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The Effect of Geometry and TGF-𝜷 Signaling on Tumor Cell
Migration from Free-Standing Microtissues
Jing Xie, Xinyu Hu, Lina Chen, Aigars Piruska, Zijian Zheng, Min Bao,*
and Wilhelm T. S. Huck*

Recapitulation of 3D multicellular tissues in vitro is of great interest to the
field of tumor biology to study the integrated effect of local biochemical and
biophysical signals on tumor cell migration and invasion. However, most
microengineered tissues and spheroids are unable to recapitulate in vitro the
complexities of 3D geometries found in vivo. Here, lithographically defined
degradable alginate microniches are presented to produce free-standing
tumor microtissues, with precisely controlled geometry, high viability, and
allowing for high cell proliferation. The role of microtissue geometry and
TGF-𝜷 signaling in tumor cell migration is further investigated. TGF-𝜷 is
found to induce the expression of p-myosin II, vimentin, and YAP/TAZ nuclear
localization at the periphery of the microtissue, where enhanced nuclear
stiffness and orientation are also observed. Upon embedding in a collagen
matrix, microtissues treated with TGF-𝜷 maintain their geometric integrity,
possibly due to the higher cell tension observed around the periphery. In
contrast, cells in microtissues not treated with TGF-𝜷 are highly mobile and
invade the surrounding matrix rapidly, with the initial migration strongly
dependent on the local geometry. The microtissues presented here are
promising model systems for studying the influence of biophysical properties
and soluble factors on tumor cell migration.

J. Xie, X. Hu, L. Chen, A. Piruska, M. Bao, W. T. S. Huck
Institute for Molecules and Materials
Radboud University
Heyendaalseweg 135, Nijmegen 6525AJ, the Netherlands
E-mail: minbao@caltech.edu; w.huck@science.ru.nl
J. Xie
Department of Cellular Biophysics
Max Planck Institute for Medical Research
29 Jahnstraße, Heidelberg 69120, Germany
L. Chen, Z. Zheng
Laboratory for Advanced Interfacial Materials and Devices
Institute of Textiles and Clothing
The Hong Kong Polytechnic University
Hong Kong SAR, QT 807, China
M. Bao
Division of Biology and Biological Engineering
California Institute of Technology
1200 E. California Boulevard, Pasadena, CA 91125, USA

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adhm.202102696

© 2022 The Authors. Advanced Healthcare Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial License, which permits
use, distribution and reproduction in any medium, provided the original
work is properly cited and is not used for commercial purposes.

DOI: 10.1002/adhm.202102696

1. Introduction

In vivo, tumor cells reside within a 3D
multicellular system integrating both bio-
physical and biochemical signals. From a
biophysical perspective, emerging evidence
suggests an important role of the extra-
cellular physical environment in regulating
intercellular interactions, signal transduc-
tion, and specific gene expression at the
molecular level,[1–3] tumor cell morpholo-
gies and functions at the cellular level,[4–6]

and tumor progression and outgrowth at
the tissue level.[7–10] For example, cells in tu-
mors respond to physical geometries[9] or
stiffness[10] of surroundings in vitro to or-
chestrate oncogenesis, and increased geo-
metrical curvature or substrate stiffness has
been shown to lead to cancer cell tumori-
genicity.

Despite the importance of biophysi-
cal signals, various soluble factors also
control cell behaviors under physiologi-
cal conditions. Transforming growth fac-
tor 𝛽 (TGF- 𝛽) has been shown as one
of the major soluble factors in modulating

mechanotransduction by cell phenotype transformation, such as
the conversion of epithelial or endothelial cells to mesenchymal-
like cells.[11,12] Transformed cells will demonstrate more sen-
sitivities to mechanical cues and higher mechanotransduc-
tion through regulation of the actin cytoskeleton, cellular con-
tractility, serum response elements activation, and YAP/TAZ
localization.[13–15] Moreover, TGF-𝛽 has been shown to be an
important factor in controlling migration and invasion of tu-
mor cells, and is considered as both a tumor suppressor and a
promoter of tumor progression and invasion by exerting differ-
ent effects on the tumor cell cycle and signaling pathways.[16,17]

However, little is known about how cells in the tumor sense
the surrounding geometry in response to TGF-𝛽, due to the dif-
ficulty of microengineering the tumor cell-based 3D microtis-
sue with defined geometries in vitro. Tumor spheroids are valu-
able building blocks to mimic functionalities of native tumor tis-
sues, but typically lack geometrical complexities. Previous stud-
ies have attempted to fabricate complex tissues with user-defined
geometries by co-culturing cells with biocompatible materials,
encapsulating cells in hydrogel structures, or aggregating cells
to the surface of gel blocks,[18–24] however, the use of support-
ing scaffolds constrains tumor tissue development and the abil-
ity to remodel and deform their architectures, impairing tissue-
specific functions. Alternatively, cells have been cultured in
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nonadherent microniches with defined geometries and released
after contraction,[25,26] but geometrical and structure control was
lost after release.

