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Mechanical stimulation of single cells by reversible 
host-guest interactions in 3D microscaffolds
Marc Hippler1,2*, Kai Weißenbruch2,3, Kai Richler2, Enrico D. Lemma2, Masaki Nakahata4, 
Benjamin Richter2, Christopher Barner-Kowollik5,6,7, Yoshinori Takashima8, Akira Harada8, 
Eva Blasco7,9, Martin Wegener1,9*, Motomu Tanaka10,11*, Martin Bastmeyer2,3*

Many essential cellular processes are regulated by mechanical properties of their microenvironment. Here, we 
introduce stimuli-responsive composite scaffolds fabricated by three-dimensional (3D) laser lithography to simul-
taneously stretch large numbers of single cells in tailored 3D microenvironments. The key material is a stimuli-
responsive photoresist containing cross-links formed by noncovalent, directional interactions between 
-cyclodextrin (host) and adamantane (guest). This allows reversible actuation under physiological conditions 
by application of soluble competitive guests. Cells adhering in these scaffolds build up initial traction forces of ~80 nN. 
After application of an equibiaxial stretch of up to 25%, cells remodel their actin cytoskeleton, double their 
traction forces, and equilibrate at a new dynamic set point within 30 min. When the stretch is released, traction 
forces gradually decrease until the initial set point is retrieved. Pharmacological inhibition or knockout of 
nonmuscle myosin 2A prevents these adjustments, suggesting that cellular tensional homeostasis strongly de-
pends on functional myosin motors.

INTRODUCTION
In cell biological research, more and more attention is drawn to bio-
physical cues that influence cellular behavior in addition to bio-
chemical cues (1). For example, adherent cells have been found to 
be more spread, more polarized, and more contractile in stiffer 
environments, they migrate differently, and stem cells differentiate 
into different cell types (2). Cells are able to recognize and trans-
duce mechanical stress and strain patterns by mechanosensitive 
modules such as ion channels, cell adhesion sites, and the cyto-
skeleton (3). The mechanical input is ultimately converted to bio-
chemical signals that guide not only the dynamic rearrangement of 
actin stress fibers and the actin cortex (4) but also gene expression 
and the response to soluble ligands. Although several approaches 
have been established to stretch cells, it remains challenging to 
monitor the cell response to mechanical stimuli.

Mechanical stimulation of cells is most commonly performed by 
pneumatic, piezoelectric, or electromagnetic stretching of deform-
able polydimethylsiloxane substrates or thin membranes (5). Here, 
cells are typically adhering to two-dimensional (2D) substrates in 
random morphologies. Other approaches such as optical tweezers, 

atomic force microscopy (6), microplates (7), or micromanipulators 
(8) offer precise displacements in 3D, but these techniques are hardly 
scalable to study a large number of cells. In addition, a fixation of 
cells in the stretched state is not possible. Moreover, all available 
techniques require complex setups to trigger and control the stimu-
lation. A detailed description and comparison of these methods 
can be found in several reviews (9, 10). Here, we propose a different 
approach using 3D scaffolds based on stimuli-responsive, supra-
molecular polymers to simultaneously stretch a large number of 
single cells in tailored 3D microenvironments.

In the past, 3D laser lithography has successfully been used to 
manufacture cell scaffolds with tailored geometry and spatially 
functionalized surfaces (11). However, the transition from passive 
to active systems requires responsive materials that can be stimu-
lated on demand (12). In recent years, a large number of these ma-
terial systems with numerous applications in the macroscopic (13) 
and microscopic (14, 15) regime have been investigated and exten-
sively reviewed (16, 17). One crucial constraint for the application 
in cell biology is a specific physiological stimulus of the material 
that does not influence or alter the behavior of the cells. Despite a 
number of studies demonstrating the dynamic control of cells using 
hydrogels responsive to temperature (18), pH (19), enzymes (20), or 
illumination with ultraviolet light (21), these applications are limited 
because the formation and cleavage of bonds are often performed 
under harsh conditions. Supramolecular polymers (22, 23) could 
provide an advantage over the abovementioned materials, if appro-
priate host or guest molecules are selected for the stimulation (24).

In the following, we first present a stimuli-responsive photo
resist containing cross-links formed by noncovalent, directional 
interactions between -cyclodextrin (host) and adamantane (guest) 
moieties. The resulting hydrogel microstructures fabricated by 3D 
laser lithography exhibit large volume changes by stimulation with 
the soluble low–molecular weight guest molecules under physiological 
conditions. Next, we combine this material with conventional photo
resists to fabricate composite scaffolds consisting of protein-repellent 
base structures, protein-adhesive parts, and the stimuli-responsive 
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hydrogel. These fabricated samples can easily be mounted on a 
microscope and only require a simple microfluidic chamber to 
exchange the adequate solutions for stimulation. We further use 
numerical calculations to model the scaffolds and correlate dis-
placements to forces, which has enabled us to optimize the design 
to the expected force values of cells.

Using this approach, we stretch single cells in a spatially and 
temporally well-defined manner and precisely track their response 
as a function of time via digital image correlation. Our approach is 
inherently scalable and enables to simultaneously study a large 
number of individual cells in well-defined microenvironments. 
Furthermore, this fabrication technique allows us to integrate non-
responsive scaffolds as controls in all experiments. Another major 
advantage of this system is the ability to chemically fix the cells and 
the scaffolds at any point during the experiment, thus allowing us 
to stain the cells and their subcellular compartments while keeping 
them in the stretched state. We highlight this by visualizing a strong 
reorganization of the actin cytoskeleton as a response to the external 
displacement. We further show that this reorganization crucially 
depends on the activity of myosin II molecular motors. In the last 
part, we emphasize the flexibility of our approach to changing and 
adapting the geometrical design of the scaffolds according to the 
specific application. We further demonstrate this aspect by modi-
fied structures, which asymmetrically stretch cells on one side only, 
and we study the response to this localized stimulation.

RESULTS
Stimuli-responsive microstructures based on  
host-guest complexes
To create 3D microscaffolds for the manipulation of single cells, we 
require a material system with a large stimuli response under phys-
iological conditions that can be processed by 3D laser lithography. 
A host-guest hydrogel based on -cyclodextrin acrylamide (CD-
AAm) and adamantane acrylamide (Ad-AAm) fulfills all these 
requirements.

