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ABSTRACT

Multiple particle tracking (MPT) microrheology was employed for monitoring the development of extra-
cellular matrix (ECM) mechanical properties in the direct microenvironment of living cells. A customized
setup enabled us to overcome current limitations: (i) Continuous measurements were enabled using a
cell culture chamber, with this, matrix remodeling by fibroblasts in the heterogeneous environment of
macroporous scaffolds was monitored continuously. (ii) Employing tracer laden porous scaffolds for seed-
ing human mesenchymal stem cells (hMSCs), we followed conventional differentiation protocols. Thus,
we were, for the first time able to study the massive alterations in ECM elasticity during hMSC dif-
ferentiation. (iii) MPT measurements in 2D cell cultures were enabled using a long distance objective.
Exemplarily, local mechanical properties of the ECM in human umbilical vein endothelial cell (HUVEC)
cultures, that naturally form 2D layers, were investigated scaffold-free.

Using our advanced setup, we measured local, apparent elastic moduli Gg4pp in a range between 0.08 and
60 Pa. For fibroblasts grown in collagen-based scaffolds, a continuous decrease of local matrix elasticity
resulted during the first 10 hours after seeding. The osteogenic differentiation of hMSC cells cultivated
in similar scaffolds, led to an increase of Ggap, by 100 %, whereas after adipogenic differentiation it was
reduced by 80 %. The local elasticity of ECM that was newly secreted by HUVECs increased significantly
upon addition of protease inhibitor and in high glucose conditions even a twofold increase in Ggpp Was
observed.

The combination of these advanced methods opens up new avenues for a broad range of investigations
regarding cell-matrix interactions and the propagation of ECM mechanical properties in complex biologi-
cal systems.

Statement of Significance

Cells sense the elasticity of their environment on a micrometer length scale. For studying the local elastic-
ity of extracellular matrix (ECM) in the direct environment of living cells, we employed an advanced mul-
tiple particle tracking microrheology setup. MPT is based on monitoring the Brownian motion of tracer
particles, which is restricted by the surrounding network. Network elasticity can thus be quantified.

Overcoming current limitations, we realized continuous investigations of ECM elasticity during fibroblast
growth. Furthermore, MPT measurements of stem cell ECM showed ECM stiffening during osteogenic
differentiation and softening during adipogenic differentiation. Finally, we characterized small amounts of
delicate ECM newly secreted in scaffold-free cultures of endothelial cells, that naturally form 2D layers.

E-mail address: johanna.roether@kit.edu (J. Hafner).



1. Introduction

Many cellular processes, such as motility, differentiation, ad-
hesion, proliferation and metabolism of cells depend on the me-
chanical properties of the extracellular matrix (ECM) [1-10], mak-
ing a sound mechanical characterization of the cellular surround-
ing indispensable to ultimately understand and control these cel-
lular processes. However, mechanical properties of artificial ECM
substitutes and cell-secreted ECM, such as stiffness and elasticity,
may alter continuously due to the impact of the cells, that live
within the ECM and constantly control their environment by se-
creting, organizing, and remodeling matrix molecules. Thus, me-
chanical properties of the ECM cannot be characterized by one sin-
gle value.

However, knowing the complex alteration of ECM mechanics
is crucial for development of artificial ECM substitutes. Further-
more, a better understanding of cell-matrix interactions in arti-
ficial and cell-secreted ECM helps us to describe biological pro-
cesses, such as wound healing, angiogenesis and cancer metastasis.
E.g. tumors were shown to be highly sensitive towards mechani-
cal stimuli from their environment and additionally cause rigorous
changes in the ECM elasticity [11]. This better understanding can
be achieved by monitoring the development of local mechanical
properties while cells remodel their surrounding.

Traditionally, the elasticity of ECM substitutes including all
types of biobased gels, was characterized in bulk experiments,
such as compression and tension tests [12-16] and oscillatory
shear rheometry [3,4,17-21], performed on centimeter sized spec-
imen. These methods characterize cell-laden, potentially porous
scaffolds, in some cases even flooded with liquid media with
their given heterogeneity as a homogeneous material on a contin-
uum mechanical level. This limits the explanatory power of such
methods and neglects cells’ sensitivity to the mechanical proper-
ties in their direct proximity that raises the need for mechani-
cal characterization on a much shorter length-scale, i.e. less than
200 pm [22,23].

One potential approach to realize local characterization of me-
chanical properties is using quartz crystal microbalances, which
characterize the elasticity of a nanometer thick surface layer on
oscillating gold surfaces by measuring the energy dissipation [24].
Despite the high spatial resolution in vertical direction, horizon-
tally, still the whole sensor surface, including adhering cells, ECM,
and surface modifications, is considered or cells need to be re-
moved. The latter can result in altered ECM properties. More pre-
cise localization can be achieved by using atomic force microscopy
(AFM) and other indentation experiments for the characterization
of the local mechanical and structural properties of biomaterials
[22,25-30] and delicate natural ECM [31-33]. However, due to the
indentation of a small probe, this technique is limited to probing
exclusively the surface of a sample.

To circumvent these limitations, microrheology methods, in par-
ticular active microrheology methods, were employed for study-
ing ECM substitutes. In such experiments, micrometer-sized single
tracer particles or particle ensembles were placed in the cellular
surrounding and their motion was actively triggered by external
forces. The resulting displacement was measured, allowing for the
characterization of local elasticity. For example optical tweezers
were employed for studying the elasticity of ECM substitutes laden
with breast cancer cells [11,34] and for the characterization of ECM
elasticity in sprouting angiogenesis [35]. This latter technique has
also been used to characterize changes in elastic properties of nat-
ural collagen ECM due to cellular contractility [36] and of actin fil-
ament networks due to the presence of active motors in the system
[37]. It also allowed for the characterization of the heterogeneous
microstructure of fibrin-based ECM [38]. Li et al. [39] used mag-
netic twisting beads that were conjugated to the collagen fibers of

the adventitial layer of porcine aortas for studying ECM local elas-
ticity.

Another promising optical tweezers based method is nonlinear
stress inference microscopy. Using ~5 pum particles, this technique
was successfully implemented for studying cell-generated stresses
capable of buckling filaments in a 3D polymer matrix [40].

A gentler method to study local mechanical properties of deli-
cate biomaterials with respect to heterogeneities on shorter length
scales is passive microrheology. In contrast to active microrheol-
ogy, the driving force is the Brownian motion of the tracer parti-
cles themselves and smaller tracer particles can be used.

