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The advent of dynamic three-dimensional cell cultures
has transformed the field of biological research as
they bridge the gap between in vitro and in vivo sys-
tems. 3D cell-culture techniques can be categorized in-
to two types: static and dynamic culture systems.
Traditional cell-culture models are considered to be
‘static’ in nature, as the cells are grown on matrices
or scaffolds with little focus given to the complexity of
the growth conditions that exist in the in vivo tissue
microenvironments (presence of continuous blood
supply for the development of tumour vasculature).
Thus, static 3D cultures do not accurately mimic in
vivo cellular architecture and function. The develop-
ment of a ‘dynamic’ culture environment has offered
3D culture models with the potential to improve the
‘naturalness’ of the cells being cultured and thereby
have more in vivo relevance for translational research.
This makes them relatively more superior than single
cell-type static 3D cell cultures. Dynamic systems in-
clude magnetic- and acoustic-based assembly devices,
micropocket cultures, dielectrophoretic and micro-
fluidic platforms. Microfluidic devices might be the
most versatile of these culture platforms, considering
their engineering diversity, their potential to improve
molecular crosstalk among culture elements and their
prospective range of applications.

Keywords: In vitro applications, scaffold-based and
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IN VITRO cell and tissue culture studies have become an
indispensable part of fundamental research and transla-
tional medicine over the past few decades. Such models
offer an opportunity to replicate many characteristic fea-
tures of in vivo environments. The earliest in vitro cul-
tures are monolayers of cells cultured on rigid, flat
surfaces. These two-dimensional (2D) cell cultures have
various advantages associated with easier methodologies
and low-cost maintenance, and their usage is also well
established in cytotoxicity and drug-penetration studies'?.
However, such 2D cultures are minimalistic in their simi-
larities to in vivo physiology as they are grown in simplis-
tic, yet improbable conditions. The cells in 2D cultures
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appear more stretched out and flat than they are in vivo,
thereby exhibiting a diverse cell morphology, according
to the cell types being studied. They show a forced apical—
basal polarity and have comparatively expeditious degrees
of cell proliferation and poor levels of cell differentiation.
They also show varied gene or protein expression levels,
which cause a loss of diverse phenotypes. Therefore, cells
in 2D cell cultures do not accurately mimic the natural
tissue physiology and hence, they do not recapitulate the
cell—cell and cell-extracellular matrix (ECM) interactions
as observed in vivo™.

Comparable replication of a true experimental in vivo
environment is possible using appropriate animal models.
However, the use of these models is mired in ethical con-
troversy, especially concerning the pain and discomfort
induced in the animals used; they are also cost-intensive.
Furthermore, these animals do not have similar physio-
logical, molecular and functional hallmarks as humans.
Manipulated animal models, such as knock-outs or immu-
nocompromised animals, do not replicate the same
tumour-stroma physiological interactions (pertaining to
drug susceptibility studies and cancer research) as natu-
rally seen in humans. Animal models are therefore not
considered to be efficient for accurate translation of labo-
ratory research to clinical settings. For this reason, there
arises a need for cellular models, such as the three-
dimensional (3D) cell-culture models, that have the poten-
tial to better simulate the physiologically relevant com-
plexities and physiognomies that are more close to the
complex in vivo conditions compared to 2D cell-culture
models*’. Three-dimensional cell-culture systems emerged
in the 1980s, with an aim to better understand the ECM
and as an unconventional approach to better mimic the in
vivo physiological conditions of tissues. Over the years,
many studies have proven the superiority of 3D cultures
over 2D cultures in terms of representing the key features
of in vivo conditions™®’.

A 3D cell culture model is considered to be ‘ideal’ if it
has the ability to imitate a 3D cellular architecture that is
biologically relevant to the specific tissue, and where
cells are provided with the conditions to proliferate, dif-
ferentiate and aggregate. These models have the capacity
to display variable properties such as cell-to-cell and cell-
to-ECM interactions, pH alterations, drug resistance, and
fluctuating oxygen, waste and nutrient gradients required
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for the successful culture of cells*®. Three-dimensional
cell cultures are considered to be more advantageous than
their 2D counterparts when it comes to maintaining cell
junctions and allowing cell-to-cell communication. The
3D spheroids seem to have higher resistance to drugs.
This gives a more accurate representation of the effects of
the drug in vivo. For this reason, the 3D cell culture models
are more promising when it comes to modelling and
studying molecular mechanisms of a particular disease,
identification of potential drug targets and also establish-
ing prospective therapeutic strategies’ .

There are different types of 3D cell-culture techniques
depending on the nature of the experiment being performed.
These are mainly divided into either scaffold-based or
scaffold-free techniques, or into static 3D and dynamic
3D cultures. The context of grouping 3D culture systems
as static or dynamic is based on the absence or presence
of a mechanism to constantly perfuse the cultured cells or
tissues with the culture medium. For example, a culture
model which utilizes only scaffolds or matrices to obtain
3D aggregates of cells is considered static, while an inte-
grated microfluidic device which enables a constant flow-
through of the culture medium and enables continuous
collection of effluents is considered dynamic. We present
here the major differences among scaffold-based and
scaffold-free cell and tissue culture systems. Also, a compre-
hensive account on the various dynamic culture systems
is presented.

