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Introduction

Three-dimensional (3D) cell culture was developed in 
the late seventies to demonstrate the importance of the 
extracellular matrix (ECM) in controlling cell behavior 
(1-3). After thirty years of nearly absent recognition that 
3D cell culture could constitute an unparalleled method 
to study normal and diseased cell behaviors, the scientific 

community has placed enormous stress on the field, 
predicting its invaluable contributions to drug development, 
precision medicine and organ replacement. This hope is 
greatly served by new developments in micromanufacturing 
and the availability of ‘malleable’ cells, such as induced-
pluripotent stem cells that finally enable scientists to study 
tissue complexity and diversity. 
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Producing microphysiological systems implicitly means 
obtaining physiologically relevant models of tissues; such 
is the goal of 3D cell culture overall. From its origins, the 
definition of this art of cell culture is to place cells in an 
environment that allows them to organize and behave as 
they would in vivo. Over the years, it has become clear 
that, to achieve physiological relevance, it is indispensable 
to reproduce tissue architecture, namely the essential 
structural features of a tissue. This requirement was first 
demonstrated with the mammary epithelium and its 
basoapical polarity axis in murine and human cell culture 
models (4-7). Furthermore, the importance of the milieu 
surrounding cells, or the microenvironment, to mediate 
tissue architecture was captured when showing that at 
minimum, laminin 111, a major component of the basement 
membrane needs to be coated on the cell culture surface for 
the polarization of luminal epithelial cells in monoculture 
(6,8). Whereas, collagen I (normally found in the stroma) as 
the sole ECM leads to inverted polarity of the epithelium 
(6,7). The existence of ECM receptors at the cell surface, 
themselves connected to the cytoskeleton that makes 
contact with the cell nucleus, was the basis for the theory of 
dynamic reciprocity proposed by Mina Bissell in the early 
80s (9), in which nucleus-mediated gene expression and 
ECM constantly influence each other. As shown over the 
years, microenvironment-cell nucleus interactions occur 
at multiple levels. The study of the structural connection 
between nucleus and ECM is now the booming field of 
mechanotransduction (10,11) for which the cytoskeleton 
is a major component. The physical continuity between 
nucleus and adhesion complexes for cell-cell and cell-
ECM connections has been visualized thanks to advanced 
microscopy techniques (12). Moreover, connection via 
signal transduction has become increasingly complex, 
and although still underdeveloped, our proposed idea of 
connection via the shuttling of resident nuclear proteins to 
the cytoplasm, in addition to the demonstrated shuttling 
of resident cytoplasmic proteins to the cell nucleus (13) 
is gaining momentum (14). Finally, soluble molecules 
present in the ECM enter cells at different concentrations 
over time. In addition to the diffusion of molecules from 
the circulation, local cells release biochemical and genetic 
information into the ECM via exosomes, indicating that 
the complexity of microenvironment-nucleus interactions 
requires well-controlled cell culture systems to further 
investigate tissue and organ biology.

Our laboratory has participated in the pioneering 
developments of matrix-related 3D culture with human 

non-neoplastic and cancer cells before venturing into 
organs-on-a-chip (now also called tissue-chips) and 
developing a disease-on-a-chip (15), specifically for 
carcinomas, and more recently, a gradient-on-a-chip to 
reproduce microenvironmental heterogeneity (16). We have 
developed these systems to study the importance of the 
exquisite organization of the cell nucleus in sensing external 
conditions and controlling normal and cancerous cell 
behaviors. The model for the initial development of 3D cell 
culture methods has been the mammary gland, and it has 
been our main model of study throughout the years. With 
this model we present how, using standard 3D cell culture, 
we have revealed the importance of nuclear organization 
in controlling cell behavior and the interaction between 
the ECM and the cell nucleus. We further discuss how 
technology has been essential to produce microphysiological 
systems that recently allowed us to explore cell and nuclear 
functions within the physical constraints of an organ and by 
considering tissue heterogeneity.

