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Abstract

:

This paper reviews microfluidic technologies with emphasis on applications in the fields of pharmacy, biology, and tissue engineering. Design and fabrication of microfluidic systems are discussed with respect to specific biological concerns, such as biocompatibility and cell viability. Recent applications and developments on genetic analysis, cell culture, cell manipulation, biosensors, pathogen detection systems, diagnostic devices, high-throughput screening and biomaterial synthesis for tissue engineering are presented. The pros and cons of materials like polydimethylsiloxane (PDMS), polymethylmethacrylate (PMMA), polystyrene (PS), polycarbonate (PC), cyclic olefin copolymer (COC), glass, and silicon are discussed in terms of biocompatibility and fabrication aspects. Microfluidic devices are widely used in life sciences. Here, commercialization and research trends of microfluidics as new, easy to use, and cost-effective measurement tools at the cell/tissue level are critically reviewed.
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Abbreviations








	AC
	
Alternating current





	ATP
	
Adenosine tri-phosphate





	CNC
	
Computer numerical control





	COC
	
Cyclic olefin copolymer





	DC
	
Direct current





	DEP
	
Dielectrophoresis





	DNA
	
Deoxyribonucleic acid





	ECM
	
Extracellular matrix coating





	E. coli
	
 Escherichia coli 





	EDEP
	
Electrodeless dielectrophoresis





	EOF
	
Electro-osmotic flow





	hMSCs
	
Human primary mesenchymal stem cells





	HTC
	
High throughput screening





	IC
	
Integrated circuit





	MACS
	
Magnetically actuated cell sorter





	μTAS
	
Micro total analysis system





	PC
	
Polycarbonate





	PCR
	
Polymerase chain reaction





	PDMS
	
Polydimethylsiloxane





	pH
	
Measure of the acidity or alkalinity of an aqueous solution





	PMMA
	
Polymethylmethacrylate





	PMT
	
Photomultiplier tube





	PS
	
Polystyrene





	Re
	
Reynolds number





	RNA
	
Ribonucleic acid





	SPRI
	
Solid-phase reversible immobilization





	Tg
	
Glass transition temperature





	UV
	
Ultraviolet





	UV-Vis
	
Ultraviolet-Visible





	UVLIGA
	
Ultraviolet lithography, electroforming and molding





	VSCEL
	
Vertical cavity surface emitting lasers









1. Introduction


The field of microfluidics [1] was pioneered 40 years ago by the development of devices for silicon-based gas chromatography and microfluidic-based nozzles for ink jet printers [2,3]. It was not before 1990 that the first device with integrated microfluidic structures was developed for chemical analysis [4]. Thereafter, a remarkable increase of microfluidic applications appeared. Microfluidics, also called lab-on-chips or micro total analysis systems (µTAS), have become a hot subject in the life sciences [5], which has resulted in a huge number of published papers and reviews.



A major advantage of microfluidics is the ability to scale down systems to micro-sized chips [4]. This is associated with automation of manufacturing via different microfabrication techniques, a wide variety of different materials used for the chips, lower cost, and low demands for power and reagents. Further developments in microfluidics include novel polymeric materials, which complement the original silicon and glass-based microfluidic devices that initially came out of the electronics industry [6,7,8,9,10]. Nowadays, advanced microfabrication techniques enable the creation of complex, integrated microfluidic chips, which perform multiple analytic investigations on the same chip. Since the new techniques became available they have been incorporated into microfluidics. Many reviews on microfluidics have been published since the invention of the laser [11,12], especially in the fields of analysis in biology and chemistry [13,14,15], medical diagnostic assays [16,17], clinical analysis, forensic science [18], molecular diagnostics, genetic testing and DNA analysis [19,20].



In cell biology, the integrated “Lab-on-a-chip” has shown potential for analysis of intracellular reactions in single cells, at the sub-molecular level, and in tissue engineering experiments. The advantages are the exceptional properties of miniaturization, integration and automation. The systems allow new prospects for spatial and temporal control in investigations such as cell sorting, cell transport, immobilization and manipulation of biological systems in vitro, precise control of the microenvironment, cell culture, differentiation and many other applications.



Furthermore, combining microfluidic systems with different readout techniques have proven to be powerful tools in various applications, especially with great impact on the ongoing revolution in cell biology and biotechnology, as presented in this review.



In this review, we will focus on microfluidic characterization, fabrication, and the main applications related to biomedical engineering, pharmacy and cell/tissue biology. The intent is to present recent and current advances in microfluidic systems including applications, characterization and fabrication methods. The aim is also to emphasize the advantages of miniaturization for biological analysis and to present various cell biological applications. Different approaches in microfluidic systems are reviewed, including fluid and cell transport, properties of the involved materials, and a critical review of their advantages and disadvantages. Finally, we present a critical discussion about the different methods used, and present a brief overview about the recent developments and commercialization in the field of microfluidics.




2. Microfluidic Systems, Flow Dynamics on the Small Scale, and Manufacturing


This field deals with complete sequences of reliable design methods, fabrications and applications of micro-scaled channel systems connected by reservoirs or sealed inlets and outlets. The potential benefits are to produce portable microfluidic systems to improve life sciences as well as medical technologies and to perform large and complex cell-based biological investigations. In biomedical engineering, portable microfluidic systems could be used as diagnostic tools for rapid analysis of blood samples and other body fluids.



2.1. Characterization of the Fluid Flow


The behavior of the fluid flow within a microfluidic system differs from that in a macroscopic system. The micro scale dimensions of the channels allow for effects that are usually impossible in macro-scaled systems. These include surface effects, e.g., intermolecular forces that may change the viscosity. For instance, the surface effects are found to be lower when the height of the channels is decreased from 40 microns to about 10 microns [21]. Another important effect is the improvement of convective and radiative heat transfer due to the increase of surface-to-volume ratio [21].



In most microfluidic applications, it is important to understand and optimize the flow within two regimes, laminar or turbulent flow. Laminar flow (so-called streamline flow) occurs when the fluid flows in smooth and regular pathways, while fluidic parameters such as velocity and pressure are time-independent at each point within the fluid. The convective mass transfer of the fluid follows the direction of the flow under steady state boundary conditions [22]. To characterize the fluid behaviors within microfluidic channels the dimensionless Reynolds number (Re) is considered in most applications. The Re number quantitatively estimates the tendency of a fluid to develop turbulence, and it is defined as the ratio between the inertial and viscous forces on the fluid [23]. The parameters involved are the kinematic fluid viscosity, the actual fluid velocity and the characteristic diameter of the channel represented by the volume-to-area ratio of the channel [24].



Laminar flow is achieved by using small microfluidic channels with lower fluid velocity and relatively high viscosity. The laminar blood flow through the capillaries of the human body has been examined to explain this phenomenon [25]. Since the characteristic diameter of microfluidic channels is small, typically < 500 μm, the Re number can be lower than 10, and the fluid flow is expressed as laminar. The liquids are transported in uniform layers of thickness, between fixed boundaries, where mixing of the streamed liquids occurs by diffusion across the liquid-liquid interfaces [26].




2.2. The Fluid Transport


For most microfluidic systems, optimization of the fluid transport within the channels is necessary. Experimentally, the flow can be generated from high volume rates for cytometric applications [27,28] to low rates of pl/s in applications demanding nano- and micro-scaled channels [29]. In some applications the fluid transport can be controlled by the fluid mass transport due to diffusion [30]. This can be explained by the thermal energy when particles spread in the fluid due to Brownian motion. The main methods in fluid transport are pressure-driven flow [31], electro-kinetic flow [32] and fluid transport created by motor proteins [33].



2.2.1. Pressure-Driven Flow


This common method uses either embedded micro-pumps within the microfluidic chip [34], or external pump systems to generate external pressure flow, such as positive displacement pumping [35], or ultra-precise syringe pump systems [36]. The advantage is the ability to control the exact amount and location of the pumped fluid. The limitations are difficulties to achieve smooth fluid flows at very low rates within small channels and the non-uniform velocity profile of the flow [37] as shown in Figure 1A.
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Figure 1. The fluid flow profile within the microfluidic channels. (A) Pseudo-parabolic profile in pressure-driven flow;(B) Uniform velocity profile in electro-osmotic driven flow. 
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The pseudo-parabolic profile shows that the maximal velocity of the fluid is in the center of the channel, and the flow decreases to zero at the walls. The phenomenon can be investigated by software simulations using Navier Stokes equations with proper boundary conditions [38].



In some applications, the control of the fluid transport is achieved by using external pump systems. The pump systems are chosen depending on the quantities to be transported, the behavior of the transported fluid, and the pump system’s influence on the measurements.




