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Abstract



Micro fluidics is a young discipline. During its beginning, it was mainly an academic field in where researchers study the behavior of fluids at micro scale and how it can be modified with operative and experimental variables. Then, the focus was placed on studying device fabrication process and how to optimize them to lower costs and time, and to enhance system features. After a period of maturation, micro fluidic researchers began to evaluate system usefulness and the possibility of use them in different areas. Micro fluidics became a multidisciplinary field combining concepts of biological and medical sciences and engineering. Diagnostic test, micro particles fabrications, contaminant detection, and medical analyses were first goals. Then, its uses expanded exponentially to other areas opening a world of possibilities. With the advances in miniaturization and material sciences as well as the boom in micro and nanotechnology, manufacturing process became highly precise. New applications in biochemistry, biotechnology, biology and medical sciences were appearing attracting the interest of the industrial sector. Since then, projects are aimed to develop micro fluidic systems with industrial applications. The present contribution describes the characteristics of the three major type of micro fluidic systems, chip-based, capillary-based and paper-based systems. Advantages and limitations of each one are mentioned. In addition, their most important applications in biological and medical sciences are presented.
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Introduction

Micro fluidics represent a relatively new field of research and development that combine concepts of different areas like biological and medical sciences and engineering. It was born from the study of fluid behavior at micro scale and with time evolved into a multidisciplinary field. Micro fluidics papers are mainly published in engineering, biology and medicine journals. The basic idea is the manipulation of small volumes of fluids with high precision using integrated micro scale devices. These devices are commonly referred to as lab-on-a-chip (LoC) devices or miniaturized total analysis systems (μTASs). Although micro fluidics tends to be a miniaturization of macro scale, the forces that govern micro scale process are quite different. Capillarity and surface tension are the predominant forces in the micro scale while gravity is almost negligible.

The use of micro fluidics in biotechnology and biomedical applications presents numerous advantages. For example, it allows to reduce the volume of samples required for assays reducing reagents cost. In addition, reactions are faster at micro scale, hence tests using micro fluidics consume less time than traditional trials simplifying medical assay protocols and diagnostic tests. Other great feature is the possibility of scale- up and automate process without major inconveniences, and the superior control of experimental variables during tests and fabrication process. Micro fluidics systems are simple to operate avoiding complex and expensive equipments. Also, working at micro scale, sensitivities are improved enhancing process efficiencies, separation and detection methods, and reducing time. These are only some examples of micro scale benefits compared to traditional techniques.

Advances in miniaturization and material sciences as well as the boom in micro and nanotechnology have led to the improvement of manufacturing process and precision control expanding the possibilities of design and the application fields. In this context, three major micro fluidic systems can be distinguished, chip-based, capillary-based, and paper-based systems. A brief description of each one is presented below as well as their most important applications.


Chip-based systems


The main type of micro fluidic device is the chip-based system. This comprises a chip having micro channels by which fluids are driven and in where reactions take place. Channels can have a square or round shape and their dimension range from few micrometers to 800-900 |im. Pumps are required to conduct fluids inside channels. They supply solutions in a continuous manner or are used for dosing. Also, micro valves are used to determine the flow direction and/or the mode of movement. In addition, several components can be easily integrated, like filters, check valves, sensors, electrodes, resistances, heating or cooling systems, magnetic fields, detector systems, and many other. The principal advantage of micro fluidics is that miniaturization on chips permits enhancing efficiency and mobility as well as reducing sample and reagent volumes. Examples of chip-based systems are presented in Figure 1. These chips serve as platform for different reactions and assays allowing to integrate the entire biological or chemical laboratory in a single device. 
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Figure 1: Examples of chip-based systems: (a) Micro fluidic chip [1]. (b) Droplet generation system [2]. (c) Blood analysis system (SIMBAS) [3]. (d) Stem cell analyzer system [4]. (e) Caenorhabditis elegans assaying system [5].