3D culture to reproduce tissue architecture

The relationship between structure and function in tissues 
is one of the oldest observations since the invention of 
microscopy. In 3D cell culture that is physiologically 
relevant, the primary goal should be to reproduce tissue 
architecture, namely the organization of cells in a 3D 
structure like in vivo. For instance, a glandular epithelium 
is usually monolayered with luminal cells polarized thanks 
to tight junctions at their lateroapical membranes and 
hemidesmosomes at their basal membrane (against portions 
of a basement membrane; Figure 1A). Epithelial cells might 
be in contact with myoepithelial cells as it is the case in the 
breast; however, depending on the questions asked, it is 
often not necessary to coculture myoepithelial and luminal 
cells. An appropriate matrix support (e.g., laminin 111) 
and luminal cells have been sufficient so far to study the 
relationship between ECM and cell nucleus in the breast 
luminal epithelium, most likely because, in the presence 
of basement membrane components, breast epithelial 
cells in culture may acquire features of myoepithelial cells 
at their basal pole and features of luminal cells at their 
apical pole (7). With such simple system, as illustrated in 
this first part of progress report we have demonstrated 
the importance of nuclear organization in directing cell 
phenotype and determined apical polarity, under the control 
of microenvironment-nucleus interaction, as the earliest 
known architectural barrier against cancer onset. 
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Figure 1 Schematic illustration of breast acinar differentiation in 3D cell culture. (A) Normal differentiation; basal polarity is acquired 
progressively during a developmental process that starts from one cell and lasts eight days. Polarity in formation is represented by a dotted 
green line during acinar development (< day 6 in culture), and complete polarity is represented by a fully formed basement membrane 
(uninterrupted green line) and a lumen characterized by apicolateral tight-junctions and apical polarity complexes (red dotted circle drawn 
inside the acinus) upon differentiation (day 8). Notes: (I) apical polarity is displayed on an optical cross-section, as it is seen usually by 
immunostaining for apical polarity markers; (II) cell cycle exit that favors full differentiation might have to be triggered by omitting the 
addition of epidermal growth factor (EGF) in the serum-free cell culture medium; (B) DNA methylation controls the formation of apical 
polarity. The absence of apical polarity induced by treatment with a DNA hypomethylating agent (5-aza-2’deoxycytidine) is represented by 
the distribution of apical polarity markers (in red) away from the apical pole on an optical cross section. Altered apical polarity permits the 
exit from cell quiescence under proliferation stimulus such as IGF-1, as shown by the expression of proliferation marker Ki67 in the cell 
nuclei (17). 

Importance of 3D cell culture for the study of the 
organization of the cell nucleus

The organization of the cell nucleus has been a 
fascinating story. It is still a main part of the pathological 
evaluation and diagnosis of cancers through simple light 
microscopy observation of hematoxylin & eosin staining 
that shows heterogeneity in nuclear shape and size, and in 

chromatin density. It is also at the center of major scientific 
developments thanks to approaches that permitted the 
discovery of noncoding RNAs and epigenetic modifications. 
However, only 3D cell culture could help demonstrate 
that the distribution of nuclear proteins mattered to 
maintain normal tissue differentiation. Following the initial 
observation that the structural protein, Nuclear Mitotic 
Apparatus (NuMA), displayed remarkable differences in 
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distribution between normal and cancer phenotypes in 
vivo (18,19), we used basement membrane-induced breast 
glandular structures with epithelial polarity axis in 3D cell 
culture to study the influence of the distribution of NuMA 
on differentiation. Forcing the homogeneous distribution 
of the protein in the cell nucleus, both during the  
10-day differentiation process and in already differentiated 
structures instead of the focal distribution pattern observed 
in normally differentiated cells, was sufficient to prevent 
the formation of the polarity axis (20). Whereas altering 
NuMA in nondifferentiated cells, like in standard 2D 
culture, did not show remarkable phenotypic changes. 
In the early days of the epigenetic revolution, we further 
strengthened the importance of nuclear organization to 
control phenotype by preventing DNA methylation during 
glandular differentiation, which also impaired the formation 
of a complete polarity axis (7) (Figure 1B). 

These early findings support the idea proposed by others 
in the cell nucleus field that upon normal development 
of a tissue, the ultimate differentiation stage is locked 
in place at the gene transcription level by a specific 
nuclear organization (21). It is now known that the lock 
is epigenetic, but epigenetic modifications are not the 
only features of sustainable differentiation; a higher order 
nuclear organization that can only be recapitulated with 
3D cell culture and includes chromatin loop formation in 
relation to structures such as the lamina, the nucleolus and 
possibly nuclear speckles seems necessary to achieve proper 
phenotypic control (22-24). 