2.2.2. Electro-Kinetic Flow


Electro-kinetic transport within microfluidic channel is based on the movement of charged molecules in an electric field. This is performed either by capillary electrophoresis (CE) transport of charged samples relative to stationary fluid, electro-osmosis (EOF) transport of ionized fluids relative to stationary charged surfaces or by combining both techniques, as described below.



2.2.2.1. Electro-Osmotic Flow (EOF)


The fluid transport is generated through microfluidic channel walls of chargeable materials. An electric field is induced when a thin ion-layer of liquid is formed at the wall surface which is oppositely charged to the charge of the wall [31]. The fluid will operate as an electric double layer; a thin layer (Stern layer) of counter ions at the wall and another thicker layer (diffuse layer) of excess charges with the same polarity as those in the Stern layer. The ions within the Stern layer are fixed at the wall and the ions in the diffusion layer are movable.



By applying an electric field across the channel the fluid will move towards the electrode of opposite polarity, starting near the walls and transferring via viscous forces to the convective motion of the fluid. Experimentally, an open channel at the electrodes produces a uniform velocity profile while a closed channel causes a recirculation pattern in which the fluid along the center of the channel moves in a direction opposite to that at the walls, as seen in Figure 1B [32].



Since the flow is dependent on the interaction between the micro channel walls and the driving fluid, a higher efficiency of fluid flow is obtained when the micro channels are less than 100 μm in diameter [33]. This method has been used with different microfluidic devices fabricated from different materials such as glass [35], polymers [36,37] and PDMS (polydimethylsiloxane) [38]. The method is used widely in capillary electrophoresis [39]. However, this method is not qualified for some electrophysiological investigations due to the noise arising from electromagnetic fields [40].




2.2.2.2. Electrophoresis Flow


Electrophoresis flow results from the accelerating force due to the charge of a molecule in an electric field balanced by the frictional force [39]. The induced forces accelerate the charged ions towards the cathode and the anode. The movement velocity of the ions in an applied electric field is expressed by electrophoretic mobility μ = v/E where v is the movement velocity of ions and E is the electric field intensity. Hence the mobility is independent of particle size (for uniform surface charge and electrical field). One approach is to manipulate samples within an ionic buffer solution at a specific pH. The samples, cells or particles, will experience a different mobility that may be separated depending on their size and charge (Figure 2B). However, depending on the channel construction and the used substrate material, a bulk electroosmotic flow component may overlay on the electrophoretic movement of the sample, due to charges induced on the surfaces. Thus, the precise control of surface charge and buffer pH is essential to achieve best possible separation of samples. Another approach is to introduce a polymer gel into the separation channel, which is commonly used for separation of DNA and proteins [41]. The polymer gel creates size dependent electrophoretic movement. The smaller molecules experience less resistance (Figure 2C).
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Figure 2. Electrophoresis approaches within microfluidic systems. (A) Sample movement in free solution;(B) Electrofocusing;(C) Gel electrophoresis. 
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Gel electrophoresis diminishes the diffusion expansion of the separated zones within the microchannels and the electroosmotic flow due to the adsorption of the gel matrix that create neutralized surface charges on the microchannel walls.







3. Fabrication of Microfluidic Devices


Microfluidic devices were initially based on non-polymeric materials like silicon or glass, fabricated by the well-established integrated circuit (IC) production techniques such as photolithography and surface micro-matching due to the equipment availability and the possibility to be integrated with electronics. Glass materials were preferred for their excellent biocompatibility [42,43,44,45,46] and the high tolerance of high temperature and strong solvents [47] that was suitable for application with capillary electrophoresis. However, the drawbacks were mainly the non-optical transparency of silicon, the high cost and the micromachining complexity of silicon and glass materials.



The present research and commercialization have shown advantages with fabrication techniques that are based completely on polymer/plastic materials [48].



The popularity of such alternative materials is mainly based on the low cost, disposability, durability, optical transparency, biocompatibility, simple component-integration (such as interconnections, tubing and fittings), design-flexibility for wide ranges of applications, and chemical or mechanical properties. Latterly, glass, silicon or polymer have been used individually or combined with other material to produce microfluidic systems [2,49,50,51,52,53,54,55,56,57,58,59,60,61].



The reduction of fabrication costs and the optimization time have been improved by rapid prototyping techniques, where device geometries are quickly evaluated [62].



State-of-the-art fabrication techniques of microfluidic devices may be classified into direct techniques such as laser ablation or laser micromachining of polymers [63], photolithography or optical lithography [64], X-ray lithography [65] and prototyping techniques, including hot embossing [66,67], injection molding [68,69], and soft lithography [9].



3.1. Integrated Micromachined Devices


Micromachined devices have shown new advances to control the fluid flow within microfluidic systems, allowing high levels of microchip integration and analytical throughput. Many designs in various applications have been presented over the past ten years. They show a considerable potential for integrated microfluidic devices or systems, including microvalves, micropumps, and micromixers, as described below.



Embedded microvalves improve the function of microfluidic systems by controlling the direction of fluid flow over time. Micropumps for control and manipulation of fluid volumes on-chip are good options to replace external pumps [70].



Microvalves are used to control the fluid flow within the microchannels by changing external parameters. The activation of the valves may be performed mechanically via external pressure that physically alters the PDMS wall [48,71,72,73], pneumatically by using flexible membrane-based valves [49,56,74,75,76,77,78,79,80], or using valves that function as switchers for continuous flow between channels using electroosmotic flow techniques [81,82,83,84]. The flow can be modulated by microvalves based on phase-modification of different materials such as paraffin [77,78,85], aqueous solutions [86], or hydrogels [87,88]. External forces can be applied on single-use valves so that flow is induced or impaired at a critical time point, such as by removing flow resistance [89,90,91] or by breaking apart a portion of a membrane [92,93,94].



Micropumps are used to control the fluid flow in microfluidic systems that can be classified as passive or active devices. The passive devices within microfluidic systems allow the fluid to move spontaneously close to surfaces. They are based on the surface tension of the fluid and the walls of the channels. A promising commercial design for a capillary pump based on this phenomenon has been presented [95]. The limitations associated with the surface tension boundary at the end of the microchannel may be avoided by the surface tension of droplets placed at inlets and outlets of microchannels to drive the flow. The benefits of surface tension-based micropumps are low cost and simple performance, but the time variation of the flow rates makes it unfeasible for automatic flow control [96]. Passive micromixers based on pumping energy are shown in various configurations, such as T-, or Y-shaped, parallel lamination, sequential, focusing enhanced mixers, and droplet micromixers.



The active micropumps operate in different manners using external pumping activities to initiate, control and stop the fluid flow. The advantages are the temporal control of the flow rate and the opportunity to enhance and control more complicated on-chip fluidic functions. The generation of external energy sources for mixing can be performed by using pressure-driven, electro-kinetic, dielectrophoretic, electrowetting, magneto-hydrodynamic, and ultrasound techniques. Most of the well established micro-mixers are based on pressure-driven flows [97].




3.2. Direct Fabrication Techniques


3.2.1. Photolithography


Photolithography is a technique based on the exposure of light on a photoactive material that undergoes a chemical reaction to form a liquid-solid transition. The basic components needed for photolithographic fabrication are a light source, usually UV light of 254–365 nm, a spin coater with programmable speed and time, and a suitable substrate with a photo-reactive material [98].



As shown in Figure 3, a non polymeric solid substrate (glass or silicon) is spin-coated to apply a thin layer 1–500 μm of photoresist, usually SU-8, by centrifugal force. After evaporation of the solvents in the photoresist via soft baking, the substrate is exposed to UV light through a high-resolution mask of plastic or glass film with the desired microfluidic pattern. After baking, depending on which photoresist is used, the un-, or exposed layer of the photoresist is removed using chemical bath development. The desired pattern remains on the substrate forming a positive or negative mold. The light-exposed areas on the positive photoresist are usually soluble. For the negative photoresist, the areas are insoluble. The photoresist is often used to obtain negative molds for PDMS-based microfluidic devices replicated by soft lithography [64].



The advantages of photolithography are mainly the spatial control of light and the high resolution of the microstructured fluidic devices or molds produced. However, some limitations have been reported: lower sealing quality, chemical invariability of the surface, absence of other materials and related photoresists that can be used instead of traditional silicon [99].
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Figure 3. Photolithography to fabricate microfluidic devices. (A) A photoresist is spin-coated on a silicon substrate;(B) The substrate with the spin-coated layer of photoresist is exposed to UV light through a high-resolution mask;(C) After baking and chemical development, the non-cross-linked material is removed, resulting in either a negative or a positive mold. 






