Renewable and Sustainable Energy Reviews 101 (2019) 548-558

Contents lists available at ScienceDirect

Renewable and Sustainable Energy Reviews

journal homepage: www.elsevier.com/locate/rser

Intervention of microfluidics in biofuel and bioenergy sectors: Technological = M)

Check for

considerations and future prospects

Rintu Banerjee™', S.P. Jeevan Kumar™®', Ninad Mehendale”, Surajbhan Sevda®,
Vijay Kumar Garlapatid,*

& Agricultural & Food Engineering Department, Indian Institute of Technology Kharagpur, Kharagpur 721302, West Bengal, India

Y Ninad's Research Lab, Thane 400602, Maharashtra, India

© Department of Biosciences & Bioengineering, IIT Guwahati, Guwahati 781039, Assam, India

9 Dept. of Biotechnology and Bioinformatics, Jaypee University of Information Technology, Wakhanaghat 173234, Himachal Pradesh, India
€ ICAR-Indian Institute of Seed Science, Mau 275103, Uttar Pradesh, India

ARTICLE INFO ABSTRACT

Keywords: Biofuels/Bioenergy is renewable in nature by mitigating the greenhouse gas emissions despite rapid economic
Microfluidics growth and energy demand. Biodiesel and bioethanol production from renewable sources are gaining much
Biofuels and bioenergy attention but unable to translate the technologies into commercially ventures. Several technical challenges like
ll;?::ei:ii?l'n the screening of algae/yeast for higher lipid accumulation/ethanol production, separation and purification of

microalgae from contaminants, harvesting of microalgae, improving transesterification efficiency with meager
solvent consumption, energy and time have been addressed using microfluidic devices. Besides, it has shown
promising results in microbial fuel cell domain. Microfluidics and microreactors offer miniaturization of ex-
periments by a very little expense of solvents, energy and time with higher precision results. Moreover, it
provides 19.2% higher surface to volume ratio when compared with Petri dish (35 mm diameter) and micro-
channel (50 pm tall, 50 pum wide, and 30 mm long). Higher surface to volume ratio is helpful in the integration of
the whole laboratory (i.e., lab-on-a-chip), where efficient screening of ethanol/lipid producer, higher transes-
terification efficiency could be ascertained. Due to the overwhelming potential of microfluidics in biofuel and
bioenergy sectors, the present review article illustrated several examples to depict the importance of micro-
fluidics towards high-throughput analysis of screening the potent microbial/microalgal strain, fabrication of
microfluidic bioreactor, quality analysis of biofuel and bioenergy products.

Microalgal biodiesel
Microbial fuel cell

1. Introduction

Biofuels and bioenergy are gaining significant thrust owing to the
greenhouse gas reduction potential despite fast economic growth,
dwindling of natural resources and burgeoning population [1]. Biofuels,
particularly biodiesel and bioethanol are renewable, non-toxic and
promising liquid fuels with a potential to reduce greenhouse gas
emissions [2]. Besides, recent investigations emphasize the importance
of microbial fuel cells as one of the prominent energy sources that can
satiate the energy demand.