Gambini et al. [41] used such a passive single particle tracking
method for studying mechanical properties of jellyfish ECM by mi-
croscopying the jellyfish as a whole and Nijenhuis et al. [42] ex-
amined the elasticity of the pericellular matrix of chondrocytes by
a combined approach of positioning the tracer particle with an op-
tical trap and studying Brownian motion for rheological measure-
ments.

MPT is an advanced passive microrheology technique, which al-
lows for the characterization of the viscoelastic properties sensed
by an entire particle collective (n > 100). Based on this, local dis-
tributions in viscoelasticity and local heterogeneity can be charac-
terized.

MPT was initially used for characterization of intracellular elas-
ticity [43,44] and pericellular matrix layers [45]. To our knowledge,
MPT was never used for studying natural, macroporous ECM, but
in several studies, ECM substitutes were characterized, including
the local elasticity of artificial ECM in tumors [46] or in another
approach tumor cells were encapsulated in collagen I gels, doped
with particles for MPT measurements [47].

A series of MPT measurements at different time-points was
used for monitoring the elasticity of special proteinase-cleavable,
PEG-based ECM substitutes during several days of cell culture and
revealed a decreasing matrix elasticity in the direct surrounding
of encapsulated MSCs [48,49]. The decreasing matrix elasticity was
explained with matrix degradation caused mainly by matrix met-
alloproteinases (MMPs) that were secreted by the cells. Although
these approaches delivered a spatially resolved elasticity profile for
defined, homogeneous materials, they possess limitations in terms
of cell surroundings that can be examined: Cells need to be encap-
sulated in highly homogeneous PEG-based gels and the number of
analyzed particles is still limited.

To overcome these restrictions, we developed a MPT protocol
using macroporous collagen scaffolds of pore size ~ 50 pm and
pore wall thickness ~ 5-10 um [50] on which cells can be seeded
conventionally. Cells migrate into the pores until they adhere to a
pore wall and settle there. MPT measurements are thus performed
in the narrow pore wall, directly in the surrounding of cells’ an-
choring sites. Tracer particles of very small diameter, ~ 0.2 pm, are
used in order to avoid wall effects and not to disturb the gel for-
mation. Furthermore, due to the 3D porous architecture and nar-
row pore wall thickness, we expect no variation of ECM mechanical
properties with distance from the cell surface as well as no dis-
turbing effect of cells contractility. For the gels investigated here,
however, MPT does not yield the true bulk modulus of the gel
but an apparent modulus. Values calculated from the mean square
displacement of tracer particles on the basis of the generalized
Stokes-Einstein (GSE) equation are much lower than bulk values
(bulk results not shown here, compare [50]. This discrepancy may
be due to densely crosslinked areas inaccessible for the tracer par-
ticles and thus not contributing to the MPT elasticity, or due to a
pronounced contribution of stretched out of equilibrium chain seg-
ments between network junctions as observed earlier for keratin
networks [51]. However, changes during cell cultivation in the ap-
parent moduli obtained from MPT reflect changes in the mechani-
cal properties of the ECM.



Furthermore, we combined the MPT setup with a cell culture
chamber, so that continuous measurements could be performed to
study the change of ECM elasticity in direct cell surrounding over
time.

To validate this setup, 3T3 fibroblasts served as well charac-
terized model system. They appear especially interesting, because
maintenance of ECM properties is one key function of fibroblast
cells. They are responsible for the production of ECM and its in-
tegrity, i.e. they synthesize and secrete ECM components, grouped
into (i) proteoglycans and glycosaminoglycans and (ii) structural
proteins, e.g. collagens and fibronectin [52]. Additionally, fibrob-
lasts produce several classes of proteases, for example MMPs,
which cleave peptide bonds in the ECM [53], as well as the cor-
responding inhibitors, called tissue inhibitors of metalloproteinase
(TIMP) [54]. The balance of both, together with the matrix secre-
tion, regulates ECM composition and its mechanical properties. The
underlying metabolism is further regulated by the complex inter-
play of cell-cell and cell-matrix interactions [55].

While undifferentiated MSCs are expected to maintain and re-
model the ECM properties similar to fibroblasts, differentiated
MSCs change ECM mechanical properties dramatically.

During osteogenic differentiation, the expression level of colla-
gen | and osteocalcin is increased [56]. With progressive differen-
tiation, the formation of hydroxyapatite and mineralization of the
ECM takes place [57,58].

In contrast, adipogenic differentiation is characterized by an ex-
tensive remodeling of the ECM by proteases [59,60] and is accom-
panied by losing cell-matrix adhesion [61]. Enzymatic degradability
of the MSC's microenvironment constitutes a prerequisite for adi-
pogenesis as well as osteogenesis [62]. Therefore, cell-matrix engi-
neering demands a thorough understanding of cell-matrix interac-
tions and corresponding cellular traction force change over time.

Surprisingly, the effect of cell differentiation on local matrix
elasticity was never studied before, although studying the local
mechanical properties of ECM substitutes and of the ECM itself
appears as a very urgent question, not only in biomaterials de-
sign and cell biology, but also to uncover new therapeutic strate-
gies. Thus, we employed MPT to study the effect of chemically
induced MSC differentiation on ECM mechanical properties in 3D
scaffolds.

In contrast to stromal cells forming 3D tissues, endothelial cells
(ECs) are known to naturally form continuous monolayers lining
the interior surface of blood vessels. For understanding their ma-
trix elasticity, 2D models appear much more relevant than 3D
studies. Consequently, we used HUVEC cells as an easily acces-
sible model for ECs to show that MPT is even suitable to study
the local elasticity of newly secreted ECM in scaffold-free 2D cell
cultures.

ECs maintain a non-thrombogenic surface to facilitate blood
flow and besides, they regulate the exchange of gases, nutri-
ents, and metabolic waste between the plasma, and the intersti-
tial spaces. In microvessels, endothelial cells can be mobilized to
proliferate and migrate in response to angiogenic signals, including
mechanical cues generated by the sub-endothelial ECM [63-66].
The remodeling of endothelial ECM is regulated by MMP activity.
Hence, we verified this novel 2D approach by investigating the lo-
cal elasticity of ECM, newly secreted by HUVECs with and without
additional protease inhibitor.

In this study, we present a proof of principle for applying MPT
to study local ECM elasticity. We were able to determine local
shear moduli in the direct proximity of living cells and on a length
scale that is relevant for cells mechanosensing. We showed the
suitability and biocompatibilty of the method for three different
applications, namely continuous remodeling of ECM in 3D by fi-
broblasts, change of ECM elasticity during differentiation of hMSCs
in 3D and elasticity of newly secreted HUVEC ECM in 2D.