In the first step, we developed a photoresist that can be used for 
3D laser lithography. Figure 1A shows a schematic representation 
of the composition and of the photopolymerization procedure. 
The two main components are CD-AAm and Ad-AAm. Both 
molecules are equipped with an acrylamide group, which enables 
their incorporation in polymer networks. -cyclodextrin and ada-
mantane form a host-guest complex in aqueous environments. The 
hydrophobic adamantane (guest) fits nicely in the hydrophilic 
cavity of -cyclodextrin (host), forming an inclusion complex with 
an association constant of Ka > 104 M−1 (25). The host-guest inter-
actions are in a dynamic equilibrium and can be manipulated by 
adding or removing competitive adamantane molecules in solution, 
leading to control over this stimuli-responsive system on demand. 
By including additional acrylamide in the photoresist, the poly
merized network consists of polyacrylamide chains, which are 
cross-linked by the host-guest complexes. Thus, no additional cova-
lent cross-linker is needed to form stable 3D microstructures. This 
aspect circumvents the typical challenge in printing stimuli-responsive 
3D hydrogels, namely, that more cross-links are required to stabi-
lize the network, which hinder its response at the same time (16). In 
our system, we were able to increase the number of cross-links and 
the functionality simultaneously. To induce the radical polymeriza-
tion, the water soluble and biocompatible photoinitiator lithium 

phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was added (26). 
All components were dissolved in a mixture of 2-propanol and water 
(see Materials and Methods for details). The cross-linked materials 
were not soluble in water or in other organic solvents. Therefore, the 
insoluble bulk material was characterized using 1H field gradient 
magic angle spinning nuclear magnetic resonance spectroscopy on a 
model photoresist, polymerized by a one-photon process ( = 365 nm). 
Figure S1 shows the successful polymerization resulting in forma-
tion of polymer networks containing host and guest moieties in the 
side chain.

To study the stimuli-responsive properties of the resulting mate-
rial, we fabricated an array of hydrogel blocks of 25 m by 25 m by 
10 m by 3D laser lithography and developed them in water. These 
blocks were attached to the glass substrate by a prior silanization 
treatment of the surface (see Materials and Methods for details). At 
the beginning of the experiment, the polymer network of the result-
ing structures was in the stiff/compact state, since the host-guest 
moieties form stable complexes in aqueous environments (see Fig. 1B). 
Next, we imaged the blocks in an optical microscope during the ad-
dition of free adamantane derivatives in solution (see also movie S1). 
In all experiments, we used 1-adamantanecarboxylic acid (1-AdCA) 
because pure adamantane is poorly soluble in water. The dissolved 
1-AdCA guests are also hydrophobic and start to compete with the 
guests in the polymer chain for the limited number of available host 
molecules. This exchange can happen because the host-guest com-
plexation is a dynamic equilibrium. Hence, host-guest complexes 
can be dissociated and recovered spontaneously. However, only the 
inclusion complexes formed by the CD-AAm and Ad-AAm units 
contribute to the cross-linking of polymer chains and, hence, the 
stability of the overall polymer network. After a transition period, a 
new equilibrium is formed with complexes between bound CD-
AAm units and free 1-AdCA. As a result, the number of cross-links 
in the polymer network is substantially reduced, and the material 
transitioned to the soft/swollen state. This effect can be clearly ob-
served in the optical micrographs of the larger blocks. The fabricated 
blocks undergo a strong swelling when the 1-AdCA is added, since 
the network with less cross-links takes up more water. In addition, 
the image contrast is reduced because the refractive index difference 
to the surrounding media becomes smaller when more and more 
water is taken up by the material. This effect can be studied in the 
block area as a function of time as plotted in Fig. 1D. The addition 
of 1-AdCA leads to an increase in block area by more than a factor 
of 2 and exponential fits of the swelling yield a time constant of 
28.0 ± 1.7 s (mean and SD) for an average of multiple blocks. How-
ever, note that this process is diffusion driven and the time constant 
strongly depends on the size of the structures. The area was calcu-
lated by tracking the edges of the block, which appear as local min-
ima in the corresponding averaged intensity profile of the optical 
bright-field images.

One important aspect of this system is its complete reversibility. 
If the competitive guest molecules are washed out, then only the 
CD-AAm and Ad-AAm units linked to the polymer chains remain. 
In another transition period the equilibrium shifts, the cross-links 
will form again and the material returns to the stiff/compact state.

The same transition can also be observed in the mechanical 
properties of the material (Fig. 1C). We used an atomic force micro-
scope to determine the stiffness of hydrogel blocks by nanoindenta-
tion (see Materials and Methods for details). In a solution consisting 
of 20 mM 1-AdCA in phosphate-buffered saline (PBS), we measured 
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a Young’s modulus of 7 kPa (open cross-links), which increased to 
23 kPa when the solution was substituted with pure PBS (closed 
cross-links). As the system is reversible, we were able to retrieve 
the initial value by adding again a new solution containing 20 mM 
1-AdCA.

Composite scaffolds as platforms for 
single-cell manipulation
To manipulate single cells in a 3D environment, it is necessary to first 
guide them to the desired positions in the scaffolds and, second, to 
apply a controlled external stimulus. Therefore, several materials with 
different surface properties have to be combined with the stimuli-
responsive hydrogel in a sequential fabrication procedure.

A schematic design of the microscaffolds along with the under-
lying principle is depicted in Fig. 2A. The four walls (gray) consist 
of a photoresist based on trimethylolpropane ethoxylate triacrylate 
(TPETA), which is protein repellent. The four beams on top (or-
ange), on the other hand, are fabricated with a photoresist based 
on pentaerythritol triacrylate (PETA) and adsorb proteins on the 

surface. In this manner, it is possible to precisely guide the adhesion 
of cells in the scaffolds. The stimuli-responsive host-guest hydrogel 
(yellow) is enclosed in the center. By addition of solved 1-AdCA 
molecules in solution, the hydrogel expands and pushes on the walls. 
Because they are fixed to the substrate, they start to bend and pull 
the four beams away from the center. Thus, a cell adhered to these 
beams will be substantially stretched on all sites. Fixation of the 
hydrogel to the substrate by silanization prevents an isotropic swell-
ing, leading to the depicted shape with a stronger lateral expansion 
on the top and a bulged upper surface.