Figure 3. Photolithography to fabricate microfluidic devices. (A) A photoresist is spin-coated on a silicon substrate;(B) The substrate with the spin-coated layer of photoresist is exposed to UV light through a high-resolution mask;(C) After baking and chemical development, the non-cross-linked material is removed, resulting in either a negative or a positive mold.



[image: Polymers 04 01349 g003]






3.2.2. The Conventional Surface Micromachining


The Conventional Surface Micromachining technique is based on non polymeric materials, such as silicon and glass, to create high precision 3-D microstructures. A layer of protective organic material is spin-coated on a substrate followed by prebaking and photolithography to produce organic patterns on the surface of the substrate. After removal of the non-crosslinked material, the surface is etched and the material in unprotected portions is removed. Micromachining of silicone substrates is well established to yield precise devices with surface modification techniques, such as plasma deposition [100]. Furthermore, mass production of identical devices is easily realized due to the high automation level for surface micromachining. The disadvantages of surface micromachining are the long production time, high cost, fragility, invariability of the material, and the inability to obtain deep etched channels [101]. Several silicon-based micromachining methods, such as wet and dry etching and other methods have been reviewed [102].




3.2.3. Laser Ablation Micromachining


Laser ablation micromachining is based on the energy of laser pulses to break bonds in a polymeric molecule and to remove the decomposed polymeric fragments from the ablation region. This enables the creation of polymer-based microfluidic structures [103,104]. The depth and width of the channels are adjusted by the laser intensity and repetition of the beam exposure along the same channel. Depending on the energy per laser pulse and the material of the used substrate, the ablation rates per pulse are about 0.1–5 μm [103,104]. Ranges of polymeric material have been used with this method, including PMMA, PS, PC (PET) [105,106]. Bonding of PMMA-based microstructured devices can be achieved by using solvent-assisted gluing, melting, laminating and surface activation. The advantages are the short cycle time of production. The disadvantage is mainly the high cost of manufacturing [107].





3.3. Prototyping Techniques


3.3.1. The Hot Embossing Technique


The Hot Embossing technique is based on a mold of permanent microstructures that is bossed gradually by pressing with a specific force on a polymeric thermoplastic substrate while it is heated slightly above the glass transition temperature (Tg) of the substrate [108]. After cooling, the thermoplastic substrate is released, and contains a glassy or semi crystalline microstructure. The method enables straightforward fabrication of microfluidic devices of single layers and thin channels. However, to produce devices with enclosed channels, bonding of multi thermoplastic layers with heat, glue or other techniques are necessary [109].



The advantages are mainly the ability to fabricate nano- and micro-structures [110] and to use molds for the replication of many devices without degradation [111]. The challenge is to shorten production times per device with faster thermal cycling. Thus, mass scale fabrication of thick devices is more cost efficient. Also, the shallow channels make it challenging to achieve connections within the microchip. Moreover, undercut structures cannot be shaped; therefore assembly of separately fabricated layers is essential for enclosed structures.



Recently, a broad range of improvements has been reported, related to hot embossing techniques. Large-scale hot embossing to create low cost and high quality microfluidic structures has been presented [112]. Using simulation-based modifications, it is possible to improve the demolding forces and to reduce damage, such as shrinkage and warpage of microstructures during demolding. In contrast to standard hot embossing of simple surface structuring, PMMA-based double sided hot embossed structures were linked through holes to the fluidic structure by double-sided aligned mold inserts [113].



Based on functional titer plate-based microfluidic platforms, a 96-well solid-phase reversible immobilization reactor system (SPRI) was replicated [114]. The large area patterned mold inserts were fabricated using an SU-8 based UVLIGA (Ultraviolet Lithography, Electroforming and Molding) lithographic technique with high precision. Leak-free sealing was achieved by thermal fusion bonding of the molded chips. This work was extended to a high throughput, multi-well (96) polymerase chain reaction (PCR) platform, based on a continuous flow (CF) mode using double-sided hot embossing [115]. The hot embossing system combined with a servo pneumatic system during a rapid thermal cycling to form force feedback was achieved due to the low thermal mass in the forming area [116].



A novel infrared (IR)-assisted roll-to-roll embossing method of two micropatterned metallic rollers was developed for replication of microfeatures onto flexible polymer substrates. IR radiation energy was used to produce thermal heating to melt the polymer substrates during hot embossing and replicating the microstructures [117].




3.3.2. Microinjection Molding


With similar procedures as used for the commercial macro-scale injection molding, a thermoplastic polymer is liquidized by heating and injecting under high pressure into a high precision mold cavity. The mold is rapidly cooled below the Tg of the polymer and the finished device is ejected. The benefits are the rapid mass production, the geometrical quality, and the multi-level structures with different depths. The challenges are to reduce the cost of the high quality molds and to assemble separate layers for the construction of closed microfluidic devices [118]. Mass replication of polymeric microstructures using a conventional injection molding process with mold inserts of wet-etched silicon wafers have been optimized [118].



Another approach is to improve the injection molding process with high temperature and rapid thermal response to enhance the quality of plastic injection without increasing the total cycle time [119].



Mass replications of plastic microfluidic chips with interconnecting ports and holes were fabricated by a microinjection molding process using mold cores with pin structures [120].




3.3.3. Computer Numerical Control (CNC) Micromachining


Computer numerical control (CNC) micromachining [121] is used for fabrication of PMMA-based microchips. Most analytical microchips require features with dimensions in the order of 10–200 µm. Such tolerances are possible with CNC milling as a standard fabrication technique. The conventional CNC milling is used to fabricate prototype microchips for straight use or structured molds of harder materials for rapid generation of analytical microchip platforms via PDMS casting or hot embossing. In some applications, the CNC machines may be combined with microscopic surveillance to yield microchips with accurate tolerances on milled structures in the order of 2–10 µm [122].



Prior to any milling, drilling, or cutting, the desired tolerances of the vertical and horizontal positions of the mill should be adjusted relative to the surface of the block of PMMA or other materials. For accurate aspect ratio features, the depth of the feature, the z-axis, is pre-calibrated. The size and shape of the desired micro channels are achieved by using cutter drills with different tips related to the desired features. To achieve the best tolerances, test modules are pre-fabricated and investigated under commercial microscopes to monitor the desired sizes and features.



The advantages of this method are low cost of material, the ease to create milled designs quickly, and the availability of CNC machines at universities or at commercial workshops. The disadvantages are the poor surface quality, low yield strength, substrate hardness, and poor tolerances [121]. In addition, the inability to assemble the tolerances required for analytical microchips with features <10 µm is one of the most significant limiting factors of CNC milling for lab-on-a-chip devices.



Many studies have reviewed experimental and modeling aspects of micromachining processes, specifically micro milling [123,124,125]. Micro factories, micro-, and ultra-precision machine tools have been designed and developed for micromachining applications [123,124]. Numerical and analytical modeling of different aspects of micro milling has been investigated extensively [125].



Microchip electrophoresis devices based on PMMA were fabricated by hot embossing from mold masters fabricated rapidly via high-precision micromilling. Numerical simulations were used to determine the effects on injection plugs (i.e., shape, size, concentration profiles) due to the curvature of the corners. The sidewalls of the polymer microstructures were characterized by a maximum average roughness of 115 nm and mean peak height of 290 nm. PMMA microchip electrophoresis devices were used for the separation of double-stranded DNA. The plate numbers achieved in the micromilled chips exceeded 1 million/m, compared to the plate numbers obtained for the LIGA-prepared devices of similar geometry [126].




3.3.4. Soft Lithography


Microfluidic devices of polymeric thermoset microstructures of PDMS are formed by molding against a negative image of the desired structure [39,127]. Usually they are fabricated by photolithography using silicon or glass, depending on the desired resolution and the number of replications that the mold must withstand. A typical production process is schematically described in Figure 4. The resulting devices have many attractive properties, such as chemical inertness and facile bonding to glass or other layers of PDMS, i.e., multiple layers which enable efficient fluid flow pumping schemes [40].
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Figure 4. Replication of PDMS based microfluidic devices produced by soft lithography. (A) The needles are located in connection with the channels prior to pouring PDMS into the mold; (B) The needles are removed, and the finished microfluidic system is released from the mold after thermal curing; (C) The microfluidic system is placed on a cover glass. 
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The surfaces can be modified compared to other materials to achieve hydrophobic to hydrophilic transformations through oxygen plasma treatment. However, plasma-treated surfaces will maintain the hydrophilicity for only short laboratory experiments and device verification. The limitation of the quick hydrophobic recovery of PDMS surfaces has been addressed either by attaching larger molecules to the surface for increased durability of the surface or by network forming modification to increase the surface stability [40].