2. Materials and methods
2.1. 2D and 3D cell culture and differentiation

2.1.1. Scaffold preparation for 3D cell cultures

3D scaffolds were prepared as described previously [50]. In
brief, 2 wt% HA (Hyaluronic acid; Contipro, Czech Republic) were
dissolved in 1 % NaOH and stored for 16 h at 4°C; 4 wt% Coll (Col-
lagen I; fibrous powder from bovine tendon, Advanced Biomatrix,
USA) were dissolved in 5 mM acetic acid by continuous stirring for
24 h. Blending this with the same amount of 1 % NaOH yielded
a 2 wt% Coll solution. For hybrid scaffolds (1 wt% HA and 1 wt%
Coll), 2 wt% HA and 2 wt% Coll precursor solutions were blended
1:1. In both compositions, 0.7 wt% ethylene glycol diglycidyl ether
(EGDE) was added as chemical crosslinker. The resulting solutions
were poured into cylindrical molds and frozen at -20°C for 6 days
to allow cryogelation. The resulting microporous gels were thawed,
subsequently swollen in water and washed with PBS (Phosphate
Buffered Saline, PAN Biotech).

2.1.2. 3T3 fibroblast cells for monitoring ECM degradation and
viability in 3D gels

After washing the gels, they were placed in 12-well plates,
washed with DMEM (Dulbeco’s Modified Eagles Medium, PAN
Biotech), supplemented with 10 % FCS (Fetal calf serum, PAN
Biotech) and immersed in DMEM/FCS. Cells were passaged accord-
ing to a routine protocol and cultivated under standard conditions
(37°C, 5 % COy, 90 % rel. humidity).

NIH-3T3 fibroblasts were transfected with LifeAct RFP using an
electroporation protocol. In brief, the pellet was washed twice and
resuspended in ice-cold electroporation buffer (consisting of 120
mM KCl, 10 mM K,HPO4/KH,PO4, pH 7.6, 2 mM MgCl,, 25 mM
HEPES pH 7.6 and 0,5 % Ficoll 400 in ddH,0. The electroporation
was performed in a 0.4 cm cuvette according to the experimen-
tal protocol (250 V/ 950 pF) with a BioRad elecroporator. The cells
were recovered on ice and subsequently seeded in supplemented
culture medium.

For seeding, cells were detached using 0.25 % trypsin/EDTA
(ethylenediaminetetraacetic acid) in PBS and suspended in supple-
mented medium. Cells were seeded onto the gels at a density of
75 000 cells per gel (235 mm?3). Initially, they were allowed to mi-
grate into the pores of the scaffold without additional medium for
30 min at 37°C. Later, 2 ml medium were added and the cells were
cultivated for 8 days. All supernatant medium was exchanged ev-
ery second day.

Live/dead assay was performed with non-transfected cells to
avoid interference of the fluorescence signals. After 1, 4 and 8 days
of cultivation, 0.5 ul Calcein (Thermo Fischer Scientific, 4 mM in
DMSO (dimethyl sulfoxide) and 2 pl Ethidium homodimer (Thermo
Fischer Scientific, 2 mM in DMSO/water) were added directly into
the 2 ml nutrient medium in separate wells for each time point.
Calcein and Ethidium homodimer were applied at a final concen-
tration of 0.25 and 1 pl/ml medium, respectively. After incuba-
tion for 15 min, at least 5 laser scanning microscope (LSM; LSM
500, Zeiss) images were recorded during 15 min. In all images, liv-
ing and dead cells were counted and the count was averaged for
all images corresponding to one time-point. All experiments were
done in triplicate. For each biological replicate, gels from a newly
synthesized batch were used.

2.1.3. hMSC culture for monitoring ECM remodeling during
differentiation in 2D and in 3D

Human bone marrow-derived MSCs (kindly provided by Prof.
Dr. Karen Bieback, German Red Cross Blood Service Baden-
Wuerttemberg/Hessen, Mannheim) were seeded in a density of



2000 cells/cm?2 on TPC and cultured in DMEM high glucose (Sigma-
Aldrich) with 5 % human platelet lysate (PL; PL Bioscience, Aachen)
and 2 U/ml heparin (PL Bioscience) under standard cell culture
conditions (37°C, 5 % CO,). Cells were subcultured at ~ 80 % conflu-
ency and passages 2 to 6 were used for the experiments. For seed-
ing hMSCs into 3D scaffolds, cells were washed with PBS and de-
tached using trypsin/EDTA solution (0.05/0.02 wt%, Sigma-Aldrich).
After 5 min at 37°C, the trypsinization was stopped by addition
of DMEM with 10 % FCS (Sigma-Aldrich). The cells were then cen-
trifuged and re-suspended in DMEM with 5 % PL and 2 U/ml hep-
arin. Finally, the highly concentrated cell suspensions were seeded
onto 3D scaffolds (1 wt% HA | 1 wt% Coll) to final densities of
32x10% and 16x10* cells/118 mm3 for adipogenic and osteogenic
differentiation, respectively. After allowing for migration of the
cells into the gels for 15 min at 37°C, the total amount of medium
was adjusted with DMEM, supplemented with 5 % PL, 2 U/ml hep-
arin and 100 U/ml penicillin and 100 pg/ml streptomycin (Sigma-
Aldrich) to 500 pl/well.

2.14. Adipogenic and osteogenic differentiation of hMSCs

After the initial 24 h of cell cultivation, the medium was re-
moved and replaced by 500 ul adipogenic induction medium (MSC
Adipogenic Differentiation Medium 2, Promocell) with 100 U/ml
penicillin and 100 pg/ml streptomycin (Sigma-Aldrich) to induce
adipogenic differentiation. Osteogenic differentiation, hence, was
induced by 500 pl osteogenic induction medium (MSC Osteogenic
Differentiation Medium, Promocell) with 100 U/ml penicillin and
100 pg/ml streptomycin (Sigma-Aldrich) per well. Control samples
with the respective cell count were further on cultured in DMEM
with 5 % PL, 2 U/ml heparin and 100 U/ml penicillin and 100 pg/ml
streptomycin (Sigma-Aldrich). For all conditions, the medium was
changed twice per week and cells were cultured for 21 days.

2.1.5. HUVEC cell culture for monitoring ECM remodeling in 2D

HUVECs were isolated as described previously [67] after having
obtained informed consent and transfected with a lentiviral vec-
tor to express dTomato. The cells were cultured using Endothe-
lial Cell Growth Medium 2 (Promocell) supplemented with peni-
cillin/streptomycin.

For MPT measurements HUVEC were seeded in 24-well plates
(Nunc, Thermo Fischer Scientific) with a density of 7500 cells/cm?.
Every second day, medium was changed completely. For investigat-
ing ECM between the cells, cells were investigated by MPT at ~50%
confluency.