Extracellular matrix, cell nucleus and apical polarity 
relationship

One of the most difficult structural features of epithelial 
tissues to reproduce is a complete polarity axis. Basement 
membrane signaling permits the establishment of basal 
polarity; however, apical polarity defined by the presence of 
tight junctions at the lateroapical side of cell-cell contacts 
has been often underestimated, and the apical distribution 
of the Golgi apparatus has been used as a surrogate 
although it is not a complete representation of polarity. To 
display the apical pole of polarity, cells need to be properly 
managed already during maintenance in 2D culture as we 
illustrated in a previous publication (25), and the presence 
of collagen IV in the matrix in 3D culture appears to play 
an important role (8).

With the polarity-capable breast epithelial HMT-3522 
S1 cell line in 3D culture, we established that the presence 

of apical polarity prevents cells from exiting quiescence, 
even when using a strong proliferation stimulant like 
insulin growth factor (IGF)-1. Indeed, only when cells do 
not display apical polarity, can they be pushed into the cell 
cycle either by IGF-1 or by altering the organization of 
the cell nucleus (17,26) (Figure 1B). These findings, along 
that of other teams, promoted the acceptance by the breast 
cancer research community that the alteration of polarity is 
necessary for cancer onset (27). The contribution of 3D cell 
culture to the demonstration of the importance of polarity 
in maintaining tissue homeostasis has placed differentiation 
models with non-neoplastic cells at the forefront of 
the work necessary to develop research on the primary 
prevention of differentiation disorders, like cancers (28). 

Basement membrane-based matrices for 3D cell 
culture have been very useful to study the physiologically 
relevant differentiation of epithelia. However, such drip or 
embedded culture systems are mainly of interest for tissues 
that form spheroidal structures, like exocrine glandular 
tissues and certain forms of cancer. Combining forces with 
engineers for the microfabrication of cell culture systems 
with a more controlled environment has exponentially 
broadened the spectrum of physiologically relevant models.

The era of tissue-chips

Reproducing portions of an organ or a specific tissue 
using technology (e.g., in the matrix design and the 
microfabrication of culture platforms) has revolutionized 
3D cell culture. These methods were initially developed 
with the goal  of  producing organs-on-a-chip for 
pharmacological purposes, hence leading to the microfluidic 
platforms for lung, vascular, liver and kidney models (29). 
Organs-on-a-chip do not necessarily mean that all tissue 
types in an organ are represented, but rather there should 
be a minimal organization and cell types necessary to 
ensure tissue function and test the response to therapeutic 
drugs. Some of the proposed models for organs-on-a-
chip do not reproduce the architecture of the tissues that 
represent the function of the organ of interest, which we 
hypothesized to be responsible for the lack of sustained 
differentiation of these tissues (30). We anticipated that the 
growth of the era of cell culture on-a-chip would certainly 
also benefit the study of diseases. Thus, we designed the 
prototypes for the disease-on-a-chip (15) and gradient-on-
a-chip (16) that mimic geometrical constraints as well as 
microenvironmental heterogeneity under which disorders 
like carcinomas develop. We have used these models to 
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further the study of the influence of the microenvironment 
on nuclear organization for the control of tissue phenotype 
as illustrated in the next two sections.

Mimicry of tissue geometry

The most prevalent carcinomas involve glandular systems, 
like in the breast, prostate and pancreas. In these systems 

tumors initially grow within the confines of a ductal 
structure. The demonstration of the importance of 
mechanical constraints in the matrix to control cancer cell 
phenotype (31) provided new information on how sensitive 
cells are to physical parameters in their environment, 
notably ECM tension, interstitial fluid pressure and shear 
stress. However, there are also mechanical constraints 
linked to the specific shape of a tissue, to which we refer 
as tissue geometry. Hence, we asked whether the curved 
geometry of the ductal epithelium in which carcinomas 
develop was leading to architectural constraints that would 
also affect tumor behavior. 