The aim of this study is to present a two-step method by sol–
gel–sol transition process to fabricate free-standing 3D microtis-
sues made from tumor-derived cell lines with defined geome-
tries. In the first step, we seeded cells into degradable adher-
ent microniches made from arginylglycylaspartic acid (RGD) -
modified alginate (RGD-Alg) with different geometries, in which
cells could fully spread and form connective tumor tissues. In
the second step, we added citrate buffer to degrade alginate mi-
croniches, so that 3D free-standing microtissues with defined ge-
ometry could be released, enabling us to further investigate the
effect of cross-talk between cellular geometric signal and TGF-𝛽
on tumor cell migration.

2. Results and Discussions

2.1. Generation of Free-Standing Microtissues

In order to fabricate free-standing microtissues with precisely
defined and uniform geometries in vitro, we developed a ro-
bust method for culturing cells inside 3D microniches with well-
controlled shapes, and subsequently releasing as-formed micro-
tissues via a series of sol–gel–sol transitions (Figure 1a,b). Here,
structural microniches were fabricated by calcium crosslinking
alginate against a photolithographically prepared master. As al-
ginate presents no intrinsic adhesive binding sites for cells and
limited protein absorption, we covalently modified alginate with
RGD peptide to promote cell adhesion (see Supporting Informa-
tion and Table S1 for detailed information on coupling chemistry
and RGD grafting densities). We ensured slow and homogenous
gelation by mixing CaCO3 with D-glucono-delta-lactone (GDL)
instead of rapid heterogeneous gelling induced by calcium chlo-
ride (CaCl2) or calcium sulfate (CaSO4). The slowly hydrolyzing
proton donor GDL triggers a time-delayed release of calcium ions
from CaCO3, which results in a homogenous alginate gel.[27] Af-
ter peeling the hydrogel from the master, cells were seeded on the
surface of the patterned gel at a relatively high density (∼106–107

cell mL−1), followed by gentle shaking and 5–10 min deposition.
Excess cells on the top surface were gently removed by washing
with cell culture medium. In order to provide a 3D microenviron-
ment for microtissue formation, a flat piece of alginate hydrogel
was placed on top of microniches. After that, cells were able to
spread inside the microniches and were cultured for at least 10
h to form the compact microtissues. Subsequently, microtissues
were released by reversing alginate gelation by chelating calcium
ions using a citrate buffer. Within 5–10 min after placing the al-
ginate gels in pH 6.6 citrate buffer, the structure of the gels loos-
ened and fell apart with gentle shaking, leaving free-standing mi-
crotissues released from microniches.

To optimize cell spreading and connectivity of tumor micro-
tissues, we covalently grafted RGD peptides to the alginate back-
bone with EDC/sulfo-NHS, using peptide solutions with concen-
trations ranging from 0 to 1200 × 10−6 m. We observed that low
RGD concentrations (0 and 200 × 10−6 m) prevented cells from
spreading inside the microniche; only when the RGD concentra-
tion was elevated to 700 × 10−6 m, cells fully spread inside the
microwells and formed an apparently cohesive microtissue with

a triangular shape (as an example) (Figure 1c). Agarose hydrogel
was used as a nonadherent template to fabricate free-standing
microtissue previously.[25,26] We cultured Hela cells into agarose
and RGD-modified alginate microniches to illustrate the differ-
ence between agarose and RGD-Alg on microtissues formation:
significant contraction of cell mass and spherical microtissues
were observed in agarose after 20 h culture, while RGD-Alg mi-
croniches were found to support cell spreading and maintain tis-
sue geometries over time (Figure 1d).

To investigate how the mechanical properties of microniches
affect tumor microtissue formation, we seeded cells into mi-
croniches with different stiffnesses. We found that soft (0.1 kPa)
alginate gels resulted in poorly defined shapes and loosen mor-
phologies of microtissues, and cells could spread into the sur-
rounding gel with low stiffnesses (0.1–0.8 kPa). When the stiff-
ness was increased to 1.5 kPa, over 72% of free-standing micro-
tissues formed to match the size we designed (Figure 1e). Similar
results were found using other shapes: 81% and 70% of triangu-
lar and circular microtissues were formed in 1.5 kPa microniches
(Figure S1, Supporting Information), indicating 1.5 kPa alginate
gels, together with 700 × 10−6 m RGD modification, were opti-
mal for generating free-standing tumor microtissues. It should
be noted that ionically cross-linked alginate gels exhibit stress re-
laxation which can be modulated by the molecular weight. De-
creasing the average molecular weight of alginate from 200 to
75 kDa accelerates the stress relaxation rate.[28,29] To investigate
how stress relaxation of alginate affect microtissue formation in
our study, we seeded cells into microniches made from alginate
with different molecular weights, 200 and 75 kDa, and we found
that microniches with fast stress relaxation do not support ho-
mogenous microtissue formation inside microniches (Figure S2,
Supporting Information). Therefore, we selected 200 kDa algi-
nate, with 1.5 kPa stiffness and 700 × 10−6 m RGD modification
as the optimal condition throughout this study. Finally, we per-
formed time lapse imaging for microtissues seeded inside algi-
nate microniche before and after treating with citrate buffer (con-
sisting of 7 × 10−3 m citric acid and 93 × 10−3 m sodium citrate) at
pH 6.6 to visualize the microtissue release process. Over 90% of
microtissues were released from microniches, and retained their
size and shape after 10 min treatment with citrate buffer (Fig-
ure 1f, Figure S3 and Video S1, Supporting Information).

