at 280 nm with 

NanoDrop spectrophotometric system. This washout test consisted in performing an incubation of a 

BSA solution with TCEP resin and then consequently wash the gel with PBS and detect the BSA content 
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in the sequential washing solutions. The amount of TCEP resin used was equivalent to the 0.7 ratio 

TCEP: peptide discussed earlier.  

  

      

Figure  18: Washout test with BSA. TCEP resin was incubated with a BSA solution and successively 
washed with PBS. The BSA content in the washing solutions was detected using absorbance at 280nm 
with NanoDrop. Statistical relevance refers to the BSA concentration. BSA recovery was calculated 
considering the initial amount of BSA incubated, calculated with concentration of Pre-Incubation and 
volume used, as the amount to washout in order to obtain full recovery (100%). Data are represented 
as mean +/- SEM (n=2). 

From the Figure  18, it is possible to conclude that it is impractical to recover fully the protein: 

even after 5 washes the recovery was of 89.4±7.6% (SEM). It is also evident that performing one wash 

after reductive incubation is a good way to increase the protein recovery by 10% (from 67.4±0.3%(SEM) 

of incubation recovery to 78.7± 4.2%(SEM) after first wash). However, performing more than one wash 

would be unreasonable, as it would dilute the peptide sample, which is undesirable due to the high 

concentration solutions that are required to functionalize/crosslink the PEG gel. Additionally, it should 

be mentioned that the nonspecific affinity to TCEP resin may be different accordingly to the peptide or 

protein that are processed.   

     As the TCEP resin showed a good potential to be used prior to cross-linking to ensure a 

reduction of thiol residues, the formation of PEG gels was then assessed using this optimized TCEP 

resin protocol. The experiment was designed to result in the formation of a 10% PEG gel that should be 

fully crosslinked with MMP-14 cleavable peptide sequence. The MMP-14 peptide solution, with an 
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approximate concentration of 44 mg/mL, was reduced with TCEP resin in centrifuge-filter mode with 0.5 

ratio TCEP to peptide. Ellman assay was performed on minor part of the total volume of this solution, to 

verify cysteine reduction, and the rest was used to crosslink the PEG hydrogel. 

 Unfortunately, it was not possible to reach a complete gelation of the PEG, as the polymerization 

accrued only for a small portion of the gel. Data from the Ellman assay (calibration curve not shown) 

confirmed that only small amount of the peptide solution had free thiol contents, with cysteine/peptide 

ratio values of 0.185±0.038 (SEM).  

Due to the high cost associated with the synthesis of peptides, the optimization of the TCEP resin 

system described above was made with a lower peptide concentration of 10 mg/mL. To ensure that the 

ratio peptide/resin was equivalent to what had been used during the optimization steps, the volume of 

resin that then increased, as the peptide concentration was more than 4 times higher, than the tests 

ones. In the present experimental design, the inability to reduce a high concentration peptide solution 

for PEG gel formation, appeared to origin from two key factors. 

 First, the intrinsic low amount of immobilized TCEP in the reducing gel encourages the use of 

more resin in reduction process, in order to maintain adequate ratio of TCEP to peptide. The use of 

reduced amount of TCEP resin, in the reductive process, is associated with incomplete reduction of 

peptides, thus this option is inadequate for our case. 

Secondly, increasing the amount of TCEP resin, in order to reduce a highly concentrated peptide 

solution, decreases immensely the resin suspension, and increases the peptide loss as a result of 

nonspecific retention by the resin. This problem could be resolved with consecutive washes, but this 

would dilute the peptide solution and contradict our final purpose, the use of highly concentrated reduced 

peptide solution in the PEG gel formation.                       

In conclusion, this reducing system, despite having immense advantages, was found to be 

inappropriate to our use.   

Disulfide reduction with TCEP and PEG hydrogel formation 

With the failure to use TCEP resin to reduce peptide solution, the reduction of disulfide bonds 

was performed directly, by mixing TCEP solution with peptides. The PEG crosslinking test was similarly 

performed, by first reducing the MMP-14 with TCEP and then fully crosslinking a 10% PEG gel. As 

shown by Figure  19, gel formation occurred in all reduced samples, independently of the TCEP:peptide 

ratio. Although, it is worth noting that physical properties of these gels could be different if the reduction 

of the crosslinking agent was incomplete, which can influence the gel polymerization and consequently 

the stiffness of the gel. Unfortunately, it is impossible to access the free thiol content of the reduced 

mixture by Ellman assay, since this mixture has residual TCEP which reacts aggressively with DNTB 

[127]. 
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Figure  19: PEG hydrogel (10%) fully crosslinked with MMP-14-cleavable peptide. Peptide reduction 
was performed with diferent TCEP:peptide ratios, zero ratio corresponds to non reduced peptide 
sequence. The PEG gel, transperent on the bottom, was left to swell in DMEM culture medium, pink on 
the top.  

This method was then chosen for the formation of the subsequent PEG hydrogels. With the intent 

of assessing preliminary biocompatibility of the PEG biomaterial, a 10% PEG gel crosslinked with MMP-

14 degradable sequence and functionalized with the adhesion peptide CRGDS (using two out of four 

available PEG arms) was produced. As a means of comparison, a 10% PEG hydrogel crosslinked with 

non-degradable sequence, PEG-dithiol, and without any adhesion peptides, and a 1.5 mg/mL collagen 

gel were also formed. NMuMG cells were seeded in the same density, 15,000 cells per each well. Note 

that both PEG hydrogels were extensively washed with DPBS buffer as described in Materials and 

Methods.    