Biodiesel is one of the renewable fuel, is produced from edible and

non-edible oils, waste oils, animal fats and single cell oils (algae, fungi,
yeast and bacteria) [3,4]. Research on vegetable oils (soybean oil in
USA, mustard and sunflower oil in Europe and palm oil in Malaysia and
Indonesia) and non-edible oils (Jatropha, Karanja) have been ex-
tensively studied to be deemed for alternative fuel, however, stream-
lining food commodities into fuel invited food vs fuel dilemma, re-
quirement of land acreage, exorbitant cost and poor yield are some of
the reasons to defeat the purpose of using these oils for biodiesel pro-
duction. Recent studies substantiate the enormous potential of single
cell oils (microbial lipids) because of broad-spectrum utilization of
lignocellulosics, glycerol and waste sources for higher lipid
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accumulations [3]. Besides, these single cell oils can be easily scaled-up
with short incubation time and uncompetitive with the food chain.
Single cell oils (microbial lipids) production comprises several im-
portant steps such as cultivation of strain, biomass harvesting, lipid
extraction, transesterification and purification of fatty acid methyl es-
ters (FAME). Among these steps, screening and selection of strain, op-
timization of influential parameters for higher lipid accumulation,
consumption of less solvent and energy are viable options for a com-
mercially biodiesel production process [5]. On the other hand, micro-
bial fuel cell technology and bioethanol are also promising bioenergy
options due to their potential for reduction of greenhouse gas emissions
[6,7]. Bioethanol production consists of delignification, saccharification
and fermentation steps, where screening of both isolated and geneti-
cally engineered S. cerevisiae potential for ethanol fermentation is one
of the prominent steps for higher ethanol production. These screening
steps are exorbitant, requires energy and time that makes the whole
process extortionate. Besides, microbial fuel cells is a viable technology
for energy production but suffer from the integration of various com-
ponents, which culminated the whole process exorbitant. Microfluidics
is one of the viable technology to deal with the existing barriers with
the biodiesel, bioethanol and microbial fuel cell technologies. The po-
sitive attributes of microfluidics include usage of smaller reagent vo-
lumes, lesser reaction times, miniaturization and ability to integrate the
whole laboratory onto a single chip (i.e., lab-on-chip) [8,9].

Microfluidics is defined as a multidisciplinary science that deals
with the handling and analyzing of fluids at the microscale [10]. Role of
microfluidics in the screening of strain, optimization of variables for
enhanced lipid/oil conditions, media engineering towards higher mi-
crobial lipid production have been attempted. These techniques have
not only proved in enhancing the lipid/biodiesel production but also
reduced the solvents usage, time and energy. Moreover, these techni-
ques are more precise and help in accurate measurements particularly
in determining the quality of blended biodiesel. Indeed, this field of
interdisciplinary science has tremendous potential in bioenergy appli-
cations. To understand the microfluidics and their applications, a brief
understanding of the fluid properties at microscale is necessary [11].
Hence, in the present review, we have put forth the hierarchy of mi-
crofluidics and its intervention in biofuel and bioenergy sectors along
with the probable future insights towards a sustainable and cleaner
world.

2. Features of microfluidics

Fluids behavior at microscale is distinctive than the existing mac-
roscale systems. Microfluidic technology has high surface-to-volume
ratio range from 10°4 (for channel dimensions in few hundred microns)
to as high as 10”8 (for channel dimensions of few microns). The gov-
erning physical forces are different and can be characterized by low
Reynolds number (Typically «1 but can go up to 100 in case of inertial
microfluidic devices) [1], high Peclet number, high surface to volume
ratio and slower diffusion.

2.1. Reynolds number

Reynolds number (Re) is an indicator of fluid flow that determines
the nature of the fluid. In fluid mechanics, there exist two kinds of flow:
laminar and turbulent (Fig. 1). In laminar flow, the particle's velocity in
the fluid system is not random of time, which implies the particles in
the two or more fluid systems cannot mix except by diffusion [12]. The
prediction of flow can be indicated with Reynolds number, where the
Re is < 2300 then it is laminar. Unlike laminar flow, turbulent flow is
unpredictable and chaotic, where the position of the particle in the fluid
is unpredictable as a function of time and characterized with
Re > 2300. Being a laminar flow in microfluidics, it enables the re-
searcher to study the predictable transport of stressor through micro
channels, performing of assays, sorting of particles based on size and
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Fig. 1. Schematic representation of laminar and turbulent flow properties in
microfluidics.

cellular analysis due to packets formation [13].
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where p is the density of fluid, v pertains to fluid characteristic velocity,
Dypdenotes the diameter of hydraulic diameter and u signifies the fluid
viscosity. The hydraulic diameter (Dy,) is a computed value, which relies
on the cross-sectional geometry of a channel.