The main disadvantages of soft lithography are the invariability, and that they are incompatible with non-polar solvents that may block the channels or cause cross contamination of adjacent fluid streams. Furthermore, PDMS is usually thermally cured and patterned through material exclusion against a negative-image mold. The connections, such as channels and reservoirs within the layer, are often manually fabricated with needles placed before pouring the PDMS, as seen in Figure 4, or by hole-punching in the finished microfluidic device, which may reduce the precision and repeatability.





3.4. Bonding: Complementary Step for Fabrication of Microfluidic Devices


Bonding of polymer substrates is a challenging and critical issue in fabrication of functional microfluidic devices. The general methods of bonding are mainly the thermal compression at higher temperature up to Tg. Bonding by chemical modification of substrate surfaces using plasma treatments (UV/O3) are traditional methods for bonding of PDMS. Alternatively, adhesive bonding by gluing (e.g., UV curable materials) or using curable epoxies can be used [128].





4. Microfluidic Applications in Pharmaceutical, Biological and Biomedical Engineering


4.1. Manipulation of Biological Cells on-Chip


During the last few years, the manipulation of biological cells in microfluidic devices has increased widely in biology, medicine and biotechnology. The manipulation of biological cells makes it possible to move the sample without coming into physical contact within a closed microfluidic system. Most touch-free manipulation techniques can be easily integrated into existing setups, making them widely usable. The main methods are presented in the following sections, with some detailed descriptions on the common applications in cell biology.



4.1.1. Magnetic Manipulation


Magnetic manipulation is a contact-free method and uses magnetic forces induced by external or embedded magnetic fields [129] to manipulate magnetically labeled biological cells. The cells are labeled magnetically by attaching nano-paramagnetic beads with high selectivity. The magnetic beads can be functionalized with antibodies, peptides or lectins to interact with the biological cells [130]. Typically, the diameter of the chosen magnetic beads is about 10–100 nm to guarantee minimum damage to cellular function or cell viability [131].



Designs of various microfluidic cell sorters have been presented using embedded ferromagnetic wires [131], micro-electromagnetic matrix [132] or plastic-coated steel wool to avoid cell damage [133]. The method has been applied to control the efficient manipulation and treatment of red blood cells [134]. Another approach improved the trapping efficiency of relatively rare cells in blood samples by magnetically trapped beads within open tubular capture beds [135]. Escherichia coli (E-coli) bacteria can be magnetically separated from solutions and blood by a mixer within the microchannels [136]. Other designs of microfluidic chips with integrated micro magnetic stripes and super-paramagnetic nanoparticles for cell separation have been reported [137]. A microfluidic device with parallel magnetic lines along the flow chamber to capture, guide, and move the magnetic-labeled cells [131,135,136,137] and local magnetic fields created by an orthogonal array of electrical wires [133] have been demonstrated successfully. The advantages are the parallel sorting (multiple cells per time and location) and cost efficiency. The disadvantages are the low sensitivity and selectivity to trap rare cells [133], the long-time and sensitive procedures for magnetic labeling and releasing of the beads. Commercialization of the technique has been presented as a Magnetically Actuated Cell Sorter (MACS) by Miltenyi Biotec GmbH, in Germany [138].



In other designs, a quadrupole magnet surrounding the flowing cellular solution enables the deflection of magnetic-labeled cells in desired directions [139]. A magnetic cell sorter based on free-flow magnetophoresis is used to separate cells based on variable receptivity of magnetic material between different cell populations [140]. These methods show drawbacks mainly due to cell adhesion, low throughput, and low recovery due to the number of beads attached to the cells [135].



Magnetic separation of label-free blood cells based on their local magnetic properties has been presented [141]. Using a constant magnetic field to separate cells based on the inherent magnetism of each cell in a population was demonstrated by magnetophoresis of red blood cells and labeled human lymphocytes [142,143]. Red blood cells that are diamagnetic were separated from white blood cells that are paramagnetic or diamagnetic [144]. The method is hygienic, flexible, non-invasive, and may be adapted within various microfluidic systems for a variety of cell manipulation applications.



In contrast to the optical and electric field manipulation techniques, the magnetic field is basically permeable to biological tissues and cells, and it is not expected to interfere with cell function. It has also been shown that the magnetic particles do not influence viability or function of the labeled cells [122,131]. One principle of magnetic sorting can be seen in Figure 5.
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Figure 5. Schematic of DNA stretching by attaching a magnetic bead to one end of the DNA molecule while the other end is fixed onto the surface of the cover glass. 
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The drawbacks are mainly the weak aligning force, which can be improved by a high presence of molecules within the sample, and the high magnetic susceptibility [145].



Additionally, manipulation of individual magnetic beads requires more complicated control over the external magnetic fields. Furthermore, the efforts to optimize magnetophoretic conditions for manipulation of biological samples are still insufficient for broad applications [146].




4.1.2. Mechanical Manipulation


The mechanical manipulation of biological cells on chips is challenging due to the physical conditions. To understand the physical behavior of cells, structure-function interactions require knowledge from biological, biophysical, and biochemical fields. Cell mechanics and physics describe the way that biological cells are moved, deformed, sensed, generated, and how they interact and respond to mechanical forces [147,148,149,150].



Cell analysis and separation are the major application of on-chip mechanical manipulation. Microfluidic devices with structures such as micro-filters [147,148,149,150] have shown poor selectivity and are hence limited for cell-based applications. Micro-well structures [151,152,153] such as micro-grippers are used for single cell manipulation without damage to the cells but are complicated to produce [154]. By using etched dam structures along the microfluidic channels in the fluid flow direction it is possible to allow biological cells to be moved, docked and aligned in desired locations [38,155]. In other microfluidic designs with similar functionality, etched structures of multi-shape and height grooves on master-slabs are positively replicated onto the PDMS to create protruding features with different heights, called “sandbag” structures [156]. The techniques require simple fabrications procedures and offer the potential to control cell transport, to immobilize cells, and to dilute analyte solutions to generate a concentration gradient with minimal stress. Hence, this technique may be useful for upcoming applications in microfluidic cell analysis. Some approaches involve reactive-coating of the inner surface of the microfluidic channels [157,158,159] with antibodies [160,161], with selectin (cell adhesion molecules) [162] or with enzymes [163]. These coating techniques use cell adhesion to enable trapping of cells with fairly low immobilization.



Arrays of rectangular mechanical filters within microfluidic channels have been used for trapping various types of cells found in blood [127,164,165]. In another design, hydrodynamic forces have been used to move and filter the blood cells through a pattern of channels [164,165]. A limited volume surrounded by vertical silicon slabs has been used as a microreactor volume to trap particles [166]. Micro-patterned filters can be used to separate white blood cells from blood, where genomic DNA targets can be directly amplified by PCR on the filtered cells [40]. Size-based microfilters have been reviewed including Weir filters, Pillar filters, Cross-flow filters combined with continuous flow (CF) and membrane filters for mechanical separations of blood cells and DNA molecules [167,168]. The efficiency of microfilters and the simplicity to be integrated within microfluidic systems has been evaluated [167,168].



The sticky tendency and transient tethering of cells has been used as a biomimetical method for cell separation based on micro-structured channels [162]. Another approach using micropipettes to seek cells and draw them out of an optical trap is an interesting tool to manipulate individual cells [169]. The technique is based on microfluidic channels designed with integrated pipettes in custom-made holes. First, a buffer with beads flows into the channel where single beads are optically trapped, moved and held on the circular-shaped top of the integrated pipette. Then a solution of DNA molecules flows through the channel until one molecule sticks to a single trapped bead. Continuous flowing enables a second bead to be connected to the DNA molecule. Thereafter, the stretching experiments on an assembly of DNA molecules have to be performed separately [169].




4.1.3. Electric Manipulation


The ease to create and structure a micro-scale electric field on a microchip has been shown to be an alternative method to manipulate biological cells in various applications. The advantages are speed, flexible control and automation. The applied electric fields, depending on the nature of the experiments, are DC fields for electrophoresis of charged particles, AC non-uniform fields for dielectrophoresis (DEP) of polarizable (charged or neutral) particles and AC combined with DC for manipulation of charged and neutral particles. Electrophoresis is described as the motion of dispersed particles relative to a fluid flow generated by a spatial and uniform electric field [170]. The technique is used in combination with electro-osmosis fluid flow for the electrokinetic transport and separation of cells in microchannels [42,171,172,173]. Due to the similar electrophoretic motilities of most biological cells, the applications of electrophoresis for manipulation are limited and almost exclusively used for pumping (electroosmotic flow, EOF).