For reduction process, TCEP:peptide ratios of 0.6 for MMP-14 peptide sequence and 0.5 for all 

the adherent peptides were established. This choice was made based on the polymerization test of the 

Figure  19, and on the fact that higher TCEP concentration could impact cell viability, since higher 

amount of residual TCEP would be needed to be washed before proceeding to cell seeding. The slightly 

lower ratio for adherent peptides is associated with the low cysteine content that they present, i.e. one 

cysteine per adhesion peptides in contrast with two per crosslinking sequence, and their inability to form 

intra-peptide disulfide bonds, which theoretically diminishes the amount of TCEP necessary for 

reduction in comparison with MMP-14 sequences.         

From the Figure  20, it is possible to conclude that the surface of both PEG gels is irregular, as a 

result of fast paced polymerization reaction, when compared to the collagen gel. Three hours after the 

seeding, the NMuMG cells presented variable morphologies according to the gel. In the PEG-dithiol 

surface, cells appear to have contracted or even suffered cell lysis, which would make sense if we 

consider that NMuMGs are epithelial surface-dependent cells and the fact that PEG-dithiol surface do 

not possess any cell adhesion peptides, that could act as a cell anchors [131]. In the PEG-MMP14-

CRGDS gel, cells seem to have adhered to the surface, although, the cell spreading was limited when 

compared with cells on collagen gel. Cell spreading is correlated with the formation of adhesion points 

with the matrix, a process mediated by integrins [132]. Therefore, collagen gel, despite being less stiff 
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when compared with PEG gels, likely promoted more cell spreading as a result of the numerous integrin 

adhesion sites present on its surface. Another factor to the formation of rounded cell islands on the 

surface of PEG-MMP14-CRGDS gel is the predominance of cell-cell interaction due to low adhesion to 

the surface. This cell behavior has been largely reported in the literature and is also associated with 

reduced cell migration and proliferation [133],[134].     

 After 48 hours of culture on the hydrogels, one can see a cell mass growth in PEG-MMP14-

CRGDS gel with the increase of radius of cell islands.  

More detailed studies should be performed to understand if there is any influence on cell behavior 

by residual TCEP, and cell viability in PEG hydrogels, but these preliminary results suggest that the use 

of the TCEP to reduce the thiols groups prior to PEG gel formation does not strongly impair the gel 

biocompatibility, as the cells were able to attach and grow on the TCEP-treated gels. 

 

 

Figure  20: NMuMG cells cultured on the top of 10% PEG and 1.5 mg/mL collagen gels. PEG gels were 
crosslinked with: non-degradable sequence and without adhesion peptides, PEG-dithiol; degradable 
MMP-14 sequence and with adhesion peptide CRGDS, PEG-MMP14-CRGDS. Collagen gel was 
produced with the concentration of 1.5 mg/mL. Each gel was seeded with NMuMG cells, 50,000 
cells/cm2, and incubated during 48h. Gel pictures were taken at specific time points with inverted light 
microscope.     
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3.2. TCEP cytotoxicity  

Cytotoxic effect of the TCEP molecule have been already established with PC12 cells, rats and 

zebrafish models [135],[136],[137]. Nevertheless, studies involving cytotoxicity of the TCEP with 

epithelial cells are scarce. To access and understand possible influence of the residual TCEP present 

in the PEG gel on the cell viability, a cytotoxicity study using MTT assay was carried-out. This test was 

expected to provide information regarding the concentration to which the TCEP would impair 

biocompatibility in order to assess whether or not there was a need for repeated PBS washes after the 

PEG formation, performed with the intent of reducing the amount of TCEP.  

The MTT colorimetric assay can access the cell metabolic activity, and consequently give 

information regarding cell viability [138]. The main principle of this well-established assay is the 

intracellular reduction of the MTT, a yellow tetrazole, to insoluble formazan, a purple compound. 

Formazan can be detected and measured by spectrophotometer at the wavelength of 570 nm, after its 

solubilization in DMSO. It is relevant to mention that the reductive process occurs only in living cells 

since the reduction process is dependent on the NAD(P)H flux. 

The evaluation of the TCEP cytotoxicity was performed using two distinct approaches. In the first 

one, variable concentrations of TCEP solutions were prepared with NMuMG cell culture medium and 

incubated with NMuMG cell monolayer. In the second one, TCEP solution were prepared with DPBS, 

thus, the incubations were not only performed with cell medium containing TCEP solutions in DPBS but 

also with correspondent medium containing the same amount of DPBS. The cell incubation in medium 

containing only the vehicle, DPBS, was done to assess any cytotoxic effect of the vehicle on the cells.     

The aim of the cell incubation with medium containing TCEP solutions in DPBS resides on the 

fact that the PEG gels are washed with PBS before cell seeding, and on the reported TCEP instability 

in phosphate buffers [127]. In this way, it was possible to assess the cytotoxicity as closely as possible 

to the operating PEG protocol. In the experiment design a positive control (2.5% (v/v) DMSO) which is 

known to cause cytotoxic effect was also included to ensure the success of the test [139].   

The spectrophotometric measurement of the absorbance was performed at 570 nm and at 

650nm. This last one was used to reduce background noise. Thus, the cell viability percentage at a 

specific condition was defined as in Eq. 1,  where “empty” corresponds to the measurement of an empty 

well plate. It was considered that 100% cell viability corresponded to the signal obtained at the condition 

of 0 mM TCEP (which corresponds to the negative control).   

