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Recent Advances on Cell Culture Platforms for In Vitro Drug
Screening and Cell Therapies: From Conventional to
Microfluidic Strategies
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and Vanessa F. Cardoso*

The clinical translations of drugs and nanomedicines depend on coherent
pharmaceutical research based on biologically accurate screening approaches.
Since establishing the 2D in vitro cell culture method, the scientific
community has improved cell-based drug screening assays and models.
Those advances result in more informative biochemical assays and the
development of 3D multicellular models to describe the biological complexity
better and enhance the simulation of the in vivo microenvironment. Despite
the overall dominance of conventional 2D and 3D cell macroscopic culture
methods, they present physicochemical and operational challenges that
impair the scale-up of drug screening by not allowing a high parallelization,
multidrug combination, and high-throughput screening. Their combination
and complementarity with microfluidic platforms enable the development of
microfluidics-based cell culture platforms with unequivocal advantages in
drug screening and cell therapies. Thus, this review presents an updated and
consolidated view of cell culture miniaturization’s physical, chemical, and
operational considerations in the pharmaceutical research scenario. It clarifies
advances in the field using gradient-based microfluidics, droplet-based
microfluidics, printed-based microfluidics, digital-based microfluidics,
SlipChip, and paper-based microfluidics. Finally, it presents a comparative
analysis of the performance of cell-based methods in life research and
development to achieve increased precision in the drug screening process.
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1. Introduction

Microfluidics is the term used to describe
the science and technology that deals with
the fabrication of miniaturized devices and
the manipulation of fluids (10−9–10−18 L)
confined in channels with dimensions in
the micrometer range.[1] The embrace of
microfluidics technology as it is recognized
today was introduced in 1990[2] by the
term “miniaturized total chemical analysis
systems”—μTAS—which defines a single
device that comprises multiple laboratory
steps. The basic concept of μTAS is based
on the transformation of (bio)chemical in-
formation (such as the activity of parti-
cles and chemical concentrations) into elec-
tronic data in a fully automated system with
the size of a chip.[2] The cumulative compre-
hension of the behavior and control of fluid
flow at the microscale allowed the rapid ad-
vancement of this area.[3] As a result, the
state-of-the-art integrates several review ar-
ticles that explore concepts such as the flu-
idic behavior in a variety of devices,[4] the
physics behind the fluid phenomena,[5] the
fundamental kinematics of microparticles
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inside microchannels,[6] and the small-scale mixing,[7] among
others.

Furthermore, the versatility of microfluidic devices in inte-
grating multiple components (e.g., micropumps, mixers, sepa-
ration columns, reactors)[8] and their combination with existing
macrodevices makes them excellent for high parallelization.[9]

The knowledge consolidation combined with the technology’s
stated potential has allowed it to extend its applicability to
several fields.[10] As a result, microfluidics is currently imple-
mented in the analysis of residual antibiotics in food,[11] pro-
duction of monodisperse emulsions in cosmetics,[12] fertility
testing,[13] monitoring of blood glucose,[14] and onsite environ-
mental detection,[15] as representative examples. Among the dif-
ferent application possibilities, healthcare is one of the fields that
can take the most advantage of microfluidics in the entire spec-
trum of research, development, diagnosis, and therapeutics. The
societal and economic impact of several diseases requires ac-
celerating the clinical translation of nanomedicines and drugs
in a research and development line that allows a more precise,
faster, and accurate discovery and evaluation. In this aspect, mi-
crofluidics can be highly beneficial for the initial drug discovery
stage, especially for production and screening using cell-based
platforms.

The establishment of in vitro cell culture[16] is still one of
the breakthroughs of the 20th century. Conventional 2D cell cul-
ture is a laboratory approach in pharmaceutical research and
fills the knowledge gap between biochemical assays and ani-
mal model testing.[17] Although 2D cell culture is an informa-
tive and relevant approach, the microenvironment in the conven-
tional cell culture plates distances itself from physiological con-
ditions, making this method simplistic in describing the biolog-
ical complexity.[18] Additionally, testing in animal models raises
ethical and monetary issues.[19] As a result, 3D cell culture has
asserted its importance in cell biology research, providing a plat-
form that ensures an enhanced simulation of the in vivo microen-
vironment and its complex interactions.[20]

Although the advantages of conventional 2D and 3D cell cul-
ture in pharmaceutical research should not be overlooked, they
face challenges that lead to misleading information resulting in
inconsistent in vivo responses.[17] Thus, the window of opportu-
nities and accuracy of cell culture methods (2D and 3D) can be
widened through their convergence with microfluidic platforms.
The use of microfluidics-based 2D and 3D cell culture systems
that better mimic in vivo microenvironments and dynamic fluid
flow conditions enable access to mechanisms and physical phe-
nomena that would otherwise become unnoticed. Furthermore,
the reproducible and quicker screening of drugs at an early stage
of development can actively contribute to reducing the late-stage
failure risk while reducing animal experimentation.[21] The accu-
rate validation of new medicines can be thus supported by under-
standing how microenvironments created on microfluidic plat-
forms influence cellular behavior and functions and how those
microenvironments can be adjusted for better in vitro control.
As a result, relevant review articles address the technical chal-
lenges that limit the widespread accessibility of microfluidics,[22]

the understanding of molecular and cell biology that can be
enhanced by precision microfluidic approaches,[23] as well as
the role of microfluidics in high-throughput drug screening
applications.[24] Furthermore, recent literature explores the appli-

cation of microfluidic devices in anticancer and personalized can-
cer drug screening,[25] organoid-based disease models combined
with microfluidics,[26] as well as the advances in the application
of specific types of microfluidic devices in biomedicine, such as
single-cell droplet microfluidics,[27] and concentration gradient
microfluidics.[28]

In this context, the present review represents an update to
the current literature by addressing the most relevant practi-
cal considerations of the topics mentioned above while explic-
itly highlighting cell culture’s essential role in drug screening.
It explores the advantages that make 2D and 3D cell culture rele-
vant methods in the drug research scenario and the challenges
that limit them from being more effective in drug validation.
Furthermore, the complementarity of cell culture methods with
microfluidic platforms toward a more reliable and simplified
drug screening is also explored. For that, this work describes the
most relevant physicochemical and operational considerations
that miniaturization entails and how this technology represents
a suitable approach for in vitro control of cells’ physiological con-
text. Finally, recent advances in the area highlight the prospects
of microfluidics-based cell culture devices for drug screening
and cell therapies. Relevant works are reviewed using gradient-
based microfluidics, droplet-based microfluidics, printed-based
microfluidics, digital-based microfluidics, SlipChip, and paper-
based microfluidics.

2. Life Science Research and Development: An
Overview of Cell Culture as a Model for Drug
Screening

Healthcare is highly dependent on drug research and develop-
ment; therefore, it is essential to promote drug innovation on an
ongoing basis. The human body is a highly dynamic, multilevel,
and complex biological system, hindering the accurate prediction
of a drug’s entire spectrum of influences and effects. The drug
discovery paradigm must be continuously updated due to its so-
cial impact. It is also an estimated time- and money-consuming
process that typically takes over 12 years or longer from the target
identification until the market approval.[29]

The complex, lengthy, and expensive process requires me-
thodic planning, which Mohs and Greig[30] summarized in
a list of individual laboratory contributions to drug discovery
and development (Figure 1). It is organized as follows: i) target
identification; ii) target validation; iii) finding new molecule;
iv) screening assays; v) data on drug-like characteristics; vi)
development tools; vii) efficacy measures; and viii) technologies
to improve the efficiency of trial completion.[30] However, there
is no predefined key to success, and stepping back in the devel-
opment line is often necessary. Actually, in cancer’s therapeutical
area, the overall success rate for products in clinical development
is approximately 10%.[31] Understanding the reasons for the fail-
ure requires efficient collaborations between different expertise
areas (e.g., toxicology, biology, physics, and chemistry).[32] This
knowledge must be followed by a continuous review (or even re-
newal) of the production processes, analysis, and quantification
techniques.

Despite advances in the area, pharmaceutical research is in-
separable from cell culture techniques as an essential approach
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Figure 1. Schematic representation of the drug discovery process from basic research (initiated by target identification) to its translation into Food
and Drug Administration (FDA)-approved product. The arrows represent the quality assurance guides that guarantee the normal development of the
process. The “good laboratory practice” are summarized in a list of individual laboratory contributions to drug discovery and development.

to drug discovery. Cell culture techniques are ubiquitously used
to discover drug efficacy, delivery, pharmacological actions, and
cytotoxicity upon developing and characterizing nanomedicines.
Cell cultures have been used for over a century to understand
in vivo cell behavior and its mechanisms.[33] Cell-based assays
are one of the most comprehensive approaches to data-harvest
quantitative and physiologically relevant information in drug-
screening processes.[34] The daily scientific articles evidence
this relevance, showing its role in research and development.
It is estimated that $135 billion[35] is spent yearly on screening
medicines. As an in vitro model, the cells used in cell-based
assays must accurately represent the system to be studied and
express relevant factors and signaling intermediates.[34b] Most
cell-based assays are based on 2D models performed on multi-
well plates that are easily monitored.[36] Some limitations of 2D
cell cultures, such as the difficulties of the multiwell plates in
representing the 3D structure of tissues in vivo, limit the ability
of this method to predict the clinical response of drugs.[20,37]

Considering that each model reflects different cellular organi-
zational levels and behaviors, the extrapolated information of
the screened drug (such as toxicity, safety, and physiological
action) depends on the method used. In the following section,
some considerations for using 2D and 3D cell cultures in drug
screening are detailed, as well as their respective advantages and
challenges.

2.1. 2D Cell Culture Methods

The conventional cell culture is commonly referred to as 2D
due to its inherent dependence on adhesion to a planar and
rigid surface, which provides mechanical support for anchorage-
dependent cells (meaning that cells need to adhere to a solid)
in a monolayer. Besides the well-established methods for cul-

turing, expanding, differentiating, and de-differentiating cells,
2D cell culture is also a simple and relatively low-cost mainte-
nance method.[38] Furthermore, this method ensures a homoge-
neous growth and proliferation of cells since the monolayer cells
have uniform access to the components of the medium (such as
growth factors and nutrients).[39]

Although it remains the most used in vitro study model world-
wide, it has been showing significant limitations that compro-
mise the achievement of reliable biomedical information. These
limitations are mainly due to monolayer cultures’ inability to sim-
ulate the in vivo microenvironment and the cellular architecture.
As an example, Weaver et al.[40] demonstrated that tissue archi-
tecture could regulate the mammary epithelial cells (MECs) sen-
sibility to exogenous apoptotic stimuli. The authors used nonma-
lignant S-1 cells of MECs and their tumorigenic progeny (T4-2)
grown as 2D monolayers on a thin coat of collagen I, and their re-
spective 3D structures embedded in the reconstituted basement
membrane (rBM). Nonmalignant cells formed growth-arrested
3D organoids (acini), while malignant MECs continued to prolif-
erate to form nonpolar, multicellular, and disorganized 3D ag-
gregates (Figure 2A). One of the trials aimed to test whether
the presence of BM and malignant transformation can modu-
late the extracellular matrix (ECM) sensitivity to apoptotic stim-
uli. For that, the authors measured the apoptotic labeling in-
dices of the cell cultures when treated with different apoptotic
agents (Figure 2B). The results of apoptotic sensitivity of cell
cultures grown as 2D monolayers revealed similar responses in
all apoptotic agents. In turn, the nonmalignant MEC acini were
the only cell cultures demonstrating apoptosis resistance, while
the nonmalignant MEC acini showed no apoptosis resistance af-
ter malignant transformation. Furthermore, the ligand-activated
𝛽4 integrin induces tissue polarity in mammary epithelial acini,
and it is involved in apoptosis resistance to several chemical
and receptor-linked stimuli.[40] These differences are reflected
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Figure 2. A) Schematic representation of non-malignant MECs and malignant MECs treated as monolayers on a thin coat of collagen (above) and their
3D structures embedded in rBM; and their respective, B) apoptotic labeling indices treated with Trail peptide (1 μg mL−1), anti-FAS mAb (IgM CH-11,
2 μg mL−1), TNF-𝛼 (100 × 10−9 m), etoposide (50 × 10−6 m), cytochalasin B (1 × 10−6 m), or paclitaxel (120 × 10−9 m). Results are the mean ± SEM of
3–5 separate experiments, each with duplicates or triplicates. Adapted with permission.[40] Copyright 2002, Cell Press.

