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Abstract

Little is known about the contribution of 3D surface geometry to the development of multilayered tissues containing fibrous extracellular
matrix components, such as those found in bone. In this study, we elucidate the role of curvature in the formation of chiral, twisted-
plywood-like structures. Tissues consisting of murine preosteoblast cells (MC3T3-E1) were grown on 3D scaffolds with constant-mean
curvature and negative Gaussian curvature for up to 32 days. Using 3D fluorescence microscopy, the influence of surface curvature
on actin stress-fiber alignment and chirality was investigated. To gain mechanistic insights, we did experiments with MC3T3-E1 cells
deficient in nuclear A-type lamins or treated with drugs targeting cytoskeleton proteins. We find that wild-type cells form a thick
tissue with fibers predominantly aligned along directions of negative curvature, but exhibiting a twist in orientation with respect to
older tissues. Fiber orientation is conserved below the tissue surface, thus creating a twisted-plywood-like material. We further show
that this alignment pattern strongly depends on the structural components of the cells (A-type lamins, actin, and myosin), showing a
role of mechanosensing on tissue organization. Our data indicate the importance of substrate curvature in the formation of 3D
tissues and provide insights into the emergence of chirality.
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Significance Statement

Biological tissues (like compact bones) often consist of multiple fibrous layers that are staggered with a twisting angle relative to each
other, thereby improving mechanical performance. The underlying principles of how such tissues are formed and what determines
the fiber direction are still debated. In this study, we report the formation of a twisted-plywood-like tissue grown in vitro on constant
mean and negative Gaussian curvature substrates. We present evidence that for tissue consisting of preosteoblast-like cells, surface
curvature is a main determinant for fiber orientation.

Introduction of a tissue formed from intrinsically anisotropic building blocks,
but more importantly, such layered materials are excellent at re-
sisting the propagation of cracks, which explains the high fracture
toughness in so many biological materials (3, 6-9). A well-studied
example is lamellar bone found, for example, in osteons of human
long bones. There, mineralized fiber bundles of collagen type I

build up ~5-pm-wide lamellae with varying fiber angles to form

Structural biological materials, such as bone, wood, and cuticle,
are composite materials (1, 2) and can consist of biopolymers,
such as cellulose, chitin, and collagen. These polymers are long
and thin, and form fibers or fibrils, which in turn pack parallelly
into lamellae (1). Such lamellar structures are ubiquitous in na-

ture, as seen in certain bone types (3), the exoskeleton of crusta-
ceans (4), the cell wall of plants (5), and many more (1). These
tissues typically consist of multiple layers of lamellae, giving
rise to twisted structures, in which the fiber direction changes
from layer to layer.

There are mechanical advantages for a natural material to ex-
hibit tissue twisting. It results in the isotropic material properties

a twisted material with high toughness (9-13).

Interestingly, in lamellar bone, twisting patterns appear on all
length scales (14) and considerably differ between various species:
While 3D electron microscopy data from mammalian bone tissue
indicate the presence of an unordered phase between highly
aligned collagen fiber bundles (15-17), in anosteocytic fish bone,
continuous tissue twisting between lamellae is reported (18).
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Such a structure is reminiscent of twisted plywood, where chan-
ging fiber angles between adjacent layers significantly improve
the material’'s mechanical performance. Despite the well-known
connection between structure and mechanical function, the proc-
esses causing the emergence of twisted plywood structures in na-
ture remain unclear. One theory suggests that self-assembly of
these biopolymers into liquid crystalline phases gives rise to these
structures (1, 19). Alternatively, it could be alignment of the cells
themselves, which cause long-range order. This has been demon-
strated in studies of cells seeded on flat fibronectin patches of dif-
ferent shapes (20). Cell alignment then influences extracellular
matrix production resulting in the formation of twisted tissue
layers. In this study, we explore tissue formation using one in vitro
bone-like tissue growth model, where a preosteoblastic cell line
(MC3T3-E1) produces tissues containing oriented extracellular
matrix material. Although it is difficult to extrapolate our results
to other tissue types, itis hoped that an understanding of the proc-
esses giving rise to twisted-plywood-like tissues in bone will help
us to reach a better understanding of 3D tissue formation in
general.

Multilayered tissues are difficult to grow in vitro on flat surfaces
in 2D, however, for curved surfaces the situation changes, and
thick tissues can form in which multiple layers of cells can be
found. This is relevant, of course, to processes occurring on the
highly curved surfaces found in trabecular (21, 22) and osteonal
bone (23), where during bone formation a layer of osteoblasts
forms new tissue. The presence of curvature can in turn change
the behavior of cells, modulating pattern formation, and influen-
cing the development of helicoidal tissues (24). To understand the
development of such tissues, it is thus necessary to determine
the role of curvature in the long-range patterning of cells and
the extracellular matrix that they produce.

Surface curvature has been shown to be an important geomet-
ric signal that plays a role in the fate and behavior of single cells
and tissues (25, 26). For instance, mesenchymal stem cells
(MSCs) seeded on convex semi-cylinders aligned preferentially
along the zero curvature or axial direction. In contrast, MSCs
seeded within concave semi-cylinders oriented toward the direc-
tion of highest curvature magnitude perpendicular to the cylinder
axis (27). MSCs are also known to exhibit “curvotaxis” (28) or
curvature-guided migration (27). On negative Gaussian curvature
surfaces, they migrate along concave (valley-shaped) directions
and on sinusoidal surface cells migrate toward the concave val-
leys (28, 29). Multicellular tissues formed by murine preosteoblast
cells (MC3T3-E1) within prismatic pores show higher growth rates
in concave compared with flat regions (30, 31). Tissues grown on
triply periodic minimal surfaces (also with negative Gaussian
curvature) display higher levels of osteogenic differentiation
markers than tissues grown on control scaffolds, indicating that
tissues also respond to surface curvature (32). An important hint
toward the mechanism controlling this curvature sensing is the
observation that a growing tissue has a shape that can be de-
scribed by the Young-Laplace law (33). This link between pressure
(mechanics) and curvature suggests the importance of mechanic-
al signaling in the sensing of curvature by cells and tissues, which
is in turn further supported by computational modeling (34, 35).
Although cellular mechanosensing clearly plays an important
role in curvature-driven cell migration and tissue growth (36,
37), the underlying biological mechanisms are not yet clear.
Recent studies suggest the shape and the deformation of the nu-
cleus (38, 39), the amount and arrangement of focal adhesion for-
mation (28, 39), and the organization of the cytoskeleton (39) as
potential key players in determining curvature sensing by cells.

An additional aspect that is required to understand how geom-
etry influences the development of multilayered tissues is that
cells may display preferential symmetries, preferring to orient
with a left- or right-handed twist with respect to their surround-
ings. The actin cytoskeleton of single cells cultured on a circular
patch exhibits a left-right asymmetry (40-42). Such chiral ar-
rangements were also observed in cell monolayers confined to
surface patches for several cell types (42-44). Remarkably, it has
also been shown that interfering with certain actin-associated
proteins or tempering actin polymerization by drugs can reduce,
eliminate, or even reverse this effect in single cells and cell mono-
layers (42). Symmetry breaking in cell and tissue patterning can
also be observed on hyperbolic surfaces, where preosteoblast-like
cells were shown to self-organize into a left-handed chiral pattern
(33). Itis hard to pin down the ultimate cause of the asymmetric be-
havior of a growing tissue, as asymmetries occur across multiple
length scales and may be causally related (45, 46). Single-cell experi-
ments revealed that the asymmetry of the cytoskeletal proteins
plays an important role in the polarity of cells, which in turn influ-
ences the asymmetry of tissues and organs (40-42).

