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and reached values above 60 % for highly pre-crosslinked
hydrogels.

Cell morphology

Non-motile cells typically had a circular shape, whereas motile
cells were mostly elongated. We therefore quantified the
circularity of the x,y-projected cell shapes in the different
hydrogels. Circularity values near unity indicate a nearly circular
shape, whereas values near zero indicate elongated cell shapes.
The circularity of the cells in the different hydrogels roughly
followed the trend seen for the migration speed and the motile
fraction, however with some noticeable differences (Figure 5).
For example, cells in the highly pre-crosslinked Alg-Gel
hydrogels started to become elongated after 10 days of culture,
even though the motile fraction and the migration speed was
still small. Furthermore, despite the decrease in the migration
speed and motile fraction over time in the highly crosslinked
Alg-ADA-GEL hydrogels (after 7 and 10 days of culture), the cells
remained highly elongated. In the ADA-GEL hydrogels, cells
monotonically elongated over time, whereas the trend for the
motile fraction and migration speed was less consistent.

Figure 5: a) Circularity of NIH/3T3 tdTomato cells embedded in non-, medium-
and high-pre-crosslinked ADA-GEL, Alg-ADA-GEL and Alg-GEL hydrogel
samples for 1, 3, 7 and 10 days. White circles represent mean, horizontal lines
the median, whiskers indicate the 1.5 interquartile range, and outliers are
shown as black points from at least 2 FOV of 3 samples (n>30 analyzed cells).
b) Representative maximum intensity projection images of cells embedded in
non-, medium- and high-pre-crosslinked ADA-GEL samples after 3 days of
incubation. Numbers depict circularity values of exemplary cells. Scale bar =
50 um.

Correlation of stress relaxation behavior and cell behavior

Taking all cell behavior results together, cells elongated,
proliferated, and migrated better in the more highly pre-
crosslinked hydrogels, in particular in the ADA-Gel hydrogels.
More pre-crosslinking was also accompanied by a higher
amplitude of stress relaxation, and hence, we found strong
relationships  between  relaxation amplitude  versus
proliferation, migration speed, motile fraction, and circularity
(Figure 6). To test if these relationships were monotonic and

statistically significant, we computed the Spearman rank
correlation between the cell biological values (measured after 7
days and 10 days of culture) and the relaxation amplitude. We
found in each case a high and statistically significant (p < 0.05)
correlation of the cell biological parameters with the hydrogels’
relaxation amplitude.

We also performed the same correlation analysis of the cell
biological behavior with the slow time constant (7,) of the
Generally, less
pronounced but also reached statistical significance (p < 0.05)

relaxation behavior. the correlation was
in the case of cell proliferation (7 and 10 days), migration speed
at 7 days, and the motile fraction at 7 days.

We also tested if the cell biological behavior was correlated with
the Young’s moduli of the hydrogels, but we found no
significant correlation (ESI1).

Discussion

In this study, we explored the shape, migration, and
proliferation of cells embedded in alginate-based hydrogels
with different viscoelastic relaxation properties. We achieved a
variation in the viscoelastic relaxation behavior by altering the
polymer chain length (through different fractions of oxidized
alginate (ADA), which has a lower molecular weight compared
to alginate), and by altering the degree of polymer chain
crosslinking. Different degrees of polymer chain crosslinking, in
turn, were achieved by different Ca2* ion concentrations of the
crosslinking solution. Specifically, we increased the Ca?* ion
concentrations of the crosslinking solution with increasing
fractions of ADA. This ensured that the Young’s moduli of the
resulting hydrogels, despite their different composition,
remained similar. The higher CaZ* ion concentrations also
ensured that the ADA-containing hydrogels remained stable
and did not appreciably degrade over a time period of 10 days.
Importantly, we also introduced a pre-crosslinking step prior to
mixing-in the cells and prior to the final crosslinking. This pre-
crosslinking has been previously shown to improve cell
viability.1* Thus, a motivation of the present study was to test
the hypothesis that the improved cell viability in pre-crosslinked
alginate-based hydrogels was due to an altered viscoelastic
relaxation behavior.

