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Chapter

Microfluidic Devices: Applications
and Role of Surface Wettability in
Its Fabrication

Shivanjali Saxena and Rakesh Joshi

Abstract

Microfluidic devices are based upon the behavior of fluids at the microenvironment
level. They offer innumerable applications in the field of science and technology. Their
scope is not limited to single field and now have applications in various fields such as
biomedical, energy, chemicals and environment as well. Their major advantages are
low experiment to cost ratio, and fast response time. Surface wettability is one of the
factors contributing to the working of microfluidic devices. Surface wettability mea-
surement is a very critical technique to measure the flow of micro fluids in microfluidic
applications. In microfluidic devices the detection of small volume change with change
in fluid properties is very minor because of the micrometer range. In order to detect
this small change in micrometer range, an iz situ wetting measurement is required. In
this chapter, we have discussed about types of taxis, microfluidic devices: an applica-
tion of taxis, microfluidic applications and role of surface wettability in microfluidic
devices.

Keywords: microfluidic, devices, surface wettability, lab-on-chip, applications,
biomedical

1. Introduction

The era of microfluidics started in 1980s with the development of silicon
etching procedures which were made for microelectronics industry. This paved
way for manufacturing of first of its kind devices called Micro Electro Mechanical
Systems (MEMS). In these devices mechanical microelements were integrated
together on a silicon wafer. In the 1990s, researchers explored applications of
these devices in the field of biology, chemistry and biomedical. They used these
devices for controlling liquid’s movement in micro channels which paved way for
microfluidics. Laboratories on chip were developed for incorporating all the major
procedures of biology, chemistry or biomedical on single platform. But, this use
to come with huge cost and infrastructure for microelectronics industry. In 2000s
a new era of microfluidics was started with the development of molding micro
channels in polymers. This lead to decrease in cost as well as manufacturing time
that caused the boom in the area of microfluidics and motivated researchers of
all fields to work using them [1]. In the era of fast pacing science, microfluidic
are devices to enhance pace of research and decrease the experimental cost.

They run on principle of various types of taxis, majorly chemotaxis. Taxis is the
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movement of particles according to some external guiding agent. This agent can
be heat, oxygen, pressure, electric field or chemical, etc. Various types of taxis,
their applications and microfluidics are discussed in this chapter. Microfluidic is
the technology where movement of the particles is on the basis of microenviron-
ment consisting of viscosity, surface tension and pressure. In microfluidics, micro
channels are molded or etched over the silicon, glass or various polymer materials
such as PolyDimethylSiloxane. These types of devices are vastly being used in all
the fields of research, diagnostics and therapeutics. In microfluidics, the micro
channels are formed to attain the desired result which can consist of: mixing,
sorting, pumping or controlling the biochemical microenvironment. They have
the advantage of decreasing the response time and experimental consumables
and overall cost. They have the potential to perform large scale experimentation
in small scale. Important factors to be considered for fabrication of microfluidic
devices are temperature resistance, superior optical transparency of the material,
high hardness, excellent electrical isolation, thermal stability, chemical inertness
to many fluids, biocompatibility, and surface wettability. The performance of
microfluidic device depends majorly upon etched or molded micro channel’s sur-
face properties. Therefore surface modification is an important factor to improve
overall performance of microfluidic devices. Surface roughness, surface heteroge-
neity and solution impurity are the key parameter which affects the wettability of
microfluidic device.

2. Introduction to taxis

Molecules are always in motion irrespective of their state. Molecules in solid
state have least freedom while in gaseous state have maximum freedom. Freedom of
movement of molecules in liquid phase lies between molecules in solid and gaseous
phases. Heat and temperature are factors that affect the movement of molecules.
Enhance temperature increases the translational movement of molecules. Movement
of molecules can be random or directed towards certain stimuli. Random movement
is termed as “kinesis” while directed movement towards certain stimuli is termed
is “taxis”. For taxis, there is sensory component to detect the attractant and motor
component to enable the movement towards the stimuli [2]. Taxis are classified on
the basis of the stimulus into various categories.

