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Abstract: Living cell microarrays have been combined with microfluidic bioreactors, which 

provide multiple advantages for multiplex dynamic analyses and high-throughput screening. 

In the last decade, many developments in this new field have been introduced. The 

technology has evolved from fixed cell analysis towards living single-cell dynamic systems’ 

biology and high content analyses. The aim of this review is to provide an updated overview 

of the developments of living cellular microarrays in microfluidic bioreactors. Cell arrays in 

microfluidic bioreactors constructed with adherent mammalian cells are compared to  

non-adherent cells (mainly microbial cells). An overview is given on the design and 

construction of these microfluidic devices with a particular focus on cell patterning 

techniques. Cell patterning on adhesive micropatterns using techniques such as microcontact 

printing, microfluidic patterning, dip-pen nanolithography and polymer pen lithography as 

well as photo-patterning and laser-patterning strategies are discussed. Additionally, 

developments in mechanical cell patterning methods and robotic cell printing are reviewed. 

Two-dimensional (2D) as well as recently developed 3D cell arraying are discussed. Finally, 

cell array microfluidic setups and operation for single-cell types versus cell population 

variants are illustrated and compared on the basis of some illustrative examples in the field 

of drug screening, cytotoxicity evaluation, and basic cellular and microbiology research. 

Keywords: microfluidic bioreactor; cellular arrays; cell patterning; adhesive micropatterns; 

mechanical cell patterning; robotic cell printing; drug screening; toxicology; cell biology 

research; microbiology research 
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1. Introduction 

Growing cells in 96-, 384- or 1536-well microtiter plates has miniaturized cell assays. However,  

as cell collections grow, one will need to further miniaturize cell assays to increase parallelism of cell 

analysis. To that end, cell microarrays provide an attractive solution, as it could increase the throughput 

significantly [1]. A cellular microarray consists of a solid support wherein small volumes of different 

biomolecules and cells can be displayed in defined locations, allowing the multiplexed interrogation of 

living cells and the analysis of cellular responses [2]. Cellular arrays are relevant to both industry and 

academia and are emerging as important tools for drug discovery, toxicology, functional genomics,  

cell biology research and investigation of cellular microenvironments, and microbiology research and 

bioprocess development. Moreover, they are changing how living-cell experiments are performed, and 

they are broadly impacting the way we organize our understanding of the cell, its molecular machinery, 

and its behavior within the context of complex tissues [3]. Also, cell microarrays offer many other 

advantages over microtiter plates [1]. The main advantage of cell microarrays is the opportunity to 

measure parameters on hundreds of individual cells and average them, instead of measuring the 

parameters of a whole cell population. Also, because of extreme miniaturization, only small quantities 

of expensive reagents, scarce biological samples or rare cells are needed. Moreover, most cell 

microarrays are implemented on glass slides, which allows a larger range of detection methods to be 

used. Finally, and more importantly, cell microarrays could enable scientists to study biological 

questions that were not addressable before. 

Microfluidic technology is a powerful tool to study the cell biology by controlling the complete 

cellular microenvironment. Also, performing high-throughput biological experiments is made possible 

by combining the miniaturization of macroscopic systems and the possibility of massive parallel 

processing [4]. Microfluidics is a technology that is characterized by the manipulation of fluids at the 

sub-millimeter length scale. The fluid phenomena that dominate liquids at this length scale are 

measurably different from those that are dominant at the macroscale; for example, in terms of laminar 

versus turbulent flow, surface and interfacial tension and capillary forces. An advantage of the laminar 

flow is the possibility of fast media and temperature changes [5]. Microfluidics also have a number of 

other positive practical aspects like low reagent consumption (nL), the opportunity to manipulate a 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 [6]. Moreover, microfluidics provide a high degree of control over cell culture, e.g., the 

glucose or oxygen concentrations delivered to cells. Microfluidic cell culture devices also allow precise 

control of cell numbers and density in a given area or volume, their monitoring with high spatial and 

temporal resolution and their individual retrieval during or following experiments [7]. Besides the 

controllability, two other main advantages are the parallelization and the automation of microfluidic cell 

culture systems. Parallelization of experimental conditions allows for enhanced cell-based screening 

assays, with improved reproducibility as well as a reduction in reagent costs, while automation of 

microfluidic cell culture systems allows culturing cells for several weeks under precisely defined 

conditions without manual intervention. Automation of cell culture systems also leads to standardized 

manipulation, monitoring and sampling of cultured cells. This allows strict adherence to the timing of 
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protocols, which is of particular value when dynamic processes are characterized [7]. Therefore, 

microfluidics has become particularly valuable for analysis of single cell dynamics. 

This review discusses different techniques to design and construct a cellular array, and to analyze 

cells dynamically at the single-cell level. The designs of microfluidic bioreactors for living-cellular 

arrays are in general comparable for different cells types such as microbial and mammalian cells.  

We point in this review to differences that exist in adherent (mammalian) cells and non-adherent cells 

(microbial and mammalian cells). The most commonly used materials and methods used to build a 

microfluidic cell array are discussed. Furthermore, different cell arraying methods are reviewed and 

discussed: cell patterning on adhesive micropatterns, mechanical cell patterning as well as robotic cell 

printing. Finally, we compare cell array microfluidic setups and operation for single-cell types versus 

cell population variants. We illustrate the operation of these microfluidic bioreactors on the basis of 

some illustrative examples in the field of drug screening, cytotoxicity evaluation, and basic cellular and 

microbiology research. 

2. Construction Methods of Cellular Array Microfluidic Chips 

Miniaturization of cellular assays via cell microarrays increases assay throughput while reducing 

reagent consumption and the number of cells required, making these systems attractive for a wide range 

of assays, such as in drug discovery, toxicology, and stem cell research [8]. The most obvious way to 

generate cell microarrays is to miniaturize microtiter plates [1,9]. However, more complex cell arrays 

can be developed as well by the use of microfluidic techniques. Nowadays, microfluidic chambers can 

be generated in nearly any geometry in a variety of materials because of significant advances in 

microfabrication technologies. Even within the limited context of biological applications, microfluidic 

channel geometries vary from simple straight channels to complex 3-dimensional (3D) structures, and 

the device material varies from glass and silicon, to polymers, such as polydimethylsiloxane (PDMS) 

and hydrogels [6]. In the 80s and 90s, microfluidic devices were mainly fabricated on silicon substrates. 

In the late 90s, the introduction of soft-lithography allowed for the fabrication of cheap microfluidic 

devices by the molding of polymers [4]. The most popular technology for the fabrication of microfluidic 

devices for cell biological applications is based on soft-lithography of PDMS. PDMS is an elastomer, 

which through simple molding procedures can be cast into microfluidic structures [10]. Its wide use as 

a material of choice is due to its mechanical property, which is amenable to integration of fluidic valves, 

essential elements for major microfluidic applications. Further, PDMS is bio-compatible and permeable 

to gas, which explains the strong interest of the scientific community in using this material to fabricate 

microfluidic devices for cell biological studies [4]. Another main advantage of PDMS is that it offers 

transparency and stable optical features, and the optical aberrations and auto-fluorescence induced by 

small volumes of cell culture medium in such devices are generally negligible. Also, the combination 

with fluorescent live-cell imaging is well suited. Therefore, PDMS based microfluidics provide excellent 

live-cell imaging conditions [7]. However, some issues are to be considered as well. PDMS has affinity 

for small hydrophobic molecules and thus could lead to biomolecule absorption/adsorption from the 

medium, thus biasing the experimental condition. The permeability of PDMS to water vapor can also 

lead to media drying and thus change its osmolarity [4]. 



Fermentation 2015, 1 41 

 

A traditional but still widely used method of creating microfluidic systems containing structural 

components such as microwells or cell barriers for mechanical patterning of cells (vide infra) is to bond 

two layers with alignment: a substrate layer constructed with micro/nanostructures on the surface  

(a microstructured layer) and a channel layer with the impression of microchannels [11]. Fabrication 

methods are selected depending on the (bio-compatible) materials, geometries and size that are used for 

physical structures and channels. Various micro/nanofabrication techniques can be used for 

manufacturing physically modified microfluidic systems such as (Figure 1, Table 1): 

1. Conventional MEMS (microelectromechanical systems) processing (photo lithography, electroplating, 

deposition, and etching) are used to create structures on silicium or glass substrates and soft 

lithography or etching is used to fabricate channels with PDMS or glass. The microstructered layer 

is bonded with the microchannel layer to form the microfluidic device [12–16]. 