Hence, it is possible that multilayered twisted-plywood-like
tissues develop through the complex interaction between
mechanical signaling, curvature sensing, and the innate
asymmetry of the tissue-producing cells themselves. To
search for such interactions, investigation of tissues formed
by cells needs to consider the 3D nature of the tissues and es-
pecially the effect of curvature on cells, as well as potential
underlying cellular and subcellular mechanisms causing the
emergence of chiral patterns on higher hierarchical levels.
As tissue shape and, thus, surface curvature change during
growth, curvature-induced cell, and tissue alignment may
adapt with time. We explore the coupling between these as-
pects by growing thick tissues produced by MC3T3-E1 preos-
teoblast cells on rotationally symmetric scaffolds of
constant mean but negative Gaussian curvatures. In this
sense, the term “tissue” refers to all the organic matrix pre-
sent on the scaffold which may be a combination of cells
and extracellular matrix. Tissue orientation is quantified as
a function of growth time by evaluating actin stress-fiber
and collagen-fiber orientation with respect to the principal
curvature directions. Mechanistic insight is gained by compar-
ing wild-type (WT) cells with cells exhibiting impaired nuclear
mechanosensitivity (lamin A/C-deficient cells), as well as
treatment for inhibited actin-polymerization (Latrunculin A),
inhibited myosin II (Blebbistatin), and enhanced actin stress-
fiber formation (transforming growth factor-pl [TGF-B1]). By
measuring how cell and tissue orientation evolve with time,
we start to unravel the complex mechanisms determining
large-scale tissue organization.

Results

Emergence of left-handed chirality in tissue
grown on negative Gaussian curvature surfaces
To assess the role of surface curvature on the organization of tissues
formed by preosteoblast cell cultures, we seeded MC3T3-E1 cells on
two types of negative Gaussian curvature surfaces and investigated
the development of tissue as a function of time. We used rotational-
ly symmetric capillary bridges (33, 47) as one surface type and com-
pared growth results on these surfaces with tissue growth within
pores that are made by casting polydimethylsiloxan (PDMS) around
a capillary bridge. In this way, we can compare cell behavior on sur-
faces with identical Gaussian curvature, but with a mean curvature
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of opposite sign as well as with opposite signs of principal curvatures
(see Materials and methods and Fig. S12).

Before describing the orientation of tissues on these two types
of surfaces, it is useful to define clearly what we mean by tissue
orientation and how it changes in subsequent tissue layers during
growth. This is important as the growth directions of both surfa-
ces go in opposite directions with respect to the rotation axis,
making descriptions of chirality and its change with growth some-
times confusing. For our study, we will define growth on the capil-
lary bridges to be outwards and growth on the pore surfaces to be
inwards. In a previous study (33), we observed that helical actin

capillary bridge pore

A left-handed helix B
(outside-view)

left-handed helix
(inside-view)

Fig. 1. Definition of the fiber angle 6 based on measurements using a) the
outside view or b) the inside view of the same left-handed helix. MC3T3-E1
cells grown on a capillary bridge (c, e, g) and in an oppositely shaped pore
(d, f, h) for 32 days and stained for actin. a, d) 3D illustration of the grown
tissue (PDMS scaffold shown in gray), the angle 6 is measured in the 3D
surface (0°: horizontal). e, f) MIPs of the actin signal, indicating the fiber
angle a. g, h) zoom-in into the respective red indicated areas. Note that a
denotes the fiber angle on the maximum projection image, while 0 is the
fiber angle on the curved surface (see Fig. S13). The two datasets are
representative examples.

stress fibers form in tissues grown on capillary bridges, and we
define the helicity of these stress fibers in the same way, with left-
handed or right-handed chirality of the helical structures
observed. The difficulty is that when we make images of the grow-
ing tissues on the two surface types, we do this from different di-
rections with respect to the helical tissue (Fig. 1a and b). For
example, on capillary bridges, a left-handed helical tissue, when
observed from outside the bridge, would have an angle 6lying be-
tween 0° and 90° with respect to the negative X-axis of the image.
For a tissue with the same helicity but growing within a pore, and
observed from the inside, the angle 6 would lie between 90° and
180° with respect to the negative X-axis of the image (Fig. 1a-d).

We first focus on the quantitative analysis of the actin fiber
alignment on a capillary bridge (Fig. 1a, c, e, g) and a pore
(Fig. 1b, d, f, h) after 32 days of culturing, which reveals the forma-
tion of helical stress fibers with a left-handed chirality for both
sample types. The capillary bridges have fiber angles 6 smaller
than 90° (Fig. 1c) and the pores have fiber angles ¢ higher than
90° (Fig. 1d). The different angles measured for the two sample
types are both indicating a left-handed chiral pattern. This is
due to the differences in imaging conditions: The tissue grown
on the capillary bridge is observed from the outside of the helix,
and the tissue grown in the pore is observed from the inside of
the helix (see Fig. la-d). This formation of a tissue with left-
handed chirality after 32 days is consistent with previous reports
on experiments performed on capillary bridges (33).

Tissue twisting during growth

The observation described above raises several questions: (i) How
consistent is the tendency toward the observed chirality? (ii) At
which time point does the chiral pattern emerge and is the actin
fiber alignment different in earlier culturing stages? (iii) What is
the main factor determining final and potentially transient actin
fiber orientations? To address these questions, we chose a
time-series approach: Capillary bridges and pore samples were
fixed at different time points of culturing (days 4, 7, 11, 16, 23,
and 32) and imaged with light sheet microscopy using a fluores-
cent actin stain.

For capillary bridges, we observed fiber angles ¢ distributed
around 90°, meaning stress fibers are oriented close to meridional
directions (i.e. fibers are close to being parallel with the pore or
bridge rotation axis). At day 4, the tissue orientation (f angle) is
right handed and mainly adopts angles higher than 90°
(day 4: = 110.5°). With ongoing culturing time, § gradually de-
creases and adopts values below 90° after more than 16 days of
culturing. This indicates the tissue gains a left-handed chirality
during growth (day 32: = 80.5°; see Fig. 2c and e).

In contrast to tissue growing on capillary bridges, tissue grown
in pores align consistently around the equatorial direction with
angles being centered around 6 = 180° (or 0°). However, in a simi-
lar manner to capillary bridge tissues, at early stages (e.g. day 4)
the tissue has a right-handed chirality (day 4: = 34.9°) and also
gradually shifts toward a left-handed chirality with increasing
culturing time (day 32: = 151.1° see Fig. 2g and i).