This indirect transmission of forces has two key advantages as 
compared to direct cultivation of cells on the expanding host-guest 
hydrogels (24). First, the change in stiffness of the material and the 
expansion are decoupled. Since the change in Young’s modulus 
can have an additional substantial impact on cellular behavior, it is 
necessary to isolate the response due to the mechanical stimulation. 
Second, our scaffold design enables us to guide the cells to defined 
adhesion points in a complex environment and force them in the 
desired shape. To ensure that the hydrogel and the cell will not 
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Fig. 1. Characterization of host-guest structures. (A) Chemical structure of components and products of the 3D laser lithography. (B) Array of hydrogel blocks fabricated 
by 3D laser lithography with schematic depiction of the host-guest dynamics. (C) Young’s modulus of a hydrogel block in 0 and 20 mM 1-adamantanecarboxylic acid 
(1-AdCA) in phosphate-buffered saline (PBS). (D) Block area as a function of time. After 100 s, the solution was exchanged to 20 mM 1-AdCA in PBS.
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contact each other, we performed 3D laser scanning microscope 
(LSM) reconstructions by adding fluorescent dyes to the photo-
resists (see fig. S2).

We monitor displacements of the beams by recording a time series 
and performing a digital image correlation analysis on the resulting 
images (see Materials and Methods for details). This technique en-
ables us to achieve subpixel localization errors (27). This precision is 
mandatory to track even small cellular responses with high accuracy. 
Figure 2C depicts the average beam displacement of all four beams 
of one scaffold relative to the center over time. A positive value rep-
resents a displacement away from the center and a negative value a 
displacement toward the center of the scaffold. After 10 min, we ex-
changed the solution to 20 mM 1-AdCA in PBS, which leads to a 

swelling of the hydrogel and a positive displacement of about 2.5 m 
per beam. This displacement is stable until we change back to pure 
PBS at 40 min to remove all solved 1-AdCA molecules. The hydrogel 
shrinks again and the beams return to their initial position. The time 
constants for these transitions were obtained from exponential fits 
as depicted for a single scaffold in fig. S3. We analyzed nine scaffolds 
from three independent experiments and obtained time constants 
of 3.1 ± 0.5 s for swelling and 4.5 ± 2.2 s for shrinking of the hydro-
gels. Two optical micrographs of the time series depicting these two 
states are shown in Fig. 2B. The red arrows correspond to the indi-
vidual beam displacements, for clarity scaled by a factor of 3. With 
this 3D scaffold design, it is possible to exert a substantial mechani-
cal stretch on a cell that is attached on top of the four beams.

 

0 10 20 30 40 50 60 70

0.0

0.5

1.0

1.5

2.0

2.5

D
is
pl
ac
em

en
t (
µm

)

Time (min)

Host-guest hydrogelTPETA (passivating) PETA (protein adsorbing) 

 +1-AdCA 

50 µm500 µm 10 µm

 20 mM 1-AdCA  0 mM 1-AdCA 

 +1-AdCA 

−1-AdCA 

0 20 0 20 0 20 0 20 0 20 0

0.0

0.5

1.0

1.5

2.0

2.5

D
is
pl
ac
em

en
t (
µm

)

1-AdCA concentration (mM)

+1-AdCA

−1-AdCA

10 µm 10 µm×3

A B

C D E

F

0 5 10 15 20

0.0

0.5

1.0

1.5

2.0

2.5  Experiment
 Exp. fit

D
is
pl
ac
em

en
t (
µm

)

1-AdCA concentration (mM)

Fit y = A * ( 1 − exp(k * x))
Value 95% LCL 95% UCL

A 2.90 2.52 3.29
k 0.06 0.05 0.08

−1-AdCA
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(D) Average displacement as a function of 1-AdCA concentration for multiple scaffolds. The table lists the resulting fit values and the lower and upper confidence limits 
LCL and UCL. (E) Average beam displacements for multiple cycles of solution exchange demonstrate complete reversibility of the system. (F) Scanning electron microscopy 
(SEM) micrographs of a typical sample with 360 scaffolds (without the host-guest hydrogel) with increasing magnifications from left to right.

D
ow

nloaded from
 https://w

w
w

.science.org at K
yoto U

niversity on Septem
ber 14, 2022



Hippler et al., Sci. Adv. 2020; 6 : eabc2648     23 September 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

5 of 13

One important feature of the system is the ability to precisely 
control the stimulus by the 1-AdCA concentration as can be observed 
in Fig. 2D. Since the host-guest complexation is a dynamic equilib-
rium, the number of cross-links with free 1-AdCA depends on the 
available molecules in solution. This dynamic equilibrium enables 
us to control the beam displacement and, thus, the cellular stretch 
by variation of the 1-AdCA concentration. In addition, the composite 
scaffolds demonstrate a complete reversibility, which has previously 
been discussed for the single hydrogel blocks (see Fig. 2E).

The reaction of all scaffolds on one sample can be directly con-
trolled by exchanging the solution, which makes this system inher-
ently scalable. Figure 2F shows three scanning electron micrographs of 
a typical fabricated sample with scaffolds with increasing magnifi-
cation. Here, the central hydrogel is not included because the sample 
has to be dried for scanning electron microscopy (SEM) prepara-
tion. In our design, we arranged 3 by 3 scaffolds together on a pro-
tein repellent TPETA layer. The resulting size of around 150 m by 
150 m corresponds to one writing field during the fabrication 
and a respective viewing field during the image acquisition. Five by 
eight of this fields result in a total number of 360 scaffolds per sam-
ple, making high throughput and quantitative analysis possible.

Correlating beam displacements to cellular forces
Next, we applied this system to mechanically stimulate single cells 
and study their resulting response. To achieve this, we used numer-
ical calculations to correlate displacements to expected cellular forces 
and adapted the scaffold design accordingly.