Figure 1 Examples of chip-based systems: (a) Micro fluidic chip [1]. (b) Droplet generation system [2]. (c) Blood analysis system (SIMBAS) [3]. (d) Stem cell analyzer system [4]. (e) Caenorhabditis elegans assaying system [5].


Chip-based systems were first fabricated in silicon [6]. Then, glass was chosen as alternative material [7]. Both type of platform were manufactured using clean-room techniques. As fabrication methods were in general expensive, the popularization of chips was limited. As solution, Duffy et al. [8] developed polydimethylsiloxane (PDMS) chips using soft lithography technique. Using this rapid prototyping technique, fabrication costs were lowered. PDMS is a hydrophobic elastomeric transparent material, which can be easily manipulated with low infrastructure and equipment requirements. Also, its surface can be modified with several treatments to make it hydrophilic [9]. PDMS can stick to glass, plastic and other PDMS structures making it suitable for the preparation of complex systems. In addition, material transparency permits phenomena observation in real time through microscopy. These features made PDMS the most used material for micro fluidics chip fabrication. However, its use has some limitations that can be mentioned. The principal is that it is a vapor permeable material which causes that fluids can evaporate during micro fluidic assays. In addition, it can absorb small molecules and may leach uncross linked oligomers during the curing process generating undesirable effects that could affect the goal application. PDMS limitations promoted the evaluation of new materials as alternative for chip fabrication leading to the use of thermoplastics like polystyrene, polycarbonate, and polymethyl methacrylate [10-12].


Micro fluidic chips have been used in numerous applications, for example as platform for infrared absorption [13], cell culture [14,15], droplet formation [16], digital PCR [17], electrophoresis [18,19] and biosensors [20]. Yu et al. [21] employed chips to separate and sort cells by micro centrifugation. Joshi et al. [22] used them to fabricate liposomes as carrier for pharmaceutical drugs. Good reviews have been reported detailing their use in molecular diagnostics [23], radiobiology [24], and biotechnological applications [25]. In addition, they can be used in enzyme-linked immunosorbent assays (ELISA) and other immunoassays as well as in biochemical analysis and point-of- care testing [26-28]. Others applications that can be mentioned include micro reactors for chemistry and biological reactions, chemical synthesis, chemical and pharmaceutical analysis, food analysis, genetic analysis, contaminants detection in samples, cellular sample processing, sample processing (concentration, filtration, separation), cell encapsulation, DNA sequencing, and fluidic optics [29].


An interesting organs-on-chips use has been reported recently, in which micro fluidic devices imitate in vivo organ functions allowing researchers to study in depth the effect of drugs, diseases, and active pharmaceutical compounds as well as pharmaceutical formulations [30-34]. This innovative challenge involves the culturing of living cells in continuously per fused chips to mimic physiological conditions of tissues and organs. Systems vary from simpler one-type cell culturing to more complex assemblies for the simultaneous growth of different cell lines. Kidney on, gut, lung, and blood vessels have been simulated with this technology [35-39].?


Another interesting application is in drug delivery field. Chips have been widely employed for manufacturing controlled release systems in the form of micro particles. Manufacturing methodology comprises several steps including:


(i)	Formation of micro droplets inside the chip using a polymeric solution containing active principles and a suitable co-solvent to form micro emulsions.


(ii)	Micro particle formation by hardening micro droplets caused by one of various phenomena such as solvent extraction, solvent evaporation, UV-mediated polymerization, and phase separation, among others.


(iii)	Micro particle separation by usual techniques such as filtration or centrifugation.


(iv)	Particle washing.


(v)	Particle drying.


By applying this technology, highly mono disperse particles can be obtained with well defined sizes and very low size dispersion. These mono disperse size particles would have a more controlled and defined release rate, thus improving their reproducibility. Batches of particles having different well- defined sizes can be manufactured by varying flow rate ratios between the polymeric solution and the co-solvent, micro channels dimensions and chip configuration. In addition, multilayer particles (coated and sandwich type particles) may be easily synthesized by using the appropriate chip configuration. Good works describing examples of controlled release system fabricated by micro fluidics and their applications can be found in the literature [25,40-46].