We found that all hydrogels showed pronounced viscoelastic
stress relaxation when exposed to a rapid strain increase by 5 %.
The time course of the stress relaxation was well described by a
bi-exponential function (superposition of a fast and a slow
exponential function), which allowed us to quantify the
relaxation behavior in terms of a relaxation amplitude (the
combined amplitude of the fast and the slow exponential
function) and a time constant (of the slow exponential
function). We found that hydrogels tended to display an
increased relaxation amplitude with increasing ADA fraction
and increasing degree of pre-crosslinking. The time constant of
the stress relaxation also tended to increase with higher ADA
fraction but did not show a clear trend with pre-crosslinking.
The main finding of our study is that cells tended to elongate,
migrate and proliferate better in hydrogels with higher stress
relaxation amplitude.
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Figure 6: Correlation between relaxation amplitude (above) or slow time constant (t,) (below) and motile fraction of cells, migration speed, circularity, and cell
proliferation on day 7 (left) and day 10 (right). Rank correlation r and its significance value p are indicated in the graphs. Black lines are a fit of Eq. 2 to the data

with statistically significant correlations as a “guide to the eye”.

Each cell biological parameter was significantly (p < 0.05)
correlated with the stress relaxation amplitude. By contrast, the
correlation of cell biological parameters with the relaxation
time constants of the hydrogels was less pronounced and less
consistent. Circularity, fraction of motile cells after 10 days of
culture, and migration distance after 10 days of culture were
not significantly correlated with the relaxation time constant,
and only proliferation, fraction of motile cells after 7 days of
culture, and migration distance after 7 days of culture were
significantly correlated.

Previous reports suggested that cell spreading and proliferation
in 3-D hydrogels increases with faster viscoelastic stress
relaxation and/or with a higher amplitude of stress
relaxation.10-12.20 While our data are in agreement with these
reports, they suggest that not so much the time constant but
more so the amplitude of stress relaxation is associated with
higher cell spreading and cell proliferation.
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To proliferate, mesenchymal cells such as the NIH-3T3
fibroblasts, used in our study, need to adhere to an extracellular
matrix. Mesenchymal cells that cannot adhere tend to be
circular in shape, and they proliferate poorly even if they have
enough space to grow.2! Thus, a round morphology in
mesenchymal cells typically indicates that the cells do not
proliferate. Moreover, cell elongation in mesenchymal cells is
associated with better and faster migration in confined 3-D
environments.??

To spread, migrate and proliferate, cells need to displace parts
of the extracellular matrix, and to do so, the matrix needs to be
soft and/or degradable. The energy and pressure required in
this process must be below a critical threshold or else cell
proliferation stalls23, and cell migration comes to a haltl24
Degradation can either be achieved chemically through
proteolysis, or mechanically through the application of forces
that are large enough to break bonds between matrix
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components. Since alginate-based hydrogels not
degradable through cell-secreted proteases,
degradation through force application by the cell is the only
option. The amplitude of stress relaxation of a material
corresponds to the ability of external forces to break material
bonds. Hence, it follows that the ability of cells to elongate, to
migrate and to proliferate increases in hydrogels of the same
initial stiffness that display a larger stress relaxation amplitude.
Our data agree with this notion.

There are also convincing arguments why spreading, migration
and hence proliferation also depend on the speed of stress
relaxation. First, if the same degree of local bond-breakage and
pore-opening at the cellular level can be achieved with the same
force but in less time, the cell needs to invest less energy.
Second, spreading and migration in confined space requires the
cell to break symmetry and to polarize, but if the surrounding
matrix is too slow to accommodate and deform accordingly, the
cell will more rapidly change polarity in a different direction and
- through this lack of persistence - remain round and
immobile.2> Third, studies of cell behavior on 2-D viscoelastic
reported increased migration speed on
substrates with faster relaxation times.13 However, cells were
also more circular on faster-relaxing substrates and formed only
weak, nascent adhesions that do not support strong tractions
that are needed for confined 3-D migration.?226 Hence, the
effect of stress relaxation speed on cell migration in a 3-D
environment may depend on the material’s steric hindrance,
which in turn depends on the elasticity, porosity, and - as argued
above - on the amplitude of stress relaxation.