The expected cellular behavior is schematically depicted in Fig. 3A. 
A cell first invades the scaffold (1) and starts to spread on the four 
PETA beams, which have been coated with the extracellular matrix 
protein fibronectin (FN). During this process, the cell builds up ten-
sion. From previous experiments, we expected the cellular forces to 
be on the order of 100 to 300 nN (28, 29). As a result, the cell pulls 
the four beams toward the center until a steady-state condition is 
reached in which the beams (and thus the walls) are bend inward 
(2). The displacements of the walls by the cellular forces are indicated 
by blue arrows. At this point, the external stimulation can be trig-
gered by the addition of 1-AdCA to stretch the cells by expansion of 
the hydrogel (3). The external displacement of the walls due to the 
stimuli-responsive hydrogel is indicated by red arrows. From previ-
ous publications, we expected that displacements on the order of 
1 to 3 m per beam that can be easily achieved with this system will 
lead to a cellular response (6, 8).

The analysis of the cellular response required the correlation 
of beam displacements to changes in cell force. Therefore, we used 
numerical finite element method calculations using the commercial 
software COMSOL Multiphysics. We modeled our scaffolds and the 
expanding hydrogel and calculated the forces that are necessary to 
displace the beams by defined distances (Fig. 3C and see Materials 
and Methods for details). Thereby, we effectively calibrated the 
walls as Hooke’s springs with a given spring constant and found 
a linear relation between the displacement and the resulting force 
that has to be exerted (see Fig. 3B).

These calculations were also used to optimize our scaffold design 
according to the experimental conditions. Here, we mainly consid-
ered three aspects: first, confining the hydrogel to achieve a large 
displacement of the beams, resulting in a substantial stretch of 
the cell; second, achieving distinct displacements via the cellular 
forces, which can be tracked with high accuracy; and third, a robust 

design that allows reliable fabrication to minimize sample-to-sample 
variations.

Initial traction force of cells in the scaffolds
At this point, we had all the necessary tools available to study cellu-
lar forces in the scaffolds under different conditions. In the first 
experiment, we evaluated the equilibrium forces of cells inside 
the scaffolds.

After spreading on the scaffolds, cells build up an initial force in 
analogy to traction forces observed on 2D samples via traction force 
microscopy (28) or micropost assays (29). However, in our scaf-
folds, the cells are in a more complex environment with four re-
stricted peripheral adhesion sites and an elevated cell body. To 
quantify the force in our system, we recorded a time series of cells 
in scaffolds without the host-guest hydrogel until they reached an 
equilibrium state. At this point, we added trypsin to detach all cells 
from the scaffolds and simultaneously recorded the beam dis-
placements. Since the correlation between forces and displacements 
depends on the presence of the hydrogel, we calculated the corre-
sponding relation without the hydrogel by numerical calculations 
(fig. S4). Figure 3D shows an exemplary track corresponding to the 
three optical micrographs in Fig. 3E. Here, the displacements are 
colored in black, and the corresponding calculated force change is 
colored in blue (see also movie S2). After addition of trypsin, the 
cell is quickly detached from the beams. As a result, the beams 
return toward their initial positions before the cell invaded the 
structure. The difference between these two levels is used to calcu-
late the initial force of the cells. The position of the beams can also 
be observed in the magnified segment on the bottom, where the green 
dashed line depicts the initial position before addition of trypsin and 
the blue dashed line the current position on the displayed frame.

We performed this experiment with U2OS and NIH 3T3 cells 
with the results summarized in Fig. 3F. Here, each data point de-
picts one cell in a scaffold with a corresponding track as shown pre-
viously. Both cell types show a positive initial force, so they actively 
start to pull on the beams when they spread on the scaffolds. The 
average contraction force is 79 ± 50 nN for U2OS cells and 121 ± 48 nN 
for NIH 3T3 cells (mean values with SD). These values are lower 
compared to cellular contraction forces measured on either flat sub-
strates (28, 30) or on dense micropillars (29, 31). A direct compari-
son, however, is difficult since we measure forces exerted by the 
whole cell, whereas, in the above cited publications, forces are given 
per contact site. Our results also agree well with recent experiments 
using the same NIH 3T3 cells in rigid 3D scaffolds created with 3D 
laser lithography (32). Here, the force scale is set by the 1D modulus 
of the peripheral stress fibers, which has been estimated from 3D 
cell shape to be around 70 nN. For the geometry studied here, with 
two arcs pulling on one adhesion platform, one would expect a re-
sult less than twice this number, exactly as observed. The deviation 
between 2D and 3D can be explained by the restricted number of 
adhesions sites, which are limited to the four FN-coated beams in 
our case. Another important factor is the roundish 3D cell shape, 
which leads to more distributed forces than the strongly pinned and 
flattened cell shapes in 2D (32). Thus, if compared to cells adhering 
to a substrate and an atomic force microscope cantilever, our values 
for NIH 3T3 cells are in good agreement with the resulting force of 
117 ± 21 nN measured by Webster et al. (6). In the following, we 
focused on U2OS cells and included additional data with NIH 3T3 
cells in figs. S5 and S6.
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Cellular reaction to stretches
After analyzing the initial forces, we investigated the cellular re-
sponse to mechanical stimulations. We seeded the cells and kept 
them for 2 hours in the incubator until the cells adhered on the 
structures and established contacts to all four beams. We imaged 
the cells for another 20 min in this steady state and applied the 
external stretch by adding medium with 20 mM 1-AdCA. After 
30 min under the stretched condition, we changed to medium with-
out 1-AdCA to release the cells from the external stimulation. The 

reaction of the cells was studied by tracking the beam displacements 
over the whole course of the experiment.

