Modeling Physiological Events in 2D vs.
3D Cell Culture

Cell culture has become an indispensable tool to help uncover fundamental
biophysical and biomolecular mechanisms by which cells assemble into tissues
and organs, how these tissues function, and how that function becomes
disrupted in disease. Cell culture is now widely used in biomedical research,
tissue engineering, regenerative medicine, and industrial practices. Although
flat, two-dimensional (2D) cell culture has predominated, recent research has
shifted toward culture using three-dimensional (3D) structures, and more
realistic biochemical and biomechanical microenvironments. Nevertheless, in
3D cell culture, many challenges remain, including the tissue-tissue interface,
the mechanical microenvironment, and the spatiotemporal distributions of
oxygen, nutrients, and metabolic wastes. Here, we review 2D and 3D cell
culture methods, discuss advantages and limitations of these techniques in
modeling physiologically and pathologically relevant processes, and suggest

directions for future research.

Cell cultures in vitro are frequently used to ad-
vance understanding of the mechanisms that un-
derlie cell behavior in vivo. These behaviors
include cell differentiation, migration, growth, and
mechanics, all of which are impacted by their bio-
chemical and biomechanical microenvironment
(57). Deciphering the mechanisms behind these
behaviors is vital to understanding in vivo pro-
cesses that result in formation and function of
tissues and organs. Ideally, laboratory experiments
could be performed with a user-defined three-di-
mensional (3D) model that closely mimics the cel-
lular microenvironment. However, creating such a
model faces challenges that include construction
of the tissue-tissue interface, control of the spatio-
temporal distibutions of oxygen and carbon diox-
ide, nutrients, and waste, and the customization of
other microenvironmental factors that are known
to regulate activities in vivo (57).

For over a century, two-dimensional (2D) cell
cultures have been used as in vitro models to study
cellular responses to stimulations from biophysical
and biochemical cues. Although these approaches
are well-accepted and have significantly advanced
our understanding of cell behavior, growing evi-
dence now shows that, under some circumstances,
the 2D systems can result in cell bioactivities that
deviate appreciably the in vivo response. For in-
stance, some important characteristics of cancer
cells cannot be appropriately modeled in 2D cul-
tures (22). To overcome this limitation, novel 3D

Kayla Duval,"* Hannah Grover,’

Li-Hsin Han,?* Yongchao Mou,
Adrian F. Pegoraro,

Jeffery Fredberg,

and ©@Zi Chen

"Thayer School of Engineering, Dartmouth College, Hanover,
New Hampshire; 2Department of Mechanical Engineering

and Mechanics, Drexel University, Philadelphia, Pennsylvania;
3Department of Bioengineering, University of Illinois-Chicago,
Rockford, lllinois; *Harvard School of Engineering and Applied
Sciences, Cambridge, Massachusetts; and *Harvard T.H. Chan
School of Public Health, Boston, Massachusetts
zi.chen@dartmouth.edu.

*K. Duval, H. Grover, and L.-H. Han contributed equally to
this review.

*
3
4
5
1

cell culture platforms are being created to better
mimic in vivo conditions and are sometimes called
spheroid or organoid culture, as described below
(37, 61, 84, 98, 117, 118). In many cases, these new
platforms have proven more capable of inducing in
vivo-like cell fates for the specific processes under
study. Results from 3D studies demonstrate that
increasing the dimensionality of extracellular ma-
trix (ECM) around cells from 2D to 3D can signif-
icantly impact cell proliferation, differentiation,
mechano-responses, and cell survival (2, 10, 41).
Although these discoveries might suggest that 3D
systems should be applied whenever possible, the
platform of choice is often dictated by the specific
process of interest, and a universal 3D platform
does not currently exist; additionally, 2D cell cul-
ture approaches can still recapitulate in vivo be-
havior for many bioactivities, while new advances
in substrate design continue to offer new capabil-
ities for this platform. Overall, 3D platforms are
likely to provide an increasingly attractive alterna-
tive for 2D cell culture as the technology develops
to enable a wider range of processes.

Here, we provide an overview of traditional cul-
ture methods in 2D and 3D, and discuss the cur-
rent techniques, immediate challenges, and the
differences in results in 2D and 3D, as well as their
implications. Topics included are microtopogra-
phies in 2D cultures (18, 72, 81, 109, 113), biopo-
lymers for scaffold creation in 3D cultures (5, 23,
26, 27, 60, 63, 68, 84, 88), and the effect of the
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extracellular matrix on culturing techniques (78,
127, 129). We aim to provide a reasonably compre-
hensive review of the benefits and downfalls of
both 2D and 3D cultures in this rapidly evolving
and expanding field.