2. Multilayered PDMS based microfluidic systems that are fabricated with one or multiple uses of 

soft lithographic process: (a) The PDMS layer with the microstructures and the channel are 

separately fabricated and bonded with alignment [17–20]; (b) The channel layer containing the 

structures is fabricated on a multilayered master mold and is bonded with a flat PDMS or glass 

substrate [21–23]. 

3. Microfluidic microchannels are fabricated with PDMS or glass by soft lithography or etching; and 

a photo-curable hydrogel solution fills the channel and UV light patterns or creates microstructures 

inside the microchannels [24–26]. 

4. Soft lithography techniques are used to create engraved microstructures with PDMS or UV-curable 

hydrogels/resins. The PDMS microchannel layer is bonded with a polymer layer to obtain a 

microfluidic channel with physical structures [27–30]. 

5. Micro/nanostructures are formed on a polymer layer or Si substrate by nanoimprinting, soft 

lithography or reactive etching following a suitable lithographic process. Next, a microchannel 

layer of PDMS or glass is bonded to form a microfluidic channel [31]. 

 

Figure 1. Cont. 
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Figure 1. Examples of construction methods of microfluidic channels and structures.  

(a) Schematic of an individual PDMS device (size is 25.4 × 25.4 mm), and five devices were 

etched into a single 4 inch diameter silicon wafer (top). Individual “yeast jail” during typical 

asymmetric budding (bottom). Reprinted with permission from [20]; (b) Fabrication of active 

hydrogel components inside microchannels via direct photopatterning of a liquid phase. The 

simultaneous polymerization of multiple structures with a single exposure of ultraviolet light 

(scale bar: 500 µm). Reprinted with permission from [24]; (c) Schematic diagram of reversible 

sealing of microfluidic arrays onto microwell patterned substrates to fabricate multiphenotype 

cell arrays. Reprinted with permission from [28]; (d) A schematic diagram for the fabrication 

of a microfluidic channel integrated with a nanopatterned substrate [31]. Here, polyurethane 

acrylate (PUA) nanostructures were fabricated using UV-assisted capillary molding onto 

glass substrate and the patterned substrate was irreversibly bonded to the channel by 

treatment with oxygen plasma (top). Reprinted with permission from [31]. 

Table 1. Examples of materials and methods used to construct microfluidic cellular 

microarray chips (adapted from [11]). 

Materials Fabrication Methods Array Spots Cell Type Refs 

Channel 
Micro-

Structures 
Channel Micro-Structures    

PDMS, glass 
Si, glass, 

PDMS 1 

Replica 

moulding, 

etching 

Photo lithography, 

deposition, etching 
1 HL60 [12] 

PDMS PDMS 
Replica 

moulding 
Replica moulding 

1  

16  

100  

440  

8  

100/mm2  

3600 

Jurkat, U937  

C2C12 myoblasts  

Hela  

U937, FL 60  

HepG2  

Hela  

S. cerevisiae 

[18]  

[19]  

[22]  

[23]  

[32]  

[33]  

[20]  
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Table 1. Cont. 

Materials Fabrication Methods Array Spots Cell Type Refs 

Channel 
Micro-

Structures 
Channel Micro-Structures    

PDMS, glass 
Hydrogel  

PEG 

Replica 

moulding, 

etching 

Photo-

polymerization 
>300 

Mouse embryonic 

stem cells, NIH-

3T3 fibroblasts 

[24,26,27] 

PDMS 

PDMS, 

hydrogel, 

PMMA 

Replica 

molding 
Soft lithography 25,000 Hybridoma [29] 

PDMS, glass  

Glass, 

PDMS 

Si, hydrogel, 

PMMA  

PUA 2 

Replica 

molding, 

etching  

Replica 

molding 

Nanoimprinting, 

soft lithography, 

reactive ion 

etching  

Capillary molding 

4 MCF10A, MCF7 [31] 

1 PDMS: polydimethylsiloxane; 2 PUA: polyurethane acrylate. 

In most of the microfluidic devices, cells are growing in two-dimensions (2D) on hard plastic or glass 

surfaces because of the ease, convenience and high cell viability associated with this culture method. 

Therefore, cellular microarrays are usually 2D systems. This is especially the case for non-adherent cells, 

which are usually attached to the surface via linker molecules. 2D cell arrays also allow high-resolution 

imaging, which is the preferred method to monitor cell behavior in high throughput. For cell culture where 

the cellular behavior (proliferation, differentiation, metabolism) is strongly influenced by the 

microenvironment, 3D culture is the preferred cultivation method since the cell’s microenvironment in 

3D can mimic the characteristics of a tissue in vivo [32–35]. Cell–cell communication and differentiated 

cellular function are more relevant in 3D, and the impact of 3D cultures on predicting efficacy of drug 

treatments to actual in vivo response is great. A wide range of biomaterials can mimic several 

characteristics of the ECM present in 3D cell environments. 3D entrapment of cells can be performed in 

natural or synthetic hydrogels consisting of ECM components (e.g., collagen, laminin, Matrigel, hyaluronic 

acid), natural polymers such as alginate, dextran and chitosan or synthetic polymers comprising 

polyethylene glycol (PEG), poly(hydroxyethyl methacrylate) (polyHEMA), polyvinyl alcohol (PVA) 

and polycaprolactone (PCL), synthetic self-assembling peptides or artificial DNA molecules [35–47]. 

Natural hydrogels were gradually replaced by synthetic types due to their higher water absorption 

capacity, long service life, wide varieties of raw chemical resources and chemical composition 

controllability [48]. 

Cell patterning methods can be used to conduct 3D on-top or 3D cell embedded cultures [49]. To 

achieve the 3D on-top culture in cellular microarrays, a cell suspension is added to the ECM patterned 

surface, and cells are allowed to interact with that surface. Examples of on-top cultures are hepatocyte 

growth on a microfabricated PEG-brush surface [50], smooth muscle cells and osteoblasts on blends of 

poly(L-lactic acid)/poly(D, L-lactic acid) [51,52], human liver cells on collagen type I microarrays [53], 

epithelial cells on Matrigel microarrays [54], and mouse embryonic stem cell differentiation on a 

combination of five ECM molecules (collagen I, collagen III, collagen IV, laminin and fibronectin) [55]. 

Robotic indirect cell printing (see Section 3.3) can be used to prepare the microarrays. Direct cell  
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printing of yeast cell microarrays in a microfluidic chip has been performed on an agarose-coated glass 

coverslip [56]. Alternatively, 3D on-top culture in cellular microarrays can be realized by mechanical 

patterning in microwells (see Section 3.2) composed of hydrogels, e.g., agarose microwells [57]. More 

complex fabrication methods can be used for the direct and simultaneous fabrication of sub-micron 

topographical and chemical patterns on a hydrogel. For example, localized e-beam microlithography 

was used to construct topographical and chemical cues for the guided growth of neural cell networks on 

polyamidoamine hydrogels [58]. 

3D cell-embedded cultures are prepared by mixing cells with a gel of interest (e.g., alginate, collagen, 

Matrigel), and depositing the hydrogel–cell mixture on surfaces by robotic direct cell printing. 

Commonly used hydrogel materials for bioprinting are PEG, collagen, hyaluronic acid, gelatin, fibrin, 

polycaprolactone and alginate [59]. Since some cell printers (i.e., ink jet printer) are limited to dispensing 

low viscosity solutions and mixing by pipetting is required to prepare the hydrogel–cell solution, ionic 

hydrogels (such as alginate) can be used [60–62]. In this case, the hydrogel–cell solution is spotted on 

Ca2+ or Ba2+ surfaces, which cross-links the alginate polymers on the surface. 