in profound changes regarding their proliferation, cell–cell
connections, cell–matrix connections, migration, survival, adhe-
sion, and differentiation.[41]

Monolayer cultures do not allow the simulation of oxygen
or nutrient gradients that occur naturally in vivo and highly
influence cell behavior (cell migration, cell signaling, and cell
motility).[42] Furthermore, ECM proteins (composed of around
300 different proteins in mammals) play a significant role in
mediating cellular functions.[43] In addition to the ECM, in vivo
cells are also in contact with stromal cells, which include glial
cells (in neuronal tissue), mesenchymal supporting cells (in ep-
ithelial tissue), immune system cells, and cells of the surround-
ing vasculature.[41b] Regarding cancer drug research, the extrap-
olated biomedical information from 2D cell cultures is subject
to more inconsistencies due to the inherently complex nature of
the tumor microenvironment. It consists of a heterogeneous mix-
ture of tumor and stromal cells that, in turn, include growth fac-
tors, macrophages, cytokines, and inflammatory cells.[44] Cancer-
associated fibroblasts (CAFs) are a component with significant
abundance in the tumor stroma,[42] presenting highly significant
tumor-restraining/promoting roles, such as CAF-mediated ther-
apy resistance and tumor progression (for detailed information,
see ref. [45]). One of the mechanisms involved in CAF-mediated
therapy resistance is the release of cytokines under therapeu-
tic pressure, which activates different signaling cascades in tu-
mor cells. The deoxyribonucleic acid (DNA) damage of CAFs in-
duced by chemotherapeutic drugs has already been shown to trig-

ger a boost of prosurvival pathways in tumor cells. In addition,
CAFs support cancer stem cells (CSC) in maintaining stemless
features.[46] CSCs have a slow-cycling or quiescent state (meaning
the cell division process is interrupted), which makes them resis-
tant to chemotherapy drugs which usually target dividing cells.[47]

As 2D cell cultures cannot review all these contexts, this method
is shown to modify their transcriptional regulation, receptor ex-
pression, cell invasion,[48] cell proliferation, apoptosis, and anti-
apoptosis.[49]

Some strategies have been used to create models that reca-
pitulate cell behavior in vivo to provide control of cell shape in
2D cell culture. Those techniques include cell-patterning meth-
ods, tailoring of substrate stiffness, and sandwich culture. In cell
patterning, the conventional homogeneous surface that cells ad-
here to and grow is replaced by an engineered geometric sur-
face with variable microtopography, allowing control of the size
and shape of cells.[50] Cell patterning techniques are divided into
physical methods[51] and biochemical methods.[52] These strate-
gies have been used to study fundamental principles of cell bi-
ology (such as differentiation, proliferation, and migration)[53]

and in drug screening.[54] In addition, since most tissue cells
are anchorage-dependent,[55] the stiffness of substrates also influ-
ences cell behavior.[56] Stiffness variation in cell culture has been
shown, for instance, to regulate cell behavior and the resulting
chondrogenic fate of human mesenchymal stem cells (MSC) and
cartilage phenotype;[57] as well as in the regenerative response of
neural stem cells.[58]
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Figure 3. A) 3D image of the surface roughness of PuraMatrix with the highest positions displayed in red and the lowest positions in blue (see the color
scale at the upper left); and the respective B) high contrast 3D image of primary neurons (dark color) cultivated on that surface. C) Fluorescence images
of long-term living cells of 3D growth of neurites at the rough surface of 25% PuraMatrix at 3 × 104 cells mL−1 and coverslipped 3 h after plating (C), or
not (D). Bars: 100 mm. Both A and B show long neurites (>1600 μm, arrows). Adapted under the terms of the CC-BY-4.0 license.[62a] Copyright 2014,
the Authors. Published by PloS One.

The sandwich culture was proposed by Dunn et al.[59] when, in
1989, they cultured hepatocytes between two layers of collagen.
This method was developed due to the difficulty of hepatocytes
survival under the conventional 2D culture methods. Nowadays,
sandwich cultures are composed of hepatocytes grown between
two layers of ECM as collagen, fibronectin, or Matrigel, and sev-
eral procedures have been described to culture hepatocytes from
humans or other species.[60] The liver’s metabolic functions re-
sult from the polarized epithelium of hepatocytes, which, in turn,
depend on interactions between the hepatocyte cytoskeleton,
cell–cell contacts, and the ECM.[61] This approach also estab-
lished a long-term culture of rat hippocampal neurons at low
density, significantly contributing to neuroscience.[62] Kaneko
and Sankai[62a] developed a method for long-term (> 2 months)
primary culture of rat hippocampal neurons in a serum-free
medium at low density without a glial feeder layer. The neurons
were plated on a 3D nanofibrous hydrogel (PuraMatrix) and sand-
wiched under a coverslip to reproduce the in vivo environment.
Figure 3A,B shows a color 3D image of the surface roughness of
PuraMatrix as well as the respective high contrast 3D image of
primary neurons (dark color) cultivated on that surface, respec-
tively. Figure 3C,D shows fluorescence images of living cells of
3D growth of neurites at the rough surface of 25% PuraMatrix,
coverslipped 3 h after plating (C), or not (D). This new method
promoted neuronal survival and neurite extension, contributing
to a better simulation of the interactions and network struc-

ture in vivo, making it a viable option for drug screening and
toxicity.

These strategies are essential in overcoming some of the lim-
itations of conventional 2D cell culture, providing this method
with functionalities that bring artificial conditions closer to real
ones. However, they are pseudo-3D microenvironments that do
not accurately translate the 3D microenvironment and, as such,
the complex properties and architecture of in vivo tissues. There-
fore, in an attempt to establish more realistic biomechanical and
biochemical microenvironments and avoid costly failures in the
late stages of drug development, the scientific community has fa-
vored the development of 3D cell culture methods[63] to enhance
predictability in drug discovery.

2.2. 3D Cell Culture Methods

3D cell culture creates an artificial environment that allows cells
to grow and interact with each other and the surrounding space
in the three dimensions. As a result, 3D cell culture has increased
interest in cell biology research for drug development and screen-
ing due to the improved simulations of in vivo microenvironment
and its complex interactions.[63,64]

To create accurate in vivo spatiotemporal conditions for cell
development and the mechanically active microenvironment,
several 3D cell culture techniques have been established. Those
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Figure 4. Scanning electron microscopy (SEM) images of A) LNCaP, B) C4-2, and C) C4-2B human PCa cells grown on 2D culture plates, Matrigel matrix,
and CA scaffolds (bottom) for 15 days. Scale bars are 40 μm. Reproduced with permission.[69] Copyright 2012, Wiley-VCH GmbH.

strategies include 3D nonscaffold-based cellular aggregates,
hydrogel-based cell cultures, and insert scaffold-based cellular
cultures.[44b,63,65] Different biodegradable polymers have been
explored as supporting matrices (scaffolds) for vascularized tis-
sue engineering, including poly(dl-lactic-co-glycolide) (PLGA),
poly(glycerol sebacate) (PGS), silk fibroin (SF), and poly(1,3-
diamino-2-hydroxypropane-co-polyol sebacate) (APS).[66] Cells
can also be encapsulated and immobilized into hydrogels that act
as scaffolding materials.[67] Using hydrogels as scaffolding ma-
terials allows the encapsulation of cells into the hydrogel while
permitting diffusive permeability to oxygen and the mass trans-
port of nutrients to encapsulated cells.[67,68] Native ECM proteins
have been employed as hydrogel scaffolding basis, including fib-
rin, hyaluronic acid, collagen, fibronectin, agarose, Matrigel, and
poly(ethylene glycol) diacrylate (PEGDA).[67] Gel-free 3D cell cul-
ture is another suitable approach to culture cells that proliferate
with low ECM ratios and high cell densities, such as multicellular
tumor spheroids. Another consideration must be deliberated is
that cell morphology is highly dependent on the culture environ-
ment, even among different 3D cell culture techniques. Florczyk
and co-workers[69] demonstrated these differences by culturing

human prostate cancer (PCa) cells (LNCaP, C4-2, and C4-2B) in
2D, seeded on Matrigel matrix and 3D porous chitosan–alginate
(CA) scaffolds for 15 d (Figure 4). Cells grown in 2D revealed
to form flat layers. In the case of the Matrigel, samples had
a linear and elongated morphology and created dense, thick
cell sheets in some regions. Finally, the CA scaffold samples
demonstrated tumor spheroid formation within the scaffold
pores.

ECM’s fundamental role in regulating cell-to-cell interactions,
cell differentiation, and growth[70] requires understanding how
its composition and structure influence biological mechanisms,
as these influence the therapeutic effects of drugs. Cultured
cells in a 3D microenvironment with ECM components were re-
vealed not only to induce the expression of genes not expressed
in 2D cultures[71] but also to synthesize the ECM components
themselves, as happens in vivo regeneration.[70,72] Advances in
this area have been followed by the development of biomate-
rials that better resemble ECM and enhance cell culture effi-
ciency and cellular functions. Some of these biomaterials include
hydrogels,[73] decellularized native tissue,[74] ultralow attachment
surface,[75] and solid scaffolds.[73c,76] Thus, 3D cell culture has
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Figure 5. A) Confocal microscopy image of 2D cultured HUVECs. B) Schematic representation of 2D cultured HUEVECs, attached to a cell dish. C)
Confocal microscopy image of the 3D microvascular network. D) Schematic representation of 3D cultured HUEVECs, where the microvessels were
generated in a fibrin-based scaffold; E) Development progress of microvascular networks was monitored by a camera in a confocal microscope. Adapted
with permission.[80] Copyright 2017, The Royal Society of Chemistry.

been used in regenerative medicine,[77] disease modeling,[78] and
drug screening.[79]

In a work related to the toxicological effect of ambient fine
particulate matter (FPM) on microvascular networks, the 2D cul-
ture of human umbilical vein endothelial cells (HUVECs) was
compared to the 3D cell culture counterparts.[80] In conventional
2D cell culture, the HUVECs cells adhered and spread on the
flat plastic surface, forming unnatural cell attachments that do
not allow the representation of essential cellular functions of tis-
sues (Figure 5A,B). Fibrin gel was used to generate scaffolds for
the organotypic culture in the 3D model, where the HUVECs
grew and formed capillary-like microtissues with lumens (Fig-
ure 5C,D), providing a model that mimics the morphology of mi-
crovessels and simulates some physiological functions of human
blood vessels.[80] Figure 5E shows the development progress of
microvascular networks monitored by a camera in a confocal mi-
croscope over 4 d. On days 1 and 2, the HUVECs migrated to
form cell–cell adhesions and alignments. Then, on day 3, HU-
VECs gradually developed lumens along with cell proliferation,
culminating in microvascular networks formed on day 4.