Current 2D Cell Culture Methods
Considerations

Conventional 2D cell culture relies on adherence to
a flat surface, typically a petri dish of glass or
polystyrene, to provide mechanical support for the
cells. Cell growth in 2D monolayers allows for ac-
cess to a similar amount of nutrients and growth
factors present in the medium, which results in
homogenous growth and proliferation (31). This
characteristic makes 2D platforms attractive to bi-
ologists and clinical users due to simplicity and
efficiency. However, most of these 2D methods do
not provide control of cell shape, which deter-
mines biophysical cues affecting cell bioactivities
in vivo. To control cell shape in 2D cell culture,
micro-patterned substrates, such as cell-adhesive
islands (30), microwells (121), and micropillars
(40), have been created to customize the 2D shape
of cells and help study the effects of cell shape on
bioactivities. Nonetheless, these pseudo-3D mod-
els induce an apical-basal polarity, which is unnat-
ural in vivo for some cell types, for example,
mesenchymal cells. This induced polarity may al-
ter the functions of native cells with regard to
spreading, migrating, and sensing soluble factors
and other microenvironmental cues (61). The ef-
fect of cell polarization in 2D cell culture can be
mitigated using a sandwich culture method that
adds a layer of ECM atop the cells (9, 29, 34, 65, 73)
to eliminate apical-basal polarity and provide a
mimic of 3D ECM.

Techniques

Sandwich culture. Modeling physiologically rel-
evant events can be challenging for many cell lines.
Indeed, alternative methods to traditional 2D cell
culture were developed for hepatocytes because
they do not survive well under traditional 2D cul-
ture methods. In 2D cultures, there are decreases
in transcriptional genes and rapid changes in mor-
phology (29, 34). The sandwich culture method,
e.g., placing cells between two layers comprised of
ECM, polyacrylamide, or collagen, has long been
demonstrated to produce hepatocyte cell cultures,
where morphology and function more accurately
reproduce in vivo behavior (9, 29, 34, 65, 73). This
is particularly relevant in the area of drug discov-
ery, where researchers are interested in under-
standing pharmacokinetics in relation to the liver
(9, 65).
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Hepatocytes in the liver are surrounded by a
complex ECM, and several researchers have shown
that conventional 2D culture methods, flasks with
or without ECM protein coatings, do not establish
well enough the complex microenvironment that
hepatocytes need to function (29, 34, 73). Dunn et
al. (29) compared the behavior of hepatocytes cul-
tured on a one-gel system to a sandwich culture
comprised of two collagen gels. Their results
showed that the sandwich culture could maintain a
proper albumin production rate for at least 6 wk,
whereas the one-gel system already had rates that
were tenfold lower than normal by the end of the
first week (29). LeCluyse et al. (73) found that the
polarity of hepatocytes was also affected when cul-
tured on only single-layer gels. When a sandwich
culture was used, a normal distribution of the api-
cal membrane markers was found at the canalicu-
lar membrane, and bile canaliculi were also well
established (73). The development of bile canalic-
uli is important in the study of pharmacokinetics,
since understanding drug uptake is critical when
modeling pathologically relevant events (9).

Sandwich cultures not only have allowed re-
searches to study the uptake and efflux transport of
hepatocytes but also have helped them to under-
stand the conditions for hippocampal neuron cul-
ture (12). Hippocampal neurons do not culture
well at low densities under traditional 2D methods.
Brewer et al. (12) desired low-density cultures to
image individual neurites contacting each other
and for drug testing. They determined that low
levels of oxygen (9%) are ideal for low density
(<20,000 cells/cm?) hippocampal neuron cultures,
since higher levels become toxic. The sandwich
method was shown to reduce the diffusion of ox-
ygen sufficiently so that an 80% survival rate was
found over 5 days compared with a 32% survival
rate over 2 days in a traditional mixed-cell popu-
lation culture (12). The sandwich culture has al-
lowed many researchers to examine the effects of
pharmacokinetics, which is important to consider
when modeling physiological and pathological
events.

Micro-pattering. Engineered 2D surface pat-
terning and modification creates a 2D microenviron-
ment with unique biochemical factors, topography,
stiffness, and mechanical load for cell culture (72, 81).
In a typical 2D cell culture, cells are exposed to a
homogenous surface devoid of any defects that
could influence their development (109). Several
researchers have begun to test the effects of vary-
ing microtopographies on cell differentiation and
proliferation (18, 106, 113).

