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a b s t r a c t 

Collagen-based hydrogels are commonly used in mechanobiology to mimic the extracellular matrix. A 

quantitative analysis of the influence of collagen concentration and properties on the structure and me- 

chanics of the hydrogels is essential for tailored design adjustments for specific in vitro conditions. We 

combined focused ion beam scanning electron microscopy and rheology to provide a detailed quanti- 

tative atlas of the mechanical and nanoscale three-dimensional structural alterations that occur when 

manipulating different hydrogel’s physicochemistry. Moreover, we study the effects of such alterations 

on the phenotype of breast cancer cells and their mechanical interactions with the extracellular matrix. 

Regardless of the microenvironment’s pore size, porosity or mechanical properties, cancer cells are able 

to reach a stable mesenchymal-like morphology. Additionally, employing 3D traction force microscopy, a 

positive correlation between cellular tractions and ECM mechanics is observed up to a critical threshold, 

beyond which tractions plateau. This suggests that cancer cells in a stable mesenchymal state calibrate 

their mechanical interactions with the ECM to keep their migration and invasiveness capacities unaltered. 

Statement of significance 

The paper presents a thorough study on the mechanical microenvironment in breast cancer cells during 

their interaction with collagen based hydrogels of different com positions. The hydrogels’ microstructure 

were obtained using state-of-the-art 3D microscopy, namely focused ion beam-scanning electron micro- 

scope (FIB-SEM). FIB-SEM was originally applied in this work to reconstruct complex fibered collagen 

microstructures within the nanometer range, to obtain key microarchitectural parameters. The mechani- 

cal microenvironment of cells was recovered using Traction Force Microscopy (TFM). The obtained results 

suggest that cells calibrate tractions such that they depend on mechanical, microstructural and physico- 

chemical characteristics of the hydrogels, hence revealing a steric hindrance. We hypothesize that cancer 

cells studied in this paper tune their mechanical state to keep their migration and invasiveness capacities 

unaltered. 

© 2024 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Cancer is a devastating disease with an increasing incidence 

orldwide. This incidence is estimated to rise to 40 % by 2040 

 1 ]. Female breast cancer has surpassed lung cancer as the most 

iagnosed cancer, with an estimated 2.3 million new cases world- 

ide [ 1 ]. Current therapies and treatments remain challenging and 
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eflect incomplete understanding of the underlying biology of this 

mple disease. It occurs due to a genomic instability induced and 

egulated by external signals in the microtumoral environment, 

hich leads to tumor development and evolution, this being a dy- 

amic process of extraordinary multifactorial complexity. 

In the past decades, there has been a significant recognition 

f the prominent role of the extracellular matrix (ECM) in can- 

er [ 2-4 ]. The ECM is a complex three-dimensional acellular as- 

embly of macromolecules and interconnected cell-scale fibers [ 5 ]. 

t determines the apparent and local mechanical properties of 

 tissue providing a dynamic and bioactive structure that ac- 

ively influences critical cell behaviors through mechanotransduc- 

ion [ 5 , 6 ]. This multidirectional interaction impacts cell signaling 

athways, influencing cellular behaviors such as growth, differen- 

iation, apoptosis, migration, gene expression and signal transduc- 

ion [ 2 , 7-11 ]. 

In general, cell spreading, and migration are significatively de- 

endent on the ECM stiffness and viscoelasticity [ 12 , 13 ]. In 2D

nvironments, cell spreading seems to be exclusively dominated 

y an increase in substrate stiffness. Stiffer ECM stabilizes adhe- 

ions while attachments have less stability and faster dynamics in 

ofter substrates [ 14 , 15 ]. In 3D, cell spreading occurs in microp-

rous matrices of sufficient stiffness [ 16 ]. Migration patterns vary 

ainly depending on the pore size of the ECM; larger pores al- 

ow robust migration [ 17 , 18 ], while smaller pores require degrada- 

ion or mechanical forces to create migration channels [ 19 ]. Nev- 

rtheless, it is unclear to date whether the nanoarchitectural ob- 

tacles imposed by the size of the ECM open spaces and the dense 

hree-dimensional microenvironment surrounding the tumor act as 

 barrier to metastasis at certain lower porosity bound. In line 

ith this, recent studies suggest that highly invasive cancer cells 

an adapt their phenotype to the microenvironment to migrate 

hrough it, regardless of any potential barriers [ 20 ]. Solon et al. 

 21 ] also reported that 2D cellular morphology and internal stiff- 

ess, governed by the assembly of the cytoskeleton or the internal 

tress, is also regulated by the mechanical properties of the sub- 

trate. Furthermore, ECM stiffness and porosity affect cell apopto- 

is. Softer substrates in 2D cultures promote higher levels of apop- 

osis, while apoptosis can be triggered by confinement or restricted 

ell volume in 3D substrates [ 12 ]. Regarding long-timescale pro- 

esses, including division and differentiation, the literature demon- 

trates that the response of cells to substrate stiffness and mi- 

rostructure is highly cell-type specific, as well as dependent on 

he type of adhesion ligands to which the cell adheres [ 22 ]. In par-

icular, the breast cancer cell line MDA-MB-231, proliferates rapidly 

s substrate stiffness increases [ 23 ]. 

The extracellular matrix also undergoes remodeling with cel- 

ular interactions. Cells respond to mechanical stimuli by altering 

he ECM, modifying crosslinks or secreting enzymes, thus lead- 

ng to a change of behavior of adjacent cells [ 24 , 25 ]. In non-linear

lastic matrices, the fibers align and increase the stiffness locally, 

romoting higher cell force generation [ 26 ]. However, this pos- 

tive mechanical feedback loop between cells and ECM absents 

n linear elastic microenvironments [ 16 ]. Increased ECM density 

nd stiffness is observed during cancer progression and has been 

inked with alterations in breast cancer cell metabolism [ 27 , 28 ].

or example, it has been shown that healthy breast tissue (with a 

oung’s modulus of 0.2 kPa) is softer than a cancerous tissue (with 

 Young’s modulus of 4 kPa) in advanced malignancy [ 29 ]. 

To understand the in vivo complexity and discover new ap- 

roaches of cancer therapies, cell culture plays an important 

ole, from drugs development to modelling of cell–ECM interac- 

ions. Traction force microscopy (TFM) is one of the most popu- 

ar methodologies to quantify forces exerted by cells and to char- 

cterize their mechanical microenvironment. For this purpose, in 

itro models of cellular systems are embedded in natural/artificial 
282
atrices. The mechanical activity of cells is then registered as fol- 

ows: first, the displacement field is reconstructed in the hydrogel 

olume by using fiducial markers (e.g. fluorescent beads), from a 

ellular stressed state versus a relaxed one. Then, cellular tractions 

re computed at the boundary of the cell, provided the mechanical 

odeling and characterization of the matrix [ 30 ]. TFM has been 

pplied both to 2D [ 31-34 ] as well as 3D in vitro systems [ 35-37 ],

o cite a few. Using this methodology, the mechanical microenvi- 

onment of cancer cells has been investigated in several works. For 

nstance, Peschetola et al. [ 38 ] correlated epithelial bladder cancer 

ell line stresses with cancer invasiveness. Rabinovitz et al. [ 39 ] 

sed a traction-force detection assay to detect forces exerted by 

arcinoma cells through integrin α6 β4, demonstrating that this in- 

egrin can transmit forces without the need to engage other inte- 

rins. Figueiredo et al. [ 40 ] used micropattern traction force mi- 

roscopy to elucidate the molecular machinery involved in the in- 

asiveness of gastric cancer cells mediated by E-cadherin muta- 

ions. Additionally, other studies consider cancer cell lines in TFM 

xperiments, just to evaluate the TFM methodology or as examples 

f applications of alternative formulations of TFM [ 41-43 ]. 

