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ABSTRACT

This review covers several aspects of microfluidic devices used for culturing and monitoring of both adherent and non-adherent cells, including a multitude of
applications. A comparison of available platforms with high throughput analysis, automation capability, interface to sensors and integration, is reported. Aspects,
such as operational versatility of the devices, are scrutinized in terms of their analytical efficacy. It is found that due to multi-functionality capability of modern
microfluidics, there is big amount of experimental data obtainable from a single device, allowing complex experimental control and efficient data correlation,
particularly important when biomedical studies are considered. Hence several examples on cell culture and monitoring are given in this review, including details on
design of microfluidic devices with their distinctive technological peculiarities.

1. Introduction
Over many years, cell cultures have been carried out in flasks, petri
dishes or microtiter plates, bioreactors, with solutions that preserve the
biosamples alive for the necessary time, typically in the range of days
[1–4]. However, cell-environment interactions, which determine cell
functionalities and phenotype in vivo and in vitro affecting their responses to stimuli, are not easily replicated or controlled in these traditional formats. In conventional processes, cells are cultured: – often in
static condition, where the dynamic physiological conditions of the
cells cannot be reproduced; − in conditions where, usually, there is no
dynamic monitoring of the physiological parameters; − in presence of
unwanted gradients of temperature and CO2 concentrations. In addition, these protocols require complex manual work causing cellular and
metabolic stress and usually imply high costs. In microfluidic devices,
the aim is to create more in vivo like systems, to avoid influences on
cells functionalities as they are in nature. This can be done by controlling the microenvironment (e.g., cell matrix, flow rate, chemical
gradients, pH, temperature, …) and in microfluidic devices is easier
than in traditional instruments. Microfluidic technologies for cell-based
assays have the potential to increase the biological relevance of cell
models while maintaining or increasing the throughput of current
methods.
With the advent of microfluidics, cell culturing gained strong innovation in manipulation and preservation of biosamples (Fig. 1). In
⁎

particular, we refer to cell culture, cell separation and cell assays, where
precise control over small volumes of fluids, faster analysis, high
throughput, flexible automation and integration capabilities, are necessary [5–8]. Microfluidics provides new devices suitable to investigate complex constructs with accurate and controllable biochemical/biophysical environments by high resolution spectroscopies and
real-time imaging. Various types of cells, like adherent and non-adherent, have been cultured in microfluidic platforms [9–11] with the
strict requirement of stable cellular microenvironments. Several novel
discoveries on cell structures, characteristics and behaviors, have been
shown in the literature with the support of microfluidic platforms
[12–14].
Unlike conventional cell culture methods, microfluidic-based cell
cultures deliver several attractive features with continuous nutrient
supply, waste removal, flexibility of schedules, liquid handling systems
and high automation capability. The less consumption of fluids, low
volumes and therefore the reduced time and cost of analysis make these
systems particularly interesting for cell-based assays [15–17]. Hence,
microfluidic systems are progressively being used as versatile tools and
viable alternatives to traditional approaches. These studies have produced a crucial impact on understanding the basics of those cellular
activities which play a key role in determining physio-pathological cell
states (e.g. disease characteristics and responses to stimuli). [18–20].
The main goals of cell culture platforms are to mimic closely the in vivo
cellular microenvironments and to maintain simplicity for reproducible
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Fig. 1. left: A word cloud listing several applications of microfluidic platforms; right: number of publications in the last 10 years regarding microfluidic cell culture
and analysis (source: google scholar).

parallel evaluation of drug effects monitoring the neuronal activity by
calcium imaging [75].
A review on the available microfluidic devices with variations in the
design, used sensing elements and automation level, is presented here.
Versatility in the available microfluidic systems is compared with the
degree of automation and multiple analysis capability of the devices. A
versatile easy-to-use system is mostly awaited from the microfluidic
research community for smooth and straightforward handling by nontechnical end-users.

results [21]. In addition, several parameters need to be monitored on
the samples (like pH, oxygen, CO2, temperature, osmolality and pressure, shear stress) for further downstream investigation. Since the advent of microscale total analysis system (μTAS) in 1990 to the recent
integrated microchips, it is evident that the effort to develop futuristic
and innovative microfluidic platforms is still evolving, in order to
match high-sensitive and high throughput requirements. Moreover,
cells of general interest were studied by mimicking both dynamic and
static environmental conditions, and further combined with 3D cell
culture platforms that represent a breakthrough for in vitro cell growth
procedures [22].
Microfluidic platforms applied to tumor cells [23–25], stem cells
culture [26–32], and other types of cells [33–36] are designed for
several specific applications, such as: single-cell studies [37–39], cell
trapping [40,41], filtration [42,43], cell rolling and investigations
[44–46], detection of biomarkers [47–49], drug screening and discovery [50–52], organs-on-chip [53–62], body-on-chip [63–65], tissue
engineering [66–68], cryopreservation of cells both adherent and suspended cells [69,70].
There are different models available for cell culture today, namely:
2D or 3D static cell cultures, and 2D or 3D perfusion microfluidic cell
cultures. Each model shows specific characteristics as shown in Fig. 2.
When passing from 2D to 3D cultures, there are many changes in cellular growth behaviors, from cellular shape and architecture to cell-cell
adhesions organization, mainly due to the different cellular microenvironments.
Clearly, in vitro 3D cultures better mimic the in vivo conditions of
cells inside organs and tissues. Compared to 3D static cultures, microfluidic aided 3D cultures can better face some relevant topics, such as
multi-cellular complex environments, suitable cellular vasculatures,
and a time-continuous medium exchange instead of a time-discrete
exchange. All these issues make 3D cultures as close as possible to in
vivo organs. Recently many efforts in microfluidic 3D cell cultures have
been driven towards vasculature models, brain and liver models, or to
achieve improvements in cancer models (above all lung and breast
cancers) [71]. As a few examples, liver-on-chip models have been developed by combination of microscale hydrogels embedding hepatocytes and fibroblasts with a microfluidic chip for cell culture [72], a
microfluidic 2-channels architecture separated by porous membranes
has been successfully employed for a kidney-on-chip model culturing
kidney tubular epithelial cells [73], changes in membrane protein expression of ovarian cancer cells have been observed in 3D cultures
along with an increased chemo resistance with respect to the 2D
counterpart cells [74], microfluidic platform allowing 3D networks of
active neurons along with glial cells have been used for high throughput

2. Adherent and non-adherent cells
The cellular microenvironment can be broadly classified into three
categories holding the key for self-renewal and differentiation of cells:
biochemical, physical and physicochemical (Fig. 3) [21]. Cells are
widely categorized based on the size, characteristics, occurrence,
components, activities, and so on. Cells can be grouped also based on
their characteristic to anchor onto the substrate, adherent and nonadherent cells. Those cells that require a substrate to attach and proliferate are adherent cells (anchorage-dependent) and those cells that
can grow in suspension are non-adherent cells.
The design of an in vitro cell model system has to focus on cell
interactions with their cultivation substrate and its influence and control over the cultured cells. Cells proliferating in a stationary environment (steady state) maintain a time-constant size distribution, and this
has a great influence on growth rate of both adherent cells and nonadherent cells [76]. The characteristics of the substrate determine the
quality of cellular attachment on the substrate itself. The dependence
on the substrate has to be taken into account in the design and fabrication of a multiple variation microfluidic platform when considering
either adherent or non-adherent cell growth. A key factor in the proliferation and uniform growth of adherent cells is the hydrophobicity of
the used substrate [77]. It is reported that hydrophobicity influences
the cell formation, increases the number of uniform-size embryonic
cells and inhibits cellular-surface attachment. On the other hand, hydrophilic substrates do not influence the cellular adhesion and consequently produce small aggregates [78]. Hydrophobicity is more emphasized here, but each cell type is unique, with cellular proliferation
and growth controlled by manifold parameters.
Frequently, the substrates are bio-functionalized by means of several kind of molecules (sugars, proteins, antibodies, etc.) for stimulating
specific interactions with cells [45,46,48,79,80]. Adherent cell cultures
within microenvironments specifically designed to observe cells behavior at the boundaries of microchannels, have been studied and reported [12,13]. There have been attempts to make 3D cells culture in
15

Microelectronic Engineering 208 (2019) 14–28

M.L. Coluccio, et al.

Fig. 2. Schematic representation of different cell culture models: Static 2D or 3D cell culture models, 2D microfluidic culture models, 3D microfluidic culture models.

microfluidic systems by cellular confinement in narrow micro-chambers
[81]. A microfluidic platform for 3D cell cultures was developed integrating 3D scaffolds and microfluidic networks that allow controlling
the fluidic environment mimicking an in vivo-like 3D microarchitecture
and high-quality imaging capabilities for dynamic studies [82]. Nonadherent cells are ideally expected not to have any interaction with
surfaces, but this is difficult to achieve in microfluidic devices (because
of cell tethering interactions) and thereby highly variable altered behaviors could occur. It is difficult to reproduce their physiological environment, which imply that cells are subjected to certain shear stress
and interactions with other cells (e.g. endothelial cells). In addition, in
case of screening purposes such cells need to be trapped in specific
locations, so that biofunctionalization of surfaces or traps need to be
taken into account. Nevertheless, studies of non-adherent cells can be
found in important application fields like, for instance, immunotherapy,
where in certain protocols non-adherent cells (e.g. lymphocytes) are
engineered to change their phenotype and the way they could interact
with the environment and/or other cells (e.g. tumor cells). For instance,
Perozziello et al. [46] exploit cell rolling in a microfluidic device to
change Natural killers (NK) cells phenotype which become more aggressive against tumor cells. In general, cell rolling is a process in which
the cells, injected in a biofunctionalized microfluidic chamber at a

specific flow rate and shear stress, interact with the biomolecules of the
chamber through the formation of specific bonds. Cell rolling is used for
cell separation and isolation [83–86], physiological studies on cells
[87], cell interactions [88], induction of apoptotic signals [89].
In general, it is highly demanded to probe position accuracy during
the seeding process because cells motility depends also on the seeding
position, for both adherent and non-adherent cells [90].
There still exists a gap in building a system suitable for culturing
both adherent and non-adherent cells on a single platform due to the
basic difference mentioned above, however the interactions between
adherent and non-adherent cells are considered important for some
physiological constructs. Hence, incorporating both types of cells in a
single system will help for a careful in vitro simulation of the physiological cell microenvironment. So far, only few systems have been developed successfully for culturing both adherent and non-adherent cells
on a single platform, reporting reproducible and highly reliable results
[16].
3. 2D versus 3D cell cultures in microfluidic platforms
Cell culture systems are indispensable tools used in a multitude of
basic and clinical in vitro research studies. There has been continuous

Fig. 3. Illustration showing the cell microenvironment consists of physical (shear stress), biochemical (cell interactions), and physicochemical (pH, CO2, temperature,
O2) factors.
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changes and development in the design of cell culture platforms. The
classically preferred model was 2D cell culture developed almost one
century ago [91]. Today several studies reveal that cells exhibit a different structural and functional behavior when seeded on flat 2D surface-coated substrate or in a polymeric 3D layer.
In a 2D cell culture system, cells grow on flat, usually plastic, dishes
where they adhere and spread. Such systems have the significant advantage to allow the study of cell behavior using cheap materials and
simple technologies. Moreover, the 2D cell culture systems are universally known, several protocols and extensive literature are available
to scientists to analyze data and understand cell behavior in all the
situations. Nevertheless 2D cell cultures have also important limits
principally related to the culture environment. Since in in vivo environment all cells are surrounded by other cells and extracellular
matrix (ECM), 2D cell culture does not adequately take into account the
natural 3D environment. The flat surface of a 2D system does not
properly reproduce the in vivo conditions of cells growth, spreading
and migration, which happen in three dimensions and where each cell
is in contact with another through a soft extracellular material and not
on a rigid flat surface. Consequently studies regarding tissue reconstruction, drug diffusion and absorption, cancer cells expansion, and
in general studies when the aim is the predictivity of a research, can
give misleading results if based only on 2D systems. 2D cell culture
results very often provide ambiguous and non-commensurable data
with in vivo studies [92]. Development of 3D constructs is also in a fast
pace because of its homeostasis compatibility (i.e. long-term stability)
[74]. Additionally, the 3D environment reproduces more faithfully the
ECM, the cell-cell interaction as well as the cell-ECM interaction, and
consequently migration and differentiation can be driven in a 3D architecture.
Miniaturization into microfluidic platforms is very advantageous for
both types of cultures. It allows the realization of multi-task systems,
the inclusion of sensors for monitoring in vivo the vital parameters of
cells and of ECM content, the control of pressure and temperature, a
great economy in the used reagents and a high throughput, in particular
for the 2D culture. Furthermore, in static systems of 2D and 3D cultures,
cells metabolism and growth consume culture medium and produces
waste. Consequently culture medium must be periodically replaced
with fresh one to avoid dead cells due to lack of nutrients, oxygen or
excess of waste substances. The introduction of microfluidic technology
overcomes this problem. Nutrient and oxygen can be monitored and
distributed continuously in a microfluidic culture and, at the same time,
the fluid flow can bring away the toxic waste product by cell metabolism. In the case of a 3D microfluidic culture, scaffolds are inserted in
the microfluidic platform and the diffusion of nutrients can be better
regulated by the control of the fluid flow despite of a 3D static system,
in which the lacking of an homogeneous distribution of the ECM
components is a crucial drawback.
A successful liver-on-a-chip system was developed as in vitro models
of human Non Alcoholic Fatty Liver Disease (NAFLD). It was designed
in a sinusoid-like fashion mimicking a close tissue-like microenvironment for long-term culture of hepatic cells [93]. A myriad of interactions from other tissue cells (e.g., via signal transduction), the extracellular matrix (ECM), and other systemic factors regulate cell growth
and functions, which are better considered in 3D growth [94]. There
are many reports, in literature, where significant differences in the
morphology, protein expression, migration, functionality, and viability
of cells were revealed in 3D growth [95,96]. In spite of all advantages,
with the increasing use of 3D culture techniques there are subtle
technical challenges for microscopy. While 2D cultures can be conveniently analyzed by almost any kind of imaging, 3D culture constructs need special care and attention to be optimized and customized
for each experiment. As a well-known fact, in vivo-like tissue-based
applications are enhanced by combining 3D cell cultures and microfluidic technology, which bring to the development of integrated systems such as organ-on-a-chip and body-on-a-chip systems. The