3. Cell Arraying Methods 

3.1. Cell Patterning on Adhesive Micropatterns 

A variety of different patterning techniques have been developed to present adhesive ligands at a 

range of scales to investigate biological events, pushing the envelope on the minimum feature down to 

the nanometer scale [63–68]. Although micropatterning approaches have been developed for multiple 

cells (microsheets and confluent sheets), we review here popular micropatterning techniques for single-cell 

adhesion, which require micropatterns at the subcellular to single-cell resolution of around 5–40 µm. 

Microcontact printing has become the most popular and widely used technique [69] (Figure 2a).  

A PDMS stamp with desired microfeatures is used to print adhesive biomolecules onto the culture 

substrate [70,71]. The PDMS stamp is fabricated by using photo lithography or soft lithography, and 

micropatterns with a resolution of 1–2 µm can be created [72]. Various “inks” have been used to generate 

patterns of differential adhesiveness on culture surfaces, and the choice depends on the experimental 

requirements [73]. For mammalian cells, organic inks include ECM proteins (such as fibronectin, 

collagen, vitronectin and laminin) or integrin-binding peptides [74–76], such as RGD (Arg-Gly-Asp),  

a peptide representing a cell adhesion-mediated sequence within fibronectin [75]. Various other 

chemistries permit mammalian cell attachment but the use of ECM proteins is unrivalled in its ability to 

actively encourage cell attachment [76]. The patterns are “backfilled” with a cell repellent molecule. 

Polyethyleneglycol (PEG) is one of the most effective and commonly used non-fouling molecules [77]. 

Living Escherichia coli could also be direct microcontact printed on agarose substrates with cellular 

resolution [78]. Despite its popularity, microcontact printing has several drawbacks for cell biology labs, 

such as the requirement of an initial etching step to microfabricate the stamp and variations in the quality 

of the protein transfer [71]. 

Another soft lithography technique to pattern cells is microfluidic patterning where PDMS microchannels 

are used to flow and deposit protein solution in the form of a desired pattern [73,79,80]. The channels 
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are removed before cell seeding. Choosing different solutions for distinct channels can create  

multi-component surfaces, and the cells can be deposited along with the solution. 

Adhesive micropatterns can also be constructed using photopatterning [81]. Protein grafting on PEG 

surfaces can be induced by photosensitizers [82]. Alternatively, photobleaching of fluorophores by laser 

excitation induces protein adsorption [83–85]. UV light can also be used to detach the protein-repellant 

part of a molecule that has been grafted on the substrate to allow further binding of ligands [72,86,87] 

(Figure 2d). Spatially controlled UV exposure can be obtained with a photomask in contact with the 

substrate [88,89], by placing the photomask in the object plane of the microscope objective [84], or using 

a liquid crystal display [90]. 

Laser-patterning strategies, which avoid the fabrication of a costly mask, have been developed  

(Figure 2b). A thin PVA film can be ablated by raster scanning a focused laser [91]. Laser scanning 

lithography can be used for the fabrication of multifaceted, patterned surfaces and for image-guided 

patterning [92,93]. This photothermal-based patterning technique allows for selective removal of desired 

regions of an alkanethiol self-assembled monolayer on a metal film through raster scanning a focused 

532 nm laser using a commercially available laser scanning confocal microscope. 

Dip-pen nanolithography (DPN) and polymer pen lithography (PPL) are recently developed maskless 

techniques to microfabricate cell adhesive micropatterns (Figure 2c). In DPN, the tip of an atomic force 

microscope (AFM) cantilever acts as a “pen”, which is coated with a chemical “ink”, and put in contact 

with a substrate in a controlled manner and nanometer precision in order to write desired surface patterns 

with the ink [94]. Due to the general mild process conditions, DPN enables direct nanoscale deposition 

of delicate materials as e.g., ECM proteins onto a substrate in a flexible manner [95]. PLL is another 

related method that is suitable for deposition of larger (yet still small, i.e., femtoliter range) volumes of 

ink is the use of microchannel cantilevers for small volume spotting [96]. Like DPN, this method utilizes 

the precise spatial control of an AFM setup to enable highly localized delivery of functional materials 

onto surfaces and predefined structures. These methods can be used for high-precision localization,  

such as on fragile sensor-prestructures [97] and nano-optical devices [98]. For large area patterning with 

microscale arrays on flat surfaces, PPL can be used [99]. This technique, as a hybrid of DPN and 

microcontact printing (µCP) has also been demonstrated to be feasible for the production of large area, 

multiplexed micropatterns with bioactive functions, e.g., protein patterns for cell adhesion and neural 

guidance [100]. 

Other micro-nanopatterning techniques include nanoimprint lithography [67,101,102], electron beam 

lithography [103–106], nanosphere lithography [107–109], and polymer demixing [110]. 
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Figure 2. Examples of cell patterning on adhesive micropatterns. (a) Schematic representation 

of the microcontact printing (µCP); (b) Schematic outlining of the fabrication of cell 

adhesion micropatterns by using laser patterning; (c) Schematic of multi-ink polymer pens 

with four different inks (top) and lithography (middle left). Using the differently inked areas 

of the pen array at the same surface position can generate multiplexed patterns. Multiplexed 

micrometer patterns on the cm2 scale find applications in cell biology for example (middle 

right). Scheme of the writing process for a three-ink pattern (bottom). Reprinted with 

permission from [100]; (d) Schematic of microscope projection lithography (left). DIC 

images of PDMP film with various UV exposure times (right). Reprinted with permission 

from [87]. Copyright 2010 American Chemical Society. 
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3.2. Mechanical Cell Patterning 

Microwells: Microfabricated cell arrays are often directly created as mechanical barriers to capture 

cells [3] (Figure 3). Various microfabrication techniques have been used to fabricate microwell substrates 

for cell cultivation (Table 2). The microwell can have a diameter of several hundred micrometers up to 

the dimensions of a single cell. Single-cell microwell arrays allow large numbers of cells to be stimulated 

in a massively parallel fashion [111]. Various substrates such as hydrogels, silicon, photoresist, PDMS 

or glass, and combinations, such as for example a glass bottom and PDMS walls of the well, have been 

used as microwell materials (Table 2). 

Microchambers: Cells can be trapped in culture chambers by using inlet and outlet valves. Multilayer 

soft lithography is applied for the large-scale integration of microfluidic valves and has been broadly 

applied to studies on bacteria [112–114], yeast [114,115] and mammalian cells [116–119]. Culture 

chambers can also be open on both sides [120,121] and one side [122]. In this case, the dimensions of 

the channel that fits single-cell dimensions confine the cells. These culture chambers are suitable for 

non-adherent cells such as bacteria [123]. Cells can also be trapped by gravity in larger chambers,  

where the cells are trapped at the bottom of the chamber, which is at a depth where shear stress is 

negligible [119,124]. In this case, the culture chambers are designed with an inverted geometry with 

flow channels running over the top of the chambers. 

Mechanical cell trap barriers: Mechanical barriers have also been used to capture cells from 

suspensions in fluidic devices [3,125,126]. Fluid flow pushes the cells into the traps. Therefore, these 

cell traps are also designated as hydrodynamic cell traps [127]. Barriers have been designed with a small 

fluidic leak that allowed trapping single cells [16,20,128,129]. This cell-trapping concept has been 

extended towards the trapping of two different cells into one trap, which allowed single-cell analysis of 

cell fusion by the paired couples [130]. 

 

Figure 3. Cont. 
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Figure 3. Examples of mechanical cell patterning. (a) Single cell trapping arrays.  

A photograph of the cell-trapping device is shown demonstrating the branching architecture 

and trapping chambers with arrays of traps (top). The scale bar is 500 µm. Reprinted with 

permission from [129]; (b) Nine representative pictures of RBL-1 cells in microwells for all 

the combinations of three different diameters (range diameter is 20–40 µm) and three different 

depths (range height is 16–27 µm) [111]. Reprinted with permission from [111]. Copyright 2010 

American Chemical Society; (c) Image of the fabricated device showing external fluidic 

interconnects [120] (top). Confocal microscope image of single Schizosaccharomyces pombe 

cells held separately in the first row of a trapping region (bottom); (d) Iso-osmotic perfusion 

microfluidic cell culture array. Schematic of the device with micrographs as insets. The cell 

culture layer contains 1600 chambers connected by flow channels. Arrows point at single 

cells (left). Schematic of the layers that are assembled during device fabrication (right). 