Eq. 1 𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 % =
(ABS570−ABS650)condition−(ABS570−ABS650)empty 

(ABS570−ABS650)0mM TCEP−(ABS570−ABS650)empty × 100 

The assessment of the cytotoxic effect of TCEP in NMuMG cells was also followed with light 

microscopy, which was used to evaluate cell morphology at different conditions. The collected 

information are summarized by Figure  21. 
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Figure  21: Cytotoxicity of TCEP on NMuMG cells. Cell viability percentage evaluated by MTT assay 
and cell morphology assessed with light microscopy. A) Cytotoxic effect of variable TCEP solutions 
prepared directly with cell culture medium. B) Cytotoxic effect of variable TCEP solutions prepared in 
DPBS and diluted with cell culture medium. Evaluation of the cytotoxicity of the vehicle, DPBS, done by 
incubating NMuMG cells with medium similarly diluted to correspondent TCEP concentration with 

DPBS. Cell morphology pictures are representative of the condition. Statistical analysis, mutual 
statistical insignificance difference between data is represented by # and Ø marker. Marker ¢ 
represents statistical difference (P<0.0001) from 0mM TCEP concentration. Data are represented 
as mean +/- SEM (n=3). 
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By analyzing bar graphs from Figure  21, one can conclude that the presence of TCEP in the 

medium strongly influences the cell viability. Even the smallest TCEP concentration tested in the 

experiment, 1 mM TCEP, produced an accentuated decrease in cell viability, with values reaching 

47.0±5.2% cell viability. The vehicle appeared to have some impact on cell viability with average values 

reaching 85% of cell viability. This minimal viability reduction observed could be due to cell medium 

dilution, which could influence the cell metabolic activity.    

For both approaches, with and without the presence of DPBS as vehicle, concentrations of TCEP 

superior to 2 mM produced a similar cytotoxic effect, with the cell viability in the range of 20%-30%. The 

exception in experiment B) with TCEP concentration of 5 mM, could be explained by inappropriate 

washing procedure and manipulation, which could reduce the amount of insoluble formazan present in 

each well before the solubilization process with DMSO. 

The light microscopy pictures support the claim of TCEP toxicity, with the formation of cell 

conglomerates, disruption of the cell monolayer and cell detachment from culture surface. Data also 

suggest the presence of concentration dependent relationship between cytotoxicity and amount of 

TCEP used, in the range of 0-2 mM, with a plateau face for higher concentrations. Thus, it is evident 

that most of concentrations used is this experiment were excessive, and to perform more adequate 

analysis, one must limit the TCEP concentration to the 0-2 mM range. In fact, reported TCEP cytotoxicity 

with PC12 cells demonstrated concentration dependent response in 0-0.4 mM TCEP range [135]. It is 

also worth noting, that an overestimation of cell viability by MTT assay in samples with higher TCEP 

concentration, superior than 2 mM, could have taken place. This argument is supported by microscopic 

evaluation, where major cell detachment from the surface is observed, an indicator of low cell viability.           

From the prospective of our work, it is evident that TCEP has an influence on cell viability, thus 

multi consecutive washes should be performed to the PEG gel to ensure minimum amount of TCEP 

remaining in the gel. For the production of a fully crosslinked PEG gel with MMP-14 degradable 

sequence the concentration of TCEP that is used corresponds to approximately. Despite this cytotoxic 

effect, the PBS washes seemed to provide enough TCEP removal to eliminate evident cytotoxic effect, 

as shown by PEG-MMP14-CRGDS gel from Figure  20. Despite this initial evidence additional viability 

tests should be performed directly on the PEG gels.    

3.3. Cell adhesion to PEG surface 

As mentioned before, cell adhesion to the matrix is a key factor for 3D cell migration and 

proliferation. Over the years, different peptide cocktails has been used to promote cell adhesion, ones 

are more successful than others [133]. Great part of adhesion peptides sequences are derived from 

proteins associated with adhesion such as, laminins, fibronectin and integrins. Our initial intent was to 

test adhesion peptides from different origins, IKVAV sequence from laminin [112], and RGD from 

fibronectin [140]. Unfortunately, CIKVAV peptide sequence presented low solubility in our buffering 

system, thus, cell adhesion to PEG functionalized with this sequence are not presents here. Although, 

if desired in future, this problem could be resolved with the addition polar amino acids to the IKVAV 

peptide sequence, which will increase the peptide sequence water solubility. 
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For the analysis of the cell attachment to the PEG gel, two different adhesion peptide sequences 

were used, CRGDS and CGGGRGDS, with variable functionalization tactics. From the available four 

arms of the PEG macromer, adherent peptides were functionalized with proportion of 3:1, 2:2, 1:3. The 

first number refers to the quantity of adhesion peptides per macromer and second indicated the quantity 

of crosslinking sequence. For instance, 3:1 indicates three PEG arms with adhesion peptide and one 

with crosslinking agent. Since the main objective of this experiment was the evaluation of the cell 

capacity to adhere to functionalized PEG surface and the assessment of cell spreading, the crosslinking 

agent used was a non-degradable PEG-dithiol. 

The assessment of the cell viability and proliferation was made with CCK-8 assay, which has 

some advantages over more traditional MTT assays, including the reduced manipulation required and 

stability associated with the formation of water-soluble formazan dye after reduction by living cells. The 

amount of formazan produced can be followed and measured directly by spectrophotometry with 

absorbance at 450 nm. 

From the analysis of Figure 22, it became evident, as anticipated, that the functionalization of 

PEG gel with cell adhesion sequences was a crucial factor for cell proliferation of adhesion-dependent 

cells such as NMuMG. The absorbance recorded, which is directly correlated to the cell proliferation, in 

the PEG gel without adhesion peptide was, on average, two to three times lower when compared with 

PEG gels functionalized with peptide sequences. This result was further confirmed by confocal 

microscopy imaging, Figure 22, with the presence of occasional small cell islands in the PEG gel without 

adhesion peptides and enhanced cell proliferation in PEG gels with adhesion peptides, characterized 

by large cell islands. 