compatibility with existing high-throughput device architecture enables
cost effective instrumentation, particularly important for screening
approaches in 3D culture [62,97].
2D microfluidic cultures remain, actually, frequently and conveniently used to obtain results which need to be known, validate and
utilized by a large scientific community. 3D systems are clearly advantageous for the possibility to realize in-vitro model very close to invivo organisms, but they are often very complex compared to parallel
2D microfluidic devices which are available to a larger scientific community.
4. A perspective on cell culture design – volumes
Miniaturization in microfluidic chips is characterized by small volumes of fluids introduced in the system, from microliters (μL) to nearly
femtoliters (fL). Many are the benefits over conventionally sized systems. First of all the use of small volumes means less consuming of
samples and reagents or nutrients in a cell culture system and consequently reduced costs. Moreover microfluidic systems can be very
complex, a small platform can incorporate a lot of different functionalities and many operations can occur in the same chip. These characteristics associated with the high grade of automation that a microfluidic chip supports, consent a substantial time saving and a minor
sample handling respect to a conventional cell culture, increasing the
stability of the system and limiting possible external contaminations. In
addition, the control of culture parameters (temperature, pressure,
nutrient concentrations, etc.) becomes possible and automatable by a
microfluidic chip. All these advantages widely compensate the efforts
on initial designing of the system which requires to be tailored on the
specific cell culture target.
Szita and colleagues [11] developed a microfabricated bioreactor,
automated and remotely controlled, for the study of adherent cell culture capable with 30 nL of fluid volume. The device integrates a cell
culture layer with an imaging system and a processing platform. The
accuracy and precision of the image-processing data are related to the
fraction of the culture area that can be imaged. The higher the fraction,
the lesser the error that originates from the measurements.
Emné́us group [20] worked on development of a multifunctional
platform for exploring cellular dynamics in real-time using electrochemical detection in 50 nL volume of fluid. The miniaturization also
allowed the control and integration of other functions. There are also
significant work done by other groups where the microfluidic systems
treated volumes as small as100μL [98,99], 44 μL [54], 30 μL [100] and
milliliter scale [101] that did not reduced the qualitative results produced.
5. A perspective on cell culture design – single cell culture
A microfluidic system with 1600 cell culture chambers, each of
volume 4.1 nL, with integrated micro-valves for precise control and
exchange of medium was reported [102]. The device was used to
analyze single hematopoietic stem cell (HSC) proliferation. This low
volume is particularly attractive for the analysis of rare cell types or
minority subpopulations.
The geometrical characteristics such as length, width and height of
microfluidic channels and culture chambers, are considered in the design, influencing in particular the flows and the shear stress of the
systems. The height to width aspect ratio is given more importance in
order to make the platform suitable for single cell studies, in which a
monolayer culture is primarily important because suspension cells or
colonies did not provide homogeneous growth and properties. Many
kinds of external fields like pressure, electric, magnetic, capillary, and
others affect the microfluidic flows. As dimensions shrink to lower
length scales, the prominence of surface-to-volume forces increases.
Proper flow values can be obtained with forces applied macroscopically, i.e. at inlets and outlets, or with forces and shear stress
17
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locally generated inside the microchannels [79,80,103]. It is also reported that at lower microchannel height the capillary force will become the dominant source to drive microfluidic flow [104]. Although
single-cell analysis plays a vital role in cell studies, understanding and
application of the technique face manifold challenges: 1) Sensitivity of
the different parameters to be monitored; 2) Throughput of data; 3)
Easy use of the device; 4) Handling of low volumes.

7. Utilization of microfluidic systems in diverse applications
Applications of microfluidic devices vary from cell cultures for cell
reprogramming and differentiation, bioprocesses, to cytotoxicity tests,
drug testing, patch-clamp measurements and more (Fig. 5). Drug development and drug testing play an important role due to the urgency
in therapies required for personalized medicines. The drug development process is highly expensive. An average time to develop and
launch a new drug is 10–15 years. The purpose is to screen chemical
components in a concentration-dependent way to determine chemical
toxicity. Then, microfluidic platforms can also be employed in drug
screening assays, which have a growing need for in vitro models to
investigate better the cellular responses to chemotherapy at microenvironment level, to identify the key factors in drug resistance, and to
develop drugs with better capabilities over the disease.
Drug testing is usually regulated by standard protocols and procedures, which can be divided in in-vitro and in-vivo tests before going
towards clinical trials on human patients. Clinical trials is something,
which cannot be changed much, but several improvement can be obtained in in-vitro and in-vivo tests by developing new tools and technologies. Conventional in-vitro tests consist in assays performed on flat
and rigid substrates (agar-agar plates, Boiyden, Zigmond or Dunn
chambers, etc.) where cells and test substances are put together, stored
in an incubator and analyzed under a microscope. This requires manual
work and specialized technicians. Sometimes, drugs are tested in
combination with highly automated systems allowing to tests a huge
amount of substances in parallel. However, the mentioned systems
consist of expensive equipments. Miniaturized devices can be used as
replacement because they would simplify the protocols, integrating
more operations and innovative sensors together to pre-treat and analyze samples, reducing manual work, reagent and sample volumes and
cost of analysis, ensuring at the same time high resolution, number of
parallel and throughput analysis. In addition, miniaturized fluidic devices allow recreating dynamic biomimetic environments where in-vivo
condition can be mimicked. This could potentially allow reducing animal in-vivo testing. On the other hand, data obtained in microfluidic
devices are not always comparable with standard assays because of a
different approach to treat and analyze samples and this, nowadays. is a
bottleneck in using such devices for standard procedures.
In addition, microfluidic devices are employed in chemical testing.
For example, on transparent mobile nematode [121], to identify drugs

6. A perspective on cell culture design – parallelization
In addition to the previous geometrical considerations, another aspect to be carefully considered in the design is the number of culture
chambers or wells with the integrated sensors types. In fact, they determine the data throughput, the working efficiency, the versatility of
the system, the integration of different functions and finally, the automation capabilities of the device. Most of the research groups are interested in employing 96-wells plate in order to take into account for
the heterogeneity in each culture well [105,106]. This concept, pushed
at its extreme, brought to the development of devices for single-cell
studies [37,107]. These devices are able to control the physiological
and biochemical conditions of each culture chamber separately. A
precise control of cell seeding density, composition of culture medium,
and feeding schedule, allows for a quantitative measurement of the
cellular responses to external stimuli at each chamber, with minimal
sample.
The number of culture wells covers a wide range (Fig. 4 and
Table 1) and it varies from 1, e.g. for co-culture of human endothelial
cells embryonic stem cell-derived pericytes [27], to 3, e.g. culture
chambers for embryonic stem cells [108], to 12, e.g. cell culture
chambers for exploring cellular dynamics [20], to 16, e.g. well plates
for culturing of cells [109]. The number of wells has a pivotal impact
over the qualitative and quantitative results produced by individual
systems. A 24-well self-contained programmable microfluidic cell culture system, controlled by one flow line makes the system more efficient and robust without leakages, as reported in [100]. An alternative
to expensive systems is a paper-based cell culture microfluidic system
with 24 wells to study multiple assays on a single device [110], a 64well flow-based microfluidic biochip capable of handling 64 experiments simultaneously [111].

Fig. 4. (a) A multifunctional microfluidic EXCELL (EXploring CELLular Dynamics at Nanoscale) cell culture and analysis platform. A photograph of a 12-microelectrode array chip (insert: zoom on one measurement site with 3-electrode configuration (counter (CE), working (WE) and reference electrode (RE)). In the right, a
schematic representation of an individual cell culture chamber [20] (b) An isoosmotic perfusion microfluidic cell culture array. Scheme of the device with micrographs as insets. The cell culture layer contains 1600 chambers (pink) connected by flow channels (gray). The control lines (blue) consist of an isolation valve and a
peristaltic pump to control cell loading and perfusion rates. Arrows point at single cells. Scale bars, 1 mm (left) and 100 μm (right). [102]; c) A portable MainSTREAM
system with four micropumps and an integrated reaction chip with up to 32 cell culturing chambers. [109].
18
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Table 1
Examples of microfluidic devices used for specific applications at different parallelization, automation and sensor integration levels.
Application
Cell culture

a. Cancer Cells
b. Stem Cells

Drug screening
Cryopreservation of cells

Parallelization (chambers or wells)

Automation

Sensor integration

384 [15], 96 [99,112–114]
64 [111], 24 [100,110,115], 16 [109], 12 [20,22],
1 [11,27,116]
96 [105,106], 75 [28], 10 [31], 6 [37], 3 [30], 1
[27,29,101]

Data acquisition
Fluid handling
Environmental control
Data acquisition
Fluid handling
Environmental control
Data acquisition Environmental control
Fluid handling

Pressure sensor
pH sensor
Thermal sensor
Thermal sensor
pH sensor
Pressure sensor
Fiber Optic sensors (O2)
Temperature sensor &
controller
pH, DO, CO2 sensor
Optical sensors

c. Organ-onchip

6 [55,117], 4 [62], 2 [56], 1 [53,54,57–59,118]

d. Body-onchip
e. other cells

2 [65], 1 [64]

Data acquisition
Fluid handling
Data acquisition fluid Handling
Environmental control

96 [98], 6 [119], 3 [33], 2 [14]
32 [120] 8 [121], 4 [122,123], 5 [124], 7 [115], 2
[118], 1 [125–127]
96 [69], 1 [70]

Data acquisition fluid Handling, motion tracking
system, Image acquisition
Data analysis

Pressure sensor
pH sensor
Thermal sensor
–
–

Fluid handling – Automated liquid handling system, Actuation of valves. Ambience/Environmental control – pH, temperature, oxygen, pressure, osmolality monitoring. Data Acquisition & Analysis – Image acquisition and data analysis, Statistical data analysis. Fibroblast production & differentiation – Fibroblast production,
Reprogramming, iPSC purification, Parallel culture of iPSCs, Analysis of differentiation propensity, Automated differentiation.