Reprinted with permission from [119]. 

Table 2. Examples of microwell substrates. 

Material Diameter/Width Cell Type Characteristics Refs 

PDMS 20–40 µm NIH3T3 1, RBL-1 2 Single-cell screening [111] 

 25 µm Hepatocyte Single cell oxidative stress screening [131] 

Photoresist 1002F 50 µm HeLa Viability assessment [132] 

 50 µm H1299, MEF 3 RhoA GTPase biosensor [133] 

Poly(ethylene glycol) 40–150 µm 
Murine embryonic 

stem cells 

The formation of homogeneous 

embryoid bodies 
[134] 

Polystyrene 10 µm B-cells Detecting activated cells [135] 

Optical imaging 

fibers 
7 µm 

NIH 3T3 mouse 

fibroblast cells 
Observation of cell fluorescence [136] 

Etched glass 20 µm Non-adherent cell lines Individual cell based assays [137] 

SU-8 on coverslip 90 µm2 squares Adult neural stem cell 
Culturing and dynamic monitoring of 

stem cell proliferation 
[138] 

PDMS 25–50 µm BCE 4 PDMS wells coated with fibronectin [139] 

 160 µm HSC 5 
HSC proliferation control at the 

single-cell level 
[119] 
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Table 2. Cont. 

Material Diameter/Width Cell Type Characteristics Refs 

 70 µm HeLa Single cell analysis  [140] 

Poly(ethylene glycol) 

diacrylate 
229–442 µm Murine ES cells 6 

Wiping technique to localize cells in 

microwells 
[141] 

1 NIH3T3: NIH3T3 fibroblast; 2 RBL-1: rat basophilic leukemia; 3 MEF: mouse embryonic fibroblast; 4 BCE: 

bovine adrenal capillary endothelial cells; HSC: 5 hemapoietic stem cells; 6 ES: embryonic stem cells. 

3.3. Robotic Cell Printing 

In the initially developed cell microarrays, microbial cells were printed on an agar growth medium 

using robotic fluid-dispensing devices and could grow as microcolonies, or cells were grown in multiwell 

plates and printed on a glass slide for imaging, or only short-time analyses on living cells were performed. 

High-throughput experiments on a library of cells require on-chip cell culture. Microchip 2- or 3D cell 

cultivation techniques can provide many advantages for cell culture systems because the scale of the 

cultivated environment inside the microchip is fitted to the size of the cells. Cells can be directly printed 

on surfaces (direct cell printing) or attached to printed adhesive biomolecules (indirect cell printing) 

(vide supra). 

Direct cell printing: To create cellular microarrays, cells can be spotted or “printed” using a  

fluid-dispensing device (“cell printer”). It is essential to obtain a highly reproducible number of living 

cells per spot and an optimised printing process that is qualified for reproducible production of 

microarrays with cells that keep their vitality and function for analysis. Spot formation techniques are 

categorised as “contact printing” and “non-contact” printing [142,143]. To produce cellular arrays, more 

often non-contact-based devices are used, such as modified inject printers or piezo-driven tips [144–149], 

although in some publications contact-based arrayers have been used [118,150–152]. In non-contact 

printing techniques, the liquid metering is not determined by the complex interplay of the pin,  

the liquid and substrate, but is separated from the substrate, because no contact between the printing tool 

and the substrate occurs. The fluid is ejected as a flying droplet or jet towards the surface from a certain 

distance, which makes metering more precise. One concept of non-contact printing is based on  

syringe-solenoid-driven printers, where a reservoir and a high-speed microsolenoid valve are connected 

to a high-resolution syringe (e.g., the synQUAD system, Genomic Solutions). Further non-contact 

microarrayers are piezoelectrically driven, where a technology similar to the one used in ink-jet printer 

is used (e.g., MicroDrop, PerkinElmer, Scienion, GeSim, M2-Automation). A piezo-actuator is fixed at 

the top of the dispenser tip. The squeezing of the tip forced by the piezo-actuation induces droplet 

ejection out of the capillary. The fast response time of the piezoelectric crystal permits fast dispensing 

rates (kHz range), and the small deflection of the crystal generates droplets from hundreds of picoliters 

to a few nanoliters. 

Another method is laser-induced bioprinting where photons from a laser beam trap and guide cells 

by exploiting the differences in refractive indices of cells and cell media [149,153–155]. Near-infrared 

wavelengths (700–1000 nm) have been used to avoid exposure to excessive thermal energy [154]. 

Alternatively, laser-induced bioprinting methods have been developed where cells are encapsulated  

in a hydrogel film, which is propelled forward as a jet by the pressure of a laser-induced vapour  
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bubble [156–161]. The heat transfer from the laser pulse to the cell-encapsulating donor film leads to 

the transfer of material from the donor film to the receiving substrate [155]. Patterning is performed on 

the receiving substrate that is usually fixed on a computerized stage and coated with a cell culture 

medium or a biopolymer layer for cellular adhesion. 

Cells can also be patterned using a picoliter based cell encapsulation technology via acoustics [162–164]. 

Acoustic droplet ejection uses acoustic radiation force associated with an ultrasound field to transfer 

momentum into the ejection of a liquid droplet from an air–liquid interface [165,166]. Advantages of 

this technology over other printing approaches are [155]: no nozzle is required for droplet generation 

since droplets are created from an open liquid reservoir, acoustic waves do not harm cells due to low power 

droplets generation with only a few microseconds of pulse duration, acoustic ejectors can be combined 

in an adjustable array format as multiple ejectors. “Acoustic tweezers” that utilized standing surface 

acoustic waves, have also been used to manipulate and pattern cells [167] in a microfluidic chip [168]. 

Another technique to generate cell-encapsulating hydrogel droplets is the valve-based droplet ejection 

method where the droplets are ejected onto a surface [169,170]. The size and number of cells in a droplet 

and the amount of droplets are controlled by the valve opening duration and actuation frequency [171]. 

The choice of cell substrate material is critical for achieving cell attachment in 2D microfluidic 

perfusion culture systems. Tissue culture polystyrene is difficult to use because it cannot bond PDMS, 

cannot be autoclaved, is autofluorescent in the UV/blue range (360/460 nm), and is poorly compatible 

with microfabrication of the substrate. Therefore, other materials are commonly used as the cell 

substrate: glass [138,172,173], PDMS [174], poly(methylmethacrylate) (PMMA) [175], silicon [176], 

and silicon nitride [177]. The construction of chemically modified solid supports is of particular 

importance in cell-based microarrays [76]. Cell attachment on cell substrate material can be promoted 

via adhesive proteins or peptides adsorbed from the cell culture media or via pre-immobilised  

cell-attachment proteins such as gelatin [178], collagen [179], laminin [176,180], fibronectin and 

vitronectin (or the immobilisation of integrin-binding peptides such as RGD (Arg-Gly-Asp) [181], or 

poly-L-lysine [180] (vide supra). Microbial cells can be attached to a glass substrate by linker molecules 

such as poly-L-lysine or glutaraldehyde [182–184]. For yeast cell adhesion, the mannan-binding lectin 

concanavilin A can also be used [185,186]. With PDMS microfluidic perfusion culture systems, glass is 

often used as the cell culture substrate because glass can be permanently bonded to PDMS [178]. 

Indirect cell printing: Complex cellular micropatterns have been created using the inkjet printing of 

an albumin cross-linking polyethleneimine (PEI) solution on a substrate [187]. Treatment with a cationic 

polymer makes the albumin patches cell adhesive and subsequently cells were seeded on the patches. 

Cells have been patterned mediated by DNA hybridization to form cellular microarrays [188]. Therefore, 

cell bearing single-stranded DNA sequence on their surface bound to a complementary spot on a  

60 µm-printed DNA microarray. 

3.4. Selection of Cell Arraying Method 

Cell arraying techniques have been developed for microbial and mammalian cells. Mammalian cells 

can be adherent or non-adherent. Cell arraying methods of non-adherent mammalian cells are comparable 

with microbial cell arraying methods. The advantages and limitations of cell patterning on adhesive 

micropatterns, mechanical cell patterning and robotic cell printing are compared in Table 3. 
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Table 3. Advantages and limitations of the different cell arraying methods. 