The cell adhesion sequence without glycine spacers, CRGDS, appeared to promote higher 

degree of cell proliferation, with absorbance values averaging above 1.40 absorbance units (AU) for all 

functionalization strategies, when compared with CGGGRGDS sequence with averaging absorbance 

below 1.15 AU for all functionalization strategies. 

 

Figure 22: NMuMG cells proliferation assessed on 10% PEG gel with CCK-8 assay. Each gel was 
seeded with NMuMG cells, 50,000 cells/cm2. PEG gel functionalized with adhesion peptides, CRGDS 
and CGGGRGDS, with variable ratios and crosslinked with PEG dithiol. Data are represented as mean 
+/-  SD. (n=2). 
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 Surprisingly, the increase of the amount of adhesion peptide used in the functionalization 

process, did not affect significantly the cell proliferation capacity. This was observed in either of adhesion 

sequences tested. However, the increase in functionalization could influence the cell spreading capacity, 

aspect that was not evaluated with adequate extent by confocal microscopy. Another interesting 

observation from Figure  23, is that the higher adhesion peptide ratios (more PEG arms with adhesion 

peptide sequence) seemed to induce the formation of larger cell islands. This would be relevant, as 

NMuMG cells in cell culture are known to form coherent cell monolayer, although this preliminary 

observation should be supported by further analyses and quantifications in future studies.      

Figure  23: Z projections of NMuMG cells proliferation on 10% PEG gel, functionalized with adhesion 
peptides, CRGDS and CGGGRGDS, with variable ratios and crosslinked with PEG dithiol. Pictures 
taken by confocal microscopy, blue represents DAPI nucleus staining, red represents F-actin staining 
by 568 Phallodin. Each gel was seeded with NMuMG cells, 50,000 cells/cm2.  

Possible explanation for non-homogenous cell distribution on PEG surface could be the fast 

kinetics of the thiol-maleimide addition reaction, that do not permit the fully diffusion of adherent peptides 

and consequently promote the formation of zones of high and low concentrations adherent peptide. The 

formation of these zones would then promote the selective cell proliferation on zones with high 

concentration of adherent peptides and formation of high density cell islands. It is relevant to mention 



57 

 

that the need to do a Z projection of image stacks, taken with confocal microscopy, arise from cell 

dispersion though the top of the PEG gel, once again due to uneven gel surface. The consequences of 

fast thiol-maleimide kinetics will be discussed in the next section.    

        

3.4. Tailoring PEG hydrogel by controlling thiol-maleimide 

Michael-type addition reaction 

Regulation and characterization of mechanical proprieties of PEG hydrogels are extremely 

important for the elaboration of an adequate cell migration assessment system. The stiffness of the 

hydrogel can impact immensely the cell migration and should be controlled. This mechanical proprerty, 

obtained by rheological measurements of storage modulus (G′) and loss modulus (G″) correlate with 

hydrogels´s mesh size parameter, factor that dictates the type of migration that cells adopt [141]. As 

mentioned before, reduced mesh size can enhance proteolytical degradation of the matrix, since the 

ability of the cell to squeeze though gel is diminished [25]. Hydrogel mesh size is also related to the 

effective crosslink density, and can be estimated by performing gel swelling experiments.             

 With this information and numerous PEG hydrogel characterization tests reported in literature, 

one can conclude some simple relationships between stiffness, mesh size and swelling. Highly 

crosslinked hydrogel, as a result of increased PEG gel % (polymer concentration) or decreased 

functionalization, is expected to result in an increased stiffness, smaller mesh size and consequently 

lower ability of the gel to retain water, decreased swelling capacity [93].  

 In this work, the mechanical characterization of the PEG hydrogel was not performed, although 

the concern about the fabrication of non-homogeneous PEG gels was raised. Heterogenous PEG 

hydrogels can present variable mechanical properties, that could impact the correct cell migration 

assessment. Since the intent of the developed system is for the cells to degrade the matrix as they 

migrate, the formation of zones with different mechanical properties, and consequently mesh sizes, 

could promote selective areas of non-proteolytical cell migration. 

The main reason behind the formation heterogeneous PEG gels is the fast polymerization 

kinetics. This can be seen in Figure  20 and Figure  23, where the uneven PEG gel surface and 

heterogeneous cell dispersion indicate possible heterogeneous matrix, and by fast polymerization of the 

PEG gel, 0-5 seconds, detected visually by the operator when performing gel formation. Additionally, a 

recent report showed that even PEG hydrogels that appear uniform by bulk modulus readings and visual 

inspection, were non-uniform at the micron scale, with high and low crosslinking regions [142]. 

 The fast-paced Michael-type addition reaction can be controlled to a certain extent by varying 

the concentration of the different reagents [143]. The concentration of maleimide and thiolate functional 

groups impacts immensely the reactions rate. Thus, reduction of these groups should drive down the 

reaction speed. The availability of the maleimide groups is reduced by reacting the PEG-MAL first with 

adherent peptides, although this would not prevent the formation of zones with higher adhesion peptide 

concentration. The use of reduced quantities of polymer, lower PEG gel %, can be an adequate strategy 
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to follow. Additionally, it is possible to reduce the availability of the reactive thiolate groups, deprotonated 

state, by lowering the pH, which would increase the availability of the thiol (protonated) [92]. This last 

concept was confirmed in the laboratory, but is not presented here as the detection of polymerization 

was done visually and without determining rheological properties.  