Static versus dynamic 3D cell cultures

Traditional cell-culture models are considered to be static
in nature, as the cells are grown on matrices or scaffolds
with little focus given to the complexity of the growth
conditions that actually exist in the in vivo tissue micro-
environments (such as the presence of continuous blood
supply for development of tumour vasculature). Contem-
porarily, there has been a surge in the research brought
about by the advent of dynamic cell-culture systems such
as microfluidic platforms, magnetic levitation, di-electro-
phoretic and acoustic-based approaches, that have the
potential to improve molecular crosstalk among culture
elements. This makes them relatively more superior than
single cell-type 3D cell cultures. Due to this, a more
dynamic environment is being offered to the 3D culture
systems. The term ‘dynamic’ refers to the concept of
inducing continuous motion, which stimulates cells to form
aggregates or spheroids without depending on the scaf-
fold. Dynamic culture systems make it possible to culture
more than one type of cell, thereby enabling researchers
to develop co-cultures, organotypic cultures and biologi-
cal samples for tissue engineering. Pertaining to cancer
research, this modality has made it possible to study the
biological, biophysical and biochemical interactions within
the tumour microenvironment (TME). Moreover, dyna-
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mic 3D cell cultures have shown significant differences
in their morphology, proliferation rates and drug res-
ponses when compared to static 3D cell cultures'?, while
their flow conditions, responses and functions have also
enhanced to a greater extent'’. Figure 1 shows the general
scheme of a typical static 3D and dynamic 3D cell culture
system; the fundamental difference between them being
the continuous perfusion of the culture medium in the
dynamic models.

Three-dimensional cell cultures can be obtained with
either scaffold-based or with scaffold-free approaches.
Scaffold-based techniques aid in providing support for
the attachment of cells in a typical 3D cell culture, where
the biomaterial used can be derived from either a naturally
occurring or a synthetic biopolymer. Most cells residing
in the ECM of human tissues are anchorage-dependent
and so scaffold construction is based on the principle of
recapitulating the ECM function (physiological architec-
ture, biodegradability and mechanical properties compa-
tible with the host tissue) in vitro, which has the potential
to modify cellular organization and function in response
to a particular therapy. With increase in the size and
complexity of 3D culture systems, a requirement for the
utilization of scaffold becomes more evident'*.

The involvement of scaffolds in 3D cell-culture systems
enables spheroid generation in two ways, namely growth
by embedding them within the matrix, or by growing them
on the surface of the matrix. Three-dimensional spheroids
could either be grown on static hydrogel scaffolds, which
are considered to be passive in nature, or dynamic scaffolds
which are vibratory (active) in nature. Static hydrogels are a
suitable platform when it comes to cell behavioural studies
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Figure 1. A generalized, typical scheme of (a) a static 3D culture and
(b) a dynamic 3D culture. In static 3D culture systems which are scaf-
fold-based, the cells and the medium do not experience much movement
or circulation. However, in a dynamic 3D culture set-up, which may or
may not be scaffold-based, the culture medium is always in perfusion,
which resembles the natural circulatory system. In such dynamic culture
systems, both the effluent and the cell aggregates or patient-derived
biopsies can be studied for a variety of end-points.
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relating to the physical, chemical and biological functions
of the ECM. On the other hand, dynamic hydrogel scaf-
folds provide a mechanical stimulus to the cell-culture en-
vironment that allows for enhanced cell growth, adhesion
and differentiation'’.

By displaying dynamic complexity, hydrogels assist in
the formation of multicellular constructs through spatial
patterning. This has enabled the use of high-throughput
assays for studying cellular interactions and cellular beha-
viour pertaining to various complex physiological condi-
tions such as wound healing'®.

Although the usage of scaffolds for obtaining 3D cell
cultures has been shown to have high reproducibility, a
natural disadvantage of these systems is that the construc-
tion of the scaffolds is arduous and challenging. There is
also a variation in the composition between batches of
ECM products and the costs associated with their pur-
chase. Physiological ECMs are viscoelastic in nature
(they equally display elastic and viscous behaviour), but
the synthetic ECMs constructed in vitro are characteristi-
cally elastic in nature. Scaffolds have been applicable as
delivery channels and reservoirs for proteins (growth fac-
tors) or drugs and also in tissue recovery experiments.
However, for achieving functionally efficient scaffolds,
the mechanical properties of the constructed scaffolds
should be compatible with the properties of the host tissue,
which is difficult to attain as the scaffolds have restricted
intake of cells, nutrients and drugs'’. Also, it is challeng-
ing to control and maintain the temperature and pH of the
scaffolds, and also to efficiently separate and isolate all
the cells for analysis. A consequence of this is decreased
cell survival and proliferation'®. Furthermore, spheroids
within the ECM are of dissimilar size, unevenly (in homo-
geneously) distributed, tend to overlap and thus cannot be
used for high-throughput screening or single spheroid
analysis. To discourage potential overlap of the aggregates,
microwells may be etched into the matrix using photo-
lithography and soft lithography forming a hydrogel micro-
arraylHl.

This method of obtaining 3D aggregates has been ex-
tensively demonstrated in cancer cell lines. Many studies
have shown that hydrogels simulate various features of
biological tissues. However, they often lack structures that
are responsible for stipulating cellular organization, cell—
cell and cell-ECM communication, such as fibres. Due to
this, these hydrogels cannot completely mimic the biolog-
ical complexity pertaining to the dynamic constitution of
the cellular microenvironments, as seen in vivo'®!".