Chaubey et al. (18) studied the effect of adi-
pocyte differentiation based on cell culture surface
microtopography. D1 cells, multipotent mouse
bone marrow stromal precursors, were used to
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study the effect that patterned and non-patterned
poly-L-lactide (PLLA) surfaces had on cell differen-
tiation and lipid production. The patterned sur-
faces contained horizontal, 3-pm-wide micro-
grooves that were separated by 100 pm. The
patterned PLLA surfaces were shown to have a
faster rate of differentiation than non-patterned
PLLA. However, cells cultured on patterned and
non-patterned PLLA surfaces showed a lower rate
of differentiation compared with cells on tissue
culture-treated polystyrene (PS), a control for the
experiment. As for lipid production, it was found
that, at later time points, patterned PLLA sur-
faces produced the highest amount of lipids, fol-
lowed by PS, and then non-patterned PLLA. The
results indicated that the micro-patterning and
type of surface both affected the rate of differen-
tiation of cells (18).

Wan et al. (113) also studied the effects of mi-
crotopography using PLLA and polystyrene (PS)
with hemispherical pitting and islands to under-
stand mechanical interactions of OCT-1 osteoblast-
like cells within micro-niches. They demonstrated
that cells preferred to round up on smooth-surfaced
PLLA substrates and stretch on rough surfaces. The
efficiency of the surface attachment was also
shown to be higher on rounded surfaces compared
with smooth surfaces. In response to variations in
microtopography, cells tend to exhibit an increase
in filopodia and microspikes, which play impor-
tant roles in cell migration and neurite out-
growth (106). The effect of microtopography on
cell migration was further supported by Wan et
al. (113), whose experiments also revealed that
pseudopods extending from cells could encroach
into pits in culture surfaces. The less rigid pseudo-
pods could act as anchors for the cell and influence
its migration patterns, thereby providing a contact
guidance (113).

Altering substrate stiffness. The microenviron-
ment of cells is not only affected by microtopogra-
phy but also by the stiffness of the substrate that
cells adhere to, which affects bioactivities ranging
from migration to differentiation (28). For exam-
ple, Engler et al. (32) demonstrated that the differ-
entiation of mesenchymal stem cells (MSCs),
which possess the ability to develop into neurons,
myoblasts, and osteoblasts, can be regulated by
substrate stiffness. MSCs were cultured on collagen
I-coated, inert polyacrylamide gels, with the elas-
ticity of the matrix determined by the degree to
which the gels were cross-linked. Cultures on the
softest gels with Young’s modulus (E) similar to the
brain (0.1-1 kPa) exhibited the highest expression
of neuron-specific markers. Cells on a substrate
with a moderate stiffness similar to muscle tissue
(E = 8-17 kPa) expressed sixfold higher levels of
myogenic factor messages. Last but not least, cells
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cultured on the stiffest matrix (E = 25-40 kPa) ex-
pressed fourfold higher osteogenic factor messages.

3D Cell Culture Models and
Applications

Considerations

Cells in our body perform bioactivities in response
to the stimulation from a highly complex, 3D mi-
croenvironment (15, 98, 112). The makeup and
distribution of cell-ECM and cell-cell interactions
influence fundamental cellular behaviors and are
tied to the functions of whole organs. For 3D cul-
ture systems looking at cell clusters, the aggregates
formed in 3D create a gradient of nutrient access
and waste buildup. Surfaces of the aggregated
spheroids, for example, have the highest levels of
proliferation, whereas the interior of the 3D cell
bodies possesses the highest number of quiescent
or necrotic cells (31). The introduction of 3D cell
culture approaches aimed at modeling the in vivo
interactions of tissues and organs has opened new
possibilities in studying the underlying biochemi-
cal and biomechanical signals (46, 57). A well-de-
signed microenvironment in tissue and cell
engineering can be used to promote proliferation,
migration, matrix production, and stem cell differ-
entiation. The following subsection will discuss
various 3D cell culture techniques that have been
established to try and create in vivo conditions for
cellular development.

Techniques

Spheroid culture. There are multiple methods
for spheroid cultures, including microfluidics (35),
microchips (110), embryoid bodies (EBs) (91), col-
lagen gels (GELs) (91), and hanging-drop culture
(35, 55, 110, 111). Torisawa et al. (110) created a
novel chip system utilizing microfluidics that al-
lows spheroids to grow in a controlled environ-
ment for long-term culture. PDMS wells with a
triangular pyramid shape opening promoted the
growth of spheroids, with some control over the
size achievable. This device was able to maintain
spheroid cultures for up to 2 wk (110). Additionally,
microwells made out of a non-adhesion promoting
material, such as agarose, can be used to grow
several arrays of spheroids at once (86). Micropat-
terning can also be used to pattern areas or to
create “microwells” for the controlled growth of
spheroids (i.e., agarose) (35).