2.2. Peclet number

A Peclet number is a dimensionless number (ratio) that signifies the
rate of advective transport to the diffusion transport. Concentration
gradients occur either in gas mixture component or mass transport of
dissolved solutes/particles. The high peclet number is observed in mi-
crofluidics, which enables the parallel flow of fluids in more extended
fashion without mixing [14].

2.3. Diffusion

Diffusion is a physical process that is involved in the exchange of
solutes/gases with Brownian movement depending on the concentra-
tion gradient. As the flow is laminar in microfluidics, the diffusion in
one dimension is given as d2 = 2Dt, where D is the diffusion coefficient
and d indicates the distance of a particle that moves in time t. As the
distance differs from square power, the time of diffusion could be low at
the microscale [15,16]. This property of the slow distribution of so-
lutes/particles/gases could be exploited in creating the concentration
gradients within microchannels [17,18].

2.4. Surface tension

In macroscopic scale, gravity and pressures play an important role
in fluid dynamics; however, the capillary forces and surface tension
remains negligible. On the other hand, at microscale level, the surface
tension and capillary forces are significant in the fluids. Surface tension
results based on the cohesive energy of particles that remain at liquid/
gas interface. The free energy surface is an indicator of the tension
prevailing on its surface [19]. In biodiesel synthesis process, surface
tension has the vital role in lipid extraction, transesterification, and fuel
atomization.

2.5. Surface to volume ratio

Surface to volume ratio (SAV) in microfluidics is always low and
have the advantage of quick diffusion of particles/solutes/gases. This
property is fundamental in transesterification reaction when the sol-
vents are mixed co-axially; the SAV was higher on the methanol reagent
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as a result mass transfer enhanced between the interfaces of oil/me-
thanol [20]. This effectively reduced the broad requirement of solvent
to favor forward reaction (fatty acid methyl esters formation). Also,
lipid extractions from biomass also can be enhanced due to improved
penetration of solvents for efficient lipid extraction [21]. Generally, it is
not uncommon to observe increase of surface area to volume (SAV),
when shifted from macroscale to microscale. A petri dish half filled with
water having 3.5mm diameter, 2.5mL volume possess a ratio of
4.2 cm™'; whereas, a microchannels with height 50 m, wide 50 m, long
30mm, a 75 nL volume have a SAV ratio of 800 cm ™ '. This property
will have wide applications in transesterification reaction that reduce
the volume of solvent consumption and energy requirement. Besides
these physical forces, capillary forces and interfacial tension are sig-
nificant in microfluidics than the gravity. These properties are re-
sponsible for the unique nature of fluid behavior and can be used for
downstream processing, lower cost, faster results and better control
[10,22].

3. Applications of microfluidics in biodiesel production

3.1. Microfluidics for process conditions towards microalgal lipid
production (light effect on lipid and growth)

Microbial lipids serve as an effective substrate for biodiesel pro-
duction. Lipids in the oleaginous microbes accumulate under stress
conditions such as nutrient and culture condition limitations (pH, light,
C/N ratio etc)). Optimization of physical and nutrient requirements is
necessary for enhanced lipid production. Conventionally, this process
takes much time and cumbersome. Shih et al. have developed a digital
microfluidic (DMF) device that has studied the role of light in enhan-
cing the lipid content of Cyclotella cryptica [23]. An interesting phe-
nomenon was observed that under yellow light (~580 nm) synthesis of
more energy-rich lipids occurred. However, the yellow wavelength is
not congenial growth. Hence, to balance the growth as well as lipid
accumulation, the researchers had exposed the C.cryptica to alternative
blue light for 15h and yellow light nine h, respectively. This indicates
under the blue light, C.cryptica has rapidly proliferated; whereas,
yellow light (stressor) subjection lead to higher neutral lipid synthesis.
Besides this standardization of light phenomenon, microfluidics has
been applied in studying the role of nutrient limitations for lipid
synthesis and physical factors [24]. Digital microfluidics is an advanced
microfluidic technique that avoids the use of connectors. In this study,
reservoirs for inoculums maintenance and dyes for lipid identification
along with vents are provided.