Figure 4A shows optical micrographs 1 to 5 of an exemplary cell 
in a scaffold during the different phases of the experiment. The ar-
rows correspond to the individual beam displacements as a result of 
the external stimulation (in red) and the cellular response (in blue) 
with the respective scaling. The complete track is depicted in Fig. 4B 
with the numbers that correspond to the optical micrographs (see 
also movie S3).
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Fig. 3. Cellular forces in the microscaffolds. (A) Schematic images of a cell that first invades the scaffold (1), builds up initial force in the process (2), and is later stretched 
by the scaffold (3). (B) Linear relationship of changes in displacement and changes in cellular traction forces, obtained by numerical calculations in COMSOL Multiphysics. 
Negative displacements are defined to point toward the center of the scaffold. (C) Exemplary images of displacements from numerical calculations before (left) and after 
(right) the swelling of the hydrogel. (D) Reaction of an exemplary cell in a scaffold as a function of time after addition of trypsin at minute 17. The black data points depict 
the displacement change, and the blue data points depict the change in traction force. (E) Optical micrographs of a cell before, during, and after addition of trypsin. The 
blue arrows indicate the displacement of the individual beams scaled by a factor of 10. The images below show a magnification of the left beam, with the green dashed 
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In the first phase, the cell is in a steady state on the scaffold 
and has established an initial force (1). Next, the external stimulus 
is activated and the cell is stretched by 1.5 m on each beam (2). 
Now, the cell starts to actively counteract this external deformation 
and pulls back the beams, thus increasing its contraction force sub-
stantially. After around 30 min, the displacement stabilized again 
on a new level, which is 0.31 m lower than after the stretch (3). 
This behavior can be observed in more detail in Fig. 4C (top), which 
displays a zoom in of the reaction phase after the stretch. The con-
nection to the cell force (blue dots) reveals that the cell immediately 
starts to increase its contraction force after the stretch to stabilize 
again at a value that is about 80 nN higher than the initial value. 
We chose 30 min as a time interval for all the experiments, because 
most of the cells reached a new steady-state level during this time 
(see fig. S7 for details).

In the next step, the cell is released from the external stretch, and 
the beams move 1.5 m back toward the center. Immediately after-
ward, the displacement is lower compared to the initial value at the 
beginning of the track, since the cell is still exerting the additional 
contraction force (4). Over the course of the next 30 min, however, 
the cell relaxes and stabilizes again around the initial set point (5). 
The section shown in Fig. 4C (bottom) displays how the contraction 
force decreased by about 70 nN after the external stimulation is re-

moved. As a result, the total contraction force of the cell is now close 
to the initial value at the start of the experiment.

Figure 4D shows the quantification of this effect. Each data point 
corresponds to one cell in a scaffold, which undergoes a cycle as 
shown in Fig. 4B. The displacements 30 min after the external 
stretch and 30 min after the external release were measured and 
converted to changes in cell force. In summary, cells counteract the 
external stretch by increasing their tension and stabilize on a new 
equilibrium level. Compared to the initial level, contraction forces 
are increased by 74 ± 41 nN. These results support previous find-
ings that tensional homeostasis does not necessarily cause the cells 
to return to their initial state (6, 33). Different amounts of applied 
stress between 0.5- and 3-m displacement in all directions corre-
sponding to 4 to 24% equibiaxial stretch did not induce different 
force responses (see fig. S8). For large displacements, cells stabilize 
around a tunable force set point adjusted to the new situation, 
which has been termed tensional buffering in the past (6). This new 
set point can be maintained for at least 1 hour (see fig. S7 for de-
tails). When the external stimulation is released, the new set point 
initially led to a lower displacement compared to the beginning of 
the experiment. In the following 30 min, cells relaxed and decreased 
their contraction forces by −69 ± 57 nN. Consequently, the initial set 
point before stimulation is recovered. We performed preliminary 
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experiments where we stretched NIH 3T3 cells three times over 
the course of 200 min. We found that these cells actively respond to 
the stimulations in the scaffolds over long periods of time (fig. S9). 
These experiments further emphasize the high throughput of this 
technique, which is an important aspect for the quantitative analysis 
of cellular effects. In addition, we performed control experiments 
with cells in scaffolds not containing a host-guest hydrogel, show-
ing that the addition of 1-AdCA does not significantly influence the 
cellular behavior (fig. S10.). We further investigated the cell viability 
in a live/dead staining over the course of 24 hours in medium con-
taining 1-AdCA and found no significant differences to the control 
sample with almost 100% cell survival (fig. S11).

Inhibition effects on cellular behavior
In the next step, we investigated whether the observed effects pri-
marily arise from actomyosin contractility, from passive elements 
such as cytoskeletal cross-linkers, or a combination of both (34). 
Therefore, we studied the effect of Rho-associated protein kinase (ROCK) 
inhibition and additionally used a U2OS–knockout (KO) cell line, which 
lacks the nonmuscle myosin 2A (NM2A) protein. Both, ROCK and 
its downstream target NM2A, are known to be key generators of 
cellular contractility (35). However, the KO of NM2A solely affects 
actomyosin contractility by blocking the motor activity, while ROCK 
signaling acts bidirectional, affecting both actomyosin contractility 
and the actin stability (36, 37). If the observed effects depend on both, 
actomyosin contractility and passive actin stability, then ROCK in-
hibition and NM2A-KO should lead to a different cellular response.

Figure 5B shows the quantification of the initial force, compared 
to the wild-type (WT) scenario that has been discussed previously 
(see Fig. 3 for details). For the ROCK inhibition, we waited until 
cells obtained a steady state on the scaffolds and treated them with 
50 M Y-27632 for 15 min. After adding the inhibitor, we obtained 
a time versus displacement curve similar to Fig. 3D, where the 
cellular contraction force is substantially reduced. However, in con-
trast to the trypsin treatment, the adhesions were still maintained, 
and the cells stayed attached to the four beams (see Fig. 5A). For the 
NM2A-KO cells, we performed the experiment similar to the WT 
cells. Here, the cells adhered on the four beams but only generated 
a very small force compared to the WT scenario. In both cases, 
ROCK inhibition and NM2A-KO, we observed a substantial impact 
on the behavior and the initial forces were markedly reduced.

Next, we investigated whether the cells still react to the external 
stimulation. Figure 5A displays optical micrographs of the two con-
ditions in the unstretched and the stretched state. Although NM2A 
is not expressed in KO cells, they still invade the scaffolds, spread on 
the four beams, and show a similar morphology as compared to WT 
cells. Force measurements, however, reveal substantial differences 
between the two cell types. Figure 5C depicts a track of a NM2A-KO 
cell during the same stretch-release cycle that has previously been 
used to analyze the cellular response. Here, it becomes immediately 
clear that both, the reaction after the stretch and the reaction after 
the release, are strongly reduced. As shown in the quantification in 
Fig. 5D, the ability to react to the external stimulation is markedly 
reduced for both, ROCK inhibited and NM2A-KO cells.

Reorganization of the actomyosin machinery
The strongly reduced response after mechanical stimulation in ROCK-
inhibited and NM2A-KO cells indicates that mechanical homeostasis 
strongly depends on actomyosin contractility. We next asked how 

the mechanical stimulation affects the morphology of the actomyosin 
cytoskeleton by performing immunocytochemical stainings. By simply 
adding 1-AdCA to all the solutions required for immunostaining pro-
tocols, the hydrogel, the scaffold, and the cell are kept in the stretched 
state. Thus, the sample can be either stored or transferred and im-
aged in any microscope without further need of complex setups.