3. Types of taxis
3.1 Aerotaxis

Aerotaxis is the movement of molecules where oxygen acts as stimulant [3]. It
has been observed in bacteria and other microorganisms. Active movement of cells
is observed along the gradient of oxygen. Aerotaxis plays role in cell survival as
optimal concentration of oxygen is required for cell metabolism and growth [4].

3.2 Anemotaxis

Anemotaxis is the movement towards wind. It is observed in drosophila and
some terrestrial mammals such as rats which tend to follow the wind. Drosophilla
has been observed to move against the air current [5]. Rats were also observed to
follow anemotaxis as air current carries information regarding location and odor
content [6].
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3.3 Barotaxis

Barotaxis is the movement towards stimulus that is pressure. Movement due
to hydraulic resistance (resistance to flow as a result of liquid) is also termed as
barotaxis. This type of movement is observed in the neutrophils, a type of immune
cell. Neutrophils follows path of least hydraulic resistance.

3.4 Chemotaxis

Chemotaxis can be defined as the movement of cells towards the higher chemical
concentration gradient [7]. It is directional locomotion of cells and was first described
in the bracken fern spermatozoa in 1884 by Pfeffer. Later in 1888, this phenomenon
was described by Leber in mammalian leukocytes in response to an injury. Chemotaxis
is an important process required for the growth and development of multicellular
organism, immune response and cancer metastasis [8].

3.5 Durotaxis

Durotaxis is the movement of cells towards more rigid gradient which is a result
of variation in the structural property of the extracellular matrix. This type of
motion implies movement towards more stiffness [9]. This type of motion has been
observed in various cell types such as human fibroblast cells, mesenchymal cells
and cancer cells. Substrate rigidity is the stimulus that initiates the movement in
durotaxis [10].

3.6 Electrotaxis/galvanotaxis

Electrotaxis is also termed as galvanotaxis and implies movement guided
through electric field or current [11]. Living cells have the tendency to sense and
follow direct current electric field. This type of movement is observed in both in
vitro and in vivo conditions although the mechanism behind sensing of electric
field by cells remains unclear [11]. Its applications are observed in wound healing
and development. Disruption of an epithelial layer in wound leads to generation of
an endogenous electric field which guides migration of cells towards the wound for
regeneration [12].

3.7 Gravitaxis

Gravitaxis is characterized by directional movement in response to gravity
[13]. This type of movement is observed in the motile microorganisms such as
euglena where gravity acts as stimulus to select their niche in environment. It can
be both positive and negative. Positive gravitaxis implies movement towards water
while negative gravitaxis implies movements towards the surface [14]. This type
of motion is observed in Drosophila melanogaster and around 18 genes have been
identified that mediate this gravitational motion in them [15]. To elucidate the
mechanism of this type of motion, asymmetric self-propelled particles were studied
for this motion. It was observed that shape anisotropy alone is sufficient to induce
such type of motion [16].

3.8 Hydrotaxis

Moisture acts as stimulus in hydrotaxis. Movement of cells, animals or plants
towards more moisture is termed as positive hydrotaxis and towards less moisture
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is termed as negative hydrotaxis. Hydrotaxis is observed in the C. elegans as they
move towards their preferred water content for mating, geographical distribution
and reproduction [17]. It is also observed in the cyanobacterium in desert crusts.
Cyanobacteria colonies are observed 1.5-2.0 mm deep into the desert crust but
when crust surface is saturated with water, cyanobacterium moves towards the
surface having higher moisture content [18].

3.9 Magnetotaxis

Magnetotaxis is the movement due to magnetic field. This type of movement is
a character of diverse group of gram-negative bacteria that perform their orienta-
tion and coordination movements according to earth’s magnetic field [19]. They are
majorly aquatic and swim along the geomagnetic field lines. These types of bacteria
are also termed as magnetotactic bacteria [20]. Supramolecular adaptive nanomot-
ers have been developed that exhibit magnetotactic behavior and their guided
motion is observed in the tissue model [21].

3.10 Phototaxis

Phototaxis is the movement towards or away from the light source. This type
of movement is characteristic of phototrophic organisms and is also observed in
plants. Prokaryotes use type-I sensory rhodopsin photoreceptors for phototaxis
and it allows them movement towards steep light gradient. Cyanobacteria can also
perform phototaxis but they also can perform it in two-dimension only through
gliding on the surface. Eukaryotes have the ability to navigate through light vector
in three-dimension in open water [22].