Pineda et al. (91) conducted experiments on the
proliferation and differentiation of embryonic
stem cells (ESCs) in two different 3D culture meth-
ods. Cells were cultured as embryoid bodies (EBs)
in either a collagen type I gel (GEL) or by growing
them in non-tissue culture-treated dishes to pre-
vent adherence. GEL and unattached EB cultures
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produced similar cluster morphology, with defined
boundaries and the occasional cavities. A key dif-
ference in the morphology of GEL cultures was the
presence of elongated masses along the edges of
the gel form. Free EBs had more dynamic changes
in the genotypic expression levels of cytoskeletal
genes over the same 12-day span compared with
the GEL cultures. By day 12, unattached EB cul-
tures had higher expression levels of the interme-
diate filaments lamin, keratin 8, and vimentin (91).
These results indicate that, even with similar mor-
phologies, the gene expression of each 3D culture
is specific in adaptation to its microenvironment.
Another culture method involves spheroids form-
ing within hanging droplets of media (35, 55, 110,
111). Conventional hanging-drop method does not
allow for extended cell culture due to difficulty in
changing media. To overcome this, one group,
Hsiao et al. (55), designed a plate using micro-ring
structures to stabilize the drops, allowing for 14-
day culture of prostate cancer cells. They contin-
ued on to use these plates as a high throughput
method for testing anticancer drug sensitivities on
H9 human epithelial carcinoma cells. Their results
from 2D and 3D spheroid culture indicated spher-
oids were more resistant to one anti-cancer drug,
5-fluorouracil, which inhibits proliferation, whereas
2D cultures were more resistant to a different anti-
cancer drug, tirapazamine, which is cytotoxic in hy-
poxic conditions (111).

Biopolymer scaffolds. Significant progress has
been achieved during the last decade on the tech-
niques to encapsulate cells in 3D using tissue-en-
gineering scaffolds with customized biochemical
and biophysical components. These 3D scaffolds
and associated cell-encapsulation techniques pro-
vide the valuable tools for helping us decipher how
the ECM affects the fate of cells (5, 13, 14, 25-27,
68, 77, 80, 87, 88, 92, 108). Biopolymers derived
from animal tissues are particularly popular, since
they contain the similar biochemical components
that cells experience in their native tissue and may
promote tissue regeneration. Among the most
commonly used natural polymers are hyaluronic
acid, gelatin, collagen, and chondroitin sulfate (14,
108). Biopolymers from non-mammal tissues, such
as alginate and chitosan, are also used for making
3D scaffolds (23, 63, 68, 84). Despite the progress in
developing biopolymers that promote the desir-
able cell fates for regenerating cartilages (50, 53),
bones (126), skin (107, 128), and arteries (56, 90),
creating a 3D scaffold for tissue repair remains
highly challenging. Among the leading issues is the
difficulty to independently control the key ele-
ments crucial for controlling cell bioactivities, in-
cluding biochemical property, matrix elasticity,
and macroporosity (51, 116).
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Prefabricated scaffolds. Prefabricated scaffolds
provide a customizable biochemical composition,
matrix elasticity, and micro-architectures. These
scaffolds can be fabricated by 3D printing (36),
stereo-lithography (38, 41, 89), polymer phase sep-
aration, lyophilizing (22, 119), gas foaming (96),
and porogen leaching using soluble templates to
form pores or channels (20, 54, 60, 83, 99). How-
ever, current methods to create prefabricated scaf-
folds often involve conditions that are too harsh for
cells to survive, such as extreme pressure, non-
physiological salt concentration, and the use of
organic solvents. Therefore, the delivery of cells
into the scaffolds is mainly achieved by cell diffu-
sion (66, 79, 101, 117, 122, 124), and this method is
often subjected to low cell penetration rate and
poor scaffold cellularization. A relatively new ap-
proach to vascularization of fabricated scaffolds
has been explored by Zhang et al. (127). Their
experiments involved the use of silk fibroin, a pro-
tein polymer shown to be biocompatible and de-
gradable. The silk fibroin scaffolding was processed
to contain porous, hollow channels that were pre-
vascularized with human umbilical vein endothe-
lial cells. They observed that the host tissue grew
into the scaffold while the channels aided in the
development of in vitro tube formations resulting
from the human umbilical vein endothelial cells.

Building blocks-based scaffold formation. To
overcome challenges with cellularization, building
blocks-based scaffold formation has emerged as a
new trend of technology for 3D scaffold construc-
tion (48, 49, 51). This technology aims to provide
independent control of porosity, mechanics, and
ECM properties by building designer base units
which are then controllably crosslinked to ensure
the desired porosity is achieved. Their results dem-
onstrated that microribbon-based scaffolds facili-
tated cell engraftment, cell proliferation, and ECM
production. Stem cells encapsulated within a de-
signer scaffold at a low initial density (2 to ~5
million/ml) were shown to proliferate up to 30-fold
within 3 wk. This process has been utilized in bone
regeneration scaffolds, where implanting building
block-based scaffolds with adipose-derived stro-
mal cells (ADSC) accelerated bone regeneration in
a mouse cranial defect. Endogenic bone formation
was promoted by the prolonged survival of ADSC
and associated stem cells’ paracrine signaling (49).
Both ribbon-shaped and micro-bead-like building
blocks were used to create 3D scaffolds that sup-
port nutrient diffusion, cell proliferation, ECM pro-
duction, and wound healing (44).