Method Advantages Limitations 

Adhesive micropatterns 

● Simple and versatile  

● Deposition of bioactive and/or non-fouling cell 

repellant compounds for spatially controlled cell 

attachment  

● Micrometer-resolution pattern formation  

● Micropattern shape is adaptable  

● Single cell micropatterns to control the cell 

morphology  

● Cell-cell communications 

● Deposition of micropatterns limited 

to flat substrata  

● Limited number of molecules and 

substrata can be used  

● Requires microfabrication capability 

Mechanical cell patterning 

Microwells  

Microchambers  

Mechanical cell trap 

barriers 

● Sub-micrometer resolution  

● Trapping and analysis is possible  

● Accessible for cell-cell communication studies  

● Hydrodynamic trapping allows convective 

control of the cell’s microenvironment  

● 3D cell culture possible 

● Requires extensive (complex) 

laboratory procedures  

● Clean room availability preferred 

Robotic printing 

Indirect cell printing  

Direct cell printing 

● Simple patterning method  

● Micrometer resolution  

● Spotting of cells or biomolecules at defined 

positions (high-resolution non-contact printers can 

print into microwells)  

● 3D cell culture possible 

●Micropattern shape is not adaptable; 

only circular spots  

● Only a few methods can achieve 

single-cell resolution  

● Printers are not cheap  

● Sensitive cells (mammalian cells) 

can suffer from the high shear stress 

during direct cell printing  

● Limited number of biomaterials can 

be used 

For adherent mammalian cells (the vast majority of mammalian cells), cell patterning on adhesive 

micropatterns is the method of choice as a number of advantages and applications are involved. 

Micropatterning techniques have been used to control cell–substrate interactions by micropatterning 

specific ECM (extracellular matrix) proteins and by producing functional model tissues in a 2D or a 3D 

context [189]. Cell growth on well-defined, single-cell geometrical ECM protein micropatterns has 

several advantages since they overcome the artificial uncontrolled culture conditions of a conventional 

growth on a flat substrate (such as a Petri dish or multiwell plate) where the reproducibility of their 

architecture is completely lost due to the lack of spatial information. Therefore, single-cell growth on 

micropatterns improves the visualization and quantitative analysis significantly [190], since the adhered 

cells precisely adapt their cytoskeleton architecture to the geometry of their environment [81]. This 

allows cell normalization and detects subtle changes in cell response to perturbations [191]. In addition 

to geometric control over cell shape, micropatterning methods have been used to investigate cell–cell 

interactions [192]. These microfabrication approaches enable a quantitative investigation into the extent 

of homo- and heterotypic interactions. Micropatterning technology has been used to overcome problems 

associated with conventional cell–cell interaction methods [81]. Precise control of the cell–cell interactions 

at the single-cell level has been demonstrated for cells grown on micropattern networks [193]. Moreover, 
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the growth of model cell cultures on adhesive micropatterns could prove useful in the early phases of 

drug discovery. A current problem in the pharmaceutical industry is that cells cultured in vitro often 

respond differently to potential therapies than cells do in vivo, leading to failure of promising drug 

candidates once they are put through clinical trials [194]. Controlling the ECM pattern, and thus 

standardizing the individual cells, can lead to more predictive responses. 

Cell patterning on adhesive micropatterns has several advantages such as it is a simple and versatile 

method, spatially controlled cell attachment is achieved with micrometer resolution, and adhesion of 

cells to various shapes of single-cell adhesive patterns (Table 3). Major limitations are that the deposition 

of micropatterns is limited to flat substrata, a limited number of molecules and substrata can be used, 

and microfabrication capability is required. 

Mechanical cell patterning in microwells, microchambers or mechanical cell trap barriers can be 

achieved at single-cell resolution, cell–cell communication can be studied at the single-cell level,  

3D cell culture is possible, and hydrodynamic cell trapping allows fast convective control of the 

microenvironment of a single cell (Table 3). Limitations are that extensive laboratory procedures,  

which can be rather complex (i.e., for the construction of mechanical cell trap barriers), are required. 

Clean room access, which is usually not in the reach of a cell biology laboratory, is preferred. 

The choice of bioprinting technique depends on evaluating performance based on throughput,  

droplet size, spatial resolution, single-cell control, apparatus cost, cell viability, and choice of biomaterials 

(such as hydrogel type of 3D constructs). The minimal droplet volume can range between femto- to 

nanoliter droplets, resulting in spot sizes between 10 and 500 µm [155,195]. Bioprinting has proven to 

provide repeatable cell or biomaterial arrays with high temporal, spatial control and versatility (Table 3). 

Direct cell printing of 3D cell arrays is achievable. Cell printing can be used to print inside microfluidic 

channels and microwells, where each microwell is individually addressable. Limitations are that the 

micropattern shape is limited to a disk shape, expensive equipment is needed, cells can suffer from the 

exerted shear stress (method dependent) during printing, and a limited number of biomaterials for 

printing can be used. 

4. Operation and Applications of Microfluidic Cell Microarrays 

4.1. Microfluidic Operation 

Microfluidic systems generally consist of a set of fluidic operation units: a method of introducing 

reagents and samples, methods for moving these fluids around on the chip, and for combining and mixing 

them, and measurement devices, such as microscopic imaging [196]. Simple control systems such as 

syringe pumps or pressure regulators, allow to control when and how fast individual fluid streams flow. 

However, in addition to inducing a constant flow in microchannels, more complex applications require 

systematic control of both spatial and temporal parameters of flow within a device. One fundamental 

mechanism to reroute a fluid on a chip is to physically alter the channel networks with the use of valves. 

Multilayer soft lithography is used to create valves and pumps [21,197]. The material of choice is PDMS 

due to its elasticity. Microfluidic multiplexing technology leads to the fabrication of devices with 

thousands of micromechanical valves and hundreds of individually addressable reaction chambers.  

A key component of these networks are the fluidic multiplexor, which is a combinatorial array of binary 
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valve patterns that exponentially increases the processing power of a network with a minimal number of 

inputs [198,199]. However, these microfluidic large-scale integration systems are complex and require 

expensive off-chip devices. Additionally, the number of individual addressable culture microchambers 

is limited due to the limitations in interfacing capabilities. 

Besides the active microfluidic control systems, devices that use a passive mean of control have been 

developed. Examples are chemically driven flow directions [24] or microscopic fluidic control by the 

use of an aqueous viscoelastic polymer solution as a working fluid [200]. These methods suffer from the 

limitations that particular solutions are required. Another approach based on the use of passive surface 

tension pumping has been developed [201]. This technique requires the deposition of precise amounts 

of fluids on each inlet and outlet and the method is also vulnerable to many environmental factors such 

as humidity and temperature. 

Robotic cell printing techniques have been developed that allow cell patterning in a fluidic channel 

on a flat substrate or in microwells [56,202,203]. Some printing techniques allow addressing individual 

spots or microwells. With micrometer resolution, spot diameters of 10–100 µm (vide supra) are 

reachable, resulting in up to 105 spots/array. 

4.2. Single-Cell Measurement/Monitoring in Microfluidic Devices 

A fundamental goal of cell biology is identifying how cell behavior arises from the dynamic collection 

of environmental stimuli to which the cell is exposed [204]. From a biosystems science and engineering 

perspective, there is great interest in how the cell behaves as a system that processes time-dependent 

input signals into output behavior(s). Ideally, with knowledge of the history of the ensemble of 

environmental stimuli, one would be able to predict the precise behavior that a particular cell would 

exhibit under a given stimulus. Unfortunately, cells under seemingly identical environmental conditions 

often display a distribution of heterogeneous behavior(s) [128,205–214]. This appears to be partly due 

to probabilistic behavior in the “decision” processes that connect input and output [205,215–217]. 

Underlying the links between inputs and outputs are systems of interconnected molecular interactions 

(signalling pathways). Signalling within one pathway as well as cross-signalling between pathways, 

localization of reactions and the sometimes small number of molecules involved in signalling, contribute 

to stochastic behavior in these systems [205,215,218,219]. Because of the meanwhile well-documented 

heterogeneity within cell population, increased emphasis has been put on analysing a large number of 

single cells and determining distributions of responses [128,209,217]. New tools, based on microfabrication 

and microfluidic technologies, are now allowing improved dynamic control of environmental variables 

for high-throughput single cell analysis [220–225]. These experimental technologies combined with 

systems analysis of signalling pathways are expected to lead to an improved quantitative description of 

single cell function [204]. 

