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1. Introduction

Cell behaviors significantly depend on the elastic properties of the

microenvironments, which are distinct from commonly used polymer-based
substrates. Artificial elastic materials called metamaterials offer large freedom
to adjust their effective elastic properties as experienced by cells, provided (i)
the metamaterial unit cell is sufficiently small compared to the biological cell
size and (ii) the metamaterial is sufficiently soft to deform by the active cell

contraction. Thus, metamaterials targeting bio-applications

(bio-metamaterials) appear as a promising path toward the mechanical
control of stem cells. Herein, human mesenchymal stem cells (hMSCs) are
cultured on three different types of planar periodic elastic metamaterials. To
fulfill the above two key requirements, microstructured bio-metamaterials
have been designed and manufactured based on a silicon elastomer-like
photoresist and two-photon laser printing. In addition to the conventional
morphometric and immunocytochemical analysis, the traction force that
hMSCs exert on metamaterials are inferred by converting the measured
displacement-vector fields into force-vector fields. The differential responses
of hMSCs, both on the cellular level and the sub-cellular level, correlate with
the calculated effective elastic properties of the bio-metamaterials, suggesting
the potential of bio-metamaterials toward mechanical regulation of cell

behaviors by the arrangement of unit cells.

Metamaterials are rationally designed arti-
ficial solids in that the atoms of ordinary
solids are replaced by tailored functional
building blocks serving as unit cells that
can be arranged into a periodic lattice.
This concept allows for obtaining effective
metamaterial behavior that goes beyond
that of the ingredient materials and that can
be highly unusual or even unprecedented.
Thereby, metamaterials have enabled novel
behavior and potential applications in
mechanics,l!l  electromagnetism/optics,?!
and transport.[3!

Here, we investigate the possibility of
applying metamaterials as bio-materials,
called “bio-metamaterials” in the following.
The targeted application is to mechanically
control the behavior of living cells adher-
ing to the bio-metamaterial via its tailored
effective elastic properties. It has been un-
clear and has been debated whether the
effective metamaterial properties have any
relevance at all for the behavior of living
cells. Moreover, the meaning of effective
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metamaterial properties has been discussed more broadly,
even outside of biology and outside of mechanics.*] For wave
problems, it is often argued that a description in terms of
effective metamaterial parameters is justified if and only if the
wavelength is much larger than the size of one metamaterial unit
cell. This reasoning does not work for the static or quasi-static
case of interest here because the wavelength is formally infinite.
Therefore, the question is what the living cell really “feels”.
Does it experience only the local contacts to the metamaterial
structure? If yes, the cell’s response would be solely determined
by the properties of the material the metamaterial is made
of. In this case, different metamaterials made from the same
constituent material would lead to the same response of the
living cell. In the opposite limit, the period of the metamaterial
is much smaller than the size of the living cell such that one
expects that the cell “sees” the effective metamaterial properties
by averaging over the underlying microstructure. However, it is
unclear what “much smaller” means in practice. In reality, the
state-of-the-art manufacturing does not yet allow the realization
of metamaterial periods that are hundred or thousand times
smaller than the extent of the considered living cell (typically
some tens of micrometer). So far, the literature has not yet
provided an answer to this crucial question. We will see below
that metamaterial periods that are merely 3-8 times smaller
than the size of the living cell are already sufficient.

If the effective metamaterial properties do determine the cell
behavior, the effective elastic properties can be parameterized and
quantified by the effective Young’s modulus, the effective Pois-
son’s ratio and the effective shear moduli. It is well established
that biological cells are controlled by the extrinsic biochemical
cues like chemokines and growth factors, but they also probe the
mechanical properties from their microenvironment, such as the
topography and stiffness of extracellular matrix (ECM).>! To date,
anumber of studies have shown the critical roles of bulk Young’s
modulus of polymer-based substrates in directing the fate of stem
cells.l®l Yet, the control of cell behaviors using metamaterials still
remains a challenge in materials science, mainly due to two ma-
jor requirements. First, as discussed above, the size of a metama-
terial’s unit cell must be sufficiently small compared to the biolog-
ical cell under consideration. Second, the metamaterial should be
deformable by the traction force generated by biological cells, typ-
ically on the order of nN to tens of nN, so that the strain-sensitive
mechano-sensing machineries, called “molecular clutches”, can
respond to the material's elasticity.”] Corresponding materials
(photoresists) for 3D laser printing that allow for achieving suffi-
ciently soft mechanical behavior of the constituent material, and,
at the same time, the sufficiently small features necessary for
small metamaterial periods have only become available quite re-
cently.