Figure 5E shows images of cells fixed 30 min after the applied 
external stretch labeled for actin, NM2A, and the nucleus. A com-
parison between unstretched and stretched WT cells reveals the 
strong emergence of actin stress fibers after external stimulation. The 
fibers display a high degree of organization and are well colocalized 
with NM2A. Furthermore, stretched WT cells also form actin stress 
fibers not only along the cell contour but also in the cell interior, 
thereby connecting opposing beams. In contrast, NM2A-KO cells 
show a substantially weaker response. The mechanical stimulation 
still leads to the induction of actin stress fibers; however, these 
fibers are much less organized. These results support our previous 
finding that NM2A-KO cells are no longer able to react to the 
stretch, suggesting that the cellular response upon mechanical stim-
ulation is primarily generated by actomyosin contractility. Passive 
elements such as elastic cytoskeletal cross-linkers are apparently not 
sufficient to generate the counteracting intracellular forces for 
tensional homeostasis.

Asymmetric stimulation
In the last set of experiments, we exploited the inherent flexibility of 
the fabrication by 3D laser lithography to change the scaffold de-
sign. In the particular case shown here, we increased the thickness 
of three of the four walls substantially, as can be seen in the scheme 
in the first column of Fig. 6A. As a result, the thick walls are too stiff 
to be substantially bent, and the swelling hydrogel is solely displac-
ing the remaining thin wall on the left side. This altered design en-
abled us to analyze how the cellular response and the cytoskeleton 
remodeling are affected if the stretch is only applied to one of the 
four beams.

Figure 6B shows the individual beam displacements of a cell that 
has only been stretched on the left side (see also movie S4). Here, 
the different colors refer to the individual beams. Only the left beam 
is substantially displaced when the 1-AdCA solution is added after 
10 min. Following this stretch, the cell started to counteract the exter-
nal stimulation and stabilized on a new level. Consequently, the 
cellular response is similar to the previously studied case of a stretch 
in all four directions but is now focused solely on the one displaced 
side. The quantification in Fig. 6C further shows how cells increased 
their contraction force by about 23 nN after the stretch to counter-
act the imposed displacement. This corresponds to about the same 
force per beam that we obtained for an equibiaxial stretch. Conse-
quently, this particular asymmetry does not lead to a notable increase 
in the cellular contraction force, although it is focused on only one 
displaced side.

To study the remodeling of the cytoskeleton in this configuration, 
we fixed cells 30 min after the stimulation and compared them with 
unstretched control cells on the same sample (see Fig. 6A). We stained 
for actin and cell nucleus and included red arrows to denote the dis-
placement with the respective scaling. The images clearly show the 
emergence of additional, organized stress fibers in the stretched 
state that are predominantly localized on the single displaced side. 
These results demonstrate how the scaffolds can be easily adapted 
to generate a variety of different experimental conditions. Moreover, 
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the fabrication by 3D laser lithography allows us to place several 
different designs along with respective controls on a single covers-
lip, thus effectively parallelizing the experimental workflow.

DISCUSSION
In this work, we present a previously unknown stimuli-responsive 
material system for 3D laser lithography based on host-guest com-
plexes. In combination with conventional material systems, we 
created and characterized composite scaffolds to simultaneously 
stretch a large number of single cells in tailored 3D microenviron-
ments. Calibration of the system by numerical calculations allowed 
us to directly connect the cellular reaction to forces and optimize 
the scaffolds accordingly.

We applied this system to study the mechanoresponse of single 
cells in 3D microenvironments. Observation of steady-state cells in 
the scaffolds revealed an initial contraction force on the order of 
80 and 125 nN for U2OS and NIH 3T3 cells, respectively. Inhibiting 
the ROCK pathway or KO of NM2A led to a marked reduction 
of the measured forces, which is in accordance to conventional 
methods such as traction force microscopy (38, 39). This inhibition 
demonstrated the sensitivity of our system to analyze cellular forces 
and to differentiate between force regimes of different cell types.

We further exploited our system to investigate the dynamic 
response of U2OS and NIH 3T3 cells upon mechanical stress and 
stress release. We find that cells have the ability to counteract 
mechanical stimulations by actomyosin generated contractility. This 
process was previously described as tensional homeostasis (40, 41). 
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Different studies showed a similar trend concerning the general cell 
response but differences in the amplitude. While Weng et al. (42) 
observed that cells completely return to their initial default state, 
Webster et al. (6) showed that cells plateau at a new set point within 
20 to 30 min. In our system, both NIH 3T3 and U2OS cells also 
plateau at a new set point, supporting the findings of Webster and 
coworkers (6). However, we cannot exclude that different cell types or 
different force regimes, which act on the cells, lead to differences in 
the amplitude of the cell response. Furthermore, the amount of ap-
plied stress might be a crucial variable, leading to differences in the 
response amplitude. While Weng et al. (42) only applied 8% equib-
iaxial stretch, we applied an equibiaxial stretch between 4 and 24% 
corresponding to a beam displacement of 0.5 to 3 m in all direc-
tions. However, these different amounts of applied stretch did not 
induce different force responses.