On the other hand, different cellular in vitro systems have been 

nvestigated under different compositions of the matrix hydrogel. 

ydrogels with tunable mechanical properties have been massively 

sed in different applications in the last years (see the Tse & Engler 

 44 ] and Li et al. [ 45 ] for a review, and references therein). Herrick

t al. [ 46 ] synthesized poly(ethylene glycol) (PEG) and phosphoryl- 

holine (PC) with different stiffnesses, to study how substrate me- 

hanical properties influence cell morphology, focal adhesion struc- 

ure, and proliferation; across multiple mammalian cell lines. On a 

tep forward, Shayan et al. [ 47 ] developed controllable stress re- 

axation rate and stiffness hydrogels to modulate endothelial cell 

ehavior. Liu et al. [ 48 ] also reported that liver carcinoma func- 

ional response can be modulated by tuning the nonlinear elastic 

esponse, i.e. strain stiffening region, of polyisocyanide hydrogels. 

oreover, recent studies have pointed out how the use of stiff hy- 

rogels can induce a mechanical memory into the tumor cells due 

o epigenetic modifications that enable them to retain the biophys- 

cal adaptations acquired in the primary microenvironment even 

fter their transference to softer substrates [ 49 ]. A few studies have 

lso attempted controlling hydrogels’ microstructure [ 50-52 ] and 

icroarchitectural organization [ 53 , 54 ]. 

Despite all this extensive research in this field, the impact of 

ydrogels’ microarchitectural features, mechanical properties and 

ydrogels’ source on tumor mechanical microenvironment have 

ot been thoroughly investigated. This work aims to characterize 

nd investigate the mechanical microenvironment of breast cancer 

ells as they interact with several different hydrogels. In particular, 

uman MDA-MB-231 breast cancer cells were embedded in colla- 

en I type hydrogels from different natural sources, and hence dif- 

erent physicochemical compositions. Hydrogels were mechanically 

ested in shear rheology assays, and their microarchitectures were 

lso characterized using state-of-the-art 3D microscopy techniques, 

amely focused ion beam-scanning electron microscope (FIB-SEM). 

IB-SEM was originally applied in this work to collagen matrices, 

nd it allowed the reconstruction of complex fibered microstruc- 

ures with extreme accuracy within the nanometer (nm) range, 

o obtain key microarchitectural parameters such as fiber density 

r pore size, amongst others. The state of the art for evaluat- 

ng fibered matrix morphology in the context of cell mechanics is 

erformed through optical methods that still provide incomplete 

nd/or inaccurate structural information of the fiber network [ 55 ]. 

ellular tractions, displacements and strain energies of breast can- 

er cells were measured using 3D TFM, as indicators of their me- 

hanical microenvironment, for the different considered cases. The 

attery of collected results allowed us to explore the impact of me- 

hanical, physicochemical and microarchitectural matrix features at 
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Scheme 1. Scheme of the prepared collagen-based hydrogels and overview of the FIB-SEM imaging procedure to characterize the microstructure of the hydrogels. A) Types 

of collagens as a base material for the hydrogels: bovine dermis-based (BOV), rat tail-based (RAT) and mixed collagen (MIX) and concentrations studied for each composition: 

0.8, 1.5 and 2.3 mg/ml. B) Scheme of the FIB-SEM setup. The focused ion beam (FIB) and SEM (scanning electron microscope) columns are oriented at a 54-degree angle 

and positioned to coincide on the surface of the hydrogel at a single point. Tracking marks in a lateral platinum protective layer allow correcting misaligned sections in 

further post-processing. C) Examples of the hydrogel’s surface scanned using FIB-SEM. D) 3D-reconstruction of the collagen structure after post-processing and thresholding 

the acquired images (6 × 6 × 6 μm) and its fiber thickness and pore size maps. 
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he nanometer scale on the micromechanical environment of tu- 

oral cells. 

. Materials and methods 

.1. Collagen-based hydrogel preparation 

Nine different type I collagen hydrogels were studied with col- 

agen sourced from only bovine dermis (BOV), only rat tail (RAT), 

r a 1:1 combination of both (MIX); at concentrations of 0.8, 1.5, 

r 2.5 mg/ml, as illustrated in Scheme 1 A. Bovine dermal col- 

agen was obtained as non-pepsinized, acidified solution (stock 

oncentration 4.0 mg/ml; CollagenG; Matrix Bioscience, Deutsch- 

and, Germany); rat tail collagen was non-pepsinized and acidified 

stock concentration 3.95 mg/ml; Merck Millipore, Darmstadt, Ger- 

any). All experiments described in this article were performed 

sing collagen from the same batch to avoid variability. Collagen 

ixes were prepared in a 50 ml conical tube with a total vol- 

me of 1 ml, keeping all reagents and pipet tips on ice to pre-

ent the uncontrolled polymerization of the hydrogels. Polymer- 

zation was induced in vitro by raising the pH to 7.4 using 1 M 

aOH (Sigma-Aldrich, Missouri, USA) and buffering by 0.36 M 

aHCO3 (Merck KGaA, Darmstadt, Germany), together with Dul- 

ecco’s modified Eagle’s medium (DMEM, Gibco, ThermoFisher Sci- 

ntific, Massachusetts, USA). The hydrogels were allowed to poly- 

erize and equilibrate at 37 o C for an hour. 

.2. Rheology tests: hydrogel viscoelastic properties 

To explore the influence of collagen source and concentration 

f the hydrogels’ mechanical properties, the elastic moduli of the 

ifferent hydrogels were characterized by rheology tests using a 

tress-controlled rotational rheometer MCR 301 (Anton Paar, Gratz, 
283
ustria) at 37 °C with a standard steel cone geometry CP25–1 

25 mm of diameter and 1 o ). The hydrogels were prepared in situ ,

eeping their components at 4 °C until mixing to immediately 

oading in the rheometer in an injectable aqueous form. Approx- 

mately 200 μL of each hydrogel was placed in the Peltier plate’s 

enter, avoiding the insertion of air or bubbles. When centered, the 

one plate was set to the corresponding gap height (48 μm), and 

ilicone oil was applied on the peripheral to prevent evaporation. 

nitially, a time sweep was applied at 1 % strain and 1 Hz to moni-

or the gel polymerization through the evolution of the storage (G’) 

nd loss modulus (G’’) with time. Note that the strain level and 

requency were set from preliminary strain and frequency sweeps 

n order to select values significantly lower than the yield strain, 

nd greater than the crossover frequency, respectively. Once the 

iscoelastic properties were stabilized after approximately 45 min, 

 frequency sweep was applied by increasing the oscillatory fre- 

uency from 0.1 to 10 Hz at a shear amplitude of 1 % (10 Pt./dec).

hen, the stored (G’) and loss (G’’) moduli of each hydrogel were 

alculated as the average of the recorded data in the plateau (fre- 

uency range of 0.1–1 Hz). The complete rheometer data acquisi- 

ion was performed using the software RHEOPLUS/32 (Anton Paar, 

ratz, Austria). The shear modulus (G) was calculated from G’ and 

’’ using Rubber’s elasticity theory [ 56 ]: 

 =
√ 

G′ 2 + G′′ 2 (1) 

Finally, the elastic modulus (E) of the hydrogels was derived 

rom the previous shear modulus ( Eq. (2) ). 