3.2. Microfluidic device applications in microalgae-based biodiesel
production

Emerging evidence emphatically substantiate the potential of algal
lipids as an important alternative to the vegetable oils because of
carbon sequestration ability and easy to scale-up. However, blockades
such as impurity of cultures and harvesting are some of the major issues
to be addressed. To ensure higher lipid productivity, culture purifica-
tion of microalgae has to be maintained to make free from con-
taminants, as the latter competes with nutrients that ultimately ham-
pers the biomass productivity, composition and quality [25]. Tetraselmis
suecica is one of the prominent algae that have a potential for higher
lipid production but vulnerable to contamination with Phaeodactylum
tricornutum a diatom that outpaced Tetraselmisspor sp., Dunaliella sp.
in co-culture particularly at extreme pH [26]. Syed et al. [27] had re-
ported a low-cost spiral microchannel microfluidic device to separate
and purify Tetraselmissuecica from Phaeodactylum-
tricornutumcontamination. Based on the study, they have found that
with the optimum flow rate,95% of the P. tricornutum cells were sepa-
rated without affecting the cell viability. This study corroborates the
potential of inertial microfluidics to sort the desired strain from the
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contaminants and ensure higher lipid productivity [27].

In the algae-based biodiesel process, cultivation, harvesting, de-
watering, oil extraction and transesterification are the major en-
umerated steps [5]. Microalgae, by tiny cell size and high diluted cul-
tures (0.5-5gL~ "), harvesting is a cumbersome and tedious process
[28]. Hence, the development of cost-effective algae harvesting, where,
huge water is to be removed is a major challenge in algal- based bio-
diesel process. Harvesting methods such as centrifugation, flocculation
and ultrasound- based physical methods have been employed. How-
ever, cost of equipment, poor product recovery and hostile to scale-up
the process are the major drawbacks with the conventional process
[29,30]. To circumvent the problem, Barros et al., have proposed a two-
pronged strategy, which comprises of thickening (pre-concentration)
and de-watering steps [28]. Hgnsvall et al., has developed a trilobite
structure based microfluidic chip having a dimension of 5-um gap limit
and applied to concentrate the Chaetoceros sp, Rhodomonas baltica and
Thalassiosira weissflogii, respectively. Interestingly, the chip had con-
centrated the rigid cells and sorted-out according to size. This property
could envisage harvesting the algae ready for harvesting; whereas
smaller size algae could be re-circulated to the reactor. Besides, this
process avoids the requirement of expensive instruments like a cen-
trifuge and remain a viable technology for the harvesting of algae [31].

3.3. Microfluidic device for transesterification study

Biodiesel can be produced by pyrolysis, emulsions, transesterifca-
tion and mixing. However, the most common technique used for bio-
diesel production is transesterifcation because of low cost, lesser time
and energy requirement (Table 1) [32]. Transesterification is an im-
portant reaction that determines the quality of biodiesel. In this reac-
tion, the fatty acids react with methanol in the presence of the catalyst
(acid, base, and enzyme) to form fatty acid methyl esters and glycerol.
The main event in this reaction is the immiscibility of oil/lipid and
methanol and excess methanol uptake to favor the forward reaction. To
enhance the heat/mass transfer microfluidics techniques have great
potential in accomplishing the task [33,34]. For instance, Yeh et al.
[20] have developed a microdroplet microfluidic platform with large
surface to volume ratio that drives the chemical reaction forward by
increasing the material interface. In this method, soybean oil and me-
thanol were used for transesterifcation. Methanol when passed co-axi-
ally to the pool of soybean oil, the former was surrounded by the latter
and decreased the methanol to oil ratio (3:1). Moreover, oil conversion
oil conversion occurred in 9 min with 80% at 23 °C. Interestingly, at 1,
1/2, and 1/3 methanol to oil ratios the oil conversions showed 100%,
99.5%, and 98.6%, respectively [20] (Fig. 2). This observation sub-
stantiates that the methanol reactivity could be enhanced with oil/li-
pids by increasing the material interface between the reagents and also
reduce the cost and energy. Oil to methanol ratio is one of the im-
portant characteristic that determines the efficiency of transesterifica-
tion. Kumar and Banerjee, has reported 1:15 CE 90:1 oil to methanol
ratio for enzymatic and acid transesterification of Trichosporon shonodae
and Aspergillus splipids into FAME conversion, respectively. Kumari
et al., have had studied enzymatic transesterification with 1:15 alcohol
to oil ratio because higher the alcohol ratio to oil, higher the yield of
FAME. Unlike these conventional methods, microfluidics techniques
could reduce the solvent consumption, energy and time [4]. Further,
recent literature emphasized the utilization of green solvents in the
transesterification [5] and harnessed such solvents with the fabrication
of microfluidic devices could bolster the biorefinery products and ul-
timately deliver a viable and cost-effective process [35-38].