The motion of fluidic components has been emulated
in 3D systems with the advent of many scaffold-free-
techniques'®'*>***. These techniques do not utilize any
kind of scaffolds or matrices and allow the cells to assem-
ble themselves in the form of free-floating spheroids
within a cell suspension or as a cell sheet, wherein the
cell components form the ECM in a 3D configuration
without any exogenous support. Over the last decade,
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there has been a significant improvement in scaffold-free
techniques. These techniques minimize the limitations of
using matrices, associated with matrix-induced alterations
in 3D cell culture. If the cells are confluent, then they have
the potential to produce high amounts of ECM. Addition-
ally, most of these techniques are generally dynamic in
nature, which is an added advantage for understanding
complex biological mechanisms. Such techniques are
based on principles of electrical polarity, magnetic and
acoustics resonance, rotary motion of the culture chamber
itself and even microfluidics. Scaffold-free approaches
are therefore dependent on the self-assembly of cells
which generate biomimetic constructs that are utilized
based upon the nature of the study, and the resources and
expertise available'"'®***_ Table 1 presents the types of
scaffold-free techniques along with their advantages and
limitations.

Dynamic 3D cell culture systems and devices

Magnetic levitation methods

Most cell-manipulation techniques are physical and make
use of intrinsic cell properties such as density, magnetic
susceptibility, electrical capacitance and resistance, or
they are affinity-based (such as particle—antibody conju-
gates particular to a surface protein). Magnetic-assisted
assembly depends on the strength and gradient of the
magnetic field, and magnetic susceptibility of the cell and
its microenvironment. When cells are moved under a mag-
netic field, the phenomenon is called magnetophoresis. It
could either be positive (where the cells move towards a
region of elevated magnetic field strength) or negative
(where the cells move away from that region) in nature™.

Since majority of the cells are non-magnetic in nature,
researchers usually label cells with magnetic nanoparticles
(MNPs), which are biocompatible in nature and have the
ability to bind to a target cell selectively, with the help of
specific recognition ligands present on their surfaces. The
internalization of MNPs into individual cells causes their
magnetization, and can influence the phenotype and
differentiation ability of the cells. These cells are then
assembled with the use of magnetic microtips into a con-
figuration that fits the objectives of the study. In this way,
with the help of positive magnetophoresis, cells can either
be arranged into 3D spheroids where the size of the cell
aggregates can be controlled”’, or they can be patterned
into sheet-like structures with a suitable cellular microen-
vironment*®.

The drawbacks of labelling the cells with MNPs include
cellular internalization problems, biological interference
caused by the labels and the time taken in performing the
steps that are required to inject MNPs into the cells. Thus,
alternative label-free magnetic manipulation techniques
have been developed over the last decade, which rely on
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Table 1.

Scaffold-free techniques for obtaining 3D cultures have the advantage of adaptability for scaling-up which is difficult using scaffold-

based techniques. Thus large-scale cultures are possible using such scaffold-free approaches. However, as the cells are exposed to constant movement,

sheer forces and similar physical disturbances might affect certain properties of the cultured cells

Method of spheroid/
Technique aggregate generation Advantages Limitations Reference
Hanging drop method Aliquot of a single-cell suspension on Simple technique Difficulty in maintaining 74-77
an inverted plate (after seeding of Cost-effective spheroids for long-term
cells) results in the localization of High reproducibility culture
cells at the tip due to surface tension,  Flexibility
in the form of compact spheroids Generates 3D co-cultures
Agitation-based techniques Cell suspension in culture vessels will Encourages circulation of Force of motion can 78,79
Spinner flask bioreactors be kept in continuous motion by nutrients and removal of affect cell physiology
Rotational flask bioreactors spinning action; promotes cell-to-cell toxins Spheroids vary greatly
contact and results in spheroid Enhances long-term culture in size
formation Sheer force acting on cells Non-uniformity in size
Culture flasks rotate horizontally causes little impact of spheroids
Speed is increased once heavier Better than spinner flasks
spheroids are obtained
Forced floating technique Coating of round-bottom plates with Easier for initiation Not all cells lines form 80, 81
agar or pHEMA, post centrifugation,  Promotes cell-to-cell contact compact spheroids
results in multi-cellular sphere and adhesion of adjacent Time-consuming during
formation cells pre-coating of the plates
Pre-coated plates are
expensive
Magnetic levitation method  Encapsulation of cells in 2D by Extracellular matrix Higher magnetic field 82-84

magnetic nanoparticles renders
them magnetic. External magnetic
field exerted by the stirrer on cell
suspension causes the cells to be
concentrated and levitated

generation more relevant
to in vivo

strength (800-4000 G)
can influence cell

Shorter duration of initiation behaviour
of spheroids Loss of cells due to poor
Magnetic nanoparticles are encapsulation

at air-liquid interface as spheroids

non-toxic
Fine special control with
good scalability
High-throughput screening

the principle of negative magnetophoresis. In this tech-
nique, the cells were added to a medium containing a ferro-
fluid (fluid with magnetic suspension) or a paramagnetic
salt solution. This caused the cells to focus within the re-
gion of lower magnetic field. In this way, the cells were
successfully manipulated according to the magnetic field
pattern of the medium®®. This ferrohydrodynamic cell
separation technique was used to enrich low-concentration
circulating tumour cells (CTCs) from the blood of patients
diagnosed with advanced non-small cell lung cancer
(NSCLC), and also for the separation of HeLa (epithelial
cervical cancer) cells from blood cells**.