 = 2 G( 1 + ν) (2) 

here the Poisson’s coefficient ν was assumed equal to 0.34, a 

alue that was previously used in the literature for analogous hy- 

rogels [ 57-59 ]. The number of samples for each case was n = 3.

he results were established as the average among samples for 
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ach hydrogel case. Finally, for a better understanding of the rel- 

tive contributions of elastic vs. frictional forces to the overall 

heological response of the hydrogel, the evolution of the loss or 

amping factor was calculated for previous frequency sweep using 

q. (3) : 

an 

(
δ
)

= G′′ 
G′ (3) 

.3. Focused ion beam-scanning electron microscopy (FIB-SEM) 

The morphology and micro/nano-architecture of all collagen hy- 

rogels were characterized with focused ion beam milling and 

canning electron microscope (FIB-SEM). For each type of hydro- 

el, 3 samples were analyzed ( n = 3), 27 hydrogels in total. FIB-

EM methodology allows for the segmentation of a 3D fibered 

etwork and subsequent quantification of structural parameters, 

hereby overcoming common limitations such as 2D aggregations 

nd overlapping of adjacent fibrils. After preparing 200 μL samples, 

hey were fixed using 2.5 % glutaraldehyde in 0.1 M cacodylate-HCl 

uffer (pH 7.4) at 4 °C for 2 hrs. Immediately after that, fixed sam- 

les were rinsed three times in pure 0.1 M cacodylate-HCl buffer. 

he post-fixation consisted of incubating the sample at room tem- 

erature in the following solutions: 2 % osmium tetroxide and 1.5 % 

otassium ferrocyanide (1.5 hrs), 1 % thiocarbohydrazide (30 min), 

 % osmium (1 hr), 4 % uranyl acetate solution (10 hrs), 1 % lead

spartate (1 hr). Between steps, several washes in distilled water 

ere performed. Lately, a dehydrated stepwise with acetone of in- 

reasing concentration was carried out (50–100 %) and an embed- 

ent in the hydrophobic Durcupan ACMTH resin (Sigma-Aldrich, 

issouri, USA). The samples were glued with 2-component con- 

uctive resin to a conventional SEM pin stub, which was subse- 

uently coated with 30 nm gold/palladium 80/20 to get a conduc- 

ive surface. 

Images were captured with the microscope Zeiss Crossbeam 

50 (ZEISS, Oberkochen, Germany), which integrates a Xe/Ga ion 

ource. A scheme of the FIB-SEM setup is shown in Scheme 1 B. 

he microscope was tilted to achieve a 54º inclination between 

he SEM and FIB columns, whose FIB-SEM coincidence point was 

ocated at a working distance of about 5.2 mm. A 15 ×15 μm area

as selected on the resin block’s surface, and a 1-micron platinum 

rotective layer was deposited using the electron beam for 5 min 

 Scheme 1 B). In this layer, autotune and tracking marks are carved 

o minimize curtaining artifacts during FIB milling and correct mis- 

ligned sections in the post-processing. The FIB-SEM operates by 

licing and polishing layers of the embedded hydrogel while cap- 

uring high-resolution images ( Scheme 1 C, pixel size 10 ×10 nm 

n xy and 20 nm in z) with the second beam using the software

eiss Atlas 5 (ZEISS, Oberkochen, Germany). A video of the com- 

lete acquisition of the FIB-SEM for one of the collagenous hydro- 

els is available in the Supplemental Material (Video S1). Moreover, 

 comparison of the acquired microarchitectures for different col- 

agen sources and concentrations is shown in Fig. S5. 

.4. FIB-SEM image analysis 

Image stacks were analyzed using Avizo (Thermo Scientific, 

altham, Massachusetts, USA). A median filtering (3D interpre- 

ation, 18 neighbor pixels) was initially applied to reduce the 

oise while preserving the fiber edges. Then, an inner volume 

6 × 6 × 6 μm) was selected as a volume of interest (VOI) to avoid

he influence of the boundary faces. Small spots from remaining 

oise ( < 10 0 0 pixels) were removed before calculation, and the 

bers were interactively thresholded. An example of the resulting 

D collagen structure is displayed in Scheme 1 D. Different microar- 

hitectural parameters of the hydrogels were processed and calcu- 

ated in the resulting fibered structure: the volume fraction as an 
284
ndirect measure of the collagen density (module Volume Fraction ); 

he degree of anisotropy, understood as the 3D fiber alignments 

long a particular directional axis (module Degree of Anisotropy ); 

nd the average fiber thickness and pore size of the VOI. To cal- 

ulate the average fiber thickness and pore size of the structure, 

hickness maps, defined as the diameter of the largest ball con- 

aining the voxel and entirely inscribed in the thresholded region 

fibers and spacing, respectively), were computed (module Thick- 

ess Map ) following the definition given by Hildebrand & Rüegseg- 

er [ 60 ]. Scheme 1 D shows examples of these maps computed on 

ne of the collagen hydrogels. Later, histograms of each distribu- 

ion were calculated (module Histogram ). 

.5. Cell culture and TFM experiments 

Human MDA-MB-231 breast cancer cells were cultured (37 o C at 

 % CO2, humidified atmosphere) in DMEM with 4.5 g/L Glucose, 

-Glutamine and Sodium Pyruvate (Gibco) supplemented with 10 % 

eat-inactivated fetal bovine serum (FBS; Gibco) and 1 % penicillin- 

treptomycin (Gibco). The cells were subcultured at approximately 

0 % confluency and only used for experiments for passage num- 

ers below 20. Before live cell fluorescence microscopy, MDA-MB- 

31 cells were labelled with CellTracker Green CMFDA (Invitrogen, 

hermo Scientific, Waltham, Massachusetts, USA) and incubated 

ith DMEM culture media at 37 o C for 1 hour. 

Cells were detached with 0.05 % Trypsin/ EDTA (Gibco) and re- 

uspended in fresh DMEM before added to the collagen mix at 

 density of 4 × 104 cells/mL, together with 5 μl of fluorescent 

icrospheres (0.2 μm diameter, carboxylated, ex/em 660/680, In- 

itrogen). An amount of 20 μl of the mixture was pipetted in an 

maging chamber (Secure-Seal hybridization sealing systems, Invit- 

ogen) pre-mounted in a 35 mm petridish. The hydrogels with cells 

ere allowed to polymerize in an incubator with 5 % CO2 and 95 % 

umidity at 37ºC for a minimum of 1 h, before covering the dish 

ith DMEM (containing FBS) to promote spontaneous cell migra- 

ion. 