The access to functional differences of 2D monolayers com-
pared to 3D microenvironments has been carried out, mainly
in cancer research. Hickman et al.[81] reviewed human cancer
models that aim to reproduce the heterogeneity and complex-
ity of human cancer in situ. Imamura et al.[82] demonstrated
that some breast cell lines (namely, BT-549, BT-474, and T-
47D) formed dense 3D multicellular spheroids (MCSs), and
those spheroids decreased the sensitivity to the chemotherapeu-
tic drugs doxorubicin (DXR) and paclitaxel (PTX) when com-
pared to 2D cultured cells. The results revealed that chemore-
sistance might result from MCSs hypoxia, associated with an in-

creased G0 phase cell population and/or downregulation of pro-
apoptotic molecules.[82] Recently, similar results were observed
in head and neck squamous cell carcinoma (HNSCC) cell lines
(namely, LK0902, LK0917, and LK1108), revealing that 3D cul-
tured cells are less sensitive to cisplatin (DDP) when compared
to the 2D counterparts.[83] In the same study, the expression of
CSC-associated transcription factors (as NANOG and SOX2) in-
creased in all the studied cell lines cultured in 3D. No specific
pattern was found between epithelial–mesenchymal transition
(EMT)-associated protein expression and drug response, but the
increase in EMT protein expression led to increased migration of
tumor cells growing in spheroids.[83]

Although this method brings clear advantages with respect to
conventional methods, there are some challenges and limitations
in the widespread use of 3D models. It is pointed to a low re-
producibility and an increased difficulty in data interpretation.[84]

Despite all the advances, it is a growing area, still lacking an in-
tensive characterization and validation of models for the different
pathologies, leaving some biological properties (such as gene ex-
pression, growth kinetics, and signaling cascades) with no com-
prehensive understanding.[81] Some other limitations are related
to restricted cell observation and extraction for further analyses,
difficulties in obtaining some 3D systems types, and the time
and money-consuming process implicated in maintaining the
cultures.[85] Furthermore, some 3D culture approaches do not ad-
dress the static nature of 2D culture since it also requires regular
media changes to remove cell wastes and nutrient restoration.
These extra steps are associated with an increased risk of exper-
imental errors and sample contamination. Table 1 summarizes
the advantages and challenges of 2D and 3D cell culture meth-
ods.
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Table 1. Summary of the advantages and challenges of 2D and 3D cell culture methods.

Cell culture method Advantages Challenges

2D Long-term culture, high reproducibility, simple and easy to interpret
Homogeneous growth and proliferation of cells
Relatively low-cost maintenance
Well-established methods with commercially available media
Homogeneous growth and proliferation of cells

Inability to simulate the in vivo microenvironment and the cellular
architecture

The morphology of tissues or organs is changed
Loss of multiple phenotypes and polarity expression
Changes in the proliferation, cell-cell connections, cell-matrix

connections, migration, survival, adhesion, and differentiation
Do not allow the simulation of oxygen or nutrient gradients that occur

naturally in vivo

3D Improved simulations of in vivo microenvironment and its complex
interactions

The morphology of tissues or organs is preserved
Polarity differences and multiple phenotypes
Accurate in vivo spatiotemporal conditions for cell development

and the mechanically active microenvironment
Allow the simulation of oxygen or nutrient gradients that occur

naturally in vivo

Long-term culture is difficult, with lower reproducibility, and more
significant difficulties in interpreting results

Still lacking an intensive characterization and validation of models for
the different pathologies

Money-consuming process and time-consuming
Restricted cell observation

2.3. Final Remarks on Conventional Cell Culture Methods

Notwithstanding the limitations of both 2D and 3D cell cultures,
their importance as essential laboratory approaches to pharma-
cology and therapeutic research must be highlighted again. The
challenges in each technique have also encouraged to develop-
ment of solutions that can increasingly provide more complex
and accurate pharmacological profiles.

Furthermore, the parallel advances in biomaterials science and
microengineering allowed the researchers to refine some ap-
proaches by enabling the regulation of in vitro microstructure
and mechanical properties, aiming to mimic the biochemical
functions of living organisms.[86] Integrating knowledge from
these areas resulted in microfluidic cell culture systems as a new
dimension for understanding cell behavior in drug screening.

3. The Convergence between Cell Culture and
Microfluidic Platforms

3.1. Overview of Manufacturing Processes and Materials

The use of microfluidic devices in life science research has in-
creased mainly upon the invention of soft lithography[87] and
large-scale microfluidic integration.[88] These achievements al-
lowed the establishment of a more straightforward, versatile, and
sophisticated method of producing devices, enabling the adjust-
ment of prototypes to the complexity of biological organisms.
The fabrication of disposable microfluidic devices includes sev-
eral techniques, such as photolithography, soft lithography, hot
embossing, in situ construction, laser ablation, injection mold-
ing, micromachining, wet etching, and reactive ion etching.[89]

Soft lithography is a set of techniques for fabricating micro- and
nanostructures based on printing, molding, and embossing with
an elastomeric stamp,[90] and it is the most popular technique for
fabricating microfluidic devices. This technique allows the devel-
opment of structures with sizes from μm to less than 100 nm.
The resolution limit is determined by the balance of the wetting,
van der Waals, and kinetic factors.[90] Detailed information about

soft lithography fabrication methods, materials, and the integra-
tion of microfluidic systems with physical micro/nanostructures
fabricated by soft lithography is reviewed in ref. [91].

Polydimethylsiloxane (PDMS) is the most used material in this
technique due to its functional and physical properties. The fabri-
cation of PDMS microfluidic devices consists of two main steps:
the fabrication of the stamp by a photolithography process and
the molding (Figure 6).[89b] This elastomer presents practical ad-
vantages, including fast processing, low cost, reusability of the
masters (e.g., resin SU-8), and easy sealing and bonding to dif-
ferent substrates.[89b] In addition, PDMS is an excellent mate-
rial for cell-based assays as it is gas permeable, presents favor-
able biochemical reliability, is nontoxic, presents appropriate op-
tical properties (such as optical transparency and low autofluores-
cence), is autoclavable, and allows the easy integration of fluidics
interconnects (as valves and pumps to control the fluid flow).[89b]

The majority of currently used microfluidic devices in re-
search and development are manufactured by soft lithography
and PDMS.[92] Although it is a relatively straightforward process,
the use of PDMS microfluidic devices raises some challenges as-
sociated with the high cost of the cleanroom setup and the diffi-
culty of mass production that hinders its commercialization.[93]

Furthermore, PDMS faces challenges driving the use of PDMS-
alternative materials to fabricate the devices, which will be de-
tailed in the following sections. In addition to device manufactur-
ing aspects, the successful convergence of microfluidics with cell
culture is a complex process that requires consideration of sev-
eral other operational and biological concerns. Thus, the follow-
ing sections integrate knowledge concerning the effects of minia-
turization, the integration of components to control cell seeding,
the pump of media to cells, the transport of fluids between re-
gions, and the control of fluid flow. All these elements must be
considered individually and together when designing, using, and
analyzing results from a microfluidic cell culture platform.

3D-printed microfluidic devices have been established as a vi-
able alternative, registering a growing trend since 2014.[93] The
ability to manufacture the device on a single machine makes the
overall process faster, easier, and cheaper.[94] Furthermore, the
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Figure 6. The fundamental differences between macroscale, μwells, and microchannels culture devices concerning the total media volume, SAV ratios,
and volume densities. μWells is a PDMS stencil placed on tissue culture plastic similar to microchannels. Adapted with permission.[113] Copyright 2009,
Oxford University Press.

molding methods can only be used to create pseudo-3D, not truly
3D networks, because the molding material and the master struc-
ture are interlocked during the molding process.[94b] The most
widely used technologies to produce 3D-printed microfluidic de-
vices are stereolithography, inkjet 3D printing, and extrusion-
based technology (for detailed information see[94a]). The scien-
tific community has been addressing some of the 3D-printed mi-
crofluidic devices’ challenges, such as printing resolution, low op-
tical transparency, autofluorescence, surface roughness, and low
gas permeability.[93–95]

3.2. Physical Considerations in Miniaturizing Cell Cultures

The general idea of using microengineering devices is to con-
dense conventional chemical and biological laboratories into one
device. However, scaling down standard laboratory procedures by
a factor of 1000 or more implies physical changes that require a
rebuild in our critical and analytical view.[96] At the micrometer
scale, fundamental physical and chemical scaling effects occur
since different forces become dominant. This phenomenon en-
sures that at the microscale, the physical parameters are very sim-
ilar to those naturally occurring under physiological conditions,
namely the surface area-to-volume (SAV) ratio, laminar flow, and
an effective culture volume.[89a,96,97]

At the macroscale, the inertia force effect dominates the flow
action. As the scale is reduced, the viscous force effect becomes
dominant, leading to a small number of Reynolds and domi-
nating the laminar flow.[98] Reynolds number (Re) is a dimen-
sionless number defined as the ratio of inertial force to viscous

force that describes a fluid flow regime—laminar or turbulent. A
laminar flow results from the channel dimensions, fluid prop-
erties, and flow velocity.[89a] This behavior is numerically indi-
cated by Re < 2300, in which the velocity of a particle in a fluid is
not a random function of time.[89a] The small dimension of mi-
crochannels results in a low Re number (e.g., 10>Re> 0.001),[99]

making the flow regime almost always laminar with no turbu-
lence. As a result, the dominant mass transport type changes
from convection to diffusion.[98] This regime was explored, for
instance, to pattern the cell culture substrate and the cell cul-
ture media and perform patterned cell deposition.[100] It intro-
duces two different fluids flowing side by side in a stable stream
with a common interface. This behavior allows for performing
a set of chemical manipulations, such as solvent extraction and
phase separation.[101] In the laminar flow context, diffusion can
be a process with substantial influence on the movement of sol-
uble components through the microchannels. Since diffusion is
a slow process at the microscale, microchannels can create con-
centration gradients with complex profiles. Dertinger et al.[102] ex-
plored microfluidic networks to describe the generation of gradi-
ents with complex shapes in solution, demonstrating that gradi-
ents are maintained across a broad channel (900–2100 μm width)
over several tens of seconds. The miniaturization is accompa-
nied by a significant increase in the SAV ratio, dominating the
surface and edge effects from viscous force and surface tension
on thermal transmission.[98] The enhanced SAV ratio reduces
the diffusion distance and the mass and heat transfer time, de-
creasing the reaction times.[103] High heat-exchange efficiency
allows rapid heat or cools the mixture, ensuring isothermal
conditions with accurately defined residence times.[104] Detailed
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information about the fundamental laws and theoretical prin-
ciples underlying the operation of microfluidic devices can be
found in.[96,98]

3.3. Implications in Miniaturizing Cell Cultures

These scaling effects in microfluidic channels are well suited to
cells’ biological and physical context in a living organism.[105]

Thus, the small dimensions of microfluidic devices are the lead-
ing cause of direct and indirect advantages that these platforms
offer to perform biological experiments compared to traditional
cell cultures in well plates or Petri dishes. The main benefit mi-
crofluidic technology offers cell culture is its ability to provide per-
sonalized control over culture conditions, the fluids flow, and the
chemical and physical microenvironment in vitro.[106] Microflu-
idic devices can create spatiotemporal gradients, and dynamic
fluid flows, control the delivery of nutrients and chemical cues to
cells,[1] and patterned cell culture substrates inside the device.[100]

They also control cell counts and density in a specific area or
volume while placing cells in complex geometries,[107] individ-
ual recovery during or after studies, and high spatial and tempo-
ral resolution monitoring. As detailed in the 3D cell culture sec-
tion, this approach also allows structuring cells in 3D geometries
and, thus, creating conditions even more similar to physiological
ones.[108]