Negative Gaussian curvature implies that any line on a surface,
and thus the cells and stress fibers, can have positive, negative, or
even zero curvatures, depending on their local orientations. As the
sign of curvature is somewhat arbitrary, we define a concave dir-
ection as one that has a negative normal curvature in that direc-
tion. An example would be the meridional direction on an
inward waisting capillary bridge. A convex direction would have
positive normal curvature, such as the equatorial line around
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Fig. 2. Evolution of the cell orientation of tissues grown a) on capillary bridges and b) in scaffold pores. Images are MIPs of samples stained for actin fixed at
day 4 (yellow), 7 (turquois), 11 (green), 16 (red), 23 (blue), and 32 (black), respectively (scale bars: 100 um). c, g) histograms of the actin fiber angle distribution
averaged over all samples with the same culturing time; d, h) histograms of the measured normal curvature along the ¢ direction (k) averaged over all samples
with the same culturing time. Shaded regions refer to the SE of the mean for each bin; (e, f, i, j) median, interquartile intervals, and range of the peak 6 angles,
and ky values are presented as a box and whisker plot. Single sample histograms of all samples are shown in Figs. S1 and S2. The number of independent

samples for every time point are: ncg day 4 = 5, Mcp day 7 = 5, e day 11 = 5, cB day 16 = 5, McB day 23 = 5, 1IcB day 32 = 5, &) Mpore day 4 = 29, Neore day 7 = 17, Neore day 11 = 17,
Npore day 16 = 16, Neore day 23 = 7, Npore day 32 = /. Statistical significance between most frequent § angles and 90° (e) or 180° (i) or most frequent curvature kyand ky=

0.1/pm (£, j) is indicated with P <0.05 (*), P <0.005 (*), and P <0.001 ().

the waist of a capillary bridge. Clearly, on the pores, the signs of
principle curvature swap with respect to the capillary bridges,
meaning the equatorial lines are concave and meridians are con-
vex using this definition.

We used 3D models of the experimental surfaces to evaluate
the normal curvature ky of the fibers. kg was found to be relatively
constant for the capillary bridges over the entire culturing time
with typical values of —0.002 pm™" (Fig. 2d and f), indicating the
tissue’s tendency to consistently align along slightly negative
curvature (concave) directions. Surprisingly, in tissues grown in
pores, an alignment along concave directions was also observed
(Fig. 2h and j). The curvature distributions of fibers within the
pores are broader than those of the capillary bridges. An
interesting similarity is that for both sample types, the
curvature at day 4 is similar (kg(pore, day4)= -0.0018 pm~1,
ky(CB, day 4) = —0.0013 um™). On both surface types, the normal
curvature k, becomes more and more negative during growth,
with only the last data points of the tissues grown in pores
(day 32), showing a slight increase in curvature. For all samples
and time points, ky was highly significantly different from 0.

The 6 values reflect the actin alignment on the tissue surface at
different time points and allow us to hypothesize about changes in
tissue orientation with growth. In both sample types, the actin fiber-
orientation changes from a right-handed helix to a left-handed one
during growth. This implies a negative twist for both tissues grown
in pores and on capillary bridges. This consistent twisting of the hel-
ical orientation of the actin stress fibers as a function of growth time
potentially suggests that multiple cell layers form a twisted ply-
wood structure. An alternative explanation is that cells in the
bulk reorient themselves with time and, hence, no correlation be-
tween fiber orientation on the surface and in the bulk should be
found. To test this, we performed an analysis of the fiber orientation
as a function of depth of the tissues.

Conserved fiber orientation of the tissue

As the results in Fig. 2 indicate that orientation of newly deposited
tissue changes with growth, we next determined how the tissueis
organized below the surface. We define any change in helicity
with growth as the twist, with a positive twist meaning the angle
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0 increases as the tissue grows (outwards [capillary bridge] or in-
wards [pore]) and a negative twist means the angle 6 decreases
with increasing layer thickness (Fig. 3, black arrows). To do this,
we measured the actin fiber orientation at the neck region of
each image of the image stacks derived from the light sheet data-
sets after 16 days of culturing (see Fig. 3). This time point was
chosen as this is the first time point where a flip toward a left-
handed chirality is shown (see Fig. 2). On the capillary bridges,
the tissue below the surface (~60 pum) aligns in a right-handed
chiral pattern with fiber angles above 90°, whereas the surface tis-
sue exhibits angles below 90° (Fig. 3e). This is consistent with the
negative twist observed in surface actin orientation from the time
series experiments described above. As also visible in Video S3
(left panel), only one twist event is observed, and there is no clear
separation between the cell layers. A similar twisted-plywood-like
organization is also observed in the pore samples (Fig. 3f). The two
datasets shown in Fig. 3 are representative examples. For both
sample types, nearly all of the obtained datasets showed a com-
parable behavior (Figs. S3 and S4).

Collagen fibers follow actin stress-fiber
orientation

As MC3T3-E1 cells treated with ascorbic acid (included in our
growth medium) are known to synthesize highly ordered collagen
fibrils (48), we next investigated the collagen fiber alignment in-
side the tissue. Confocal and second harmonic generation depth
scans were performed to obtain the orientation of collagen and ac-
tin fibers of tissue grown on capillary bridges for 16 days. This ana-
lysis led to two main results. (i) In the outer layers of the tissue
actin is present but no collagen (Fig. 4c, red box), while deeper re-
gions contain both actin and collagen (Fig. 4c, magenta and blue).
The offset of the collagen signal relative to the actin is 5-10 ym
(Fig. 4a). (il) From Fig. 4b as well as from the selected slices shown
in Fig. 4c, it is clearly visible that actin and collagen fibers are ori-
ented in similar directions. This is observed throughout the entire
sample, thus indicating a consistent co-alignment of cellular and
extracellular components (see also Videos S1-S3).

Investigating the role of nuclear mechanosensing,
cytoskeleton, and contractility

To obtain mechanistic insight into the change of the cellular
orientation during culture, we first tested the impact of lamin
A/C deficiency associated with impaired mechanosensing of the
nucleus (49). Therefore, lamin A/C-deficient MC3T3-E1 cells
(LAC-ko) were generated using the CRISPR/Cas9 system (for de-
tails, see supplementary material and Fig. S6) and were grown
on capillary bridge samples. At the beginning of cell culture (day
7), LAC-ko cells show a right-handed chirality with 0 angles clearly
larger than observed in WT cells. In contrast to the WT cells, there
was no twist of the growing tissue toward a left-handed chirality
(see Fig. 5). Instead, the tissue retained the original right-handed
chiral pattern even after 32 days of tissue culture. The develop-
ment of ky, was remarkably similar in both groups (Fig. 5d).
Visually, the tissue formed by the LAC-ko cells appears to be
much looser compared with the WT tissue (Fig. 5e and f).

To investigate the effect of the cytoskeleton and contractility,
MC3T3-E1 cells grown on capillary bridges were treated with either
Blebbistatin (inhibition of myosin II), TGF-B1 (stabilization of actin
stress fibers; decreased motility), or Latrunculin A (LatA; inhibition
of actin fiber assembly). Samples were fixed on days 7 and 32.
Blebbistatin-treated samples show at days 7 and 32 a left-chiral
alignment, while the controls exhibit a flip from right to left during

this period (Fig. S8). In contrast, TGF-p1 treatment leads to right chir-
al arrangement at both time points, indicating a conservation of the
right handedness (Fig. S9). With LatA treatment, a nonsignificant
trend toward smaller 6 angles was observed for day 7, while 6 was
significantly smaller compared with control at day 32, where also
a left-handed chirality was observed as in the controls (Fig. S10).

To exclude the effect of dimethyl sulfoxide (DMSO), which is
used as a solvent for Blebbistatin and LatA, additional samples
were treated with DMSO only. In this case, no significant effect
on the tissue organization compared with the control samples
was observed (Fig. S11).