Early steps in this general direction have recently been taken
by using three-dimensional, reinforced polyurethane foams or
two-dimensional photopolymer meshworks printed by laser
lithography.l®! Although the feasibility of materials for cell cul-
ture and potential applications in stem cell differentiation and tis-
sue engineering has been shown ,[#¢l a quantitative understand-
ing of the mechanical interactions of biological cells and meta-
materials is still missing both on the cellular and sub-cellular
level. Herein, we go beyond this previous work and fabricate
three types of metamaterials, which we call bowtie, brickstone,
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and honeycomb (Figure 1). We use silicon elastomer-based bio-
metamaterials, and calculate the force-vector field of cellular con-
traction on the basis of measured displacements-vector fields. As
the target cells, we select human mesenchymal stem cells derived
from bone marrow (hMSCs) that sensitively detect the substrate
elasticity and adjust their fate.l%*°] Statistically significant differ-
ences in hMSCs behaviors between three bio-metamaterials are
observed both on the cellular and sub-cellular level, suggesting
that bio-metamaterials provide a new path to mechanically con-
trol cell behavior.

2. Results and Discussion

Figure 1illustrates and defines three different elastic metamateri-
als that we investigate for their influence on cell behavior in this
paper. We select the constituent material to be sufficiently soft
such that the cells can induce appreciably large displacements
of the structure, allowing them to probe the effective proper-
ties of the metamaterial and react correspondingly. We chose the
commercial photoresist IP-PDMS (Nanoscribe GmbH & Co. KG,
Eggenstein-Leopoldshafen, Germany), which we microstructure
by using a commercial 3D laser printer based on two-photon ab-
sorption. The printing parameters are given in the Experimen-
tal Section. The bulk Young’s modulus of IP-PDMS blocks in
water was determined by atomic force microscopy nanoindenta-
tion, Eyy = 700 kPa (Figure S1, Supporting Information). This
is more than three orders of magnitude smaller than that of
other commonly used photoresists, such as pentaerythritol tri-
acrylate (PETA), whose bulk Young’s modulus in water is E, , =
3 GPal'% In our calculations for IP-PDMS, we assume a bulk
Poisson’s ratio of vy, = 0.49. We select 2D metamaterial ar-
chitectures supported by two rigid walls (Figure 1A) that are
composed of a different photoresist. In 3D architectures, the
refractive-index variations of the transparent metamaterial in wa-
ter lead to aberrations that hinder high-resolution imaging of the
3D interior. An oblique-view of the laser-printed metamaterial
is presented in Figure 1B, showing that the metamaterial net is
suspended between two walls and elevated with respect to the
substrate surface by 12 um. This choice allows for detailed high-
resolution imaging experiments of the displacement of struc-
tures caused by the active contraction of hMSCs seeded on top
(Figure 1C). By suspending the metamaterial, we avoid that the
cells on the metamaterials have any contact to the glass substrate
underneath. Due to printing limitations in regard to large over-
hanging parts, the distance between the walls is limited. To avoid
edge effects due to the mechanically rigid walls, we only consider
in our analysis single cells located near the center of the metama-
terial.

Out of the infinitely many possibilities of metamaterial struc-
tures, we select the three metamaterials shown in Figure 1D-F,
which we shall refer to as bowtie, brickstone, and honeycomb, re-
spectively. The unit cells of the three metamaterials are depicted
in Figure 1G-I (upper panels). As shown in the polar diagrams,
along the direction perpendicular to the walls (x-axis), bowtie has
a negative effective Poisson’s ratio (v < 0), brickstone close to
zero effective Poisson’s ratio (v.g = 0), and honeycomb a positive
effective Poisson’s ratio (v.g > 0). The area fractions of the poly-
mer are fairly similar for the three samples: f = 32.8% for bowtie,
f = 24.1% for brickstone, and f = 22.5% for honeycomb. This
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Figure 1. Design of bio-metamaterials used in this study. A) Scheme of the experimental system. 2D metamaterial architectures printed by 3D laser

ME, (6)

printing based on two-photon absorption. The metamaterial net is supported by two stiff walls and elevated with respect to the glass substrate to avoid
direct contact to the glass substrate underneath. Bio-metamaterials made out of soft IP-PDMS can be deformed by cell traction forces. B) Oblique-view
of the laser-printed metamaterial obtained by confocal microscopy. Scale bar: 20 um C) Deformation of three bio-metamaterials under axial stretch and
compression. D—F) Differential interference contrast microscopy (DIC) images of three metamaterial nets: bowtie D), brickstone E), and honeycomb F).
Scale bars: 20 um. G-I) Unit cells (upper panels) and calculated bulk effective Young’s modulus E g and bulk effective Poisson’s ratio v.g (lower panels)
of the three materials in a polar-diagram representation.
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Figure 2. Flow of live cell imaging and data analysis. A) Flow of data acquisition and image analysis for the force-vector-field calculations. The displace-
ments of the lattice points from the reference were used to calculate a strain-vector map at each time point. See Experimental Section for more details.
B) Immunostaining of a bowtie metamaterial net made of soft IP-PDMS and functionalized with fibronectin (appearing as yellow). In contrast, the rigid
walls on the left and right made out of TPETA are protein repellent. Scale bar: 20 um. C) DIC image of a human mesenchymal stem cell (hMSC) on a
bowtie metamaterial net. Scale bar: 20 um. (C'-C""") High-magnification images from the region indicated by the white square in C exhibit the change in
local displacement vectors, induced by the cellular traction force, at three selected time points. Scale bars: 10 um.