Di-electrophoresis

Particle separation technique is a purification process that
works on the principle of extracting particles from a sus-
pension or isolating them from other particles based on
the differences in their chemical and physical properties.
Di-electrophoresis is a type of particle separation tech-
nique that generates polarization forces to separate the
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suspended particles (which must be polarizable, but do
not carry electrical charges) in the carrier fluid, which
takes place within a non-uniform electric field (NUEF),
after which the particles form electric dipoles. Nowadays
this technique is commonly used with microfluidic bio-
particle separation platform. It makes use of electricity
which is supplied with the help of external electrodes
(which produce the NEUF in the chip). The performance
of di-electrophoresis (DEP) depends on the gradient of the
electric field which thereby manipulates the spatial organ-
ization of cells. Due to its selectivity and accuracy, DEP
is applicable in the fields of medicine and diagnostics. In
DEP, the cultured cells do not sustain any harmful effects
that may be a consequence of internalization of MNPs®',

Acoustics

This has been widely used in biomedical research for
droplet and bioparticle manipulation. Acoustics-based as-
sembly efficiently makes use of non-invasive sound waves
for the assembling of microgels (microscale hydrogels)
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within seconds. Microgels can be used as carriers for cells
or as drug-delivery systems and have often been labelled as
the ‘building blocks’ of regenerative medicine and tissue
engineering. For this, the microgels need to be manipu-
lated via an assembly for fabricating larger constructs.
Such an assembly in the microscale has been applicable for
intracellular manipulation of particles, bioengineering,
diagnostics and other biomedical applications. Acoustic-
based approaches provide better flexibility and biocompa-
tibility when it comes to spheroid fabrication, so as to
carry out contact-free manipulation of cells while main-
taining their native state®>.

Over the last decade, surface acoustic waves (SAWs;
which are acoustic waves distributed along the surface of
an elastic material) have been effectively used to control
particles and fluids on microfluidic devices. Research has
shown that with the help of a travelling SAW, the associ-
ation between microfluidic devices and acoustic waves
has the capacity to produce interference (standing wave)
patterns within the microscale. The forces that are gener-
ated as a result of this interference can be used for the
manipulation of particles and cells™.

Fast fluid actuation, ease of fabrication, versatility and
compatibility with other microfluidic devices are some
of the advantages of SAW microfluidics. SAW-based
microfluidics has been used for applications such as cell-
focusing, manipulation, sorting, enrichment, biosensing,
ete.”*.

MicroPocket Culture system

The MicroPocket Culture (MPoC) system is a biofabrica-
tion strategy that consists of valves prepared in a plate
containing polyacrylamide hydrogels that aid in the robust
development of spherical, uniformly sized aggregates or
spheroids. Due to the geometry of this system, the sphe-
roids formed can be maintained at precise positions in the
plate, which makes it fairly easy to analyse them. It
allows individual cells to enter one at a time, but prevents
the escape of the aggregate once it is formed. These sys-
tems have therefore been developed to address issues,
especially when it comes to rare samples involving wash-
ing, labelling, stimulating and imaging aggregates (which
could make them susceptible to accidental sample loss
and damage). MPoC has an open-faced-design that allows
for the use of standard pipette-based handling techniques
which are available in most wet laboratories, and fixes
the aggregate spatially even during rigorous washing and
liquid-handling steps. In the hydrogel-based pockets,
aggregates can be easily transferred and embedded into an
ECM on the device, enabling precise formation of tissues.
The limitation of this technique is that it is only able to
give rise to homogenous cell aggregates. Also, high seed-
ing density is essential to obtain uniform-sized spheroids;
hence, the cell count needs to be high. A template mould
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with overhanging structures was microfabricated using a
3D printer, which was later replica-moulded in a poly-
acrylamide hydrogel for long-term culture into the micro-
pocket chamber®”.

Microfluidics

Microfluidics is a research area that involves the manipu-
lation of fluids (which exhibit a laminar flow instead of a
turbulent flow) in the range of microlitres and picolitres,
through various microchannels that are tens to hundreds
of micrometres in diameter. Depending on the substrate
that is utilized for manufacturing devices, the devices are
grouped into paper-based, polymer-based and glass- or
silicon-based platforms. Microfluidic platforms enable
growing of cells on a chip with continuously circulating
media so as to mimic the in vivo microenvironments. This
conserves the cell-cell and the cell-matrix interactions,
taking into account cell signalling, proliferation, differen-
tiation and cell death®®.

Working within the microscale level gives the oppor-
tunity to reduce the experiment time, boost the accuracy
of the experiments while consuming fewer volumes of
reagents and also enables researchers to run parallel expe-
rimental analyses®’.