.6. TFM image acquisition and analysis 

3D image stacks were acquired 24 hrs after collagen polymer- 

zation using a Leica Stellaris 8 confocal microscope (Leica Mi- 

rosystems, Wetzlar, Germany) with a 20x glycerol immersion ob- 

ective (NA 1.5). Approximately 30 μm z-stacks were acquired, ad- 

usting the size to ensure the acquisition of the entire cell vol- 

me, with voxel size of 0.227 μm, 0.227 μm and 1.48 μm (x, y, and

, respectively). The cells labeled with CellTracker Green were ex- 

ited at 498 nm (channel 1), while the dark red fluorescent beads 

ere excited at 653 nm (channel 2). 16–19 cells were analyzed per 

roup ( n = 16–19 per group), a total of 157 cells. Examples of con-

ocal images captured for cells embedded in each of the hydrogels 

tudied are shown in Fig. S1 of the Supplementary Material. Then, 

ytochalasin D (dissolved in DMSO, Sigma Aldrich) was added to a 

oncentration of 4 μM and given at least 1 hr to relax the cells due

o disruption of actin filaments. The same cells were imaged again 

o obtain comparative images in the absence of forces (stress-free 

tate). A stage incubator was used to keep the cells at 37 o C and 5 %

O2 during image acquisition. 

The forces exerted by cells during maturation were quantified 

hrough 3D TFM experiments (see Scheme 2 ). To this end, 3D con- 

ocal imaged stacks at both stressed ( Scheme 2 A) and relaxed con- 

gurations ( Scheme 2 B) -previously filtered at different regions 

f interests (ROIs) and associated to different isolated cells- were 

sed as an input for the open-source software TFMLAB [ 61 ]. As as-

umed in TFM methodology, we considered that hydrogels recover 

 stress-free state after cell relaxation. A study performed under 
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Scheme 2. An illustration of the 3D Traction Force Microscopy methodology in single breast cancer cells. A) A cancer cell is cultured on collagen hydrogel with embedded 

fluorescent microspheres. In the stressed state, the cell has exerted traction forces that deform the surrounding collagen network. B) After adding cytochalasin D (Cyto-D), 

their actin filaments are disrupted, and the cell returns to its original relaxed state. Thus, the fluorescent microspheres move to their original positions before deformation. 

As an example, the bright field and confocal images of both states for a single cell are shown. Scale bars are 50 μm. C) A displacement field is calculated by comparing the 

positions of the beads between the stressed and relaxed states. After solving a finite element model, the traction field that fits the measured microspheres’ displacements is 

calculated numerically. 
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imilar hydrogel composition and concentrations showed that as- 

uming an elastic response of these hydrogels is a valid hypothesis 

 35 ], although this assumption is a common limitation for the re- 

overy of tractions in TFM. 

As shown in Scheme 2 C, TFMLAB allows for confocal image 

rocessing, cell segmentation, and displacement measurement. In 

he image processing step, raw images were initially denoised us- 

ng the penalized least-squares method. Image contrast was sub- 

equently enhanced through stretching operations. Later, the soft- 

are calculated a shift correction to adjust any microscope stage- 

elated drifts. Cell bodies were segmented by applying Otsu’s 

ethod for automatic image thresholding. Small binary objects 

ot belonging to the cell body were also removed. In the follow- 

ng step, TFMLAB computes the displacement field in the selected 

OIs using B-spline-based Free Form Deformation–based (FFD) im- 

ge registration throughout a nonrigid mesh transformation from 

he stressed to the relaxed imaged configurations [ 62 ]. On the 

ther hand, the Matlab toolbox Iso2Mesh was used to create a sur- 

ace mesh of the cells from its confocal voxelised image. Then, a 

olumetric tetrahedral mesh of the hydrogel volume was created 

ithin the selected ROI. The FFD output displacement field val- 

es were interpolated from the image (voxel) coordinates to the 

E nodes of the hydrogel and sprout boundary domains using the 

atlab griddedInterpolant class with cubic interpolation. Then, us- 
285
ng this displacement field as an input, cellular tractions are recov- 

red along the boundary of the cell using an inverse formulation 

 61 , 63 , 64 ], that computes a consistent solution of stresses that ful-

lls equilibrium conditions within the hydrogel domain. The nu- 

erical implementation of the referred inverse formulation was 

mplemented in TFMLAB software using Matlab. This code takes 

s an input the FE stiffness matrix computed from Abaqus Simu- 

ia, which is integrated in the workflow of the software. TFMLAB 

utputs (among other variables) displacement and traction fields 

long the cell boundary. The magnitude of these fields is used to 

uantify the mechanical activity of the breast cancer cells in the 

ifferent analyzed hydrogel compositions. From the .vtk files pro- 

ided by TFMLAB, 3D-renders of the cells, displacement and trac- 

ion fields were created using the open-source software ParaView 

Sandia National Laboratories, Kitware Inc, Los Alamos National 

aboratory) for visualization. The latest version of the TFMLAB 

ode can be downloaded from https://gitlab.kuleuven.be/MAtrix/ 

orge/tfmlab_public . 

The overall specific strain energy exerted by cells was also com- 

uted, as a measure of the internal work developed by cells to ex- 

ernally deform their surrounding collagen mechanical microenvi- 

onment. The specific strain energy was calculated as follows: 

nergy = 1 ∑ 

Ai 

∑ 

ti · ui · Ai (4) 

https://gitlab.kuleuven.be/MAtrix/Jorge/tfmlab_public
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ith ti and ui being the traction and displacement vectors, respec- 

ively, computed at the centroid of the facets i of the surface mesh 

f the cell. Ai is the area of the facet i . 

Tractions were further post-processed to obtain the traction po- 

arity using the following approach. First, the traction vectors with 

agnitude above 90-percentile on the cell surface were selected. 

hen, the eigenvalues of these vectors were computed using func- 

ions cov and eig from Matlab. The polarity of the traction field 

 was finally computed with the following equation: 

 = E1 

E1 + E2 + E3 

(5) 

here E1 , E2 , E3 are the traction eigenvalues sorted in descending 

rder. P has a value between 0 (non-polarized) and 1 (completely 

olarized). 

.7. Morphological characterization of the cells 

From the cell segmentations provided by TFMLAB, we com- 

uted the following morphological operations: 

el l V ol ume = Nc · Vv ox (6) 

here Nc is the number of voxels in the cell binary mask and Vv ox 

s the physical volume of one image voxel ( ∼0.08 μm3 ). 

Cell protrusion segmentation was performed as previously de- 

cribed (Yuan et al., 2023). Briefly, the largest sphere that fits 

ithin the cell binary mask was calculated using MATLAB func- 

ions bwdist and pdist2 . We then selected the voxels from 

he cell binary mask located at a Euclidean distance larger than 

wo times the sphere radius. Connected components of this se- 

ection were taken as individual protrusions. The principal axis 

ength of these protrusions was then obtained with function 

egionprops3 . Moreover, this function also provided the ‘solid- 

ty’ metric of the cells. In this work, we referred to the solidity of 

he cells as “sphericity” and expressed it between 0 and 1 (perfect 

phere). 

.8. Statistical analysis 

The significant differences in cell’s tractions, energy, traction 

olarity, or hydrogel’s elastic modulus among the different hydro- 

els were evaluated using one-way ANOVA Tukey’s test in MATLAB 

function anova1 ). 