Discussion

There are three main aspects that we learn from observing the time-
and depth-dependent organization of tissues formed by preosteo-
blast (MC3T3-E1) cells on negative Gaussian curvature surfaces:

(i) We observed that during cell culture, there was a consistent
change in the orientation of the surface tissue layer relative
to the tissue directly beneath it. This suggests that the cells
sense underlying tissue orientation and then produce a new
orientation with a negative twist. Depth profile measure-
ments demonstrated that this arrangement is preserved in
the bulk, thus resulting in tissue organized similar to parts
of a “twisted-plywood-like tissue” (1). Our results further
suggest that the cells located below the surface layer
(~10 pm below the tissue surface) lay down a collagen ma-
trix which is co-aligned with the cell’s actin cytoskeleton,
thus hinting at the mechanism giving rise to extracellular
matrix organization in such tissues.

(ii) The normal curvature along the main actin fiber direction
was always negative (concave). Despite the change in
mean surface curvature during growth, the normal curva-
ture remained close to —0.002 pm™" for both, capillary
bridges and pores (with a larger scatter in the data for the
latter). This suggests a mechanism by which a twist in orien-
tation appears in order for the growing tissue layer to retain
this preferred curvature. A consequence of this is that fiber
orientation in a growing tissue is strongly mediated by
changes in surface geometry due to growth.
The results reveal a consistent change in tissue chirality.
While in early tissue culture stages, actin stress fibers and
collagen are oriented in a right-handed chiral structure (ca-
pillary bridges: 90<6<180, pores: 180<6<270), after
around 2 weeks of tissue culture a left-handed chirality is
adopted. This behavior revealed to be remarkably similar
for both sample types. It is still unclear how the first layer
of tissue becomes ordered in the early stages of growth
and what triggers the observed changes in orientation.

(iif

=

We hypothesize that the underlying mechanism of tissue pat-
terning is linked to the mechosensitivity of the employed cells.
Compared with the WT tissues, tissues formed by a lamin A/C-
deficient cell line as well as those of tissues treated with drugs to
modulate actin-myosin contractility displayed modified twisting
behavior. After short culturing times, lamin A/C-deficient cells
and cells treated with Blebbistatin or TGF-B1 form spiral patterns,
but different to WT cells, longer culturing times do not lead to a
change in chirality and thus to the absence of tissue twisting. This
might indicate that especially the extent of twisting is sensitive to
disturbances in the actin skeleton and nuclear lamins. This
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Fig. 3. Actin fiber orientations at different depths below the tissue surface of MC3T3-E1 cells grown for 16 days on a capillary bridge (a, c) or inside a pore
scaffold (b, d). Each data point represents the result of a fiber-orientation measurement of a single slice within a region of 200 x 200 um?. e, f) Fluorescence
images showing the actin fiber arrangement in selected slices (frame color corresponds to line in plot, brightness/contrast is adjusted to compensate for
signal loss below the surface). The sketches illustrate the spatial and temporal development of the fiber orientations for both setups. The black arrows in
counter-clockwise direction indicate that in both cases a negative twist is present with ongoing tissue growth. The two datasets are representative
examples; results for other samples can be found in Figs. S3 and S4 and Videos S1 and S2. Also, video of a depth profile is shown in Video S3.

hypothesis is supported by observations that Blebbistatin treat-
ments lead to less pronounced stress fibers and a modification in tis-
sue structure (33, 50). Other recent studies have shown a connection
between curvature, matrix stiffness, actin cytoskeleton, and lamin
A/C levels. For example, lamin A/C levels increase with curvature
as well as with surface stiffness, the latter being dependent on acto-
myosin (51-54). Although the exact mechanism underlying cell
layer alignment and twisting is not yet known, it is possible that
Yes-associated protein 1 signaling is involved, which functions in
mechanotransduction and bone development and is decreased by
lamin A/C deficiency (51, 55, 56). Additionally, impaired cell migra-
tion, which has been observed in fibroblasts lacking lamin A/C
(57), might also be accountable for the defective twisting behavior
in our LAC-ko cells. Cell migration plays an essential role in the or-
dered formation of bone tissue (58) and is influenced by surface top-
ology (26, 59, 60). Another aspect that remains open is the role of the
preexisting extracellular matrix on cell alignment. Connections be-
tween cells, giving rise to the stress fibers, and extracellular matrix

enables geometric sensing to occur at length scales much larger
than the size of a single cell itself (36, 37). More detailed imaging
will be required to fully understand this.

Low doses of LatA were shown in literature to result in inverted
chirality of fibroblasts in single cell and tissue sheets (42). This was
not observed in our study on MC3T3-E1 cells. The drug, however,
led to a more pronounced clockwise rotation of the tissue which is
observed by smaller 8 angles at the end of the culture compared
with the control samples. The inhibiting effect of TGF-B1 on the
twist might be explained by a higher contractility of the cells as
well as their decreased motility (61). Surprisingly, the decrease
of contractility by Blebbistatin led already at the beginning
of the tissue formation to a left-handed orientation, which contin-
ued to be so until the end of the culture. Although the specific
mechanisms remain unknown, these data suggest that the emer-
gence of chirality and tissue twisting is under cellular control and
is influenced by nuclear mechanosensing and actin cytoskeleton
properties.


http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae121#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae121#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae121#supplementary-data

Schambergeretal. | 7

[=2]
=]
7
[=2]
(=]
\1

slice position [um] >
N I
O_ (] o
slice position [um] O
B
(=]

N
o
VN

\\

o

0 0256 05 075 1
norm. signal intenstity (a.u)

45 90 135
fibre angle [degree]

(=]

e
50 pm

Fig. 4. Co-alignment of actin and collagen fibers. a) intensity profiles of
the actin (green) and collagen (black) image stacks (moving from outside
the sample (0) 70 pm deep into the sample); b) results of the fiber angle
evaluation for actin (green) and collagen (black); very low intensity
regions are shown in light colors; vertical lines correspond to the selected
image slices shown in ¢): actin (upper panel) and collagen (second
harmonic generation signal, lower panel). Image brightness and contrast
settings were adjusted for visibility. More datasets are given in Fig. S5 and
Video S3.

As the chosen MC3T3-E1 cells are preosteoblastic, it is remark-
able that the observed tissue twisting presents similarities of what
is found in bone. Osteons located in human long bone, for ex-
ample, exhibit a typical lamellar structure which originates
from mineralized collagen bundles with periodically changing fi-
ber angles (9-13). While in our in vitro setup, a geometrically rela-
tively simple twisting pattern was observed, 3D electron
microscopy of human osteons revealed a more sophisticated
geometry of the twisting fibers (15). Hence, the results of the
in vitro approach do not reflect the full complexity of the collagen
alignment in bone. Despite the differences in tissue organization
and composition (a highly mineralized collagen extracellular ma-
trix vs. a loosely packed cell-collagen tissue), it is likely that the
emergence of a chiral tissue structure observed in our in vitro mod-
el system is triggered by similar processes responsible for the
twisted structures seen in vivo within bone. This difference in tis-
sue composition also has implications for potential growth mech-
anisms. Since lamellar bone is formed via appositional growth
(osteoblasts laying down a collagen-rich matrix which eventually
mineralizes) in the presented study, we found a cell-rich tissue po-
tentially also allowing for interstitial growth via cell proliferation
or the secretion of ECM below the tissue surface. Since this work
mainly focuses on tissue alignment, the lack of knowledge about
the dominant growth mechanism is a limitation and needs to be
explored in future experiments. This is especially important
when investigating mechanisms leading to the overall tissue
shape. We previously demonstrated that tissue grown by the

same cell line on capillary bridges adopts shapes known from flu-
ids with isotropic surface tension, thus forming constant-mean
curvature (Delaunay) surfaces (33). Further theoretical work in-
vestigated how the presence of fibrous tensile elements that fol-
low geodesic lines on the surface, may modulate tissue shape,
as it might be the case for highly aligned and orientated cell sys-
tems (34). For the fiber angles observed in experiments, macro-
scopic surface geometries were remarkably similar to the
Delaunay surfaces. The main difference is that fiber angles can
strongly modulate internal tissue pressure, thus strengthening
the role of mechanosensing in tissue orientation.

