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Introduction: Three-dimensional (3D) cell cultures are identified as more accurate and representative models of human cancers than
conventional two-dimensional monolayer cell cultures. However, currently established 3D culturing techniques are technically challenging,
time- and resource-consuming, and performed using traditional laboratory tissue culturing equipment. In recent years, microfluidics has
been introduced into biomedical research, allowing cells and tissues to be cultured in microfabricated devices. The current challenge is to
adapt existing 3D cell culturing techniques to microfluidic devices, allowing for the fabrication of low-cost, rapid evaluation devices to
facilitate biomedical research and clinical application. The aim of this review was to evaluate microfluidics and 3D cell culture research
with particular relevance to oncological research. Methods: Journal articles were acquired from different scientific databases and were
identified using specific keywords. Three-Dimensional Cell Culturing Microfluidic Concepts: Various 3D cell culturing microfluidic
devices have been designed, based on existing 3D cell culturing methods. This includes non-cell adherent-based devices, matrix-embedding,
hanging drop, and droplet-based culturing methods. These platforms facilitate the culturing, treatment, and analysis of 3D spheroids, while
simultaneously scaling down traditional experimental requirements. Limitations and Future Perspectives: Beyond superficial analysis, a
major drawback in the current scope of 3D cell culturing microfluidic devices is the inability to extract spheroids for examining histology.
Polydimethylsiloxane is the preferred material to fabricate devices but may need revision for commercializing microfluidic platforms in
the future. Integrating 3D bioprinting and organoid cultures could potentially improve the quality of 3D models in microfluidic devices.
Conclusion: 3D spheroids are an effective representation of in vivo cancers and microfluidics has streamlined the culture, treatment, and
analysis of 3D models. Considerable improvements have been made in combining the two entities, but further work is required to manufacture
3D cell culturing microfluidic devices on a commercial scale.
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understanding of basic cancer biology without relying
on in vivo animal models. Conventionally, monolayered
two-dimensional (2D) cell cultures have offered a robust,
simple, and convenient route for conducting investigations with
reliable test reproducibility within highly controlled laboratory
environments. However, the lack of tissue architecture and
inability to capture the complex heterogeneity within a tumor,
and its microenvironment limits the ability to translate research
findings from 2D models to a clinical setting. Ultimately, the
ineffective translation from in vitro 2D cell models to human
clinical trials has led to the failure of many anti-cancer clinical
studies.['

Multicellular three-dimensional (3D) tumor spheroids are
recognized as superior models for the preclinical evaluation of
anti-cancer therapies>® due to their better and more advanced
representation of tumors in vivo. The organization of cells
within the 3D spheroidal structure means that they are in
direct contact with each other and the secreted extracellular
matrix (ECM), allowing them to utilize alternative cell growth
and survival signaling mechanisms not readily observed in 2D
monolayers [Figure la and b].[”? Similar to in vivo cancers,
3D spheroids exhibit differential rates of cell proliferation
throughout the spheroid, and physiologically relevant gradients
of oxygen, nutrients, and waste products are also observed.**!

Many techniques have been used for culturing 3D spheroids
in laboratories,*! with the main limitations being the practical
difficulties in using traditional cell culturing equipment
to produce fragile spheroids which are also difficult to
manipulate.l'”? Effectively, the routine use of 3D spheroids is
time-consuming, costly and requires patience and experience.