. Results and discussion 

.1. Quantitative atlas of structural and mechanical features of 

ollagen hydrogels 

The interaction between cells and their ECM is intricately linked 

o the complex microarchitecture and physicochemical character- 

stics of the environment [ 17 ]. These factors influence the cells’ 

bility to exert traction forces, affecting the manner and speed of 

igration [ 65 ]. In this context, substrate viscoelasticity is an im- 

ortant property that affects hydrogel response to traction exerted 

y the cells on the polymer network during 3D migration [ 66 ], 

hich is governed by a combination of matrix pore size, degrad- 

bility and viscoplasticity [ 12 , 13 ]. On the other hand, tunable hy-

rogels provide a platform to explore the impact of the microme- 

hanical and microstructural features of 3D matrices on cell behav- 

or. The present work is, to our knowledge, unique in comparing 

he mechanobiology of cancer cells in ECM with a wide range of 

ompositions, collagen concentrations, and, subsequently, physico- 

hemical microenvironments. 

Mechanical properties of collagen ECMs are determined by the 

bril density, spatial orientation of the fibers, and their degree of 
286
rosslinking [ 67 , 68 ]. Polymerization conditions can be varied to ob- 

ain mechanically distinct ECMs with different fibrillar microstruc- 

ures. The nine hydrogel conditions explored in this study (BOV, 

AT and MIX at collagen concentrations of 0.8, 1.5, or 2.5 mg/ml) 

ere mechanically characterized after polymerization using shear 

heology ( n = 3 per case) to obtain the storage modulus (G’), loss 

odulus (G’’) and elastic modulus (E), as shown in Fig. 1 A-C and 

able 1 of the Supplementary Material. Fig. S2 provides the results 

f the initial time and frequency sweeps to check the hydrogel 

olymerization (average curve per case), as described in Materi- 

ls and Methods. Note that the absence of significant differences 

n mechanical properties after the addition of the fluorescent mi- 

rospheres or with incubation time after polymerization ( ∼45 min) 

as also verified, as shown in Fig. S3 of the Supplementary Mate- 

ial. While G’ modulus describes the general elasticity of the hy- 

rogel, the G’’ modulus reflects the dissipated energy as a char- 

cteristic viscosity. In all cases, G’ was higher than G’’ ( Fig. 1 A-B).

ig. 1 D-F show the evolution of the damping factor of the hydro- 

els made with a collagen concentration of 0.8, 1.5 and 2.3 mg/ml 

t different frequencies (0.1–10 Hz), respectively. The loss factor re- 

ains mostly below 0.2 in all hydrogels, reporting a clear contri- 

ution of elastic forces over internal friction between the compo- 

ents in the flowing hydrogel. Nevertheless, the hydrogel based on 

ovine collagen at its lowest concentration (BOV 0.8 mg/ml) re- 

orted a loss factor around 0.25 for frequencies between 0.1 and 

 Hz, as shown in Fig. 1 D. Understanding this factor as the ra- 

io of energy dissipated per cycle to the maximum stored energy, 

he stored elastic energy dissipated through viscoelastic processes 

annot be considered negligible in this softest hydrogel. Despite 

his case, our collagen-based hydrogels predominantly exhibit solid 

echanical behavior rather than fluid-like characteristics. Previous 

tudies in other type I collagen gels reported that rheological pa- 

ameters (G’ and G’’) increased with the fibrillar concentration [ 69 ]. 

n our study, this relationship was also proven to be independent 

f the collagen source and stiffness. The elastic moduli of the hy- 

rogels were significantly different at lower versus higher concen- 

rations of collagen (see Fig. 1 C and Fig. S4 of the Supplementary 

aterial). Rat tail collagen-based hydrogels also presented a higher 

lastic modulus than both bovine dermis- and mixed collagen- 

ased hydrogels in any concentration. For instance, 2.3 mg/ml of 

at tail collagen provided an elastic modulus to the hydrogels of 

40.1 ± 39.4 Pa, 25 times stiffer than the one measured in the 

.8 mg/ml bovine dermis collagen-based gels (9.3 ± 4.7 Pa). Such 

ifferences in stiffness between rat-tail and bovine collagen-based 

attices align with measurements carried out in previous studies 

sing atomic force microscopy [ 17 ]. 

Next, comparing the fibrillar microstructure of the nine colla- 

en hydrogels using scanning electron microscope (SEM) images 

 Fig. 1 G) showed that the pore size visibly decreased with increas- 

ng collagen concentration when using any collagen source. Fur- 

her, a qualitative observation of the SEM images ( Fig. 1 G) suggests 

hat the bovine dermis collagen matrix showed entangled node- 

ike fibers, whereas the rat tail collagen-based structures presented 

ell-defined and more homogeneous pores. These results are con- 

istent with other gels made of similar types of collagens [ 70 ], sug-

esting that the network of pure bovine dermis collagen, and to a 

esser extent of the mixed collagen, is more heterogeneous than 

hat of pure rat tail collagen. One plausible explanation for this 

ould be the difference in the species and the tissue from which 

he collagens are extracted [ 71 ]. 

FIB-SEM was used to quantify how the different structural 

roperties affect the nanoarchitecture of the hydrogel ( Scheme 1 B- 

). Fig. 1 H shows an example of the evolution of the fibered struc- 

ure with the collagen concentration for bovine dermis hydrogels. 

hile FIB-SEM has previously been applied to hydrogels for fiber- 

racing [ 72 ], to our knowledge, the effects of 3D structural prop- 
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Fig. 1. Mechanical and structural characterization of the hydrogels prepared with several collagen compositions and concentration. Evolution of the: A) storage modulus (G’); 

B) loss modulus (G’’); and C) apparent elastic modulus (E) for each collagen source (bovine dermis-based, BOV, rat tail-based, RAT, and mixed collagen) and concentration 

(0.8, 1.5 and 2.3 mg/ml) ( n = 3). The degree of significance between groups ( p -values) are reported in Fig. S4. Average evolution of the damping factor during a frequency 

sweep (strain 1%, frequency 0.1–10 Hz) in hydrogels with a collagen concentration of D) 0.8 mg/ml; E) 1.5 mg/ml; and F) 2.3 mg/ml. G) SEM images of each hydrogel. 

Scale bar is 1 μm. H) Evolution of the 3D fibered structure reconstructed by FIB-SEM with the collagen concentration (BOV case). I-J) Examples of the pore size (spacing) and 

fiber thickness distributions in RAT hydrogel at different concentrations. K-N) Relationship between microstructural parameters, K) pore size; L) fiber thickness; M) porosity; 

and N) degree of anisotropy with the apparent elastic modulus of hydrogels ( n = 3). 