3.4. Microfluidic device for integration and in situ monitoring of biodiesel
production

Transesterification reaction for biodiesel production is mainly car-
ried out in stirred tank reactors; which had confronted with several
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Table 1

Evaluation of biodiesel producing techniques their features and disadvantages [32].

Pyrolysis

Transesterification

Microemulsions

Direct use/blending

Parameter

Process of conversion a substance into other by

heat or heat with catalyst is known as

pyrolysis

A process to reduce viscosity by reaction of oil or fat with an alcohol to

form esters and glycerol

Microemulsion is a colloidal equilibrium dispersion of

Easy and simpler technique to reduce

biodiesel viscosity.

Features

isotropic fluid microstructures formed from two immiscible

liquids

Required

Required

Not required

Not required.

Catalyst
Time

Takes longer time

Time depends on mode of transesterification. Acid and enzymatic
transesterification takes time, whereas in base transesterification

completes reaction within an hour

Energy required.

Requires longer time for stable emulsion

Requires less time in comparison to

other process

Operates at high temperatures and pressure

and requires high energy

Expensive

Very meager energy required.

Very meager energy required.

Energy

Inexpensive

Expensive

Expensive due to vegetable oils usage

Drawbacks Trumpet and coking formation in

Cost

Uncontrollable reactions due to variety of

reaction pathways.

Separation of pure esters is not easy due to presence of mono and
diglycerides in the esters.

Although viscosity reduced than oils but heavy carbon
deposit, incomplete combustion and injector needle

sticking are major hurdles

injectors

Causes turbidity due to monoglycerides in the mixture of esters

Heavy carbon deposits and oil

sticking

Lubricating oil thickening and gelling

due to vegetable oil contamination
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problems like biphasic reaction, requires more steps (neutralization of
base with acids and treatment steps intoxicate wastewater) to meet EN
1421419 [39] and ASTM 6751-1118 [40] standards and thermo-
dynamic equilibrium [41,42]. To address these issues of batch reaction,
a continuous reactor has been prepared using microreactors with fab-
ricated channels of different shapes like omega-, Tesla-, and T-shaped
coupled with a monitoring system for enhanced biodiesel yields
(Fig. 3). From the results, it has been noticed that FAEE's have been
increased with increase in ethanol concentration. Higher FAEE's were
obtained with a residence time of 10 min in Tesla (96.7%), omega
(95.3%) and T- shaped (93.5%) channels by utilizing 1% NaOH, 25:1
ethanol to oil molar ratio at 50 °C [43] (Fig. 4). The higher FAEE pro-
duction is mainly attributed due to enhanced mixture efficiency. Fur-
ther, to monitor the FAEE production a NIR spectroscopy has been
coupled with the continuous fabricated microreactors. Unlike other
chromatographic techniques, this technique is inexpensive, non-in-
vasive and requires minimal sample. This technique demonstrates that
the fabricated microreactor channels and real-time monitoring could
reduce the cost and increase the quality of the biodiesel [44].