3.5. Detection of 3D cell migration 

The migration rates of 3D cell invasion are governed by the balance between the capacity to 

degrade the matrix, cell deformation, cell-matrix interaction and cell guidance cues. When it comes to 

the selection of an adequate detection method for 3D cell migration, two main options are available, the 

3D cell tracking and vertical 3D cell migration [144].  

3D cell tracking, as its name indicates, tracks the individual cell movement in 3D environment by 

time-lapse video microscopy [145]. The biggest advantage of this method is the quantification of 

multidirectional individual cell travel distance contrary to unidirectional vertical distance, quantifiable by 

vertical 3D cell migration method. Despite this advantage, 3D cell tracking has some major drawbacks 

such as, only a limited number of cell can be tracked, the requirement for specialized microscope for 

live imaging and advanced post acquisition data processing. Thus, vertical 3D cell migration was the 

chosen method, with cell migrated distance defined as the vertical migrated distance from the origin Z 

plane, top of the gel (0 μm). The origin z plane was defined as the vertical coordinate of the first detected 

cell that did not penetrated the matrix. 

Since the quantification of cell migration was entirely based on vertical invasion, each migration 

cell distance corresponded to the minimal possible travel distance, therefore, it is prudent to assume 

that the existence of a vertical guidance cue could improve the assessment of real migration, by 

minimizing the non-vertical migration and enhancing overall cell migration [146]. In this work, cell 

guidance cue was elaborated by producing chemotaxis gradient with FBS. To optimize the migration 

detection protocol, collagen gels were used as they are well-established migration model systems, and 

different configurations were tested as illustrated in  

Figure  24 and Table  3. 

 The 3D Object Counter plugin used for cell detection is a high throughput tool that permitted the 

detection of 3D coordinates of individual cells. The detection was done only by using nucleus DAPI 

staining, thus the coordinates correspond to the center of cell nucleus. The detection of cell nuclei 

allowed a higher resolution, as it was possible to differentiate better the cells that were in contact with 

each other, feature that would be limited if a cytoplasmic staining had been used. Thus, the conjugation 

of DAPI staining with 3D Object Counter detection allowed not only for the detection of single cell 

migration, but also permitted, to a certain extent, the detection of collective cell migration. Additional cell 

from cell distinction, during the 3D cell detection, can further be achieved by decreasing the distance 

between Z sections (more Z slices), optimizing staining procedures and confocal microscopy high-

quality Z stack image acquisition.                     
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Figure  24: Schematic representation of the assay set-up with collagen matrix in a 96 well plate. MDA-
MD-231 or NMuMG cells were seeded and allowed to sediment on top of the collagen matrix layer. After 
5 days incubation collagen gels were analyzed by confocal microscopy. Chemotaxis gradient was 
created by forming gels with different FBS content and adding medium with low FBS content.      

 

Table  3: Different configurations created for 3D cell migration in collagen by varying the FBS content in 
hydrogel and cell culture medium. FBS content is expressed in (v/v) percentage.   

 

 

 

 

 

 

 

 

The selection of MDA-MB-231 (breast cancer) cells, additionally to NMuMG cells, for this initial 

migration test had the intent of evaluating the capacity of the detection system to work with fast migrating 

cells.  

From the data of the MDA-MB-231 plotted in Figure  25 and Figure  26, one can observe different 

migratory behaviors. The highest mean migration distance, 98.11±8.29 μm (SD), and maximum 

migratory distance, 698.04±83.23 μm (SD), was recorded for the configuration B, 10%FBS collagen gel 

with 2%FBS culture medium. This result was followed by configuration A, D and C in that specific order.  

Configuration Bottom gel Top gel Cell medium 

A 10% FBS 10% FBS 10% FBS 

B 10% FBS 10% FBS 2% FBS 

C 30% FBS 10% FBS 2% FBS 

D 30% FBS 2% FBS 2% FBS 
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Figure  25: MDA-MB-231 cells migration in 3D collagen matrix. Histograms represent the distribution of 
migrated distances in representative sample for different gel configurations with variable FBS content. 
Configurations with bottom gel/top gel/culture medium, condition A corresponds to 
10%FBS/10%FBS/10%FBS, B to 10%FBS/10%FBS/2%FBS, C to 30%FBS/10%FBS/2%FBS, D to 
30%FBS/2%FBS/2%FBS respectively. FBS content is expressed in (v/v) percentage. 3D scatter plots 
represent, for each configuration, the 3D cell localization based on the coordinates of cell nucleus 
obtained by 3D Object Counter detection of Z-stack. For each configuration in each sample, the number 
of cells detected was above 1000. Each gel was seeded with 50,000 cells/cm2, cell migration assessed 
after 5 days. 
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Figure  26: MDA-MB-231 cells migration in 3D collagen matrix: mean migrated distance for each 
configuration represented by horizontal bar. The migration experiment was done in triplicate, the mean 
of each experiment is represented by marker. Configurations with bottom gel/top gel/culture medium, 
condition A corresponds to 10%FBS/10%FBS/10%FBS, B to 10%FBS/10%FBS/2%FBS, C to 
30%FBS/10%FBS/2%FBS, D to 30%FBS/2%FBS/2%FBS respectively. FBS content is expressed in 
(v/v) percentage. Each gel was seeded with 50,000 cells/cm2, cell migration assessed after 5 days. 
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FBS is a complex mixture of numerous components such as, growth factors, which can act as 

cell guidance cues, vitamins, hormones and proteins, which can promote cell adhesion [147]. While in 

gels and medium with different FBS percent ensured the formation of a gradient that would be useful to 

induce directional cell migration in the first hours/days, since cell migration was allowed for 5 days, the 

FBS gradient in the collagen gel was probably annulated by the diffusion at that time point.  