287
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rties on the apparent mechanics of the matrix and the cellu- 

ar mechanical interaction are studied for hydrogels from differ- 

nt collagen sources and concentrations for the first time. Fig. 1 I- 

 show an example of the pore size and fiber thickness distri- 

utions (histograms) in pure rat tail collagen. The observed pore 

ize was highly dependent on the collagen concentration, in line 

ith what is observed in the 3D reconstructions of the Fig. 1 H. 

urther, Fig. 1 K-L quantifies the mean and standard deviation of 

he pore size and thickness in all collagen sources and concentra- 

ions. As shown in Fig. 1 K, slightly larger pore sizes were found 

n rat tail collagen-based hydrogels, suggesting that pore size also 

epends on the collagen source of the matrix and consequently 

n its physicochemistry. Meanwhile, fiber thickness was not influ- 

nced by a change in concentration or collagen source, with an av- 

rage thickness of around 50 nm across all hydrogels ( Fig. 1 L). This

s consistent with the 3D structural analysis of the purified ten- 

on collagen-based gels [ 72 ], where the fiber thickness distribution 

as modulated only with changes in polymerization temperature 

r upon addition of proteoglycan decorin. 

Fig. 1 K-N also compare the mean elastic modulus of the nine 

ydrogels with the quantitative structural data measured by FIB- 

EM, including the mean pore size ( Fig. 1 K), the mean fiber thick-

ess ( Fig. 1 L), the porosity ( Fig. 1 M), or the degree of anisotropy

 Fig. 1 N). Porosity consistently decreased with the hydrogel stiff- 

ess for all three types of hydrogels. This observation aligns with 

he theory of micromechanics, where stiffness decays with poros- 

ty in lattice/cellular materials [ 73 ]. It is also consistent with the 

EM images ( Fig. 1 G) and previous studies [ 74 ]. Mean fiber thick-

ess and the degree of anisotropy of the structure (around 0.58 

n all cases) did not significantly influence their bulk mechanical 

roperties. The slight anisotropy of the structure is likely due to 

he manufacturing and polymerization methodology of the sam- 

les or their preparation for the FIB-SEM. However, this parame- 

er does not seem to play a critical role in the stiffening of the 

el. Therefore, the mechanical properties of our hydrogels are likely 

egulated by the combination of porosity, pore size, physicochemi- 

al differences in crosslinking, and the intrinsic elastic modulus of 

he collagen fibers. For reference, the elastic moduli of detonated 

brils from bovine and rat tail tendons are reported to be approx- 

mately 5 GPa and 11 GPa, respectively [ 75 , 76 ]. 

In summary, the diverse hydrogel environments examined in 

his study inherently introduce varying ECM pore size, porosity 

nd apparent mechanical properties to the cultured cells. For a 

iven fiber size and degree of structural anisotropy, hydrogels pre- 

ared from bovine dermis collagen exhibit more heterogeneous fi- 

rous structures, resulting in smaller pore sizes and lower porosity 

han their rat tail-based counterparts. However, the elasticity of the 

atter imparts greater mechanical resistance for cell interactions. 

ydrogels composed of both collagen types present intermediate 

tructural and mechanical properties, with collagen concentration 

egulating their nanoarchitecture. It is known that breast cancer 

ells remodel the ECM by altering its structure and mechanics. The 

CM becomes disorganized and deregulated as a result of the in- 

reasing fiber density and stiffness during tumor progression [ 77 ]. 

e next delve into a detailed analysis of how these distinct en- 

ironments influence both the initial phenotypic and mechanical 

ehavior of isolated cancer cells. 

.2. The mesenchymal phenotype of cancer cells is independent of 

he matrix nanoarchitecture 

Cell morphological parameters were compared across each type 

f hydrogel ( n = 16–19, Fig. 2 A), including the number of pro-

rusions ( Fig. 2 B), the degree of sphericity ( Fig. 2 C), the cell vol-

me ( Fig. 2 D), the cell length ( Fig. 2 E), and the average protru-

ion length ( Fig. 2 F). No significant differences were found be- 
288
ween groups in any of these parameters. Regardless of the stiff- 

ess, structural or physicochemical composition of the hydrogel, 

he cells generally adopted an elongated spindle-like morphology 

ith one or two protrusions, as indicated by the consistent num- 

er of protrusions (around 2 in all cases, Fig. 2 B) and sphericity 

around 0.6, Fig. 2 C). This elongated morphology ( Fig. 2 A) is asso-

iated with a mesenchymal-like invasion, a migration mechanism 

ependent on actin-based protrusions and ECM adherence via cel- 

ular receptors including integrins [ 78-81 ]. The mesenchymal phe- 

otype evident in confocal images (Fig. S1 of the Supplementary 

aterial) aligns with the morphology adopted by MDA-MB-231 

ells during migration through the ECM in 3D models of varied 

ore sizes and is a typical feature of aggressive tumor cells in vivo , 

ontrasting the spherical shape of non-invasive cells [ 78-80 ]. 

Interestingly, this mesenchymal-like morphology is observed 

cross all studied collagen compositions without significant differ- 

nces. In this regard, it was described that MDA-MB-231 cells in- 

aded polymerized type I collagen hydrogels with telopeptides, in 

ontrast to the less invasive cell line MDA-MB-435S that showed 

 spindled form only in telopeptide-free collagen [ 78 ]. On the 

ther hand, other authors observed the same spindle shape in 

DA-MB-231 in different collagen types [ 26 ] but also described 

reater sphericity in bovine dermis collagen, a morphology associ- 

ted with ameboid-like migration [ 74 ]. However, sphericity in our 

tudy ( Fig. 2 C) showed no significant differences across all nine 

ypes and concentrations of hydrogels. Consistent trends were ob- 

erved in cell volume ( Fig. 2 D, 6291.9 ± 3050.1 μm3 ), cell length 

 Fig. 2 E, 61.1 ± 21.2 μm), and average protrusion length ( Fig. 2 F,

4.8 ± 13.9 μm), with no clear variations or significant differences 

n any of these parameters. In the same cell line and mixed col- 

agen hydrogels (BOV + RAT at a ratio of 1:1), Steinwachs et al. 

 35 ] did find significant differences in cell elongation, but only 

hen slightly higher and lower collagen concentration, 0.6 and 

.4 mg/ml, were compared. 

These results suggest that the explored mechanical and struc- 

ural microenvironment does not alter the morphology of this cell 

ine. Consequently, our breast cancer cells were capable of elongat- 

ng and generating protrusions independent of the pore size of the 

urrounding collagen matrix and the elasticity of the fibers, sug- 

esting comparable mesenchymal migrations. Thus, these microen- 

ironments did not present a significant barrier to the cells im- 

osed by the matrix in adopting an invasive and aggressive mor- 

hology. As proof of their migratory capacity, Video S2 of the Sup- 

lementary Material shows the behavior of cells in mixed collagen 

ydrogel at the concentration of 1.5 mg/ml for 72 hrs. 

.3. 3D cellular forces and energy describes a linear response and 

lateau with the ECM stiffness 

In order to explore the influence of the microenvironment on 

ell-ECM mechanical interactions, we used TFM to measure cell- 

nduced matrix displacements and tractions. Fig. 3 A shows the dis- 

lacement fields around nine representative cells for each hydro- 

el type and concentration. Differences can be observed as a func- 

ion of the collagen concentration, where the displacement magni- 

ude slightly decreases as the concentration increases. In all cases, 

aximum matrix displacements were located around the tips of 

ells’ protrusions. Fig. 3 also shows the change in 90-percentile dis- 

lacements generated around the cells’ surface for each hydrogel 

 n = 16–19) as a function of collagen concentration ( Fig. 3 B) or the

CM’s elastic modulus ( Fig. 3 C). The degrees of significance in the 

0-percentile displacements between groups are provided in Fig. 