Microfluidics involves the flow of fluid (on micro- and
nanoscales) on custom manufactured platforms to perform
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Figure 1: (a) HT29 colorectal cancer two-dimensional monolayered
cell culture was prepared by seeding 10000 cells into a conventional
6-well plate and cultured for 3 days. (b) HT29 colorectal cancer
three-dimensional spheroidal cell culture was prepared by seeding
10,000 cells into an ultra-low attachment 96-well plate and cultured for
3 days. (c) Simple schematic diagram of a microfluidic chip highlighting
the ports on the chip for introducing and extracting fluids, capillaries
through which the fluid flows, and cell culturing chambers
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experiments. Recently, microfabricated devices with
capillary-like channels have become attractive platforms in
assisting researchers to overcome the current technical issues
associated with 3D spheroids and scaling up investigations for
clinical translation. Custom-designed microfluidic devices, also
known as “Lab-on-a-chip,” enable biological evaluations to be
undertaken within a controlled environment [Figure 1¢].l""!2!
The advantages of microfluidics are that tailored experiments
can be conducted with ease, and the dependency on
conventional tissue culturing equipment is reduced, thereby
saving costs and downscaling the consumption of laboratory
consumables. Combining 3D cell culturing and microfluidics is
an exciting area of development, which has been made possible
by improvements in the quality of microfluidic devices, that
are currently being applied to biological systems [Table 1].

The aim of this review was to highlight the recent developments
in microfluidics and 3D tumor cell culture systems with
particular relevance to oncological research and clinical
translation.

MetHoDS

Embase, Medline, PubMed, and Google Scholar databases
were searched using the keywords: “3D cell culture,” “Cancer,”
“Lab-on-a-chip,” “Microfluid flow,” “Microfluidics,”
“Spheroids,” “Tumor,” “Tumour.”

THRee-DimensioNAL CeLL Curturing MicRoFLUIDIC
CoNCEPTS

Non-cell adherent-based systems

A popular method for generating 3D spheroids is to culture
cells on non-cell adherent surfaces. This is achieved by
precoating tissue culture plastics with substrates that prevent
cell adherence [Figure 2a].l'*! Cells then attach to each other,
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Figure 2: Multicellular three-dimensional spheroids can be produced by
seeding cells into (a) 96-well tissue culturing plates with noncell adherent
surfaces and (b) embedding cells into matrix or Matrigel to physiologically
and structurally support spheroid growth
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Table 1: A summary of the different methods for producing tumor spheroids-based microfluidic platforms as discussed in
this review highlighting their advantages and limitations

3D cell culturing microfluidic system

References

Advantages

Limitations

Noncell adherent

Matrix-embedded spheroids

Hanging drop

Droplet-based spheroids

Other 3D cell culturing microfluidic setup

[14-22]

[24,25,27,29-31]

[33-35]

[38-44]

[45]

[46]

[47]

(48]

Simple and convenient microfluidic setup
for spheroid culture

Produce uniform -sized spheroids

Culture large numbers of spheroids on a
single chip

Spheroids can be cultured for long-term
through flow

Spheroids can be superficially analyzed
Spheroids are easily retrievable

Suitable for high-throughput applications
Various non-adherent coating options available
Matrix hydrogel provides support and
mimics a natural tumor microenvironment
for spheroids

Stromal cells, i.e., fibroblasts, mesenchymal
stem cells maybe co-embedded with spheroids
Suitable for studying chemotaxis and
metastatic behavior of spheroids as well

as the transport and delivery of anti-cancer
therapeutics through hydrogel in real time

Simple and easy method for producing
spheroids

Spheroids are easily accessible

Capillary and surface tension forces permit
the seeding of cells and the transport of
nutrients/drugs

Size of spheroid can be adjusted by altering
the concentration of cell suspension

Rapid generation of spheroids through
cell-loaded alginate beads

Alginate beads provide structural support
to spheroids as well as providing space to
proliferate and migrate

Double-emulsion droplets avoid the need
for gelation of alginate

Microfluidic model is compatible with
conventional 96-well format-based
applications

Spheroids are trapped into wells with cell
media perfusing over them allowing for
long-term culture

Supernatant from cells is easily obtainable
for analysis

Pressure regulated inflation/deflation of cell
trapping barrier allows for the long-term
culture and extraction of spheroids from
platform

Microfluidic platform that models
pharmacokinetic and pharmacodynamics
anticancer drugs

Predetermined sizes of wells means the
sizes of spheroids is not adjustable
Spheroids are unanchored and are
subjected to shear stress through flow

Spheroids have to be grown externally
before being embedded into matrix
Retrieving embedded spheroids for further
analyses can be challenging