Fig. 5. (a) Microfluidic device where 1- inlet for upper chamber, 2 – inlet of bottom chamber, 3 – outlet of bottom chamber, 4 – outlet of upper chamber, 5 – filtering
membrane [47] (b) Schematic of Microbioreactor for long-term cell culture in controlled O2 environment [118] c) Experimental set up of a microfluidic cell culture
system with 16 inlet vials and 4 outlet vials [100] d) Microfluidic high-throughput device for cytotoxicity screening test [120].

that block dispersal of a highly invasive bladder carcinoma [126],
further, to study hypoxia-dependent cytotoxicity of anticancer drugs by
generating oxygen gradient in a microfluidic device [128]. These are
employed for parallel toxicology testing [123] to probe anticancer
drugs on uniform sized spheroids analyzed with flow cytometry, and to
understand the drug mechanism in 3D cell culture [127]. Further significant examples can be found in [60,120,122,124,125,129].
Screening of chemo-sensitizing compounds and cytotoxicity with reduced adverse effects are promising for clinical usage.
Besides drug testing and cytotoxicity screening tests, microfluidic

devices with several designs, dimensions and integration to other external equipment, are used in other biomedical applications, like
cryopreservation of cells [69] where the excessively passaged cells are
preserved in microfluidic devices for easy handling and quick availability for further processes.
Tissue engineering is another upcoming field of regenerative medicine, which mainly deals with “off-the-shelf” bio-artificial organs, and
regeneration of injured tissue in a living organism [130]. In tissue engineered culture, extensive cultures are required to create functional
tissues and biological structures in vitro: survival, growth and
19
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inducement of functionality should be ensured [54,66,68].
Detailed study on cell-cell interactions are important for several
aspects of cell life and development. These interactions allow cells to
communicate with each other in response to changes in their microenvironment. Thanks to microfluidics laws, microenvironment is mimicked by microfluidic devices with stromal-epithelial cells [22] and
tumor-stroma interactions [113]. Identifying how the microenvironment regulates stem cell activity is central to understanding stem cell
biology and to develop strategies for therapeutic manipulation of stem
cells. This is motivated by the monitoring of essential parameters like
oxygen, because hypoxic conditions are known for rigorous metastasis
condition in tumor patients. Thus, multiple systems, with remote automated measurements are developed by various research groups
worldwide [118,131–134]. Similarly, deregulated pH inside cells and in
the cellular microenvironment are well-known emerging features of
most forms of cancers. In addition, cellular acidity is a highly efficient
mechanism of drug resistance, hence the close monitoring of pH is also
accomplished by microfluidic devices for enhanced analysis of cell
microenvironment [135]. Microfluidics can be used in combination
with patch-clamp techniques to enhance methodology of measurements
on cells [136,137].
Extending to the aforementioned applications, a significant use of
microfluidic systems is cell reprogramming, iPSC culture and purification [30,108]. Recently, a particular interest quickly growing is the
monitoring of stem cells differentiation through microfluidic systems.
In fact, the fate of stem cells is greatly controlled by microenvironment
that promotes stem cell maintenance and controls the differentiation to
achieve homeostasis. The main reasons to employ microfluidic systems
in such critical studies are: a) high-throughput screening of a wide
range of physiological, biological and biochemical parameters, and b)
customization of the physiological environment to heterogeneous and
3D growth conditions [138]. In addition, cells are studied at their
natural state with a high timing control, which is a crucial issue for
primary adherent cells and cells derived by differentiation from stem
cells, e.g. neurons [139]. A microfluidic system integrated with “isoosmotic bath” for medium preservation is used to study single hematopoietic stem cell (HSC) proliferation. This device is predominantly
attractive for the analysis of rare cell types or minority subpopulations
[102].
In-vivo cell populations change dynamically, therefore it is complicate to interpret data. For gene expression within its appropriate
biological context, it is necessary to distinguish differential gene transcription from gene expression induced by changes in the cell populations. In such cases, an independent, cell-specific gene expression data
set is created to assess and to identify the appropriate cell type, and to
provide insight on the optimal enrichment level that minimizes the
number of false discoveries. This indicates that analysis of distinct cell
subpopulations may yield more clear-cut results than analysis of nonseparated data [44,49,80,140]. Moreover, important insights are obtained when investigating the alteration of protein expression and in
vitro chemo-sensitivity of cells [14,33,141].

reported [106] with notable advantages, such as: 1) Five- to six-fold
reduction in reagent cost; 2) Ten- to twelve-fold increase in productivity; 3) High-throughput due to full automation.
In current literature, image acquisition and analysis is a commonly
automated trait [146,147]. Time-lapse imaging [27,108] is commercially available with open source software like ImageJ, Image-Pro Plus
(IPP), XEI software, Imaris, NIS ElementsD, Olympus Cell^D, Meta
Morph, Analyst, LabChart, R, V3D-Viewer and Matlab scripts. These
programs have highly extensible features, accompanied with plugins,
like homemade macros and scripts that aids the customization according to the research needs. A high sensitivity (~0.94), high precision
(~0.96), high accuracy (~0.97) when using PHANTAST software
toolbox (built with Matlab and ImageJ) has 3.6-fold increase in precision over human estimation besides being a robust and convenient tool
to generate qualitative and quantitative data without the need for detachment of cells [11]. In addition, microscopic and macroscopic image
acquisition systems are also employed for accuracy and precision data
[57,117,127].
Robotic liquid handling systems are also gaining attention combined
with the specialized needs, like medium exchange [11], fluidic activation of syringe pumps [100] or miniaturized infusion pumps [148]
connected with reservoirs and wells plates. Other operations as transportation of soluble factors based on custom-made programmable
schedules [111], liquid switching between containers [16,108], setting
of flow rates [15,135], and pressure generation with perfusion rates
[34,119] are available. Lately, a multitude of ready-to-use automated
syringe pumps are commercially available, like Cetoni, Harvard,
kDScientific, that provides very useful customizations for research
groups, such as pneumatic automated controller system to operate
micro-valves aids in easy handling [120]. Moreover, automated liquid
handling system is adapted in many platforms to enable highthroughput, large-scale production assays and removal of manual interference for a fully controlled and undisturbed microenvironment
which ensures high reproducibility of results. Thereby, it can be predicted that automation is extensive without any limitation on any
particular component or characteristic, but it purely depends on the
requirements according to which different processes or analytical procedure are automated.
9. Integration – a promise towards high-throughput platform
Cell culture in microfluidic systems is gaining increasing attention
for three predominant attributes of platforms: (a) Control of microenvironment (b) High-Throughput systems and (c) Integrated functionality. Along with these advantages cell culture in these systems also
poses challenges and critical bottlenecks that need to be resolved. In
most cases, cells are enclosed in a microenvironment that hardly
communicates with the outside world, thereby limiting the integration
of monitoring systems from macro-scale to micro-scale. In addition,
very low volumes of samples are involved in such systems that restrict
the use of existing laboratory techniques, demanding high volumes
analysis to benchtop systems as for example for pH monitoring [135].
Development of microfabricated systems are expanding swiftly, nevertheless simple, feasible and quick techniques adaptable universally are
falling short. Understanding the demand for integration of multiple
sensor systems, controllers, liquid handling systems and downstream
assays allows for measurements performed at controlled microenvironment. The study of cells includes structural and functional occurrence, organization of organelles, their physiological properties,
metabolic processes, signaling pathways, life cycle, and interactions
with their environment. There are quite interesting innovative systems
that need special mention for their reasonable and sensitive results:
studies on X-ray analysis [149], scaffold-based systems for target discovery [52,150,151], UV/Visible transparent optical waveguides fabricated using organic and inorganic nanocomposite layers [152], devices with optimal optical properties [153] and multiple microarray

8. Automation – a benchmark parameter in current microfluidic
systems
The major impacts in the literature of microfluidic systems are
tagged with the level of platform automation. In order to automate a
platform, researchers work at different points that can be regarded as
automation nodes of the system. The steps range from having automated essential cell culturing devices [11,119], to cellular seeding,
preparing, storing, passaging and harvesting [105,142], to image acquisition and cell analysis [112,143–145], up to automated liquid
handling and sensor systems [15,16,28,100]. A system developed with
high automation capability for fibroblast production, reprogramming
capability, iPSC purification coupled with parallel culture of iPSCs,
followed by automated analysis of differentiation propensity has been
20
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microsystem [154].
A stand-alone customizable single use, disposable cartridge manufactured in high volumes at low costs to service multiplexed and multiclass testing in various biomarker detection is a powerful POC (point-ofcare) tool, aimed at developing a fully integrated device with major
considerations on waste containment, low contamination and sensor
integration [155]. The programmable Bio-Nano-Chip (pBNC) and its
exploded view of internal circuitry is shown in Fig. 5 and illustrates the
miniaturization and integration efficacy at its best. Extended use of
microfluidic devices in micronutrient analysis with electronics enabled
paper-based analytical devices is an appropriate example for a fully
integrated system with little or no manual interruption in low resource
settings [156]. A microscale perfusion 3-D cell culture platform that
handles an integrated system for thermal control, multi-channel
medium pumping, 3-D cell culture sample loading and detection techniques has proven to be more user-friendly for biologists [15]. Integration for electric control and infusion flow pump for flow rate
control, in the range of a few μl/h, resulted in cell proliferation rates
comparable to conventional methods [148].
Apart from laboratory based microfluidic systems, various diagnostics industries have launched their patented and customizable microbioreactors, e.g. Ambr™, which is an integrated system for cell culture with closed loop control of pH and DO (dissolved oxygen) sensor,
automated liquid handling for reactor set-up, automated feeding, base
addition, sampling, and optional integrated cell viability analysis (ViCELL®) [157]. Microfabrication plays a vital role in lab-on-chip and
organ-on-chip systems, where fabrication of micro-components like
pumps, valves etc. need high levels of accuracy [64,120]. A hydraulic
driven micro valve and a peristaltic micropump have been integrated in
a body-on-chip for drug screening [64]. This is an efficient solution in
terms of interfacing and integration, since multiple tubings and connections outside the platform have been eliminated. Min-Hsien Wu and
colleagues built a system (Fig. 6a) with pneumatic control module and
thermal control module for continuous nutrient supply, waste removal,
in schedule flexibility, liquid handling systems coupled with high automation capability, featuring 30 microbioreactors on a single platform.
This system is considered a microscale, high-throughput, perfusion, 3D
microfluidic cell culture system with high success rates [15]. A lab-ona-chip device (Fig. 6b), with a handling platform made of metal or
plastic frame, where the microfluidic devices are placed and clamped,
was designed by Mayr and team [57]. Fluidic interfaces [158–160] were
directly integrated into the platform to connect external valves and
pumps through tubes without actually touching the device, and through
an optical window for fluorescence microscopy and live cell imaging.
Finally, a heating element is also integrated into the device to control
the temperature at the desired level, along with a luminescent oxygen
sensor (made of highly photo stable benzoporphyrin dyes) to perform
stable oxygen sensing and connected to a commercial oxygen meter
read-out [57].
In order to quantify the working efficiency of a microfluidic system,
it is important to specify the type of sensors interfaced to the system and
the number of parameters measured throughout the analysis. When a
system is set to observe the metabolism and proliferation of cancer or
stem cells, it is always necessary to have a steady check on other factors
resulting from their activities. Hence, it is a mandatory design rule to
consider the necessary sensors to be included in the system [52]. For
example, the control and monitoring of pH is crucial to ensure a certain
cell viability rate. An innovative design with single-pass light absorption measurement and simple imaging technique is developed for pH
measurement with volumes of the samples in the range of nL, even at
the absorption level as small as 1% [135]. There are inventive and
unique designs available in literature to monitor oxygen and pH either
on-chip or off-chip, but an obvious challenge is the fabrication complexity [116,161–163]. Li et al. observed the cell behaviors at different
pressure levels where the system was composed by a syringe pump, for
medium perfusion and pressure generation, and a digital manometer to