Furthermore, each microfluidic device can be designed for
specific cell types as monoculture and can also implement the
coculture of different cell lines due to the flexibility in the device
design.[99] Since the microchannels scale meets the scale found
in the cellular microenvironment and the ratio between cell vol-
ume and extracellular fluid volume is more significant than one,
a more similar cellular context is ensured.[109] In turn, miniatur-
ization reduces the volume of reagents, samples, and cells used
per assay, which is advantageous for waste reduction[110] but
requires the consideration of other effects. It is also an alterna-
tive to limited resources and costly growth factors or inhibitors,
reducing the overall cost of cell culture studies compared to 96-
well plates.[111] The cell population in the microfluidic strategy
comprises a few hundred cells (or even a single cell[112]), highly
contrasting with the 104–107 cells of macroscopic cell cultures.[97]

This reduction in cell number increases the spatial and temporal
resolution of the assays since it allows the capture of changes in
the behavior of cells to the individual level that otherwise would
become unnoticed in a larger group of cells.[97] Ren et al.[112]

reported a microfluidic device composed of multiconstriction
channels able to differentiate a human breast cancer cell line
(MDA-MB-231) and a non-tumorigenic human breast cell line
(MCF-10A). The work was based on the principle that non-
neoplastic and neoplastic cells present different velocity profiles
due to the lower membrane stiffness and cytoskeleton of cancer
cells.[112]

As previously referred, the reduction in the volume of reagents
has clear advantages; however, it is also necessary to consider
the differences and limitations of the change in volumetry. The
miniaturization increases the susceptibility to liquid evapora-
tions, which, in turn, results in a significant increase in os-
molality. For instance, while in macroscale cultures, the evap-
orative loss of 1 mL corresponds to a 0.5% shift in osmolality,

in microfluidic culture, the osmolarity shift deviates to a 33%
increase.[113] An increase in osmolality is translated into changes
in cellular growth, signaling, gene expression, metabolism, and
cellular growth.[114] Evaporation losses are particularly challeng-
ing when using PDMS-based microfluidic devices since it is a
vapor-permeable material. Heo et al.[114] characterized the prob-
lem using PDMS membranes with varying thicknesses, conclud-
ing that the evaporation-mediated osmolality shifts are faster with
thin PDMS membranes. Also, humidified and non-humidified
cell culture incubators prevented mouse embryo and human en-
dothelial cell growth and development. The authors proposed a
PDMS-parylene-PDMS membrane, which has proven effective in
preventing evaporation, resulting in the development of single-
cell embryos to the blastocyst stage and culture of human en-
dothelial cells under a non-humidified environment.[114]

Additionally, the volume density of microfluidics-based cell
culture significantly differs from other cultures. Conventional
cell culture techniques present reduced volume density, meaning
that large media volumes cover few cells compared to microflu-
idic devices. It is estimated that for the same cell surface den-
sity, a slightly large microchannel (with dimensions of 750 mm
wide, 5 mm long, and 250 mm tall) presents a volume density
2 to 4 times higher than the macroscopic six-well plates while
using 250 times fewer cells, and 500–1000 times fewer media
and costly reagents.[115] Higher volume density means reducing
the total amount of the media components available for each
cell and a higher rate of accumulation of waste products. Even
though lowering the available medium per cell possibly affects
cell behavior, those effects on cellular functions are unclear.[115]

Paguirigan and Beebe[113] analyzed the effects of media supple-
mentation (varying serum and glucose concentrations) and the
effects of volume density on cell proliferation in microchannel
and macroscale cultures. For this, the authors used three culture
devices (macroscale, μWells, and microchannels) to identify how
the variation of different characteristics, such as small volume,
volume density differences, and interactions with PDMS, impact
cell behavior. The fundamental differences between macro and
microculture devices are represented in Figure 6. The results re-
vealed a significant proliferation reduction in microchannel cul-
tures 2.5 and 5 times compared to the corresponding density in
macroscopic cultures. However, in contrast to macroscale cul-
tures, microchannel culture did not show a significant variation
in the proliferation rate in the different volume density variations.
The results suggest volume density is not a predominating fac-
tor in regulating proliferation rates. Those effects can be partially
related to the continuous nutrient supply and waste removal in
microfluidic systems.[113]

In addition to scaling out effects, the manufacturing methods,
the fabrication materials, integrated components, and the geom-
etry of the cell culture sites also highly differentiate the microflu-
idic cell cultures from other cell culture techniques. Therefore,
the design of microfluidics-based cell culture devices must con-
sider the effect of those factors singularly and combined since
small changes in the approaches or features of the devices can
be translated into different cellular responses. Kim et al.[68] were
pioneers in the systematic discussion of the design principles of
microfluidic perfusion culture systems and the practical issues
that the operation of these systems raises in biomedical applica-
tions.
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Figure 7. Schematic representation of nano roughened PDMS substrate fabrication using acetone etched PS mold. Reproduced with permission.[120]

Copyright 2018, Springer Nature.

3.4. Operational Considerations in Miniaturizing Cell Cultures

In microfluidics-based cell culture platforms, cells can be cul-
tured in 2D monolayer or 3D configurations. In general, the same
advantages of 3D cell culture at the macroscopic level (see Sec-
tion 2.2) can be pointed out at the microscopic level; a more reli-
able representation of physiological conditions results in a better
prediction of physiological behaviors and associated cellular re-
sponses. First, most mammalian cells need solid substrates or
scaffolds to proliferate.[116] Thus, microfluidics-based cell culture
platforms must provide suitable biochemical and biomechanical
support. Different materials can be incorporated into microflu-
idic microchambers to act as cell substrates in 2D perfusion cul-
tures.

As previously mentioned, PDMS is the most used material for
the fabrication of microfluidic devices. Despite the indisputable
advantages of PDMS for microfluidics-based cell culture devel-
opment, this elastomer raises some technical issues that should
be considered. The organic methyl groups in its chemical struc-
ture make this polymer hydrophobic, leading to poor wettability,
which results in poor cell adhesion and dissociation of cell ag-
gregates or islands on the PDMS surface.[117] Several methods
have been employed to modify the physicochemical properties
of PDMS surfaces. Those include gas phase processing methods
(plasma treatment, chemical vapor deposition (CVD), ultravio-
let (UV) irradiation, and metal oxide coating) and wet chemical
methods (layer-by-layer (LBL) deposition, silanization, dynamic
surface modification, and sol-gel coating).[118] In addition, the
PDMS coating with ECM proteins such as fibronectin, collagen,
laminin, and/or gelatin has been used to provide natural moiety
for cell anchoring and survival.[119]

Furthermore, physical modifications on the PDMS surface,
such as surface roughness modification, can also improve cel-
lular adhesion. Recently, Xue et al.[120] developed a method to
precisely control the PDMS nanoroughness using an etched
polystyrene (PS) culture plate by varying the etching time and the
etchant concentration. The process is based on two main steps: 1)
Chemical etching process, using acetone, of PS stencil of tissue
culture plates; and 2) PDMS prepolymer cast against the PS mas-
ter (Figure 7). The area of cell spreading increase was positively
correlated with both etchant concentration and etching time, im-
plying that nanoroughened PDMS surface may enhance surface
biocompatibility and facilitate cell spreading. Furthermore, the
results revealed an improvement in the adhesion and prolifera-
tion of MSC, standing out as an effective alternative to engineer-
ing the cell-PDMS interfaces for in vitro cell studies.[120]

Another disadvantage is the adsorption of compounds present
in the culture medium to PDMS, which is particularly signifi-
cant with small hydrophobic molecules such as drugs.[121] Toepke
and Beebe[122] qualitatively verified the absorbance of small hy-
drophobic molecules (Nile red and quinine) into PDMS by a
fluorescence assay. Further, channel reduction implies an in-
creased SAV ratio, exacerbating the problem. Drug adsorption
reduces the available drug, whose effect may be especially sig-
nificant in assays that aim to assess changes in cellular behav-
ior and the effects caused by certain medicines since their ad-
equate availability to cells is altered. Meer et al.[123] quantita-
tively compared the absorption of four cardiac drugs (verapamil,
bepridil, Bay K 8644, and nifedipine) in which there is clinical
interest in accurately determining their toxic threshold. The re-
sults revealed that the presence of PDMS significantly changed
the concentration of all free drugs. Still, no clear correlation
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Figure 8. A) SEM images of the microchannel fabricated by lithography and respective close-ups at the bottom. B) Fluorescence images of the mi-
crochannels filled with Rhodamine B solution 69 h after injection. No leakage could be detected, indicating a leak-free bond interface. Adapted with
permission.[129] Copyright 2014, Springer Nature.

was found between the compounds’ absorption and molecular
weight or log P (which measures how hydrophobic/hydrophilic
a molecule is). Contrasting to the previous studies of Wang
et al.,[121b] it was concluded that hydrophobicity and molecu-
lar weight are not, at least, the only parameters that determine
the binding of small molecules to PDMS. Nevertheless, a cor-
relation between topological polar surface area and absorption
of small hydrophobic molecules was found.[123] Therefore, sev-
eral PDMS surface modification approaches have been proposed
to reduce nonspecific adsorption and absorption. Besides those
mentioned above, they include poly(ethylene glycol) (PEG) ad-
dition into PDMS prepolymer before curing,[124] PDMS sur-
face silanization with (3-aminopropyl)triethoxy silane (APTES),
and glutaraldehyde (GA),[125] pluronic addition into uncured
PDMS,[126] PDMS modification with titanium dioxide and deriva-
tization with oligoethyleneoxide,[121a] parylene coatings,[127] or
the use of commercially available CellBinder,[123] among others.

Moreover, alternative materials have been developed towards
increasingly advanced mimetic materials for cell culture to over-
come the previously mentioned limitations. The choice and de-
velopment of new materials must consider, in the first instance,
the advantages of replacing the PDMS material in device fab-
rication and how the new material improves interaction with
cells and the reproduction of a more capable mimetic environ-
ment. Thermoplastics or UV-curable thermosets are currently
viable alternatives to PDMS prototyping. Although thermoplas-
tics (such as PS and cyclic olefin copolymers) are widely used
in commercially available devices, their prototyping relies on ex-
pensive machines and tools, time-consuming surface modifica-
tions, and complicated bonding of device layers.[128] Carlborg et
al.[128] developed a novel polymer platform of UV-curable off-
stoichiometric thiol–ene (OSTE) polymers, designed explicitly
for microfluidics and lab-on-a-chip, with similar mechanical and
chemical properties as PDMS. The OSTE polymers were cast and
rapidly UV-cured (<30 s) on standard silicon/SU-8 molds. Par-
don et al.[129] developed an innovative method based on direct
photolithographic patterning of a new OSTE polymer. Based on
mold-free prototyping, this technology improves the original idea
of Carborg et al.,[128] since it is fast (< 1 h) and offers more ro-

bust covalent surface modifications and bonding.[129] Before the
platform was sealed, SEM images revealed an excellent pattern fi-
delity, characterized by microchannels 400 μm wide and 200 μm
high (Figure 8A). To investigate the bond quality, the authors in-
cubated the chip with rhodamine B over 69 h. The fluorescence
imaging revealed a good bonding quality since no creeping of the
fluorescent dye at the bond interface or diffusion inside the poly-
mer was observed (Figure 8B).[129]

Furthermore, PS substrates were used to evaluate and quantify
morphological changes of MSCs,[130] while glass substrates were
used to culture human lung carcinoma cells (A549).[131] Compre-
hensive information about the considerations and properties of
these alternative materials to PDMS is presented in ref. [132].