2.2. Free-Standing Microtissues Present Controlled Physical
Properties and High Cell Viability

Upon release, “free-standing” microtissue were formed (Fig-
ure 2a) with a stable and homogeneous cellular distribution (Fig-
ure 2b). Free-standing microtissues with complex geometries in-
cluding high aspect ratios features were accessible, as demon-
strated for example in the cross-shaped structures with arms of
100 μm in length or multiple sharp corners and edges (Figure 2c).
Furthermore, free-standing microtissues can be fabricated in a
wide range of sizes, including cubic shapes (Figure 2d) with lat-
eral dimensions ranging from 50 to 500 μm and heights of 50 to
80 μm. It should be noted that microtissues composed of other
cancer cell lines such as A549, Hek 293, and MDA-MB-231 are
readily accessible with our method (Figure S4, Supporting Infor-
mation). Finally, we studied cellular viability and proliferation of
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Figure 1. Modulation of RGD density, gel stiffness, and degradation for free-standing microtissues formation. a) Schematic overview of free-standing
microtissue formation, including microtissue formation inside microniches and release via microniches degradation. b) Schematic overview of the sol–
gel–sol transition process in (a). c) Effects of RGD content on Hela cells assembly inside microniches. Bright-field (BF, top) and fluorescence (DAPI
staining, bottom) images showed morphologies of Hela cells inside microniches. Graph: the percentage of occupied microniche volume. d) Comparison
of microtissue assembly in agarose and RGD-Alg microniches after long time culture. Graph: quantification of microtissue contraction in microniches.
e) Effect of RGD-Alg stiffness on microtissue of Hela cells formation. BF and DAPI images show the shapes of free-standing microtissues after releasing
from the microniches. Graph: percentages of microtissues correctly recapitulating mold geometries. f) Microniche degradation in 10 min and free-
standing microtissues formation after release. Scale bars, 50 μm. Data are shown as mean ± s.d., more than 30 microtissues from 3 independent
experiments analyzed. ** indicates p values of < 0.01. NS indicates no significant difference with p > 0.05.

microtissues to show the biocompatibility and nontoxicity of the
gel–sol transition process. Live/dead staining showed no signifi-
cant difference in cellular viability before or after release, and over
72% of cells were still alive after releasing from microniches with
different geometries (Figure 2e). An Edu assay was performed to
investigate proliferation in tumor microtissues. Results showed
that around 30% of Hela cells inside the microtissues were prolif-

erating (Figure 2f and Figure S5, Supporting Information), which
is comparable with 25% growth fraction of native squamous cell
carcinomas,[30] regardless of geometrical shape. However, we no-
ticed that a majority of the proliferating cells localized to the pe-
riphery of the microtissues, which was consistent with findings
from in vivo tissues, where nutrient or oxygen depletion also
leads to limited proliferation in the center.[31] It has been reported
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Figure 2. Physical (dimensions, shape) and biological (viability and proliferation) properties of microtissues. a) 3D visualization of released Hela micro-
tissues. Blue: DPAI; Red: actin. b) Visualization of cell spreading by DAPI and actin staining in different vertical layers of microtissues. c) Released Hela
microtissues with different and complex geometries. Top: bright field; bottom: DAPI. d) Released Hela microtissues with different sizes. e) Live/dead
staining of microtissues inside (top) or outside (bottom) of microniches. Green: live cells; red: dead cells. Graph: quantification of cell viabilities of
microtissues with different geometries inside or outside the microniches. f) Confocal images show proliferation and Edu distribution in microtissues
with different geometries. Blue: DAPI, green: Edu positive staining. Scale bars, 50 μm. Data are shown as mean ± s.d., 25–30 microtissues from more
than three independent experiments analyzed for cell viability quantification. NS indicates no significant difference with p > 0.05.

that tumor cells exhibit elevated levels of glucose uptake.[32] We
found that most cells inside the microtissue had a positive stain-
ing for 2-NBDG, indicating glucose uptake was maintained in
our tumor microtissues (Figure S6, Supporting Information).