Several single-cell analysis techniques have been developed, which may be classified in terms of 

information content (number of elements capable of being studied simultaneously) and throughput 

(number of cells studied in a given time). The simplest and most widely used forms of single-cell analysis 

are fluorescence microscopy and flow cytometry. Automated microscopy techniques, often termed  

high-content screening (HCS) or “cellomics”, recently provided also quantitative insight into cellular 

behavior and in most cases are applied to observe the response of the cells. The utility of single-cell 
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measurements with high temporal resolution has been initially demonstrated by bacterial studies, which 

used optical microscopy to observe Escherichia coli over long time periods and reveal interesting 

temporal fluctuations and cell-to-cell variability that would otherwise be masked by population-wide 

measurements [216,226]. A microfluidic microchemostat has been constructed and used to acquire 

single-cell fluorescence data from S. cerevisiae over many cellular generations [125,202,227–229]. One 

way in which cells can rapidly respond to environmental stimuli is to alter the localization and abundance 

of proteins [230,231]. In a microfluidic device, these aspects can be studied on live-cell microarrays 

under various growth conditions or in response to environmental insults. 

Cellular imaging is emerging as a crucial tool (see Tables 4 and 5) that enables the integration of 

complex biology, and addresses both high-content and high-throughput needs [232,233]. Important 

features of HCS systems are [234]: analysis on the level of single cells, subpopulation analysis, analysis 

on the subcellular level, acquisition and/or analysis of multiple parameters, data with temporal resolution, 

data qualities can be related to one another, decreased rate of false-positives or false-negatives, increased 

physiological relevance, increased sensitivity, and extended possibilities to perform post-screen data 

mining. High-throughput methods for describing cell phenotypes such as transcriptional and proteomic 

profiling allow broad, quantitative, and machine-readable measures of the responses of cell populations 

to perturbations. Automated microscopy has the potential to complement these profiling approaches by 

allowing fast and cheap collection of data describing protein behaviors and biological pathways within 

individual cells [202,235–237]. High content, image-based cell assays are rapidly emerging as valuable 

tools for the pharmaceutical industry and academic laboratories for use in both drug discovery and basic 

cell biology research [238,239]. Compared with biochemical assays, they probe a chemical’s activity on 

a cellular phenotype rather than simply testing for binding to a particular isolated protein that may be,  

in the end, less physiologically relevant [240]. Image-based assays also compare favorably to other types 

of cell-based assays (e.g., reporter assays using plate readers) because multiple features of the cell’s 

status and health can be observed, including very general phenotypes, such as overall cell health, and 

very specific phenotypes, such as localization of a particular phosphorylated form of a signalling protein 

or a fluorescent protein tagged transcription factor. 

The combination of time-lapse microscopy, quantitative image analysis and fluorescent protein 

reporters has enabled observation of multiple cellular components over time in individual cells [241] 

and has been applied to e.g., drug discovery, cytotoxicity evaluation, cell biology and microbiology 

research (Tables 4 and 5). In conjunction with mathematical modelling, these techniques can also 

provide powerful insights into genetic behavior in diverse microbial systems. For example, a quantitative 

system-wide analysis of mRNA and protein expression in individual cells with single-molecule 

sensitivity using a yellow fluorescent protein fusion library for E. coli was carried out [242]. To this end, 

a PDMS microfluidic chip was used for imaging 96 library strains at once. 

4.3. Microfluidic Cell Array Culture Applications 

The significant advances in the microfabrication technology that are described in the first part of this 

review allow for highly adapted microfluidic systems with opportunities for high-throughput and 

multiplex analyses. Cell microarrays provide an attractive solution because they can hold at least several 

thousand spots on one slide, which enables e.g., a genome/proteome-wide screen on only one slide for 



Fermentation 2015, 1 55 

 

microbial cells and on a few slides for human cells [1]. Many microfluidic studies describe methods that 

aim to replace traditional macroscale assays [5]. Also, various surface chemistries have been adapted to 

create cell-friendly surfaces, enabling the study of either short-term (seconds/minutes) or long-term 

(hours/days) cellular behaviors. As such, microfluidics has been intensively employed in various fields 

of chemical, (micro)biological, pharmaceutical, and medical studies in recent years [6]. High-throughput 

single-cell measurements of cellular responses are of great importance for a variety of applications 

including drug screening, toxicology, basic cell biology and microbiology research (Tables 4 and 5). 

Dependent on the scope of the cell assay, microfluidic cell microarray devices can be designed to 

obtain a high throughput (a) by the parallel screening of multiple samples (e.g., concentrations of 

disturbing chemical compound) for one target (one cell type); (b) by the simultaneous screening of one 

sample for multiple targets (various cell types) (multiplexing); or (c) by a combination of both [243]. 

Examples of microfluidic cell microarrays where the behavior of 1 cell type is assessed (case (a)) are 

compared in Table 4, and where the behavior of multiple cell types is studied, are tabulated in Table 5. 

In each table, examples are subdivided in devices for adherent and non-adherent cells. 

Drug discovery applications. A primary goal for much of the microfluidics community is to develop 

technologies that enhance investigations in medical research and drug discovery [244–249]. Cellular 

microarrays hold great potential in screening drug candidates for efficacy and toxicity at high throughput, 

especially compared to the commonly used animal models because of the significant reduction of the 

costs and the less labor-intensive process [8,250]. Therefore, cell-based assays have become an integral 

part of drug screening the pharmaceutical industry. These assays are extremely useful to evaluate 

potential drug targets by functionally characterizing their effect in cells, to assess specificity and efficacy 

of drug leads or to identify the targets for drugs of unknown mechanisms of action [1,251]. In Table 4, 

some examples of recently used cellular arrays in the field of drug screening are shown. For drug 

screening applications, microfluidic cell microarrays devices are designed to expose one cell type to 

multiple conditions by individually addressable fluidic streams. Therefore, the cell-array sizes are 

modest but the exposure of different concentrations of a compound to the same cell-array is favored by 

the use of an on-chip gradient generator or the same cell array could be exposed to various compounds 

in parallel screening channels/chambers. Digital microfluidics has been used to screen for the effect of 

antifungal drugs on non-adherent S. cerevisiae cells, which were patterned in a high-density microwell 

array [252]. 

Toxicology applications. Toxicology studies are performed in a high-throughput manner with the use 

of cellular arrays. As for the case of drug screening, the cell array of one cell type is exposed to a 

concentration gradient of the compound, which is usually generated by a gradient generator (Table 4). 

This approach allows determining the half maximal inhibitory concentration (IC50) or/and lethal 

concentration 50 (LC50) on the chip [253]. 

Cell biology applications. Cell microarrays are being developed for various cellular analyses 

including the effects of gene expression, cellular reactions to the biomolecular environment, and 

profiling of cell surface molecules [251]. In the field of cell biology and microbiology, cellular arrays 

are more and more used to study cellular behavior. One interesting phenomenon is that mammalian cells 

change their phenotype dramatically depending on their environment. Not only the medium that is added 

to the cells, but also cues emanating from the extra-cellular matrix, direct cell–cell contacts and 

mechanical forces control cell behavior [194]. Many examples of the use of cellular arrays in cell biology 
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research are published [3,4,254–257] (Table 4). In one example, human hematopoietic stem cells 

(hHSCs) were introduced in a large array of 2D no-flow chambers to protect the biological sample from 

fluid flow. In order to determine their stage in the hematopoiesis differentiation pathway, the cells were 

stained with fluorescent antibodies targeting various surface receptors known to reveal the cell 

differentiation state [258]. 