For the protease inhibitor conditions, the medium was sup-
plemented with 1 pl/ml or 5 pl/ml Halt protease inhibitor cock-
tail (Thermo Fischer Scientific). The control condition was kept in
culture medium. For the high glucose condition, simulating high
blood glucose in diabetes, the medium used for the whole culti-
vation, was supplemented with 100 mmol/l glucose, according to
WHO’s diagnostic criteria for diabetes >7.0 mmol/l fasting plasma
glucose [68]. After 48h the culture medium was aspirated and re-
placed with PBS containing MPT particles.

2.2. Characterization of local viscoelastic matrix properties using MPT

2.2.1. MPT in general

The underlying principles and fluid mechanics of MPT mi-
crorheology have been described in detail [69,70]. In brief, the
Brownian motion of inert colloidal probe particles embedded in
a material is monitored. Thereby, quantitative information about
the rheological properties of the surrounding fluid is obtained
[71] based on a fundamental relationship between tracer mean
square displacement (MSD) as a function of lag time 7 and the
complex shear modulus G*(w) as a function of the frequency. The
Laplace transform of the particle MSD is related to the complex

modulus G* of the sample via a generalized Stokes-Einstein equa-
tion (GSE, general form, see Eq. (1)) [72,73]:

ZkBT

¢ = 37 aiwAr(iw)

(1)
a stands for the radius of the embedded beads, kg for the Boltz-
mann constant and T for the temperature. This GSE relation is valid
in 2D under the assumption that the material surrounding the
tracer particles can be treated as an isotropic and homogeneous
continuum, i.e. that the particle size is larger than the structural
length scales of the probed material. Furthermore, tracer particle
and fluid inertia need to be neglectable, which is appropriate here,
since Reynolds number and Stokes number both are well below 1.

For 2D tracking of beads suspended in an ideal elastic material,
Eq. (1) reduces to Eq. (2) [73,74]

2]<BT

Co= 3 TaAr(1)

(2)
where Gy stands for the frequency independent shear modulus of
the material. As confirmed by the time independency of the MSDs
(at T = 0.1s), all materials investigated here, behave like elas-
tic solids. As the collagen gels considered here are heterogeneous
materials, MPT does not yield the true bulk modulus, thus Gg is
termed apparent modulus G ,pp in the following.

In the first step of the MPT evaluation procedure, all parti-
cle trajectories are represented in a trajectory plot. Trajectories of
freely diffusing particles cover a larger area compared to trajecto-
ries of elastically trapped particles, that are more restricted in their
motion. Furthermore, areas in which no particles were present
throughout the whole measurement can be identified.

Then from these trajectories, the coordinates of the particle
centroids were transformed into MSD traces.

Time independent MSDs correspond to elastically trapped par-
ticles, whereas for freely diffusing particles, a linear increase over
lag time 7 is expected. Complex polymer materials often yield en-
sembles of MSDs including tracers of both limiting cases, and often
also curved MSDs representing diffusion in a viscoelastic environ-
ment. Thus, the variation of obtained MSDs in one measurement
provides insight into the heterogeneity of the material within the
field of view (127 x 127 pum). In order to characterize the material
heterogeneity often the Van Hove correlation function [75] is used
and the non-Gaussian parameter « is calculated [76]. This param-
eter describes the deviation of the MSD values from a Gaussian
distribution expected for an ideal homogeneous uniform sample
(¢ = 0) at a fixed lag time t. Real fluids with @ < 1 are con-
sidered homogeneous on the probed length scale typically ranging
from 0.1 to 1 pm.

For image analysis, the software Image Processing System (Vi-
siometrics iPS, Visiometrics GbR, Germany) was used and the cal-
culation of MSDs and moduli was performed using a self-written
Matlab code [73-76]. The evaluation routine is described in more
detail in [62].

2.2.2. MPT in 3D scaffolds and 2D cell culture

For MPT in porous gels, the inverted fluorescence microscope
(Axio Observer, Carl Zeiss, Germany, see Fig. 1A) was equipped
with a high precision objective (Fluar 100x, N.A. 1.3, working dis-
tance 0.17 mm, Carl Zeiss). Images were recorded for at least 20s
using a SCMOS camera Zyla X (Andor Technology, Ireland: 21.8 mm
diagonal sensor size, 2160 x 2160 square pixels). We have also de-
termined the so-called static error x as described by Savin et al.
[77]for our experimental setup. This quantity corresponds to the
apparent random motion of particles due to the noise of the cam-
era and digitization effects. It has been evaluated by fixing tracer
particles on a substrate, and by performing measurements under
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Fig. 1. Schematic of our Live Cell MPT setup used to monitor the change in ECM viscoelasticity in the surrounding of 3T3 fibroblasts cultured in porous 2 wt% Coll scaffolds:
A) Sketch of the used experimental setup consisting of an inverted fluorescence microscope, equipped with a colored light source (LED), a high speed camera (CAM) and a
high magnification objective. B) close-up of the cell-culture chamber, in which cell-laden gels are investigated in a glass-bottom petri dish. The needle avoids motion of the
scaffold, while it is immersed in fluid. C) Resulting field of view showing a cell in the porous scaffold with tracer particles embedded in the pore walls.

similar noise and signal conditions as for the rest of the experi-
ments. The static error for the experimental setup and tracer par-
ticles used here was x ~10~% um? and defines the lower limit of
accessible MSD.

Non-functionalized, surfactant stabilized polystyrene micro-
spheres of diameter 0.2 um (Bangs Laboratories, USA) were added
together with EGDE during gel preparation [50] and the gels were
placed in glass bottom petri dishes (Cell E\&G, \#GBD00004-200)
or on conventional glass slides (Carl Roth, \#1) see Fig. 1B).

Fibroblasts and HUVECs were located by their actin cytoskele-
ton which showed red fluorescence after transfection with LifeAct
RFP. For the localization of MSCs, a cell plasma membrane stain-
ing kit (orange fluorescence Cytopainter, Abcam) was used. This al-
lowed us to localize the spatial expansion of the cells without fixa-
tion. In Fig. Fig. 1C, an exemplary field of view with a cell (scheme)
and particles embedded in the surrounding pore walls of a hydro-
gel is shown. With our setup the thermal motion of tracer particles
in the vicinity of cells located in a depth of about 20 pm within the
porous scaffolds was investigated. The depth of focus was 0.3 pm
according to the specifications of the objective given by the manu-
facturer, i.e. we essentially performed a 2D tracking.