4 of the Supplementary Material. Consistent with previous results, 

e observed a general decrease in cell-generated displacements 

s the collagen concentration or the hydrogels’ stiffness increases. 

owever, according to Fig. S4, these differences were more statis- 
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Fig. 2. Morphology of the breast cancer cells embedded in the collagen hydrogels. A) Rendering of some representative analyzed cells in the different hydrogels. B) Number 

of protrusions, C) degree of sphericity, D) cell volume, E) cell length, and F) average protrusion length, reported as a boxplot per collagen source (bovine dermis-based, BOV; 

rat tail-based, RAT, and mixed collagen) and concentration (0.8, 1.5, and 2.3 mg/ml). No statistical differences were found ( n = 16–19). 
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ically significant when comparing the hydrogels made of bovine 

ermis collagen (BOV) at concentrations of 0.8 and 1.5 mg/ml with 

he 90-percentile displacements computed in the rest of the ma- 

rices. These displacements are a result of tractions that cells exert 

o maintain their shape, reorganize the extracellular matrix, mi- 

rate, or communicate with nearby cells [ 24 , 25 ]. Traction fields vi-

ualized around protrusions of individual cells for each hydrogel 

ondition show that cells exert pulling forces using their protru- 

ions to deform the surrounding hydrogel ( Fig. 4 A). Fig. 4 B shows

he 90-percentile tractions as a function of the collagen concen- 

ration (mg/ml) for each composition. In contrast to the displace- 

ents, tractions increase with collagen concentration from ∼3 Pa 

n the softest gels to ∼65 Pa in the stiffest ones with significant 

ifferences ( p -value < 0.001, Fig. S4). Fig. 4 E shows the relation-

hip between the tractions and mean elastic modulus measured 
289
sing rheological tests. These results suggest that the strength with 

hich a cell pulls the collagen substrate is strongly dependent and 

ncreases with the stiffness of the hydrogel. 

As the stiffness of the base collagen source was higher, the in- 

rease in the mean 90-percentile traction was smaller between the 

owest and highest concentration, being approximately 11-fold, 9- 

old and 7-fold for the bovine dermis, mixed and rat tail collage- 

ous hydrogels, respectively. Moreover, fixing a collagen concentra- 

ion, notable differences were also found between collagen sources 

Fig. S4), possibly due to the different stiffening profiles of each 

ollagen type. The increase in cell traction or cell stiffness with 

CM stiffness was previously observed in 2D experiments in other 

ell lines, for example, in human mesenchymal cells on collagen- 

oated substrates [ 82 ], in vascular smooth muscle and endothe- 

ial cells in polyacrylamide gels [ 83 , 84 ], in fibroblasts [ 21 , 85 ], or
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Fig. 3. Displacement field in the extracellular matrix calculated by Traction Force Microscopy due to tractions exerted by MDA-MB-231 breast cancer cells. A) One sample cell 

is shown for each hydrogel composition (bovine dermis collagen, BOV; mixed collagen, MIX; rat tail collagen, RAT) and collagen concentration (C = 0.8, 1.5 and 2.3 mg/ml). 

Evolution of the 90-percentile displacement with B) the collagen concentration, and C) the hydrogel’s apparent elastic modulus (mean value). The degrees of significance 

between groups ( p -values) are reported in Fig. S4. 
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n human metastatic breast, prostate and lung cancer cell lines 

 86 ]. This behavior could be due to strain-control mechanisms, 

here the cell applies a fixed deformation on its environment to 

echanosense, migrate, or interact with surrounding cells [ 87 , 88 ]. 

n 3D environments, cell–ECM strain dynamics have been reported 

o be cell type-dependent. MDA-MB-231 cells produce low ECM 

trains in 3D collagen [ 89 ]. Different studies describe (a) nearly 

onstant forces with increasing stiffness of the hydrogel [ 35 ] or (b) 

ell-generated force increase with initial collagen matrix stiffness 

 26 ]. These differences may be due to the different microstructure 

haracteristics of the matrix or the different migration mode of 

he individual cells. In contrast, mesenchymal fibroblasts generate 

nisotropic ECM strains nearly four-fold higher than breast cancer 

ells [ 89 , 90 ]. Anguiano et al. [ 91 ] showed that H1299 lung cancer

ell tractions also increase with higher substrate (mixed collagen- 

atrigel hydrogels) stiffness. As a result, the exerted tractions to 

chieve a given deformation in stiffer microenvironments should 

e higher. This hypothesis is consistent with our observed dis- 

lacement fields ( Fig. 3 ), where not many significant differences 

ere found between the analyzed cases, as reported in Fig. S4 of 

he Supplementary Material. Further, the mesenchymal-like elon- 

ated morphology of the cells seen for all the analyzed cases sug- 

ests that cells maintain a consistent and optimal morphology to 

echanosense the hydrogel. 

As shown in Fig. 4 E, it is also interesting to note that traction

orces exerted by the cancer cells seem to have a tendency for sat- 

ration at a hydrogel stiffness of 70–80 Pa, after which a stiffness- 

ependent increase in tractions is curved. This force saturation is 

een in the changes in the traction growth slopes of the cases with 
290
he highest collagen concentration, especially in the stiffest ECM 

ested in the study (RAT 2.3 mg/ml), whose elastic modulus was 

bove 200 Pa. Fig. 4 C plots the strain energy (normalized to its 

urface area) applied by the cell during its mechanical interaction 

ith the ECM. The strain energy is plotted against the hydrogel 

tiffness for each collagen composition and concentration ( Fig. 4 F). 

e found that the strain energy also seems to reach an asymptote 

40 Pa •μm in rigid mechanical microenvironments. This conclu- 

ion was supported by the lower significant differences found in 

nergy between matrices with highest apparent stiffness: BOV 2.3, 

IX 2.3, and RAT 1.5 mg/ml and RAT 2.3 mg/ml (Fig. S4). Simi- 

ar conclusions have previously been derived for tractions in silico 

 92 ]. These results also agree with a previous study in a 2D model

here average traction forces of fibroblasts and epithelial cells var- 

ed linearly with the hydrogel’s stiffness up to a force saturation 

evel, which was an intrinsic property of each cell line [ 85 ]. How-

ver, to our knowledge, this is the first time a mechanical limit has 

een quantified in a 3D in vitro system with cancer cells for both 

ell tractions and strain energy. This phenomenon may be due to 

he appearance of a cell’s physiological mechanical and energetic 

imit after reaching a saturation in its internal stiffness and strain 

nergy, as was found in previous in vitro studies [ 21 ]. 

The strain energy distribution around mesenchymal-like cells 

as demonstrated to increase the complexity and anisotropy of 

raction force generation. This phenomenon is closely related to 

ell morphology reported in the previous section, suggesting that 

he directionality of tractions, not their magnitude, may be essen- 

ial for cancer invasion [ 80 ]. Fig. 4 D and G show the traction polar-

ty plotted against collagen concentration and mean elastic mod- 
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Fig. 4. Mechanical interaction between the breast cancer cells and the different explored microenviroments. A) Traction field exerted by MDA-MB-231 breast cancer cells 

on their extracellular matrix 24 hrs after seeding, calculated using Traction Force Microscopy. Tractions in one protrusion of a sample cell are presented for each hydrogel 

composition (bovine dermis-based collagen, BOV; mixed collagen, MIX; rat tail-based collagen, RAT) and collagen concentration 0.8, 1.5 and 2.3 mg/ml). B-G) Relationship 

between the 90-percentile traction, the cellular specific strain energy and the traction polarity with the collagen concentration (B-D) and the hydrogel’s apparent elastic 

modulus (mean value, E-G). The results are presented as mean ± standard deviation ( n = 16–19). The degrees of significance between groups ( p -values) are reported in Fig. 