The use of higher concentration of FBS in collagen gel had the opposite effect: a reduction of the 

migration was observed with the increase of the FBS content. By increasing the FBS content, which 

contains cell attractive growth factors, the protein content that enhances cell adhesion is also increased 

[148]. Thus, one possible explanation for the migration observed, is the result of the increased 

interaction between matrix and cells, and consequently reduction of migratory capacities. This behavior 

was also recorded in NMuMG migratory test, Figure 27 and  Figure  28. It is worth noting that MDA-MB-

231 cells are cancer cells, and as many cancer cells are capable of producing growth factors 

themselves, and maintain proliferation in low concentration serum medium [149].     

Figure  27: NMuMG cells migration in 3D collagen matrix. Histograms represent the distribution of 
migrated distances in representative sample for different gel configurations with variable FBS content. 
Configurations with bottom gel/top gel/culture medium, condition A corresponds to 
10%FBS/10%FBS/10%FBS, B to 10%FBS/10%FBS/2%FBS, C to 30%FBS/10%FBS/2%FBS, D to 
30%FBS/2%FBS/2%FBS respectively. FBS content is expressed in (v/v) percentage. 3D scatter plots 
represent, for each configuration, the 3D cell localization based on the coordinates of cell nucleus 
obtained by 3D Object Counter detection of Z-stack. For each configuration in each sample, the number 
of cells detected was above 500. Each gel was seeded with 50,000 cells/cm2, cell migration assessed 
after 5 days. 
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Figure  28: NMuMG cells migration in 3D collagen matrix, mean migrated distance for each configuration 
represented by horizontal bar. The migration experiment was done in triplicate, the mean of each 
experiment represented by marker. Configurations with bottom gel/top gel/culture medium, condition A 
corresponds to 10%FBS/10%FBS/10%FBS, B to 10%FBS/10%FBS/2%FBS, C to 
30%FBS/10%FBS/2%FBS, D to 30%FBS/2%FBS/2%FBS respectively. FBS content is expressed in 
(v/v) percentage. Each gel was seeded with 50,000 cells/cm2, cell migration assessed after 5 days.      

In the case of NMuMG cells migration, Figure 27 and Figure  28, a substantial lower migrating 

capability was recorded when compared to the fast migrating MDA-MB-231 cells, with Configuration A, 

10%FBS collagen gel with 10%FBS culture medium, performing a mean migrating distance of 

54.27±2.31 μm (SD), and maximum migrating distance of 320.02±113.58 μm (SD). This reduced 

migrating capacity of NMuMG was already expected as they tend to form an epithelial cell monolayer 

with high cell-cell interaction and consequently have low migrating capacity in their epithelial state. In all 

the configurations tested, the average mean migration was in the range of 40-55 μm, with only a reduced 

number of cell migrating.         

For an adequate migration analysis not only, mean migration and the maximum migrated 

distance should be considered, but also the cell distributions though 3D environment can help to 

understand some key aspect of this phenomenon. For instance, between configuration A and B there is 

a clear dissimilarity in cell distribution in the range of 75-100 μm of migration distance. Additionally, the 

reproduction of 3D cell position in gel can provide information regarding some collective migratory 

occurrences such as existence of leading protrusion cells and following cells, and can help to evaluate 

if the migration is homogenous or done in preferable gel zones. Addition statistical data related to the 

3D cell migration can be found in Appendix D.  

The use of FBS as a cell guiding cue should be replaced in future works by more specific 

chemical cues such as epidermal growth factors (EGF) or other taxis strategies that would likely be 

more suitable [150].    

The use of NMuMG cell in this work, had the intent to mimic the epithelial migration in wound 

healing, specifically the wound coverage. To circumvent their low migrating capability when culture in 

these conditions, it could be envisioned to use another cell type such as fibroblasts, since they are 

characterized by faster migration rates, and are known to proliferate and migrate inside the wound 

microenvironment in the healing process. Another possible alternative would be use of TGF-β to 

transdifferentiate NMuMG cells into mesenchymal cells, which have higher migratory capacity [151]. 
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However, the experimental design would need to be adapted as the direct use of TGF-β on NMuMG 

cells seeded on top of a hydrogel would not be feasible, as the process of epithelial to mesenchymal 

transition (EMT) or transdifferentiation is characterized by initial growth arrest and apoptosis, which 

would extend immensely the time frame, complicate experiment design and diminish the number of 

migrating cells.       

To conclude, the detection system described above appeared to be adequate to evaluate the cell 

migration in 3D environment, although more independent experiments should be conducted to ensure 

statistical reliability. It also has some minor disadvantages and features that may cause some concerns. 

Among them stand the limitation of correct detection of cell conglomerates, due to inability to differentiate 

individual cell nuclei and the definition of the starting point for cell migration, which could highly influence 

the migratory data.   

4. Conclusion and future work  

Recent development in the field of cleavable MMP-PEG hydrogels for future clinical 

implementation show promising results, and suggest the increased need for fully controlled and tunable 

physical and chemical properties of PEG biomaterials, since each application has different objectives 

and concerns that need to be addressed [152],[153],[154],[155]. The production of specific cleavable 

MMP-14 PEG hydrogel could set a novel mark in the ability to control the hydrogel degradability by the 

cells. 