In our so-called LiveCell MPT experiments (see Fig. 1), only
tracer particles in the direct environment of single living cells (field
of view 127 x 127 nm?2), well embedded in the scaffolds, were con-
sidered.

We used this setup for two different experiments:

(i) A series of discontinuous measurements was performed at
room temperature. For each point of time and each condition,
at least 6 sets, corresponding to 6 different locations in the
scaffold, were recorded within 5 min operating time and ana-
lyzed subsequently. For each experiment, 3 biological replicates
were investigated.

Continuous measurements were performed monitoring the
same field of view/the same living cell at all time-points. The
seeded scaffold was therefore kept in cell culture conditions
using a cell culture chamber (Pecon CTI controller 3700). The
measurement was started after adding the final amount of
medium during the seeding protocol, the subsequent measure-
ments were performed hourly for the first 8 hours after seed-
ing. The shown values are thus single values determined in the
surrounding of one and the same single cell.

(ii

=

In 2D cell cultures, MPT measurements were performed directly
in the well plates, using a long distance objective (LD EC Epiplan
neofluar 100 x 0.75 DIC, N.A. 0.75, working distance 4 mm, Carl
Zeiss). To enhance the fluorescence signal, tracer particles with di-
ameter 0.96 uym were used and these were added to the media 15

min prior to the measurement, yielding a final particle concentra-
tion of 0.017 wt%.

All measured values are shown as mean of 3 independent bi-
ological replicates with standard deviation Differences between
groups were tested with one-way ANOVA (performed in Ori-
gin(Pro), Version 2019b, OriginLab Corporation, Northampton, USA)
and considered significant if p<0.05).

The section below summarizes the statistical analysis of the
MPT experiments.

For gels with fibroblasts (section 3.1, Fig. 2C), MPT experiments
were performed in triplicate and for each measurement, at least
6 sets of images corresponding to 6 different locations in the gel
were considered. Results shown in Fig. 3 refer to a single MPT ex-
periment for each point in time.

For gels including hMSC cells (section 3.2, Fig. 4A), all val-
ues are shown as mean of 3 independent biological replicates
with standard deviation. For ECM secreted by HUVECs (section 3.3,
Fig. 5C), averaged apparent moduli resulting from 2 biological
replicates with 6 sets each, are shown as function of frequency.
Error bars indicate standard deviation.

2.2.3. Rotational rheometry

The bulk viscoelastic properties of cell-laden gels and cell-free
controls were characterized through their storage modulus G’ and
loss modulus G” as a function of frequency. Measurements were
performed using a rotational rheometer (Physica MCR501, Anton
Paar) with a plate-plate geometry (diameter 8 mm). Gap height
was adjusted between 1 and 2 mm depending on the height of
the samples, swollen in DMEM/FCS, to adjust the normal force to
0.1540.05 N. For all conditions, frequency sweeps were performed
in the linear regime at a stress amplitude of 7= 0.5 Pa, covering
the frequency range of 0.1 to 10 rad/s. No evidence of wall slip
was found in preliminary experiments performed at different gap
heights. Modulus data provided below are a mean of two indepen-
dent measurements.

2.3. Proof of hMSC differentiation by staining

2.3.1. Von Kossa staining

Osteogenic differentiation was visualized by von Kossa stain.
Hereby, the phosphate ions in mineralic components, characteris-
tic for the ECM in osteogenic differentiation, are precipitated with
silver ions, so that hydroxyappatite and calciumphosphate deposi-
tions appear black.

After being cultured for 3 weeks, 2D cell cultures were fixed
with 10 vol% formaldehyde (Applichem) for 15 min, subsequently
washed with ddH,0 and stained with 5 wt% silver nitrate solution



A
00 Ar%(t) > / um?

< Arz(r) >/ pm2

10°
day 0 =100 day 4 a-087
107 107 f
102} 102} :
1073 1073} :
10-4 -4 ‘ ‘
1072 1072 10 10°
t/s
¢ b iability / %
102 : i ' ' ' O vianlll y' () ' ' '
—e— without cells
—a— with cells
by °
— 90+ ]
10" |
ot
801 g
100 T T T T T T T T T

0 2 4 6 8
cell culture time / d

0 2 4 6 8
cell culture time / d

Fig. 2. Degradation of 1 wt% HA | 1 wt% Coll scaffolds by 3T3 cells: A) MSD plots and non-Gaussian parameter ¢, resulting from MPT video sequences, recorded directly
after seeding (day 0) B) and after 4 days of cell culture. C) Plateau modulus Goap, over cell culture time for scaffolds with and without cells, determined from at least 6
independent measurements per condition and D) Cell viability, measured from 10 images per time point.

(Merck, Darmstadt) for 15 min. Thereafter, samples were washed
with ddH,0 and incubated in 1 wt% Pyrogallol (Merck) in dark for
2 min. The staining was then washed with ddH,0 and fixed with 5
wt% sodium thiosulfate for 5 min followed by a last washing step
with ddH,0. Optical images were obtained using an inverse fluo-
rescence microscope (Axio Vert Al, Carl Zeiss, Oberkochen) and a
camera (Axiocam Cc1 60N-C1“1.0x camera, Carl Zeiss).

2.3.2. Oil Red staining

For the visualization of adipogenic differentiation in 2D after
3 weeks of culture, fat vacuoles were stained by Oil Red. After
cell fixation in 10 vol% formaldehyde and washing with ddH,O,
60 vol% isopropanol (VWR) were added and incubated for 2 min.
Oil Red O (Sigma-Aldrich) working solution was prepared from a
0.3 %(wt/vol) Oil Red stock in isopropanol by diluting this 3:2 with
ddH,O0. The final concentration was 0.18 % (wt/vol) and remaining
solids were removed by centrifugation. 250 pl of the staining solu-
tion were added per well and incubated for 5 min. Subsequently,
the samples were washed with tap water, until clear supernatant
was obtained. Cell nuclei were stained purple with hematoxylin
solution, Harris modified (Sigma-Aldrich) for 2 min. After a final
washing with tap water, images were taken using an inverted flu-

orescence microscope (Axio Vert Al, Carl Zeiss, Oberkochen) and a
camera (Axiocam Cc1 60N-C1“1.0x camera, Carl Zeiss).