Another interesting cellular behavior was observed when the 
stretch was released. In a time frame of around 30 min, cells adapted 
their contractility by again setting a new steady state, which was 
remarkably close to the initial set point before the stretch. This 
behavior highlights the ability of cells to rapidly adapt their force 
exerting machinery until an ideal configuration is reached. Similar 
trends were observed by Ezra et al. (33). Since our system allows 
quantitative image analysis in a higher throughput than cantilever-
based/other stretch systems, further studies can analyze in more 
detail how cells “remember” their initial state and how the transi-
tion back to this default state occurs. Immunocytochemical staining 
of actin fibers in stretched and unstretched cells revealed notable 
actin filament reorganizations. A reorganization of the cytoskeleton 
could, in principle, lead to delayed cellular reactions including 
apoptosis (43). However, we did neither observe cell death nor 
obvious blebbing behavior during our experiments. Instead, as a 
response to the stretch, cells formed numerous actin stress fibers 
between the adhesion sites that reinforced the cell contour and the 
cell center. Additional actin stress fibers were observed in both, 
U2OS WT and NM2A-KO cells. However, WT cells showed a higher 
degree of fiber organization/alignment upon the stretch compared 
to NM2A-KO cells. Together with the finding that NM2A-KO cells 

are unable to counteract the mechanical stretch, we propose that ten-
sional homeostasis is a process that heavily relies on active tension 
generation via NM2 motor proteins. It was previously shown for 
smooth muscle myosins that these molecular motors adapt their 
filament size in a load-dependent manner (44). Since the different 
NM2 isoforms are known to be the key generators of intracellular 
forces in nonmuscle cells and thus have a big influence on actin stress 
fiber organization and dynamics, similar properties could arise from 
NM2 proteins, driving the cellular response upon mechanical stim-
ulation (45). The systematic investigation of NM2B or NM2C could 
therefore contribute to a better understanding of the molecular mech-
anisms that cells use to regulate tensional homeostasis.

Although our data suggest that actomyosin contractility is the 
main driving force during tensional homeostasis, the actin architec-
ture might still contribute to this process in a more subtle manner. 
It was previously shown in theoretical models that the balanced ratio 
of active motors and passive cross-linkers might be necessary to 
generate an optimal force configuration (34). Therefore, the specific 
investigation of cross-linkers such as -actinin might lead to an even 
more precise understanding of the regulating mechanisms during 
tensional homeostasis.

In the last section, we demonstrated the design flexibility of the 
3D laser lithography and analyzed the respective cell behavior on an 
asymmetric stretch by deflecting only one of the adhesion sites. By 
analyzing the displacement change over time and by staining the 
actin cytoskeleton in fixed cells, an asymmetric cell response was 
observed. This is represented by the displacement of only the stretched 
beam via intracellular force generation and the reinforcement of actin 
stress fibers along the stretch site. The flexibility in design and ge-
ometry of the scaffolds enables great possibilities to address various 
cell biological questions that deal with the response of single cells to 
mechanical stress. The dynamic assembly and disassembly of actin 
stress fibers in response to mechanical stress are a long-standing 
topic of interest. It is still an ongoing debate whether mesenchymal-
like cells form stress fibers in their physiological 3D environments 
and how these fibers might differ from their counterpart on flat, 
rigid substrates such as glass coverslips (46). Using fluorescent actin 
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markers such as F-tractin or Lifeact, our system cannot only be used 
to investigate the assembly of stress fibers in a 3D environment but 
also to track their dynamics in living cells using conventional fluo-
rescence microscopes. From a physiological point of view, interesting 
questions such as the induction of stress fibers in dermal myofibro-
blasts during wound healing could be addressed. By combining the 
asymmetric stretch approach with tension sensors encoding for the 
different RhoGTPases (RhoA, Rac1, and CDC42), the processes 
involved in stress fiber formation can be further dissected by ob-
serving the asymmetric localization and redistribution of these 
upstream effectors in subcellular compartments upon mechanical 
stress. The list of possible target molecules and cellular structures is 
not restricted to the cytoskeleton itself but can be extended to most 
mechanoresponsive molecules and extracellular structures, such 
as the influence of different extracellular matrix molecules on force 
transduction.

MATERIALS AND METHODS
Materials
Acrylamide (Sigma-Aldrich; >98%), N,N′-methylenebis(acrylamide) 
(Sigma-Aldrich; >99%), LAP (Tokyo Chemical Industry; >98%), 
1-AdCA (Sigma-Aldrich; 99%), ethylene glycol (Sigma-Aldrich; >99%), 
3-(trimethoxysilyl)propyl methacrylate (Sigma-Aldrich; >97%), PETA 
(Sigma-Aldrich; >97%), TPETA (number-average molecular weight, 
~692; Sigma-Aldrich; >97%), Irgacure 819 (BASF), 7-diethylamino-3-
thenoylcoumarin (J&K Scientific; 97%), 2-propanol (Carl Roth; >99.5%), 
and methyl isobutyl keton (MIBK; Roth; >99%) were used. All chemi-
cals and solvents were used as received without further purification.
CD-AAm and Ad-AAm were synthesized as described elsewhere 

(47). Chemicals for the synthesis are the following: -cyclodextrin 
(Junsei Chemical), adamantanamine hydrochloride (FUJIFILM Wako 
Pure Chemical), sodium hydroxide (Nacalai Tesque), acryloyl chlo-
ride (Tokyo Chemical Industry), triethylamine (Nacalai Tesque), 
tetrahydrofuran (FUJIFILM Wako Pure Chemical), and dichloro-
methane (FUJIFILM Wako Pure Chemical).

Photoresist formulations
The resists were prepared by dissolving 20 mg of Irgacure 819 
in 980 mg of TPETA for TPETA resist and in 980 mg of PETA 
for PETA resist. In host-guest resist, the starting mixture was 
prepared by dissolving 36 mg of CD-AAm with 6.6 mg of Ad-
AAm in 200-l water and 300 l of 2-propanol. After 1 hour of 
ultrasonic bath at 60°C, the mixture was cooled down to room tem-
perature, and 68 mg of AAm and 5 mg of LAP were added. The final 
resist was obtained after another 5 min in the ultrasonic bath at 
room temperature.

Fabrication of 3D microstructures
A commercial direct laser writing system (Photonic Professional 
GT, Nanoscribe GmbH) equipped with a 63×, numerical aperture 
(NA) = 1.4 oil immersion objective was used for the fabrication. To 
increase the adhesion of microstructures to the glass surface, we used 
plasma-cleaned coverslips, treated with 3-(trimethoxysilyl)propyl 
methacrylate (1 mM in toluene) for 1 hour and rinsed them after-
ward with acetone and water.

The fabrication of cell scaffolds consisted of three consecutive 
writing steps. First, the TPETA resist was drop-cast on the silane-
treated coverslip, and the walls along with several alignment markers 

were written. A laser power of 40 mW at the back focal plane and 
a scanning speed of 2 mm/s were used for the fabrication. After a 
development step in a 1:1 mixture of MIBK and 2-propanol, the 
samples were dried.