The use of lab-on-chip devices presents several advantages such as simplicity, compactness, low manufacturing and operating costs, minimal equipment requirements, precise manipulation and high level of automation, massive parallelization due to compactness, high-throughput, precise control of properties, and great versatility. This promising technology will be probably improved and optimized along time by novel designs and further applications in diverse areas such as biology, medicine, and industry


pillary-based systems


Another type of micro fluidic system is based on the use of capillaries. They are hollow tubes through which the liquid is conducted. Capillaries can be fabricated with different materials, like glass or silica. Fused silica capillaries were first developed for gas chromatography but their key features allowed to expand their use to the fabrication of micro fluidic systems. Systems are formed assembling capillaries with different connectors like simple and tee unions, Y-unions and crosses. This allows to built numerous circuits arranged in different configurations to provide solutions to the challenges posed. Adapters made of inert and resistant materials are used to join capillaries with unions. Example of these is PEEK and stainless steel adapters. In addition, external pumps are required to drive fluids through circuit. The uses of capillaries provide a versatile and durable alternative. They can be constructed with different inner and outer diameters allowing to attend specific requirements. Besides, inner surface can be modified to add new and specific features. Some examples of capillary-based systems are presented in Figure 2.
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Figure 2: Examples of capillary-based systems: (a) Emulsion generation system [47]. (b) Double emulsions generation system [48]. (c) Micro particles generation system [49]. (d) Micro reaction system [50].




Examples of capillary-based systems: (a) Emulsion generation system [47]. (b) Double emulsions generation system [48]. (c) Micro particles generation system [49]. (d) Micro reaction system [50].


Capillary-based systems have been used mainly to generate simple and double emulsions [47,18,51,52]. In addition, there are numerous examples of using these systems to prepare micro and nano particles for the controlled release of active pharmaceutical compounds [49,51,53-57]. A good review describing their use as a tool in advanced drug delivery systems fabrication has been reported [58]. In an interesting study, Khan et al. [59] prepared micro particles sensitive to environmental pH, which permits to modulate release rate by pH changes. Another example is the work of Song et al. [60] which describe the fabrication of narrow size-distribution catalyst beads using capillaries. In all of these applications, droplet and particle dimensions can be modified varying solution flow rates and capillary dimensions, and in some conditions sizes can be predicted from fluid flow profiles. Others uses of these systems include chromatographic applications [61], and to separate substances from water samples [62].

There are several advantages of capillary-based systems. The first that can be noted is their great robustness and durability. Capillaries are made of resistant materials that may be used numerous times and in presence of a large variety of solvents. Also, experimental conditions like temperature, humidity and pH do not affect their structure and integrity. Other advantage is that these systems present good versatility. Capillaries with different inner and outer diameter and connector with several shapes are commercially available allowing to design numerous combinations of them ranging from simpler systems to complex circuits. It is important to note that all required components are standard and commercially available and the limitation is only on the creativity of researchers. The great distinctive feature is that all systems can be easily disassembled and cleaned between uses without part damage or wear. This represents the most advantage compared with chip-based systems. In addition, they may be easily automated and scale-up by parallelization making easier their adoption by the industry. Future researches must be directed to expand capillaries applications in biological and medical sciences.


Paper-based systems


Paper-based systems has gained an increasingly interest by the scientific community in recent years. They are composed by paper supports with hydrophilic micro channels through which fluids are conducted. In addition, hydrophobic channels can be constructed using several techniques like printing and photolithographic [63-65]. The operation of these systems is based on the principle of lateral flow assays, pumping fluids passively through patterned channels by capillary forces. The rate of pumping varies with micro channels dimensions, the characteristics of the paper, and the characteristics (temperature and relative humidity) of the environment. Channels can be designed with different patterns to attend application requirements. Initially, they were built in two-dimensional space but in recent years three-dimensional patterns have been popularized. Resulting channels can be left open to the atmosphere or sealed with polymer sheets. Also, surface can be modified by chemical reaction incorporating a wide variety of functional groups to add new features. Examples of paper-based systems are presented in Figure 3.
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Figure 3: Examples of paper-based system: (a) Three-dimensional patterns system [66]. (b) Red wine analyzer system [67]. (c) Mixing system [68]. (d) Nitrite determination system [69]. (e) Explosives detection system [70].