monitor pressure [164] and other pressure sensing activities [54]. Similarly, temperature plays a vital role in cell growth and vitality
[112,119,165]. Moreover, on-chip electrodes can be included to measure electrochemical activities in neuronal cells [166].
Oxygen is considered one of the most important factor that characterizes the cellular activities. Hence, preference is given on stable and
finite measurement of oxygen in the cellular microenvironment.
Remote oxygen monitoring system with 0.03 standard deviation accuracy is reported in the literature [131]. With the advent of multiple
commercial sensors, the most prevalent ones are the optical sensing
elements due to their compatibility with micro-world and realization of
different architectures, such as luminescent dyes, sensor beads or sensor
layers combined with extendable read-out methods [132].
Temperature also is a key parameter in cell studies. Due to the lower
time constant, microfluidics has strong potential for applications involving temperature changes faster than 1 min. In most cases, temperature needs to be maintained at 37 °C but there are also instances
that demand different temperature conditions, depending on the type of
investigation and analysis involved. When the cells are passaged and
need to be preserved, microfluidic systems can adapt to the cryopreserving temperature [69]. A study also revealed the effects of increased
temperatures in cell-adhesion [167]. Hence, constant monitoring and
reliable temperature of the system become crucial points to investigate
on both physiological and morphological entities of the cells. Nearly in
all cases, an accurate temperature control is needed in order to preserve
the cells alive and for feasibility of their proliferation at a considerable
rate.
Several sensors are available for measuring various parameters of
the analyte, also exploiting plasmonics [168,169] as described in the
following sections.
10. Optical imaging in highly integrated microfluidic devices
With the development of Microfluidic Devices in biomedical research, the complexity of their structures increased significantly,
especially in the recently developed highly integrated organ-on-chip
and human/body-on-chip systems [170]. Optical microscopy imaging is
one of the most popular and reliable analytical techniques in microfluidics applied to biomedical issues, and many outstanding works have
reported
results
with
and
without
fluorescent
labeling
[116,168,171–173]. However, the practical applications are limited in
such heterogeneous 3D not transparent organ-on-chip and human/
body-on-chip devices, through which optical imaging is difficult.
As a smart compromise, assembling laminated Microfluidic Devices
design was proposed [174]. Briefly, various cell-lines were cultured in a
battery of single layer microfluidic chip, and these layers were laminated and integrated as a functional mimic organ. Although this laminated microfluidic devices could be imaged layer-by-layer with universal optical microscopy after disassembling, the real-time functional
imaging of inside cells and/or large volume tissues are limited. However optofluidics, i.e. a high integration of optical imaging and microfluidic systems, has been developed [168,175] also embedding specialized elements in microfluidic platforms, such as plasmonic nanodimers
[172] and optical tweezers [41], and extremely high quality signals
have been achieved. Among these optofluidics devices, the light-sheet
imaging based designs are distinctive by integrating light-sheet illumination into microfluidics. Unlike the general wide field and confocal
optical microscopy, the light-sheet microscopy (LSM) or selective plane
illumination microscopy (SPIM) has inherent advantages for real-time
large-scale biological specimen imaging, due to low photo-toxicity and
capabilities for three-dimensional imaging of tissues and organs [176].
Not too long ago, the researchers had shown the two different minds,
i.e. embedded fiber-lens light-sheet illumination structure and nanofabrication based self-reflective light-sheet illumination (Fig. 7), to
build optofluidic devices by integrating the LSM with microfluidic devices for imaging of millimeter scale biological specimen in highly
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Fig. 6. (a) Schematic representation of an automated and integrated 3D cell culture microfluidic system and overall experimental set up [15]. (b) Lab-on-a-Chip
interface platform [57].

local electromagnetic field enhancing Raman scattering, and consequently increasing the sensitivity of the device [179]. The microfluidic
platform integrating nanodimers consists of five through-channels
comprising microfluidic traps, simple volumetric constrictions of the
channels, where cells can be temporarily captured to record their
Raman spectra. The movement of each cell into the trap allows the
analysis of a specific part of the cell. The resultant spectroscopic information comprehends not only the whole cell signal, as from a
standard Raman analysis, but also the enhanced signal coming from
both the cellular membrane and the cytoplasm.
Optical Twizer trap. Left: (A) Isometric representation of the optical
tweezers trapping a particle and (B) optical image of a trapped red
blood cell. Right: Raman spectrum of a colon cancer cell in the CeH
stretch Raman band [41].
Optical traps can also be hosted inside a microfluidic device with a
huge advantage for fluorescence and/or Raman measurements of single
cells. They can be obtained by integrating in the devices optical tweezers (OT), realized through tightly focused free-space laser beams or by
counter-propagating beams (Fig. 8). An alternative and valid solution to
make an optical trap by counter-propagating beams consists of a miniaturized fiber-based OT [41]. The beam shaping required to create the
optical trap is achieved by microprism reflectors fabricated by Two
Photon Lithography (TPL) on the fiber facets. Several micro optical
traps, fabricated in this way, can be integrated into different sections of
a single microfluidic chip, making possible a different optical stimulus
and then a different kind of analysis (e.g. Raman spectroscopy or
fluorescence microscopy) of the single cell in each section of the chip.
This trapping system ensures flexibility and possibility of complete integration in a lab-on-chip, guarantees cell-safety, allows for treatment
and analysis of single living cells in a laboratory under the microscope.

integrated platforms [177,178]. Certainly, these optofluidic devices
based methods are elegant and ingenious, but they also reveal a critical
lack of universality. At this regard, a universal LSM has been built to
image the 3D real-time convection in droplet deposited over superhydrophobic surfaces: by means of high-speed camera, the millimetersize scale specimen could be imaged up to 200 frames-per-second.
Compared to other optofluidic devices, this LSM shows highly universality and versatility, and it constitutes a promising candidate as a
next-generation tool for microfluidic devices dedicated to imaging and
biomedical studies involving both in vitro and in vivo crystallization of
biomolecules.
11. Raman spectroscopy and advanced systems of optical trapping
in highly integrated microfluidic devices
The development of microfluidic devices and the possibility to integrate specific elements in microfluidics is a great improvement in cells
or biological elements analysis. The assembling of filters, micro-traps
and sensors inside a microchip allows separating and driving single
cells or particular biological substances, in diverse areas of a lab-onchip, where different stimuli can be applied and the responses are
monitored.
In this regard, metallic nanodimers integrated in a microfluidic
device represent an optimal instrument to analyze a single cell at subcellular level, obtaining a preliminary Raman-based flow cytometry
(Fig. 8) [172]. Metallic nanodimers are powerful optical sensors, which
enhance the results of vibrational spectroscopy once they are coupled
and probed with an external Raman spectrometer, thus allowing for fast
and multiparametric analysis of single cells. In other word, they behave
as SERS (surface enhanced Raman scattering) devices, generating a
22
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Fig. 7. (a) Scheme of the embedded fiber-lens light-sheet illumination system; (b) Picture of the chip with 1 € cent coin for size comparison. (c) Scheme of the
imaging setup: the chip on a microscope stage and the sample collected from a reservoir and delivered to the chip by a pumping system connected with the red tubes.
(d) Automatic imaging of cellular spheroids. [177] (e) Principle of reflected beam light-sheet microscopy. A laser line is focused through the objective and is reflected
from a 45° mirror sidewall of a microfluidic channel. The light sheet is reflected at the focal plane of the objective, thereby illuminating only the in focus plane of the
cell. 3D optical sectioning is achieved by moving the channel and cell up and downwards and repositioning of the light sheet such that it is reflected at the focal plane.
(f) Exploded view of chip packaging. Each chip is packaged into five layers of PMMA with two O-rings incorporated for each in and outlet. (g) Transparent top and
side view images of chip assembled in packaging. (h) Schematic showing the fluidic connections inside the chip. (i,j) Photographs showing top (h) with tubing
connections and bottom (j) with coverslip surface of packaged chip. x-y projections of reconstructed images with color coded z-depth are shown for cells imaged
using light-sheet illumination (k,l,m) [178].

12. Conclusions

for mixing relies on diffusion, which is a very slow process. This is a big
limitation for certain applications, e.g. where chemical gradients are
strongly undesired. In addition, changes in scaling can further give
difficulties in adaptation of biological protocols to fit experiments in
microsystem (i.e., media and cell concentrations). These differences
require careful comparison between data obtained in macroscopic experiments and data obtained in microsystems. Furthermore, microfluidic devices need often complicate set-ups to be handled and managed. Consequently, even in presence of inexpensive disposable
microfluidic devices, the costs are related to the instruments, which are
needed to run the microfluidic devices or the integrated sensors.
Moreover, complex instruments require specialized personnel and, in
some applications, they are often inversely proportional to the
throughput of the produced data.
In conclusion, microfluidic devices emerged a century ago but their
development until date has reached no saturation due to diverse and
distinct requisites needed for real lab practice. Notably, a continuous
and constant curve in development and optimization of fabrication
methods, discovery and invention of biocompatible materials, selfcontained and competent microfabrication of sensors, powerful and

The microfluidic field has evolved to be an integral part of cell
biology studies, since the implementation of this technology has left no
stones unturned, starting from cell culture, drug screening, drug discovery, tissue engineering to patch-clamp measurements. In addition,
by virtue of the unique properties and versatile features, microfluidics
holds great promises for numerous applications in chemistry, engineering, biology, biomedicine, and other fields.
In general, microfluidic devices give several advantages for cell
biology applications. Some advantages come from the fast response of
the microdevices, low reagent consumption (nL), the opportunity to
manipulate large number of cells simultaneously and independently,
automatic generation of a large number of different individual conditions, and easy integration of numerous analytical standard operation
and large-scale integration. Finally, the versatility of these devices
partly enables the simulation of in-vivo cellular microenvironment
(vascularization, 3D, nutrient stress, etc.…).
However, microfluidics have also some drawbacks. Since laminar
flow dominates in microfluidic devices, the only mechanism allowing
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Fig. 8. Raman flow cytometer. Left: Scanning electron image of the microfluidic trap and the integrated array of nanodimers. (A): Top view; (B): isometric view; (C):
zoom of the integrated nanodimers. Right: Raman spectra collected from red blood cells (RBC) on nanodimers (used power 10% of the total) and on a flat substrate
(used power 100% of the total) [168].

Microfluidics can be applied for manifold analyses that result in high
throughput and high sensitivity diagnosis. In single cell studies, cell
heterogeneity is the ruling factor that needs exceptional attention;
microfluidics has made it possible with the establishment of controlled
cellular microenvironment resulting in determining the behavior and
response of single cells towards variations in the surrounding microenvironment. During this review, we did an extensive excursus on the
degree of integration, automation, parallelization and high-throughput
of data against versatility of microfluidic device for cell cultures
(Fig. 9). By increasing the number of samples (number of culture wells)
and sensors in a single device, multiple unique parallel analyses and
comparative studies can be performed on a single experiment. On the
other hand, when the number of parallel samples increases, the device
handling becomes more difficult; risk of contamination should be taken
in account and time consumption is higher for completion of a single
analytic cycle. However, there is a high risk of inconsistency in expression and heterogeneity of cultured cells when the number of samples analyzed in a single experiment is decreased. Versatility decreases
as the level of integration and automation increases due to specific
parameters monitored and analysis performed in parallel constrained
by a specific application. Automation capability is more complicated to
be handled for parallel activities, thus high-throughput is compromised,
and it is inevitable to observe an increase of production costs.
The diagnostic industry is also constantly investing in research and
development of such equipment, which would bring high standards in
their respective sectors. The future development in microfluidic devices
will mainly focus on fabrication methods, on biomaterials used in

Fig. 9. With the increasing level of integration and automation, the
Microfluidic Devices lose their versatility due to several constrains and compatibility of the operation integrated and automated against a general application cumbersome flow dynamics.

productive integration of sensors, adept and dynamic automation of
intricate analysis is acclaimed. The exclusive properties of the device
that involves multifunctions on a fully dynamical control of the bioenvironment make microfluidic devices attractive in cell biology studies. Microfluidic systems are compliant with other techniques.
Biochips can be fabricated with multiple microchannels integrating
ultrasensitive detecting systems, which can be employed in cell analysis
and cell manipulation studies at high temporal and spatial resolution.
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fabrication as an alternative to the existing PDMS, PMMA, PS, PC or
glass. Monitoring systems (interface of multiple sensors into one single
system) would result in a portable microfluidic device that becomes a
fundamental tool in diagnostics. In countries with low resources, poor
national health systems, considerable chances of contagious diseases
are reported that brings massive rates of mortality and morbidity.
Hence, disposable microfluidic lab on a chip could be of strong interest
and cost affordable device for both diagnosis and medication in order to
improve the health level. A fully automated, highly controllable, integrated system is expected to address the pressing shortcomings of
today cell biology studies. Besides the rapid, low-cost and automated
analytical procedures, synergy sought from cell biologists, pharmacologists, toxicologists, biostatisticians and microfluidic engineers will
yield massive revolution in the field that needs to be addressed at the
earliest. With the mass production of microfluidic analysis systems,
portable and inexpensive microfluidic devices for POC diagnosis are
promising in the next decade with the new inventions that certainly will
enter the global market.

[18]

[19]
[20]

[21]
[22]
[23]

[24]

Acknowledgments

[25]

This work was supported by the project for Young researchers financed from the Italian Ministry of Health “High Throughput analysis
of cancer cells for therapy evaluation by microfluidic platforms integrating plasmonic nanodevices” (CUP J65C13001350001, project No.
GR-2010-2311677) granted to the nanotechnology laboratory of the
Department of Experimental and Clinical Medicine of the University
“Magna Graecia” of Catanzaro.

