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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 

reduction process with TCEP was tested and optimized to overcome 

this limitation. NMuMG 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. 

Keywords— : PEG-MAL, MMP-14, 3D cell migration, Adhesion 

peptides, Cysteine oxidation, TCEP reduction. 

I. INTRODUCTION 

ound healing is a complex multiphase process that involves 

coordination between diverse immunological and 

biological systems, which integrate into careful and precise 

cascade of highly regulated events [1],[2]. 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 [3]. 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 [4].The activity of MMPs is closely 

related to the cell migration at the wound site, since they are 

capable of degrading ECM and consequently enhance cell 

migration in 3D environments [5]. 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, a wound that require 

 
. 

external intervention to be able to heal. One of the many 

characteristics of chronical wounds is the imbalance associated 

with ECM remodeling, performed by MMPs, and resulting impact 

of cell migration. This relationship is even more evident, if one 

consider that fibroblast isolated from chronic wound had lower 

proliferative response due to decrease in receptor density of 

PDGF-α and -β [6]. 

Migration speed are correlated to the type of strategy that cells 

adopt during the migration. Fast migration strategy is archived by 

non-proteolytic integrin-independent migration, that have been 

observed in leukocyte movements. Intermediate speed migrations 

are archived by non-proteolytic integrin-dependent migration. In 

these both cases of protease independent cell migration, the ECM 

structure remains undegraded. Thus, to occur migration, cells 

change their own shape and squeeze between ECM´s pores. This 

is only possible to a certain degree since nucleus deformation 

present itself as a physical barrier to the migration [7]. Slow 

migration is archived 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 

[8]. 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 [9].  

  Cell migration is a complex process influenced by physical 

properties of its surrounding.  ECM stiffness or rigidity, which can 

be measured as elastic modulus, is another important factor to 

consider in cell migration. This characteristic depends on 

molecular proprieties 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 [10]. 

For anchorage-dependent cells, cell adhesion to the ECM plays 

an important role in translating the forces generated by the 

cytoskeleton into motion. 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 pseudopodia structures 
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and reduced adhesion forces to the substrate [13].  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 [13]. 

MMP´s regulation is far from clear process, with molecules , 

such as hormones, cytokines and growth factors, TGF-β, EGFR, 

TNF-α and IL-1β [20], that are capable of modulating its 

expression. The MMP-14 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 MMP-

14 is associated with defective collagen type I turnover [16]. 

MMP-14 is also known to regulate epithelial cell proliferation 

during wound healing [17]. Overall, the association of MMP-14 to 

the cell migration and wound healing is a curious factor to study.    

In the recent years, tissue engineering and regenerative medicine 

have been gaining traction due to novel developments in 

biomaterials. 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 [18].   

For wound healing purposes and tissue regeneration, PEG 

hydrogels can act as drug delivery system and scaffold for cell 

migration and proliferation at the wound site. Although with some 

successes in the field of injectable PEG scaffolds [19] and in situ 

generated scaffolds applied for wound healing [20], the use of 

tailored PEG hydrogels in wound healing context is a novel idea, 

and as such it has to overcome several challenges to archive the 

degree of acceptance compared to already established biomaterials 

such as collagen [21].  

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. The goal of this work in particular was to develop and optimize 

a robust, tailorable and reproducible 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. 

II. MATERIALS AND METHODS 

II-1. Solid Phase Peptide Synthesis 

The solid phase peptide synthesis was performed by using Fmoc 

protection system. As a solid phase, it was used a Rink amide 

MBHA resin 0.3-0.8 mmol/g (Fluorochem), for calculations it was 

used the average value of 0.55 mmol/g. 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 DMF. The molar excess of each 

components is the excess referent to the amount of resin used. The 

coupling reaction was performed for at least 2.5 hours. 

Deprotection process was done with solution consisted of 20% 

(v/v) piperidine (Sigma) in DMF and consecutive washes were 

done by alternating DCM (Sigma) and DMF (Sigma) in a specific 

order. 

The preparation of the resin was made by swelling the resin with 

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, it was performed coupling 

reaction with specific amino acid. From this part forward, the 

synthesis steps followed a loop, till the moment of coupling of the 

last amino acid. 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 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. 

II-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. 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. All collected fractions were lyophilized. 

II-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 
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integration of the signal collected from a UV detector at 220 nm, 

254 nm and 305 nm wavelengths. 

II-4.  Lyophilization 

Samples were frozen at -80oC for more than 3 hours. 

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. 