Neville cites three possible mechanisms leading to the forma-
tion of helicoidal or twisted plywood tissues in biological materi-
als (1): self-assembly of molecules, directed assembly by cellular
mechanisms, or mechanical reorientation. We suggest that in
our model system, the development of a twisted, plywood-like tis-
sue relies on a mixture of the first and second mechanisms, in
which the cells self-organize into ordered arrays resembling liquid
crystals, and then control collagen alignment. Although Neville's
work considered molecules which passively self-assemble also
contractile forces mediated by the cell’s cytoskeleton may be con-
sidered in growing biological tissues (34). Further data suggest
that cells may also spontaneously align like liquid crystals on a
surface (20, 62, 63). Hence, it remains open if the tissue alignment
observed in our experiments is a result of a direct cellular re-
sponse to the imposed curvature, if physical principles are utilized
to create a complex shape or if the observed pattern is formed by
simply adapting an energetically preferable state due to the cell’s
contractile properties. Although our data provide insight into the
mechanism for tissue organization, we, however, cannot say why
the first layer of cells has the orientation it does as in principle
both left- and right-handed chirality of tissue layers should allow
cells to experience identical curvatures. Interestingly, there are
examples found in nature of inherently unstable inanimate sys-
tems, where slight disturbances lead to an emerging chiral-like
pattern as found in the plughole vortex in a bath tub. When re-
moving a plug from a tub filled with perfectly still water, theoret-
ically no vortex will be formed. However, even the smallest
asymmetry leads to the formation of a complex wrinkled chiral
structure (64). As energetically left and right chiral vortices are
identical, the chirality of the final structure depends on the initial
disturbance. If the cells on the curved surface in our experiment
form an unstable system upon confluency, it is thinkable that
the intrinsic left-right polarity acts as such a disturbance and,
hence, determines the direction of the emerging pattern. Indeed,
it was shown that different cell lines, including the cell-line em-
ployed in this project, exhibit a left-right polarity (42, 65). Once
the first layer of cells has formed, subsequent cell layers are de-
posited in manner such that they can keep aligned with the pref-
erential curvature direction giving rise to a twist relative to the
layer below. As the tissue thickens collagen is produced in an al-
ready helical environment of cells and tissues, thus freezing this
helical arrangement into place. This is in contrast with the hy-
pothesis that procollagen molecules form a liquid crystal phase
and, thus, shape the emerging tissue in bone (66). This alternative
hypothesis is based on the observation that also in the absence of
cells under well-controlled conditions, collagen can spontaneous-
ly form cholesteric liquid crystalline phases similar to a twisted
plywood arrangement. Since it remains open to which extent
this process may take place in a more complex environment,
our results do not dispute the importance of self-organization
processes of collagen but show that also processes at the level
of cells can give rise to the emergence of twisted helices. It is
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Fig. 5. Cell orientations of lamin A/C-deficient MC3T3-E1 cells (LAC-ko, solid lines, gray boxes) compared with WT (dashed lines, empty boxes) grown on
capillary bridges. a) Histograms of the actin fiber angle distribution averaged over all samples with the same culturing time. Shaded regions refer to the SE of
the mean for each bin. b) Histograms of the measured normal curvatures along the fiber direction averaged over all samples with the same culturing time. c)
Mean and standard distribution of the peak 6 angles and d) the curvature along the fiber direction. e, f) Two examples of the center regions after 32 days of
culturing. Symbols are used toindicate the respective valuesin c) and d). Sample numbers: n =5 for each group. Histograms for the single samples are found in
Fig. S7. Statistical significance between WT and LAC-ko for each time point is indicated with not significance (n.s.), P<0.005 (**) and P < 0.001 (**).

becoming clearer that cellular control plays a crucial role; how-
ever, we still do not understand how cells sense curvature al-
though data give some hints as to the importance of
mechanosensing. The hypothesis that the twist in tissue orienta-
tion is linked to changing curvature opens up some new predic-
tions, which potentially can be tested experimentally. During
remodeling of cortical bone, osteoblasts follow the cutting cone
of osteoclasts depositing oriented tissue in the osteoclasts wake.
If surface curvature indeed mediates cell and collagen orienta-
tion, then the speed of cell migration, and osteoclast resorption
would also play an important role in tissue orientation, perhaps
explaining the variation in osteonal structures seen in vivo (67).

In conclusion, the presented results reveal the importance of
surface curvature for tissue alignment in a model system for
bone formation. Curvature sensing, mediated by actin-myosin
cell contractility and the nuclear lamins, enables the cells to align
in particular curvature directions which change as growth pro-
ceeds. This change results in the formation of a layer of
twisted-plywood-like tissue. We demonstrate that such tissues
can be formed in vitro, this alone gives us a new model system to
help understand how complex multifunctional materials are
formed by fibrous building blocks and to potentially control and
optimize tissue orientation in the future.

Materials and methods
Manufacturing of PDMS capillary bridges

Capillary bridges were fabricated, according to the routines de-
scribed previously (33, 47). For the fabrication of the scaffolds,

the Sylgard 184 Elastomer Kit (Dow Corning, USA) was used with
a mixing ratio of 10 parts base with 1 part curing agent (weight:
weight). After mixing the base with the curing agent, PDMS was
degassed in vacuum for 20 min. Using a syringe pump (New Era
Pump Systems, NY, USA), the PDMS was transferred to cylindrical
aluminum pillars facing to each other with a radius of 1 mm. The
amount of liquid dispensed on the pillars corresponding to the
volume of the final capillary bridges and, therefore, was adjusted
for the individual capillary bridge sizes. The pillars were moved
together so that the PDMS liquid droplets got in contact and a li-
quid bridge formed between two pillars. The distance between
the pillars was adjusted to 1.25 mm, which corresponds to the
height of the resulting capillary bridges. The capillary bridges
were cured at 120°C for 20 min.

Manufacturing PDMS pores with negative
Gaussian curvature

The capillary bridges manufactured above were furthermore used
as templates for pores with a negative Gaussian curvature. A thin
layer of PDMS (see mixing procedure in the last paragraph) was
applied on a 4-inch silicon wafer by spin coating (1,100 rpm,
1 min, spin coater, Laurell Technologies Corporation, PA, USA).
The capillary bridges were placed with a tweezer on the wafer
and cured for 2 h at 80 °C. For the casting of PDMS, a method de-
scribed in Ref. (68) was used: The wafer with the capillary bridges
was treated with oxygen plasma (50 W, 1 min, Emitech K1050X)
and afterwards directly placed in a bath of 100% ethanol for
30 min in vacuum and dried for 30 min at 80°C. A polymethylme-
thacrylat frame was glued on the wafer surrounding the capillary
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bridges and filled with PDMS while avoiding complete coverage of
the capillary brides. Finally, the samples were placed in vacuum
for 20 min and cured at 80°C for 2 h. The PDMS with the pores
was manually detached from the capillary bridges and cut into
an appropriate size for cell culture. A graphical description is
shown in Fig. S12.