Microbiology research applications. Microfluidic devices and automation of small-scale 

bioprocesses have received increased interest in the last decade [259]. Microbial single-cell analysis in 

microfluidic devices has shown potential in several fields of process and strains development such as 

growth and morphology analysis, population heterogeneity of production strains regarding growth, 

fitness and single-cell productivity, optimizing process conditions and analysis of cellular response to 

defined constant environmental conditions, cellular behavior and cell-to-cell heterogeneity at defined 

concentration gradients and dynamic environments, highly parallelized systems for strain 

characterisation and screening [120,260–265]. Microsystems have been used to screen and optimize 

conditions for yeast and E. coli fermentation and growth during processing [266]. Microfluidic 

bioreactors have been miniaturized to create nanoliter growth chambers in which cell populations can 

be monitored [112,114]. The use of small reactor volumes and multiple independent cell populations 

helps to decrease problems associated with genetic variation and makes it possible to assess many 

conditions in parallel. Optical sensors can be integrated in growth chambers to monitor key process 

variables such as pH, dissolved oxygen and biomass (OD600nm) [267]. High-throughput growth 

physiology can be combined with global gene expression data analysis and metabolic studies to rapidly 

prototype and then scale up conditions for industrial bioprocessing [268]. 

Table 4 and 5 shows some examples of the use of cell arrays in the field of microbiology. Most 

microbiology studies using cellular microarrays make use of cell arrays that consist of a population of 

cell type variants (Table 5). In these examples, a large population cell array is exposed to the same fluidic 

condition. This approach allows extracting dynamic information of the genome or proteome, which is 

an interesting method to perform systems biology. 
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Table 4. Examples of living-cellular microarrays in microfluidic chips: cell arrays of 1 cell type subdivided in adherent and non-adherent cells. 

Scope Measurement Cell Type 
Cell-Array 

Type/Methodology 
Cell-Array Size Fluidic Conditions Refs 

Adherent Cell Types 

Drug screening:  

high-content analysis of cell 

signaling 

On chip off-line immune-

cytochemistry. 

Mouse fibroblasts 

(NIH-3T3) 

Mechanical cell 

patterning (PDMS 

microchambers) 

32 (4 × 8)  

4 groups of 8 parallel 

channel chambers; 8 

chambers for each parallel 

channel 

4 common inlets for 32 

parallel channel chambers 

and 1 additional inlet for a 

group of 8 channels 

[118] 

Drug screening: screening 

of chemotherapeutic 

compounds 

Cell imaging with 

fluorescence microscopy 

Human breast cancer 

(MCF-7) and HepG2 

cell lines 

Mechanical cell 

patterning (PDMS 

microchambers) 

24 (4 × 6)  

4 channels rows containing 

6 microchambers columns 

1 inlet (from gradient 

generator) for each column 

of 4 microchambers 

[253] 

Cytotoxicity evaluation 

Real-time microscopy, 

albumin concentration 

determination in the 

effluent (ELISA assay) 

Rat hepatocytes in 

coculture with 

fibroblasts (3T3-J2) 

Cell patterning on 

adhesive micropatterns 

(collagen) in a culture 

chamber (glass bottom, 

PDMS walls) 

64 (8 × 8)  

8 rows and 8 columns of 

culture chambers 

1 medium inlet for each 

row of, culture chambers 

and 1 gas perfusion inlet 

for each column of 

chambers 

[173] 

Cytotoxicity evaluation 

Real-time cell viability 

screening by fluorescence 

microscopy 

Human lung 

carcinoma (A549) 

cell line 

Mechanical cell 

patterning in 

microchamber (PDMS 

with glass bottom) 

25 (5 × 5)  

5 parallel channels 

containing 5 chambers in 

series 

2 inlets into a gradient 

concentrator that feeds 

each parallel channel  

[269] 

Cytotoxicity evaluation 

Fluorescent measurement 

(microscopy) of cytosolic 

calcium 

Mouse leukemic 

monocyte 

macrophage (RAW) 

cell line 

Mechanical cell trap 

barrier (glass) 
1 chamber 1 inlet [270] 

Cytotoxicity evaluation 

Fluorescent measurement 

(microscopy) of cell 

viability (ethidium 

homodimer-1) 

Human HeLa cancer 

cell line 

Mechanical cell 

patterning (PDMS 

microwells) 

3000 (500 × 6)  

500 microwells in each 

parallel channel 

1 chemical inlet followed 

by a gradient generator, 

which feeds a different 

concentration in each 

parallel channel 

[271] 
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Table 4. Cont. 

Scope Measurement Cell Type 
Cell-Array 

Type/Methodology 
Cell-Array Size Fluidic Conditions Refs 

Cell biology research: 

analysis of cell proliferation 

and migration 

Cell number and position 

(microscopy) 

Human breast cancer 

cells (MDA-MB-231) 

Mechanical cell 

patterning in 

microchambers (PDSE1 

and AZ4562 photoresist) 

1600 (40 × 40)  

Each chamber is linked 

together by channels 

1 inlet for all chambers [272] 

Cell biology research: long-

term cellular monitoring for 

high-throughput cell-based 

assays 

Fluorescence localization 

of calcein AM 

(microscopy) 

Human HeLa cancer 

cell line 

Mechanical cell trap 

barrier (PDMS) 

100 (10 × 10)  

10 culture chambers row 

and per column 

1 inlet per column (from a 

gradient generator) and 1 

inlet for all rows 

[22] 

Cell biology research: 

continuous monitoring of 

gene expression 

Fluorescence microscopy 

of eGFP-tagged reporter 

gene 

Human HeLa cancer 

cell line  

Mechanical cell 

patterning in 

microchambers (PDMS) 

40 (8 × 5)  

5 microchambers for each 

of the 8 parallel channels 

1 inlet per parallel channel 

(from a gradient generator) 
[273] 

Cell biology research: 

adherent cell culture over a 

logarithmic range of flow 

rates 

Cell number and 

morphology (microscopy) 

Fibroblasts 3T3 cell 

line 

Mechanical cell 

patterning in 

microchambers (PDMS 

with glass bottom) 

16 (4 × 4)  

4 groups of 4 chambers in 

parallel (including the 

logarithmic diluter) 

1 input per group of 4 

chambers 
[274] 

Cell biology research: fully 

automated cell culture 

screening system 

Differentiation and 

proliferation; cell 

number/morphology, cell 

nucleus staining, alkaline 

phosphatase activity 

(microscopy) 

Human mesenchymal 

stem cells 

Mechanical cell 

patterning in 

microchambers (PDMS) 

96 (2 × 48)  

2 rows of 48 parallel 

chambers 

16 inlets per row [116] 

Cell biology research: real-

time gene expression 

monitoring 

Fluorescence microscopy 

of eGFP-tagged genes 

Hepatocytes (H35) 

cell line 

Mechanical cell 

patterning in 

microchambers (PDMS) 

256 (8 × 8 × 4)  

8 rows and 8 columns; 

each matrix point is 

composed of a 2 × 2 

subarray 

8 inlets for each row and 8 

inlets for each column 
[117] 
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Table 4. Cont. 

Scope Measurement Cell Type 
Cell-Array 

Type/Methodology 
Cell-Array Size Fluidic Conditions Refs 

Non-Adherent Cell Types 

Drug screening: antifungal 

evaluation 

Effect of antifungal on 

viability (fluorescence 

microscopy) 

Saccharomyces 

cerevisiae 

Mechanical cell 

patterning in microwells 

(glass)  

44,000 (2 × 22,000)  

Two arrays of 22,000 

microwells  

Digital microfluidic 

platform: microwell 

seeding by shuttling a cell-

containing droplet; droplet 

of antifungal on the array. 

[252] 

Drug screening: real-time 

screening of anticancer 

drugs 

Online fluorescence 

imaging 

Human histiocytic 

leukaemia (U937) 

and promyelocytic 

leukaemia  

(HL60) cell lines  

Mechanical cell trap 

barrier (PDMS) 

440  

All traps in a triangular 

chambers 

1 inlet and 6 outlets (base 

of the triangle). 
[23] 

Cell biology research: High-

throughput analysis of 

single hematopoietic stem 

cell proliferation 

Proliferation; cell 

number/morphology; live-

cell immunostaining;  

microscopy 

Hemapoietic stem 

cells (HSC) (clonal 

population)  

Preleukemic mouse 

(ND13) 

Mechanical cell 

patterning in 

microchambers (PDMS) 

6144 (64 × 96)  

64 parallel channels 

(rows); each channels 

flows over 96 wells 

(columns) 

1 inlet for each channel; up 

to 6 different medium 

conditions can be loaded 

[119] 

Microbiology research: 

long-term monitoring of 

bacteria undergoing 

programmed population 

control in a microchemostat 

Cell number (microscopy) Escherichia coli 

Mechanical cell 

patterning in 

microchambers (PDMS) 

6 

Multiple inlets for each 

culture chamber. Culture 

chambers are 

independently operated 

(including an on chip 

peristaltic pump). 