II-5. Ellman´s assay 

To perform Ellman´s assay it was used a 96 well plate format, 

Microtest Plate 96 Well,F (Sarstedt). Into each well it was pipetted 

200 µL of sample or standard curve calibration solution and added 

50 µL of 1mM Ellman´s reagent (DTNB) solution. After an 

incubation step of 15 min in the dark, it was measured the 

absorbance at 412 nm wavelength using a plate reader Varioskan 

Lux (Thermo Scientific).  

Reaction buffer used was 0.1M KH2PO4 (Fluka Biochemika), 

1mM EDTA (Sigma) adjusted with NaOH to pH 8 and prepared 

with deionized water. DTNB (Sigma) 1mM solution was prepared 

in the same way and pH adjusted to 7.5. 

For free thiol quantification, freshly prepared L-Cysteine 

calibration curve was done by firstly preparing a stock solution 

1.75 mM L- Cysteine (Sigma) with reaction buffer and then 

diluted to a 0.75-0.01 mM range L- Cysteine solutions. Peptide 

samples were prepared by dissolving them with reaction buffer. 

Calibration curve was done in duplicate and each peptide was done 

in 6x replicate. 

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

The calibration curve was freshly prepared by diluting stock TCEP 

solution 20.9 mM to 0.05-0.25 mM with reaction buffer. Stock 

solution was prepared with TCEP-HCL (Sigma) and reaction 

buffer and adjusted the pH to 8 with NaOH. Samples were 

prepared by mixing 200 µL of reaction buffer with 10 µL of TCEP 

resin in eppendorf. 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 done at least in triplicate and 

calibration curve was done in duplicate. 

II-6. Absorbance at 280nm measurement with NanoDrop 

Measurements of absorbance at 280 nm were performed using 

a NanoDrop 2000 spectrophotometer (Thermo Scientific). 

General manufacturer guidelines were followed. 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. 

II-7. 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. 

II-8. 3D type I collagen gels 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.  

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. 

II-9. 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. 

II-10. 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, cell 

pallet was resuspended with fresh cell medium. Based on cell 

number, adequate dilution with medium was performer 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 performer under 

laminar flow hood. 
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II-11. 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. 

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.             

II-12. 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).              

II-13. 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).          

II-14. 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 0.1 M 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 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.  

II-15.3D 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.    

II-16. Light microscopy 

Inverted microscope Zeiss Primovert was used in image 

acquisition equipped with ZEN 2.1 software. Exposure was 

adjusted automatically. 

II-17. 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 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.     
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II-18. 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. 

II-19. 2.22. 3D scatter graph generation 

To generate 3D scatter graph it was used the coordinates of 

each detected cell obtained from 3D Object Counter, and plotted 

with help of Matplotlib module [22] in Python 3.6.1 environment 

II-20. Data, Statistical Analysis and Graph plotting 

Data organization, calculation of mean values, standard 

deviation (SD) and standard error of the mean (SEM) was done 

with Excel (2016; Microsoft). Statistical analysis and graph 

plotting was done with GraphPad Prism (6.01; GraphPad 

Software). Statistical analysis was conducted to compere 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. Each experiment was performed at least two 

times. 

III. RESULTS AND DISCUSSION 

III-1. Peptide synthesis and purification 

To perform the functionalization of the PEG hydrogel with 

adhesion peptides it is necessary to add one cysteine to each 

peptide sequence, since the reaction requires a thiol group. Being 

this said the selected adhesion peptides sequences to be 

synthesized were: CRGDS, CGGGRGDS and CIKVAV. 

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. Table 1 resumes relevant information 

regarding peptide purification. 

III-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 [23]. [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. 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 classical assay provides a 

colorimetric readout of the total reduced thiol content in a sample 

[24]. The cysteine oxidation hypothesis was confirmed with the 

Ellman’s assay as presented in Figure 1. 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). 

Table 1- Peptide characteristics and HPLC information. Molecular weight, 
isoelectric point, purification condition and HPLC retention time of each peptide 

  

Peptide Molecular 

weight 

(g/mol) 

Isoelectric 

point [46] 
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 

 

 
Figure 1: Ellman assay of SPPS synthesized peptides. A) Calibration curve obtained 
by using external Cysteine solutions. B) Measurement of free thiol content in old 

synthesized MMP-14 (OS MMP-14), newly synthesized MMP-14 (NS MMP-14) 

and CRGDS peptide sequences. The thiol content is given by ration between 
concentration of cysteine detected and concentration of peptide in sample The data 
are presented as mean +/- SEM (n=4). 
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 The thiol content of CGGGRGDS was omitted 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.    