3. Results and discussion
3.1. Continuous monitoring of matrix degradation by fibroblasts

Fibroblasts are known to remodel their environment extensively
by secreting proteinases that degrade collagen-rich matrix struc-
tures. We used for the first time MPT to characterize the effect of
fibroblast growth on the local viscoelastic properties of a HA |/ Coll
scaffold in the direct cell surrounding. In a first approach, this ef-
fect was monitored during 8 days of cell culture by investigation
of the scaffolds local mechanical properties with MPT experiments
directly after cell seeding and after 1, 4 and 8 days of cell culti-
vation. Per time point, 9 experiments were performed, i.e. 9 fields
of view were investigated. Thus, the mechanical properties were
characterized on a length scale of one field of view (127 x 127 pm
for the setup shown in Fig. 1) and the Gg,pp values for all cells in
a cell population were averaged.

Fig. 2A and B show the variation of MSDs as a function of lag
time for tracer particles (diameter = 0.19 pm), dispersed in the



& LiveAct RFP, beads

GO_Gqﬁp/Ea — -
start value G ,,, = 42 Pa
40 ]
20 ]
3 4 5 6 7 8 9

cell culture time / h

Fig. 3. Continuous LiveCell MPT: A) Microscope image, taken with the inverted fluorescence microscope (555 and 488 nm colored LED) and high speed camera of the MPT
setup, showing MPT tracers distributed in the 2 wt% Coll scaffold matrix (green) and the actin cytoskeleton of the imaged 3T3 cell (transfected with LifeAct RFP, red) and B)
same scaffold visualized using LSM and C) time evolution of Go,pp in the direct cell surrounding of an individual living 3T3 cell.

matrix of Twt% HA [ 1 wt% Coll cryogel scaffolds directly after cell
seeding and after 4 days of culture, respectively. In both cases, all
MSD traces exhibit almost no time dependence in the investigated
lag times (7 in s) and their absolute values show a narrow distri-
bution within 1.5 decades. Consequently, the non-Gaussian param-
eter « is <1. These results indicate that the tracer particles are at
all time-points (culture time in days) trapped elastically in a ho-
mogeneous, gel-like network. However, the mean MSD (shown as
colored line in Fig. 2A and B) increased from ~2.5x 10~ directly
after seeding to ~3x10~3 pm? after 4 days of cell cultivation. This
indicates a reduction in matrix stiffness, corresponding to a de-
crease of the elastic plateau modulus.

Fig. 2C shows the evolution of the matrix stiffness over the en-
tire 8 days of cell cultivation. The elastic plateau values obtained
from MPT measurements after 0, 1, 4 and 8 days with (red) and
without cells (blue) are shown. In the cell-laden scaffolds, a strong
decrease of the scaffolds’ stiffness was observed within the first
day. G app decreased from 19+4 to 5+1 Pa (see Fig. 2C) as calcu-
lated from the average value of the resolved lines in Fig. 2A and B
according to Eq. (2). This decrease in matrix stiffness in the direct
cell surrounding results presumably from the fibroblasts remodel-

ing the ECM by upregulating proteinase activity to design matrix
elasticity according to their current needs [78].

A disturbing effect of cells contractility on MPT measurements
of ECM mechanical properties can be excluded here since similar
elasticity values were obtained for scaffolds with and without cells
(see Fig. 2C, cell culture time O h).

During the following days, Gg,pp remained constant at a value
of 642 Pa till day 8. In contrast, the elasticity of cell-free scaf-
folds was almost constant during the entire experiment with G 55
ranging between 18 and 22 Pa which indicates that no degrada-
tion took place. This confirms furthermore, that the decrease in
matrix stiffness is not related to any chemical modification or en-
zymatic degradation due to the reaction with cell culture media
components, but caused by the metabolic actions of the cultured
cells.

This change in local viscoelasticity near the embedded cells
does not show up in bulk shear modulus measurements. Ggpyx
(~ 21 kPa) remains constant for the entire duration of the exper-
iments and no difference between gels with or without cells can
be detected. It should be noticed that the bulk modulus Ggpy
is about three orders of magnitude higher than Gg,pp. This was
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Fig. 4. MPT as versatile tool to monitor matrix mechanics during cell differentiation in 3D scaffolds: A) Ggapp in the direct cell environment, measured for MSCs cultured
for 21 days in adipogenic differentiation medium (Adip), osteogenic differentiation medium (Ost) and respective cell densities cultivated in control medium (DMEM). Corre-
sponding data for empty gels (- hMSCs) are shown for comparison and cell-laden scaffolds are labeled accordingly (+ hMSCs). All measured values are shown as mean of 3
independent biological replicates with standard deviation. B) Visualization of hydroxyappatite formation in the ECM during osteogenic differentiation by von Kossa staining
(black) of adipogenic, control and osteogenic condition and C) Visualization of oil vesicles (red) by Oil Red staining of adipogenic, control and osteogenic condition. Nuclei
are stained in blue. Images are obtained in 2D; all scale bars represent 100 pm.



A Y/pm

100

0 1 T T
0 50 100
X/ um
C '
100 G'app / IPa |
A 5 pl/ml protease inhibitor
® 1 pl/ml protease inhibitor
= control
A
104 e el b0t %§éé § J
iﬁﬁfﬁﬁﬁﬁﬁﬁﬁ :
102 . .
10° 10
o/ rad/s

B <Ar’(t)>/pum?

10'4
10°4
10"
1024
1073+
10-4 AL T
107 107" 10°
t/s
1'300 Gl / P |
1] %ﬁﬁ'ﬁ%” ¢ 4
107 LN
st
_ﬁﬁ%ﬁﬁ%ﬁ
e high glucose
102 = control
100 101
o/ rad/s
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glucose) and control (5.6 mmol/l glucose) conditions.

observed for various other biomaterials [51,79]. For the scaffolds
used here, it is discussed in [50] in more detail.

MPT resolves the mechanical properties locally on a length
scale that is relevant for cells’ mechanosensing [23,33]}. The viabil-
ity of the fibroblasts (see Fig. 2D) is >85 % during the whole exper-
iment, i.e. the observed changes in the matrix elasticity are related
to the metabolic activity of a healthy population of fibroblasts. A
high number of apoptotic cells might cause additional weakening
of the matrix due to secretion of large amounts of intracellular en-
zymes, but this is not the case here.

As we have seen in Fig. 2C, the degradation of the scaffold
mainly takes place within the first day. This important initial pe-
riod of time was further investigated in a second approach, using a
novel MPT setup including a cell-culture chamber (see Fig. 1). Us-
ing this, we were able to monitor the matrix elasticity in the direct
surrounding of one single cell during the first 9 h after seeding.
Fig. 3A shows the overlay of the fluorescence signal resulting from
the actin cytoskeleton (red) and from the tracer particles embed-

ded in the surrounding pore walls (green). The images were ob-
tained by the using the inverted fluorescence microscope of the
MPT setup, where background fluorescence and blur, especially in
the red channel, cause large shadows and the resolution in depth
is limited. For verifying characteristic, healthy fibroblast morphol-
ogy, a 3D image obtained from LSM is shown in Fig. 3B. In MPT
experiments, the red fluorescent cytoskeleton still helps to localize
the cells in the 3D scaffold. LSM is, however, not suitable for MPT
experiments, due to the long scanning times. For evaluating me-
chanical properties, the Brownian motion of the tracer particles is
in focus and therefore, after recording the 555 nm signal initially,
MPT videos for data evaluation are taken with the 488 nm light
source only, to reduce noise. Between the single video recordings,
cells were kept in the dark and only for the measurement, the light
source was switched on.