2.3. TGF-𝜷 Induces Mechano-Responses of Free-Standing
Microtissues

Next, we sought to use the released free-standing microtissue to
understand the role of confined geometry on signaling events
induced by the soluble factor TGF-𝛽. To do this, we treated mi-
crotissues inside the microwells with TGF-𝛽 for 48 h, before re-
leasing the microtissues to form free-standing microtissues. Sub-
sequently, we compared the expression of actin (a protein that
regulates cytoskeleton polymerization) and vimentin (a protein

that controls intermediate filament formation) for TGF-𝛽 treated
and nontreated microtissues of different geometries (Figure 3a
and Figure S7, Supporting Information). Compared to the nor-
mal culture medium, TGF-𝛽 pre-treatment did not affect actin
cytoskeleton organization across the confined tumor microtissue
with different geometries, indicated by a homogeneous distribu-
tion of actin across microtissue with and without TGF-𝛽 treat-
ment. Interestingly, we observed that peripheral cells expressed
a higher level of vimentin compared with cells in the center of
free-standing microtissues, after TGF-𝛽 induction (Figure 3a).
Furthermore, zoomed images clearly showed that vimentin in pe-
ripheral cells localized predominately to the cytoplasm with TGF-
𝛽 treatment (Figure S8, Supporting Information).

Then we investigated whether the cellular contractility was af-
fected in free-standing tumor microtissue when cultured with
and without TGF-𝛽. To do this, we stained free-standing micro-
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Figure 3. TGF-𝛽-induced vimentin expression correlates with cell tension in the growing microtissues. a) Immunofluorescent staining of DAPI, actin,
and vimentin for MDA-MB-231 microtissues cultured in normal and TGF-𝛽 medium. Line traces show the fluorescent intensities of indicated white
dashed lines throughout microtissues from left to right. b) Visualization of cell tension by Myosin-II staining. Graph: fluorescent intensity profiles of the
dashed lines. c) Immunofluorescent images show DAPI, actin, vimentin staining of microtissues treated with TGF-𝛽 and 50 × 10−6 m myosin inhibitor
Blebbistatin (Bleb.). Zoomed images showed the clear visualization of vimentin. Scale bars, 50 μm.

tissue with p-myosin II (a protein that mediates cellular contrac-
tility) and found that TGF-𝛽 treatment significantly enhanced
actomyosin contractility in peripheral cells, which was coinci-
dent with higher vimentin expression (Figure 3b). Culturing
free-standing microtissue in the presence of TGF-𝛽 and Bleb. (a
myosin inhibitor) resulted in a decreased intensity of vimentin
expression, as well as homogenous vimentin distribution (Fig-
ure 3c).

To further investigate how TGF-𝛽 treatment affects the
mechanoresponses of tumor microtissues, we studied YAP/TAZ
and Lamin A/C activities. YAP/TAZ is a mechanosensitive tran-
scriptional activator playing a critical role in sensing mechanical
signals and mediating cellular mechanoresponses[33] and Lamin
A/C is a nucleoskeletal protein that confers nuclear mechani-
cal properties and scales with tissues elasticity.[34] After treat-
ment with TGF-𝛽, YAP/TAZ nuclear localization significantly in-
creased to 35%, compared with 2% in microtissue without TGF-
𝛽 treatment (Figure 4a). Importantly, TGF-𝛽 induced YAP/TAZ
nuclear localization was spatially inhomogeneous, as nuclear
YAP/TAZ localization was found in 40% of peripheral cells com-
pared with 2.5% cells in the center (Figure 4b). Similarly, Lamin
A/C expression was enhanced in peripheral cells after TGF-𝛽
treatment (Figure 4c). Besides the expression of YAP/TAZ and
Lamin A/C, mechanoreceptors 𝛽-integrin mediating mechan-
otransduction also showed a similar trend (Figure S9, Supporting
Information).

In order to further investigate TGF-𝛽 related mechano-
response, we characterized nuclear morphology and orientation
in the corner, along the periphery, and in the core of the released
free-standing microtissues with or without TGF-𝛽 pre-treatment.

Few differences were observed in the core, where nuclei retained
a round shape and random orientation, regardless of TGF-𝛽 treat-
ment. In contrast, in the corner and along the periphery, nuclei
were significantly influenced by TGF-𝛽, with the majority of nu-
clei showing an elongated morphology and increased alignment
after treatment (Figure 4d). More than 80% of nuclei of the cells
along the periphery in the TGF-𝛽 group showed alignment within
15° along the wall of the 3D mold, correlating the TGF-𝛽 -induced
vimentin expression with an enhanced the orientation of nuclei
(Figure 4e). Together, these results indicated that the presence of
TGF-𝛽 resulted in differential responses of cells in different po-
sitions within the microtissue.