3.11 Rheotaxis

Rheotaxis is the movement in response to water or air current. This type of
motion is observed in aquatic animals where their movement occurs in response
to water current [23]. When movement is towards oncoming water current, it is
termed as positive rheotaxis while movement opposite of oncoming water current
is termed negative rheotaxis [24]. This type of motion is observed in zebrafish,
Crustaceans and American lobsters [25].

3.12 Thermotaxis

Thermotaxis is the movement towards or away from temperature gradient. In
this motion, organism move towards temperature source. Slime molds and nema-
todes are known to move along shallow temperature gradient [26, 27]. Mammalian
sperm is also observed to perform theromtaxis to reach towards the oviduct in the
female body [28].

4. Microfluidic devices: an application of Chemotaxis

Microfluidics is the technology based upon behavior of fluids in the microenvi-
ronment. Fluids tend to behave very differently in micrometric scale as compared
to macro scale. These characteristics of fluids are now been used for various studies
based upon taxis. In macroscopic system, pressure, volume and temperature are the
key players whereas viscosity, surface tension, high shear rate and geometric effects
(high surface to volume ratios, constriction, and bifurcation) are the key drivers
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of the microfluidic system [29]. Microfluidics is the integration of fluids physically
restricted to sub-millimeter dimensions with micro/nanostructures and devices
[30]. Microfluidics is an emerging interdisciplinary field consisting of engineering,
physics, chemistry, microtechnology, biotechnology and material sciences [31]. The
reason for its emergence is miniaturization of operational unit in the microfluidic
devices. Miniaturization is preferred as all operations can be packed in small form
that can be automated and is portable [32]. Low amount of materials and chemicals
are required for development and samples required is also less. Automation enables
widespread use of the system without any special training requirements. Easy
disposals, low cost, reduction of cross-contamination and fast response time are
other benefits of the microfluidic system [33].

The global size of microfluidic devices was USD 13.5 billion in 2019 and is sup-
posed to have a compound annual growth rate of 11.3%. The large market size is due to
its multi-application and ease of usability. Basic layout of microfluidic devices consist
of incorporated fluid channels in at least one direction. These channels provide high
surface to volume ratio which is useful in applications such as biochemical analysis,
antimicrobial susceptibility test and heat exchange modules. This field started with
applications in chromatography and electrophoresis [34]. With time it has evolve and
currently it has vast applications due to development of new fabrication materials
and technologies [31]. Its applications include environmental sensing, biomedical
applications, drug discovery, drug delivery, micro scale energy systems, artificial
organs, micro scale chemical testing and production, micro propulsion, combinatorial
synthesis and assays. These applications have been classified under broad categories
for discussion in this chapter.

4.1 Biomedical applications

Microfluidics can be used in biomedical field as analytical arrays, gradients,
separators, microdiluters, gel structures, droplets, painting cells and devices [35].
In arrays, a set of multiple microchannels is used to study the relationship between
different cells with proteins or chemicals within a combinatorial system. This type
of system can be used for detection of specific proteins in large number of samples,
antibiotic resistance testing, etc. Microfluidics can be used for generation of very
steep gradients that cannot be created using other macro techniques [35]. These
gradients are useful in the study of macromolecules and cells in response to their
varying environment. Biochemical gradients are useful in dictating physiological
processes such as proliferation, differentiation and migration. These gradients
play an important role in tissue generation as well. They are used for organ on chip
techniques also. Phil et al. used drug gradients for activity measurement over CHO
cells [36]. Migration and behavior of neutrophils according to protein gradient
has also been studied [37]. Chung et al. used growth factor gradient to study the
differentiation of human neural stem cells [38].