There are various end-points that can be assessed with
the use of microfluidics, such as examining the morpho-
logical aspects of different cancer cell lines, their protein
and gene expressions and how susceptible they are to var-
ious cytotoxic and genotoxic agents. These devices allow
the integration of various stimuli within the cellular micro-
environment and aid in creating pertinent in vitro condi-
tions for analysing the effects of certain chemotherapeutic
agents on biopsy samples or on cancer cell lines grown in
vitro, which have led to the development of approaches
regarding personalized medicine®®. The different types of
microfluidic devices are listed in Table 2 along with a
brief description of their design, principles, advantages
and applications.

Polydimethyl-siloxane-based microfluidic devices: Since its
introduction in 1998 by the White sides group®, soft
lithography has been used for most of the research work
pertaining to microfluidics. Polymers are popularly used
worldwide because they have a good biochemical per-
formance and are less expensive compared to other mate-
rials. The polymer that is most utilized for fabrication of
microfluidic devices is polydimethyl-siloxane (PDMS),
which is also known as dimethicone; it is a part of the
siloxane family. Soft lithography used as PDMS is origi-
nally a liquid before it is cured to form patterns by treat-
ment with high temperature, after which it is etched
(because of its softness) into patterns or multiple chan-
nels to build models for various biomedical applications.
These can also easily integrate electronics™.
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Table 2. Microfluidic devices are probably the most versatile for obtaining 3D cell cultures. Such devices can be fabricated to meet specific expe-
rimental requirements for studies on samples ranging from simple single-cell type cultures to tissue biopsies. Also, these devices enable studying
several parameters on the culture effluents and the cultured cell aggregates or tissue biopsies

Type of microfluidic

device Design Principle Benefits in 3D culture Applications Reference
Lab-on-a-chip Microchip with intricate Miniaturized More efficiently DNA analysis 85
network of nanometre— biomedical or recapitulates in vivo Biomarker identification for
micrometre-sized chemistry tissue microenvironment disease diagnostics
channels, electrodes, laboratories built ~ Minimal handling Study in vivo cellular
sensors and electrical on a small chip Decreases human error physiology
currents
Centrifugal Rotating device composed Cells arrayed in a Significant maintenance Mono and co-culture of 86
microfluidic of a DC motor, rotating circular fashion of sphericity (cell 3D spheroids in various
device platform and speed with identical shape and size) in shapes
(lab-on-a-CD) controller hyper-gravity spheroids
generated by
centrifugal force
Droplet (digital) Based on channel Uses immiscible Monodisperse droplets Co-culture 87-91
microfluidic geometries, droplets are substances for at the rate of 1000 High-throughput screening
device produced by co-flowing, the generation droplets/sec in drug efficacy studies
T-junction and of droplets at the ~ Mass transport Biomimetics
flow-focusing junction of the Scalability Organotypic culture
microchannels Individual control
Insert-based Laser-cut fibrous inserts Fibrous Understanding of Co-culture in macrophage 12
microfluidic assembled on 3D-printed scaffold-based cell-to-cell interactions activation studies
device microchips integrated microfluidic Scalability
with an analytical device Versatility
module
Valve-enabled Pressure-driven valve Passive pumping Study cell-to-cell 2D and 3D co-cultures. 92
microfluidic barrier separating two method combined interactions Real-time imaging of
device chambers with microfluidics Cell migration synapse in hippocampal
neurons (neurobiology)
Organ-on-a-chip Ranges from a single Cultures cells using ~ More efficiently Organ-on-chips model 93,94

device

perfused microchamber
to complex designs with
two or more channels

continuous
flow-delivery
systems

recapitulates tissue
and organ in vivo
characteristics
Real-time imaging
High resolution imaging

High-throughput drug
cytotoxicity

Applicable in studying
organ physiology and
pathology

It is a hydrophobic elastomer that is highly biocom-
patible, fairly inexpensive and easily mouldable. The
several properties of PDMS such as its hydrophobicity,
high elasticity, chemical inertness, low thermal conduc-
tivity, low toxicity, high optical transparency and conven-
ience of handling make it favourable for use in cell and
tissue culture. One of the major limitations of PDMS is
that it undergoes ageing, and this restricts the performance
of the device. Another drawback of PDMS is that it is
gas-permeable and undergoes deformation while in the
presence of certain chemicals such as strong organic sol-
vents. Therefore, other materials such as glass and sili-
cone are used for construction of the devices as they have
significant solvent resistance®'.

Biomedical applications of microfluidic devices: Micro-
fluidic technology offers the flexibility for carrying out
different applications that extend to areas of life sciences,
drug discovery, chemistry, personalized medicine, diag-
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nosis, 3D printing, cell culture, agriculture and environ-
mental sciences. Microfluidic chips enable considerable
parameter regulation, which results in exceptional data
quality. These devices require minimal sample handling
and enable less consumption of the samples and reagents,
thereby reducing the total cost of the experiment. More-
over, easier automation, portability and running parallel
analyses are possible due to their compact size, which has
allowed researchers to boost their analytical sensitivity,
improved temperature/pH control and has condensed the
overall experimental time.

Cancer: Lab-on-a-chip (LOC) devices usually focus on
diseases diagnosis and DNA analysis. These devices have
proven to be pertinent in identifying cancer biomarkers,
in capturing and diagnosing circulating tumour cells
(CTCs)™ ™, in recapitulating the in vivo microvascula-
ture®> and biomimicking carcinogenetic processes such as
metastasis*®.
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When testing for oral squamous cell carcinoma, the
LOC that was used integrated saliva as the input sample
through which the recognition of precancerous dyspla-
stic and cancerous cells was carried out by cell-surface
proteins which had distinctive gene transcription pro-
files*’.