Second, the PETA resist was drop-cast on the structures. By 
lateral positioning with the alignment markers and axial position-
ing with the built-in interface finder, the beams were fabricated at 
the desired position on the walls. We typically used a laser power of 
30 mW at the back focal plane and a scanning speed of 2 mm/s to 
fabricate the structures. Again, the sample was developed in a 1:1 
mixture of MIBK and 2-propanol.

In the third step, the host-guest resist was drop-cast on the exist-
ing structures and put on a hot plate for 2 min at 50°C to reduce the 
amount of solvent. For the remaining writing process, the sample 
was contained in a sealed environment to prevent further evapora-
tion of solvents. After alignment and fabrication of the hydrogel 
blocks in the center of the scaffolds, the sample was developed in a 
1:1 mixture of water and 2-propanol and lastly stored in water. In 
this fabrication step, we used a laser power of 40 mW at the back 
focal plane and a scanning speed of 5 mm/s. The final concentration 
of monomers is 2 mol/kg containing 3 mole percent of CD-AAm 
and Ad-AAm monomers. If one assumes that the yield of polymer-
ization is 100% and the swelling is negligible, then this yields the 
concentration of the inclusion complex to be about 60 mM.

Before the sample was used for further experiments, it was 
immersed for 2 days in water with 20 mM 1-AdCA. This solution 
triggered the swelling of the hydrogel that helped to remove un-
polymerized residues from the material network. In addition, we 
observed a slightly altered swelling behavior in the first contact of 
the hydrogel with 1-AdCA, which we attribute to tensions in the 
polymer that are released after one cycle. As previously reported by 
Harada et al. (47), the association constants of “free” host/guest mol-
ecules in solution are more than 10 times larger than the association 
constants between polymers. Therefore, the treatment of host-guest 
hydrogels with 20 mM 1-AdCA is sufficient to induce swelling.

Mechanical characterization
The mechanical analysis was performed by an atomic force micro-
scope (NanoWizard, JPK Instruments). Soft silicon nitride cantile-
vers (MLCT, Bruker) with a nominal spring constant of 0.03 N/m 
were used to perform the indentation in an aqueous environment.

Cell culture
U2OS and NIH 3T3 cells were obtained from American Type Culture 
Collection and maintained in Dulbecco’s modified Eagle’s medium 
(DMEM) (PAN-Biotech) supplemented with 10% bovine growth 
serum (HyClone) at 37°C under a humidified atmosphere contain-
ing 5% CO2.

Live-cell imaging
Live-cell imaging was performed in a LSM (LSM 800, Zeiss) with an 
incubation chamber at 37°C. We used a 40×, NA =1.2 water immer-
sion objective and the motorized mechanical stage to sequentially 
move to all the positions in during the time series. The sample was 
fixed in a self-built fluidic chamber to enable solvent exchange 
during the experiment. At the beginning of the live-cell experi-
ments, cells were kept in phenol red-free high-glucose DMEM con-
taining 25 mM Hepes (Thermo Fisher Scientific) and supplemented 
with 10% bovine growth serum. To induce the mechanical stretch, 
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the medium was completely replaced by a medium containing 20 mM 
1-AdCA using a microfluidic chamber and syringes. Since the addition 
of 1-AdCA leads to a substantially decreased pH value, we adjusted 
the pH to 7.0 with NaOH before the experiments. Releasing the stretch 
was obtained by replacing the media with normal imaging medium.

Fluorescence imaging
Cells were fixed in PBS containing 4% paraformaldehyde and 20 mM

1-AdCA. Cells were then washed and permeabilized in PBS con-
taining 0.1% Triton-X 100 and 20 mM 1-AdCA. All following 
washing steps were also carried out using this PBS mixture. Following 
antibodies and affinity probes were used for immunocytochemical 
labeling: rabbit anti–NMHC-IIA (BioLegend), goat anti-rabbit Cy3 
(Jackson ImmunoResearch), phalloidin–Alexa Fluor 488 (Thermo 
Fisher Scientific), and 4′,6-diamidino-2-phenylindole (DAPI) (Carl 
Roth). All staining incubation steps were carried out in 1% bovine 
serum albumin in PBS containing 20 mM 1-AdCA. Samples were 
stored in PBS containing 20 mM 1-AdCA until imaging.

We used a confocal LSM (LSM 800 Airyscan, Zeiss), equipped 
with a 40×, NA = 1.2 water immersion objective.

Image analysis of cellular response
The images were analyzed by digital image cross-correlation based 
on MATLAB (MathWorks) code. All images of a time series were 
compared to a reference image at t = 0. In these images, regions of 
interest with a specified size were defined on the four beams. For 
each image, the calculation of the maximum cross-correlation func-
tion resulted in the 2D local displacement vector. Four different 
positions per beam were tracked and averaged to obtain a mean 
displacement per beam as a function of time. Potential offsets of the 
sample during the injection or after the stage movement were cor-
rected by additional tracking of solid marker structures next to the 
scaffolds. In addition, we tracked reference scaffolds without cells to 
attribute for small displacements of the beams as a result of the 
swelling properties. We subtracted the reference tracks from the 
parts where we observed the cellular response to correct for these 
potential deviations.

Finite element calculations
We performed the numerical analysis by a finite-element approach 
using the commercial software COMSOL Multiphysics to solve the 
linear elastic Cauchy continuum mechanics equations. Swelling of 
the hydrogel was modeled as a boundary load with a fixed bottom 
surface to account for the silanization of the glass substrate. Geo-
metrical nonlinearities have been accounted for.

The mechanical properties of the used materials were measured 
via atomic force spectroscopy (see fig. S12 for details). The Young’s 
moduli of PETA EPETA = 3 × 106 kPa and TPETA ETPETA = 12.7 × 103 
kPa were kept constant. For the stimuli-responsive hydrogel, we used 
the values EHydrogel = 22 kPa in the stiff state and EHydrogel = 6.5 kPa 
in the soft state. All geometrical parameters were extracted from 
scanning electron micrographs.

Statistical analysis
All box plots in this manuscript display the median value as a solid 
line with the lower and upper quartile in the box around the median 
value. The whiskers are drawn to the last points that are still within 
1.5 times the interquartile range away from the respective lower and 
upper quartiles to mark possible outliers.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/39/eabc2648/DC1

View/request a protocol for this paper from Bio-protocol.
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