2.4. Geometries and TGF-𝜷 Signaling Affects Cell Migration from
the Microtissues

The precise control over the geometry allows us to investigate
how the local confinement of microtissue affects cell migration.
We collected triangular and circular microtissues without TGF-𝛽
treatment and encapsulated them into a collagen matrix, which
is an ideal soft hydrogel for mimicking the extracellular matrix in
vitro.[8,35] We found that cells preferred to migrate from the sharp
corners of prism-shaped microtissues into the surrounding colla-
gen matrix, while in a circular microtissue, cells migrated isotrop-
ically (Figure 5a). Interestingly, the migration pattern changed
with time. In the early stage of cell migration (within 15 h), we
observed that the initial migration of cells from the microtissue
was strongly dependent on the geometry (Figure 5b). However,
in the late stage of cell migration (after 25 h culture), the geome-
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Figure 4. TGF-𝛽 influenced YAP/TAZ localization, Lamin A/C activity and nuclear alignment properties in the free-standing microtissues. a) Immunoflu-
orescent images show DAPI and YAP/TAZ staining in free-standing microtissues. Graph: quantification of YAP/TAZ nuclear localization. b) Zoomed
images show the YAP/TAZ localization in peripheral and central cells. Graph: quantification of YAP/TAZ nuclear localization of peripheral and central
cells. c) LaminA/C expression in microtissues (left) and zoomed images for clear visualization of LaminA/C in corner and core. Graph: fluorescence
intensity profiles of the dashed lines. d) Zoomed images of microtissues corner, edge and center for nuclear morphology and orientation. e) Quantifi-
cation of nuclear orientation of peripheral cells. Top: normal group. Bottom: TGF-𝛽 treated group. Data are shown as mean ± s.d., more than 300 cells
from at least 10 microtissues analyzed. ** indicates p values of < 0.01, NS indicates no significant difference with p > 0.05. Scale bars, 50 μm.

try of microtissues was lost due to this initial migration and cells
in the microtissue started to migrate out isotropically (Figure 5c).
Together, our results suggested that local geometry may be an im-
portant contributing factor to initiate cell migration from tumor
microtissue. The differences in levels of cytoplasmic vimentin,
myosin, nuclear YAP/TAZ, and lamin A/C after TGF-𝛽 induction
prompted us to investigate whether TGF-𝛽 treatment affects can-
cer cell migration. Significantly fewer microtissues with migrated
cells were observed in the TGF-𝛽 treated microtissues, specif-
ically, the migration was constrained into a specified and con-
densed cluster with significantly fewer protrusions or branch for-
mation, even after 25 h culture, compared with TGF-𝛽 untreated
group (Figure 5d).

Summarizing, in this study, we presented a two-step sim-
ple method based on alginate microniches to generate 3D free-
standing microtissues in vitro. Alginate was selected for its con-
trollable physical properties and rapid degradation by reversible
ionic crosslinking. The physical and cell-adhesive properties of
alginate were controlled by alginate and calcium concentration,
RGD concentration, and citric acid buffer. Soft substrates and
low density of anchoring sites decreased cell spreading whereas a
connective tumor microtissue was formed alginate microniches
with stiffness over 1.5 kPa and RGD concentration higher than
700 × 10−6 m. Besides stiffness and RGD concentration, the
molecular weight of alginate microniches also affected micro-
tissue formation.[28] It is known that lower molecular weight al-
ginates show faster stress relaxation, which could promote cell
spreading, proliferation, osteogenic differentiation, and cartilage
matrix formation.[28,29,36] However, we found that faster stress re-
laxation prevented connective microtissue formation, probably
due to the fast matrix deformation resulting from cells.[28,29] The

optimized microniches allowed us to generate free-standing tu-
mor microtissue with controlled geometries and capture key fea-
tures of native tumor tissues (high viability, proliferation, and glu-
cose uptake ability). As one of the major cytokines, TGF-𝛽 plays
a key role in mediating phenotype transformation,[11] promoting
stem cell differentiation,[37] or regulating signaling pathways.[38]

It has been shown that TGF-𝛽 can either suppress tumor devel-
opment by regulating cell cycle,[16] or promote cell migration and
invasion, by GTPases Rac1 and Rac1b.[39] In this study, we found
that TGF-𝛽 stimulation strongly affected the sensitivity of cells
to their geometrical environment. We observed upregulation of
vimentin expression along the periphery of the microtissues. Vi-
mentin as one of intermediate filaments contributes to mechan-
otransduction by interacting with microfilaments and micro-
tubules to stabilize cytoskeleton architectures, and further gen-
erating cellular contractility and maintaining cell tension.[40–42]