To fabricate a curved geometry, laser micromachining 
seemed ideal. It can be done on substrata amenable to cell 
culture like plastic, paper and sufficiently resilient gels. We 
opted for a hemichannel structure rather than a complete 
channel to facilitate the deposition of cells and the study 
on the same device of tumors cultured on a curved or on a 
flat geometry (Figure 2). The idea was to culture tumors in 
the presence of ductal structures covered by differentiated 
(polarized) non-neoplastic epithelial cells to reproduce 
cancer development conditions as in vivo. Surprisingly, 
the curved geometry lined by one layer of epithelial cells 
made a significant difference in terms of tumor sensitivity 
to treatments with cytotoxic anticancer drugs (15). Under 
these geometrical constraints we investigated possible 
changes in tumor morphology that might coincide with 
changes in drug sensitivity. Only the nucleus of the cell, 
not the cell itself, displayed significant alterations in 
morphometry (Figure 2). These results are in line with the 
observation by others that the expression of p53, a protein 
essential for the response to drug induced-cell death, is 
related to nuclear morphometry, such as shape (32). This 
striking observation of the link between tissue geometry 
and cancer cell phenotype raises the question of the 
importance of the type of 3D cell culture system to utilize 
in drug development and testing. Indeed, it is increasingly 
recognized that anticancer drug investigations in 2D cell 
culture are obsolete when considering results obtained with 
cancer cells induced to form tumors in culture. Yet, with 
the demonstration of the importance of not only matrix 
stiffness, but also geometric features of the environment 
in controlling cancer cell behavior, it seems that the type 
of 3D cell culture used to produce cancer nodules will 
have to be further refined. When we started working with 
hemichannels (33), other scientists published systems with 
a closed ductal structure that are likely to be also of great 
interest to further study certain aspects of the interaction 
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Figure 2 The geometry of the culture surface influences nuclear 
morphometry in cancer cells. Top: optical microscopy image 
of a portion of a disease-on-a-chip platform with hemichannels  
(100 μm width) carved within an acrylic base with intermittent flat 
surfaces. The flat and curved surfaces are coated with basement 
membrane component laminin 111, which facilitates the formation 
of a monolayer of polarized non-neoplastic luminal epithelial cells. 
Insert: cells and tumors drawn on a scanning electron microscopy 
image of a portion of the DOC. Tumor nodules are grown on 
the monolayer of non-neoplastic epithelial cells mimicking the 
initial tumor environment in vivo. Cells forming tumors in the 
hemichannel (HC) with the curved surface have higher circularity 
for their nuclei compared to cells forming tumors on the flat surface 
(FS) (see illustration of different nuclear shapes in the magnified 
tumor cells drawn at the bottom of the figure). Size bar, 100 μm.
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between the microenvironment and cancer phenotypes (34).

Production of controlled microenvironments 

Microphysiological systems may potentially recapitulate all 
environmentally relevant physiological parameters of tissue 
homeostasis and disease development such as dynamic 
nutrient flow, mechanical forces in the tissues, and gradients 
of soluble molecules occurring between the blood and 
other tissues. Knowledge is steadily improving regarding 
the influence of physical properties of the ECM, such as 
stiffness and porosity, on cell behavior in development and 
differentiation (35,36). An external mechanical stimulus 
may trigger intracellular responses and alter cellular 
communication (37,38). Examples of external stimulus 
include shear stress from the vasculature (39), topographical 
features of the ECM such as the arrangement of nanoscale 
collagen fibrils into microscale collagen fibers that remodels 
during disease conditions (40,41), and changes in ECM 
stiffness (42,43). Moreover, evidence of the influence of 
fibroblast-ECM interaction on cancer progression (44) 
suggests that the interaction between distinct cell types 
might be essential to fully grasp changes in cellular response 
under varying microenvironmental conditions (45,46). 

Microfluidic platforms have often been chosen to better 
understand the interaction between stromal cells and the 
tissue responsible for organ functions while manipulating 
physical and mechanical aspects of the ECM (47,48). Yet, 
these platforms did not reproduce the heterogeneity that 
constitutes a major trait of the microenvironment in vivo. 
We have recently designed and tested a microfluidic system 
that reproduces concentration gradients to study the impact 
of microenvironmental mediators of oxidative stress on 
cancer progression (16). 