3.5. Microfluidic device for quality assessment of blended biodiesel

The microfluidic devices are smaller and more sensitive compared
to the similar range of biosensor [45]. Assessment of quality fuel is an
essential step for commercialization. Petroleum products usage and
changing climate has instigated to develop renewable fuels and use
their blending mixtures (B-5, B-20 and E-20). Quality assessment of
blending mixtures of biodiesel, ethanol and butanol can be measured
using gravimetric measurements (density and viscosity [46]. The recent
development of microfluidic device represents the integration of dif-
ferent electrical, mechanical and fluid manipulation; detection techni-
quesand analytical separation onto a single microchip for total analysis
of the target [47]. Fabrication of microfluidic device with sensors based
on MEMS technology has been developed. In this study, resonant mi-
crotubes embedded with in-line density meters and fuel cell sensors
were fabricated and tested to determine gasoline, Fischer-Tropsch fuel,
various blends of ethanol, butanol, diesel, biodiesel and contaminants
like water and air. This prototype has demonstrated an in-built tech-
nology to monitor the quality of fuels, blending mixtures, biofuels, and
other contaminants in a miniature form with reduced cost [46]. The
microfluidic devices can also be used to determine air, water and food
quality. The heavy metal, environment pollutant, toxins and con-
taminant can be real time monitored and this help in the optimization
of biofuel and biodiesel process [48]. The optimization of biofuel pro-
duction can be controlled by a single chip system made as Miniaturized
bioreactors, this system's flow rate, temperature and oxygen can be
monitored and controlled by these microfluidic devices. Han et al.,
developed a microalgae based device that was used for screening and
monitoring of oil and biomass accumulation in various species [49].

The microfluidic devices can also be used to determine air, water
and food quality. The heavy metal, environment pollutant, toxins and
contaminant can be real time monitored and this help in the optimi-
zation of biofuel and biodiesel process [48]. The optimization of biofuel
production can be controlled by a single chip system made as Minia-
turized bioreactors, this system's flow rate, temperature and oxygen can
be monitored and controlled by these microfluidic devices. Han et al.,
developed a microalgae based device that was used for screening and
monitoring of oil and biomass accumulation in various species [49].

4. Microfludics in bioethanol technology

Bioethanol, in addition to biodiesel, is a prominent ‘drop-in’ fuel
responsible for lower green house gas emissions [50]. Conventionally,
bioethanol is mainly produced by yeast fermentation of sugars that are
derived from sugar cane, maize, starchy crops or lignocellulosics [2].
However, technically several challenges have been confronted with
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crop-based ethanol process such as food vs fuel controversy, poor uti-
lization of pentoses, intolerance to osmotic stress and ethanol con-
centration [1]. To circumvent these problems, genetic and metabolic
engineering have been attempted to develop a novel strain that utilize
cellulose, xylose, simultaneous utilization of xylose and glucose, en-
hanced tolerance to ethanol concentration. Besides, genetic engineering
have been envisaged in the 3rd generation feedstocks such as micro-
algae and cyanobacteria, which have potential as an alternative to crop-
based ethanol feedstock by virtue of non-competitiveness with food
chain, higher productivity and oxygenic photosynthesis [7]. However,
after developing a transformant, screening of selective strain that have
potential of higher ethanol productivity is essential. Abalde-Cela et al.,
[51] had developed a novel microfluidic droplet method to determine
the efficiency in Synechocystis sp. strain PCC 6803. In this study, a
microdroplet consists of enzymatic assay system that converts ethanol
into fluorescent product ie., resorufin.

Microdroplets facilitate as a unique experiment and enables to
identify genetically engineered cyanobacteria to discriminate ethanol
producers from wild-type strains and also helpful in analysis of cya-
nobacteria library. In another study, utilizing droplet microfluidic
technique the ethanol concentration during fermentation of Zymomonas
mobilis has been determined with the enzyme assay of alcohol oxidase
and horseradish peroxidase. Ethanol in presence of molecular oxygen
can convert into acetaldehyde and hydrogen peroxide by alcohol oxi-
dase. The hydrogen peroxide in-turn reacts with chromogen to form a
dye and water by horseradish peroxidase enzyme. Unlike conventional
determination of ethanol production using potassium dichromate
method, this method showed higher sensitivity and reproducibility (a
relative error of ethanol concentration < 5%), ethanol specific with
meager consumption of chemicals and energy [52].