Exchanging cell media is challenging if it
is not precisely controlled

Spheroidal structures are easily
compromised if disturbed

Complex microfluidic system compared to
other techniques

External bath of calcium ions is required
for gelation

Compartmentalization of spheroids in
beads can hinder long-term culture by
limiting the availability of nutrients from
cell growth medium to the cells and can
also lead to the accumulation of waste
products, further limiting spheroid growth
Production of alginate encapsulated
spheroids and subsequent anticancer
analysis are not carried out in a single
microfluidic unit

Spheroids are grown externally before
being introduced into microfluidic platform
Perfusion of fluids and positioning of
spheroids is done manually and is gravity
driven which limits the precision in
controlling the flow

Spheroids are grown externally before
being introduced into microfluidic
platform

Unique microfluidic design which may be
difficult to mass produce

Spheroids are grown externally before
being introduced into microfluidic
platform

3D: Three-dimensional
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forming cellular aggregates and growing into 3D spheroidal
structures. Patra et al. described a simple microfluidic device
that allowed spheroids to be cultured and harvested, in which
cells in suspension were flowed into the device through an inlet
port where they were captured into Synperonic F-108 coated
wells, forming uniform-sized spheroids.[' The authors were
able to exchange cell media and extract spheroids from wells
by manipulating the rate of fluid flow through the device. In
a follow-up experiment, the authors used the same concept
and designed a microfluidic platform that could accommodate
the growth of 5000 uniform spheroids. The device allowed
anti-cancer drug testing to be performed by perfusing
chemotherapeutics through the device and extracting spheroids
to analyze cytotoxicity using conventional techniques.!'”
Similarly, Ziotkowska et al. designed a microfluidic array of
microwells, where a syringe-pump driver pushed fluid through
the inlet and outlet ports allowing the long-term culture of
spheroids in poly (vinyl alcohol) (PVA)-coated microwells.
The authors successfully cultured 3D cancer cell spheroids
in the flow device and were able to evaluate the effects of
an anti-cancer drug on the spheroids, using live/dead cell
viability dyes and fluorescent microscopy.l'® Zuchowska
et al. also constructed a similar microfluidic flow chip that
was composed of two layers of the organosilicon polymer
polydimethylsiloxane (PDMS) and filled with PVA prior to the
addition of cells. A549 lung cancer cell spheroids were exposed
to aminolevulinic acid-mediated photodynamic therapy, and
spheroid viability was assessed using live/dead cell viability
dyes and fluorescent microscopy.l'” Sun et al. and Chen et al.
both described similar microwell array microfluidic systems
and highlighted the convenience and simplicity of using
their systems to culture 3D spheroids on non-cell adherent
surfaces.['s!]

Lee et al. described a dual microfluidic flow system involving
two interconnected tissue-culturing chips. The concept was to
investigate paracrine interactions between different cell types
through indirect cell—cell contact. Hepatic stellate cells were
cultured on the first chip, which was connected to a second
chip culturing 3D hepatocyte spheroids in microwells coated
with bovine serum albumin. The flow of cell media from the
first chip to the second occurred due to differences in osmotic
pressure that the authors were able to simulate, replicating
the interstitial flow of fluid in vivo.?” Okuyama et al. also
described an albumin-covered microfluidic device in which
they were able to coculture 3D hepatocyte spheroids and
fibroblasts on the same chip. By simply exploiting the adhesive
property of the albumin-coated surface of the fluid flow device
through electrostatic adsorption, they were able to culture 3D
spheroids in non-cell adhesive microwells, and upon switching
the surface from non-cell adhesion to cell adhesion, they were
able to culture fibroblasts.?") These 3D spheroid culturing
microfluidic examples were primarily devised and operated
in custom-designed prototypes. However, Kwapiszewska
et al. described a microfluidic chip based on a conventional
384-well plate. In this system, suspended cells were flowed into

PVA-coated interconnected wells, resulting in the production
of uniformly sized spheroids. The authors were then able to
culture 3D cancer cell spheroids, treat them with an anti-cancer
drug, and assess cytotoxic effect using live/dead cell viability
dyes and spectrofluorometry.