[26]
[27]
[28]

References

[29]

[1] J.A. Thomson, J. Itskovitz-Eldor, S.S. Shapiro, M.A. Waknitz, J.J. Swiergiel,
V.S. Marshall, J.M. Jones, Embryonic stem cell lines derived from human blastocysts, Science 282 (Nov 06 1998) 1145–1147.
[2] S. Sengupta, B.P. Johnson, S.A. Swanson, R. Stewart, C.A. Bradfield, J.A. Thomson,
Aggregate culture of human embryonic stem cell-derived hepatocytes in suspension are an improved in vitro model for drug metabolism and toxicity testing,
Toxicol. Sci. 140 (Jul 2014) 236–245.
[3] L.B. Thomsen, A. Burkhart, T. Moos, A triple culture model of the blood-brain
barrier using porcine brain endothelial cells, astrocytes and pericytes, PLoS One 10
(2015) e0134765.
[4] T.Y.X. Zhang, Z. Han, H. Liu, Y. Huang, X. Sun, C. Mao, Y. Xu, Application of
flexible flask for static culture of adherent cells, Life Sci. J. 11 (2014) 419–423.
[5] E.K. Sackmann, A.L. Fulton, D.J. Beebe, The present and future role of microfluidics in biomedical research, Nature 507 (7491) (2014) 181–189.
[6] M. Mehling, S. Tay, Microfluidic cell culture, Curr. Opin. Biotechnol. 25 (2014)
95–102.
[7] G. Du, Q. Fang, J.M. den Toonder, Microfluidics for cell-based high throughput
screening platforms – a review, Anal. Chim. Acta 903 (2016) 36–50.
[8] B. Xiong, K.M. Ren, Y.W. Shu, Y. Chen, B. Shen, H.K. Wu, Recent developments in
microfluidics for cell studies, Adv. Mater. 26 (2014) 525–5532.
[9] D.K. Pranjul Shah, L. Andresen, M. Dimaki, S. Skov, W.E. Svendendon,
Microfluidic bioreactors for culture of non-adherent cells, Sensors Actuators B
Chem. 156 (2011) 1002–1008.
[10] H. Yamazoe, T. Ichikawa, Y. Hagihara, Y. Iwasaki, Generation of patterned coculture system composed of adherent cells and immobilized non adherent cells,
Acta Biomater. 31 (2016) 231–240.
[11] N. Jaccard, R.J. Macown, A. Super, L.D. Griffin, F.S. Veraitch, N. Szita, Automated
and online characterization of adherent cell culture growth in a microfabricated
bioreactor, J. Lab. Autom. 19 (2014) 437–443.
[12] G.M. Walker, H.C. Zeringue, D.J. Beebe, Microenvironment design considerations
for cellular scale studies, Lab Chip 4 (2004) 91–97.
[13] S.M. Kim, S.H. Lee, K.Y. Suh, Cell research with physically modified microfluidic
channels: a review, Lab Chip 8 (2008) 1015–1023.
[14] H. Tazawa, K. Sato, A. Tsutiya, M. Tokeshi, E.R. Ohtani-Kaneko, A microfluidic
cell culture system for monitoring of sequential changes in endothelial cells after
heat stress, Thromb. Res. 136 (2015) 328–334.
[15] S.B. Huang, S.S. Wang, C.H. Hsieh, Y.C. Lini, C.S. Lai, M.H. Wu, An integrated
microfluidic cell culture system for high-throughput perfusion three-dimensional
cell culture-based assays: effect of cell culture model on the results of chemosensitivity assays, Lab Chip 13 (2013) 1133–1143.
[16] B.Y. Xu, S.W. Hu, G.S. Qian, J.J. Xu, H.Y. Chen, A novel microfluidic platform with
stable concentration gradient for on chip cell culture and screening assays, Lab
Chip 13 (2013) 3714–3720.
[17] X. Munoz-Berbel, R. Rodriguez, N. Vigues, S. Demming, J. Mas, S. Buttenbach,
E. Verpoorte, P. Ortiz, A. Llobera, Monolithically integrated biophotonic lab-on-a-

[30]
[31]
[32]

[33]

[34]
[35]
[36]
[37]
[38]
[39]

[40]
[41]
[42]

[43]

25

chip for cell culture and simultaneous pH monitoring, Lab Chip 13 (2013)
4239–4247.
Y. Zheng, J. Chen, M. Craven, N.W. Choi, S. Totorica, A. Diaz-Santana, P. Kermani,
B. Hempstead, C. Fischbach-Teschl, J.A. Lopez, A.D. Stroock, In vitro microvessels
for the study of angiogenesis and thrombosis, Proc. Natl. Acad. Sci. U. S. A. 109
(2012) 9342–9347.
M.B. Esch, J.M. Prot, Y.I. Wang, P. Miller, J.R. Lamas-Vidales, B.A. Naughton,
D.R. Applegate, M.L. Shuler, Multi-cellular 3D human primary liver cell culture
elevates metabolic activity under fluidic flow, Lab Chip 15 (2015) 2269–2277.
K. Zor, A. Heiskanen, C. Caviglia, M. Vergani, E. Landini, F. Shah, M. Carminati,
A. Martinez-Serrano, T.R. Moreno, M. Kokaia, D. Benayahu, Z. Keresztes,
D. Papkovsky, U. Wollenberger, W.E. Svendsen, M. Dimaki, G. Ferrari, R. Raiteri,
M. Sampietro, M. Dufva, J. Emneus, A compact multifunctional microfluidic
platform for exploring cellular dynamics in real-time using electrochemical detection, RSC Adv. 4 (2014) 63761–63771.
E.W.K. Young, D.J. Beebe, Fundamentals of microfluidic cell culture in controlled
microenvironments, Chem. Soc. Rev. 39 (2010) 1036–1048.
T.S. Salameh, T.T. Le, M.B. Nichols, E. Bauer, J. Cheng, I.G. Camarillo, An ex vivo
co-culture model system to evaluate stromal-epithelial interactions in breast
cancer, Int. J. Cancer 132 (2013) 288–296.
E. Krausz, R. de Hoogt, E. Gustin, F. Cornelissen, T. Grand-Perret, L. Janssen,
N. Vloemans, D. Wuyts, S. Frans, A. Axel, P.J. Peeters, B. Hall, M. Cik, Translation
of a tumor microenvironment mimicking 3D tumor growth co-culture assay
platform to high-content screening, J. Biomol. Screen. 18 (2013) 54–66.
C.J. Lovitt, T.B. Shelper, V.M. Avery, Advanced cell culture techniques for cancer
drug discovery, Biology 3 (2014) 345–367.
C.G. Hubert, M. Rivera, L.C. Spangler, Q.L. Wu, S.C. Mack, B.C. Prager, M. Couce,
R.E. McLendon, A.E. Sloan, J.N. Rich, A three-dimensional organoid culture
system derived from human glioblastomas recapitulates the hypoxic gradients and
cancer stem cell heterogeneity of tumors found in vivo, Cancer Res. 76 (Apr 15
2016) 2465–2477.
K.G. Chen, B.S. Mallon, R.S. Hamilton, O.A. Kozhich, K. Park, D.J. Hoeppner,
P.G. Robey, R.D. McKay, Non-colony type monolayer culture of human embryonic
stem cells, Stem Cell Res. 9 (Nov 2012) 237–248.
A.D. van der Meer, V.V. Orlova, P. ten Dijke, A. van der Berg, C.L. Mummery,
Three-dimensional co-cultures of human endothelial cells and embryonic stem
cell-derived pericytes inside a microfluidic device, Lab Chip 13 (2013) 3562–3568.
E. Cimetta, D. Sirabella, K. Yeager, K. Davidson, J. Simon, R.T. Moon, G. VunjakNovakovic, Microfluidic bioreactor for dynamic regulation of early mesodermal
commitment in human pluripotent stem cells, Lab Chip 13 (2013) 355–364.
M. Amit, J. Chebath, V. Margulets, I. Laevsky, Y. Miropolsky, K. Shariki, M. Peri,
I. Blais, G. Slutsky, M. Revel, J. Itskovitz-Eldor, Suspension culture of undifferetiated human embryonic and induced pluripotent stem cells, Stem Cell Rev.
6 (2010) 248–259.
R.J. Macown, F.S. Veraitch, N. Szita, Robust, microfabricated culture devices with
improved control over the soluble microenvironment for the culture of embryonic
stem cells, Biotechnol. J. 9 (2014) 805–813.
P. Occhetta, M. Centola, B. Tonnarelli, A. Redaelli, I. Martin, M. Rasponi, Highthroughput microfluidic platfomr for 3D cultures of mesenchymal stem cells, towards engineering developmental processes, Sci. Rep. 5 (2015) 10288.
K. Jang, S. Han, Y. Shin, E. Ko, J. Kim, K.I. Park, S. Chung, S.W. Cho, A microfluidic array for quantitative analysis of human neural stem cell self-renewal and
differentiation in three-dimensional hypoxic microenvironment, Biomaterials 34
(2013) 6607–6614.
E.C. Metto, K. Evans, P. Barney, A.H. Culbertson, D.B. Gunasekara, G. Caruso,
M.K. Hulvey, J.A. Fracassi da SIlva, S.M. Lunte, C.T. Culbertson, An integrated
microfluidic device for monitoring changes in nitric oxide production in single Tlymphocyte (Jurkat) cells, Anal. Chem. 85 (2013) 10188–10195.
Z. Zhang, G. Perozziello, P. Boccazzi, A.J. Sinskey, O. Geschke, K.F. Jensen,
Microbioreactors for bioprocess development, J. Lab. Autom. 12 (2007) 143–151.
R. Krull, G. Peterat, Analysis of reaction kinetics during chemostat cultivation of
Saccharomyces cerevisiae using a multiphase microreactor, Biochem. Eng. J. 105
(2016) 220–229.
M.P. Marques, N. Szita, Bioprocess microfluidics: applying microfluidic devices for
bioprocessing, Curr. Opin. Chem. Eng. 18 (2017) 61–68.
T. Ono, Y. Suzuki, Y. Kato, R. Fujita, T. Araki, T. Yamashita, H. Kato, R. Torii,
N. Sato, A single-cell and feeder-free culture system for monkey embryonic stem
cells, Plos One 9 (2014) e88346.
S.J. Lo, D.J. Yao, Get to understand more from single-cells: Current studies of
microfluidic-based techniques for single-cell analysis, Int. J. Mol. Sci. 16 (2015)
16763–16777.
B.L. Wang, A. Ghaderi, H. Zhou, J. Agresti, D.A. Weitz, G.R. Fink,
G. Stephanopoulos, Microfluidic high-throughput culturing of single cells for selection based on extracellular metabolite production or consumption, Nat.
Biotechnol. 32 (2014) 473–478.
H. Yamzoe, Y. Sugiyama, A. El Omri, Y. Hagihara, T. Okada, Facile immunostaining and labeling of nonadherent cells using a microfluidic device to
entrap the cells, J. Biosci. Bioeng. 117 (2014) 375–378.
C. Liberale, G. Cojoc, F. Bragheri, P. Minzioni, G. Perozziello, R. La Rocca,
L. Ferrara, V. Rajamanickam, E. Di Fabrizio, I. Cristiani, Integrated microfluidic
device for single-cell trapping and spectroscopy, Sci. Rep. 3 (2013) 1258.
G. Perozziello, P. Candeloro, F. Gentile, M.L. Coluccio, M. Tallerico, A. De Grazia,
A. Nicastri, A.M. Perri, E. Parrotta, F. Pardeo, R. Catalano, G. Cuda, E. Di Fabrizio,
A microfluidic dialysis device for complex biological mixture SERS analysis,
Microelectron. Eng. 144 (2015) 37–41.
S.M. McFaul, B.K. Lin, H.S. Ma, Cell separation based on size and deformability