5. Development of microfludic reactors for biofuels production
5.1. Designing aspects of microfluldic bioreactors

The recent discoveries in the field of micromachining and bio-
technology allowed the optimization of biofuel production using con-
trolled cell cultures. Microfluidics is a rapidly growing technology that
allows control and manipulation of picoliter liquid using channel di-
mensions of little micrometers [53]. The use of microfluidic bioreactors
for biofuel production is a promising upcoming method because of
precise control. The microfluidic systems have bioreactors, which are
comparable to the physical dimensions of cells and micro-organisms.
For this reason, microfluidic bioreactors are ideal for studying the be-
havior of fuel producing cells and their characterization using micro-
environment.

Microfluidic bioreactors have following advantages in comparison
with the conventional biofuel production systems [54-56]:

e Controlled microenvironment

® Ease of integration and reduced cost

e Low initial seed of microorganisms

e Portability, automation, data logging, and analysis

® Use and throw chips

e Higher throughput and low time consumption

® Reduced sample volume requirements

e Ease of managing oxygen level, temperature, and PH

Effective microfluidic bioreactor design should consider three basic
aspects of the manufacturing method, design considerations, and
functional elements (Fig. 5).

5.2. Fabrication of microfludic bioreactors

The microfluidic bioreactor can be manufactured using following
methods:
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Fig. 5. Basic aspects of microfludic bioreactor design.

= Photolithography: In photolithography, the silicon wafer is etched
to create channels and structures in the silicon wafer itself. This
method is prevalent because of the traditional electronics device
were made using the same photolithography method [57].

m Soft lithography: Soft-lithography involves master making using
photo-lithography and then making actual devices by molding the
elastomer like PDMS from the silicon master [58].

= Hot embossing: The bioreactor can be manufactured using thermo-
plastic and hot embossing. For Hot embossing, the negative of the
pattern is manufactured in metal or hard substrate. Molten ther-
moplastic is pressed against the master and allowed to cool. Once
the device is ready, it is ejected using ejector pin [59].

m Injection molding: This is a very popular technique in case of mass
production of microfluidic bioreactors. Molten thermoplastic is in-
jected against the master mold to make the microfluidic device [60].

m Direct milling: It is the traditional technique to manufacture devices
by directly milling the device using high speed rotating tapered drill.
The disadvantage with this direct milling method is the resolution of
channels achieved is of the order of few hundreds of microns. Also,
continuous wear of drill bits and heat generated due to friction are
the other problems faced by this manufacturing method [61]. The
typical steps involved in the fabrication of microfluidic bioreactor
has shown in Fig. 6.

5.3. Parameters consideration for design of microfluidic bioreactor

Bio-compatibility of the material from which microfluidic bior-
eactor is made. The material should not be toxic to cells. Sterilization of
microfluidic bioreactor is an important step. Microfluidic bioreactors
are sterilized using solvents such as isopropanol Acetone, or Ethanol.
After solvent evaporation, DI water rinse is given to the channels before
media is loaded. With microfluidic bioreactors, inherent scaling effects
such as the large surface area to volume ratio, low Reynolds number
which results in laminar flows comes into the picture. Also, in micro-
fluidic bioreactors, the viscous forces dominate the inertial forces
[57,62].

5.4. Functional elements of microfluidic bioreactor

For automation of microfluidic bioreactor, functional elements are
required. These functional elements are enlisted as follows:

a) Fluidic elements involve valves, pumps, mixers, and injectors (se-
quencers). Fluidic valves also called as quake vale controls [63] the
flow of liquid inside the bioreactor. Fluidic pumps are used to
control the flow rate inside the reactor. Syringe pumps are used.
Peristaltic pump, piezo pump, and pressure pumps are popular
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Fig. 6. Microfluidic bioreactor fabrication steps (A) Silicon (Si) wafer is RCA cleaned. (B) Si wafer is then heated at 120 °C for 20 min to remove any moisture. (C) SU-
8 photoresist(PR) is poured on to the wafer. (D) The wafer is spun at 2500 RPM to ensure the uniform spread of PR. (E) The wafer is pre-baked at 95 °C for 3 min to
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degassed. (L) PDMS is cured, and the device is then cut taken out from the master. (M) Cleaned glass cover slip and PDMS device are exposed to oxygen plasma for