Culturing cells on non-cell adherent surfaces is an appealing
method for producing multicellular tumor spheroids, and
similar techniques can be applied to microfluidic devices
allowing tumor spheroids to be cultured, treated, and analyzed
conveniently in an all-encompassing flow system. Superficial
techniques such as conventional microscopy and analyzing
the supernatant/fluid in the effluent that flows out from the
microfluidic device are the most common methods used for
analyzing the 3D spheroids. The reason for this is that the
non-cell adherent-based microfluidic flow devices that have
been reported are fabricated as closed systems, which restricts
the user from accessing the spheroids and performing more
invasive methods of analysis.

Matrix-embedded spheroid-based systems

Another popular technique for producing 3D spheroids
and tumor-like structures is by culturing cancer cells in
matrix- and Matrigel-like substances [Figure 2b]. The resulting
Matrigel-embedded spheroid is an attractive in vitro tool for
anti-cancer research as it simulates an in vivo tumor (3D spheroid),
and its corresponding microenvironment (Matrigel). Other
advantages of this technique include the delivery of essential
nutrients and growth factors through the Matrigel network, as
well as structural support provided by the Matrigel for the 3D
spheroid to grow.* Due to the practicality and user-friendliness
offered by this method, it is favored by many researchers
for investigating 3D spheroid cultures and has been used
extensively to produce microfluidic platforms.

Shin et al. described a simple fluid flow system for
evaluating the efficacy of anti-cancer therapeutics using
Matrigel-embedded 3D spheroids. Externally grown spheroids
suspended in Matrigel solution were seeded into the central
channel of the microfluidic device. Upon polymerization of
the Matrigel, cell culture medium was passed through side
channels that ran parallel to a central channel and could perfuse
through the Matrigel to the 3D spheroids. The continuous
flow through the side channels allowed the authors to treat
embedded spheroids in the central channel with the anti-cancer
drug doxorubicin and assess spheroid viability.**! Similarly,
Ayuso et al. described a microfluidic setup whereby externally
grown spheroids were embedded into collagen and cultured in
the central chamber of the device. The authors used the setup to
study chemotaxis by flowing chemoattractants through lateral
side channels and observing the migration of cells from the
spheroids through the collagen.!

Coculturing different types of cells, such as cancer cells,
fibroblasts, and endothelial cells, is believed to recreate a
better representation of the cancer environment." Jeong et al.
described a microfluidic setup where HT-29 colorectal cancer
cells and fibroblasts were cultured in collagen in independent
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chambers with cell media being perfused between them. The
authors showed that collagen-embedded HT-29 spheroids
cocultured with fibroblasts were more resistant to anti-cancer
treatment compared to spheroids cultured alone, highlighting
the crucial role played by cancer-associated fibroblasts
in conferring resistance to anti-cancer treatment.[?728]
Liu et al. described a similar microfluidic setup where
Matrigel-embedded salivary gland carcinoma spheroids and
fibroblasts were cocultured in independent chambers and
illustrated the invasion of cancer cells from the spheroids
into the Matrigel.””! Matrix and Matrigel embedding is an
effective means of coculturing spheroids with other types of
cells because it facilitates signaling between different types of
cells, comparable to in vivo tumors and their stromal network.