Microfluidics can be used as diluters where solution is passed through series
of controlled dilutions to be used in a specific assay. Ainla et al. have shown use
of pulse width flow modulation based designing of microdiluter [39]. They used
this microfluidic diluter for analyzing the effect of Ca(2+) concentration over
phospholipid bilayer spread onto a SiO2 surface. Microdiluters can also be used as
immunoassays for detection of multiple antigens at a same time [40]. Microfluidics
can be used in conjunction with gels or microchannels can be made in gels using soft
lithography technique. Various types of gels in which microfluidic can be fabricated
are agarose, agar and calcium alginate. These types of systems can be used to study
complex microenvironment of cells. Takeuchi et al. used microchannels fabricated
in agarose to grow Escherichia coli in presence of various molecules that can alter



Surface Science

their phenotype [41]. Cabodi et al. used alginate based microchannels for study of
mass transfer in channels [42]. Complex Microfluidic systems are now being highly
researched and commercialized to develop point of care/lab-on-chip (LOC) devices
and organ on chip. These devices have high potential as they can provide the cus-
tomer with the easy of usability, less sample requirement, time and cost efficiency.

Point of care devices are diagnostic measures that are directly used by patients
and without requirement of medical staff. A simple paper based microfluidic that
can be used as point of care device are known as lateral flow test (LFT). Porous
material such as glass fiber, nitrocellulose and cellulose paper can be used for fab-
rication of LFT. The components on microfluidic LFT device are sample collection
pad, a dried conjugate pad followed by a reaction area and an absorbent wicking
pad. This is incorporated within a plastic housing and plastic barriers throughout
to maintain one dimensional flow. The best example of LFT is dipstick pregnancy
test kit. This test works on the principle of an immunoassay. Sample which is urine
is applied to the sample pad and rehydrates the goldnanoparticles conjugated
detection antibodies [43]. These rehydrates antibodies bind to the target antigen
present in the sample. Together they flow to the capture region which consists of
control and test line. At the test line, non-labeled antibodies specific for the detec-
tion antigen are immobilized. When rehydrated labeled antibodies conjugated
with the sample antigen reaches test line, it binds to the non-labeled antibodies
specific for that same antigen. This interaction gives visual color change thereby
making test line visible in case of positive results. This process is depicted through
Figure 1a and b. The wicking pad in the device performs function of attracting the
sample through LFT. After reaction membrane is completely wetted, the capture
region functions through capillary action.

Paper microfluidics has also been used to provide point of care diagnostics
for non-communicable diseases such as cardiovascular disease and cancer. In this

Solid
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Yow>Tsi>Tlv  Wetting

Figure 1.
(a) Non-wetting phenomenon, (b) wetting phenomenon, (c) larger contact angle (non wetting), (d) wetting,
(e) angle close to zero complete (wetting).
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work, synthetic urinary biomarker is used which is detected through paper micro-
fluidics [44]. These types of devices are also being used for saliva based detection
of oral diseases. In the research work by Amy et al. point of care diagnostic device
for oral diseased was developed using monolithic disposable cartridge. It was
designed in a compact analytical device. This device combined sample pre-treat-
ment procedure of filtering, enrichment and mixing of sample with electropho-
retic immunoassays. It can efficiently and quickly measure analyte concentration
in the minimally treated and very low volume (20 pl) of saliva sample [45].
Microfluidic devices are also used for digital polymerase chain reaction (PCR)
which is a very powerful gene expression analytical tool. Christina et al. showed
use of microfluidic based digital PCR for prenatal detection of fetal aneuploidy.
Fetal Aneuploidy is the presence of an abnormal number of chromosomes (struc-
tures that contain genetic information) in the fetus [46].

Organ on chip is the new class of laboratory models that have advantages of both
in vivo and in vitro models. These chips are microfluidic devices in which tissue
of interest is cultured in the favorable microenvironment simulating the actual
physiological conditions efficiently. These types of devices can also be used in
the field of personalized medicine. For personalized medicine, cells from specific
donor patients and healthy patients can be studied under the same environment.
Various examples of such devices are lung on a chip [47], atherosclerosis on a chip
that made study of physiological functions of an organ and its response to various
stimuli feasible [48]. Other examples are bacteria inhabited gut on a chip [49] and
blood brain barrier on a chip [50]. This field of organ on chip is emerging rapidly
and showcasing various organs’ culture and their physiological microenvironment
simulation on these microfluidic chips.