Table 1. Unit cell parameters and effective Young’s modulus values of the
three metamaterials used in this study.

unit cells bowtie honeycomb
brickstone

values

a, 12.5 um 12.5 um 12.5 um

a, 16.2 um 17.0 um 16.8 um

a 55° 90° 125°

t 1.3 um 1.3 um 1.3 um

(%) 20 kPa 160 kPa 12 kPa

E.(y) 13 kPa 13 kPa 11 kPa

means that the three samples provide comparable areas for ad-
hesion points of the cells. This aspect is important because it is
known that the available area to form adhesion-points also influ-
ences cell behavior.'!) The bulk effective Young’s modulus Eg
and the bulk effective Poisson’s ratio v of the three samples
are obtained by standard numerical finite-element calculations
(see Experimental Section). They are graphically illustrated by
the polar diagrams in Figure 1G-I (lower panels), emphasizing
that the elastic properties are highly anisotropic within the xy-
plane of the metamaterial-as generally expected for periodic me-
chanical metamaterials. The unit cell parameters and the effec-
tive Young’s moduli values of the three metamaterials are sum-
marized in Table 1. Note that we have fabricated metamaterials
with the smallest possible unit cells, the lowest possible area frac-
tions and thicknesses compatible with the printing limitations
imposed by the soft IP-PDMS photoresist to fulfill two key re-
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quirements: i) the sufficiently small metamaterial unit cell com-
pared to the size of biological cells and ii) the sufficiently soft
metamaterial that can deform by the active cell contraction.

We stress that the aim of the present study is not to compre-
hensively investigate any possible elastic property on any cell be-
havior, such as, e.g., stem cell differentiation and proliferation.
We rather aim to show positive proof-of-principle and demonstrate
that the elastic properties of rationally designed unit cell struc-
tures of bio-metamaterials can have a significant influence on
single cells growing on top of the metamaterials, providing a
motivation and a starting point for the rational design of bio-
metamaterials as a new tool to mechanically control the behavior
of various cells.

Figure 2A shows the flow of experimental data acquisition.
After printing a soft metamaterial net (IP-PDMS) between two
walls made out of stiff and protein-repellent trimethylolpropane
ethoxylate triacrylate (TPETA, Sigma-Aldrich, St. Louis, MO,
USA), the metamaterial surface was functionalized with fi-
bronectin by physisorption. Then, hMSCs were seeded on the
top (¢ = Oh), allowed to establish a stable adhesion contact
(t = 0h — 1.5 h), and subjected to live cell imaging with con-
focal microscopy to record the displacement of lattice points
(t = 1.5 — 10 h, with images taken every 10 min). The refer-
ence data, i.e., the positions of lattice points corresponding to
an intact net, could be obtained after the detachment of hM-
SCs by a trypsin treatment. The displacement-vector field was
deduced from the displacement of each lattice point in the xy-
plane. Finally, the force-vector field was calculated using a home-
written finite-element-model (FEM) platform (see Experimental
Section). In Figure 2B, a reference image of the bowtie structure
functionalized with fibronectin (yellow) and the extracted lattice
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Figure 3. Cellular response of hMSCs to bio-metamaterials. A) Oblique image of an hMSC residing on a bio-metamaterial with bowtie geometry. Cyan:
nucleus, red: actin. Note that the metamaterial net and the rigid walls are visible by their autofluorescence. Scale bar: 30 um. B) Overlay of cell contours
determined by CellBrite Green staining (red lines) and DIC images of the three bio-metamaterials. Scale bars: 30 um. Panels C) and D) show the
comparison of projected area per cell A and aspect ratio of hMSCs on each metamaterial structure. More than 100 images of N > 11 hMSCs were
subjected to the analysis of each group. E) Mean traction forces exerted onto the metamaterials, projected in x- and y-directions. These forces were
calculated from >100 images of N > 9 hMSCs. F) Bio-metamaterials with geometry rotated by 90° (scale bars: 30 um). High-magnification image of
each structure is shown as an inset (scale bars: 10 um). G) Mean traction forces on “rotated” metamaterials, deduced from more than 100 images of N
> 7 hMSCs for each metamaterial structure. The double asterisk indicates a significant difference with p-value < 0.001 by Student’s t—test.

structure are presented. Note that rigid TPETA walls are protein
repellant and thus not functionalized with fibronectin. Figure 2C
shows a snapshot image of an hMSC on a bowtie structure, and
the high-magnification images from the region indicated by a
white box recorded over time are presented in Figure 2C'-C',
revealing the deformation of the metamaterial unit cells by the
traction force exerted by the stem cells.