The incorporation of a tumor network and microenvironment
into an in vitro model is believed to be a better predictor of
in vivo behavior. In addition to providing support through
intercellular communication, the physiological elements
of the tumor microenvironment play a role in aiding
the progression of cancer. To highlight this, Albanese
et al. designed a single-channel flow device culturing
MDA-MB-435 (melanoma) cell line 3D spheroids in ECM.
Unlike the other microfluidic devices in which spheroids in
static environments were subjected to predictable uniform
flow conditions dictated by the geometrical design of the flow
platform, the authors designed a network of interstitial spaces
resembling the tumor microenvironment on the microfluidic
device. They were then able to show the effects of variable
fluid flow and the influence of interstitial fluid pressure in the
delivery of nanoparticles to the 3D spheroids through the ECM
network.% Prabhakarpandian et al. reported a more complex
flow fluid platform to model the tumor microenvironment.
Their concept involved engineering a device with a synthetic
tumor microvascular network by designing irregular
capillary-like structures with gaps in the flow device. Cells
in a Matrigel solution were passed into a compartment in the
middle of the capillary network, and upon Matrigel gelation,
a network of interstitial spaces was created around the 3D
spheroids. Endothelial cells were flowed into and occupied
the capillary-like network. This device successfully recreated
the irregular microvasculature and circulatory flow of in vivo
tumors, mimicking the leakiness of tumor vessels due to
the precisely designed gaps in the capillary structure, and
simulating interstitial fluid pressures created by the internal
spaces within the Matrigel.*!

The major advantage of combining microfluidics with
matrix/Matrigel-embedded 3D spheroids is that collagen, or
other Matrigel-like substances can be easily flowed precisely
into a defined cell-culturing compartment of a custom-designed
fluid flow device and allowed to gel. Once this has been
achieved, designing a flow channel adjacent to the embedded
3D spheroids for perfusing cell media, buffers, and cytotoxics
in solution can be designed with relative ease. However, a
drawback in the matrix/Matrigel microfluidic models described
here is that many rely on 3D spheroids to be generated externally

before being introduced into the microfluidic system. Unlike
the non-cell adherent microfluidic concepts, cells in suspension
cannot be flowed into the Matrigel, as this will not result in the
production of 3D spheroids once the Matrigel has polymerized.

Hanging drop-based microfluidics

The hanging drop method for producing spheroids has been
highlighted for its simplicity, reproducibility in generating
uniform spheroids, and the lack of specialized equipment
and culturing conditions required [Figure 3a].”? Frey et al.
described a simple fluid flow model based on the hanging
drop technique, in which individual 3D spheroid-containing
hanging drops were interconnected via a capillary-like flow
channel, allowing the exchange of cell media and treatment
of spheroids to occur without manually intervening with the
droplets.**! Aijian and Garrell described another flow system
based on the hanging drop method involving two plates, where
cell suspension was added through a hole in the top plate
and drawn through the capillary-like gap between the plates.
Droplets were then formed in holes in the bottom plate through
capillary forces.**

Bender et al. improved on the aforementioned hanging
drop flow systems by initially culturing spheroids in holes
in the bottom plate of a two-plate setup, similar to the one
described by Bender et al. Twenty-four hours after spheroids
had formed in the droplets, the cell medium was replaced by
collagen-containing solution and hanging drops were gelled.
This allowed the authors to prevent the 3D spheroids from easily
being disrupted and losing their 3D structures. Furthermore,
the collagen matrix allowed the authors to study the migration
of cells from human fibroblast cell line spheroids through the
collagen. This was achieved by directing the flow of fluid from
droplets containing HT-29 spheroids to the collagen droplets
containing fibroblast spheroids, demonstrating the invasive

nature of advanced cancers.[*!
droplet
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Figure 3: Multicellular three-dimensional spheroids can be produced
by seeding cells into (a) hanging drops of cell suspension in media.
(b) droplet-based techniques involve mixing cell suspension in alginate
with cell media in an immiscible oil phase to form alginate beads
containing cells and cell media. Alginate is then polymerized (gelation)
in a solution containing calcium ions
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The hanging drop technique is a convenient method that is
routinely used for producing multicellular 3D spheroids.
However, a major limitation of the hanging drop method is
instability of the droplets, meaning a small disruption to the
droplet can compromise the structural integrity of the 3D
spheroids. While creating an array of spheroids in droplets from
cells in suspension through capillary flow sounds attractive, in
practice, the technique can be quite complex. In comparison to
the “non-cell adherent” and “Matrigel-embedding” methods
for producing 3D spheroids, the hanging-drop method is not as
widely adopted or used. This is due to the technical difficulties in
keeping the 3D spheroid-containing fluid droplets stable over a
prolonged period of time during experiments. Certainly, this has
also translated into hanging-drop-based microfluidic systems.