Dielectrophoresis (DEP) [174,175] is based on non-uniform electric fields that induce polarization of uncharged particles that experience lateral motion. A DEP trap is usually produced by an electric field gradient with an array of planar metallic electrodes connected to a power supply, or free-floating in the presence of an AC field [176]. DEP enables the parallel electrical manipulation of micro- and nano-biological cells, DNA, proteins and nanoparticles. An improvement was achieved by electrodeless DEP (EDEP), which allows the application of a high electric field without gas development and allows an increase of the dielectric response at low frequencies (<1 kHz) [139]. DEP has been reported successfully in applications on microfluidic devices to separate and manipulate a variety of biological cells such as bacteria, yeast and mammalian cells [177,178,179,180,181,182,183,184,185,186,187,188,189,190,191,192].




4.1.4. Acoustic Manipulation


Acoustic manipulation of biological cells uses radiation forces formed by interactions from ultrasonic gradient fields that generate acoustic scattering from the cells. The principle of acoustic manipulation is shown in Figure 6.
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Figure 6. Schematic view of a device for particle size sorting. Suspended particles from a solvent such as blood cells from plasma are sorted using two parallel transducers close to the main channel to produce a field of the ultrasonic standing wave. The particles in the solution, affected by the ultrasonic standing waves, are directed to one side of the channel while the diluted solution flows via the central channel to the outlet. 
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Acoustic manipulation can be combined with microfluidic systems. The acoustic manipulation generates potential wells of ultrasound that are relatively high, which lowers the accuracy of spatial 3-D manipulation of individual cells. Ultrasonic forces may allow manipulation of cells without damaging their viability by using low-power ultrasound waves [193]. The method is usually used as a complement to other manipulation techniques such as optical, dielectrophoretic (DEP), and magnetic trapping.



Acoustic based microchips of multilayer resonant configurations have been designed for cell culturing experiments [194]. The application area for acoustic trapping is mainly to study cell cultures in perfusion systems and related properties, such as non-adherence behavior. This allows for a controlled cell microenvironment, and it is possible to design systems for in vitro studies of cell or microorganism behavior and proliferation. One important issue with ultrasonic trapping is cell viability. Studies have shown that acoustic trapping of biological cells does not affect the viability of the cells [194,195,196]. Acoustic trapping has been used to culture yeast cells [195], study the effect on inherent agglomeration for in vitro cell–cell interaction studies such as cell adhesion dynamics [196,197,198], long-term culturing [199], and investigation of cell viability and proliferation such as for Hep2G cultures in alginate-gel [200]. Successful acoustical trapping of microparticles has been shown in a flow chamber under environmental control, while Raman spectroscopy was used to detect, distinguish and monitor the chemical reactions in real time [201].




4.1.5. Optical Manipulation


The combination of microfluidic systems with optical techniques has shown great potential to manipulate and investigate single biological cells optically in various applications such as cell trapping, sorting and analysis without contact or contamination.



Optical tweezers [202] are well known trapping techniques that use the radiation of laser light to induce forces acting on dielectric particles such as biological cells in three dimensions. Experimentally, a stable optical trap is achieved by focusing a laser beam strongly through a high-numerical aperture (NA) microscope objective onto the sample. The trapped object is usually manipulated by moving the trap and/or the sample stage with high precision.



Successful results have been presented with optical tweezers combined with a microfluidic system, where single yeast cells are separated, positioned, immobilized, and then cultured successfully in a thermo-sensitive hydrogel within the microchannels [203]. The growth of the embedded cells was examined under a microscope and the viability of a specific single cell was confirmed in real time [204].



Using multi-microwell arrays of 25 to 30 μm diameter on the bottom of 3 mm wide microfluidic channels, individual cells have been picked up from the wells using optical tweezers under microscopic visualization [204]. The cells were injected into the channels, sedimented into the wells, and inspected, while cells outside the microwell array and unneeded cells were removed optically. Trypan Blue exclusion was used to demonstrate cell viability and to maintain the sticky tendency of the cells at the bottoms of the microwells [204].



Optical tweezers have been used to stretch or tie bio-filaments such as DNA or actin by attaching and trapping beads in the ends of the filament using dual optical tweezers [205]. This was employed to investigate the elasticity of a DNA filament using a custom-designed laminar flow fluidic system with parallel flows and rapid exchange of buffers during the experiment [206].



The use of holographic tweezers or computer-controlled spatial light modulators makes it possible to trap, manipulate and investigate several biological objects simultaneously with a single laser under controlled environments [207].



Single bacterial cells in micro-cultivation have been isolated and placed in microchambers to study the reproducibility of genetically identical bacteria under varied environments through the microfluidic system [174]. High throughput was achieved by using vertical cavity surface emitting lasers (VCSEL), as multi-trapping and manipulation devices [208,209]. The limitation is the lower trapping strength [210]. Cell sorting was achieved in high efficiency by using optical polarizability of particles with an extended, three-dimensional optical lattice within the microfluidic system [211].



A portable microfluidic device combined with Raman spectroscopy has been presented. The method is based on chip-embedded waveguides in optical fibers to enable the detection of noise-free and fast acquisition of Raman spectra of analytes within the microfluidic chip [211].



Resonance Raman spectroscopy, optical tweezers and microfluidic systems have been combined to mimic in vivo conditions in an in vitro milieu. Globin-containing cells were investigated within a microfluidic system related to their sensitivity, photo-induced effects and uptake and release of oxygen [212].



A new concept of a multifunctional gas-tight microfluidic system combined with optical tweezers and optical spectroscopy for electrophysiological investigation of single biological cells has been presented [213]. A patch clamp micropipette was integrated at a fixed position within the microfluidic chip. A red blood cell (RBC) was trapped and optically steered until it became attached to the pipette tip, while different oxygenation states of the RBC, triggered by altering the oxygen content in the microchannels through a pump system, were optically monitored by a UV-Vis spectrometer [213].




4.1.6. Flow Cytometry on Microfluidic Chip


The commercial potential to sort cells rapidly and the possibility of mass-produced cell sorter devices became accessible in the early 1970s. The method is used to count and investigate biological cells moving within a fluid to be detected by electronic devices. The physical and chemical properties of huge numbers of biological objects per second are simultaneously multi-parametrically analyzed. The applications are found mainly in the diagnosis of health disorders, blood cancers, and purification of cell populations for both research and clinical areas.



Flow sorting allows individual, physical and chemical analyses of biological objects passing through a light source. A cell or particle of interest can be separated from a heterogeneous population after analytical identification by cytometry using a flow sorter. Historically, flow cytometry was based on a photoelectric apparatus for microscopic counting of individual biological cells flowing through micro tubes [214]. This was followed by using hydrodynamic forces to position the cells in the center of the fluid flow [215]. More demonstrations and improvements of the flow cytometer have been presented [216,217,218,219]. It is essential to offer important biological information about cell volume, DNA and proteins in many types of biological cells. Valuable reviews of cell sorting techniques have been reported [220,221,222,223,224].



Multi-parametric analysis by flow cytometry is a powerful tool to identify, separate and study specific individuals from a complex population. For example, the composite of observable characteristics of an organism could be identified by a specific antibody-antigen interaction including, e.g., measurements of DNA and RNA content [225] of cells, functional characteristics of ion flux and pH [226], and cell reactions such as apoptosis and cell death [227].



Under sterilized conditions, flow cytometric methods have been used to isolate specific cell populations for culturing [228]. Cell sorting can be used for functional assays [229] or for transplantation of animal tissues in the laboratory [230] or the study of human T-, and B-cells from patients [231], or for sperm sorting for subsequent insemination and sex selection [232]. Different types of organisms have been studied using flow sorters for yeast [233,234,235], bacteria [236], phytoplankton [237] and sub-cellular organelles such as the Golgi complex [238] or chromosomes [239]. Flow sorting has shown the benefit of isolating large numbers of specific chromosomes from humans during the human genome sequencing project, as well as for other primates [240], plant species [241], and more recently in the production of chromosome paints [242]. Flow sorters have also shown their advantages to sort specific subsets of cells for microarray analysis [243], to sort single particles into individual wells of a plate for cloning [244] and to perform polymerase chain reaction (PCR) analysis [245]. To enable cell transport or sorting on microfabricated chips [246], hydrodynamic [247,248] electro-kinetic [42], electro-osmotic [173,249] and DEP forces [177,194] have been used.