Hydrogels. In contrast to prefabricated scaffolds,
hydrogels made of different types of biopolymers
have been widely used as scaffolds due to their
ease of cell encapsulation (27, 88, 103). Hydrogels
also provide tissue-like water content and easily
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tunable biochemical and mechanical properties.
However, most hydrogels consist of micron/nano-
meter-sized mesh that is often too small to allow
postfabrication cellularization and lack the micro-
topography needed for controlling cell shape and
supporting cell mobility, cell proliferation, and ma-
trix production. Attempts have been made to over-
come the above limitations by using hydrolytically
and enzymatically degradable biopolymers (6, 50).
These hydrogels have components that gradually
dissolve and produce internal space to facilitate
matrix production and other cell bioactivities. The
main downside of hydrogels, in terms of tissue
regeneration, is that matrix degradation simultane-
ously changes the biochemical elements and the
matrix elasticity, both of which need delicate con-
trol. Furthermore, it is extremely difficult to match
the speed of hydrogel degradation with the pace
of tissue formation (74), which is important in
maintaining the shape and mechanical integrity of
tissue-engineering constructs.

FIGURE 1. Three different applications and variations of cell sheet

engineering

A: a cornea transplant using a single cell sheet. B: layered identical cell sheets for
myocardial reconstruction. C: layers of various cell sheet types for liver or kidney
applications. Reprinted from Ref. 100, with permission from Biomaterials.
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Cell sheets. Another approach to engineering
organs and tissues without the use of constructed
scaffolds is to make multiple layers of cell sheets.
Shimizu et al. successfully replicated the pulsatile
function of cardiomyocytes in a 3D construct by
layering multiple cell sheets (FIGURE 1) (52, 100).
This approach demonstrated that the use of a syn-
thesized, biodegradable scaffold was not necess-
ary to develop potentially properly functioning tis-
sue. The tissue constructs were transplanted into
rats and were shown to have a survival rate of up to
3 mo, and vascularization of the cells sheets by the
host tissue was observed. Shimizu et al. (100) went
on to compare their research to other studies that
used biodegradable 3D scaffolds to regenerate car-
diac tissue. The biodegradable 3D scaffolds had
poor influx of migratory cells and caused inflam-
matory reactions as opposed to the cell sheets that
provided a more optimal recovery.

Bioreactors with perfusion, dynamic loading,
and microfluidic actuation. Bioreactors are cre-
ated to understand cell behaviors in construction
of micro-tissues or organs and produce more cells
for clinical application or laboratory research.
Large-scale bioreactors include simple systems
such as spinner flasks and rotating wall bioreac-
tors, which allow for semi-adherent cell growth, as
well as more complicated systems. Beyond tradi-
tional uses, bioreactors can be used to assist newer
variants of 3D cell culture. For example, in addition
to relying on natural diffusion, transportation of
gas, nutrients, and wastes through a 3D cellular
scaffold can be accelerated by using a bioreactor
with perfusion pumps and dynamic stress-load-
ing actuators (123). Using bioreactors with cell-
sized conduits, the effects of fluid transport in
a cellular scale have been explored. Recently,
micro-bioreactors such as micro-fluid bioreac-
tors, bioreactors-on-chip, and micro-bioreactors
with microchannels have been established as ef-
fective models for studying the bioactivities of var-
ious cells, including MSCs, embryonic stem cells
(ESCs) and tissue (liver and heart)-specific cells
(15, 24, 97, 104). Micro-bioreactors also showed
promise in screening therapeutic drugs and in con-
troling cell microenvironment (1, 24, 37, 94).

Microfluidics. Beyond traditional large-scale
bioreactors, the advancement of micro- and nano-
scale fabrication has led to the development of
various devices for cell studies, of which microflu-
idics is at the forefront. The advancement of micro-
electromechanical systems (MEMs) led researchers
to consider ways that similar devices could be
applied in biology, and thus microfluidics were
developed (118). Microfluidic devices are often
made using polymers, with poly(dimethylsilox-
ane) (PDMS) being the most predominant (118).
PDMS does not corrode or become affected by
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aqueous solutions used in cell culture, pressure, or
temperature, and cells are able to survive or grow
as a result (107). Microfluidic devices have been
used for cancer detection (43), as a diagnostic tool
in developing countries (95), for understanding the
mechanics of embryonic development (118), and
for many more applications. Many of these devices
remain 2D in nature, but recently some microflu-
idic devices have evolved into more 3D-like cul-
tures to mimic organ functions (8, 57).