Microelectronic Engineering 208 (2019) 14–28

M.L. Coluccio, et al.
using microfluidic funnel ratchets, Lab Chip 12 (2012) 2369–2376.
[44] G. Simone, G. Perozziello, E. Battista, F. De Angelis, P. Candeloro, F. Gentile,
N. Malara, A. Manz, E. Carbone, P. Netti, E. Di Fabrizio, Cell rolling and adhesion
on surfaces in shear flow. A model for an antibody-based microfluidic screening
system, Microelectron. Eng. 98 (2012) 668–671.
[45] G. Perozziello, G. Simone, N. Malara, R. La Rocca, R. Tallerico, R. Catalano,
F. Pardeo, P. Candeloro, G. Cuda, E. Carbone, E. Di Fabrizio, Microfluidic biofunctionalisation protocols to form multi-valent interactions for cell rolling and
phenotype modification investigations, Electrophoresis 34 (2013) 1845–1851.
[46] G. Perozziello, R. La Rocca, G. Cojoc, C. Liberlae, N. Malara, G. Simone,
P. Candeloro, A. Anichini, L. Tirinato, F. Gentile, M.L. Coluccio, E. Carbone, E. Di
Fabrizio, Microfluidic devices modulate tumor cell line susceptibility to NK cell
recognition, Small 8 (2012) 2886–2894.
[47] G. Perozziello, P. Candeloro, F. Gentile, A. Nicastri, A. Perri, M.L. Coluccio,
A. Adamo, F. Pardeo, R. Catalano, E. Parrotta, H.D. Espinosa, G. Cuda, E. Di
Fabrizio, Microfluidics & nanotechnology: towards fully integrated analytical devices for the detection of cancer biomarkers, RSC Adv. 4 (2014) 55590–55598.
[48] G. Simone, N. Malara, V. Trunzo, M. Renne, G. Perozziello, E. Di Fabrizio,
E.A. Manz, Galectin-3 coats the membrane of breast cells and makes a signature of
tumours, Mol. BioSyst. 10 (2014) 258–265.
[49] G. Simone, N. Malara, V. Trunzo, G. Perozziello, P. Neuzil, M. Francardi,
L. Roveda, M. Renne, U. Prati, V. Mollace, A. Manz, E. Di Fabrizio, Protein-carbohydrate complex reveals circulating metastatic cells in a microfluidic assay,
Small 9 (2013) 2152–2161.
[50] A. Weltin, K. Slotwinski, J. Kieninger, I. Moser, G. Jobst, M. Wego, R. Ehret,
G.A. Urban, Cell culture monitoring for drug screening and cance research: a
transparent, microfluidic, multi-sensor microsystem, Lab Chip 14 (2014) 138–146.
[51] S. Breslin, L. O'Driscoll, Three-dimensional cell culture: the missing link in drug
discovery, Drug Discov. Today 18 (2013) 240–249.
[52] C.R. Thoma, M. Zimmermann, I. Agarkova, J.M. Kelm, W. Krek, 3D cell culture
systems modeling tumor growth determinants in cancer target discovery, Adv.
Drug Deliv. Rev. 69 (2014) 29–41.
[53] A. Marsano, C. Conficconi, M. Lemme, P. Occhetta, E. Gaudiello, E. Votta,
G. Cerino, A. Redaelli, M. Rasponi, Beating heart on a chip: a novel microfluidic
platform to generate functional 3D cardiac microtissues, Lab Chip 16 (2016)
599–610.
[54] M.D. Nguyen, J.P. Tinney, F.P. Yuan, T.J. Roussel, A. El-Baz, G. Giridharan,
B.B. Keller, P. Sethu, Cardiac cell culture model as a left ventricle mimic for cardiac tissue generation, Anal. Chem. 85 (2013) 8773–8779.
[55] C.G. Sip, N. Bhattacharjee, A. Folch, Microfluidic transwell inserts for generation
of tissue culture-friendly gradients in well plates, Lab Chip 14 (2014) 302–314.
[56] K. Rennert, S. Steinborn, M. Groger, B. Ungerbock, A.M. Jank, J. Ehgartner,
S. Nietzsche, J. Dinger, M. Kiehntopf, H. Funke, F.T. Peters, A. Lupp, C. Gartner,
T. Mayr, M. Bauer, O. Huber, A.S. Mosig, A microfluidically perfused three dimensional human liver model, Biomaterials 71 (2015) 119–131.
[57] C. Gartner, B. Ungerbock, I. Schultz, T. Jahn, A. Mosig, T. Mayr, H. Becker, Sensor
enhanced microfluidic devices for cell based assays and organs on chip, Smart
Biomed. Physiol. Sensor Technol. 9487 (2015).
[58] A. Blin, A. Le Goff, A. Magniez, S. Poirault-Chassac, B. Teste, G. Sicot,
K.A. Nguyen, F.S. Hamdi, M. Reyssat, D. Baruch, Microfluidic model of the platelet-generating organ: beyond bone marrow biomimetics, Sci. Rep. 6 (2016).
[59] J. Zhang, H. Wu, H.F. Li, Q.S. Chen, J.M. Lin, An in vitro liver model on microfluidic device for analysis of capecitabine metabolite using mass spectrometer as
detector, Biosens. Bioelectron. 68 (2015) 322–328.
[60] M.J. Wilmer, C.P. Nguyen, H.L. Lanz, P. Vulto, L. Suter-Dick, R. Masereeuw,
Kidney-on-a-chip technology for drug-induced nephrotoxicity screening, Trends
Biotechnol. 15 (2016) 156–170.
[61] H.E. Abaci, K. Gledhill, Z. Guo, A.M. Christiano, M.L. Shuler, Pumpless microfluidic platform for drug testing on human skin equivalents, Lab Chip 15 (2015)
882–888.
[62] I. Mashmeyer, A.K. Lorenz, K. Chimek, T. Hasenberg, A.P. Ramme, J. Hubner,
M. Lindner, C. Drewell, S. Bauer, A. Thomas, N.S. Sambo, F. Sonntag, R. Lauster,
U. Marx, A four-organ-chip for interconnected long-term co-culture of human
intestine, liver, skin and kidney equivalents, Lab Chip 15 (2015) 2688–2699.
[63] A.R. Perestrelo, A.C.P. Aguas, A. Rainer, G. Forte, Microfluidic organ/body-on-achip devices at the convergence of biology and microengineering, Sensors 15
(2015) 31142–31170.
[64] K. Schimek, A. Markhoff, F. Sonntag, M. Blechert, R. Lauster, U. Marx, G. Lindner,
Integrating skin and vasculature in a multi-organ-chip platform, BMC Proc. 9
(2015).
[65] Y.H. Kato, K. Kamei, T. Tsuchiya, O. Tabata, Microfluidic device to interconnect
multiple organs via fluidic circulation: towards body-on-a-chip, Transducers
(2015) 1549–1552.
[66] A. Panoskaltsis-Mortari, Bioreactor development for lung tissue engineering, Curr.
Transplant. Rep. 2 (2015) 90–97.
[67] Z.J. Wang, R. Samanipour, K.I. Koo, K. Kim, Organ-on-a-chip platforms for drug
delivery and cell characterization: a review, Sensors Mater. 27 (2015) 487–506.
[68] M. Radisic, M. Euloth, L. Yang, R. Langer, L.E. Freed, G. Vunjak-Novakovic, Highdensity seeding of myocyte cells for cardiac tissue engineering, Biotechnol.
Bioeng. 82 (2003) 403–414.
[69] E. Kondo, K.I. Wada, K. Hosokawa, M. Maeda, Cryopreservation of adhered
mammalian cells on a microfluidic device: toward ready-to-use cell-based experimental platforms, Biotechnol. Bioeng. 113 (2016) 237–240.
[70] E. Berthier, D.J. Guckenberger, P. Cavnar, A. Huttenlocher, N.P. Keller, D.J. Beebe,
Kit-on-a-lid-assays for accessible self-contained cell assays, Lab Chip 13 (2013)
424–431.

[71] V. van Duinene, S.J. Trietsch, J. Joore, P. Vulto, T. Hankemeier, Microfluidic 3D
cell culture: from tools to tissue models, Curr. Opin. Biotechnol. 35 (2015)
118–126.
[72] Y. Li Cheri, K.R. Stevens, R.E. Schwartz, B.S. Alejandro, J.H. Huang, S.N. Bhatia,
Micropatterned cell–cell interactions enable functional encapsulation of primary
hepatocytes in hydrogel microtissues, Tissue Eng. A 20 (15–16) (2014)
2200–2212.
[73] K.J. Jang, A.P. Mehr, G.A. Hamilton, L.A. McPartlin, S. Chung, K.Y. Suh,
D.E. Ingber, Human kidney proximal tubule-on-a-chip for drug transport and nephrotoxicity assessment, Integr. BIol. (Camb) 5 (2013) 1119–1129.
[74] M. Matsusaki, C.P. Case, M. Akashi, Three-dimensional cell culture technique and
pathophysiology, Adv. Drug Deliv. Rev. 74 (2014) 95–103.
[75] N.R. Wevers, R. van Vught, K.J. Wilschut, A. Nicolas, C. Chiang, H.L. Lanz,
S.J. Triesch, J. Joore, P. Vulto, High-throughput compound evaluation on 3D
networks of neurons and glia in a microfluidic platform, Sci. Rep. 6 (2016) 38856.
[76] Y. Sung, A. Tzur, S. Oh, W. Choi, V. Li, R. Dasari, Z. Yaqoob, W. Kirschner, et al.,
Proc. Natl. Acad. Sci. U. S. A. 110 (2013) 16687–16692.
[77] J. Reischl, K. Prelle, H. Schol, C. Neumuller, R. Einspanier, F. Sinowatz, E. Wolf,
Factors affecting proliferation and dedifferentiation of primary bovine oviduct
epithelial cells in vitro, Cell Tissue Res. 296 (1999) 371–383.
[78] B. Valamehr, S.J. Jonas, J. Polleux, R. Qiao, S.L. Guo, E.H. Geschweng, B. Stiles,
K. Kam, T.J.M. Luo, O.N. Witte, X. Liu, B. Dunn, H. Wu, Hydrophobic surfaces for
enhanced differentiation of embryonic stem cell-derived embryoid bodies, Proc.
Natl. Acad. Sci. U. S. A. 105 (2008) 14459–14464.
[79] G. Simone, G. Perozziello, Ca2+ mediates the adhesion of breast cancer cells in self
assembled multifunctional microfluidic chip prepared with carbohydrate beads,
Micro Nanosyst. 2 (2010) 261–268.
[80] G. Simone, P. Neuzil, G. Perozziello, N. Malara, M. Francardi, E. Di Fabrizio, A
facile in situ microfluidic method to create multivalent surface: towards functional
glycomics, Lab Chip 12 (8) (2012) 1500–1507.
[81] Y.C. Toh, C. Zhang, J. Zhang, Y.M. Khong, S. Chang, V.D. Samper, D. van Noort,
D.W. Hutmacher, H.R. Yu, A novel 3D mammalian cell perfusion-culture system in
microfluidic channels, Lab Chip 7 (2007) 302–309.
[82] V. Vickerman, J. Blundo, S. Chung, R. Kamm, Design, fabrication and implementation of a novel multi-parameter control microfluidic platform for threedimensional cell culture and real-time imaging, Lab Chip 8 (2008) 1468–1477.
[83] M.R. King, L.T. Western, K. Rana, J.L. Liesveld, Biomolecular surfaces for the
capture and reprogramming of circulating tumor cells, J. Bionic Eng. 6 (2009)
311–317.
[84] S. Nagrath, L.V. Sequist, S. Maheswaran, D.W. Bell, D. Irimia, L. Ulkus,
M.R. Smith, E.L. Kwak, S. Digumarthy, A. Muzikansky, P. Ryan, U.J. Balis,
R.G. Tompkins, D.A. Haber, M. Toner, Isolation of rare circulating tumour cells in
cancer patients by microchip technology, Nat. Lett. 450 (2007) 20–27.
[85] W.C. Chang, L.P. Lee, D. Liepmann, Biomimetic technique for adhesion-based
collection and separation of cells in a microfluidic channel, Lab Chip 5 (2005)
64–73.
[86] J.H. Myung, C.A. Launiere, D.T. Eddington, S. Hong, Enhanced tumor cell isolation
by a biomimetic combination of E-selectin and anti-EpCAM: implications for the
effective separation of circulating tumor cells (CTCs), Langmuir 26 (2010)
8589–8596.
[87] D.D. Nalayanda, M. Kalukanimuttam, D.W. Schmidtke, Micropatterned surfaces
for controlling cell adhesion and rolling under flow, Biomed. Microdevices 9
(2007) 207–214.
[88] J. Vogel, G. Bendas, U. Bakowsky, G. Hummel, R.R. Schmidt, U. Kettmann,
U. Rothe, The role of glycolipids in mediating cell adhesion: a flow chamber study,
Biochim. Biophys. Acta 1372 (1998) 205–215.
[89] K. Rana, J.L. Liesveld, M.R. King, Delivery of apoptotic signal to rolling cancer
cells: a novel biomimetic technique using immobilized TRAIL and E-selectin,
Biotechnol. Bioeng. 102 (2009) 1692–1702.
[90] S. Lindstrom, R. Larsson, H.A. Svahn, Towards high-throughput single cell/clone
cultivation and analysis, Electrophoresis 29 (2008) 1219–1227.
[91] R.G. Harrison, The outgrowth of the nerve fiber as a mode of protoplasmic
movement, J. Exp. Zool. 9 (1910) 787–846.
[92] R. Edmondson, J.J. Broglie, A.F. Adcock, L.J. Yang, Three-dimensional cell culture
systems and their applications in drug discovery and cell-based biosensors, Assay
Drug Develop. Technol. 12 (2014) 207–218.
[93] M. Gori, M.C. Simonelli, S.M. Giannitelli, L. Businaro, M. Trombetta, A. Rainer,
Investigating nonalcoholic fatty liver disease in a liver-on-a-chip microfluidic
device, PlosOne 11 (2016) e0159729.
[94] K.E. Sung, X.J. Su, E. Berthier, C. Pehlke, A. Friedl, D.J. Beebe, Understanding the
impact of 2D and 3D fibroblast cultures on In vitro breast cancer models, PlosOne
8 (2013).
[95] F. Bonnier, M.E. Keating, T.P. Wrobel, K. Majzner, M. Baranska, A. Garcia-Munoz,
A. Blanco, H.J. Byrne, Cell viability assessment using the Alamar blue assay: a
comparison of 2D and 3D cell culture models, Toxicol. in Vitro 29 (2015)
124–131.
[96] X.S. Yue, J.K. Lukowski, E.M. Weaver, S.B. Skube, A.B. Hummon, Quantitative
proteomic and phosphoproteomic comparison of 2D and 3D colon cancer cell
culture models, J. Proteome Res. 15 (2016) 4265–4276.
[97] I. Maschmeyer, T. Hasenberg, A. Jaenicke, M. Lindner, A.K. Lorenz, J. Zech,
L.A. Garbe, F. Sonntag, P. Hayden, S. Ayehunie, R. Lauster, U. Marx,
A.M. Materne, Chip-based human liver-intestine and liver-skin co-cultures-a first
step toward systemic repeated dose substance testing in vitro, Eur. J. Pharm.
Biopharm. 95 (2015) 77–87.
[98] V.N. Goral, S.H. Au, R.A. Faris, P.K. Yuen, Methods for advanced hepatocyte cell
culture in microwells utilizing air bubbles, Lab Chip 15 (2015) 1032–1037.