4.2 Energy applications

The development in the field of integrated microfluidics was successfully laid
by its incorporation with the optical elements such as plasmonic surfaces [51] and
waveguides [52]. In 2000s, the development of liquid-crystal switchable gratings,
microfluidically tunable photonic crystal fibers and bubble switch laid the foun-
dation of using microfluidics as an essential part of the photonic devices. During
mid-2000s a new field of “optofluidics” was evolved from the existing technolo-
gies in the field of photonics and microfluidics. Using microchannels and photonic
elements, optofluidics has the strength of having precise control over light and
fluidics at small scale [53]. Microfluidic systems are being used for development
of photocatalytic microreactor. A planar microfluidic reactor was developed by
Lei et al. It consisted of the small planar chamber where two TiO2 coated slides
were used as top cover and bottom substrate. Microstructured UV-cured NOAS81
layer was used as the sealant and flow input/output. This reactor has advantages
of microfluidics such as easy control of flow, rapid fabrication and large surface/
volume ratio. It is the key to more efficient photocatalytic water treatment [54].
Ti02 based microreactor has been developed by Matic et al. for photocatalytic
applications. This system was fabricated on metal-titanium foil. Titania nanotubes
were mechanically engraved in the substrate foil. Using anodization & hydrother-
mal treatment TiO2 anatase film was immobilized over the inner layer of these
tubules. An additional TiO2 anatase layer was added on top of the film to provide
larger photocatalytic area. This microreactor depicted enhanced durability and
efficiency [55]. Meng et al. also developed microfluidic based photocatalytic
microreactor. They used nanofibrous TiO2 through electrospun to develop this
photocatalytic microreactor. It depicted enhance efficiency as compared to TiO2
film based microreactor [56].
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Recently, applications of microfluidics have been developed in the form of micro-
fluidic fuel cells. In these cells, all the systems such as fluid delivery, removal, etc. is
confined to the microfluidic channel only. These cells do not require a physical barrier
for separation of fuel and oxidant species and therefore they operate in co-laminar
flow mode. Whereas, in conventional fuel cell a physical barrier such as proton
exchange membrane is required. They can be used to power microsystems, generate
on-chip power and in consume electronics as well [31]. Microfluidic fuel cells have
attracted huge researchers as they are portable power sources with short startup time
and environment friendly nature. Microfluidic fuel cell using laminar air flow had
been developed by Eric et al. (Figure 2a). It was made through a Y-shaped microchan-
nel consisting of two catalyst covered electrodes on opposite walls. Through these
channels, fuel and oxidant merge and flow laminarly parallel between these two
electrodes without turbulent mixing. They showed that this type of system can be
effectively used to generate microscopic power source for room temperature [57].
There is patented microfluidic fuel cell system for portable energy applications. In this
system, microfluidic container, substrate for catalytic composition, a liquid/gas sepa-
rator, a fuel cell consisting of anode and cathode and electrical connections were all
assembled to form this portable energy system [58]. The design of the system and fuel
cell components is depicted through Figure 2b and c, respectively [58]. Luke et al. also
developed these microfluidic cells based on microbial fuel that can be used to provide
power supply to integrated biosensors. This system was developed in polydimeth-
ylsiloxane. Here, two carbon cloth electrodes and proton exchange membrane was
used. Shewanella oneidensis MR-1 was used in anode chamber as electrogenic bacterial
strain and ferricyanide was used in cathode chamber (Figure 2d). Maximum current
of 2.59 pA was generated using this miniature microbial fuel cell [59]. Svetlana et al.
developed a microfluidic cell for energy conversion. They developed hydrogen and
oxygen based microfluidic cell using polydimethylsiloxane (PDMS) device. In this
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device Pt/quartz electrodes in the form of thin film were embedded into the device.
The PDMS microchannel network containing liquid electrolyte was used for immer-
sion of electrode array into it. This also performs the function of thin glass permeable
membrane for feeding reactants to the electrodes. This fuel cell operated at room
temperature with the maximum power density of 700 uW/cm”. The overall lifetime of
this cell was comparatively higher to the exiting higher surface electrodes based fuel
cells [60].