Figure 3A shows an oblique image of a fixed hMSCs on a
bowtie net collected by confocal microscopy. The actin cytoskele-
ton is stained with TexasRed-phalloidin (red) and the cell nucleus
with DAPI (cyan). The metamaterial and the walls are visible
in the DAPI channel due to autofluorescence of IP-PDMS and
TPETA. During the live cell imaging (Movies S1-S3, Supporting
Information), the contour of hMSC was determined by live cell
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staining with CellBrite Green. Figure 3B shows the overlaid DIC
and fluorescence images of hMSCs on the three metamaterial
structures, highlighting the cell contour from each image in red.
Figure 3C,D presents two morphometric cellular parameters: i)
the projected area A and ii) the aspect ratio, extracted from more
than 100 images of N > 11 hMSCs, respectively. The morphomet-
ric parameters were extracted from the timelapse movies (Movies
S1-S3, Supporting Information) based on the following two cri-
teria. First, a single cell adheres to a metamaterial net without any
contact to the rigid walls or the underlying glass surface. Second,
the metamaterial net does not bend or buckle out of the xy-plane.

The projected area of each hMSC shows a statistically signif-
icant difference between the three metamaterials (p < 0.001),
Apoutie < Aprickstone < Anoneycomp: Moreover, the aspect ratio of
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hMSCs on honeycomb nets is significantly larger than those on
bowtie and brickstone metamaterial nets, suggesting that hMSCs
probe and react to the bio-metamaterials with different unit cells.
Figure 3E shows the traction forces exerted on the three metama-
terials averaged over time projected in x- and y-directions, indicat-
ing that the strongest forces were exerted on bowtie nets. These
data could be interpreted partially in terms of the difference in
effective Poisson’s ratio (v.4). The largest A and aspect ratio ob-
tained on honeycomb can be attributed to a positive Poisson’s ra-
tio (v.g > 0, Figure 1I), because the compression of unit cells
leads to the expansion in the perpendicular direction, resulting
in the elongation of hMSC. In contrast, on bowtie with a negative
effective positive Poisson’s ratio (v.4 < 0) along both the x-axis
and y-axis (Figure 1G), the compression of unit cells in x- or y-
direction results in the compression in the perpendicular direc-
tion. On brickstone (v .4 = 0), the compression in x- or y-direction
does not cause the compression or expansion in the other
direction.

However, the above interpretation ignores two other character-
istic properties of our bio-metamaterials, namely the anisotropy
of the effective Young’s modulus E.g (Figure 1G-I) and the edge
effect caused by the rigid TPETA walls (Figure 2A). In fact, the
mean traction forces in the x-axis direction are significantly larger
compared to those in the y-axis direction for all three metamate-
rials (Figure 3E). Note that the E g4 values of bowtie nets in x- and
y-directions are different, E; (x) = 20 kPa and E 4 (y) = 13 kPa.
Those of brickstone nets showed even a higher anisotropy, E.4 ()
= 160 kPa and E.4 (y) = 13 kPa. On the other hand, the effective
Young’s modulus E_g of the honeycomb nets along the two axes
are comparable, E4 (x) =12~ E.4 (y) = 11 kPa. In order to disen-
tangle the two effects, we have printed the metamaterial nets by
rotating the geometry by 90° (Figure 3F), while maintaining the
orientation of the walls. The calculated mean traction forces ex-
erted on metamaterials are presented in Figure 3G, and the corre-
sponding morphometric parameters, projected area A and aspect
ratio, are presented in Figure S2 (Supporting Information). No-
tably, the metamaterials with anisotropic effective Young’s mod-
ulus (bowtie and brickstone) showed higher forces in y-direction,
which is opposite to the data before rotation (Figure 3E). On the
other hand, honeycomb nets that have comparable E g values in
both directions did not follow this trend. Therefore, we conclude
that the anisotropy of E.4 plays a dominant role in defining the
traction force generation compared to the stiff walls.

Figure 4A-C shows the timeseries data as the dynamic
changes of the morphometric parameters, projected area A (blue)
and aspect ratio (red), of hMSCs over time, recorded on bowtie,
brickstone, and honeycomb metamaterial nets, respectively. The
insets show snapshot DIC images of hMSCs corresponding to
the time points indicated by black arrows. Dotted boxes mark
the time windows that were used to extract the morphomet-
ric parameters. The morphometric parameters of cells in con-
tact with the rigid walls are noticeably affected as exemplified
for the cells on bowtie and honeycomb metamaterial nets at t =

Oh (left images, Figure 4A,C). As the morphometric parame-
ters of cells become stable once they lose contact to the walls,
only cells located exclusively on the nets were subjected to anal-
ysis. During live cell imaging, we noticed that some cells mi-
grated on the bio-metamaterials with an average velocity of
10—30 um h~'. Figure 4D-F depicts the outlines of the hMSCs
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shown in Figure 4A-C, tracked over 6—8 h, respectively. Notably,
the fraction of moving hMSCs is the highest on bowtie metamate-
rial nets ( y ., = 44%) as compared to brickstone ( y,.,, = 18%)
or honeycomb ( ..., = 23%), which we attribute to the anisotropy
of Eq.