Organs-on-chip refers to microfluidic devices
whose structures allow them to mimic the func-
tions of organs (8). This ability to simulate organs
in vivo allows for new drug tests to be performed
before animal or clinical studies. One example is
the lung-on-chip (FIGURE 2), which provides a
novel method for testing the efficacy of pharma-
ceuticals rapidly and easily (33, 58, 59). In addition,
other organs-on-chip have been developed (58),
and there is potential for the systems to be con-
nected together much in the same way as in vivo,
which could allow for a better understanding of the
interdisciplinary mechanisms of organs in dis-
eased and healthy states. It is important to note
that these devices mimic both the physical and the
biochemical environments in vivo; this suggests
that chemical signaling and biological pathways
stay the same and can therefore be investigated
using these devices (8, 58).

Comparison of Cell Development
in 2D and 3D Environments

3D cell cultures differ greatly from standard 2D
cultures in cell-cell interaction, cellular mechanics,

and nutrient access (31). The prevalence of 3D
culture systems is increasing due to the ability to
mimic, with acceptable accuracy, the in vivo envi-
ronment. However, many epithelial systems are
reasonably approximated in 2D, even compared
with the in vivo systems. For example, lung airway
epithelia will develop normally in air-liquid inter-
face culture on 2D surfaces (67, 85). With that said,
2D monolayer cell culture systems sometimes fail
to exhibit the cell development process seen in the
physiological environment in vivo due to the sim-
plicity of the systems. The lack of a complex and
biological information-rich environment in these
2D systems could be the cause of this disparity.
Both 2D and 3D cell culture models have different
influences on in vivo-like cell development behav-
iors, such as cell proliferation, differentiation,
apoptosis, and cell motion, compared with 2D pla-
nar cell cultures (2, 10, 39). These developmental
behaviors will be discussed in the following
sections.

Proliferation, Differentiation, and
Gene Expression

Several researchers have examined the effects of
2D and 3D culture methods on the proliferation,
differentiation, and gene expression levels of cells
(21, 81, 91). Pineda et al. (91) demonstrated that
OCT4 in mouse ESCs decreased in both 2D and 3D
cultures, showing a loss of pluripotency, whereas
NES (ectoderm) and BRACHY-T (mesoderm)
markers were shown to increase. However, the
ESCs cultured on glass slides (2D) coated with col-
lagen type I had a faster rate of differentiation than
in 3D cultures (EBs and GELs). It was also shown

A
Epithelium

Membrane
Endothelium

B

Side
chamber

Interleukin-2 .. —

Stretch

Air

Fluid
(oedema)

FIGURE 2. A lung-on-a-chip created by culturing human alveolar epithelial cells and pulmonary microvascular endothelial cells
A: a lung-on-a-chip created by culturing human alveolar epithelial cells and pulmonary microvascular endothelial cells on opposing sides of a porous
membrane. B: the system could recreate organ-level functions, such as an inflammatory response bacteria. C: the system was also used as a model
for lung diseases like pulmonary edema. Reprinted from Ref. 33, with permission from Nature Reviews Drug Discovery.
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that the duration of cell culture and organization of
cells affected their differentiation. Based on assess-
ment of GATA4, a potential myocardial transcrip-
tion factor, it was shown that EB cultures
possessed the greatest ability, among these culture
types, to support cardiovascular differentiation.
Furthermore, neural differentiation was only sup-
ported in EB cultures that had been sustained over
time (91).

Chitcholtan et al. (21) also showed that some
characteristics of tumor cells are not properly
modeled in 2D. In all the tumor cells lines that
were observed, there were higher proliferation
rates in 2D monolayers than in 3D reconstituted
basement membrane (rBM) cultures. Although 3D
cultures exhibited a reduction in proliferation,
there was an increase in B4 and B1 integrins that
serve as markers for cell polarization and differe-
ntiation. Previous experimentations have shown
that 2D cell culture of endometrial cancer cells led
to a loss in tissue-specific function and organiza-
tion. The complexity of studying 3D cultures is
highlighted by how different cell lines uptake a
ubiquitous energy source, such as glucose. A glu-
cose analog, 2-NBDG, was introduced to both 2D
and 3D cultures of KLE, Ish-ikawa, and EN-1078D
cells. KLE and Ish-ikawa cells in 3D conformations
had a lower influx of 2-NBDG than their counter-
parts in a 2D conformation. This contrasts with the
EN-1078D cell line, which showed higher uptake of
2-NBDG in 3D models compared with 2D. KLE
cancer cells had the highest overall rate of 2-NBDG
uptake in both 2D and 3D cultures but expressed
the lowest levels of cellular proliferation. These
findings imply that glucose uptake levels may not
impact cell proliferation rates regardless of the cul-
ture method (21). Findings such as these demon-
strate the challenge in assessing whether 2D or 3D
cultures are preferable for cellular proliferation
and differentiation, since many of the differences
are cell line specific.