Fig. Fig. 3C shows the gradual reduction of matrix stiffness
in the direct environment of the investigated single cell through
the variation of the plateau modulus Gg,p, Starting from 42 Pa,



measured immediately after seeding, a continuous decrease in
Go,app is observed within the following 9 h, yielding a final value of
15 Pa. This ratio of final to initial modulus is in good accordance
with the averaged results obtained for a whole population of fi-
broblasts, shown in Fig. 2. Consequently, this single cell, as well
as all other cells considered in the aforementioned experiments,
continuously decreased the elasticity of the scaffold in their direct
surrounding, most likely by upregulating MMP activity [80]. These
enzymes are known to cleave peptide bonds in e.g. collagen struc-
tures. In vivo, the enzymatic activity of MMPs underlies a com-
plex regulation cycle, including the availability of MMP inhibitors,
which helps the cells to maintain the mechanical properties of
their ECM [80]. In 3D scaffolds, however, cells need to remodel the
scaffolds provided to them. Most likely, the observed continuous
decrease is driven by the discrepancy between the stiff scaffolds
provided and the desired softer ECM the cells try to achieve by de-
grading the artificial ECM. Followingly, upregulating MMP expres-
sion in cells seeded on stiffer scaffolds is already shown in other
studies [81,82] and could be one explaining mechanism to adjust
the given scaffold by the cells in our study.

Processes like this can be elucidated in more detail and on
shorter time scales, referring to one single cell by combining the
MPT setup with a cell culture chamber.

3.2. ECM mechanics after adipogenic and osteogenic differentiation
in 3D

In vivo, MSCs differentiate according to current needs, e.g. re-
sponding to exercise or regenerating connective tissue in order to
compensate lacking cells [83]. During differentiation either into the
osteoblast or the adipocyte lineage, their phenotype is completely
changed, including metabolic function and the ability to build up
completely different tissues [83,84]. The mechanical properties of
such tissues depend on the stiffness of the cells and, especially in
ECM rich tissues, on the mechanical properties of the ECM con-
necting the cells [33,85].

Using adipogenic and osteogenic differentiation inducing media
in 3D hMSC cultures based on 1 wt% HA | 1 wt% Coll scaffolds,
we studied the mechanical properties in the cells’ environment af-
ter terminal differentiation into adipocytes and osteoblasts, respec-
tively. In Fig. Fig. 4, the local plateau modulus, obtained from MPT
measurements in the scaffold-network, is shown for cell-laden and
cell-free samples.

After 21 days of cell culture, in the adipogenic differentiation
medium (Adip), a difference in Gg,pp, of 19 Pa was found be-
tween cell-laden (3.84-0.8 Pa) and cell-free scaffolds (2244 Pa). The
same initial cell count in MSC maintenance medium (DMEM, con-
trol) yielded a similar decrease of ~22 Pa in the cell-laden scaffold
(10.1£0.9 Pa) compared to the cell-free control (32+13 Pa). Un-
der both conditions, the scaffold elasticity is reduced by the cells,
but it is worth considering the difference in cell numbers. Con-
tinuous proliferation in DMEM should result in much higher cell
numbers compared to low proliferation rates during adipogenic
differentiation. Thus, the decrease of Ggap, in adipogenic condi-
tion is caused by a presumably much smaller number of cells
than in the control condition, so that the scaffold-softening ef-
fect per cell can be considered to be stronger during adipogenic
differentiation.

In the case of osteogenic differentiation (Ost), a significant in-
crease of ~ 30 Pa in Gq,pp is observed for the cell-laden scaffold
(61+20 Pa) compared to the cell-free counterpart (31+7 Pa). In
contrast, in DMEM, a decrease by almost a factor of 10 was found
when comparing cell-free (4042 Pa) to cell-laden scaffolds (545
Pa).

As commonly assumed, the osteoblasts that result from the os-
teogenic differentiation do not only secrete collagen and other ECM

compounds, but also contribute to the calcification of the existing
ECM [57,58].

Our tracer particles are embedded in the scaffold matrix, so
that their motion is more restricted by the stiffening network.
Thus, higher values for Gg,pp are obtained, showing MPT’s unique
capability to quantify the differences in matrix elasticity, which re-
sult from differentiation here.

Comparing adipogenic and osteogenic conditions, we see a total
difference of about 60 Pa in the local elasticity of both cell laden
scaffolds, reflecting the extreme difference in mechanical proper-
ties in the corresponding tissue types in vivo - bone and adipose
tissue, whose tissue E modulus differ in more than four orders of
magnitude [86].

To proof that the measured effects on local matrix elasticity
were derived from successful differentiation of hMSCs, we em-
ployed von Kossa and Oil Red staining protocols. Von Kossa (see
Fig. 4B) makes mineralization in the ECM visible, large mineralized
areas are clearly visible in the osteogenic induced sample (right),
whereas in control (middle) and adipogenic (left) condition, only
some unspecific grey shades occurred. Oil Red (see Fig. 4C) stains
fat vacuoles in adipocytes. In adipogenic induced differentiation
(first row), lots of fat vacuoles are seen in red, whereas in con-
trol (middle) and osteogenic (right) condition, only purple nuclei
are visible.

To summarize, the induced differentiation was successful and
the specific metabolic activity of osteoblasts and adipocytes re-
sulted in a measurable difference in local ECM elasticity.

3.3. ECM mechanics in 2D

Seeded on conventional TCP (tissue culture plastic) without any
scaffold, cells live in ECM that is exclusively secreted by them-
selves. This ECM is supposed to match their actual needs and is
thus constantly remodeled by secretion of additional matrix com-
ponents and degrading enzymes [80]. However, the total amount of
newly secreted material in such a scaffold-free approach is much
less than the amount of synthetic material provided in scaffold-
based systems. Furthermore, the material is located on TCP and
cannot be moved to glass slides without damaging it. Conse-
quently, the use of a long distance objective is required and still,
resolution and fluorescence intensity are reduced, compared to
measurements on glass slides. Thus, the minimum particle size al-
lowing for reliable tracking is 1 pm. Additionally, the natural ECM
cannot be doped with particles during fabrication, so that for MPT,
the particles need to be added later on. Thus, such 2D experiments
work by adding tracer particles to the nutrient media surrounding
a 2D cell layer after a few minutes waiting time some tracers are
entrapped in the network built around the cells.