In the next step, we investigate how hMSCs probe and re-
act to bio-metamaterials on the sub-cellular level. Figure 5A
shows the immunocytochemical images of nucleus (blue), vin-
culin (green), actin (red), and YAP/TAZ (magenta) of hMSCs
on bio-metamaterials. hMSCs seeded on fibronectin-coated glass
substrates are presented for reference. Vinculin is one of the
key adaptor proteins that connect integrin receptors and acto-
myosin complexes. The traction force generated by the acto-
myosin complex leads to strain-dependent unfolding of talin,
which recruits vinculin to focal adhesions (FAs). This process re-
sults in the activation of the transcriptional factor YAP/TAZ thus
causing its transport from the cytoplasm to the cell nucleus.”>!?]
Figure 5B shows the surface density of FA on the three meta-
materials and glass substrates. It is notable that the FA density
on the bowtie nets is higher than those on brickstone and honey-
comb nets (p < 0.05), and is almost comparable to that on glass
substrates. As shown in Figure 5C, the nematic order parame-
ter of actin filaments with respect to the major axis of each cell
(indicated by a white arrow in Figure 5A) takes the lowest value
on bowtie, suggesting that the FA-associated actin filaments do
not form aligned bundles. A poor order parameter (S) on the
bowtie metamaterials seems reasonable, because the actin fila-
ments are bound to many FAs confined in small cell-substrate
contacts. On the other hand, (S) on the honeycomb metamate-
rial nets is comparable to that on glass substrates, despite of
a much lower FA density (Figure 5B). For comparison, the or-
der parameters of actin filaments with respect to the x-axis are
presented in Figure S3 (Supporting Information), showing no
significant difference between the three metamaterials. Remark-
ably, a prominent nuclear localization of YAP/TAZ was observed
on the bowtie nets, which is clearly different from brickstone and
honeycomb. The nuclear-to-cytoplasmic ratios of YAP/TAZ signals
(Nuc/Cyto) on the bowtie nets are comparable to that on glass sub-
strates (Figure 5D, p = 0.25), verifying that the nuclear transfer
of YAP/TAZ is tightly coupled to the traction force generated by
actomyosin complexes (Figure 3E) and the strain-dependent re-
cruitment of vinculin to FAs (Figure 5B). In fact, the inhibition
of myosin II by blebbistatin turned off the nuclear localization of
YAP/TAZ on all metamaterials and glass (Figure S4, Supporting
Information).

To verify that the mechanical deformation (i.e., strain) of the
metamaterial nets is crucial to affect the cell behavior, we per-
formed the same series of experiments on the three metamate-
rial structures made out of the stiff PETA resist (Sigma-Aldrich,
St. Louis, MO, USA) with E,; = 3 GPa, rather than the soft
IP-PDMS. The morphometric analysis and the immunocyto-
chemical images of vinculin and actin are presented in Figures
S5 and S6 (Supporting Information), respectively. Figure SEF
shows the immunofluorescence images of YAP/TAZ and the
Nuc/Cyto ratio on bowtie, brickstone, and honeycomb nets. For
comparison the same control on glass slides is also presented.
The morphometric parameters, FA density, actin order param-
eter (S) and Nuc/Cyto ratio all showed no difference between
the three metamaterials, confirming that the strains caused by
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Figure 4. Dynamic response of hMSCs to bio-metamaterials. A—C) Time evolution of projected area A (blue) and aspect ratio (red) of hMSCs on bowtie,
brickstone, and honeycomb metamaterial nets extracted from the DIC snapshots of the timelapse movies (Movies S1-S3, Supporting Information),
respectively. The time windows used for the morphometric analysis (dotted boxes in A-C) were selected by the two criteria: i) a single cell adheres on

a metamaterial net without any contact to the rigid walls or the underlying

glass surface, ii) the metamaterial net does not bend or buckle out of the

xy-plane. D—F) Outlines of the same hMSCs presented in Figure A—C tracked over 6-8 h. The fraction of moving cells is given by y ... Scale bars: 30 um.

traction forces are crucial for the mechano-regulation of cells
by bio-metamaterials. Note that the IP-PDMS used in this study
is currently the softest photoresist ( E,; = 700 kPa) available.
While hydrogels are softer, stable metamaterial scaffolds with
the dimensions used in this work cannot be manufactured with
them.

3. Conclusion

Previously, little was known about how the anisotropic elasticity,
the effective Poisson’s ratio and the effective Young’s modulus
of the surrounding microenvironment affect the functions and
fate of stem cells. This shortage was mainly due to the lack of
well-defined models of cellular microenvironments. Here, we

Adv. Funct. Mater. 2023, 2301133 2301133 (7 0f11)