Examples of paper-based system: (a) Three-dimensional patterns system [66]. (b) Red wine analyzer system [67]. (c) Mixing system [68]. (d) Nitrite determination system [69]. (e) Explosives detection system [70].

Paper-based systems have numerous attractive features. They are low-cost systems, portable, easy to transport and store, easy to use, with good stability, disposable, and made by a renewable resource. Fluids are pumping by capillarity and evaporation avoiding the use of external equipment. Also, disposal are safe with little negative effect on environment. They are compatible with most of the biochemical and medical applications and can be integrated with smart phone applications to make even more portable.

These low-cost systems have been used to improve disease screening in developing countries, in where lack of adequate infrastructure and limited trained medical professionals are common. Also, they were utilized in point-of-care tests and diagnostic assays, in environmental monitoring as well as in food quality testing. In these applications, colorimetric reactions are the most used method for identification and quantification of molecules with biochemical and/or immunological relevance. It provides an easy way to understand for average users like medical personnel or patients. Other methods like electrochemical, fluorescence, and chemiluminescence's detections may also been used. Paper-based systems have been employed for example in the determination of glucose in urine sample [65], nitrite in saliva [69], electrolytes in tear fluid [71], chloride ions [72], bisphenol A [73], human chorionic gonadotropin (HCG) [74], sulfur dioxide [75], and heavy metal [76]. These tests are faster with low cost and good precision, being an excellent alternative to conventional analyses [77,78] In addition, they were used to grade the taste of wines based on the detection of chemical dyes that allowed to distinguish the grape variety and the oxidation status [67]. An interesting application is in cancer detection [79] and cancer cells monitoring [80]. Other uses are to create mixers [68], concentrate samples [81], manipulate and separate substances [82], and indentify explosives [70]. Besides, goods reviews addressing fabrication techniques and applications can be found in the literature [11,66,83,84]. Future investigations would be focused on develop increasingly simple and low- cost fabrication techniques and to explore new applications, expanding the use of paper-based systems.


Conclusion


During its beginning, micro fluidics was mainly an academic field with researchers intended to study phenomena that govern micro scale process. The goal was to understand the forces that act on fluids at this scale and how they can be utilized to modify fluid behavior. Then, it was directed to investigate the best way to fabricate micro devices. Three main type of systems were developed, each one with its advantages and limitations. Different techniques were studied, taking into account material properties, robustness, usability, and time and cost of fabrication. Works addressing that were published mainly in engineering journals. After a period of maturation, scientific community started to evaluate the usefulness of micro fluidic systems and the possibility of use them in different areas. Applications in biochemistry, medical sciences, biology and biotechnology were appearing drawing the interest of the industrial sector. First applications found place in biology research and diagnostic tests. Then, its use exponentially expanded to other areas opening a world of possibilities. Since then, projects were aimed to develop and evaluate micro fluidic systems with industrial applications. Works began to be published in non-engineering journals, like biological, medical and chemical journals. And this trend continues today.

However, micro fluidics is still a young discipline. And it needs to continue growing, expanding its knowledge bases and applications. New investigations should be performed to extend actual limits, enhancing performance, lowering fabrication costs, founding new materials as device platforms as well as simplifying manufacture methods and automation to solve and facilitate the transference of this technology to the industrial sector. With this aim in view, it is essential that micro fluidic researchers partner with biologist, clinicians, biotechnologists, and physics to collaborate together enabling to complement point of views to make more user-friendly devices. In addition, interactions with end-users will be crucial for a successful technological development and adoption. Creating systems as simple as possible involves more creative and efficient solutions but this can enhance user adoption, who can focuses only on interpreting the results. Adoption of new technology that complements or replaces an existing one is often a slow process, but micro fluidics is on track.
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