As this entrapment happens randomly, always two populations
of tracer particles are found in such MPT experiments. Some par-
ticles are trapped in the newly secreted network (shown in red
in Fig. 5A and B) and sense the local elasticity of the ECM. The
other fraction continues to diffuse freely, sensing the viscosity of
the solvent/media (shown in black in Fig. 5B). The viscosity values
calculated from these MSDs agree very well with the data for pure
PBS.

For the characterization of the mechanical properties of the
ECM we use only the elastically trapped fraction of tracer particles
and corresponding data is further processed to eliminate particles,
that are sticking to cellular surfaces (shown in green), because we
aimed at characterizing the ECM and not the mechanical properties
of cells or their membranes. We use the generalized Stoke-Einstein
equation (GSE, Eq. (1)) to calculate the complex shear modulus
G*(w) = G’ + iG”. We do not know, whether the probed material is
homogeneous and in thermal equilibrium, and accordingly we are
not sure whether Eq. (1) is fulfilled here. Thus we have to treat the



calculated moduli as apparent values. Nevertheless, their variation
indicates changes in the viscoelastic properties of the ECM.

For calculation of local apparent moduli, corresponding data is
further processed to eliminate particles, that are sticking to cellu-
lar surfaces (shown in green), because we aimed at characterizing
the ECM and not the mechanical properties of cells or their mem-
branes.

Averaged apparent moduli resulting from 6 independent sets,
measured in HUVEC cultures, are shown as function of frequency
in Fig. 5C (black curve). Here we also show the effect of the
concentration of additionally supplemented Halt protease inhibitor
cocktail. This inhibitor cocktail is supposed to down-regulate the
activity of the MMPs secreted by the cells during remodeling. The
resulting matrix elasticity is shown in red (5 pl/ml inhibitor) and
blue (1 upl/ml inhibitor) and compared to the control without in-
hibitor. In all cases, G’ is essentially frequency independent. This
indicates a gel-like behavior of the ECM, independent of the in-
hibitor concentration. However, the absolute values of Gg ,p, (taken
at at w= 10 rad/s) increased significantly with increasing inhibitor
concentration from 0.08+0.01 (no inhibitor) to 0.12+0.02 Pa (5
ul/ml). This proves the high sensitivity of MPT in the low elasticity
range and is in good agreement with the reduced matrix degrada-
tion activity expected for high inhibitor concentration.

One potential application for studying mechanical properties
of ECM is tissue reorganization associated with diabetes. Diabetes
mellitus is characterized by a chronic hyperglycemia due to se-
vere insulin resistance and/or insufficiency. Up to date there are
various ECM modifications which are assumed to be involved in
the pathomechanisms of diabetic complications. The most promi-
nent mechanism is the formation of Advanced glycation endprod-
ucts (AGE), which are formed by non-enzymatic glycation of pro-
teins [87,88]. The effect of AGE ranges from inflammatory activa-
tion [89] and modification of cellular migration [90] to alteration
of mechanical properties of ECM caused by crosslinking of ECM
molecules [91]. Collagen is one prominent ECM protein which is
affected by the formation of abnormal, stable intermolecular cross-
links in a hyperglycemic context [92-94].

Another important mechanism is altered MMP/TIMP related
ECM remodeling [95] as a cellular response in a diabetic environ-
ment.

The mechanical alteration in glycated matrix components alone
[91] as well as changes of cell stiffness were investigated using
AFM and MPT after endocytosis of tracer particles, respectively
[96].

Especially vascular endothelial cells are exposed in first order
to an elevated blood glucose level and it has been reported that
hyperglycemia induces a complex dysfunction of endothelial cells
[97,98] with the consequence of diverse micro- and macrovascular
pathologies of diabetes [99-101].

Thus, we studied local elasticity of the ECM at very high
glucose concentrations. For 100 mmol/l glucose, we found
Goapp = 0.15£0.03 Pa, which is almost twice the value obtained
under normal conditions (0.0840.01 Pa, both measured at 10
rad/s). This alteration is presumably more related to osmosis and
densification of the gel due to reduced water activity or chemical
modification of the ECM by glucose itself (protein glycation), than
related to alterations in cell metabolism.

4. Conclusion

Multiple particle tracking microrheology was successfully used
to monitor the matrix remodeling of single fibroblast cells in 3D
scaffolds continuously. During the first 9 h after seeding, a mono-
tonic decrease in Gg,pp from 42 to 15 Pa was observed for a single
cell and after 24 h, 5+1 Pa were measured in the discontinuous
experiment averaging over multiple cells per time point. In con-

trast, no effect of growing cells showed up in conventional bulk
shear experiments.

Furthermore, we characterized the ECM elasticity in hMSC cul-
tures, where adipogenic and osteogenic differentiation was induced
using specific differentiation media. We were able to prove that
the osteogenic differentiation leads to a significant increase in local
elastic modulus Go,pp to 260 Pa of the HA | Coll based scaffolds
with initial Gg4pp ~30 Pa. This is related to the densification of the
matrix by additional secretion of ECM components and the miner-
alization of the ECM during osteogenesis. In contrast, during adi-
pogenic differentiation, the homoeostasis is shifted towards softer
ECM and Go,pp is consequently decreased significantly to ~5 Pa.

Finally, we studied the secretion of new ECM in a scaffold-free
2D HUVEC culture with different concentrations of Halt protease
inhibitor cocktail. Increased inhibitor concentration showed the ex-
pected increase of ECM elasticity from Ggapp = 0.08+0.01 Pa for
control condition to 0.12+0.02 Pa for the highest inhibitor concen-
tration. Upon cultivation in high glucose concentration, a twofold
increase in Go,pp compared to the control was observed. The res-
olution of our setup can consequently be considered sufficient to
characterize the remodeling of even very soft ECM in 2D.

The techniques shown here and their combination provide great
potential for studying cell-matrix interactions and their continuous
effect on matrix elasticity in 2D cultures and in near-natural 3D
scaffolds. Providing deeper insight in the remodeling of artificial
ECM substitutes can support the design of biomaterials with ap-
propriate properties for cell culture. Furthermore, having a tool to
investigate ECM elasticity can help us to understand diseases and
perhaps unravel pathways for potential therapies modulating ECM
mechanics.
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