designed a new class of bio-metamaterials as a well-defined
model for the mechanical control of cells. Free-standing nets
of the metamaterials based on a soft, silicon elastomer-like
photoresist, microstructured by two-photon laser printing, are
supported by two rigid walls and thus decoupled from the under-
lying substrates. A two-photon laser-printing technique enabled
us to manufacture metamaterial unit cells, the size of which is
sufficiently small compared to the stem cells. In addition, the soft
resistance makes the structure sufficiently compliant to exhibit
deformations induced by the active contraction of the stem cells.
To compare differential cell behaviors, we fabricated three types
of metamaterial structures, bowtie, brickstone, and honeycomb,
which possess comparable polymer surface area fractions. These
metamaterials structures possess anisotropic elastic properties.
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Figure 5. Sub-cellular response of hMSCs to bio-metamaterials. A) Immnocytochemical images of hMSCs on bio-metamaterials. Vinculin (focal ad-
hesion); green, DAPI (nucleus); cyan, actin (cytoskeleton); red, and YAP/TAZ (transcriptional factor); magenta. As the reference, the images taken on
fibronectin-coated glass substrates are also presented. The contour of each cell is indicated by a white line to guide the eye. Scale bars: 30 um. B) Surface
density of focal adhesion pg, (N > 11), C) nematic order parameters of filamentous actin (S) (N > 18), and D) nuclear-to-cytoplasmic ratios of YAP/TAZ
signals (Nuc/Cyto, N > 6), respectively. See Experimental Section for the details of analysis. For comparison, YAP/TAZ images and Nuc/Cyto ratios taken
on the stiff PETA ( Ep, = 3 GPa) with the same unit cell geometry are presented in panels E) and F), respectively (N > 8). Scale bars: 30 um. The
asterisk indicates a significant difference with p-value < 0.05 by Student’s t—test.

Especially, the effective Poisson’s ratios v values along the
x-axis assumes different signs, bowtie (v < 0), brickstone (v g
~ 0), and honeycomb (v.g > 0). To enable cell adhesion, the
surface of the metamaterial nets was functionalized by the
physisorption of fibronectin. In this study, we investigated the
behaviors of bone marrow-derived, human mesenchymal stem
cells (hMSCs), which are larger than the metamaterial unit cells
and for which it is known that their fate is determined by the
(effective) bulk Young’s modulus of 2D substrates underneath
the cells.

First, we investigated the differential behaviors of hMSCs on
bio-metamaterials on the cellular level. The morphometric pa-
rameters, such as the projected area per cell A and the as-
pect ratio, showed clear differences between the three meta-
material structures, which can be interpreted partially in terms
of the difference in effective Poisson’s ratio (v.4). To disentan-
gle the anisotropy of the effective Young’s modulus E. and
the edge effect caused by the rigid TPETA walls, we printed
the same structures with a 90° rotated geometry and found

Adv. Funct. Mater. 2023, 2301133 2301133 (8 of 11)

that the traction force in x- and y-directions on metamaterials
with anisotropic Young’s modulus showed an inversion. The
behavior of hMSCs on the sub-cellular level was further in-
vestigated by immunocytochemical staining of focal adhesions
(vinculin) and actin (cytoskeletons). Cells probe and interact
with the surrounding environment using strain-dependent re-
cruitment of vinculin, resulting in the transfer of transcrip-
tional factor YAP/TAZ to the cell nucleus. The involvement of
strain-dependent protein complexes was verified by the behav-
iors of hMSCs seeded on the same structures made out of stiff
PETA ( E,; = 3 GPa).

This overall demonstrates by positive proof-of-principle that
the elastic properties of bio-metamaterial can have a sig-
nificant influence on cells cultured on suitable metamateri-
als as substrates. This proof-of-principle thereby provides mo-
tivation and a starting point for the rational design of fu-
ture bio-metamaterials as a tool to understand and poten-
tially mechanically control the behavior of stem cells and other

cell types.
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4. Experimental Section

Chemicals:  Polydimethylsiloxane (PDMS, Sylgard 184) was
purchased from Dow Corning (Midland, MI, USA), and Mes-
enchymal Stem Cell growth medium MSCGM was from Lonza
(Basel, Switzerland). Texas Red-X phalloidin, vinculin mono-
clonal antibody (7F9), Alexa Fluor 488 and Goat anti-Mouse IgG
(H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor
647 were obtained from Thermo Fisher Scientific (Waltham,
MA, USA). Anti-YAP antibody was purchased from Santa Cruz
Biotechnology (Dallas, TX, USA). Rabbit anti-fibronectin anti-
body was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Anti-rabbit IgG Cy5™ was acquired from Jackson ImmunoRe-
search Europe Ltd. (Cambridge, UK). CellBrite green was pur-
chased from Biotium (Fremont, CA, USA). Bovine serum al-
bumin (BSA), Triton X-100 and toluene were purchased from
Carl Roth (Karlsruhe, Germany). (-)-Blebbistatin (blebbi) and fi-
bronectin were purchased from Sigma-Aldrich (St. Louis, MO,
USA). IP-PDMS was obtained from Nanoscribe GmbH & Co. KG
(Eggenstein-Leopoldshafen, Germany). 3-(trimethoxysilyl) propyl
methacrylate, trimethylolpropane ethoxylate triacrylate (TPETA)
and pentaerythritol triacrylate (PETA) were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Irgacure 819 was acquired from
Ciba AG (Basel, Switzerland). Unless stated otherwise, other
chemicals were purchased from Sigma-Aldrich (St. Louis, MO,
USA) and used without further purification.