Although our data suggest that cell spreading, migration, and
proliferation are more closely associated with the stress
relaxation amplitude as opposed to the time constant of stress
relaxation, we cannot establish a causal relationship. A main
limitation of our study is that we cannot independently tune the
amplitude versus the time constant of stress relaxation in
different materials. Nonetheless, our finding that all measured
cell biological parameters were significantly correlated with the
stress relaxation amplitude, whereas only some cell biological
parameters were correlated with the relaxation time constant,
point to the relaxation amplitude as the dominant material
property. In conclusion, we suggest that the stress relaxation
amplitude of a hydrogel is a highly effective design parameter
to tune and optimize cell behavior in 3-D hydrogels.

are
mechanical

substrates have

Author Contributions

Conceptualization (all authors); Investigation (Jonas Hazur,
Nadine Endrizzi); Formal Analysis (Jonas Hazur, Nadine Endrizzi,
Ben Fabry); Methodology (all authors); Supervision and funding
acquisition (Aldo R. Boccaccini, Ben Fabry, Dirk W. Schubert);
Writing (all authors)

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We thank Ingo Thievessen and Lena Fischer for providing NIH-
3T3 tdTomato cells.

Funded by the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation) — Projektnummer 326998133 —
TRR 225 (subprojects A01, A07, C02).

References

1 K. Wolf, M. Te Lindert, M. Krause, S. Alexander, J. Te Riet,
A. L. Willis, R. M. Hoffman, C. G. Figdor, S. J. Weiss and P.
Friedl, Physical limits of cell migration: control by ECM
space and nuclear deformation and tuning by proteolysis
and traction force, The Journal of cell biology, 2013, 201,
1069-1084.

2 M. Anguiano, C. Castilla, M. Maska, C. Ederra, R. Peldez, X.
Morales, G. Mufioz-Arrieta, M. Mujika, M. Kozubek, A.
Munoz-Barrutia, A. Rouzaut, S. Arana, J. M. Garcia-Aznar
and C. Ortiz-de-Solorzano, Characterization of three-
dimensional cancer cell migration in mixed collagen-
Matrigel scaffolds using microfluidics and image analysis,
PloS one, 2017, 12, e0171417.

3 Y.-L.Yang, L. M. Leone and L. J. Kaufman, Elastic moduli of
collagen gels can be predicted from two-dimensional
confocal microscopy, Biophysical journal, 2009, 97, 2051—
2060.

4 K. M. Yamada and M. Sixt, Mechanisms of 3D cell
migration, Nature reviews. Molecular cell biology, 2019,
20, 738-752.

5 N. Annabi, A. Tamayol, J. A. Uquillas, M. Akbari, L. E.
Bertassoni, C. Cha, G. Camci-Unal, M. R. Dokmeci, N. A.
Peppas and A. Khademhosseini, 25th anniversary article:
Rational design and applications of hydrogels in
regenerative medicine, Advanced materials (Deerfield
Beach, Fla.), 2014, 26, 85—123.

6 M. I. Neves, L. Moroni and C. C. Barrias, Modulating
Alginate Hydrogels for Improved Biological Performance as
Cellular 3D Microenvironments, Frontiers in
bioengineering and biotechnology, 2020, 8, 665.

7 K.B. Fonseca, F. R. Maia, F. A. Cruz, D. Andrade, M. A.
Juliano, P. L. Granja and C. C. Barrias, Enzymatic,
physicochemical and biological properties of MMP-
sensitive alginate hydrogels, Soft Matter, 2013, 9, 3283.

8 T. Distler, I. Lauria, R. Detsch, C. M. Sauter, F. Bendt, J.
Kapr, S. Ritten, A. R. Boccaccini and E. Fritsche, Neuronal
Differentiation from Induced Pluripotent Stem Cell-
Derived Neurospheres by the Application of Oxidized
Alginate-Gelatin-Laminin Hydrogels, Biomedicines, 2021,
9. DOI: 10.3390/biomedicines9030261.


https://doi.org/10.1101/2021.07.08.451608

10

11

12

13

14

15

16

17

18

10 |

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.08.451608; this version posted July 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

J. Kim, Y. Park, G. Tae, K. B. Lee, S. J. Hwang, I. S. Kim, I.
Noh and K. Sun, Synthesis and characterization of matrix
metalloprotease sensitive-low molecular weight
hyaluronic acid based hydrogels, Journal of materials
science. Materials in medicine, 2008, 19, 3311-3318.

0. Chaudhuri, L. Gu, D. Klumpers, M. Darnell, S. A.
Bencherif, J. C. Weaver, N. Huebsch, H.-P. Lee, E. Lippens,
G. N. Duda and D. J. Mooney, Hydrogels with tunable
stress relaxation regulate stem cell fate and activity,
Nature materials, 2016, 15, 326—334.

S. Nam, R. Stowers, J. Lou, Y. Xia and O. Chaudhuri,
Varying PEG density to control stress relaxation in
alginate-PEG hydrogels for 3D cell culture studies,
Biomaterials, 2019, 200, 15-24.