Droplet-based microfluidics

Droplet-based, two-phase flow systems utilize the immiscibility
of'aqueous alginate and oil phases to create fluid flow systems
for microscale evaluations of 3D spheroids. Spheroids
encapsulated within the aqueous alginate phase are driven
through a continuously flowing oil phase before coming into
contact with calcium ions to polymerize and gel the alginate
[Figure 3b].*% Alginate has been extensively used in biomedical
applications due to its low toxicity, biocompatibility, low cost
and simple gelation in the presence of divalent cations.’” In
addition, gelled alginate provides structural support to the 3D
spheroids, and the porous structure of alginate facilities the
exchange of nutrients and waste products.

Wang and Wang described a droplet-based microfluidic concept
involving an aqueous cell suspension flowing through an
alginate mixture, before making contact with a perpendicular
flow of mineral oil, that forced the immiscible continuous flow
of cells in alginate to bud off into droplets. The droplets were
then placed into a solution containing calcium ions, causing
the copolymers of alginate to gel via cross-linkage, effectively
creating a bead-like structure with the encapsulated spheroid.>®!
Yu et al. described a system which took this setup one step
further. This involved the flow of cell suspension in alginate
through an immiscible solvent, forming cell-encapsulating
droplets. The droplets were collected externally in a calcium
ion-containing solution to allow the alginate to gel. The
gel-beaded cells were then loaded into another microflow
setup, containing U-shaped micro sieves that captured one bead
per sieve. Through continuous perfusion of fluid, the growth
of 3D spheroids was continued, and they were then treated
with an anti-cancer drug, also through fluid flow. Subsequent
dose-dependent response analysis of doxorubicin-treated
LCC6/Her-2 breast cancer cell line spheroids showed increased
resistance to treatment in multicellular spheroids compared to
their monolayered counterparts.*”! Furthermore, the authors
then improved upon their flow system by redesigning a more
robust droplet generation and evaluation system. Specifically,
droplets were generated by flowing a primary alginate and
cell suspension mixture through a secondary alginate and
calcium carbonate mixture flow and then a tertiary mineral
oil and acetic acid mixture flow. Conceptually, the alginate

and calcium carbonate flow had a high or neutral pH. Once
the primary and secondary flow came into contact with the
acid in the tertiary continuous oil phase, calcium ions were
released due to the lowered pH, which in turn initiated the
gelling of alginate and eliminating the need for an external
bathing solution of calcium ions. This allowed the authors to
coat the 3D spheroids containing alginate beads with outer
alginate shells, preventing the 3D spheroids from outgrowing
the alginate beads, and also facilitating the 3D spheroids to be
cultured for a longer period of time.*”

McMillan et al. also described a flow system that used the
droplet method for culturing 3D spheroids. Cell suspension
in alginate was flowed into a continuously flowing oil phase,
forming cells containing alginate droplets in the oil. The
droplets were then plugged into T-junction chambers that were
designed in a microfluidic device. Perfusion of calcium chloride
through the device caused gelation of the alginate droplets in
the chambers, and continuous flow of cell media supported
the growth of 3D spheroids. The usability of the flow device
was demonstrated by culturing human glioblastoma cell line
spheroids and treating them with anti-cancer drugs and radiation.
Reduction in the dimensions of the 3D spheroids was used to
determine the response to treatment.!! Sabhachandani et al.
described a similar flow setup with simultaneous perpendicular
flows of cells in alginate and mineral oil-generated droplets.
After the droplets had docked in a flow array in a microfluidic
device, the third flow of calcium chloride solution was used to
induce gelation. In cocultures of MCF-7 breast cancer cell line
spheroids and fibroblast cells. An increase in cell resistance to
anti-cancer treatment was demonstrated in cocultured models
compared to MCF-7 monocultured spheroids.[*?