26

Microelectronic Engineering 208 (2019) 14–28

M.L. Coluccio, et al.
[99] J.H. Kang, S. Krause, H. Tobin, A. Mammoto, M. Kanaathipillai, D.E. Ingber, A
combined micromagnetic-microfluidic device for rapid capture and culture of rare
circulating tumor cells, Lab Chip 12 (2012) 2175–2181.
[100] P. Skafte-Pedersen, H. Hemmingsen, D. Sabourin, F.S. Blaga, H. Bruus, M. Dufva, A
self-contained, programmable microfluidic cell culture system with real-time microscopy access, Biomed. Microdevices 14 (2012) 385–399.
[101] A. Bolic, H. Larsson, S. Hugelier, A. Eliasson Lantz, U. Kruhne, K.V. Gernaey, A
flexible well-mixed milliliter-scale reactor with high oxygen transfer rate for microbioal cultivations, Chem. Eng. J. 303 (2016) 655–666.
[102] V. Lecault, M. VanInsberghe, S. Sekulovic, D.J.H.F. Knapp, S. Wohrer, W. Bowden,
F. Viel, T. McLaughlin, A. Jarandehei, M. Miller, D. Falconnet, A.K. White,
D.G. Kent, M.R. Copley, F. Taghipour, C.J. Eaves, R.K. Humphries, J.M. Piret,
C.L. Hansen, High-throughput analysis of single hematopoietic stem cell proliferation in microfluidic cell culture arrays, Nat. Methods 36 (2011) 381–411.
[103] H.A. Stone, A.D. Stroock, A. Ajdari, Engineering flows in small devices:
Microfluidics toward a lab-on-a-chip, Annu. Rev. Fluid Mech. 36 (2004) 381–411.
[104] W.R. Jong, T.H. Kuo, S.W. Ho, H.H. Chiu, S.H. Peng, Flows in rectangular microchannels driven by capillary force and gravity, Int. Commun. Heat Mass Transf.
34 (2007) 186–196.
[105] M.K. Conway, M.J. Gerger, E.E. Balay, R. O'Connell, S. Hanson, N.J. Daily,
T. Wakatsuki, Scalable 96-well plate based iPSC culture and production using a
robotic liquid handling system, J. Vis. Exp. 14 (99) (2015) e52755.
[106] D. Paull, A. Sevilla, H. Zhou, A.K. Hahn, H. Kim, C. Napolitano, A. Tsankov,
L. Shang, K. Krumholz, P. Jagadesan, C.M. Woodard, B. Sun, T. Vilboux,
M. Zimmer, E. Forero, D.N. Moroziewicz, H. Martinez, M.C. Malicdan, K.A. Weiss,
L.B. Vensad, C.R. Dusenberry, H. Polus, K.T. Sy, D.J. Kahler, W.A. Gahl,
S.L. Solomon, S. Chang, A. Meissner, K. Eggan, S.A. Noggle, Automated, highthroughput derivation, characterization and differentiation of induced pluripotent
stem cells, Nat. Methods 12 (2015) 885–892.
[107] J. Seo, J. Shin, J. Leijten, O. Jeon, G. Camci-Unal, A.D. Dikina, K. Brinegar,
A.M. Ghaemmaghami, E. Alsberg, A. Khademhosseini, High-throughput approaches for screening and analysis of cell behaviors, Biomaterials 153 (2018)
85–101.
[108] M. Reichen, F.S. Veraitch, N. Szita, Development of a multiplexed microfluidic
platform for the automated cultivation of embryonic stem cells, J. Lab. Autom. 18
(2013) 519–529.
[109] D. Sabourin, P. Skafte-Pedersen, M.J. Soe, M. Hemminsen, M. Alberti, V. Coman,
J. Petersen, J. Emneus, J.P. Kutter, D. Snakenborg, F. Jorgensen, C. Clausen,
K. Holmstrom, M. Dufva, et al., J. Lab. Autom. 18 (2013) 212–218.
[110] F.F. Tao, X. Xiao, K.F. Lei, I.C. Lee, Paper-based cell culture microfluidic system,
Biochip J. 9 (2015) 97–104.
[111] W.H. Minhass, P. Pop, J. Madsen, M. Hemmingsen, P. Skafte-Pedersen, M. Dufva,
Cell culture microfluidic biochips: Experimental throughput maximization, IEEE
11 (2011).
[112] F. Abeille, F. Mittler, P. Obeid, M. Huet, F. Kermarrec, M.E. Dolega, F. Navarro,
P. Pouteau, B. Icard, X. Gidrol, V. Agache, N. Picollet-D'hahan, Continuous microcarrier-based cell culture in a benchtop microfluidic bioreactor, Lab Chip 14
(2014) 3510–3518.
[113] A. Amman, M. Zwierzina, G. Gamerith, M. Bitsche, J.M. Huber, G.F. Vogel,
M. Blumer, S. Koeck, E.J. Pechriggl, J.M. Kelm, W. Hilbe, H. Zwierzina,
Development of an innovative 3D cell culture system to study tumour – stroma
interactions in non-small cell lung cancer cells, PLoS One 9 (2014).
[114] V.N. Goral, C.F. Zhou, F. Lai, P.K. Yuen, A continuous perfusion microplate for cell
culture, Lab Chip 13 (2013) 1039–1043.
[115] R. Li, X. Li, M. Hasan, J. Xu, X. Zhang, K. Qin, J. Wang, D. Zhou, Y. Deng, A rapidly
fabricated microfluidic chip for cell culture, J. Chromatogr. Sci. 54 (2016)
523–530.
[116] K. Funamoto, I.K. Zervantonakis, Y.C. Liu, C.J. Ochs, C. Kim, R.D. Kamm, A novel
microfluidic platform fo-high resolution imaging of a three-dimensional cell culture under controlled hypoxic environment, Lab Chip 12 (22) (2012) 4855–4963.
[117] R.M. Huval, O.H. Miller, J.L. Curley, Y. Fan, B.J. Hall, M.J. Moore,
Microengineered peripheral nerve-on-a-chip for preclinical physiological testing,
Lab Chip 15 (2015) 2221–2232.
[118] H.E. Abaci, R. Devendra, Q. Smith, S. Gerecht, G. Drazer, Design and development
of microbioreactors for long-term cell culture in controlled oxygen microenvironments, Biomed. Microdevices 14 (2012) 145–152.
[119] G. Perozziello, J. Mollenbach, S. Laursen, E. Di Fabrizio, K. Gernaey, U. Kruhne,
Lab on a chip automates in vitro cell culturing, Microelectron. Eng. (2012)
655–658.
[120] S.M. Ju, H.J. Jang, K.B. Kim, J. Kim, High-throughput cytotoxicity testing system
of acetaminophen using a microfluidic device (Mfd) in Hepg2 cells, J. Toxicol.
Environ. Health 78 (2015) 1063–1072.
[121] P.F. Song, W.Z. Zhang, A. Sobolevski, K. Bernard, S. Hekimi, X.Y. Liu, A microfluidic device for efficient chemical testing using Caenorhabditis elegans, Biomed.
Microdevices 17 (2015).
[122] Y.L. Chen, D. Gao, H.X. Liu, S. Lin, Y.Y. Jiang, Drug cytotoxicity and signaling
pathway analysis with three-dimensional tumor spheroids in a microwell-based
microfluidic chip for drug screening, Anal. Chim. Acta 898 (2015) 85–92.
[123] A. Skardal, M. Devarasetty, S. Soker, A.R. Hall, In situ patterned micro 3D liver
constructs for parallel toxicology testing in a fluidic device, Biofabrication 7
(2015) 031001.
[124] B. Hong, P. Xue, Y. Wu, J. Bao, Y.J. Chuah, Y. Kang, A concentration gradient
generator on a paper-based microfluidic chip coupled with cell culture microarray
for high-throughput drug screening, Biomed. Microdevices 18 (2016).
[125] A. Mathur, P. Loskill, K.F. Shao, N. Huebsch, S. Hong, S.G. Marcus, N. Marks,
M. Mandegar, B.R. Conklin, L.P. Lee, K.E. Healy, Human iPSC-based cardiac