Initially researchers had the idea to produce gradients 
for cell culture because of heterogeneity in oxygen 
consumption. The levels of oxygen fluctuate greatly within 
organs, with definite consequences for the treatment of 
diseases such as cancer (49-51). The kinetics of cellular 
oxygen consumption and dynamic changes in oxygen 
concentrations in the fluid surrounding the cells have 
been reproduced in 3D culture thanks to microfluidic 
systems that monitor and control oxygen delivery over 
time (52-54). In addition to periods of oxygenation and 
hypoxia, oxidative stress generated by microenvironmental 
reactive oxygen species (ROS) also influences normal 
and diseased cell phenotypes, including proliferation and 
differentiation (55). The heterogeneous distribution of 
ROS in the stroma depends on differential needs by the 
stromal cells such as fibroblasts and immune cells and the 
availability of ROS clearing antioxidant enzymes (56,57). To 
recreate heterogeneity in ROS in the microenvironment, 
we used a microfluidic system in which the gradient 
generated via a maze of channels results in the delivery 
of decreasing concentrations of H2O2 along a series of 
parallel microchannels (16). Thus, tumors embedded in 
collagen 1 would be in contact with different amounts 
of ROS depending on their location in the same culture 
chamber (Figure 3). The impact of ROS on the phenotype 
of preinvasive breast tumors was assessed following acute 
exposure. Since treatment was only four hours, we used 
nuclear morphometry as evidence of preliminary signs 
of phenotypic impact. Indeed, in collaboration with the 
Moghe laboratory we had shown earlier that changes in 
nuclear organization constitute one of the earliest markers 
of phenotypic switch (58). With the gradient-on-a-chip we 
showed that ROS modified nuclear morphometry in a way 
that suggests transition toward a more aggressive phenotype 
(with increased nuclear size and decreased circularity) 
(59,60). Importantly, the concentration at which ROS 
had an impact on nuclear morphometry depended on the 
stiffness of the matrix, indicating that the combination and 
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(in medium)
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Figure 3 Gradient-on-a-chip with exposure of cells to increasing 
concentrations of hydrogen peroxide (H2O2), a stable form of 
reactive oxygen species. The cell culture medium and the H2O2 
solution are brought each through an inlet by a pump and combine 
in the mixer before distributing into the microfluidic channels 
underneath the culture substrate. The cells are exposed to 
increasing concentrations [shown in the culture chamber as low (L), 
medium (M) and high (H)] by diffusion across the culture surface. 
Medium change is facilitated by a waste outlet that is time- and 
flow rate-adjusted to match the two inlets.
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monitoring of several microenvironmental factors involved 
in cancer progression is an important step to achieve with 
microphysiological systems.

Conclusions on the impact of tissue-chips for 
the understanding of microenvironment-nucleus 
interaction and future directions

Recreating a controlled tissue microenvironment on-
a-chip has been a significant and recent revolutionary 
step in biological research. We have presented examples 
from our laboratory in which microphysiological systems 
have served our quest for a better understanding of the 
interaction between microenvironment and cell nucleus 
to control phenotypes. We have shown that the ECM 
controls nuclear organization and, in turn, cell phenotypes, 
initially with simple 3D culture models. But, as we 
illustrated above, the full extent of mechanical influence 
that includes tissue geometry required micromachined 
tissue-chips, and the full extent of chemical influence 
that includes microenvironmental heterogeneity required 
gradients created with microfluidics. We have used nuclear 
organization as a marker of phenotypic changes because 
this architectural feature is a very sensitive and early marker 
annunciating epigenetic modifications. Yet, sophisticated 
culture systems are usually lacking the possibility to 
easily assess changes in gene transcription. Indeed, these 
miniaturized systems only provide a small number of cells 
and mostly prevent cell removal without destruction of the 
tissue architecture. It appears that the gradient-on-a-chip 
with an open culture chamber that we recently developed 
and tested, and in which cell cultures are performed on 
a cellulose acetate substratum, might provide one of the 
solutions for easier assessment of gene expression (16). 

Evolving 3D cell culture models have been instrumental 
to understand how nuclear morphology controls cell 
phenotypes. The impact of changes in nuclear morphometry 
on gene expression is thought to occur in part via 
geometrical modifications, with chromosomal organization 
as an intermediate (mediator) step (61). The influence 
of the nuclear lamina, itself partly directing nuclear 
morphometry and peripheral heterochromatin, is becoming 
increasingly understood in the control of phenotypes via 
chromatin organization (62); however, additional proteins 
that organize the epigenome and are located within the cell 
nucleus require more attention in the control of phenotype, 
like for instance the protein NuMA revealed by our work 
with 3D models of breast epithelial differentiation. 