Another approach has shown the possibility of performing magnetic and fluorescent-activated sorting using laminar flow switching in microfluidic devices. Magnetic particles have been sheathed with two buffer streams and separated from non-magnetic particles by the deflection in a magnetic field gradient. A photomultiplier tube (PTM) has been used to detect the fluorescently-labeled particles. The PMT switches a valve on one of the outlets of the sorter microstructure and selects a particle by forcing it to the collecting outlet [247].



Another microfluidic device was designed for cytometry of fluorescently labeled E. coli samples in surface coated channels to reduce cell adhesion. Focusing was performed electrophoretically without electroosmotic flow [42].



Parallel luminescent single cell assays on a microfluidic chip have been developed to sort populations of cells upon the dynamic functional responses to stimuli. A DEP-based regular array of single cell traps has been designed to confine and hold the cells against disrupting fluid [249].



Disposable sorting on microfluidic chips using an electrokinetic fluidic flow was demonstrated for effective sorting of micro-beads and bacterial cells with a high throughput of 20 cells/s [177]. However, the limitations with such an electrokinetic mechanism are incompatibilities and frequent changes of voltage settings, uneven pressure, evaporation, and that ion depletion occurs within the buffer.



In another cell sorter, switching valves, dampers and peristaltic pumps have been integrated into the channels to improve the throughput, buffer compatibility, automation and cell viability [250].



Based on microfluidic devices for centered cell analysis and sorting [177,251], high centered cell sorters have been developed [252,253]. In one design, single cells are suspended and floated without restraint in microfluidic channels along a focal plane of an electromagnetic field created by a 3-D electrode pattern. Stable trapping of single cells in dielectric fields in the flowing medium is performed, while spectroscopic and microscopic measurements are acquired. The trapped cells are assessed and analyzed based on their fluorescent properties. This combination of 3-D electromagnetic field with high-resolution fluorescence enabled the cells to be loaded with a supplementary agent, i.e., calcein [252].



In another interesting approach, impedance spectroscopy has been used for cell sorting. Two different frequencies of the real part of the impedance are used to effectively differentiate erythrocytes from ghost cells with a transit time of one millisecond [254].



Cell counting with a prototype of a Coulter counter has been presented. The flow of non-conductive liquid surrounds the sample liquid and changes the ratio of the flow rates of the two liquids to adapt to the diameter of the Coulter aperture [255].



A micro-cytometry system for human pathogen exposure to monitor leukocyte populations has been presented [256]. A flow cytometric detection device on-chip has been demonstrated as a novel approach, based on a laser-induced fluorescence detection system, combining solid state laser detection with microfluidic technology [257].




4.1.7. Cell Analysis


Microfluidic-based devices for cell analysis give the benefits of reduced cell consumption, reduced reagent consumption, and easy reproducibility. Analytical systems have been used for controlled cell transport and immobilization, and for dilution of an analyte solution to generate a concentration gradient. The microchips allow the measurement of cellular processes while the cells are exposed to a concentration gradient of the test solution and real time monitoring is performed [38].



Along with the ongoing progress in the field of gene manipulation, cloning, in vitro fertilization, handling and manipulation of individual livestock embryos on-chip, pre-implantation of individual mouse embryos have been tested and transported through a system of channels to selected locations [258]. The selection and mobility of sperm have been studied using antibodies that are attached within the microchannels [259].



Cell shapes related to growth, gene expression, extracellular matrix metabolism, and differentiation have been studied by cytometric and chemical analysis of the visco-elastic behavior of the red blood cell membrane while the cells were flowing in microfluidic channels [260].



Chambers for mammalian cell culturing can be based on topographically-patterned capillaries. Cells are cultured inside capillaries that have flat surfaces. The cells spread equally in all directions [261]. The attachment of cells on smooth surfaces has been studied on astroglial cells of different shapes and sizes of silicon material while techniques such as reflectance, fluorescence, confocal light microscopes and scanning electron microscopy have been used to quantify the cell attachment [262].



In another approach, laminar flow in a microfluidic system has been used to induce steady shear stresses on adherent cells to study cell adhesion on biological substrates [263]. PDMS-based microfluidic capillary systems have been used to study the growth of E. coli bacteria in real time on chips using fluorescence microscopy [264].



Due to the excellent permeability of PDMS to oxygen and carbon dioxide, microfluidic channels have been used as culture vessels for ovary cells that are examined visually [265]. Cell stimulation and observation of the immediate cell responses in vivo have been studied using a microfluidic system with a scanning thermal lens microscope detection system and a cell culture microchip [266]. The detection of non-fluorescent biological cells with high sensitivity was achieved.



Cell-based biosensors have shown their advantages for sample preparation, control of the biological environment, and electronic device integration for data analysis. The development of the system with an integrated silicon-PDMS cell cartridge, including digitalized interface, temperature control, microelectrode electrophysiology sensors, and analog signal buffering, have been described [267].



A system to provide both cell culturing, and impede- and potentio-metric characterization on a chip has been developed [268,269]. A similar system of microchannels for culturing, stimulation and neural cell recording has been presented where the fluidic channels are used for local and fast delivery of drugs to the cells [270].



A chip-based patch clamp is used to understand the role of ion channels in a single cell in human physiology and to develop therapeutic assays [271]. To date, electrophysiological measurements such as a patch clamp are accurate enough to provide detailed information about the ion channels, but the method is still slow and too complicated to be automated. The goal of a microfluidic-based patch clamp is to replace conventional patch electrodes with a planar array of miniaturized recording boundaries on either a silicon, polymer or glass substrate. Such devices have been shown to enable real-time electrophoretic self-positioning of charged lipid cell membranes over micro-sized holes [272]. It was possible to obtain stable gigaohm seals for electrophysiological investigations of the cells. The devices could potentially be mass-fabricated with defined geometry and material properties by standard silicon technology to perform multiple recordings on a single chip. A demonstration of patch clamping in a microfluidic device was performed by 3-D silicon oxide micro-nozzles in which the cells were positioned by applying negative pressure through the hollow nozzle [273]. In another approach, an electrophysiological-based multifunctional microfluidic system with an integrated multi-electrode structure has been shown to perform whole-cell patch clamp and general extracellular stimulation, and the recordings were combined with impedance spectroscopy [274].



Chip-based fluorescence microfluidic systems can be used for the detection of membrane potentials of individual cells [275]. In this study, the pseudo-ratiometric transform in fluorescence was examined upon membrane depolarization or hyperpolarization. Cells within the microfluidic channels were detected after mixing with compound solutions which enabled higher throughput. The influence of microchannels on neurite growth and architecture has been investigated [276].



Nowadays, the commercialization of the microfluidic-based patch clamp solutions for ion channel analysis are sold by companies such as Sophion Biosciences (Ballerup, Denmark), Molecular Devises (Sunnyvale, CA, USA) that have incorporated Axon Instruments and Cytion, AVIVA Biosciences (San Diego, CA, USA).




4.1.8. Cell Culturing


Traditional culturing experiments in cell biology are performed by macroscopic culturing methods using ECM-coated Petri dishes. Microfluidic systems offer the opportunity to scale down the systems to the cellular level [264], which can improve the in vivo conditions of the cell culture. The micro scaling of devices essential for various biological applications enables control over factors related to growth concentration, chemical and mechanical stimuli, and the downscaling forms a locally stable cell microenvironment for cell cultures [277]. Compared to traditional culture methods, microfluidic systems offer possibilities for multi channels or chambers, control of cell colony mutation, multifunction processing of medium exchange and substrate patterning, integration of stimuli and measurement element (e.g., mechanical, electrical) [278,279].



Microfluidic systems for cell culturing are mainly fabricated with silicon, PDMS, and borosilicate. The materials have been tested on embryo cultures and have shown great potential for in vitro production of mammalian embryos within microfluidic systems [280]. Another study has shown that microfluidic bioreactors are efficient for perfusion culture of fetal human hepatocytes (FHHs), which is promising for future liver tissue engineering [281].



Microfluidic devices for bacterial culture have been presented with integrated chemostat and medium regeneration for long-term colony culturing under controlled conditions [282,283]. Cell culture arrays have been developed with integrated gradient generators to monitor fluorescence gene expression in several independent bacterial colonies with different environments [284]. The viability of cells was enhanced for several weeks by using arrays of multi chambers with independent culture environments [285].



Combining hydrogel with PDMS into a hybrid device imitates the 3-D cellular environment [286], which has been successfully applied to produce 3-D-ECM matrixes of aligned fibers for endothelial cell cultures [287].