microphysiological system for drug screening applications, Sci. Rep. 5 (2015).
[126] J. Bai, T.Y. Yu, C. Kim, J.P. Thiery, R.D. Kamm, Identification of drugs as single
agents or in combination to prevent carcinoma dissemination in a microfluidic 3D
environment, Oncotarget 6 (2015) 36603–36614.
[127] B. Patra, C.C. Peng, W.H. Liao, C.H. Lee, Y.C. Tung, Drug testing and flow cytometry analysis on a large number of uniform sized tumor spheroids using a microfluidic device, Sci. Rep. 6 (2016).
[128] Z.H. Wang, Z.X. Liu, L.L. Li, Q.L. Liang, Investigation into the hypoxia-dependent
cytotoxicity of anticancer drugs under oxygen gradient in a microfluidic device,
Microfluid. Nanofluid. 19 (2015) 1271–1279.
[129] Y.W. Li, D.J. Chen, Y.F. Zhang, C. Liu, P. Chen, Y. Wang, X.J. Feng, W. Du, B.F. Liu,
High-throughput single cell multidrug resistance analysis with multifunctional
gradients-customizing microfluidic device, Sensors Actuators B Chem. 225 (2016)
563–571.
[130] M.A. Daniele, D.A. Boyd, A.A. Adams, F.S. Ligler, Microfluidic strategies for design
and assembly of microfibers and nanofibers with tissue engineering and regenerative medicine applications, Adv. Healthcare Materials 4 (2015).
[131] B. Ungerbock, A. Pohar, T. Mayr, I. Plazl, Online oxygen measurements inside a
microreactor with modeling of transport phenomena, Microfluid. Nanofluid. 14
(2013) 565–574.
[132] B. Ungerbock, V. Charwat, P. Ertl, T. Mayr, Microfluidic oxygen imaging using
integrated optical sensor layers and a color camera, Lab Chip 13 (2013)
1593–1601.
[133] Z. Lin, T. Cheng-Wen, P. Roy, D. Trau, In-situ measurement of cellular microenvironments in a microfluidic device, Lab Chip 9 (2009) 257–262.
[134] J. Ehgartner, P. Sulzer, A. Kasjanow, D. Bouwes, U. Kruhne, I. Kimant, T. Mayr,
Online analysis of oxygen inside silicon-glass microreactors with integrated optical
sensors, Sensors Actuators B Chem. 228 (2016) 748–757.
[135] E.B. Magnusson, S. Halldorsson, R.M. Fleming, K. Leosson, Real-time optical pH
measurement in a standard microfluidic cell culture system, Biomed. Opt. Express
4 (2013) 1749–1758.
[136] N.B.A. Alrifaiy, M. Druzin, O. Lindhal, K. Ramser, Patch-clamp measurements on a
chip with full control over the oxygen content, BioChips Tissue Chips 2 (2012).
[137] A. Alfaiy, J. Borg, A. Lindhal, K. Ramser, A lab-on-a-chip for hypoxic patch clamp
measurements combined with optical tweezers and spectroscopy- first investigations of single biological cells, Biomed. Eng. 14 (2015) 36.
[138] Q. Zhang, R.H. Austin, Applications of microfluidics in stem cell biology,
BioNanoScience 2 (2012) 277–286.
[139] W. Kang, J.P. Giraldo-Vela, S.P. Nathamgari, T. McGuire, R.L. McNaughton,
J.A. Kessler, H.D. Espinosa, Microfluidic device for stem cell differentiation and
localized electroporation of postmitotic neurons, Lab Chip 14 (2014) 4486–4495.
[140] T. Yeo, S.J. Tan, C.L. Lim, D.P.X. Lau, Y.W. Chua, S.S. Krisna, G. Iyer, G.S. Tan,
T.L.H. Lim, D.S.W. Tan, W.T. Lim, C.T. Lim, Microfluidic enrichment for the single
cell analysis of circulating tumor cells, Sci. Rep. 6 (2016).
[141] J.M. Lee, P. Mhawech-Fauceglia, N. Lee, L.C. Parsanian, Y.G. Lin, S.A. Gayther,
K. Lawrenson, A three-dimensional microenvironment alters protein expression
and chemosensitivity of epithelial ovarian cancer cells in vitro, Lab. Investig. 93
(2013) 528–542.
[142] T.F. Didar, K. Bowey, G. Almazan, M. Tabrizian, A miniaturized multipurpoe
platform fro rapid, label-free, and simultaneous separation, patterning, and invotro culture of primary and rare cells, Adv. Healthc. Mater. 3 (2014) 253–260.
[143] A.C. Fernandes, D. Semenova, P. Panjan, A.M. Sesay, K.V. Gernaey, U. Kruhne,
Multi-function microfluidic platform for sensor integration, New Biotechnol. 47
(2018) 8–17.
[144] P. Gruber, M.P.C. Marques, N. Szita, T. Mayr, Integration and application of optical chemical sensors in microbioreactors, Lab Chip 17 (16) (2017) 2693–2712.
[145] N. Jaccard, L.D. Griffin, A. Keser, R.J. Macown, A. Super, F.S. Veraitch, N. Szita,
Automated method for the rapid and precise estimation of adherent cell culture
characteristics from phase contrast microscopy images, Biotechnol. Eng. 111
(2014) 504–517.
[146] S. Bersini, J.S. Jeon, G. Dubini, C. Arrigoni, S. Chung, J.L. Charest, M. Moretti,
R.D. Kamm, A microfluidic 3D in vitro model for specificity of breast cancer
metastasis to bone, Biomaterials 35 (2014) 2454–2461.
[147] F. Deiss, A. Mazzeo, E. Hong, D.E. Ingber, R. Derda, G.M. Whitesides, Platform for
high-throughput testing of the effect of soluble compounds on 3D cell cultures,
Anal. Chem. 85 (2013) 8085–8094.
[148] N. Sasaki, M. Shinjo, S. Hirakawa, M. Nishinaka, Y. Tanaka, K. Mawatari,
T. Kitamori, K. Sato, A palmtop-sized microfluidic cell culture system driven by a
miniaturized infusion pump, Electrophoresis 33 (2012) 1729–1735.
[149] R. Catalano, G. Perozziello, G. Simone, P. Candeloro, F. Gentile, M.L. Coluccio,
F. Pardeo, M. Burghammer, G. Cuda, C. Riekel, E. Di Fabrizio, Optimized fabrication protocols of microfluidic devices for X-ray analysis, Microelectron. Eng. 124
(2014) 13–16.
[150] Y.C. Lu, W. Song, D. An, B.J. Kim, R. Schwartz, M.M. Wu, L.M. Ma, Designing
compartmentalized hydrogel microparticles for cell encapsulation and scalable 3D
cell culture, J. Mater. Chem. B 3 (2015) 353–360.
[151] M. Radisic, H. Park, H. Shing, T. Consi, F.J. Schoen, R. Langer, L.E. Freed,
G. Vunjak-Novakovic, Functional assembly of engineered myocardium by electrical stimulation of cardiac myocytes cultured on scaffolds, Proc. Natl. Acad. Sci.
U. S. A. 101 (2004) 18129–18234.
[152] G. Simone, G. Perozziello, UV/Vis visible optical waveguides fabricated using
organic-inorganic nanocomposite layers, J. Nanosci. Nanotechnol. 11 (2011)
2057–2063.
[153] F. Bundgaard, G. Perozziello, O. Geschke, Rapid prototyping tools and methods for
all-Topas (R) cyclic olefin copolymer fluidic microsystems, Proc IME C J Mech Eng
Sci 220 (2006) 1625–1632.

27

Microelectronic Engineering 208 (2019) 14–28

M.L. Coluccio, et al.
[154] G. Keramas, G. Perozziello, O. Geschke, C.B.V. Christensen, Development of a
multiplex microarray microsystem, Lab Chip 4 (2004) 152–158.
[155] M.P. McRae, G.W. Simmons, J. Wong, B. Shadfan, S. Gopalkrishnan,
N. Christodoulides, J.T. McDevitt, Programmable bio-nano-chip system: a flexible
point-of-care platform for bioscience and clinical measurements, Lab Chip 15
(2015) 4020–4031.
[156] S. Lee, A.J. Aranyosi, M.D. Wong, J.H. Hong, J. Lowe, C. Chan, D. Garlock,
S. Shaw, P.D. Beattie, Z. Kratochvil, N. Kubasti, K. Seagers, R. Ghaffari,
C.D. Swanson, Flexible opto-electronics enabled microfluidics systems with cloud
connectivity for point-of-care micronutrient analysis, Biosens. Bioelectron. 78
(2016) 290–299.
[157] S. Rameez, S.S. Mostafa, C. Miller, A.A. Shukla, High-throughput miniaturized
bioreactors for cell culture process development: reproducibility, scalability, and
control, Biotechnol. Prog. 30 (2014) 718–727.
[158] G. Perozziello, G. Simone, P. Candeloro, F. Gentile, N. Malara, R. Larocca,
M. Coluccio, S.A. Pullano, L. TIrinato, O. Geschke, E. Di Fabrizio, A fluidic motherboard for multiplexed simultaneous and modular detection in microfluidic
systems for biological application, Micro Nanosyst. 2 (2010) 227–238.
[159] G. Perozziello, F. Bundgaard, O. Geschke, Fluidic interconnections for microfluidic
systems: a new integrated fluidic interconnection allowing plug'n'play functionality, Sensors Actuators B Chem. 130 (2) (2008) 947–953.
[160] D. Snakenborg, G. Perozziello, O. Geschke, J.P. Kutter, A fast and reliable way to
establish fluidic interconnections to planar microchip, J. Micromech. Microeng. 17
(2007) 98–103.
[161] P.E. Oomen, M.D. Skolimowski, E. Verpoorte, Implementing oxygen control in
chip-based cell and tissue cuture systems, Lab Chip 16 (2014) 138–146.
[162] B. Ungerbock, S. Fellinger, P. Sulzer, T. Abel, T. Mayr, Magnetic optical sensor
particles: a flexible analytical tool for microfluidic devices, Analyst 139 (2014)
2551–2559.
[163] A. Weltin, K. Slotwinski, J. Kieninger, I. Moser, G. Jobst, M. Wego, R. Ehret,
G.A. Urban, Cell culture monitoring for drug screening and cancer research: a
transparent, microfluidic, multi-sensor microsystem, Lab Chip 14 (2014) 138–146.
[164] L. Li, Y. Yang, X.T. Shi, H.K. Wu, H.D. Chen, J. Liu, A microfluidic system for the
study of the response of endothelial cells under pressure, Microfluid. Nanofluid. 16
(2014) 1089–1096.
[165] M.S. Hung, Y.T. Huang, Laser-induced heating for cell release and cellular DNA
denaturation in a microfluidics, Biochip J. 7 (2013) 319–324.
[166] S.T. Larsen, A. Argyraki, L. Amato, S. Tanzi, S.S. Keller, N. Rozlosnik, R. Taborski,
Pyrolyzed photoresist electrodes for integration in microfluidic chips for transmitter detection from biological cells, ECS Electrochem. Lett. 2 (2013) B5–B7.

[167] F. Rico, C. Chu, M.H. Abulreda, Y.J. QIn, V.T. Moy, Temperature modulation of
integrin-mediated cell adhesion, Biophys. J. 99 (2010) 1387–1396.
[168] G. Perozziello, P. Candeloro, M.L. Coluccio, E. Di Fabrizio, Optofluidics for
handling and analysis of single living cells, Optofluid. Microfluid. Nanofluid. 4 (1)
(2017) 18–23.
[169] G. Perozziello, A. Giugni, M. Allione, B. Torre, G. Das, M.L. Coluccio, M. Marini,
L. TIrinato, M. Moretti, T. Limongi, P. Candeloro, E. Di Fabrizio, Nanoplasmonic
and microfluidic devices for biological sensing, NATO Sci. Peace Sec. Ser. B
Physics Biophys. (2017) 247–274.
[170] S.N. Bhatia, D.E. Ingber, Microfluidic organs-on-chips, Nat. Biotechnol. (2014)
760–762.
[171] L.E. Eland, A. Wipat, S. Lee, S. Park, L.J. Wu, Microfluidics for bacterial imaging,
Imaging Bact. Mol. Struct. Cells 32 (8) (2014) 69–111.
[172] G. Perozziello, P. Candeloro, A. De Grazia, F. Esposito, M. Allione, M.L. Coluccio,
R. Tallerico, I. Valpapuram, L. TIrinato, G. Das, A. Giugni, B. Torre, P. Veltri,
U. Kruhne, G. Della Valle, E. Di Fabrizio, Microfluidic device for continuous single
cells analysis via Raman spectroscopy enhanced by integrated plasmonic nanodimers, Opt. Express 24 (2016) A180–A190.
[173] G. Perozziello, R. Catalano, M. Francardi, E. Rondanina, F. Pardeo, F. De Angelis,
N. Malara, P. Candeloro, G. Morrone, E. Di Fabrizio, A microfluidic device integrating plasmonic nanodevices for Raman spectroscopy analysis on trapped
single living cells, Microelectron. Eng. 111 (2013) 314–319.
[174] F. An, Y. Qu, Y. Luo, N. Fang, Y. Liu, Z. Gao, W. Zao, B. Lin, A laminated microfluidic device for comprehensive preclinical testing in the drug ADME process, Sci.
Rep. 139 (19) (2016) 4758–4768.
[175] P. Minzioni, R. Osellame, C. Sada, S. Zhao, F.G. Omenetto, K.B. Gylfason,
T. Haraldsson, Y. Zhang, A. Ozcan, A. Wax, F. Mugele, H. Schmidt, G. Testa,
R. Bernini, C. Liberlae, C. Liberale, K. Berg-Soerensen, R. Pollnau, M. Pollnau,
S. Xiong, A. Liu, C. Shiue, S. Fan, D. Eriksen, D. Sinton, Roadmap for optofluidics,
J. Opt. 19 (9) (2017).
[176] J. Lim, H.K. Lee, W. Yu, S. Ahmed, Light sheet fluorescence microscopy (LSFM):
past, present and future, Analyst 139 (9) (2014) 4758–4768.
[177] P. Paie, F. Bragheri, A. Bassi, R. Osellame, Selective plane illumination microscopy
on a chip, Lab Chip 16 (9) (2016) 1556–1560.
[178] M.B. Meddens, S. Liu, P.S. Finnegan, T.L. Edwards, C.D. James, K.A. Lidke, Single
objective light-sheet microscopy for high-speed whole-cell 3D super-resolution,
Biomed. Opt. Exp. 7 (6) (2016) 2219–2236.
[179] G. Das, M.L. Coluccio, S. Alrasheed, A. Giugni, M. Allione, B. Torre, G. Perozziello,
P. Candeloro, E. Di Fabrizio, Plasmonic nanostructures for the ultrasensitive detection of biomolecules, Rivista del nuovo Cimento 39 (11) (2016) 547–586.

28