0. Chaudhuri, L. Gu, M. Darnell, D. Klumpers, S. A.
Bencherif, J. C. Weaver, N. Huebsch and D. J. Mooney,
Substrate stress relaxation regulates cell spreading, Nature
communications, 2015, 6, 6364.

K. Adebowale, Z. Gong, J. C. Hou, K. M. Wisdom, D.
Garbett, H.-P. Lee, S. Nam, T. Meyer, D. J. Odde, V. B.
Shenoy and O. Chaudhuri, Enhanced substrate stress
relaxation promotes filopodia-mediated cell migration,
Nature materials, 2021. DOI: 10.1038/s41563-021-00981-
w.

J. Hazur, R. Detsch, E. Karakaya, J. Kaschta, J. TeBmar, D.
Schneidereit, O. Friedrich, D. W. Schubert and A. R.
Boccaccini, Improving alginate printability for
biofabrication: establishment of a universal and
homogeneous pre-crosslinking technique, Biofabrication,
2020, 12, 45004.

B. Sarker, D. G. Papageorgiou, R. Silva, T. Zehnder, F. Gul-
E-Noor, M. Bertmer, J. Kaschta, K. Chrissafis, R. Detsch and
A. R. Boccaccini, Fabrication of alginate-gelatin crosslinked
hydrogel microcapsules and evaluation of the
microstructure and physico-chemical properties, Journal
of materials chemistry. B, 2014, 2, 1470-1482.

S. Reakasame and A. R. Boccaccini, Oxidized Alginate-
Based Hydrogels for Tissue Engineering Applications: A
Review, Biomacromolecules, 2018, 19, 3—-21.

L. Hahn, M. Beudert, M. Gutmann, K. Larissa, P. Stahlhut,
L. Fischer, T. Lorson, I. Thievessen, T. Lihmann and R.
Luxenhofer, Biomechanical and biological performances of
Diels-Alder crosslinked thermogelling bioink, Polymer
Science, 2021, 2021.

R. C. Gerum, S. Richter, B. Fabry and D. P. Zitterbart,
ClickPoints : an expandable toolbox for scientific image

19

20

21

22

23

24

25

26

annotation and analysis, Methods Ecol Evol, 2017, 8, 750—
756.

Sigma-Aldrich, Cell Counting Kit - 8. Instruction Manual,
2016,
https://www.sigmaaldrich.com/content/dam/sigma-
aldrich/docs/Sigma/Product_Information_Sheet/1/96992-
product-information.pdf, (accessed 12 March 2021).

H.-P. Lee, L. Gu, D. J. Mooney, M. E. Levenston and O.
Chaudhuri, Mechanical confinement regulates cartilage
matrix formation by chondrocytes, Nature materials,
2017, 16, 1243-1251.

C.S. Chen, M. Mrksich, S. Huang, G. M. Whitesides and D.
E. Ingber, Geometric control of cell life and death, Science
(New York, N.Y.), 1997, 276, 1425-1428.

T. M. Koch, S. Minster, N. Bonakdar, J. P. Butler and B.
Fabry, 3D Traction forces in cancer cell invasion, PloS one,
2012, 7, e33476.

F. Montel, M. Delarue, J. Elgeti, L. Malaquin, M. Basan, T.
Risler, B. Cabane, D. Vignjevic, J. Prost, G. Cappello and J.-
F. Joanny, Stress clamp experiments on multicellular
tumor spheroids, Physical review letters, 2011, 107,
188102.

M. Céndor, C. Mark, R. C. Gerum, N. C. Grummel, A. Bauer,
J. M. Garcia-Aznar and B. Fabry, Breast Cancer Cells Adapt
Contractile Forces to Overcome Steric Hindrance,
Biophysical journal, 2019, 116, 1305-1312.

A. Fink, D. B. Briickner, C. Schreiber, P. J. F. Réttgermann,
C. P. Broedersz and J. O. Radler, Area and Geometry
Dependence of Cell Migration in Asymmetric Two-State
Micropatterns, Biophysical journal, 2020, 118, 552-564.

J. Steinwachs, C. Metzner, K. Skodzek, N. Lang, I.
Thievessen, C. Mark, S. Munster, K. E. Aifantis and B.
Fabry, Three-dimensional force microscopy of cells in
biopolymer networks, Nature methods, 2016, 13, 171—
176.


https://doi.org/10.1101/2021.07.08.451608