Indeed, we observed that peripheral cells expressed high level
of p-myosin. Furthermore, peripheral cells showed YAP/TAZ nu-
clear localization, more Lamin A/C expression and elevated nu-
clear orientation after TGF-𝛽 stimulation. Interestingly, in native
tumor tissues, cells are much softer and more dynamic with low
contractility along the periphery.[4] The opposite finding in our
study after TGF-𝛽 stimulation raised an interesting question as to
whether the high actomyosin tension of peripheral cells in 3D mi-
crotissues would constrain migration and alter invasive behavior.
TGF-𝛽 has been shown to be important in promoting migration
and invasion of tumor cells through an EMT transition. However,
one recent study indicates that TGF-𝛽 can also inhibit tumor cell
migration through inhibiting EMT transition.[43] It is unclear if
these contradictory results are due to differences in tumor cells
and different dimensionalities. Most studies investigating the ef-
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Figure 5. Cell migration from microtissues encapsulated in collagen gels. a) Representative immunostaining images show the start of cell migration
from microtissues with triangular and circular geometries. b) Zoomed images of rectangular corners show cell migration from microtissues at different
time points. c) Cell migration from microtissues with circular and triangular shapes after 25 h. d) Changes in morphology of TGF-𝛽 treated microtissues
in collagen gels for 25 h. Graph shows the percentage of microtissues with migrated cells, microtissues are pre-treated with or without TGF-𝛽 before
encapsulating in collagen gels. Scale bars, 50 μm.

fect of TGF-𝛽 signaling on cancer cell migration were performed
on 2D substrates,[44] where larger cell tension and traction forces
can lead to a higher degree of EMT transition and cell migration.
However, migration in a 3D environment is different, where the
increased tension and stiffness of cells were reported to decrease
cell mobility and migration,[4] which is consistent with our find-
ing. Further studies will be necessary to gain a better understand-
ing of how TGF-𝛽 affects migration for different types of tumor
cells in different dimensionalities.

By reseeding the released microtissues into collagen hydro-
gel, we observed that TGF-𝛽 treated microtissue showed limited
outgrowth and retained smooth edges, in contrast to the pro-
nounced protrusions and branches that formed from microtissue
without TGF-𝛽 treatment. This finding was consistent with the
results using multicellular mammary cancer spheroids, where
cells with enhanced tension and stiffness gave rise to decreased
invasiveness.[4] Our study suggested that after TGF-𝛽 stimula-
tion, cells upregulated the tension around the periphery through
sensing the confined geometry of microtissue, resulting in a
“solid”-like state (Figure 6), in agreement with a recent report
about mechanically induced solid-fluid transitions of epithelial
microtissues.[45] The actomyosin coordination and contractility
between neighboring cells at the periphery of “solid” microtissue,

resisted external disruptive forces and maintained tissue coher-
ence, thus preventing cells from invading into the surrounding
matrix.

From a fundamental perspective, our results provide physical
insights in cancer biology. It has been shown extensively both in
vivo and in vitro that biophysical properties (including confine-
ment, adhesion, stiffness, alignment, and topology) of the extra-
cellular environment are key physical variables influencing cell
migration.[46,47] As shown in Figure 5 that local tissue geometry
might be another contributing factor in initiation of cell migra-
tion. Importantly, this geometrical dependent migration can be
inhibited by TGF-𝛽. We show that TGF-𝛽 upregulates expression
of cell tension-related proteins for peripheral cells, and alters the
sensitivity of cells to their environment. Clinically, cancer cells
are not able to regulate their growth and, as a consequence their
shape, as effectively as healthy cells. Therefore, the geometry of
different types of tumors varies significantly.[48] It has been sug-
gested that an irregular shape of a tumor tissue suggests a greater
likelihood of malignancy. However, it is challenging to study the
effect of tumor geometry on cell migration in vitro, due to the
difficulty of recapitulating geometrical complexity. In this study,
by using micro-engineered approach, we provide some evidence
in vitro that cells prefer to migrating out from the sharp cor-
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Figure 6. Schematic image summarizing changes in normal and TGF-𝛽 treated microtissues.

ner, which may have some implications for clinical diagnostics.
Although our 3D microtissues made from tumor cells are still
grossly oversimplified compared to native tumors, we believe that
the model 3D microtissues we generated in this study will be of
great interest for further studies to study the role of geometrical,
mechanical, and soluble factors in the migration of tumor cells
into their surrounding matrix.

Here, we demonstrate a robust method to generate free-
standing microtissues with precisely defined size, shape, and
dimensions. It is favorable to match the local features of tis-
sue architectures to their in vivo counterparts to allow the for-
mation of tissue-shaped organoids, for example, mini-guts with
scaffold-guided lumens, branches and in vivo-like crypts and vil-
lus domains.[49] We foresee further broadening of the use of our
platform from the micrometer to milli- or centimeter scale which
makes it possible to fabricate artificial organs in vitro and ulti-
mately use them for drug screening or organ replacements.