Other examples of droplet-based microfluidics include a
microfluidic model described by Yoon ef al. The authors
were able to infuse iron oxide nanoparticles into 3D
spheroid-encapsulated alginate beads, and an external
magnetic force was then used to pull the alginate beads from
the flowing oil phase into a cell medium phase.[*! Chan et al.
built upon existing droplet systems with double-emulsion
droplet encapsulated spheroids. Upon generation of alginate
droplets in a flowing oil phase, the droplets crossed through
a perpendicular flow of cell culture medium. The subsequent
layer of oil around the alginate-containing spheroids confined
the droplets, eliminating the need for calcium ion-induced
gelation, and also acting as a selectively permeable barrier
for the 3D spheroids.*

The droplet-based method is effective for generating 3D
spheroids and is quite similar to the matrix-embedding
technique. The immiscibility of the flowing oil and aqueous
phases allows for the easy integration of this technique into
fluid flow systems. Once spheroids have formed within
the alginate or Matrigel structures, long-term culture of
spheroids is possible through the perfusion of nutrients
and growth factors from the flowing cell media through the
porous beads. Although the drop-based technique is not a
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well-established method for producing 3D spheroids, as with
the “non-cell-adherent,” “matrix/Matrigel-embedding,” and
“hanging drop” methods, the use of different phases of fluids
to create 3D spheroids can be seamlessly integrated into
microfluidic applications.

Other spheroid-based microfluidic systems

The primary focus of engineering *“ tumor-on-a-chip ” models
is to take existing 3D spheroid culturing techniques and apply
a flow element, which facilitates the growth, treatment, and
analysis of 3D spheroids. Kim et al. described a simple flow
setup based upon a conventional 96-well tissue culturing plate.
The advantage of this system was that commercially available
equipment designed to be used with 96-well plates, such as
microplate readers and multichannel pipettes, could be used,
negating the need to purchase or manufacture specialized
equipment. Externally grown spheroids were seeded into
a modified 96-well plate with interconnected wells, and
gravity-driven flow of fluid from well to well occurred by
simply tilting the device by hand.[*) In another example,
Ruppen et al. designed a simple unidirectional flow system in
which externally grown spheroids were flowed into the device
and trapped into side channels. Flowing in drug-enriched
solution, collecting the supernatant from the output, and
measuring caspase activity as a measure of cytotoxicity
was achievable with relative ease, allowing the effects of
chemotherapeutics on 3D spheroid growth to be assessed.[*!

The entrapment of spheroids into micro-chambers built into
devices is effective as a means of facilitating treatment and
analyzing 3D spheroids in a single unit. However, retrieval
of spheroids for further analysis can be challenging. Jin
et al. addressed this in a microfluidic device, in which cell
suspension was flowed in and cells were trapped into a pressure
inflated membranous barrier. 3D spheroids were then formed
and treated. Posttreatment, the cell-trapping barrier was
deflated, and the spheroids could be retrieved and collected
from the outlet end of the microfluidic device.”

Pharmacokinetic and pharmacodynamic models are vital
in drug development to measure, predict, and optimize
the therapeutic effect of the drug. Toley et al. designed a
T-shaped microfluidic device, in which externally grown
spheroids were cultured in the lower arm of the device, and
through mathematical modeling, drug delivery and clearance
in a typical in vivo tumor microenvironment were mimicked
through fluid flow in the upper lateral arm. The usability of this
flow system was demonstrated by evaluating the differences in
pharmacokinetics of doxorubicin and a liposomal formulation
of doxorubicin, which illustrated the differences in drug
retention within the vicinity of the spheroid, its impact on
spheroid growth, and clearance from the flow system.“®!