Phenotypic expression is also altered depending
on the culture method used. Microarray analysis of
valvular interstitial cells (VIC), the primary cell type
in heart valves, revealed that substrate stiffness can
affect the gene expression of cell lines. Cells cul-
tured on stiff, 2D tissue culture polystyrene pre-
sented with more gene expression changes than
2D or 3D cultures conducted in less stiff materials
such as hydrogels. The Young's modulus of the
material that VIC cells were cultured on impacted
the expression of cytoskeletal, contractility, and
matrix remodeling genes (81). Additionally, Pineda
et al. showed that cells grown in a monolayer ex-
pressed higher levels of cytoskeletal elements and
extracellular matrix proteins than those grown in
3D cultures (91). The combinations of these factors
influences cellular proliferation, differentiation,

PHYSIOLOGY e Volume 32 ¢ July 2017 ® www.physiologyonline.org

and gene expression, and makes both 2D and 3D
cultures valuable to scientific experimentation.

Apopftosis

A recent study has indicated that the formation of
dense spheroids can prevent apoptosis in some
breast cancer cell lines when exposed to cancer
drugs such as paclitaxel (62). In 2D cultures, access
to nutrients is not affected by a gradient of cells,
such as in 3D cultures, since necrotic cells detach
into the medium, leaving only viable cells exposed
on the culture surface (31). For instance, in aggre-
gated spheroids, the highest levels of proliferation
are at the surface, whereas the interior of the 3D
cell bodies possesses the highest number of quies-
cent or necrotic cells (31). These quiescent cells are
less susceptible to drug treatment, yet can provide
the seed of new tumor growth (69). This suggests
that, beyond simple diffusion limitations, the
changes in cell behavior due to geometry can have
far-reaching impacts in terms of understanding
physiological response.

Motion and Migration

Cell migration differs between dimensionalities
(11, 42, 45), potentially due to the more complex
cell interactions within a 3D substrate. Cells in 3D
are surrounded and attached on all sides, creating
obstacles for migration and subsequently causing
alterations in cell motility and the mechanisms
cells use (45, 125). These differences are significant,
since migration is a key aspect of cellular mechan-
ics and plays a key role in the metastasis of cancer,
as well as other diseases and disorders. For exam-
ple, Hakkinen et al. (47) found that fibroblasts mi-
grate at least 1.3 times faster in 3D culture
compared with their corresponding 2D culture in
collagen, fibrin, and cell-derived matrix, whereas,
on the basement membrane extract, the reverse
was true. Additionally, it has been suggested that
3D scaffolds provide a more realistic environment
for the study of cell migration and may prove cru-
cial in the advancement of the understanding and
prevention of cancer metastasis or other diseases
affected by cell migration (71). Varying signaling
cascades were found between 2D and 3D cultures,
with more signaling mechanisms becoming evi-
dent in 3D (46). For instance, coupled interactions
between B1-integrin and epidermal growth factor
receptor signaling were identified in 3D culture but
not found in 2D (114).

Matrix topography, including porosity and mi-
croarchitectures, is required for regulating cell
mobility and retaining ECM components pro-
duced upon cell differentiation (50, 53). More
recently, cell shape formation in response to
ECM properties has been established as a key
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mechanochemical regulator for stem cell differ-
entiation (4, 30, 82).

Extracellular Matrix

The ECM produces multifactorial signals to trigger
bioactivities and regulate cell fates; these signals
are determined by the ECM’s mechanical, chemi-
cal, and topographical properties (15, 98, 112).
Mimicking the in vivo ECM seen by cells in 2D
typically involves the use of collagen or fibronectin,
which allows the cells to bind to substrates (18, 58).
Usually, a cross-linker is used that allows collagen
to bind to the surface of polyacrylamide or other
gels; cells are then able to attach to the collagen
fibers coating the surface of the gel. Collagen is also
found in 3D studies, but to reduce the effect of
degradation and allow for greater control over sin-
gular properties, several 3D studies use materials
other than collagen. The chemical and mechanical
microenvironment in 2D vs. 3D cultures is differ-
ent, as illustrated in FIGURE 3.