Another consideration that should be considered is the process
that mediates the placement of a cell suspension in a cell culture
chamber. The cell seeding process is also a crucial step that dic-
tates cell cultures’ viability. Syringe-controlled cell loading is the
most widely used approach; nevertheless, it does not allow pre-
cise control over the loading process or the positioning of cells
in a specific location. Gravity flow can be employed to achieve a
more uniform cell distribution.[133] Typically, a static incubation
period follows the cell seeding process to allow cell attachment.
This incubation period varies according to cell type, cell seed
culture medium, cell–substrate properties, and cell density.[68]

A uniform cell loading and distribution in the chamber is a re-
quest in some cytotoxicity screening assays, and small perturba-
tions to fluid flow can disturb cell distribution and induce stress
to cell cultures. To address these problems, Wang et al.[134] de-
signed a platform where the channels for seeding are orthogo-
nal to the ones used to input drugs. They also included several
U-shape micro cell sieves within each culture chamber to cre-
ate low flow velocity regions and uniform distribution of small
seed populations of cells (≈10 cells per sieve). Upon appropriate
cell immobilization, perfusion ensures media changes and cell
culture maintenance. The perfusion system can be categorized
as recirculating (the culture media recirculates in the perfusion
culture) or non-recirculating (culture media is wasted after cul-
ture perfusion).[68] Thus, microfluidic-based cell cultures require
proper adjustments on time intervals between media changes
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since they differ from macroscopic cultures due to higher cul-
ture SAV ratios. As mentioned, some microfluidic systems appli-
cations work as continuous perfusion with media components.
In these cases, appropriate perfusion rates are critical to be deter-
mined instead of time intervals. Based on geometric arguments
and time scales comparison, Young and Bebee[135] introduced the
concepts of effective culture time (ECT) and critical perfusion
rate (CPR) that provide a guide for designing experiments and
microfluidic devices.

Another crucial issue in cell culture in microfluidic devices is
the selection of the appropriate technique to deliver and pump
media to the cells, transport fluids between the regions of mi-
crofluidic devices, and control the fluid flow. Byun et al.[136] re-
viewed different passive and active pumping techniques used to
perform perfusion cell culture in microfluidic platforms, cover-
ing their flow generation principle, strengths, and weaknesses.
In addition, a comparison was carried out between pump charac-
teristics for cell culture and manipulation. Those pumping tech-
niques include gravity-driven flow, surface tension-driven flow,
osmosis-driven flow, syringe and gas pressure pumps, peristaltic
pumps, electrokinetic and electroosmotic pumps, and centrifu-
gal pumping, among others.[136] Microfluidic assembly employs
pumps that are either on-chip (built directly on the chip) or off-
chip (externally connected to the device). Off-chip pumps are
typically used in laboratory conditions; syringe pumps are the
most commonly used pump in laboratory microfluidics. Syringe
pumps are active mechanical pumps that employ a piston to gen-
erate positive pressure to push liquids through a conduit, en-
abling the delivery of constant flow rates.[136] These pumps are
classified as closed systems since they cannot drive recirculating
flow, have the limitation of only pumping the fixed volume of
liquid enclosed in syringes, and are relatively high priced.[136,137]

Peristaltic pumps are also active pumps based on the press of
a flexible conduit to displace the liquid inside the conduit and
can be assembled in an opened fluidic circuit (the main fluid
reservoir can be refilled) or in a closed fluidic format (liquids are
recirculated).[136]

Several types of on-chip peristaltic pumps have been devel-
oped in recent years, allowing precise control of small liquid vol-
umes. For instance, Devaraju and Unger[138] created an on-ship
valve based on a post-modification of a multilayer soft lithogra-
phy fabrication process. By using close valves, static gain valves
were fabricated that allowed the control of a higher pressure by
a lower pressure, which resulted in fully cascadable fluidic logic
circuits.[138] However, this class of peristaltic pumps still requires
complex fabrication procedures and limits the geometry of mi-
crofluidic devices. To reduce the complexity and the cost of device
designs and fabrication, Zhang et al.[139] obtained a valve-less mi-
cropump with single-layer lithography, where bearings squeeze
the microchannels. In this approach, a PDMS chip was designed
with a linear microchannel, and a cam (or bearing) was placed on
top of it (Figure 9A-i). When the cam squeezes the microchan-
nel, the liquid is pumped from the inlet to the outlet, and the
chip slides from left to right (Figure 9A-ii). As the spring is re-
leased, a backflow occurs due to the PDMS deformation recov-
ery, and the liquid is pumped through the microchannels from
one port to the other (Figure 9A-iii). This novel peristaltic pump-
ing mechanism enables the precise control of the flow at the
range of 1 to 500 nL s−1, holding the potential of being inte-

grated into several microfluidic applications with single and mul-
tiphase complex flows.[139] Commercially available off-chip valve
peristaltic pumps are also a good solution, but they are a relatively
expensive choice. Recently, Behrens et al.[137] proposed a low-cost
(<$120) peristaltic pump that combined 3D-printed components
and standard hardware. The pump was also designed to be open-
source and reprogrammable, allowing a functional adaptation to
operator-defined requirements and programmable flow profiles
suited for various applications (Figure 9B-i).[137] Fluids’ motion
through the tubing is a result of cyclical compression of the tub-
ing by a rotor (Figure 9B-ii), and the respective pump rate is de-
pendent on the tubing diameter and the rotation speed of the
pump (Figure 9B-iii).[137] Also, in contrast to syringe pumps, this
peristaltic pump allows driving recirculating flow in a closed sys-
tem.

Understanding the physical and biological processes that
follow miniaturization and the development and integration
of functional components have driven the rapid growth of
microfluidics-based drug screening platforms in recent years.
Currently, they are already established as a low-cost, reproducible,
and fast alternative, allowing high throughput drug screening
and playing an essential role in reducing animal testing and as-
sociated ethical issues.

4. Recent Advances in Microfluidics-Based Cell
Culture Devices for Drug Screening and Cell
Therapies

Microfluidic drug screening platforms can rely on different anal-
ysis approaches, which can be focused on drug activity screen-
ing, drug cytotoxicity, or, for instance, the combination of multi-
ple drug screening. This section will highlight recent advances in
microfluidics platforms for 2D and 3D cell-based drug screening.
Relevant devices in the field will be presented, namely gradient-
based microfluidics, droplet-based microfluidics, printed-based
microfluidics, digital-based microfluidics, SlipChip, and paper-
based microfluidics.

4.1. Concentration Gradient-Based Microfluidics

Concentration gradients play an active and relevant role in
cell biology, being responsible for various cellular behaviors
such as cell growth and differentiation,[140] wound healing,[141]

chemotaxis,[142] inflammation,[143] signaling,[144] and cancer
metastasis.[145] Thus, one of the greatest ambitions in life sci-
ences is related to the ability to recreate physiologically relevant
environments, bringing in vitro cell models closer to the organi-
zation found in vivo. Considering the microfluidics advantages
presented in previous sections (such as the low Reynolds num-
ber, fast and cost-effective technology, and the possibility of ob-
serving cellular processes in real-time), microfluidic concentra-
tion gradient generators (CGG) are excellent candidates to recre-
ate those gradients, even allowing the control of events in time
and space. Furthermore, these devices can also generate a con-
centration range of an input drug or compound, allowing to op-
timize of drug discovery processes in a faster and more accu-
rate way, ensured by the possibility of cultivating different cell
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Figure 9. Comparison between two proposed peristaltic pump mechanisms. A-i) Microfluidic chip containing a linear channel placed on a slide rail
squeezed by a rotating cam on top; ii) Schematic showing how flow is pumped during each cycle; iii) Total flow volume accumulated with time.[139]

B-i) Open-source, 3D-printed programmable peristaltic pump that can be used for precision low-volume liquid handling. The pump is assembled with
a combination of 3D-printed parts and commonly available hardware and is programmable via an Arduino microcontroller; ii) The pump uses the
peristaltic motion of rotating ball bearings with silicone tubing to transfer fluid; iii) Flow rate controlled by varying the rotation speed of the pump, or by
varying the diameter of the tubing. Adapted with permission and under the terms of the CC-BY-4.0 license,[137,139] Copyright 2015 and 2020, the Authors.
Published by AIP Publishing and Springer Nature, respectively.

lines and treating them with a range of drug concentrations (free
or encapsulated form) in a single regimen assembly.[146] Accord-
ing to their gradient-generating principles, microfluidic CGG is
distinguished into four categories: laminar flow diffusion-based,
geometric metering mixing-based, convection mixing-based, and
static diffusion-based gradient generators.[147]

In addition to concentration gradients, other factors influence
cell behavior and, as such, the accuracy of screening for new
drugs. However, some of these factors are mechanical,[148] and
most CGGs cannot precisely adjust. Shourabi et al.[149] proposed
an integrated microfluidic CGG capable of precisely controlling
some mechanical factors, such as the ECM stiffness, shear
stress, and osmotic pressure gradient. The proposed system
is schematized in Figure 10A, consisting of two PDMS-layer
microfluidic chips separated by a porous membrane. The
upper membrane consists of two bubble trappers, a CGG, a
membrane-based cell culturing chamber (MCCC), two inlets for
the drugs, and a diluter (Figure 10B). The bottom membrane
consists of a culture medium reservoir. The general operation
scheme consists of the fluid introduction in the system, passing
through the bubble trappers to eliminate the bubbles through

buoyancy force and encasing them in specific reservoirs. The
drug is then diluted at four different concentrations, form-
ing four distinct cell culturing chamber sections (including a
control).[149]

The osmotic pressure gradients on cells are created because
the fluid in the reservoir (bottom layer) acts as a basolateral fluid,
while the flow of the MCCC (upper layer) acts as a luminal flow
to be adjusted by varying the concentration of solutes in the
reservoir. Furthermore, the porous substrate can be variable and
adapted to the needs of cultured cell monolayers, allowing for
adjusting ECM stiffness. The shear stress (adjusting the syringe
pump’s flow rate) can vary from 0 to 4 dyn cm−2, while the CGG
maintains its function at various flow rates and concentrations,
with a diffusion coefficient greater than 5× 1010 m2 s−1.[149] Thus,
this integrated microfluidic concentration gradient asserts itself
as an easy-to-manufacture, low-cost, and high-throughput chip
with the potential for studying different cell types in developing
and screening new drugs.

Most described systems in the literature refer to dual gradi-
ent generators, not allowing the simultaneous study of the indi-
vidual action and the interaction of two different drugs in a cell
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Figure 10. A) Schematic representation of the microfluidic platform design, consisting of two superimposed layers. B) Schematic representation of the
upper layer constitution; and C) Photography of the actual microfluidic platform. Adapted with permission.[149] Copyright 2021, Elsevier.

line. Shen et al.[150] designed a device consisting of a new flow
rate-independent microfluidic chip capable of including three
controllable concentration gradients of multiple solutes. This de-
vice also allows to study of the individual effect of a drug or the
joint action of two drugs on cell lines, aiming to create a per-
sonalized multiconcentration screening platform. This work fol-
lows advances[151] in which a high-efficiency fluid mixing sys-
tem consisting of spiral microchannels was established to reg-
ulate Dean vortices that ensure the reduction of mixing lengths
while increasing the mixing area. In a simplified way, the device
is a three-set of gradient generators with compact double spi-
ral mixers called μ-TGSM.[150] The apparatus comprises twelve
microchambers designed for cell-based assays when subjected
to different concentrations of inserted drugs (inlets). The drug
follows the structure of the microchannels designed to gener-
ate three concentration gradients. In Figure 11A, the gradual
change of colors in the microchannels and microchambers is vis-
ible when a food dye is inserted in the respective inlet. Similar re-
sults were obtained with computer simulation (Figure 11B). The
system was evaluated with two drugs, DXR and DDP, singly and
combined for breast cancer MCF-7 and human hepatoma HepG2
cell lines.[150] Lower cell viability was observed in the higher con-
centration gradients, while the drug combination demonstrated
a synergistic effect (Figure 11C). In agreement with the results
obtained by conventional methods, this μ-TGSM proved to be a
promising device in the screening of drugs in a singular and com-
bined way.[150]

In addition to being dependent on concentration, synergis-
tic effect, and cell lines, some drugs also have activation or
release schemes that add complexity to the discovery process.
The screening platforms are also advantageous in including
integrated analysis mechanisms in a single system. For instance,
Lee et al.[152] developed a microfluidic system with light-intensity
filters for drug screening for photodynamic therapy (Figure 12A).
On this platform, the gradient generator constitutes an upper
layer of the device, which works as an attenuating filter layer
that controls the concentration of a color dye (Figure 12B).
The color grading works as a light-intensity filter, allowing
the study of eight light-intensity environments. At the same
time, it is possible to vary the concentration of photosensitizer
dosage.[152]

It demonstrated the platforms’ ability as a screening tool for
optimizing parameters of photodynamic therapy of cervical can-
cer cell line (HeLa) to determine the optimal experimental inten-
sity. Figure 12C (top bright-field images) is representative of the
culture chambers with HeLa cells and, without light irradiation,
observed an adequate proliferation of the cells throughout the
chamber. Figure 12C (bottom) shows the results of the photosen-
sitizing activity of 1.5 μg mL−1 PH (photosensitizer activated in
photodynamic therapy with pulsed laser or light-emitting diode
sources) under the action of light intensities from 0 to 40 mW
cm−2. The Live/Dead staining results (green/red, respectively)
show increased dead cells with increasing light intensity. Us-
ing this experimental scheme, the authors evaluated eight light-
intensity conditions in a single trial and repeated eight experi-
ments for each condition.