[112] 

Microbiology research: 

microfluidic chemostat 

growth to high cell densities 

Cell number (microscopy) 
E. coli,  

S. cerevisiae 

Mechanical cell 

patterning in 

microchambers (PDMS) 

320 (16 × 20)  

16 parallel channels 

containing 20 chambers 

1 inlet branching into the 

array of 16 parallel 

channels 

[114] 
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Table 4. Cont. 

Scope Measurement Cell Type 
Cell-Array 

Type/Methodology 
Cell-Array Size Fluidic Conditions Refs 

Microbiology research: 

high-throughput time-course 

analysis of single cell 

responses 

Cell number, fluorescent 

reporter proteins 

(microscopy) 

S. cerevisiae 

Mechanical cell 

patterning in microwells 

(polyurethane acrylate) 

3906 wells per mm2  

(microwell diameter of 8 

µm) 

1 inlet to channel that 

flows over the wells 
[275] 

Microbiology research: 

microscopic observation of 

cell behavior at high 

resolution 

Cell number/morphology 

and single molecule 

fluorescence imaging 

(microscopy) 

Schizosaccharo-

myces pombe 

Mechanical cell trap 

barrier (PDMS) 

7728 (4 × 1932)  

4 trapping regions, each 

with 1932 mechanical cell 

traps 

3 inlets feeding into 4 

trapping regions 
[120] 

Microbiology research: 

spatio-temporal analysis of 

growing bacterial 

microcolonies in perfusion 

reactor 

Cell number and 

morphology (microscopy) 

E. coli  

Corynebacterium 

glutamicum 

Mechanical cell trap 

barrier (PDMS) 

30 (6 × 5)  

6 parallel channel 

containing each 5 cell trap 

barriers 

2 inlets into a gradient 

generator, which feeds 

each parallel channel 

[265,27

6] 

1 PDSE: photodefinable silicon elastomer. 

Table 5. Examples of living-cellular microarrays in microfluidic chips: cell arrays of a population cell type variants. 

Scope Measurement Cell Type Populationsize 
Cell-Array 

Type/Methodology 
Cell-Array Size Fluidic Conditions Refs 

Adherent Cell Types 

Cell biology research: cell 

culture device (multiple 

cycles of growth and 

trypsinization) 

Microscopic observation 

of cell morphology and 

viability 

Murine 

embryonic 

fibroblast 

(BALB/3T3)  

1 to 8 

Mechanical cell 

patterning (8 

mechanical cell trap 

barriers in 

PDMS/chamber) 

64 (8 × 8)  

8 parallel 

independent rows; 8 

cultivation 

chambers in series 

per row 

1 inlet for 1 parallel 

channel  
[277] 
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Table 5. Cont. 

Scope Measurement Cell Type Populationsize 
Cell-Array 

Type/Methodology 
Cell-Array Size Fluidic Conditions Refs 

Non-Adherent Cell Types 

Microbiology research: 

studying signaling network 

dynamics 

Time-lapse cell imaging; 

heme expression by 

genetically encoded GFP 

reporter and protein 

localization (GFP-tagged 

protein) 

S. cerevisiae  8 strains 

Mechanical cell 

patterning (PDMS 

microchambers) 

128 (8 × 16) 
8 chemical inlets for 

16 parallel rows 
[195] 

Microbiology research: 

spatio-temporal analysis of 

the proteome 

Time lapse imaging of 

GFP-tagged strains 
S. cerevisiae  1152 strains 

Direct cell printing 

and mechanical 

trapping in 

microchemostat 

chambers (PDMS) 

1152 (3 × 384)  

3 independent 

sections of 384 

chambers 

1 inlet per chamber 

section 
[202] 

Microbiology research: 

monitor biofilm formation 

under near-native conditions 

Quantitative cell analysis 

by bio-impedance 

measurement and 

respiration activity 

measured by 

electrochemical 

microelectrodes 

Candida 

albicans  
2  

Mechanical cell 

patterning (PDMS 

microchambers) 

2 1 inlet per chamber [278] 

Microbiology research: detect 

cellular dynamics in response 

to drugs and chemicals  

Cell number and 

fluorescent imaging of 

protein tagged proteins 

(microscopy) 

S. cerevisiae 2 

Direct cell printing 

on agarose-coated 

glass 

10,000 (100 × 100) 

Spot sizes of 

around 200 µm 

1 inlet, channel over 

all spots 
[56] 

GFP: Green Fluorescent Protein. 
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5. Conclusions and Outlook 

It has become increasingly clear in the trends in scientific research that microscale cellular 

microarrays will have an increasing role in cell biology research. This is due to the many advantages 

that cellular microarrays approaches could possibly have over traditional cell assays. This review is 

focused on the integration of cellular microarrays in microfluidic bioreactors that allow analyzing the 

dynamic behavior of cells at the single-cell level. The design and construction of the microfluidic 

bioreactors are discussed. The different cell arraying methods are reviewed and discussed with a focus 

on cell patterning on adhesive micropatterns, mechanical cell patterning in microwells, microchambers 

and mechanical cell trap barriers, and robotic cell printing techniques. Selection criteria are provided to 

guide the selection. We point to differences between the construction of 2D or 3D cell microarrays. 

Finally, the microfluidic operation of these devices and single-cell measurements are discussed. 

Dependent on the scope of the cell assay, microfluidic cell microarray devices can be designed to obtain 

a high throughput (1) by the parallel screening of a concentration gradient of a compound or multiple 

compounds for a one-cell type array; or (2) by the simultaneous screening of one compound for various 

cell types in the cell array. Both strategies are illustrated by examples in the fields of drug screening, 

toxicology, and basic cell biology and microbiology research. 

The microfluidic cellular microarrays were initially 2D systems. Later on, 3D systems were 

introduced to cultivate mammalian cells since the cell’s microenvironment in 3D can mimic the 

characteristics of a tissue in vivo. This is particularly of interest when the behavior of cells is strongly 

influenced by the microenvironment, i.e., during cell proliferation, differentiation and cell–cell 

communication. We discussed the cell patterning methods to conduct 3D on-top or 3D cell embedded 

cultures. 3D cell embedded systems provide the best 3D microenvironment. 3D cell microarrays can be 

constructed by using bioprinting techniques. Hereto, cell arrays can be printed in microfluidic channels 

with consequent closing of the device. 

Future challenges lie in the construction of extended cell microarrays and integration in the 

microfluidic chip. Current cell arraying methods based on closed microchambers arrays in microfluidic 

bioreactors increase throughput compared to classical multiwell plate cell assays with significantly 

reduced amounts spent on expensive test reagents, cells and chemical compounds. However, interfacing 

capabilities are currently limiting. Therefore, new interfacing solutions are needed to increase the 

throughput where array elements need to be addressed individually. Robotic cell patterning in 

microfluidic chips is a promising technique to construct cell arrays composed of a population of cell 

variants. These arrays could allow analyzing cells dynamically on a whole transcriptome or proteome 

level. Future technological challenges lie in the further development of the technology and procedures 

to construct these genome/proteome-wide cell microarrays. 

This enabling technology for integrated total single-cell analysis has not yet gained popular 

acceptance. Microfluidic chip manufacturing and patterning techniques are not easy accessible for cell 

biology labs since complex technology and equipment, which is costly and requires specific expertise, 

is needed. Further development of the technology needs a multidisciplinary approach with significant 

input from the cell biology community. Recently, some companies have offered commercial 

microfluidic chips that can be used to produce microfluidic cell microarrays by the scientific community. 
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This will stimulate its wider use and further development. Finally, this technology could revolutionize 

cell biology research and downstream applications such as drug discovery. 
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