These 3D culture systems allow for studying the
effect of ECM stiffness on different cancer cells, as
well as how other properties affect cancer tumors
(46). By combining polyethylene glycol with a pho-
todegradable compound, Kloxin et al. (70) were
able to alter the physical properties of hydrogels,
thereby altering the microenvironment cell experi-
ence. This alteration enables investigations into
mechanical and chemical sensing between cells
and their environment, which can in turn be used
to control cell behavior for a variety of applica-
tions. Other studies have reported alternate recipes
for hydrogels and investigated the effect of tuning
characteristics of these hydrogels. For example,
Chaudhuri et al. (19) used alginate/collagen hydro-
gels as synthetic ECM to examine the effect of
stress relaxation of the hydrogel on the cell spread-
ing, proliferation, and differentiation of mesenchy-
mal stem cells. They were able to tune hydrogels to
have different stress relaxation rates and illustrated
the significance of this characteristic in cell

physiology.
Mechanical Responses

Assessing the mechanical response of cells is sig-
nificantly easier in 2D than in 3D (71). For exam-
ple, cells in 2D must only move along a planar
surface through generating enough traction to
overcome surface inhibition. Cells in 3D arrange-
ments not only have inhibition from potential sur-
face contact but also more contact inhibition from
other cells as well as the ECM. One technique for
assessing 2D cell traction forces measures the dis-
placement of beads embedded into gel substrates
that cells are cultured on (71). Most research into
3D traction forces have been centered on sub-
strates that have a linear force-displacement re-

sponse, but this is not as physiologically relevant,
since the connective tissue in most organs is not
linearly elastic.

Obtaining accurate measurements of forces ex-
erted on the ECM are necessary to understand
physiological processes such as cancer or immune
cell migration. Steinwechs et al. (105) quantified,
for the first time, the forces resulting from a breast
carcinoma cell that migrates within a 3D collagen
fibril matrix. They found that similar forces are
generated even as the stiffness of the matrix is
changed. This is in contrast to 2D matrices
whereby physical forces increase as the matrix
stiffness is increased (115). However, they did not
determine that matrix stiffness was the only cause
of the observed similarity in forces. Other factors
such as ligand density and pore size may have

Collagen-coated glass (2D)

A Soluble B Forced apical-
gradients basal polarity
absent y

F High stiffness E Adhesions
(GPa range) restricted to

x-y plane

Collagen gel (3D)

A

A Soluble
gradients

\) Present

F Low stiffness

(kPa range) dimensions

y

C Continuous
layer of matrix

D Unconstrained
spreading and
migration in x-y

D Spreading and
migration sterically

hindered

FIGURE 3. Cells in 2D and 3D microenvironments interact differently
with their surroundings due to differences in the cues, mechanical and

chemical, that they experience
Reprinted from Ref.
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simply inhibited cell spreading, which in turn
could have caused a reduction in force (105, 115).

Conclusions and Discussion

We have provided an overview of various methods
for culturing cells in both 2D and 3D, analyzing the
benefits and disadvantages, and discussing current
challenges. Classically, 2D studies have been fa-
vored, but 3D studies are becoming more neces-
sary to replicate the behaviors of some in vivo
conditions. Currently, there are several 3D meth-
ods that have become popular and well developed,
such as hydrogels and bioreactors. These methods
allow for a more physiologically relevant environ-
ment to investigate cell and tissue behavior.

New culture methods are continuously appear-
ing, and older methods are constantly evolving to
address the current challenges. One major prob-
lem in the field is the lack of a standard approach
in 3D cultures, whereas 2D cell culture practice is
standard and roughly comparable. However, a
standard system for 3D cultures will be difficult to
implement since different cell types will most likely
be better matched for certain 3D systems. The
fluidity of this field is what allows advances to
continuously be made.

In 3D cell culture, multicellular spheroids are
closer to living tissues in vivo in terms of biostruc-
tural and biofunctional properties compared with
conventional 2D planar cell cultures. Cells in
spheroids often initiate different characteristics
than monolayer cells, such as the deposition of
ECM, secretion of growth factors, and gene expres-
sion profiles. Spheroid cell culture is of interest to
researchers due to its simplicity, reproducibility,
and similarity to physiological tissues. This ap-
proach has been developed in the research of can-
cer (7, 76, 102), stem cells (17, 120), and many
organs (such as liver, kidney, heart, etc.) (3, 16, 64,
75). The difficulty in growing physiologically simi-
lar 3D tissue or organ cultures stems from finding
viable cell types, biocompatible scaffold materials,
and a scaffold design that supports the develop-
ment of an ECM and vascularization. Even though
3D spheroid cultures are more similar to in vivo
physiological conditions, more guidance is needed
for culture conditions to replicate tissue conditions
more accurately.

In conclusion, the situation and questions at
hand will determine whether a 2D or 3D culture
method is best suited. In some cases, 2D studies
are more feasible, and the results can be meaning-
ful. However, in other cases, 3D studies will yield
more accurate results and can be done in combi-
nation with 2D studies. ®
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