Other applications include, for instance, rapid and high-
throughput antimicrobial susceptibility testing. Azizi et al.[153]

designed a novel gradient-based microchamber microfluidic plat-
form that allows testing a broad spectrum of antibiotic concentra-
tions in a single test. The authors tested it for profiling bacteria as-
sociated with bovine mastitis and human Crohn’s disease, which
completed the susceptibility test in only 3–4 h. Samandari et
al.[154] developed a reusable and stand-alone PDMS-microfluidic
generator directly attached to the cell culture plates, eliminating
the need for surface pretreatment or additional coating. A case
study with two breast cancer cell lines was performed, verifying
that the platform guaranteed cellular behavior and functional-
ity. Further, a differential invasion of cancer cells in response to
generated chemical signals was confirmed. Finally, Lin et al.[155]

combined a Darcy–Weisbach equation with computational fluid
dynamics modeling to establish a method for developing a fluid
shear stress (FSS) concentration gradient for the cellular mi-
croenvironment. This work was the first to combine these two
parameters at a single-cell level and intends to enrich the funda-
mental knowledge of tumor development and respective thera-
peutic applications.

In conclusion, concentration gradient-based microfluidics
demonstrates considerable potential as an integrated analysis of
correlations between multiple parameters and drugs that dictate
the biomedical action of drugs, which is required for a more effi-
cient and effective selection for preclinical studies.
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Figure 11. Microfluidics platform design for drug screening. A) Simulation of the concentration gradient formation with three food dye solutions (yellow,
blue, and red) loaded from inlets located in the center of the device. B) Microfluidic device under the same conditions used in the test represented in (A),
where it is possible to verify the consistency between the simulation and the actual result. C1, C4, C7, and C10 represent Chamber 1, Chamber 4, Chamber
7, and Chamber 10, respectively. C) staining fluorescence images of MCF-7 and HepG2 cells after continuous treatment with three drug-concentration
gradients for 24 h. Scale bar, 100 μm. Adapted with permission.[150] Copyright 2020, Elsevier.

4.2. Droplet-Based Microfluidics

Droplet-based microfluidics is also a promising alternative to
conventional drug screening, characterized by the ability to use
water-in-oil (w/o) emulsion droplets to compartmentalize reac-
tions within extremely small volumes, ranging from femto- to
microliter.[156] Its versatility results from the ability of these sys-
tems to guarantee a high SAV ratio, rapid mixing, independent
control of each drop, reduced reagents consumption, ability to
split or merge drops to start or end reactions, and to produce
a large number of monodisperse droplets.[103,156,157] The devel-
opment of this technology is motivated by the interest in com-
plementing the ability to produce droplets with well-defined and
calibrated characteristics,[158] as well as its use as a lab-on-a-chip
where the drops are studied as micro-reactors that confine the
sample and allow the manipulation of small volumes.[158c,159]

Thus, controlling the droplet generation and their size and size
distributions is essential for the proper functioning the devices
and their adaptation to different applications. Droplet generation
is ensured by passive and active methods (see ref. [160] for de-
tailed information).

The three methodologies that dominate the formation
of droplets are flow focusing, T-junctions, and co-flowing
streams.[158c,161] They mainly differ in the flow field topology
near the drop production zone.[158c] In flow focusing (Fig-
ure 13A), the droplet formation happens by breaking into
elongation strained flows in which two counter-streaming flows
squeeze the dispersed phase. In T-junctions (Figure 13B), the
droplet is formed by breaking into cross-flowing streams in
which two phases flowing through two orthogonal channels
form droplets when they cross at 90° in the T-shaped junction.
In coflowing (Figure 13C), two streams flowing in parallel near
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Figure 12. A) Photograph of the microfluidic system, injected with color dyes to reveal the inner structure. B) Microfluidic device demonstration employ-
ing red and black dyes (upper) and concentration gradient profile of a diffusive mixer using fluorescein isothiocyanate (bottom). C) Bright-field mosaic
images of HeLa in culture chambers without light irradiation (upper) and corresponding live/dead fluorescence images of HeLa cells treated with 1 μg
mL−1 photofrin (PH) with increasing light intensities from 0 to 40 mW cm−2 (bottom). Adapted with permission.[152] Copyright 2022, Elsevier.

Figure 13. Schematic representation (top) and actual representation (bottom) of microfluidic droplet production using three distinct geometries: A) flow
focusing; B) T-junction; and C) co-flowing. Adapted with permission.[158c,161] Copyright 2010 and 2020, the Royal Society of Chemistry and Wiley-VCH
GmbH, respectively.
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Figure 14. A) Time evolution of spheroid formation in DE droplets. Spheroids are formed in 150 min. B) Compact MSC spheroids in DE droplets after
6 h. Adapted with permission.[168] Copyright 2013, Springer Nature.

the nozzle squeeze the dispersed phase and lead to droplet
formation.[158c,161]

Droplet-based microfluidics have allowed the scientific com-
munity to achieve revolutionary milestones in the biological anal-
ysis field, mainly in quantification at the single-cell level. For
example, Klein et al.[162] developed a high-throughput droplet-
microfluidic approach capable of single-cell capture, barcoding,
and transcriptome profiling. In turn, Ben et al.[161] developed a
device focused on single-cell tumor metabolomics to detect circu-
lating tumor cells (CTCs). This cell type is a biomarker of metas-
tasis progression and can also be associated with survival times.
In this proof-of-concept, the authors could detect CTC in the
blood of metastatic patients (with a precision of 10 tumor cells
in a background of 200 000 white blood cells) through lactate
concentration or acidification in the extracellular compartment
of individual cells.[163]

As mentioned before, spheroids are 3D models that more
closely reflect the cell-cell and cell-matrix relationship and in vivo
interactions, facilitating drug screening.[164] However, the size
and microenvironment of spheroids influence cell behavior and,
as such, the response to drugs.[165] Although well-established,
conventional methods,[166] although well established, make it
challenging to produce spheroids with monodisperse sizes, have
a low throughput, and make it difficult to supplement cues from
the ECM.[167] Chan et al.[168] reported a two flow-focusing mi-
crofluidic device connected serially that generates water-in-oil-
in-water (w/o/w) double-emulsion (DE) droplets where cells ag-
gregate to form spheroids of controllable sizes (30–80 μm). The
formation of MSC assembly spheroids was evaluated, which
took place within 150 min (Figure 14A) due to confinement in
droplets, promoting enhanced interactions between cells. Fur-
thermore, the formed compact spheroids can be recovered by
adding a droplet-releasing agent (Figure 14B). The formation of
spheroids was also validated with the cell types of primary mouse
embryonic fibroblasts (PMEF), a human hepatoma HepG2 (for-
mation in 2 h), and Caco-2 (formation in 6 h).[168] These advances
not only leverage the scale-up of spheroids production but also
narrow the standardization of screening methods for new drugs.

Several research groups have attempted to reconstruct biolog-
ically relevant 3D structures within microfluidic droplets, which
are especially important in mimicking the ECM for cancer drug
screening. For example, Yu et al.[169] obtained MCSs using a core–
shell structure incorporating ECM elements. The shell was algi-

nate, while the core was composed of collagen and Matrigel, in
which the human breast cancer cells (MCF-7) dispersed to prolif-
erate and form the spheroids. The spheroids’ dose response was
evaluated against two chemotherapeutic drugs, tamoxifen (TAM)
and docetaxel (DTX). The spheroids showed drug resistance to
TAM compared to conventional monolayer culture, while DTX
results do not vary significantly. Sabhachandani et al.[170] devel-
oped a droplet-based microfluidics platform for high-throughput
generation of hydrogel-based (alginate and puramatrix) 3D im-
munogenic diffuse large B cell lymphoma (DLBCL) spheroids.
Figure 15A shows the schematic representation of the proposed
droplet-based microfluidics platform. The device is coupled with
a sphere-based microarray system capable of integrating and
monitoring 250 cell-laden spheroids (Figure 15B). The platform
has a T-junction geometry where droplets containing cells (can-
cer cells, fibroblasts, and lymphocytes) and liquid hydrogel (1%
alginate and 0.15% puramatrix) are formed and driven to the
docking array (Figure 15C,D). This platform enables the high-
throughput generation of spheroids that mimic heterogeneity,
complexity, and immune-rich tumor microenvironments. Fur-
thermore, the spheroid array enables the continuous collection
of cell-secreted factors, providing a multiparametric analysis of
cellular interaction.

Droplet-based microfluidics platforms should also ensure the
formation of droplets with appropriate compositions as the vari-
ation in the compositional chemistry of droplets interface can
broaden their applicability spectrum. As a result, Bawazer et
al.[171] proposed a novel high-throughput screening microfluidic
strategy as a facilitating tool for engineering emulsions, aiming
to easily identify oil/surfactant combinations to produce droplets
for target applications.

The shape of the droplets must also be controlled or adapted
to the type of application. However, the state-of-the-art mainly
describes spherical droplets because of the tendency toward
fluid equilibrium and minimization of interfacial free energy.[172]

Although there is a higher production difficulty, nonspherical
droplets have properties different from spherical ones (such as
a larger surface area and anisotropic architectures). These new
features can be beneficial, for instance, in the development of
stimuli-responsive systems. Therefore, Gao et al.[173] presented
a new method to produce protein-surfactant mono-dispersed
droplets with nonspherical dimensions. The authors started by
studying the effects of the S28C protein and its PEG-modified
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Figure 15. A) Schematic representation of the droplet-based microfluidics platform, coupled with B) sphere-based microarray system. C) Droplets
containing cells and hydrogel are formed at the T-junction and D) driven to the docking array. Adapted with permission.[170] Copyright 2019, Elsevier.

form (S28C-PEG) as cosurfactants of a surface-active peptide
(AM1 (Ac-MKQLADS LHQLARQ VSRLEHA-CONH2)) to pro-
duce stable droplets.

Nonetheless, it was discovered that PEG addition to S28C pro-
tein leads to changes in the mechanical properties of the protein
film network. The oil droplets became “shape-memorable” with
stronger interfacial networks, as they can maintain an ellipsoidal
shape following deformation by the microfluidic channel.[173]

The authors could produce nonspherical droplets with an aspect
ratio between 1 and 3.4 by modifying the channel flow rate, while
droplet size can be adjusted with additional channel designs.[173]

This microfluidic approach can be used to create anisotropic
compartments for biomimetic applications.