3. Experimental Section
Alginate Preparation: Sodium alginates with a high content of gu-

luronic acid blocks and different molecular weights (MVG, >200 kDa
and VLVG, <75 kDa) were commercially purchased (FMC Biopolymer,
Norway). Grafting of oligopeptide GGGGRGDSP (Sigma) to the algi-
nate was carried out by aqueous carbodiimide chemistry.[50] In brief,
the alginate was dissolved in 0.1 m 2-(N-morpholino)ethanesulfonic
acid (MES, Sigma) buffer to form a 1% w/w solution overnight at
pH 6.5. Then adding 1.25 × 10−1 m N-(3-dimethylaminopropyl)-N′-
ethylcarbodiimid -hydrochlorid (EDC-HCL, Sigma) and 0.625 × 10−1 m N-
hydroxysulphosuccinimide (sulfo-NHS, Thermo Fisher) to the solution for
1 h and sequently adding appropriate RGD for 48 h (Table S1, Supporting
Information, showed the detailed information on RGD densities) under
constant stirring. After reaction, the ethanol was added to separate the in-
soluble RGD-Alg and soluble EDC and NHS. Then, precipitated RGD-Alg

was collected by suction filtration and dialyzed for 1 d and lyophilized. Fi-
nally, samples were prepared at 7–10 mg mL−1 in deuterium oxide and
tested by 1H NMR (Bruker Avance III 400 MHz).

Fabrication of 3D Microniches: 3D microniches were fabricated ac-
cording to our previous reported protocols.[51,52] Masters of microniches
with different geometries and size were prepared in photoresist (SU-8,
MicroChem) on a silicon wafer, using photolithography and inductively
coupled plasma etching technique (ICP). For fabrication of alginate mi-
croniches, alginate was dissolved in 0.9% NaCl to the concentration of
2.5% overnight first, and then calcium carbonate (CaCO3, Sigma) and glu-
cone delta-lactone (GDL, Sigma) were separately added to the alginate
solution kept a molar ratio of 1:2. For preparing MVG alginate gels with
different stiffnesses, different concentrations of CaCO3, 10, 15, 27.5, and
50 × 10−1 m, were used. And for VLVG alginate gels with 1.5 kPa stiff-
ness, CaCO3 concentration was 31.5 × 10−1 m. The prehydrogel solution
containing alginate, CaCO3 and GDL were vortexed for 30 s at room tem-
perature and placed to the top of the silicon master quickly. After that, the
whole system was transferred to the cell incubator at 37 d °C and after 5
h gelation, the gels can be easily peeled off the silicon mater with defined
3D geometries.

For fabrication of agarose microniches, agarose solution was heated to
dissolve in PBS at the concentration of 3%, and then formed the gels in
10 min on the top of silicon master. The agarose gels with defined shapes
were easily peeled off due to the adequate mechanical properties.

Mechanical Characterization of Alginate Gels: As mentioned before, dif-
ferent concentrations of CaCO3 ranging from 10 × 10−3 to 50 × 10−3 m
were used to regulate the stiffness of MVG alginate gels. We measured
the stiffness using an AR-G2 rheometer (TA instruments, New Castle, DE).
During the measurements, 700 μL of the gel solution was added to the 35
mm steel parallel plate with a 500 μm gap after reaching to 37 °C polymer-
ization temperature. The shear storage modulus of gels was measured
with controlled strain at a frequency of 0.1 Hz for 30 min and all results
were based on three separate experiments.

Culturing of Cells and Seeding into 3D Microniches: Hela, Hek 293,
A549, and MDA-MB-231 cells were cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM) supplemented with 10% FBS, 1% L-glutamine,
and 1% Pen/Strep (Thermo fisher). When the cells grew to 80% conflu-
ence, they were detached from the flask with 0.05% trypsin/EDTA. And
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then cells were seeded into the 3D microwells at a density of 106–107 cell
mL−1, after 10 min incubation extra cells outside the microwells were re-
moved with a gentle flow of medium and a piece of lid was placed to the
top of the microwells, followed by a long time culture in the cell incubator.
For biochemical regulation, 10 ng mL−1 TGF-𝛽 (Sigma) was added to the
normal culture medium. For myosin inhibition, 50× 10−6 m inhibitor Bleb.
(Calbiochem) was added to the TGF-𝛽 induction medium.

Degradation of Microniches: In order to release the inside microtis-
sues, citrate buffer was used to trigger the degradation of the microwells.
Briefly, we prepared citrate buffer with 0.14 mL 0.1 m citric acid (Sigma)
and 0.86 mL 0.1 m sodium citrate (Sigma) to the desired pH 6.6. Then
the cell culture medium was removed from the microwells, followed by
washing three times with citrate buffer to remove the extra medium. After-
ward, the microwells were soaked with adequate citrate buffer for 10 min
in the cell incubator for degradation. Finally, with the slightly shaking, all
the microtissues will be released from the degraded mold and collected
with gently pipetting.