Microfluidic system devices have been shown to regulate topographical features in PDMS and multiple laminar flows of etching fluids in capillaries [261]. In another design, a PDMS-based microfluidic system for cell culturing has been designed. Channels with high aspect ratios were included within arrays of microfluidic chambers, and these channels allow continuous perfusion of solutions. The system offers possibilities to localize the cells inside the microfluidic chamber and enable cell growth in a homogeneous microenvironment [288]. Many other microfluidic devices for enhanced cell growth, culturing and micro-environmental changes with various perfusion systems have been reported [289,290,291,292,293,294,295].



New designs of 3-D-structured microfluidic systems for cell culturing have been presented [296,297,298]. Some use alternative biocompatible materials [299,300]. A novel method of fabrication of non-contact 3-D photo-thermal etching uses infrared focused lasers with wavelengths of 1480 nm [296] and 1064 nm [301] to create micro-structured agar for cell cultivation.



Droplets at a channel junction were applied to generate high parallelized fluid segments. The concept was demonstrated for cell cultivation to manipulate cells within the channel junctions [301]. By integrating a microelectrode array within the microfluidic channels for cell culturing, the electrophysiological activity of cells could be recorded [302].



One approach to study single cells within a cell culture in a microfluidic system is to monitor individual cells without noise due to population heterogeneity of the culture [303]. A commonly used method is to pattern adhesive patches on the substrate, and for less adherent cells, individual hydrodynamic traps can be combined with continuous flow [304] and fast media switching [305] for single-cell experiments. One application using those methods applied a microfluidic device for automatic positioning of individual single Hela cells [306], and trap arrays were designed for interaction assays between two different cell types [307].




4.1.9. Cell-Based High Throughput Screening (HTC)


HTS devices enable large-scale screening of huge amounts of chemical compounds that are compared to specific molecules in the compound chemical library in a relatively short time [308,309,310,311,312,313].



Traditionally, biological cell-based assays are performed using titer multi-well plates to enable handling of the large library of chemical compounds. However, miniaturizing the titer plates to micro scale volumes offers opportunities for robust, precise and rapid methods, which save time and cost [308,309,310]. For this reason, various microfluidic systems have been developed for continuous high screening assays by designing single chips that enable both manipulation and analysis of compounds [311]. Microfluidic technology offers the potential for miniaturization and therefore parallelization of experiments [312]. For example, microenvironments can be controlled in high-throughput screening by miniaturized microfluidic cell culturing systems. A high-throughput microfluidic platform for high parallelized protein interaction measurements capable of detecting transient interactions has been designed. A chip with thousands of individually-programmed reaction chambers using microarrays integrated within the microfluidic system has been presented [312]. Cells are loaded precisely, based on the control of the cell density. Each chamber is fed with complex mixtures of components, while optical readouts of each chamber are highly automated. The study investigated the differentiation of human primary mesenchymal stem cells (hMSCs) with various seeding densities and duration of stimulation. It was shown that the complex culturing conditions were difficult to achieve using classical high-throughput culturing methods with multi-well plates. The design of higher parallelization systems with these multiple cell reaction chambers in single cell measurements with high temporal and spatial resolution provides more knowledge about cellular responses to these micro-environments [312]. One approach is 3-D chips with microfluidic valves, a system of 16 independently addressable cell culture chambers in one array that are loaded with hydrogels and stem cells [313].



Micro-beads composed of hydrogels, cells and test compounds have been produced in microfluidic systems with a stop-and-flow lithographic method or via microfluidic droplet generation [314,315].



Hydrogel microbeads formed as crosslinked microdroplets include liquid gel in the presence of cells [314,316,317,318,319,320]; these have been fabricated from a rapidly-polymerized and dense alginate [318,319,320,321]. These approaches have strong potential to be used in biosensors, cell sensors, drug delivery systems, and cell transplantation applications, such as the encapsulation of cells in alginate hydrogels with a high monodispersity. This demands extensive incubation channels for gradual polymerization and soft hydrogel systems [322]. This microbead method has shown that the growth of some types of stem cells is weak in such cross-linked hydrogel systems.



One approach has been to design a droplet-based microfluidic system that allows for the generation of thousands of uniform droplets speedily, and each single droplet can function as a nanoscaled titer plate. It is based on the injection of solutions into a stream of a carrier fluid such as oil within the chip, and hence, due to the non miscibility of the oil and the liquid, they meet and emulsify reproducibly at a very high frequency [323]. This valuable idea has been implemented for various operation mechanisms [309,310,324,325,326]. This technique has shown to be convenient for cellular drug analysis with high throughput by gathering biological cells in self-assembling configurations [327,328,329].



Microfluidic systems have been widely used for the patterning, culturing and stimulation of cells, together with high-throughput cellular investigations in a single device [330]. Microfluidic systems have also been shown to offer precise control over the cellular microenvironment due to precise fluid handling [331]. One presented approach is a single chip where enzymatic assays in picoliter-scale droplets are used to perform high-throughput drug screening [332,333,334].




4.1.10. Tissue Engineering Models on Microfluidic Chips


The topic of tissue engineering includes mainly in vitro reconstruction of tissue or organ function. Microfluidic systems may offer opportunities to facilitate such applications. Lately, a generation of artificial lung tissue has been produced on a microfluidic chip with an immunological functional bi-layer of endothelial and epithelial cells on two sides of a porous PDMS membrane [335]. The system has been used as a model to investigate the toxicity of nanoparticles [336] by imitating the deformation of the bi-layer that activates the dependent uptake of nanoparticles by the epithelium.



3-D tissue models, such as bone marrow, use advanced biomaterials that can be photo-polymerized by microfabrication techniques such as photolithography, to create complex patterned structures [337,338,339]. Microfluidics can also allow precise configuration for micro-tissues on chip models [340] or 3-D micro-tissues off chip using hydrogel microbeads [341]. The challenge to create functional artificial tissues is the 3-D patterning of manifold types of cells into a tissue-like structural design. The control of components of 3-D co-culture spatial systems by microfluidics is valuable [342,343,344]. An approach using a hydrogel bi-layer of hepatocytes and endothelial cells has allowed the imitation of interstitial flow for the formation of tissue-like structures by the hepatocytes [345].





4.2. Biocompatibility and Cell Viability within Microfluidic Systems


The most important topics in biological cell applications within microfluidic systems are biocompatibility and cell viability [346]. The investigations of adhesive properties of biological cells on chip have shown that there are no negative influences on the cellular conditions and behavior [347]. Other studies have shown that PDMS-based microfluidic systems can maintain normal cell viability for several weeks [348,349,350,351]. The biocompatibility of microfluidic systems based on other materials such as silicon oxide, PDMS and glass were investigated, and all showed good cell viability [347].



Another important issue is to design and fabricate a microfluidic system to ensure delivery and diffusion of gases such as carbon dioxide and oxygen. For glass-based systems, the delivery is performed usually by gas dissolution within the liquid, while for PDMS-based systems, the gas-permeability through the PDMS surfaces is sufficient. Furthermore, the cell viability within a PDMS-based chip was investigated by varying the thickness of the material from a few micrometers to a few millimeters. This study showed no observable effects on cell viability [352,353].



Another important topic is to investigate the shear stress on biological cells. Depending on the type of the investigated cell, the shear stress should be monitored and/or controlled under cell culture conditions [354,355]. One example is to design microfluidic channels with flexible dimensions to easily change flow stress if necessary.



In addition to the fluid flows, applying external fields within microfluidic systems, such as for cell manipulation, should be considered and related to cell viability. Studies have shown that cell sorting by dielectrophoresis [185] and optical trapping [356] does not disturb the physiological conditions of the cells if great care is taken. This is especially important when applying optical tweezers. Many studies deal with the photoinduced effects caused by the trapping lasers, and for each new application, viability studies should be performed [357]. Acoustic methods for cell manipulation within microfluidic systems, such as using ultrasound, have been reported to be without significant effects on cell viability [358].



Studies have shown good viability of living cells when grown on cellular microenvironmental chips [359,360,361,362,363,364,365,366,367,368,369,370]. Microfluidics replaces the parallel plate chambers for cell growth, and shear stress investigations establish the need to match the length scales between the fluidic channels and the cells [359,360,361,362,363,364,365,366,367,368,369,370].



Microfluidic systems can offer minimum hemodynamic shear stresses on biological cells. One application has used a design in which a two-phase microfluidic system mimics the physiological and pathophysiological effects associated with pulmonary airways [371].



In another study, microfluidic systems have been used as in vitro models for investigation of the role of blood cells in hematological diseases [372,373]. Microfluidic channels have been used to study the deformability of red blood cells infected with the malaria parasite Plasmodium falciparum. Viable cells could pass through the narrow channels while the infected, mechanically rigid cells could not [372,373].