Functionalization of PDMS scaffolds

The surfaces of the PDMS scaffolds were functionalized using a
combination of plasma treatment, (3-aminopropyl)triethoxysi-
lane (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) and
glutaraldehyde (Carl Roth GmbH + Co, Karlsruhe, Germany) to co-
valently bind fibronectin (Sigma-Aldrich Chemie GmbH) to the
surface. The method was adapted from Tan and Desai (69) and de-
scribed in detail in Ehrig et al. (33).

Cell line

For all experiments, except the lamin A/C deficient and the
collagen imaging, MC3T3-E1 cells were used. For the lamin
A/C-deficient experiments, MC3T3-E1 LAC-ko and MC3T3-E1 cells
were provided by the Ludwig Boltzmann Institute of Osteology.
MC3T3-E1 cells were also used for imaging the collagen organiza-
tion. LAC-ko cells were generated using the CRISPR/Cas9 system
(for details, see supplementary material and Fig. S6).

All cells were tested regularly for mycoplasma contamination,
and the MC3T3-E1 cells were authenticated by short tandem re-
peat (STR) analysis (Microsynth, Balgach, Switzerland).

Cell culture

Murine preosteoblast cells MC3T3-E1 were seeded on the scaffolds
with a density of 10° cells/cm? and cultured using e-minimum es-
sential medium (Sigma-Aldrich Chemie GmbH) supplemented
with 4,500 mg/L p-(+)-glucose (Sigma-Aldrich Chemie GmbH),
10% fetal bovine serum (Gibco, Life Technologies Limited,
Paisley, UK), 50 pg/mL r-ascorbic acid (Sigma-Aldrich Chemie
GmbH), and 1% penicillin-streptomycin (Sigma-Aldrich Chemie
GmbH). The samples were incubated at 37°C and 5% CO; in hu-
midified atmosphere. Cell seeding resulted in mainly separated
cells which form a confluent layer after typically 2-3 days of cul-
turing. The scaffolds were transferred into new plates every 7 days
starting from day 4. The cell culture media was exchanged every 2
to 3 days beginning at day 4 unless otherwise stated.

Blebbistatin/TGF-p1/Latrunculin A

To change the contractility of the cytoskeleton, the treatment of
the samples with three different drugs was performed starting
at day 4 after seeding until the end of the experiment: myosin II
inhibitor Blebbistatin to inhibit the myosin-actin contractility;
TGF-B1 to enhance the contractility and stabilize the cytoskeleton
or Latrunculin A to inhibit actin assembly. (—)-Blebbistatin
(Sigma-Aldrich Chemie GmbH) was added to the growth media
at a final concentration of 2 uM with 0.1% DMSO (Sigma-Aldrich
Chemie GmbH). The recombinant human TGF-p1 (Invitrogen,
MD, USA) was added at a final concentration of 1 ng/mL. The actin
monomer-binding toxin Latrunculin A (Millipore, Darmstadt,
Germany) was added at a final concentration of 20 nM with 0.1%
DMSO. To exclude the effect of the solvent DMSO, additional sam-
ples were treated with 0.1% DMSO in the same period.

Fluorescent staining and imaging

The tissue was fixed at the end of each experiment with 4% paraf-
ormaldehyde in phosphate-buffered saline (PBS; Alfa Aesar,

ThermoFisher GmbH, Kandel, Germany) for 5 min at room tem-
perature followed by thoroughly washing using 1x Dulbecco’s
PBS (DPBS; Sigma-Aldrich Chemie GmbH). The tissue was permea-
bilized with 1% Triton X-100 (Sigma-Aldrich Chemie GmbH) be-
tween 3 h to overnight at 4°C and washed extensively with 1x
DPBS. To visualize F-actin, samples were stained for 90 min with
1.65x10~ M Alexa Fluor 488 phalloidin (Invitrogen, Life
Technologies Corporation, Oregon, USA) in 1x DPBS. The tissue
was again washed with 1x DPBS and to visualize the cell nuclei,
the tissue was incubated for 5 min with 1 pM TO-PRO-3 iodide
(Invitrogen, Life Technologies Corporation) followed by washing
with 1x DPBS (nuclei data not shown). Prior to the imaging of
the pore samples, after fixation and staining, the samples were
cryo-embedded in optimal cutting temperature compound em-
bedding matrix (Cellpath, Newtown, UK) and opened by cutting
into half, followed by embedding 1% low melting agarose (Carl
Roth GmbH + Co) for imaging at room temperature. For fluores-
cence imaging of capillary bridges and opened pores, a Zeiss Z1
light sheet fluorescence microscope was used. The fixed tissue
was placed in the imaging chamber filled with deionized H,0. A
Plan Apochromat 20x/1.0 Corr DIC water immersion objective
lens was used and a 488- and 633-nm excitation laser. To image
F-actin, the SBS LP560 beam splitter was employed. 3D data
were generated by performing z-stacks with 0.63 pm lateral pixel
size and 1.2 ym z-step size. For further analysis, maximum inten-
sity projections (MIP) of the stacks were used. Due to the attenu-
ation of the fluorescence signal from regions inside the tissue,
actin fibers on the surface are distinctly brighter than those below.
Hence, in the MIPs, mainly the tissue surface is visible. For im-
aging collagen with two-photon excitation, a SP8 (Leica
Microsystems GmbH, Wetzlar, Germany) confocal laser-scanning
microscope equipped with pulsed tunable laser (Maitai, Newport
Corporation, CA, USA) was used. The excitation wavelength was
set to 910 nm while acquiring the emission signal in a spectral
window between 430 and 470 nm. The Alexa Fluor 488 phalloidin
signal was also acquired for each slice. Image stacks were ob-
tained with a voxel size of 0.606 x 0.606 x 2 pm. The images were
acquired using a Fluostar VISIR 25x/0.95 water objective.

Analysis of fiber alignment

The actin fiber alignment was derived from light sheet microscopy
fluorescence data of fixed and stained samples. Due to the aniso-
tropic resolution, instead of using full 3D data, our results are
based on MIPs as described above. In short: First, MIPs of the fluor-
escence images were performed, obvious artifacts, like dust par-
ticles, were masked and excluded from the further analysis, and
the fiber direction in the projection plane was derived (a). To cal-
culate the fiber angle on the sample surface (), vectors represent-
ing the fiber orientation were projected on rotational symmetric
representations of the scaffold using in-house developed Matlab
routines (Mathworks Inc., MA, USA, v 2020a). Edge regions as
well as regions more than 300 um above/below the neck center
were excluded from the evaluation to avoid boundary artifacts.
The routines for the fiber angle alignment are based on the work
published in Ref. (33). In ~80% of the capillary bridge samples
and ~20% of the pore samples, it was possible to also obtain § an-
gles from the backside or second sample half, respectively. In this
case, data from both measurements are included in the respective
histograms. For every location where 6§ was evaluated, also kg, the
normal curvaturein ¢ direction was derived. This was done by first
calculating the principal curvatures (largest and smallest curva-
ture) at the location and then using the Euler theorem of
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differential geometry to derive the curvature in the direction of 6.
A more detailed description of the evaluation procedure is sum-
marized in the supplementary material and Fig. S13.