LimitaTions AND FuTuRe PERSPECTIVES

Most of the 3D cell culturing microfluidic flow systems
described in this review were designed as enclosed structures
relying on cell suspensions being passed through the device

to form cellular aggregates and 3D spheroids. Microscopic
imaging, fluorescence, and colorimetric-based assays are the
preferred techniques for analysis because they do not involve
the manual handling of the 3D spheroids. Unlike superficial
analytical methods, further invasive and in-depth analysis of 3D
spheroids would require the physical extraction of 3D spheroids
from the microfluidic platforms, i.e., extracting spheroids and
subjecting them to formalin-fixed paraffin embedding for
histological sectioning and immunohistochemistry.[*]

3D bioprinting is a technique that could address the issue of
retrieving cultured 3D spheroids from microfluidic chips.
Bioprinting involves the precise layered positioning of cells and
biological material with accurate spatial control, to fabricate
3D structures resembling spheroid-like micro-tissues.%3!]
Successful applications of bioprinting include the production
of 3D in vitro “mini-livers” from hepatocyte-like cells,
aortic valve conduits,”*¥ and breast cancer spheroids.** The
advantage of bioprinting cells is that the process is relatively
user-friendly and convenient for an automated large-scale
production of microfluidic chips. An adequately designed
microfluidic device which has been set up for bioprinting could
potentially accommodate 3D cell models and spheroids to be
printed directly into the flow device. The cell models could
then be cultured and treated via microfluidic flow and also
retrieved easily from their culturing chambers.

Until recently, 3D cell culturing has relied on the manipulation
of commercial cancer cell lines to produce 3D spheroid
structures. Organoids is the term given to 3D organotypic
cultures which are derived from primary tissues, embryonic
stem cells, and induced pluripotent stem cells. Organoids
are a huge development in the 3D modeling of cancers, as
unlike 3D cell spheroids, organoids exhibit similar organ
functionality, architecture, gene expression and response to
treatment as the tissue of origin.* The use of organoids for
biomedical and clinical research is still in its infancy, however,
the integration of organoids into microfluidics shows great
promise in developing platforms for personalized medicine.

The microfluidic flow systems discussed here, and other
similarly designed devices, are primarily fabricated using
PDMS.[14-16,18-22,24,27,29-31,33,34,38-48] PDMS iS an ineXpenSiVe,
easy to manipulate, optically transparent, and biocompatible
material that has become one of the most popular materials
for creating microfluidic flow devices for biological
applications.Y However, as reviewed by Levenstein ez al. and
Mukhopadhyay et al. PDMS can easily absorb organic solvents
and small molecules which can be a hindrance for biological
research, especially in experiments that rely on growth factors
and vital proteins to support the growth of cells. The use of
PDMS devices could ultimately influence the outcomes of
experiments and impact results. In addition, the logistics in
fabricating and appropriately treating PDMS-based devices can
be technically challenging for nonspecialist and inexperienced
users.’”8 For the purpose of designing one-off experimental
flow devices, PDMS has thus far proven to be sufficient.
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However, alternative materials may need to be investigated
in order to take these devices from research prototypes to
commercial products.

The setup of most microfluidic devices involves a
custom-designed fluid flow platform attached to external
fluid handling systems such as syringe-pumps and pressure
systems. Although the path and flow of fluid are preset,
setting up and alternating between bulky reagent reservoirs
still requires manual input and is a matter that has yet to be
addressed.’” Safavieh and Juncker described a flow system
combining microfluidics and electrical components built into a
microfluidic chip that could facilitate the autonomous delivery
of multiple preloaded chemicals according to a preprogrammed
sequence, flow rate, and time.[*” This integration of electronics
and microfluidics to create digitally automated systems is a
unique example, however, it could advance the field further.

CoNCLUSIONS

3D spheroids are more representative models of in vivo cancers
compared to conventional 2D cell cultures. Although 3D
spheroids are attractive for biomedical research, established
3D spheroid-culturing techniques are manually intensive
and can be technically challenging. Microfluidics provides a
way for conventional cell culturing to be miniaturized, while
substantially reducing manual efforts and costs and could pave
the way to transform how laboratory-based experiments are
performed. Significant improvements have been made over the
past decade, which have taken simple fluid flow mechanisms
from the engineering industry to complex small-scale setups
for scientific research. However, there is still a long way to go
before microfluidics flow systems meet industry standards and
can be used commercially for clinical applications.
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