4.3 Chemical and environmental applications

Recent growth in the field of microfluidics has been observed in the field of
environmental assessment. Microfluidics is advantageous as multiple processes such
as pre-treatment, pre-concentration, separation and detection are incorporated at
the same platform. It is used for trace analysis of materials as less risk of contamina-
tion is there due to preclusion of sample transportation process. Microfluidics play
role in the development of subsurface energy based technologies in the future. Mark
et al. developed a microfluidic system based upon high temperature and pressure.
Within geo-material micromodels such as rock, cement, clay, etc., direct observa-
tions for flow and transport can be made using this system and that too in reservoir
conditions. In this micromodel fabrication method, 3D tomography images of real
fractures were used as micromodel template. This provided better representation
of the pore space and fracture geometries in subsurface formations [61]. Several
microfluidic devices can be used for detection and analysis based upon electro-
chemistry, surface enhanced Raman spectroscopy, chemiluminescence, absorbance
and laser-induced fluorescence. These electrochemical and optical based systems
can be conjugated on a single micro platform to perform environmental monitoring.
These labs on chip systems can be used for real time tracking of pollutants in the
environment. Major advantages of these systems are portable compact size, better
process control, low-cost production, real-time analysis, low sample consumption
and fast response. LOC is used for real-time analysis of pollutants in wastewater.
Combining it with the wireless communication, make it a strong tool for modifying
data acquisition parameters and data transfer [62].

Microfluidic systems are being used for detection of formaldehyde as well.
Formaldehyde is the organic volatile compound found in many household prod-
ucts. It is associated with health risk factors and is also a cause of sick building
syndrome. Therefore its detection at real-time in the surroundings is essential for
a healthy living. Liu et al. developed a paper based microfluidic system for detec-
tion of formaldehyde. Acetoacetanilide reagent is used to implant paper-based
chip at reaction site. Concentration of formaldehyde is detected using UV light
which induces fluorescence intensity in the dihydropyridine. Dihydropyridine
is the complex of formaldehyde with acetoacetanilide. This method was used to
detect formaldehyde in the commercial food samples and proved to be an efficient
method for detection of formaldehyde concentration [63]. Similarly, Czugala et al.
developed a fully integrated microfluidic device to provide wireless and portable
analytical platform. This system can be used for detection of nitrite anions in the
water. Nitrite anions are one of the water contaminants along with lead, cadmium
and nitrate. In this system detection is done through analysis of color intensity of
complex formed between nitrite anions and Griess reagent. This color intensity
was assessed using low cost Paired Emitter Detector Diode. Biomimetic photo-
responsive ionogel microvalve controlled by LED was used for manipulation of
on-chip fluid. This system was one of its type that conjugated fully functional
microfluidics with photobased valving and photo detection [64]. Microfluidic
devices along with porous plugs have also been developed. This device can be used



Surface Science

for size based separation of particles including microorganisms and therefore have
implications as miniature filter for analysis of water samples. Living radical photo-
polymerization technique using wide range of polymers was used for fabrication
of these devices. Salt-leaching technique was used for placement of porous plug

in the microfluidic channels. Pore size of the porous plug in this device was deter-
mined using flow field-flow fractionation. It is a new and cost efficient simple tool
for water assessment [65]. Research is moving at a fast pace for development and
commercialization of such paper based microfluidic devices that can be conjugated
with other existing techniques.

5. Role of In situ surface wettability for the development of microfluidic
devices

Surface wettability or wetting is the ability of the liquid to maintain contact and
interact with the solid surface over which it is flowing. It results from the interaction of
intermolecular forces between the molecules of liquid and molecules over the surface
of the solid. Surface wettability measurement is a very critical technique to measure
the flow of micro fluid in microfluidic applications. In microfluidic devices the detec-
tion of small volume change with change in fluid properties is very small because of
the micrometer range. In order to detect this small change in micrometer range in situ
wetting measurement is required. Microfluidic devices offer innumerable application
in the field of science and technology. The scopes of these types of devices have been
increasing for recent decades. For example, in clinical trials for drug development
the amount of antibodies used is very high and cover large cost. On the other hand
microfluidic devices reduce amount and cost of antibodies as well as time.