Statistical analysis

Statistical analyses were performed using Matlab. To compare
two sample cohorts, the most frequent 0 or ky value of every sam-
ple (histogram peak position) served as input data for a two sam-
ple t test. When testing whether 6 or ky are significantly different
to a given value, a one sample t test was chosen. Differences of
P <0.05 are considered as significant.

Acknowledgments

The authors thank Peter Steinbacher for his support in sample
preparation. B.S. thanks Daniel Hoeckner for his support in image
analysis.

Supplementary Material

Supplementary material is available at PNAS Nexus online.

Funding

The authors declare no funding.

Author Contributions

B.S.,, AR, and]J.W.C.D. designed the study. B.S. performed the ex-
periments. B.S. and A.R. performed the sample imaging, analyzed
the images, and wrote the original draft of the manuscript. B.S.,
S.E., T.D., CMB,, P.F., JW.CD, and AR. interpreted the data.
T.D. and S.S. prepared and provided the MC3T3-E1 LAC-ko cells.
All authors reviewed and edited the manuscript.

Preprints

An earlier version of this manuscript was posted on a preprint ser-
ver: https://doi.org/10.1101/2023.09.04.556075.

Data Availability

Images and scripts used for the fiber analysis are available via the
open Zenodo data repository https:/zenodo.org/ (doi: https:/doi.
org/10.5281/zenodo.10816679). In addition to the MIPs, also two
examples of full 3D datasets are provided (one capillary bridge
and one pore). All full 3D raw datasets are stored at the local ser-
ver of the University of Salzburg and are available to interested
scientists upon request.

References

1 Neville AC. 1993. Biology of fibrous composites: development beyond
the cell membrane. New York (NY): Cambridge University Press.

2 Dunlop JWC, Fratzl P. 2010. Biological composites. Annu Rev
Mater Res. 40:1-24.

3 Wagermaier W, et al. 2006. Spiral twisting of fiber orientation in-
side bone lamellae. Biointerphases. 1:1-5.

4 Raabe D, Sachs C, Romano P. 2005. The crustacean exoskeleton
as an example of a structurally and mechanically graded bio-
logical nanocomposite material. Acta Mater. 53:4281-4292.

5 Eder M, Schéaffner W, Burgert I, Fratzl P. 2021. Wood and the ac-
tivity of dead tissue. Adv Mater. 33:2001412.

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Song Z,Ni'Y, CaiS. 2019. Fracture modes and hybrid toughening
mechanisms in oscillated/twisted plywood structure. Acta
Biomater. 91:284-293.

Fischer FD, Kolednik O, Predan J, Razi H, Fratzl P. 2017. Crack
driving force in twisted plywood structures. Acta Biomater. 55:
349-359.

Griinewald TA, et al. 2020. Mapping the 3D orientation of nano-
crystals and nanostructures in human bone: indications of novel
structural features. Sci Adv. 6:eaba4171.

Peterlik H, Roschger P, Klaushofer K, Fratzl P. 2006. From brittle
to ductile fracture of bone. Nat Mater. 5:52-55.

Koester KJ, Ager JW, Ritchie RO. 2008. The true toughness of hu-
man cortical bone measured with realistically short cracks. Nat
Mater. 7:672-677.

Reznikov N, Shahar R, Weiner S. 2014. Bone hierarchical struc-
ture in three dimensions. Acta Biomater. 10:3815-3826.

Reznikov N, Bilton M, Lari L, Stevens MM, Kroger R. 2018.
Fractal-like hierarchical organization of bone begins at the nano-
scale. Science. 360:eaa02189.

Varga P, et al. 2013. Investigation of the three-dimensional orien-
tation of mineralized collagen fibrils in human lamellar bone us-
ing synchrotron X-ray phase nano-tomography. Acta Biomater. 9:
8118-8127.

Buss DJ, Kroger R, McKee MD, Reznikov N. 2022. Hierarchical or-
ganization of bone in three dimensions: a twist of twists. J Struct
Biol X. 6:100057.

Reznikov N, Shahar R, Weiner S. 2014. Three-dimensional struc-
ture of human lamellar bone: the presence of two different ma-
terials and new insights into the hierarchical organization. Bone.
59:93-104.

Buss DJ, Reznikov N, McKee MD. 2020. Crossfibrillar mineral tes-
sellation in normal and Hyp mouse bone as revealed by 3D
FIB-SEM microscopy. J Struct Biol. 212:107603.

Reznikov N, Almany-Magal R, Shahar R, Weiner S. 2013.
Three-dimensional imaging of collagen fibril organization in
rat circumferential lamellar bone using a dual beam electron
microscope reveals ordered and disordered sub-lamellar struc-
tures. Bone. 52:676-683.

Atkins A, et al. 2015. The three-dimensional structure of anosteo-
cytic lamellated bone of fish. Acta Biomater. 13:311-323.
Giraud-Guille MM, Besseau L, Martin R. 2003. Liquid crystalline
assemblies of collagen in bone and in vitro systems. ] Biomech.
36:1571-1579.

Duclos G, Garcia S, Yevick HG, Silberzan P. 2014. Perfect nematic
order in confined monolayers of spindle-shaped cells. Soft Matter.
10:2346-2353.

Callens SJP, Tourolle Né Betts DC, Milller R, Zadpoor AA. 2021.
The local and global geometry of trabecular bone. Acta
Biomater. 130:343-361.

Jinnai H, et al. 2002. Surface curvatures of trabecular bone micro-
architecture. Bone. 30:191-194.

Maggiano IS, et al. 2016. Three-dimensional reconstruction of
Haversian systems in human cortical bone using synchrotron
radiation-based micro-CT: morphology and quantification of
branching and transverse connections across age. ] Anat. 228:
719-732.

Schamberger B, et al. 2023. Curvature in biological systems: its
quantification, emergence, and implications across the scales.
Adv Mater 35:2206110.

Baptista D, Teixeira L, van Blitterswijk C, Giselbrecht S,
Truckenmiller R. 2019. Overlooked? Underestimated? Effects
of substrate curvature on cell behavior. Trends Biotechnol. 37:
838-854.


http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae121#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae121#supplementary-data
https://doi.org/10.1101/2023.09.04.556075
https://zenodo.org/
https://doi.org/10.5281/zenodo.10816679
https://doi.org/10.5281/zenodo.10816679

Schambergeretal. | 11

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

Callens §J, Uyttendaele RJ, Fratila-Apachitei LE, Zadpoor AA.
2020. Substrate curvature as a cue to guide spatiotemporal cell
and tissue organization. Biomaterials. 232:119739.

Werner M, Petersen A, Kurniawan NA, Bouten CVC. 2019.
Cell-perceived substrate curvature dynamically coordinates
the direction, speed, and persistence of stromal cell migration.
Adv Biosyst. 3:1900080.

Pieuchot L, et al. 2018. Curvotaxis directs cell migration through
cell-scale curvature landscapes. Nat Commun. 9:3995.

Vassaux M, Pieuchot L, Anselme K, Bigerelle M, Milan J-L. 2019. A
biophysical model for curvature-guided cell migration. Biophys J.
117:1136-1144.

Bidan CM, et al. 2013. Geometry as a factor for tissue growth: to-
wards shape optimization of tissue engineering scaffolds. Adv
Healthcare Mater. 2:186-194.

Bidan CM, et al. 2012. How linear tension converts to curvature:
geometric control of bone tissue growth. PLoS One. 7:€36336.
Yang Y, et al. 2022. Gaussian curvature-driven direction of cell
fate toward osteogenesis with triply periodic minimal surface
scaffolds. Proc Natl Acad Sci U S A. 119:e2206684119.