Substrate Functionalization: To enhance adhesion of the
printed microscaffolds to the glass surface, 22 mm x 22 mm high
precision cover slips (Paul Marienfeld GmbH & Co. KG (Lauda-
Konigshofen, Germany)) were cleaned with propan-2-ol and
plasma-treated for 10 min. Subsequently, the cleaned cover slips
were immersed in a 1.7 mwm solution of 3-(trimethoxysilyl)propyl
methacrylate in toluene for 1 h at room temperature.[1l The func-
tionalized cover slips were rinsed with water and dried with pres-
surised N,.

Two-Photon Laser Printing: 3D structures were fabricated us-
ing a Photonic Professional GT (Nanoscribe GmbH & Co. KG,
Eggenstein-Leopoldshafen, Germany) with a 63X oil immersion
objective (NA = 1.4). Fabrication occurred in two sequential writ-
ing steps: rigid walls, passivating plates and alignment markers
were written from TPETA with 2% (w/w) Irgacure 819 and devel-
oped in a 1:1 mixture of propan-2-ol and acetone. A scan speed
of 5000—15 000 um s~! and a power scaling of 100% were used.
Nets with metamaterial geometry were written between the walls
with IP-PDMS or PETA containing 2% (w/w) Irgacure 819. For
either case, a scan speed of 1000 pm s~ and a power scaling of
65—-70% were used. To place the metamaterial nets between the
walls, the writing fields were aligned manually with the help of
alignment markers. After the samples were developed in propan-
2-0l, they were always kept in solvent to avoid the collapse. Prior
to use, the structures were washed with propan-2-ol (3x 5 min)
and immersed in water. Finally, the structures were washed with
water (3 X 5 min), and the glass slides were glued to petri dishes.
After the sterilization under UV light for 1 h, the surface was
functionalized with fibronectin (30 ug mL~, in PBS) for 2 h at
room temperature to allow for cell adhesion.

Cell Culture: 'hMSCs were isolated and cultured as described
before .13 The bone marrow from healthy donors was taken af-
ter written consent following the guideline approved by the Ehtic
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Committee on the Use of Human Subjects at Heidelberg Uni-
versity (S-348/2004). The mononuclear cell fraction was isolated
by density gradient centrifugation and seeded in plastic culture
flasks at a density of 1 x 10° cells cm™? in MSCGM medium. hM-
SCs were cultured in MSCGM and at 37 °C under a humidified
atmosphere containing 5% CO, and the medium was exchanged
every 4 d. After 10-14 d, the cells were expanded by splitting
the colonies. Throughout this study, hMSCs from early passages
(P3-P7) were used.

Live Cell Imaging: For live cell imaging hMSCs were labeled
in suspension with the membrane dye CellBrite Green™ (Bi-
otium, Fremont, CA, USA) by incubation of 2 x 10° cells in 1 mL
Hank’s Balanced Salt Solution HBSS (140 mm NaCl, 5 mm KCl,
1mwm CaCl,*2H,0, 0.4 mm MgSO,*7H, 0, 0.5 mm MgCl,*6H,0,
0.3 mm Na,HPO,"2H,0, 0.4 mm KH,PO,, 6 mm (+)D-glucose
and 4 mm NaHCO,) containing 1 uL CellBrite Green. The cells
were incubated for 20 min at 37 °C in the dark in the staining
solution and subsequently washed with HBSS (1x) and MSCGM
(2X). Cells were seeded at a density of 1100 cell cm=2 and were al-
lowed to adhere for 1.5 h before live cell imaging was started. Live
cell imaging was performed using a Zeiss AxioObserver (Zeiss,
Oberkochen, Germany) equipped with a 40X oil immersion ob-
jective (NA = 1.4) and an incubation chamber sustaining a hu-
midified atmosphere of 37 °C and 5% CO,. The setup included
a motorized mechanical stage to sequentially move to all the po-
sitions during the time series. Images were taken every 10 min
over the time of 6—8 h. At the end of the time series, cells were
removed using trypsin and a reference image of the scaffold with-
out adherent cell was taken.