This work focused on developing and optimizing a robust and reproducible MMP-14 cleavable 

hydrogel platform to study cell migration. Some key issues were addressed, from the point of hydrogel 

production, starting materials, functionalization ability and cell detection system and analysis of 

migration. 

Adhesion peptide and MMP-14 crosslinker production by SPPS and purification by HPLC proved 

to be a flexible platform for manufacturing tailored peptides. Although, if further peptide production is 

desirable, additional optimization of the purification process would be required to drive the efficiency of 

the process up and obtain a highly pure product. 

The reported oxidation of cysteine and formation of the disulfide bridges in peptide mixtures, 

detected by Ellman assay, was a crucial step to overcome in order to proceed with the PEG hydrogel 

formation. Despite being regarded as a normal occurrence in proteins [156], disulfide formation in 

adhesion peptide sequence and crosslinker agent, MMP-14 cleavable sequence, not only incapacitated 

the polymerization of the PEG hydrogel, by restricting the thiol-maleimide Michael addition reaction, but 

would also inhibit the PEG functionalization with cell adhesive peptides, occurrence that could not be 

detected by direct visual observation unlike polymerization.                         

First attempt to resolve the peptide oxidation issue was done with the TCEP resin. Despite the 

biggest advantage of this method, the removal of the reducing agent from the peptide solution, the 

process was not adequate for the reduction of peptide solutions for PEG hydrogel production. Two major 

problems with this system derived from the low concentration of TCEP in the reducing resin and the 

high peptide concentration required for the PEG production, which consequently resulted in low 
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reduction capacity. At the end it was impractical to use this system, although it demonstrated promising 

results for reduction of solutions containing low to medium concentrations of peptide. 

The direct use of TCEP reducing agent permitted peptide reduction and formation of PEG 

hydrogels functionalized with different adhesion peptides. Although, in this process it was impossible to 

measure the thiol content by Ellman assay as the reducing agent is not removed and reacts with DTNB, 

the fact that the polymerization occurred after treatment with TCEP but not in its absence confirmed that 

the reduction process was successful, at least to some extent.  

In this work the removal of TCEP from the peptide solution was not investigated, but it would be 

possible to use commercially available size exclusion chromatography columns, for example 1.8K 

MWCO Polyacrylamide Desalting Column from Thermo Scientific, to remove or reduce drastically the 

amount of TCEP in solution.  

As the introduction of a reducing agent, TCEP, in the peptide solution was anticipated to affect 

cell viability on the PEG hydrogel, which was confirmed by performing cytotoxicity tests, extra washing 

steps were added to the gel preparation protocol prior to cell seeding [135].  

As mentioned earlier, cell adhesion to the PEG hydrogel is one of the crucial factors to be 

optimized and adjusted. In this work we tested CRGDS and CGGGRGDS peptide sequences, and their 

ability to promote cell adhesion. From the conclusion of this experiment in was possible to establish that 

CRGDS sequence promotes slightly higher cell viability. It was also possible to observe hydrogel 

irregularities that indicate to the heterogeneous hydrogel polymerization. 

The detection method for the cell migration in 3D proved to be capable to access single and 

collective cell migration, but to increase the distinction between cells, increased number of Z stack is 

advised. Also, the increase number of replicates (more than three) for each condition should diminish 

variation. Additionally, for statistical relevance each experiment should, in future, be performed for at 

least three times.            

The prospect of future work to be performed in order to achieve a reliable specific MMP-14 

cleavable PEG hydrogel should follow this sequence: elaboration of homogeneous PEG hydrogel and 

physical characterization, cell migration improvement, enzymatic hydrogel degradation and confirmation 

of specific MMP-14 gel cleavage, improvement of cell detection system in 3D. 

The elaboration of a homogeneous hydrogel is of the highest importance, since heterogeneous 

gels can not only give a distorted notion of cell migration but also variable physical properties throughout 

the hydrogel accompanied by irregular functionalization with adherent peptides. As mentioned, and 

demonstrated in a recent study [142], this problem may be solved if the polymerization and 

functionalization process are done at lower pH and with lower concentration of reagents. The gel 

homogeneity can be easily evaluated by reacting the di-thiol crosslinker with a maleimide group of a 

fluorophore, commercially available fluorophores with reactive group, prior to the PEG gel formation. If 

the resulting hydrogel is homogeneous then the distribution of dye, detected by fluorescent microscopy, 

across the gel should be uniform. Note that in this design, not all crosslinkers would be labeled with 

fluorophores. 

        The physical characterization of the hydrogel should be done to ensure reliability of the 

polymerization protocol. Also, as mentioned earlier, the mesh size of hydrogel should be adjusted to 
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such dimensions that the migrating cells could barely squeeze through it, which consequently would 

enhance the proteolytical degradation, specifically mediated by MMP-14, of the PEG hydrogel by the 

cells [25], [48]. The physical characterization is usually done by measuring hydrogel stiffness by a 

rheometer [141]; namely the storage and loss moduli are measured. The ability of the gel to retain 

liquids, swelling, is also an important factor, since it is correlated with the degree of polymerization and 

mesh size. This characteristic can be measured by weighting the hydrogel dry and swollen [157]. 

The estimation of the mesh size of the hydrogel can be done based on the values of swelling 

[158], but more detailed diffusion models that use FRAP (Fluorescence recovery after photobleaching) 

can give addition information about the distribution and variability of the mesh inside the hydrogel should 

be considered for the physical characterization of the hydrogel [159],[160],[161].  