Other recent advances using droplet-based devices also in-
clude their use with high-throughput single-cell assays to
study the antibiotic susceptibility of bacteria;[174] the conjuga-
tion of droplet microfluidics with lab-in-a-fiber device for virus
detection;[175] in the sequencing of human immunodeficiency
proviruses and the adjacent host junctions in individual cells to
improve the genetic analysis of persistent HIV-infected cells;[176]

the prototype of point-of-care (POC) device for easy blood coag-
ulation monitoring assays in the clinic;[177] and automated clus-
tered regularly interspaced short palindromic repeats (CRISPS)-
based gene editing with high-throughput screening that allows
the performance of 100 parallel reactions and six different muta-
tions in a single chip.[178]

4.3. 3D-Printed Microfluidics

The combination of the advances in microfluidic platforms with
the advantages of 3D-printed conformations complexity allows to
take a step forward to the new era of drug screening.

Microfluidic devices are classified as symmetric fluidic gra-
dients when they allow combining all the fluid input possibil-
ities (Figure 16A). Conventional concentration gradient genera-
tors with two inputs are symmetrical, whereas those having three
fluid inputs are nonsymmetric as they do not produce all pos-
sible fluid combinations. Sweet and co-workers[179] developed a
tetrahedrally arranged network of nodal combination–mixing–
splitting units, allowing to achieve of a symmetric gradient of
three or more fluid inputs (Figure 16B). This 3D microfluidic gra-
dient generator was fabricated by employing multijet-3D-printed
microchannel networks capable of three-fluid gradient genera-
tion for combination antimicrobial susceptibility testing (tetracy-
cline, amikacin, and ciprofloxacin), as shown in Figure 16C.[179]

The device aims to address the constraints of time-consuming
and labor-intensive conventional techniques (≈2–4 d).[180] Fur-
thermore, it intends to add functionalities to conventional con-
centration gradient generators, which are generally limited to 2D
fluidic routing.

From a similar functional perspective, Chen et al.[181] proposed
a 3D-printed microfluidic platform capable of generating 36 dis-
crete concentration combinations to determine the optimal con-
centration of four drugs combined for cancer therapy. The multi-
drug combination is crucial in cancer therapy as monotherapy
has shown limited efficiency in several tumors due, among other
factors, to the resistance created to conventional drugs. In ad-
dition, multi-drug combinations have demonstrated unique ef-
fects, including preventing growth and metastases while improv-
ing their efficiency with lower doses and, consequently, fewer
side effects.[182] Figure 17A shows the proposed prototype of
the microfluidic system and the respective computer-aided de-
sign (CAD) model. The system has four inlets and 36 out-
lets divided into four levels. Internally, it has an interconnected
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Figure 16. Schematic representation of conceptual microfluidic concentration gradient generators. A) Two fluid input planar devices allow combining
all the fluid input possibilities, generating symmetric fluidic gradients; Three fluid input planar devices are limited to 2D fluidic processing, not allowing
to make all combinations of fluid input and, therefore, generating nonsymmetric gradients; and three fluid input with truly 3D microchannel network,
allowing to create symmetric 3D gradients of three or more input fluids. B) Schematic representation of the 3D microfluidic design composed of a single
solid body with embedded hollow microchannel structures; inset: flow rates (Qin, Qout) and input species concentrations (Cin, Cout) into and out of
each nodal unit; these variables are used in all analytical device output calculations; fluid inputs indicated by colored arrows. C) 3D μ-CGG prototype
after post-processing where the internal structures can be partially seen through the semi-transparent material (US quarter for scale). Adapted under
the terms of the CC-BY-4.0 license.[179] Copyright 2020, the Authors. Published by Springer Nature.

microchannel network with a multi-layer tree-shaped branch unit
with the dimensions shown in Figure 17B. The system is con-
nected to a syringe pump and a collector with transparent silicone
tube interconnects, which are then pipetted into 96-well plates for
cytotoxicity analysis (Figure 17C).

The proof-of-concept was carried out using the drugs cele-
coxib (Celbx), 5-fluorouracil (5-FU), cyclophosphamide (CTX),
and DXR and their effect on human lung cancer cell A549 activity
evaluated.[181] Although the authors assume the need to optimize
the device (namely to allow a large-scale concentration study), the
preliminary results point to a significant advance in the state-of-
the-art for multi-drug therapy devices.[181] Liu et al.[183] developed
a novel 3D-printed nitrocellulose-based microfluidic chip as a sta-
ble oxygen gradient platform for cells that can generate a steady
oxygen gradient for cells in 30 min. As oxygen is fundamental to
biological processes, it is important to have an insight into the

effect of oxygen supply on cell behavior, particularly on the im-
pact of hypoxia on cell growth and disease progression. This plat-
form presents itself as a low-cost alternative for cell study, both
as fundamental science and drug action study in mimetic envi-
ronments.

The fabrication of devices that allow faster and more effi-
cient drug screening must be followed by advances in new cell
model development and methods to produce them.[184] In con-
trast to spheroids generated from single cell types or cell ag-
gregates and represent tissues or parts of tissues, organoids re-
fer to in vitro culture of tissue stem cells.[185] These structures
can better mimic the in vivo environment when compared to
spheroids since they recapitulate the organ of origin.[186] How-
ever, the growth of an organoid is a rigorous process that requires
careful monitoring.[187] Thus, Khan et al.[188] developed a 3D-
printed microfluidic bioreactor (using stereolithography-based
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Figure 17. A) Prototype of the 3D-printed microfluidic chip and its respective CAD model. B) Internal architecture of the 3D-printed multi-drug com-
bination gradient generator consists of an interconnected microchannel network with a multi-layer tree-shaped branch unit. Details and respective
dimensions are shown on the right. C) Final assembly, in which the 3D-printed microfluidic chip is connected to a syringe pump and a collector with
transparent silicone tube interconnects. Afterward, multidrug combinations are pipetted into 96-well plates for cytotoxicity analysis. Reproduced with
permission.[181] Copyright 2018, Elsevier.

3D printing technology) that enables growth, in situ tracking, and
live organoid imaging (Figure 18A). The viability of the growth of
organoids in the microfluidic bioreactor compared to the regular
culture was measured through the percentage of cells express-
ing the apoptotic marker cleaved caspase 3 (c-CASP3) and the
proliferation marker Ki67. Figure 18B shows representative im-
ages of the two conditions. The ventricular zones (structures or-
ganized around a cavity or ventricle resembling the developing
neocortex) can be observed in a yellow rectangle, and an orange
rectangle marks the core region of organoids. Organoid growth
took place over 7 d, and no significant difference in proliferative
cells (pink) is visible. However, the organoids cultured in a mi-
crofluidic bioreactor showed a lower percentage of apoptotic cells
(both in the ventricular zones and the core region). These results
prove that the proposed system supports the viable development
of organoids and that the continuous perfusion of the culture
chamber decreases cell death in the organoid core. In addition to
improved control over organoid production, the authors estimate
a reduced price of around USD 5 per chip. The system can be im-
proved by including more wells and integrating other functions,
such as electrophysiology, for the model’s comprehensive study.

The scientific community has hypothesized that the vascular
network of organoids plays a key role in fate specification and
morphogenesis. However, they are not intrinsically vascularized,
and currently, existing vascularization strategies do not repre-
sent the spatial orientation and temporal synchronization found
in vivo. Salmon et al.[189] described an approach for making hu-
man pluripotent stem cells (hPSC) interact with vascular cells

and produce vascularized organoids. The team developed a 3D-
printed microfluidic chip that ensures sequential and develop-
mentally matched coculture, allowing for spatial interaction be-
tween organoids and vasculature (Figure 19A). The microfluidic
system has an “open well” design to allow the positioning of the
organoid in the central compartment and its direct access for fur-
ther characterization. This compartment is flanked by channels
where vascular cells are seeded through an inlet. The communi-
cation between the organoid and the vascular cell in the channels
is ensured by a nearly complete wall separating them, allowing
their communication by the diffusion of molecules and cells (Fig-
ure 19B).

Other applications of this technology include protein quan-
tification, sensing, biomarkers detection, and diagnosis.
Sharafeldin et al.[190] developed a microfluidic microarray that
lyses cells from oral cancer and quantifies membrane proteins,
aiming for the detection of cancer metastasis. This platform
quantifies the ultralow concentration of the metastatic biomarker
of head and neck squamous cell carcinoma, desmoglein 3
(DSG3). On the other hand, Almughamsi et al.[191] devel-
oped a 3D-printed microfluidic platform with multiplexed
immunoaffinity monolith extraction of preterm birth (defined as
birth before 37 weeks of gestation) biomarkers. This device aims
for the early diagnosis of preterm birth risk, which is challenging
due to the low concentration of biomarkers in human blood
serum. Wei et al.[192] developed a 3D-printed flexible epidermal
microfluidic platform as a wearable bioanalytical device for sweat
pH sensing.

Adv. Healthcare Mater. 2023, 12, 2202936 2202936 (21 of 30) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH



www.advancedsciencenews.com www.advhealthmat.de

Figure 18. A) Microfluidic bioreactor assembly; B) Representative images of the viability of the growth of organoids in the microfluidic bioreactor
compared (top) to the regular culture (bottom) labeled with the apoptotic marker c-Cas3 and the proliferation marker Ki67. Scale bar represents 200 μm.
Adapted with permission.[188] Copyright 2021, AIP Publishing.

Figure 19. 3D-printed microfluidic platform. A) Left: schematic representation of hPSC differentiation into early organoids (then seeded in the central
compartment) and into vascular cells (then seeded through the inlet to microfluidic channels). Right: stereomicroscopy image of the organoid on
the microfluidic platform (scale: 2 mm). B) Schematic representation of angiogenic sprouting those results in organoid vascularization. Adapted with
permission.[189] Copyright 2022, the Royal Society of Chemistry.

4.4. Related Devices

The lack of standardized high-throughput systems for drug
screening inspires the scientific community to develop several
new devices that allow a more accurate, easier, and cheaper drug
screening. Thus, in addition to the above approaches, other de-
vices include digital-based microfluidics, SlipChip, and paper-
based microfluidics.

In digital-based microfluidics,[193] discrete droplets are manip-
ulated on an array of electrodes by applying electrical potentials
between pairs of electrodes. The electronic control allows the au-
tomatic manipulation and analysis of individual droplets while
avoiding the necessity of pumps or valves.[194] These devices have
become a viable alternative to other liquid-handling techniques
to generate and manipulate high-precision droplets.[195] Digital
microfluidics cell-based applications are mainly categorized into
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toxicity screening, cell sorting, and functional assays.[195] Zhai
et al.[196] presented a digital microfluidic system with a control
structure for droplet ejection from a drug dispenser (an electrode)
by high-voltage pulse actuation. The device can deliver specific
concentrations of a preloaded drug stock to the cell suspension
(spanning three to four orders of magnitude) for single-drug and
combinatorial multi-drug screening. The authors validated the
system with two chemotherapeutic drugs, DDP and epirubicin
(EPI), towards MDA-MB-231 breast cancer cells and MCF-10A
normal breast cells. Recently, Zhang and Liu[197] developed digi-
tal microfluidics, including an electrochemical impedance spec-
troscope (EIS)-based biosensor to detect human peripheral blood
mononuclear cells to profile immune-mediated therapeutic
responses.