In microfluidic devices the motion of chemical reaction governed by chemo taxis
gradient and this gradient is responsible for the motion of droplet. The motion of
droplet generally measured with the help of wettability and wettability of droplet
depends upon the surface. Wettability has a dynamic impact on the displacement of
fluid inside micro fluidic device. The change in displacement of any fluid inside any
microfluidic device measured in term of spreading of fluid. The spreading behavior
of any flowing liquid measured with its wetting behavior and it is generally mea-
sured in term of contact angle. The magnitude of contact angle formed by micro
fluid with micro-channel wall has great importance to study the characteristics of
micro fluidic device.

Example: Suppose a static fluid is placed at the center of any plate and we apply
taxis gradient at the two end of plate. The taxis gradient (magnetic, chemotaxis)
is responsible for the displacement of fluid inside. The fluid try to spread both in
linear (parallel to gradient axis) and lateral (perpendicular to direction of applied
gradient) direction. The two directional spreading of liquid makes difficulty in the
quantitative measurement in displaced liquid. In order to overcome this issue micro-
fluidic devices play the important role in various scientific testing applications.

The contact angle measurement is carried out using young’s equation is given
in Eq. (1). The equation is derived by balancing different interfacial energy in all
direction.

cos0=(o,, —0y)/0} (1)

where 6 = contact angle
O, = solid/vapor interfacial energy
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o4 = solid/liquid interfacial energy
oy, = liquid/vapor interfacial energy.

Wettability of fluid over the solid surface is measured in terms of contact
angle (0). The higher value of contact angle leads to lower wettability (low spreading
area of displaced fluid) as shown in Figure 1c. The contact angle close to 0°, as
droplet turns into flat puddle shows complete wetting (highest spreading area) as
shown in Figure 1e, if angle exceeds zero but is less than 90° as shown in Figure 1d
shows wetting [66].

In microfluidic devices the fluid displacement takes place only in linear direction
because of micro channel cavity. The quantitative measurement of displaced fluid
inside micro channel can be made by measuring the dimension of micro channel
and displace length of fluid. The measurement of displace volume with little change
in taxis gradient improves the overall sensitivity of device. Sensitivity of device
is defined as the measurement of small change in the system by varying input
parameter.

5.1 Casestudy 1

The existing process of antibiotic susceptibility measurement uses Petri dish
coated with bacteria and divides the Petri dish into required number of segment
using marker. An antibiotic dish (different concentrations) is then placed over
the bacterial coated Petri dish. The petri dish is then placed over incubator for
24-48 hours. The reaction of bacteria with antibiotic takes place in petri dish and
reaction takes place in radial outward direction as shown in Figure 1a. The mea-
surement of reaction in radial direction is difficult to quantify in required scale. To
overcome this issue a microfluidic device can be used as antibiotic susceptibility
testing device. In this type of device, glass slide micro channel is coated with bacte-
rial coating like petri dish as shown in Figure 1b. Different antibodies are then
placed over bacterial coated micro channel for measuring the spreading of reaction

Mixing Cavty

i Qutput channel
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—————
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Figure 3.
Microfluidic device for mixing diffevent liquid.
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due to chemo taxis in one direction and chemo taxis spreading phenomenon can
be quantify using microfluidic chip time lapse microscopy as shown in Figure 1d.
The spreading of reaction is then measured by the dimension of micro channel as
shown in Figure 1c.

5.2 Case study 2

In this study, microfluidic device for mixing three liquid is used. In this device,
three different liquid A, B and C is used to mix in different concentration and
their mixing reaction is measured with the range of output mixing micro channel
as shown in Figure 3. In this type of device the change in output parameter can
be detect significantly my using small volume of liquid droplet. These devices are
very useful to measure mixing behavior of two or more liquid for various chemical
mixing applications.

6. Factor affecting wettability

The wettability is generally are properties of displaced liquid measured in term
of contact angle. The surface morphology, material impurity and porosity are the
properties which affect the wettability.