Ehrig S, et al. 2019. Surface tension determines tissue shape and
growth kinetics. Sci Adv. 5:eaav9394.

Fratzl P, Fischer FD, Zickler GA, Dunlop JWC. 2022. On shape
forming by contractile filaments in the surface of growing tis-
sues. PNAS Nexus. 2:pgac292.

Hegarty-Cremer SGD, Simpson MJ, Andersen TL, Buenzli PR.
2021. Modelling cell guidance and curvature control in evolving
biological tissues. ] Theoret Biol. 520:110658.

Kollmannsberger P, Bidan CM, Dunlop JWC, Fratzl P, Vogel V.
2018. Tensile forces drive a reversible fibroblast-
to-myofibroblast transition during tissue growth in engineered
clefts. Sci Adv. 4:eaa04881.

Bidan CM, et al. 2016. Gradual conversion of cellular stress pat-
terns into pre-stressed matrix architecture during in vitro tissue
growth. J R Soc Interface. 13:20160136.

Anselme K, Wakhloo NT, Rougerie P, Pieuchot L. 2018. Role of the
nucleus as a sensor of cell environment topography. Adv Healthc
Mater. 7:€1701154.

Werner M, Kurniawan NA, Bouten CV. 2020. Cellular geometry
sensing at different length scales and its implications for scaffold
design. Materials (Basel). 13:963.

Tee YH, et al. 2015. Cellular chirality arising from the self-
organization of the actin cytoskeleton. Nat Cell Biol. 17:445-457.
Jalal S, et al. 2019. Actin cytoskeleton self-organization in single
epithelial cells and fibroblasts under isotropic confinement. J
Cell Sci. 132:j¢s220780.

Tee YH, et al. 2023. Actin polymerisation and crosslinking drive
left-right asymmetry in single cell and cell collectives. Nat
Commun. 14:776.

Wan LQ, et al. 2011. Micropatterned mammalian cells exhibit
phenotype-specific left-right asymmetry. Proc Natl Acad Sci U S
A. 108:12295-12300.

Doxzen K, et al. 2013. Guidance of collective cell migration by
substrate geometry. Integr Biol (Camb). 5:1026-1035.

Hamada H, Meno C, Watanabe D, Saijoh Y. 2002. Establishment
of vertebrate left-right asymmetry. Nat Rev Genet. 3:103-113.
Hirokawa N, Tanaka Y, Okada Y, Takeda S. 2006. Nodal flow and
the generation of left-right asymmetry. Cell. 125:33-45.

Wang L, McCarthy TJ. 2015. Capillary-bridge-derived particles
with negative Gaussian curvature. Proc Natl Acad Sci U S A. 112:
2664-2669.

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

FranceschiRT, Iyer BS. 1992. Relationship between collagen syn-
thesis and expression of the osteoblast phenotype in MC3T3-E1
cells. ] Bone Miner Res. 7:235-246.

Lammerding]J, et al. 2004. Lamin A/C deficiency causes defective
nuclear mechanics and mechanotransduction. J Clin Investig.
113:370-378.

Callens SJP, et al. 2023. Emergent collective organization of bone
cells in complex curvature fields. Nat Commun. 14:855.

Kim C, et al. 2020. Stem cell mechanosensation on gelatin methacry-
loyl (GelMA) stiffness gradienthydrogels. Ann Biomed Eng. 48:893-902.
Buxboim A, et al. 2014. Matrix elasticity regulates lamin-A, C
phosphorylation and turnover with feedback to actomyosin.
Curr Biol. 24:1909-1917.

Yu SM, Li B, Amblard F, Granick S, Cho YK. 2021. Adaptive archi-
tecture and mechanoresponse of epithelial cells on a torus.
Biomaterials. 265:120420.

Werner M, et al. 2016. Surface curvature differentially regulates
stem cell migration and differentiation via altered attachment
morphology and nuclear deformation. Adv Sci. 4:1600347.

Zarka M, Hay E, Cohen-Solal M. 2022. YAP/TAZ in bone and car-
tilage biology. Front Cell Dev Biol. 9:788773.

ShiuJ-Y, Aires L, Lin Z, Vogel V. 2018. Nanopillar force measure-
ments reveal actin-cap-mediated YAP mechanotransduction.
Nat Cell Biol. 20:262-271.

Houben F, et al. 2009. Disturbed nuclear orientation and cellular mi-
gration in A-type lamin deficient cells. Biochim Biophys Acta. 1793:
312-324.

Thiel A, et al. 2018. Osteoblast migration in vertebrate bone. Biol
Rev. 93:350-363.

GuiN, et al. 2018. The effect of ordered and partially ordered sur-
face topography on bone cell responses: a review. Biomater Sci. 6:
250-264.

Yoon J-K, et al. 2016. Enhanced bone repair by guided osteoblast
recruitment using topographically defined implant. Tissue Eng
Part A. 22:654-664.

Bakin AV, et al. 2004. A critical role of tropomyosins in TGF-B
regulation of the actin cytoskeleton and cell motility in epithelial
cells. Mol Biol Cell. 15:4682-4694.

Duclos G, Erlenkdmper C, Joanny J-F, Silberzan P. 2017.
Topological defects in confined populations of spindle-shaped
cells. Nat Phys. 13:58.

Dell’Arciprete D, et al. 2018. A growing bacterial colony in two di-
mensions as an active nematic. Nat Commun. 9:4190.

Ball P. 2009. Nature’s patterns, flow: a tapestry in three parts. Oxford
(NY): Oxford University Press.

WanLQ, Chin AS, Worley KE, Ray P. 2016. Cell chirality: emergence of
asymmetry from cell culture. Philos Trans R Soc BBiol Sci. 371:20150413.
Giraud-Guille M-M, et al. 2008. Liquid crystalline properties of
type I collagen: perspectives in tissue morphogenesis. Comptes
Rendus Chimie. 11:245-252.

Maggiano IS, Maggiano CM, Cooper DML. 2021. Osteon circularity
and longitudinal morphology: quantitative and qualitative
three-dimensional perspectives on human Haversian systems.
Micron. 140:102955.

Kim S-H, Lee S, Ahn D, Park JY. 2019. PDMS double casting meth-
od enabled by plasma treatment and alcohol passivation. Sens
Actuators B Chem. 293:115-121.

Tan W, Desai TA. 2004. Layer-by-layer microfluidics for biomim-
etic three-dimensional structures. Biomaterials. 25:1355-1364.



	Twisted-plywood-like tissue formation in vitro. Does curvature do the twist?
	Introduction
	Results
	Emergence of left-handed chirality in tissue grown on negative Gaussian curvature surfaces
	Tissue twisting during growth
	Conserved fiber orientation of the tissue
	Collagen fibers follow actin stress-fiber orientation
	Investigating the role of nuclear mechanosensing, cytoskeleton, and contractility

	Discussion
	Materials and methods
	Manufacturing of PDMS capillary bridges
	Manufacturing PDMS pores with negative Gaussian curvature
	Functionalization of PDMS scaffolds
	Cell line
	Cell culture
	Blebbistatin/TGF-β1/Latrunculin A
	Fluorescent staining and imaging
	Analysis of fiber alignment
	Statistical analysis

	Acknowledgments
	Supplementary Material
	Funding
	Author Contributions
	Preprints
	Data Availability
	References