Improvement of vertical migration is also an important factor to consider. The stiffness and the 

availability of cell adhesion sites should be balanced, with the intent of promoting an adequate cell 

spreading and simultaneously promote migration. Different adhesion peptides such as YIGSR, derived 

from laminin, and PHSRN, derived from fibronectin, also demonstrated to enhance cell adhesion and 

migration [133],[162],[163]. Establishment of a vertical cell guiding cue can be done with chemotaxis, by 

chemical gradient formation of growth factors, or other taxis such as haptotaxis, gradient of adhesion 

peptides, and durotaxis, gradient of matrix righty [164]. Although, considering our case, it would be more 

difficult to establish haptotaxis and durotaxis than chemotaxis. 

Not only the specificity of the cleavable MMP-14 sequence used to crosslink the PEG hydrogel 

should be tested, but also the kinetic parameters of substrate hydrolysis (KM and kcat) by Michaelis-

Menten should be determined. Normally such study is performed with the use of fluorometric assay 

reported in numerous cases [85],[97],[165]. A direct measurement of MMP activity in 3D PEG gel was 

also reported by using a fluorogenic peptide substrate [166], this data would be interesting to compare 

with the migratory data. 

  For the 3D cell detection, it would be also interesting to combine the nucleus detection with   

evaluation of cell spreading. This could be performed by observing actin stress fibers in cells or by the 

use of more general detection of cell protrusions, made possible with free opensource softwares [167].   

Finally, this work serves as a starting point for future development and optimization of a PEG 

hydrogel platform that would be capable of accessing the specific MMP-14 mediated proteolytic cell 

migration though a 3D matrix. If this goal is accomplished, it would be possible to achieved addition 

degree of control over cell migration in vitro and could potentially be applied with in vitro cancer studies 

and for wound healing studies, first in vitro and later possibly in vivo.            
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Appendix A 

Protected amino acids used in the SPPS 

Table  4: N-terminus protected amino acids used in the SPPS. 

Amino acid abbreviation Protected amino acid Brand 

A Fmoc-Ala-OH AGTC 

C Fmoc-Cys(Trt)-OH AGTC 

D Fmoc-Asp(OtBu)-OH Fluorochem 

G Fmoc-Gly-OH Fluorochem 

I Fmoc-Ile-OH AGTC 

K Fmoc-Lys(Boc)-OH AGTC 

R Fmoc-Arg(Pbf)-OH AGTC 

S Fmoc-Ser(tBu)-OH AGTC 

V Fmoc-Val-OH AGTC 

 

 

 

 

 

 

 

 

 

 

 

 

https://app.quartzy.com/groups/156446/inventory/25908411?query=Gly
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Appendix B 

Reverse-phase HPLC chromatograms 

 

Figure  29: Reverse-phase HPLC chromatogram of CRGDS. 
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Figure  30: Reverse-phase HPLC chromatogram of CGGGRGDS. 

 

Figure  31: Reverse-phase HPLC chromatogram of CIKVAV. 
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Appendix C 

Mass spectrums of synthesized peptides   

Figure  32: Mass spectrum of crude CRGDS peptide mixture. From top to bottom, TIC chromatogram, 
UV detection at 305 nm, UV detection at 254 nm, UV detection at 220 nm. 
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Figure  33: Mass spectrum of purified by reversed-phase HPLC CRGDS peptide mixture. From top to 
bottom, TIC chromatogram, UV detection at 305 nm, UV detection at 254 nm, UV detection at 220 nm. 
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Figure  34: Mass spectrum of crude CGGGRGDS peptide mixture. From top to bottom, TIC 
chromatogram, UV detection at 305 nm, UV detection at 254 nm, UV detection at 220 nm. 
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Figure  35: Mass spectrum of purified by reversed-phase HPLC CGGGRGDS peptide mixture. From top 
to bottom, TIC chromatogram, UV detection at 305 nm, UV detection at 254 nm, UV detection at 220 
nm. 
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Figure  36: Mass spectrum of purified by reversed-phase HPLC CIKVAV peptide mixture. From top to 
bottom, TIC chromatogram, UV detection at 305 nm, UV detection at 254 nm, UV detection at 220 nm. 
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Appendix D 

Statistical information of cell migration on 3D 

collagen gel  

 

Table  5: Statistical information regarding MDA-MB-231 cell migration on 3D collagen gel. Values 
presented are averages based on 3 replicates of each conditions. Variability obtained by standard 
deviation. Units in μm. 

 

 

 

 

 

 

 

Table  6: Statistical information regarding NMuMG cell migration on 3D collagen gel. Values presented 
are averages based on 3 replicates of each conditions. Variability obtained by standard deviation. Units 
in μm. 

NMuMG 25% Percentile Median 75% Percentile Maximum Mean 

A 37.63±3.69 49.38±4.46 62.65±3.19 320.02±113.58 54.27±2.31 

B 32.81±1.90 44.63±2.92 55.85±1.00 172.76±62.28 43.85±1.72 

C 38.20±0.96 49.85±0.62 58.46±2.22 70.57±3.18 47.10±1.58 

D 38.21±3.19 49.79±2.52 63.83±2.21 82.22±21.92 49.68±2.35 

 

 

 

 

 

 

 

MDA 25% Percentile Median 75% Percentile Maximum Mean 

A 23.92±11.86 38.50±11.15 74.05±21.40 559.89±89.64 72.94±7.31 

B 38.82±1.18 55.30±0.64 84.84±11.56 698.04±83.23 98.11±8.29 

C 34.98±2.01 46.77±1.70 58.90±1.43 106.65±26.33 46.85±1.68 

D 35.58±4.83 48.30±4.29 58.83±5.38 476.63±132.81 53.24±5.68 