Immunochemistry: Immunostaining was performed to visu-
alize the fibronectin coating, the cell nuclei, actin filaments,
the FA protein vinculin and the transcriptional coactivators
YAP/TAZ. For visualization of the selective fibronectin coat-
ing, metamaterials were coated with fibronectin as described
above. The samples were incubated with anti-fibronectin (1:500)
in 1% (w/v) BSA in PBS for 1 h at room temperature in the
dark, followed by washing with PBS (3 x 5 min) and incuba-
tion with secondary antibody anti-rabbit Cy5™ (1:200) in 1%
(w/v) BSA in PBS for 1 h at room temperature in the dark. Im-
ages were acquired with an LSM800 confocal microscope (Zeiss,
Oberkochen, Germany) equipped with a 40X oil immersion ob-
jective (NA = 1.4). To visualize the active, cytoskeleton-bound vin-
culin, cells were incubated with CSK buffer (0.5% (w/v) Triton
X-100, 10 mm PIPES pH 6.8, 50 mm NaCl, 3 mm MgCl,, 300 mm
sucrose) for 1.5 min at 4 °C ,['*] followed by an immediate fixation
with 4% (w/v) PFA in PBS for 15 min at room temperature. Oth-
erwise, cells were fixed using 4% (w/v) PFA in PBS for 15 min
at room temperature. For all immunostaining experiments the
cells were fixed 6 h after seeding. After fixation the cells were
washed with PBS three times for 5 min and subsequently incu-
bated for 5 min with 0.2% Triton X-100. The cells were blocked
with 3% (w/v) BSA in PBS for 30 min at room temperature. Fol-
lowing primary antibodies were used: vinculin monoclonal an-
tibody (7F9) conjugated with Alexa Fluor 488 (1:200), anti-YAP
(1:100) and Texas Red phalloidin (1:800). The cells were incubated
with the primary antibodies in 3% (w/v) BSA overnight at 4°C
(anti-vinculin and anti-YAP) or for 1 h at room temperature (phal-
loidin). Samples were again washed with PBS (3 x) and incubated
with the fluorescently coupled secondary antibody (Alexa Fluor
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647 Goat anti-mouse) for 1 h at room temperature. Nuclei were
stained with DAPI (1:1000) for 10 min in PBS. Stained cells were
stored at 4°C in the dark. The inhibitor experiments were per-
formed by incubating hMSCs with 50 um blebbistatin (myosin II
blocker, Sigma-Aldrich (St. Louis, MO, USA)) in MSCGM for 4 h.
The inhibitor was added 2 h after seeding hMSCs. Images were
acquired with a Nikon C2 Plus confocal microscope or a Nikon
A1R confocal microscope (Nikon Europe, Diisseldorf, Germany)
equipped with a 40X oil immersion objective (NA = 1.4).

Analysis of Cellular Response: The morphometric parameters
of hMSCs, such as the projected area per cell A and the aspect ra-
tio, were analyzed using Fiji software .[**] The positions of nodes
were defined for all unit cells by hand, and the timelapse images
were compared to the reference image by image cross-correlation
using a custom MatLab code (MathWorks, Natick, MA, USA). 2D
displacement vectors obtained from the maximum image cross
correlation were used to track the deformation of unit cells. The
offsets originating from the stage drift were corrected using Fiji
plugin “Linear Stack Alignment with STFT”.[15:16]

Finite Element Analysis. Numerical simulations were per-
formed by using the commercial finite element software COM-
SOL Multiphysics (Géttingen, Germany). To detect the deforma-
tion of metamaterial samples more accurately, fluorescence mi-
croscope images of the intact metamaterials acquired after the
detachment of cells were used as the reference images. Further-
more, pixelated binary images, with black/white pixels represent-
ing solids/voids, were derived from the fluorescence images by
setting a manual threshold using Fiji software.!*] To reduce com-
putation costs, the pixelated images were down-sampled by a fac-
tor of two. Geometries were extracted from the pixelated binary
images and numerical models of the metamaterials were built in
COMSOL Multiphysics. Each pixel corresponds to a square mesh
with four finite element nodes. In numerical calculations, each
metamaterial model contained ~10°> square meshes to capture
the deformation of unit cells by the active cell contraction. The
equation for static linear elasticity is solved for the metamaterial
model

Ebulk
2 (1 + vyuy)

E bulk

V(V-ufr)+
2 (14 vyu) (1= 20 o

Viu(r) = 0 (1)

u(r) is the displacement vector, and E, ; and vy, are the bulk
Young’s modulus and the bulk Poisson’s ratio of IP-PDMS,
Eyax = 700 kPa and v, = 0.49, respectively. Using the plain
strain module, the force at pixel was deduced as the sum of forces
at four nodes. The calculated forces were scaled to match the fi-
nite thickness of the metamaterial samples.

Analysis of Sub-Cellular Response: The nematic order param-
eter of the actin cytoskeleton was determined according to previ-
ous accounts (7]

YA - cos (26)
XA

A, is the area of a single actin and 6, is defined as the azimuth
angle between the actin filament and the major axis of the cell.
To quantify the density of focal adhesions (FAs), the fluores-
cence signals of activated vinculin was binarized using the Max-
Entropy method in Fiji software, and all connected areas with

(S)= 2)
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the size of 1-20 um? were classified as FAs. The nuclear local-
ization of YAP/TAZ was quantified following previous literature
18] From the YAP/TAZ signals inside and outside the cell nu-
clei, the nuclear-to-cytoplasmic ratio (Nuc/Cyto) of YAP/TAZ was
calculated:

I /A
Nuc/Cyto = M (3)
Icyto / Acyto
I, and Iy, are the signal intensities, and A . and Ao are

the sampling areas inside and outside the cell nuclei, respectively.

Statistical Analysis:  Statistical analysis was performed using
Origin Pro 2019 (Origin Lab, Northampton, MA, USA). All box
plots presented in this study present the median value as a solid
line and the average value as a square. The boxes correspond to
the 25-75 percentile ranges, and the whiskers to the 5-95 per-
centiles. Comparisons between two groups were performed us-
ing student t test. The p values < 0.05 were considered as signif-
icant difference.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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