Pauty et al.™ established a vascular endothelial growth
factor (VEGF)-dependent microvessel-on-a-chip model
that mimicked an angiogenic sprouting from a primary
blood vessel. This model allowed them to demonstrate
the role of the NOTCH pathway in regulating the process
of angiogenesis, to analyse the function of the endothelial
barrier and study the effects of angiogenic inhibitors
(sunitinib and sorafenib) on the VEGF-A/VEGFR-2 an-
giogenesis pathway.

L 48

Neurological diseases.: Organ-on-chip (OOC) devices are
used in translational research for comprehending the me-
chanisms of certain diseases and predicting the responses
of humans to new therapies. By mimicking the native cel-
lular microenvironment, these devices can reproduce the
dynamic conditions of specific organs within the micro-
fluidic chips in vitro. With respect to neurodegenerative
disorders, OOC models can be used to study neural cell
morphology, cell-cell interactions, establish neural net-
works®, neuronal activity patterns™ and to understand
intraneuronal signalling by analysing the influence of bio-
chemical (cytokines, chemokines and transcription factors)
and mechanical factors (stiffness, sheer stress, confine-
ment and interstitial flow) on neural and skeletal muscle
cells in the central and peripheral nervous systems’'.

BBB (blood-brain barrier)-based microfluidic models
enable researchers to understand the pathological mecha-
nisms responsible for neurodegenerative disorders and also
aid in developing drug-delivery systems>>>. A 3D human
model of a neurovascular unit focusing on BBB was de-
signed in 2019 by Brown et al.>*, which utilized human
primary astrocytes and cerebral microvascular endothelial
cells for real-time analysis of the pathological and physio-
logical complexities of the human BBB.

Shin et al.> constructed a microfluidic platform for
successfully evaluating the BBB function by in vitro
modelling of the Alzheimer’s disease (AD) system through
the culture of brain endothelial cells. This model simu-
lated the vascular remodelling that is observed AD patients;
increased BBB permeability, accumulation of f-amyloid
clumps, increased reactive oxygen species, matrix-metallo-
proteinase-2 (MMP2) and interferon-y (INF-y) expression,
along with decreased expression of adherens junction and
tight junction proteins’®.

The OOC models are also important for improving the
drug screening for neurodegenerative disorders. Such brain-
on-a-chip models using differentiated neuronal cells have
proven useful for understanding disease development and
progression apart from studying the effects of pharmaco-
logical interventions®®.
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Cardiothoracic diseases: A reliable in vitro 3D cardiac
tissue model should be able to mimic the electromechanical
stimuli, in the presence of biochemical signals, correspond-
ing to the native microenvironment of the myocardium.
Marsano et al.’’ established a heart-on-a-chip platform
containing a pneumatic actuation system, that applied uni-
axial cyclic strain, on the cardiomyocytes derived from
rat and human-induced pluripotent stem cells (iPSC),
enabling them to produce efficient microengineered car-
diac tissues (#ECTs). Through biochemical and mechani-
cal co-stimulation, this model aided in predicting cardiac
hypertrophy’’. Recently, another high-throughput model
was developed by Parsa et al”® for the examination of
pathological cardiac hypertrophy, that allows dynamic
handling of cardiac microtissues.

Lee et al.” developed a microfluidic electrochemical
biosensor for simultaneous biomarker analysis of multi-
pulmonary hypertension disease. They constructed a micro-
chip integrating five chambers equipped with in-built
pneumatic microvalves for flow manipulation. Each cham-
ber was separately connected to an electrochemical sensor
for detecting four different biomarkers associated with
pulmonary hypertension (low density lipoprotein (LDL),
adiponectin, 8-isoprostane and fibrinogen) and a refer-
ence control. This approach could be utilized for rapid
diagnosis of various human diseases through biomarker
detection.

In 2019, with the intent to repair and regenerate ischae-
mic tissues, an endothelial biomimetic microvessel patch
containing vascularized cardiac stem cells was constructed
by Su et al.®’. This patch mimicked the function and mi-
croarchitecture of venules and capillaries, and was trans-
planted into an immunodeficient nude rat model with
acute myocardial infarction. Four weeks post treatment, it
was observed that the patch promoted neovascularization
and active proliferation of cardiomyocytes at the site of
injury®.

Renal diseases: The renal microenvironment plays a ma-
jor role in the in vitro evaluation of pathophysiology and
disease progression of renal diseases. Thus, a novel, reus-
able, proximal tubule microfluidic device that incorpo-
rated the function of the glomerulus was constructed to
study the effects of sheer stress on the most standard renal
disease states (kidney stones, hyperglycaemia, increased
glomerular filtration rates (GFR) and drug-induced neph-
rotoxicity). This study allowed more physiologically rele-
vant prediction of human renal responses to stress-related
conditions®".