5. Discussion


Microfluidic devices meet the challenge to enable physical conditions to control the behavior of fluids in micro-scaled domains in ways not previously available. Different fabrication techniques of microfluidic systems made from suitable materials related to specific applications have prospects to gain great impact in the fields of cell biology, pharmacology and tissue engineering.



For instance, the biocompatibility of the materials for various cell-based microfluidic applications has been studied widely. While microfluidic devices made in glass or silicon are still frequently used, the microstructuring of polymer-based microfluidic devices has found increased applicability in life sciences. Polymers have shown as good alternatives since they show high biocompatibility with many biological molecules and living cells [29,374,375,376,377,378]. The advantages of the intrinsic properties of PDMS are its biocompatibility [379], gas-permeability (oxygen and carbon dioxide) [380], low cost, optical transparency (240–1100 nm) with low auto-fluorescence, and submicron resolution molding [381]. PDMS can bond to glass cover slips by simple plasma treatment to form sealed channels. The deformability of PDMS enables fluidic leaks which are valuable for the creation of fluidic micro valves. PDMS may be oxidized to enable electro osmotic flows, and therefore the PDMS has the possibility to integrate micro-machines such as switchers within the chip. Furthermore, non-brittle PDMS-based microfluidic systems are physically robust. However, one drawback of using PDMS is the hydrophobicity of the polymer which complicates the investigation of drug metabolism and toxicity, since hydrophobic substrates can interact with the material [382,383,384]. To overcome this adsorption problem, a number of PDMS surface treatments have been developed. Due to the porous structure of PDMS, coatings with a hydrophilic compound can be performed [383,385]. However, the coatings might influence cell responses [386]. Furthermore, PDMS is permeable to water vapor, leading to evaporation inside the device, causing changes in the medium concentrations, or drying over time [40]. The formation of bubbles is a serious limitation for microfluidic systems fabricated from hydrophobic polymers where water has a tendency to rewet from the walls of the channels [387].



A large number of technologies and materials, such as silicon, PMMA, glass, parylene plastics, flexible polymers and gelatin [388], are currently available for the production of microfluidic devices [389]. Glass and silicon are expensive compared to the other materials, and flexible polymers share the disadvantage of PDMS of hydrophobicity. Materials such as gold, silicon nitride, silicon dioxide, silicon, and SU-8 photoresist have been identified as biocompatible [390]. However, silicon materials have shown unfeasible properties such as fragility and invariability.



Low cost thermoplastic polymers (plastics) have been used for micro fluidic devices in high quantities in industry. They allow for easy surface treatment and most of them are transparent and biocompatible. The surface of the plastics polymethylmethacrylate (PMMA), polystyrene (PS), polycarbonate (PC), and cyclic olefin copolymer (COC) can be oxidized with oxygen plasma or ultraviolet light to obtain high hydrophilicity. The effect of UV ozone treatment on the biocompatibility of polymers such as PDMS, PC, PS and COC has been shown to be feasible whereas long-term culturing on PMMA results in loss of viability [391]. Related to the nature of the experiment, a variety of materials can be used for producing microfluidic systems. For gas-tight microfluidic systems, it is valuable to use materials with lower gas-permeability, such as plastic materials.



The growing research in the field of microfluidics for cell-based studies has generated miniaturized devices for capillary electrophoresis, liquid chromatography, and PCR, and these devices achieve higher throughput chemical analyses using multilayer chip devices for the investigation of biochemical activity at the single-cell level.



An up-to-date review on polymer-based microfluidic systems offers a comparative overview of the materials used and their properties, such as advantages and disadvantages related to different microfluidic fabrication techniques and biological cell-based applications. The review offers an excellent outline of the main material used in microfluidic fields related to fabrication, well controllable cell-based investigations and the opportunity to integrate other micro-engineering applications [392].



In the field of drug discovery, small, highly automated, portable microfluidic diagnostic devices for bioassays have been shown to be optimal to replace traditional molecular diagnostic devices for DNA-based genomic or proteomic studies [393]. The ability to imitate the 3-D cellular environment on a microchip to study rapid cell-signaling actions, cell biology, and the response from exposure to stimuli or compounds at the tissue- or single-cell level could generate knowledge that so far has not been obtainable with existing assay strategies. For instance, mass-transport properties allow for high-throughput chemical analyses on the surface of chips with a throughput up to millions of assays per second. However, until now, the industrial production of instruments to perform microplate-based assays has not adapted to the novel microfluidic technologies developed in the academic arena. Hence, they are not yet expected to replace the traditional and well-established devices. As an example, microfluidics has greatly taken over the field of medical PCR, but PCR in industry is still based on more traditional and basic methods. In addition, the insufficient automation, relative complexity of the systems, and the challenges to integrate multiple functions on chips into a multifunctional microfluidic system is still the main limitation of a broader applicability of microfluidics in bioanalytics.



In the field of tissue engineering, the development of micro- and nanoscale tools to produce engineered tissue-organs and control cell behavior has widely increased during the last decade. This was possible due to the design of platforms for gradient microfluidics, microassay microfluidics, and cell microfluidics for high-throughput screening and micro-environmental control.



As an example, a variety of microfabrication techniques has been used to develop microscale devices in which cells, such as stem cells, could be manipulated to allow for the creation of bio-mimetic systems that imitate the natural cell environment or the pathological state of a tissue [394]. Another advance has been the introduction of multiple cell types into a microfluidic device to generate complex, miniaturized 3-D structures that mimic natural tissues or tissue structures composed of multiple cell types or miniaturized multi-organ systems. Growing different cell types in close proximity allows for cell-cell communication that can create a network to modify and regulate the microenvironment [395]. Another trend related to cell-based applications is to create 3-D artificial tissues suitable for transplantation. Whereas most fabrication technologies are based on 2-D methods, generating individual layers that can be stacked to create modular 3-D systems, emerging technologies, such as 3-D printing techniques, together can create 3-D microfluidic devices with precision down to the micron scale. One recent advance in microfluidics has been the development of alternative materials such as gel-like materials in which cells can be encapsulated and interact with each other, or degradable materials that can remodel cells [395].



As outlined in this review, the application for microfluidics and lab-on-chips are exponentially increasing and are here to stay. Recently, multifunctional microfluidic device companies have emerged in the market place. For instance, droplet digital PCR (ddPCR) genetic analysis platforms are offered by QuantaLife, disease diagnostic, detection, treatment monitoring, blood testing devices are offered by Sony, and microfluidic-based molecular imaging and detection devices for life science applications are offered by Caliper Life Sciences [396]. Cellectricon AB, have presented a Dynaflow®HT System, which enables fully automated high throughput electrophysiologic experiments [397]. Due to the increasing industrial interest and commercialization of microfluidic technologies, more efforts and investments should be encouraged to enable possibilities of mass-production of multifunctional microfluidic platforms. By analogy with the well-established standards of microelectronics in industry regarding mass production, it would be valuable to establish similar standards as a starting point for industrial growth of commercial multifunctional microfluidic systems. Microfluidic systems show a broad variety of size, geometry, layout, and material for many applications. Establishing microfluidic standards would allow for lower cost, greater automation, improved compatibility, and possibilities for minimized re-engineering [398]. This would certainly be a promising future task to perform.




6. Conclusions


We have reviewed microfluidics within the field of biology, pharmacy and tissue engineering. The devices are in most cases custom-designed and individually made with specific microfabrication techniques and materials to fulfill the requirements of each single application. The complexity of the systems can vary a lot; they can consist of only a few channels with inlets and outlets, or they can be equipped with complex micromachinery such as pumps and valves. Various microfabricated devices have been developed as fundamental tools to facilitate both advanced applications and basic research into the biology of cells and tissues.



In general, microfluidic systems for cell biology are essential for studies of the response of individual cells or cell cultures. From our point of view, in spite of the popularity of PDMS-based devices in many applications, rigid thermoplastic polymers such as PMMA can be the potential alternative for fabrication of microfluidic devices due to the low cost, optical transparency, ease of fabrication, high permeability to fluids, and biocompatibility. Additionally, thermoplastic-based microfluidic systems can be produced rapidly by a variety of high-throughput techniques such as CNC machining and hot or cold embossing.



In our opinion, the future of microfluidics lies in small, portable, cheap and exact devices for simple and fast diagnosis of diseases, testing of drugs or fast screening of blood samples for health evaluation. The review presented here shows many interesting and promising applications. However, the step to commercialization has not been realized yet. As mentioned above, a standardization of methods would probably be beneficial. Researchers would not have to develop custom made lab-on-a-chips for each application if readymade systems were easily available. This would boost the industrial development of microfluidics.
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