Effect of surface roughness: All smother surfaces look rough in microscopic
level. The rough surface of solid specimen affects the wettability of liquid over the
solid surface. The contact angle formed with flat surface is called apparent contact
angle 0, and it is consider by considering ideal surface condition. The actual con-
tact angle 6, is generally higher than that of apparent contact angle 6, as shown in
Figure 4a,b. To calculate real surface free energies of liquid actual contact angle is
used. Generally hydrophilic surface is considered to be the best surface where lower

(a)
ol = Surface energy fluid
osv=Surface Energy solid vapor
osl = Surface Energy Solid Liquid

Smooth Surface

6 = Contactangle

Ba= Apparent Contactangle

Ba < BA 6 > 90 Hydrophobic surface
BA= Actual Contact angle 6 < 90 Hydrophilic surface
(b) 8 = 0 Wetting surface

! 0 > 0 Partially Wetting surface
a

Rough Surface

Tl

Figure 4.
Effect of surface roughness on the wettability of fluid.
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value of contact angle is obtain. The wettability of liquid surface generally increases
as we decrease the surface roughness of solid surfaces. The relation between rough-
ness and wettability was explained by Wenzel and stated that if the surface is
chemically hydrophobic it will become more hydrophobic when surface roughness
isadded. According to Wenzel,

cos(6,)=Rcos(6,) (2)

R is the surface ratio between actual and projected area of solid surface over
which fluid is flowing. For smother surface R = 1 and apparent contact angle
becomes equal to actual contact angle. Other than surface roughness, impurity and
porosity in solid surface effect wettability.

7. In situ wettability measurement in microfluidic devices

In microfluidic device, the displacement of fluid takes place continuously, and
it is very difficult to measure wettability (contact angle formed by moving fluid
with the wall of micro channel). The Sessile drop method and image analysis
techniques are the method used only for measuring the static contact angle
of liquid in micro channel device. For biomedical and clinical application the
chemotaxis reaction takes place continuously and required continuous monitor-
ing of contact angle in situ image capturing system is used. In this technique the
position of chemical reaction captured with the help of microscope and high
speed camera installed over the viewing point of microscope [67]. The camera
records the position of reaction in different time interval and measured the
contact angle and contact angle is further used to measure interfacial energy of
fluid in microfluidic devices. The schematic of in situ image capturing system is
as shown in Figure 5.

izh Microfluidic
Light Davice Micro Scope High Speed
Source Camera Computer Screen
\ | | StaticFluid  Fluid atany time
1 interval
[1
| 11

R —————
- - -

Time Interval ——

Microfluidic
Device

Figure 5.
In situ image capturing system for measuring wettability of microfluid devices.
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In this system a microscope is just place at the top of microfluidic device and it
captures the motion of chemical reaction change in micro channel. A light source is
applied from the side to capture the video with more celerity with the help of high
speed camera and store video into computer. The video is than sliced into image in
required time interval as shown in lower left corner of figure. The Enlarge version
of captured screen is shown in lower right corner of Figure 5 which shows the
measurement of contact angle variation at different time interval.

8. Fabrication process of microfluidic devices

The selection of microfluidic fabrication process is dependent on type of mate-
rial selection for different microfluidic application. The special grade stainless steel,
borosilicate glass, PDMS (polydimethylsiloxane), PMMA (Poly methyl metacrylate)
copper, aluminum and Acrylic have been used as solid material for microfluidic
device fabrication. Chemical etching, 3D printing, Additive manufacturing,
micromachining are the common manufacturing practices for the development of
different microfluidic devices [68-70].

9. Conclusion

Microfluidic devices are one of the most widely used devices of twenty-first
century. They are being used in almost all the fields including biomedical, energy,
chemical, environmental, etc. Microfluidics is the technology based upon various
types of taxis, specifically chemotaxis. Surface wettability is an essential factor
in the development of microfluidics. Elucidating mechanisms to improve surface
wettability will help in the betterment of microfluidic devices. There are still
unexplored applications of microfluidics such as in paint industry: to study the
mixing and spreading of paints. Initially, microfluidics developed due to advance-
ment in the field of silicon etching and molding of micro channels technique. The
further advancement in the fabrication techniques will pave way for development

of high-leveled microfluidic devices that will open a new era of research in all
the fields.
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