The pathophysiology of acute kidney injury (AKI) is
consistent with nephrotoxicity, sepsis and ischaemia.
Among these, pharmaceutical nephrotoxicity is the main
cause of AKI. In 2018, Qu et al.®? developed a biomimetic,
multilayer, dynamic nephron-on-a-chip to study the patho-
physiology of AKI triggered by nephrotoxic drugs. This
model helped in identifying altered states of pathogenesis
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Table 3. A variety of microfluidic devices have been developed for the rapid and precise detection of bacteria and viruses. These can be utilized
for not only human healthcare diagnostic applications, but also for testing samples such as milk for contamination
Target pathogen Detection method Technique used Results Reference
Salmonella typhimurium,  Rotary microfluidic device Centrifugal microfluidic Multiplex analysis of S. typhimu- 95
Vibrio parahaemolyticus incorporating LAMP and technique applying rium and V. parahaemolyticus
lateral flow strip-based microbead-based DNA in 80 min with an LOD of
detection extraction followed by LAMP 50 CFU
and colorimetric lateral flow
strip-based detection of
pathogens
S. typhimurium Flow-focusing, droplet-based ~10° simultaneous LAMP- Rapid detection of S. typhimurium 96
microfluidic device assisted amplification from pure culture and
integrating LAMP assay reactions in millions of contaminated milk samples
picolitre-sized water-in-oil
droplets
Hepatitis B virus AuNP-PDMS amalgamated, Au-NPs-PDMS-based LAMP Detection of HBV DNA at 1 x 10 97
LED-driven droplet chip that coalesced NIR-LED to 1 x 10* copies/ul
microfluidic chip integrating heating with fluorescent concentration
digital LAMP detection for absolute
quantification of HBV
Staphylococcus aureus PDMS-based microfluidic chip Semi-automatic microfluidic Detection of S. aureus at a detec- 98
integrating ~50-90 um chip containing immune tion limit of 1.5 x 10" CFU/ul
microspheres with coated beads to capture and detect and an injection rate of 5 pul/min
S. aureus antibody S. aureus reacted for 4 min
HINI1 PDMS-based preconcentration Magnetic preconcentration of Detection of influenza A HIN1 99
and nucleic acid amplification influenza A HIN1 virus in virus in saliva samples within
microfluidic device mounted saliva samples with 2 h, with a LOD of 100 TCID50
on a heat block antibody-conjugated magnetic (50% tissue culture infective
nanoparticles followed by dose)
on-chip RT-PCR
SARS-CoV-2 Glass microfluidic CRISPR- Electrokinetic microfluidic Detection of SARS-CoV-2 RNA 100

based chip, integrating
Isotachophoresis-purification
of nucleic acids

technique implementing
LAMP and CRISPR-Cas12
system for the detection of

from NP swab samples in
35 min post

SARS-CoV-2

LAMP, Loop-mediated isothermal amplification; ITP, Isotachophoresis; LOD, Limit of detection; CFU, Colony forming units; K562, Human CML
cell line; THP-1, Human acute monocytic leukaemia cell line; Jurkat, Human acute T cell leukaemia cell line; AuNPs, Gold nanoparticles and NIR,

Near infrared.

for cisplatin- and doxorubicin-induced nephrotoxicity, and
it can be used as a reference for the assessment of drug
toxicity and in clinical therapy®.

A three-layer microfluidic kidney chip was also deve-
loped for nephrotoxicity evaluation, which consisted of a
flow temperature-controlled platform and a drug concen-
tration gradient generator for the efficient culturing of
kidney cells®.

Cell-behaviour studies: In 2018, Jastrzebska et al.** car-
ried out the biological characterization of PDMS-based
devices for studies aimed at comprehending cell beha-
viour and adhesion mechanisms. Toxicity assays of Balb
3T3/c, HMEC-1 and HT-29 cell lines were performed with
celecoxib and oxaliplatin on PDMS devices refined with
collagen, fibronectin and gelatin. They observed that
normal cells are more sensitive to drugs than cancer cells.
Also, the greatest cell viability, adhesion and proliferation
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were obtained by plasma activation. They also observed
that a highly specific environment is not mandatory for
the proliferation of carcinoma cells and how cell beha-
viour is influenced by the surface area to volume ratio
(SA/V). These experiments are important for establishing
distinct growth conditions for different cell types®.

A novel microfluidic droplet-based system was fabri-
cated for the maintenance of 3D cell cultures (post encap-
sulation) of human primary multiple myeloma (MM) stem
cells and human mesenchymal stem cells (hMSCs), for
generating a multicellular stem cell micro-niche within
the microchip. This was done to observe the stem-cell
behaviour, and test the therapeutic effects and possible
toxicity of bortezomib and lenalidomide on the MM
samples obtained from patients to develop a platform for
ex vivo personalized drug screening®’.

Also, a centrifugal-based droplet microfluidic device
was constructed for the generation of droplet-based 3D
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Figure 2. Due to advancements in culture devices, it is now possible to mimic dynamic in vitro cell and tissue culture conditions for a multitude
of applications. Such devices integrate several biotechnological and biomedical applications for the purpose of mimicking in vivo physiological
conditions to the best extent in vitro. Magnetic- and acoustic-based assembly devices, micropocket cultures, di-electrophoresis and microfluidic
platforms are versatile culture platforms that display dynamic complexity. @, Micropocket cultures allow the robust formation of hundreds of uni-
formly sized 3D aggregates inside the 3D printed microchannels. b, Cells are labelled with magnetic nanoparticles, which upon exposure to a static
magnet, can be assembled into a confirmation that fits the objective of the study being carried out. ¢, In microfluidic devices, cells, media and any
other bioparticles move in a laminar flow in microchannels to mimic cell-cell and cell-matrix interactions. d, In di-electrophoretic devices, polari-
zation forces are generated to separate suspended particles for the purpose of bioparticle separation. e, In acoustics-based assembly, surface acous-

tic waves, generated by bulk resonators, produce standing-wave patterns along which bioparticles can be manipulated.

cell cultures, with each cell-encapsulated microsphere
adjusted to encompass hundreds of cells. This device
demonstrated week-long culture duration with controlled
cell occupancy that was applicable for rapid 3D spheroid
formation suitable for bioreactor studies of suspension
cultures®®.