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 

functionalization of PEG hydrogel by Michael addition reaction, 

without prior reduction, is an unfeasible task. 

III-3. Peptide Reduction 

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 [25],[26].  

The reduction of disulfide bonds was performed by mixing 

TCEP solution with peptides. For reduction process it was 

established the use of a ratio TCEP:peptide of 0.6 for MMP-14 

peptide sequence and 0.5 for all the adherent peptides. This choice 

was made 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.  

 It was produced a 10% PEG gel crosslinked with MMP-14 

degradable sequence and functionalized with adhesion peptide 

CRGDS, two out of four available PEG arms. As a means of 

comparison, it was produced a 10% PEG hydrogel crosslinked 

with non-degradable sequence, PEG-dithiol, and without any 

adhesion peptides, and 1.5 mg/mL collagen gel. NMuMG cells 

were seeded in the same density. 

From the Figure 2, 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 

[27]. In the PEG-MMP14-CRGDS gel, cells seem to have adhered 

to the surface, although, the cell spreading is 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 [28]. Therefore, collagen gel, despite being 

less stiff 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 [29],[30].  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. 

III-4. Cell adhesion to PEG surface 

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, 

 
Figure 2: NMuMG cells on 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, 50000 

cells/cm2, and incubated during 48h. Gel pictures were taken at specific time points 
with inverted light microscope. 

 

 

 
 

Figure 3: NMuMG cells proliferation assessed on 10% PEG gel with CCK-8 assay. 

Each gel was seeded with NMuMG cells, 50000 cells/cm2. PEG gel functionalized 
with adhesion peptides, CRGDS and CGGGRGDS, with variable ratios and 

crosslinked with PEG dithiol. The data are presented as mean +/- SEM (n=2). 
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the crosslinking agent used was a non-degradable PEG-dithiol. 

The assessment of the cell viability and proliferation was made 

with CCK-8 assay. From the analysis of Figure 3, becomes evident 

that the functionalization of PEG gel with cell adhesion sequences 

is 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 4, 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. 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 4, 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.      

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 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. 

III-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 [31]. 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 [32]. In this work, 

cell guidance cue was elaborated by producing chemotaxis 

gradient with FBS, which contains growth factors that can act as 

cell guidance cues.  

The detection was done only by using nucleus DAPI staining, 

thus the coordinates correspond to the center of cell nucleus. The 

detection of cell nucleus permitted addition resolution, as it was 

possible to differentiate better cells that were in contact, feature 

that would be limited if 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. 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. 

From the data of the MDA-MB-231 plotted in Figure 5 and 

Figure 6, 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. The use of higher 

concentration of FBS in collagen gel had the opposite effect, 

reduction of the migration 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 [33]. 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. 

 
 

Figure 4: 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, 50000 cells/cm2.  
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 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 7 and Figure 

8. 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[34]. In the case of NMuMG cells migration, Figure 7 and 

Figure 8, it was recorded a substantial lower migrating capability 

compared to 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 low migrating capacity. 

In all the configurations tested, the average mean migration was in 

the range of 40-55 μm, with only 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 

 

 

Figure 5: 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 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 50000 

cells/cm2, cell migration assessed after 5 days.  

 

 

 

Figure 6: 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 50000 cells/cm2, cell migration 

assessed after 5 days. 

 

 
Figure 7: 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 50000 

cells/cm2, cell migration assessed after 5 days.      

 
Figure 8: 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 50000 cells/cm2, cell migration assessed after 5 days.       
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understand some key aspect of this phenomenon. For instance, 

Figure 6, 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. 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 [35]. 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.    

IV. CONCLUSION 

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 [36]. 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 [37], 

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. 

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 aren’t 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. 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 [38], 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 

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 [48]. The physical characterization is usually 

done by measuring hydrogel stiffness by a rheometer [39], 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 [40]. 
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The estimation of mesh size of the hydrogel can be done based 

on the values of swelling [41], 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 [42]. 

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[43].  

Not only the specificity of the cleavable MMP-14 sequence 

used to crosslink the PEG hydrogel should be tested, but also the 

determination of kinetic parameters of substrate hydrolysis (KM 

and kcat) by Michaelis-Menten should be done. Normally this 

study is performed with the use of fluorometric assay reported in 

numerous cases [44]. It was also reported the direct measurement 

of MMP activity in 3D PEG gel by using a fluorogenic peptide 

substrate [45], this data would be interesting to compare with the 

migratory data.  

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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