Droplet-based microfluidics has evolved into an area called
“controlled droplet microfluidics,” which concerns a set of tech-
niques that perform multistep complex reaction protocols, us-
ing passive and automatic methods to control the flow that ad-
dresses droplets in series. The SlipChips are part of this category
and are passive systems that perform multiplexed reactions with-
out pumps or valves only by slipping two contacted substrates
without requiring pump and valve controls.[198] This device con-
sists of two plates that are in contact with each other. The bot-
tom plate consists of an array of wells (where the reagents are
placed) and disconnected ducts for loading. The top plate works
as a cover for the bottom plate wells, containing an array of wells
with a complementary pattern to the bottom plate. Chang and
co-workers[199] developed a PDMS SlipChip, capable of cultur-
ing mammalian cells and performing multiple treatment assays.
Since the transport of substances to the sample is based on a free-
interface diffusion mechanism, it excludes the need for valves,
pumps, and interconnections for flow control. Liu et al.[200] devel-
oped an instrument-free gradient-droplet SlipChip (gd-SlipChip)
microfluidic device that generates gradient droplets by a surface
tension-driven self-partitioning process. The device was effec-
tively used for phenotypically determining Escherichia coli antimi-
crobial resistance profile. The minimal inhibitory concentration
of E. coli was determined within 3 h of incubation. Recently, Cat-
terton and co-workers[201] described the 3D printing of a SlipChip
with a movable port for local stimulation of organ cultures.

In paper-based microfluidics, also called microfluidic paper-
based analytical devices (μPADs), the devices are made from pa-
per or another hydrophilic porous membrane by patterning pa-
per with hydrophobic barriers to define hydrophilic channels
and zones.[202] This technology is advantageous over commonly
used polymer-based microfluidics (e.g., PDMS) because it is eas-
ier to fabricate, requires no pumps or external accessories, and
is inexpensive and portable.[203] Furthermore, paper is advanta-
geous concerning cell-based assays due to its reticulated struc-
ture, which offers a naturally 3D environment closer to the native
cellular environment. As a result, paper-based microfluidics have
been explored as a cell culture platform.[204] However, one of the
drawbacks is that they can only achieve continuous perfusion by
immersing the entire device in the cell culture medium. There-
fore, most platforms reported for drug screening are limited to
static analysis, not allowing a realistic investigation.[205] There-
fore, Wu et al.[206] proposed a platform to control the continuous
perfusion of paper-based microfluidics. The platform is printed
with a low-cost 3D printer and ensures the continuous supply of

reagents to the μPADs, which absorbs the reagents by a capillary
effect. The culture medium circulates under an external mechan-
ical force provided by a peristaltic pump.

Fu et al.[207] developed a wick-like paper-based microfluidic de-
vice composed of folded paper strips that ensure medium self-
driven perfusion. The platform consists of an upper layer used for
cell culture in a standardized hydrophilic culture area, while the
lower layer guarantees a medium supply according to the capil-
lary phenomenon (Figure 20A). The device was validated by eval-
uating the cytotoxic effect of PTX, DXR, quercetin, and rutin on
MCF-7 breast cancer cells and human hepatoma HepG2 cell lines
by a smartphone-based colorimetric analysis system. Color inten-
sity is related to cell viability, with lower viability corresponding
to lighter colors. Figure 20B shows the variation in color intensity
of different concentrations of PTX and DXR toward MCF-7 cells.
Figure 20C shows the dose-response curves of MCF-7 breast can-
cer cells to these drugs, evidencing a cytotoxic effect dependent
on the drug’s concentration and showing the potential of these
systems in drug screening.

5. Final Remarks and Outlook

Microfluidics-based cell culture platforms have a structural ob-
jective to give outright precision to the drug screening process
while making it money, ethical, and time sustainable.

This review highlights the fundamental role that cell culture
methods play in life research and development, as well as recent
discoveries and technological advances in the area. More specifi-
cally, it focused on advances in cell-based drug screening on var-
ious microfluidics platforms, including concentration gradient-
based microfluidics, droplet-based microfluidics, printed-based
microfluidics, and digital-based microfluidics, SlipChip, and
paper-based microfluidics. Relevant information from the re-
viewed works was compiled in Table 2, which compares the
physicochemical and operational considerations of 2D cell cul-
ture, 3D cell culture, and microfluidics-based cell culture-related
platforms.

An analysis of the table reveals that microfluidics-based cell
culture platforms generally outperform conventional 2D and 3D
cell culture methods. However, it should be highlighted that the
lack of established protocols and validated models makes this al-
ternative approach challenging to access. In addition, the prepa-
ration of devices is still primarily dependent on soft lithography,
which requires specific infrastructure and, consequently, makes
it labor, money, and time-consuming. Some of the production-
associated challenges can be addressed by using 3D printing
technology to manufacture microfluidic devices in a fast, one-
step, low-cost, automatic, versatile way that allows for a possi-
ble high throughput fabrication of devices.[208] Furthermore, by
sharing design files, replicating devices can be easily achieved
between research groups. However, 3D printing still cannot re-
place soft-lithography and the advantages of PDMS. This is due
to the unknown biocompatibility of most resins and plastics; sol-
vent compatibility issues that lead to swelling of materials, caus-
ing flow problems;[209] semitransparent or translucent 3D print-
ing materials, which complicated the observation process;[209b,210]

and finally, most of these materials are not gas permeable, mak-
ing long-term cell culture within channels complicated.[93,210]

In addition, soft-lithography is a well-established fabrication
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Figure 20. A) Schematic representation of the wick-like paper-based microfluidic device for high-throughput drug screening. B) Variation in color intensity
of different concentrations of PTX and DXR towards MCF-7cells; and C) respective dose-response curves. Adapted with permission.[207] Copyright 2021,
Wiley-VCH GmbH.

Table 2. Comparative performance of the physicochemical and operational considerations of 2D cell culture, 3D cell culture, and microfluidics-based cell
culture platforms.

2D cell
culture

3D cell
culture

Gradient
microfluidics

Droplet
microfluidics

3D-printed
microfluidics

Digital
microfluidics

SlipChip Paper
microfluidics

Established protocols and validated models +++ ++ + + + + + +

Operation difficulty + ++ +++ +++ +++ ++ ++ +

Flexibility x x X x x x x +++

Reagents consumption +++ +++ + + + + + +

Heat transfer time +++ +++ + + + + + +

Volume density + + +++ +++ +++ +++ +++ +++

Parallelization x + +++ ++ +++ +++ ++ +

Dynamic control over culture nutrients and gases + + +++ ++ ++ ++ ++ +

Control of mechanical factors + ++ +++ +++ +++ +++ ++ ++

Simulations of in vivo microenvironment + ++ +++ +++ +++ +++ +++ +

Multidrug combination + + +++ ++ +++ ++ ++ ++

Multiparametric analysis + ++ +++ +++ +++ +++ ++ ++

Observing cellular processes in real-time + + ++ +++ + +++ ++ +

Single-cell drug screening x x ++ +++ ++ +++ +++ x

High-throughput screening x x +++ ++ +++ ++ ++ +

Money-consuming ++ +++ ++ ++ ++ ++ ++ +

technique that enhances the device’s manufacturing flexibility
and functionality.

As a result, the platforms with the most significant potential
for application in the pharmaceutical industry are PDMS con-
centration gradient-based microfluidics and droplet-based mi-

crofluidics. Concentration gradient-based microfluidics allows a
high performance compared to traditional macroscale screening
assays as they allow for precise control of stable concentration
gradients (adjusting flow rate, channel structure, initial con-
centration) and expose cells to linear and nonlinear gradients.
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Furthermore, the miniaturization of assays reduces reagent con-
sumption. In addition, it provides controlled hydrodynamic and
mass transport conditions, a greater spatiotemporal resolution,
and a high SAV ratio that results in a lower heat transfer time and
higher volume density. These platforms are beneficial in screen-
ing multiple drug candidates, simultaneously evaluating differ-
ent concentrations, drug combinations, and the action of differ-
ent regimens. However, one of the limitations of these devices
is related to the high flow rate, whose fluid shear force can cause
damage or cell death.

Regarding droplet-based microfluidics, the same advantages
of the miniaturization effect can be pointed out as to the con-
centration gradient-based microfluidics. This method allows the
production of highly monodisperse droplets, up to twenty thou-
sand per second,[211] and the independent control of each droplet
that works as a minireactor. These devices also allow the enclo-
sure of a single cell in each droplet and form multiple identi-
cal minireactor in a short time, dominating the performance of
single-cell drug screening and the parallelization of experimenta-
tion and processing. However, despite the advantages of compart-
mentalization, this characteristic raises some challenges related
to maintaining a long-term cell culture, as it limits the supply
of nutrients to the cells and other exchanges. Droplet generators
can be purchased commercially; however, they require additional
equipment, such as optical set-ups and pressure generators.[174]

Digital-based microfluidics is an alternative to droplet-based
microfluidics that manipulate droplets through electrical or
acoustic actuation without requiring pumps. This technology
can individually and simultaneously manage several droplet
compartments and be integrated with other technologies us-
ing simple instrumentation. Compared to conventional microflu-
idic droplet devices, these devices operate a smaller number of
droplets (several up to tens), and the droplet volume is relatively
larger (from microliters down to a hundred nanoliters).[212] How-
ever, the ability to configure and automate complex multistep op-
erations makes these platforms a potential universal tool for drug
screening.

SlipChip devices are an extension of microfluidic-based
droplet devices that, without requiring pump and valve con-
trols, demonstrate excellent efficiency in handling nanoliter-to-
microliter aqueous samples.[213] In addition, this technique al-
lows a series of analyses to be performed simultaneously, making
this technique an asset for various screening applications. How-
ever, some limitations of this technique include the slow mixing
of fluids and the inability of gases to diffuse freely through the
glass substrates. However, it is an emerging technique whose
straightforward operation should prompt investigators to face
those challenges.

The differentiating advantages of paper-based microfluidics
compared to other microfluidic devices are its flexibility, simple
fabrication without cleanroom facilities, ease of operation with-
out the need for pumps, and, above all, highly low-cost and eas-
ily accessible materials.[202a] Furthermore, its structure facilitates
3D mimicry of the cells’ native cellular environment. However,
the use of these platforms is conditioned by their limitation to
static analysis, inability to form droplets and manipulate cells in
paper-based channels, difficulty recovering samples or collecting
products, and the structural variability of paper fibers that intro-
duces undetermined errors in drug screening. Furthermore, pa-

per is not optically transparent, and the autofluorescence of paper
substrates makes fluorescent imaging difficult, which is the most
used technique for cell response analysis. Therefore, paper-based
microfluidics will significantly benefit from the standardization
of manufacturing methods and their integration with other mi-
crofluidic (digital-based microfluidics) platforms that are effec-
tive as a basis for mixing and processing fluids.[214]

In conclusion, the potential that microfluidic cell culture adds
to the well-established macroscopic cell culture is undoubted. It
allows the scientific community to gain insights into molecular
and cellular biology and perform high-throughput drug screen-
ing that would otherwise be extremely difficult with macroscopic
cell culture techniques. However, there is still a long way to go to
understand all the differences in cellular behavior between mi-
crofluidic and macroscopic cell cultures since science is, until
now, mainly supported by the knowledge generated in macro-
scopic methods. Moreover, although microfluidic devices already
allow a good mimicry of the physiological microenvironment,
this area must continually grow to increase the simulation of
the human body in a holistic and consolidated way. These devel-
opments must be monitored multidisciplinary, and engineering
must play a key role in developing detectors or automatic anal-
ysis systems integrated into the devices for real-time analysis of
cellular responses. It is intended that future generations of mi-
crofluidic devices for pharmaceutical research will allow the re-
placement of ethically and economically in vivo assays and bring
society closer to personalized medicine, which will occur only by
crossing the challenging academia to industry barrier for their
standardization, adoption, and commercialization.
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