Time-Lapse Imaging: For time-lapse imaging, a Leica SP8 confocal mi-
croscope was used to monitor gel degradation. 3D microniches with mi-
crotissues inside were exposed to citrate buffer and incubated at constant
37 °C, 7.5% CO2 atmosphere. Images were taken every 2 min with a 10
× phase contrast objective to track the gel dissolving and microtissues
releasing processes.

Immunostaining and Imaging: Cells were fixed with 4% paraformalde-
hyde (Sigma) for 10 min, followed by 0.2% Triton X-100 (Sigma) for 10 min
at room temperature For the visualization of actin cytoskeleton organi-
zation and nuclear distribution, cells were incubated with phalloidin-Atto
633 (1:1000, Sigma) and DAPI (1:1000, Millipore) for 1 h. For the visu-
alization of actomyosin contractility, YAP/TAZ localization, vimentin and
Lamin A/C expression, cells were first blocked in 10% BSA solution for
1 h, and next incubated with primary antibody antimyosin II (1:500,
Sigma), anti-YAP/TAZ (1:500, Cell signaling), antivimentin (1:500, Cell sig-
naling) and anti-Lamin A/C (1:500, Cell signaling) for 1 h. Following pri-
mary antibody incubation, samples were stained with secondary antibod-
ies, goat antirabbit (Alexa 488, 1:1000, Thermo Fisher) or goat antimouse
(Alexa 488, 1:1000, Thermo Fisher), DAPI and phalloidin for 1 h at room
temperature. Finally, 3D fluorescent images were taken with different z-
stacks by Leica Sp8 or Zeiss LSM900 and overlaid in Fiji software with
Image 5D plugin.

Cell Proliferation Assay: Cell proliferation assay was performed by Edu
labeling which can incorporate into the DNA of cells during replication.
Microtissues were formed overnight and then 1× Edu solution was added
for 48 h incubation. Then cells were fixed and sequentially permeabilized
with 4% PFA and 0.2% Triton X-100 for 10 min, respectively. Proliferated
cells were stained according to the manufacturer’s protocol of Click-iT Edu
Alexa Fluor-488 HCS Aaasy (Thermo fisher) and total cells were stained by
DAPI. All images were collected by a Leica SP8 confocal microscope with
filters for DAPI and FITC (Alexa Fluor-488). More than 20 microtissues
from three independent experiments were collected for quantification.

Cell Viability Assay: The live/dead staining was employed to analyze
cellular viability inside or outside of microniches. Calcein AM and ethid-
ium homodimer (Invitrogen), were added to PBS at a concentration of 2
and 4 μg mL−1, respectively. Microtissues were incubated in this solution
for 15 min at room temperature and then visualized under a Leica SP8
confocal microscope. Live cells will show green staining, while dead cells
take up the red dye.

Glucose Uptake Assay: Cellular glucose uptake was measured by fol-
lowing the instructions of Glucose Uptake Cell-Based Assay Kit (Cayman
Chemical). 2-NBDG, a fluorescent glucose analog, serves as a probe in
this kit for the detection of glucose taken up by living cells. Free-standing
microtissues were released to the nonadherent dishes and then treated in
the glucose-free medium for 1 h. At the end of treatment, 2-NBDG was
added to a final concentration of 200 μg mL−1 in the glucose-free medium
for 30 min incubation. Afterward, samples were immediately visualized at
485/535 nm by Sp8 Leica confocal microscope.

Confocal Microscopy Image Analysis: Fluorescent images were ac-
quired by a Leica confocal microscope and analyzed by Fiji software with
the Image 5D plugin. 5 μm distance between two z-stacks was kept to ac-

quire 3D microtissues for all samples. Images were taken using photon
counting mode to fix all settings for quantification of fluorescent intensity.
YAP/TAZ nuclear localization is quantified by the ratio of average YAP/TAZ
intensity in the nucleus to the average YAP/TAZ intensity in the cytoplasm.
Only a ratio above 1 is defined as YAP/TAZ nuclear localization.

Statistical Analysis: Data analysis, statistics, graph plotting were per-
formed using Origin software. Statistical analysis was performed by one-
way analysis of variance (ANOVA) using a Tukey post-test for multiple
groups and by Student’s t test for two variables. The number of quantified
data points is indicated within corresponding figure legends. *p < 0.05 or
**p < 0.01 were considered as “significant” and “very significant” differ-
ences, respectively. NS indicated no significant difference with p > 0.05.
All results were presented as mean ± standard error.

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