Literature reports show that the role of nuclear 
morphology in controlling cell phenotypes cannot 
be dissociated from the cel l  nucleus response to 
microenvironmental impact. Although chemical signaling 
to the cell nucleus is relatively well understood thanks to 
the identification of pathways that control the epigenome, 
mechanotransduction mechanisms at the cell nucleus level 
remain a big challenge that will require more sophisticated 
cell culture tools to influence the physical link within 
cells, including fabrication methods to control networks of 
matrix fibers in 3D. Indeed, both passive organization of 
the cytoskeleton and active stress fields might be involved 
in nuclear morphometric alterations and positioning 
depending on the cell type (63), and nuclear alterations 
seem to respond to the direction and the duration of 
mechanical stress (64). Like we have shown with the breast 
tumors growing within curved surfaces, the geometry of 
the microenvironment is also important to obtain a nuclear 
morphology and a phenotype of cardiomyocytes similar 
to in vivo, as shown with microridges engineered in the 
microenvironment of these cells (65). 

Recent progress with biomimetic ECM has allowed 
for fine-tuned control of the microporosity of the matrix 
environment necessary for isotropic or for anisotropic 
growth in the cell population (66). Similarly, in order to 
better understand how nuclear morphometry responds to 
the ECM, a controlled microenvironment for experiments 
has been envisioned with, for instance, studies that compare 
substrates containing (or not) biological cues and prism 
micropillars of different sizes (67), hence revealing which 
physical parameters of the nucleus is most responsive 
depending on biological stimulus, length of stimulus and 
mechanical constraints of the stimulus. Techniques such 
as cell microharpooning might also help better grasp 
nucleoskeletal coupling in mechanotransduction (68). 
However, progress needs to be made to better measure 
forces at the cell nucleus level within a population of cells 
(reproduced in 3D culture), since recent work has revealed 
that nuclear stiffness distinguishes cancer cell lineages and 
cancer and noncancer cells (69). Finally, it is likely, that for 
a better translational power, work performed on the cell 
nucleus with sophisticated tissue chips for preclinical and 
clinical applications will benefit from emerging machine 
learning computational approaches (70). 

A focus on mechanotransduction to further study the 
relationship between the microenvironment and the cell 
nucleus is legitimate in light of the increasing number 
of diseases, like progeria, cancer, muscular dystrophy, 
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lipodystrophies, and certain types of cardiomyopathies 
and neurological disorders, that are becoming linked to 
a dysregulation of this mechanism. Although changes 
in nuclear morphometry are related to these diseases, 
mechanotransduction pathways remain to be fully 
deciphered. It has been suggested that pressure differences 
across the nuclear envelop linked to microtubules and 
actin filaments might be implicated in influencing nuclear 
morphology (71). Furthermore, mechanical stimuli direct 
the translocation of transcription factors to the cell nucleus 
(72,73), suggesting that altered (or lack of) stimuli are likely 
to affect the epigenetic control of cellular homeostasis. The 
importance of the lack of mechanical stimulus in disorders is 
demonstrated in cells transfected with lamin A Delta50 that 
reduces the response of the nuclear lamina to stress induced 
by flow field and thus, leads to an absence of adaptation 
to the flow; this phenomenon has been proposed to result 
in cardiovascular disease development (74). In cancer, 
mechanotransduction-linked epigenetic modifications 
are only part of the equation, and it is emphasized that 
alterations in gene copy number and DNA are also linked 
to mechanotransduction through mechanisms that are still 
not elucidated (75). We envision that tissue-chips with 
controlled microenvironment and advanced biosensing 
will help further elucidate the mechanisms underlying 
mechanosensitive diseases both at the cytoskeleton and the 
cell nucleus levels.

In conclusion, with raising awareness that the use of 
animal models for raw material and drug testing is not the 
sole solution anymore, and with repeated evidence that 
animal studies are not representative of human systems  
(76-78), there is an increasing demand for the development 
of in vitro models that mimic the physiology of human body. 
Nevertheless, to gain full acceptance of microphysiological 
systems by the scientific community several challenges 
need to be overcome. Kits for extraction of cellular material 
from small quantities of cells are becoming available, 
which will make working with miniature cultures easier, 
but issues remain regarding the need for variations in 
scaffolding material depending on the scientific query 
and the facility with which microscopy can be performed. 
Ultimately, for reproducibility and comparison across 
teams, certain protocols in 3D cell culture will have to 
be standardized. The importance of such standardization 
cannot be over-emphasized for drug testing and screening. 
In the meantime, as there can be almost as many devices as 
there are scientific queries, a plethora of microphysiological 
systems will be developed, and biologists will keep being 

amazed at the possibilities provided by engineers to refine 
cell culture.
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