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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. 

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 (𝜏ଶ) of the 
relaxation behavior. Generally, the correlation was less 
pronounced but also reached statistical significance (p < 0.05) 
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 Ca2+ 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 Ca2+ 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.14 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.  

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 µm.
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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.  

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.21 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.22 
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 halt1,24. 
Degradation can either be achieved chemically through 
proteolysis, or mechanically through the application of forces 
that are large enough to break bonds between matrix 

Figure 6: Correlation between relaxation amplitude (above) or slow time constant (𝜏ଶ) (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”. 
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components. Since alginate-based hydrogels are not 
degradable through cell-secreted proteases, mechanical 
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.25 Third, studies of cell behavior on 2-D viscoelastic 
substrates have 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.22,26 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. 
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