Pathogen identification: Pathogen identification in the
early stages of a disease is significant as it aids in deter-
mining the choice of therapy. Microfluidic devices in the
form of optical-based chips have proven to be effective in
rendering rapid diagnosis for a variety of reasons. These
microfluidic chips have high sensitivity for a specific
pathogen, while relying on small sample volume require-
ments. Such devices are rapid and economical, as there is
considerable reduction in the requirement of reagents as
otherwise required for conventional diagnostic methods®’.
Microfluidic devices have been developed to detect air-
borne, foodborne and waterborne pathogens® . Integra-
tion of electronics and fluid dynamics concepts has
enabled in the rapid detection of pathogens such as Sal-
monella typhimurium, Vibrio parahaemolyticus, hepatitis
B virus, Staphylococcus aureus, HINI and SARS-CoV-2
in the saliva, swab-obtained and milk samples (Table 3).

Microfluidic platforms as gene delivery systems: Chips
developed on microfluidic device platforms have proven
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valuable for cell manipulation, exosome categorization
and drug screening’'. Microfluidic devices have aided in
boosting the efficiency of gene transfection by delivering
nucleic acids into hard-to-transfect cell lines such as em-
bryonic stem cells and lymphoma cells. Also, such trans-
fected cells showed higher viability compared to those
transfected by traditional methods. Han et al.’* intro-
duced a microfluidic platform that achieved membrane
deformation which made possible passive diffusion of
Cas9 and sgRNA into cells, which are crucial for the acti-
vity of the CRISPR/Cas9 genome editing system. Li et
al.”® demonstrated a droplet microfluidics platform to
transfect suspension cells which are considered to have a
lower transfection efficiency otherwise (~5%). To accom-
plish successful gene delivery, this platform performed
co-encapsulation of cationic lipids and plasmids in micro-
droplets. Upon undergoing chaotic advection, they gave
rise to uniform lipoplexes containing enhanced green flu-
orescence protein (pcDNA3-EGFP) plasmids. These were
then delivered to three suspension cell lines (Jurkat, THP-
1 and K562) at an enhanced transfection efficiency
(~50%) and lower transfection variability. Furthermore,
they also demonstrated effectual 7P53BP1 gene knockout
in K562 cells using the CRISPR-Cas9 mechanism. Figure
2 presents the principle, the general architecture and the
mode of functioning of a few scaffold-free dynamic cell
culture systems and devices that are discussed as follows.
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Conclusion

It is increasingly apparent that 3D cell-culture systems
are superior to conventional 2D cell-culture systems due
to a variety of factors. Over the last decade, substantial
progress has taken place to obtain active, dynamic cell-
culture models in lieu of passive, static cell-culture mod-
els, which offer a way to obtain physiologically function-
al biological microenvironments in vitro. Scaffold-free
culture systems such as microfluidics, micropocket cul-
tures and cell-culture platforms integrating magnetic levi-
tation, acoustic and di-electrophoretic assemblies have
helped in obtaining dynamic 3D cell-culture models.
These models have abundant prospects when it comes to
fundamental, multidisciplinary and translational research.
Fundamental research is aimed at gaining an insight into
the actual biological process in the wake of certain dis-
eases such as cancer. Therefore, dynamic cell-culture sys-
tems allow us to better mimic biological components,
which in turn provide a more enriched functional niche
for the 3D aggregates, spheroids, organoids or any other
biological materials being studied.

Dynamic culture systems help in remodelling the ECM
and allow better intracellular interactions (cell-cell and
cell-ECM) in order for the cells to attach, proliferate
and differentiate more accurately in vitro. Thus, with an
improved nutrient supply and other pertinent physio-
chemical cues, dynamic cell-culture platforms offer effec-
tive growth conditions, better heterogeneity and improved
cell-to-cell crosstalk for obtaining a tissue-specific dynamic
environment that allows the cells to accurately recapitu-
late the tissue microenvironment.

The future research directions would be in developing
point-of-care dynamic cell-culture systems, such as micro-
fluidic platforms integrating microvasculatures, which
allow for continuous perfusion, and enable efficient explo-
ration of therapeutic possibilities. Devices which mimic
human-like biological features by incorporating enginee-
ring designs inspired by human anatomy and tumour micro-
and macro-environments will enable testing biological
samples such as patient-derived tumour biopsies against
chemotherapeutic and radiotherapeutic agents effectively.
Such an advancement will be beneficial for personalized
or individualized medicine, especially for conditions such
as head and neck cancers where inter-individual differ-
ences pose a challenge in terms of therapeutic responses
and outcomes.
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