S4. 
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lus, respectively. There is no significant trend, and it stabilizes 

round 0.6–0.7 with no significant differences across all nine hy- 

rogels ( p -values > 0.05 in most cases, see Fig. S4). These results

re in the line of previous studies in the same cell line, but that 

nly analyzed mixed collagen hydrogels at a ratio of 1:1 [ 35 ]. This

uggested that breast cancer cells adopt a similar polarity with a 

igh anisotropy regardless of the apparent mechanical properties 

f their ECM. 

In brief, cells exert polarized forces in a preferred direction 

hose magnitude increases linearly with the stiffness of the ma- 

rix up to a physiological traction/strain energy limit. Whether this 

evel of rigidity represents a real space restriction to the invasive 

r migratory activity of the cells or if they end up locally deform- 

ng or degrading the matrix exceeds the scope of this work. In the 
t

291
ollowing subsection, the potential influence of the structural pa- 

ameters of the collagenous structure of the hydrogel on these me- 

hanical parameters is discussed. 

.4. ECM micro and nanoarchitecture: a key modulator for 3D 

ellular tractions 

To investigate whether traction forces and energy rely on the 

CM microarchitecture parameters and/or on the collagen-type na- 

ure of the ECM, we plotted in Fig. 5 A-B and D-E the trends of the

raction field and specific strain energy with pore size and porosity 

or the different collagen-based hydrogel types and concentrations. 

or the three types of hydrogels, it can be observed that the trac- 

ion field and strain energy are highly dependent on the pore size 
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Fig. 5. Evolution of the 90-percentile traction, the cellular specific strain energy and the traction polarity with the hydrogel’s fibered structure. Relationship with A-C the 

pore size in the collagen network and D-F the porosity of the collagen structure. The evolution for all collagen compositions (bovine dermis-based, BOV; mixed, MIX; and 

rat tail-based, RAT) are presented. The results are presented as mean ± standard deviation ( n = 16–19). 
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nd porosity and decrease inversely with them. This finding agrees 

ith several studies that have demonstrated changes in the cell’s 

echanical behavior and cell migration as a result of the pore size 

 93 ]. Cell migration is directly related to the ability of the cells to

enerate traction forces, the migration speed being negatively cor- 

elated with the traction forces with a Hill-curve shape [ 94 ]. An- 

ther study reported that migration in the absence of space restric- 

ions declines as a linear function of the matrix’s pore size, which 

as controlled by the collagen composition and the polymerization 

emperature [ 95 ]. However, the pore size was measured through 

D scanning/ transmission electron microscopy images, thus pre- 

luding the direct assessment of the 3D extracellular matrix. 

In addition, both traction forces and strain energy are highly 

ependent on the physicochemical characteristics of the hydrogels. 

s seen in Fig. 5 A-B and Fig. 5D-E, for a given porosity percent-

ge or pore size, tractions and strain energy are higher in the rat- 

ased hydrogel (RAT, stiffest case) and lower values in the bovine 

ne (BOV, softest case). These results suggest that cells modulate 

orces to deform the hydrogel depending on the microstructure 

nd physical impedance found along their 3D migration path, char- 

cterized in our study by hydrogels’ stiffness and microstructural 

roperties. In addition to this, when cells contract the ECM, they 

xert both adhesion and resistant forces that do not depend only 

n the stiffness of the matrix but also on the physicochemistry and 

rotein concentration of the polymeric network, the adhesion lig- 

nd density and nanoarchitecture (aminoacidic sequences of colla- 

en) [ 81 , 96 ]. Stiffer matrices also appear to impact the level of in-

egrins expression, causing a bidirectional signaling with cell trac- 

ion forces. Increased matrix stiffness also enhances focal adhesion 

ssembly, affecting cell spreading and migration [ 97 , 98 ]. 

According to Fig. 5 C and F, the traction polarity also remains 

table in all fibrous structures. As with the global stiffness of the 

CM, the fiber density and the pore size do not represent a barrier 

or the cell to mechanically interact with its ECM clearly in a po- 

arized manner. Nevertheless, the magnitude must be higher to de- 
292
orm fibered structures with lower porosities. This further supports 

he cellular preference for an elongated morphology with two pro- 

rusions and a spindle shape described earlier, regardless of the 

urrounding structural or mechanical microenvironment to which 

t is subjected. 

. Conclusions 

In conclusion, this study shows the combination of 3D TFM and 

IB-SEM techniques as a valuable methodology to better correlate 

ell mechanical behavior with the structural properties of collagen 

CMs. As far as the authors knowledge, there is no study that an- 

lyzes the impact of the physicochemical and morphological prop- 

rties with resolution at the nanoscale of a wide variety of nat- 

ral three-dimensional collagen networks on the mechanical be- 

avior of breast cancer cells in a single in vitro model. In partic- 

lar, we employed well-characterized tunable collagen-based hy- 

rogels to model several extracellular natural microenvironments 

ith varied mechanical properties and fibrillar microarchitectures. 

hile bovine dermis-based collagenous hydrogels provide struc- 

ures with lower porosity and pore size, rat tail collagen pro- 

ides greater bulk mechanical properties to the gel. The mechano- 

tructural differences in these matrices are due to the elasticity of 

ach collagen type and different physical crosslinking methods. In 

hese ECMs, we investigated the MDA-MB-231 cells’ morphology 

fter 24 hrs of culture into each hydrogel, their mechanical behav- 

or (tractions exerted by the cellular actin-myosin system, strain 

nergy, and traction polarity), and its relationship with mechani- 

al and structural properties of the matrices. Our results provide 

vidence that the mechanical and structural microenvironments 

o not influence the morphology of the cells. In all cases, can- 

er cells developed an elongated spindle-like shape without signif- 

cant changes in volume, cell length, or average protrusion length, 

imilar to mesenchymal-like invasive phenotype. The tractions and 

pecific strain energy exerted by the cancer cells followed a linear 
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esponse and plateau with the stiffening of its ECM, reaching sat- 

ration in hydrogels with high apparent elastic moduli ( > 200 Pa). 

n increase in the porosity percentage or pore size of the col- 

agenous substrate was demonstrated to also impact the mechan- 

cal behavior of the cancer cells by reducing the force and energy 

hey applied to pull and deform the fibered network. This is also 

eflected in the high traction polarity, with no significant differ- 

nces observed across all studied ECMs. With all these results in 

ands, we hypothesize that MDA-MB-231 breast cancer cells tune 

heir mechanical state and subsequent deformation of the hydro- 

el to maintain their migration and invasiveness capacities. This 

ethodology could also be applicable to other cell lines to investi- 

ate mechanobiological differences between cancer and non-tumor 

ells, as well as to understand the factors that favor their prolifer- 

tion and/or migration. 
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