90 s (N) The device is then bonded to the glass cover slip.

nowadays [64]. With the microfluidicdevice, an inherent property
of laminar flow exists. To overcome issues that might arrive with
laminar flows are solved by mixers. Christmas tree design gradient
generator [65] is the most popular mixer used with microfluidic
bioreactors. Most of the automation is possible with microfluidic
bioreactors are because of sequencers or injectors. The injector is
programmable and defines which fluid should entire the device as
per time.

b) Sensors are the feedback elements from bioreactors to achieve
control action of the bioreactor. The most commonly used sensors
are pH, O,, and temperature [66,67]. The thermocoupleis popularly
used as a temperature sensor because of small footprint and linear
range. Other temperature sensors are a thermistor, RTD, etc. [68].
pH inside the device is measured using colorimetry test. In the
colorimetric test buffer is flows which change color depending upon
acidic or alkaline nature and magnitude. O, sensing is most im-
portant because it is a direct indicator of microorganism metabolism
and hence the biofuel production rate. O, consumption can be re-
lated to metabolic reactions. O, inside a microfluidic bioreactor is
measure using absorbance test or NMR spectroscopy.

c) Heating element: The most important functional element of the
microfluidic bioreactor is the heating element. Resistive heating
[69] is used, in which heat is controlled by controlling the current
flowing through the resistive coil. Nowadays Peltier is used as a
heating element because of its ability to heat and cool by just re-
versal of current. The problem with Peltier heating is it draws a
large number of currents.

d) Gas exchange [70] is used in bioreactors to maintain certain con-
centration of gasses inside the microfluidic bioreactor chamber.
Mostly oxygen and nitrogen are the two gasses used in gas exchange.

554

The device made up with PDMS is useful in case of gas exchange
because PDMS is permeable to air but non-permeable to liquids.

e) Simulations are the most basic functional element used in micro-
fluidic bioreactors. As manufacturing masters using lithography is
costly to process it is very important that the design should be op-
timized using computer simulations. COMSOL Multiphysics [71]
and Ansys [72] are the two most popular simulation software used
for simulation of the microfluidic bioreactor.

5.5. Types of microfluidic bioreactors

a) Membrane-based microfluidic bioreactor: In these bioreactors, a
thin membrane is used to separate media and microorganism.
Ferrell et al., [73] have developed a microfluidic membrane bior-
eactor for evaluation of renal epithelial cells.

b) Continuous stirrer microfluidic bioreactor: In these systems, the li-
quid is continuously stirred using piezo pumps. Gebhardt et al., [74]
have designed milliliter-scale stirred tank bioreactors which used 48
wells and sample volume of 12 mL

c) Packed-bed microfluidic bioreactor: In packed bed microfluidic
bioreactor catalyst particles are used to fill the microfluidic channel.
Losey et al., [75] have used packed-bed bioreactor to analyze mass
transfer and reaction. In a recent study, Trachsel and Philippe, [76]
have used microfluidic packed-bed bioreactor for measurement of
residence time distribution.

d) Microfluidic photobioreactor: Microfluidic photobioreactor uses
phototropic microorganism and light source. These organism use
photosynthesis to produce food. Kim et al., [24] used photo-
bioreactor for high throughput screening of oil production.
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Table 2
Comparison of different microfludic bioreactors.
Advantages Disadvantages Impact Ref
Membrane-based microfluidic bioreactor Simple in construction Issue of clogging Output sample is filtered liquid [73]
Low power consumption Low time of operation Mamelian cells can be handled
Continuous stirrer microfluidic bioreactor = Good for mixing Continuous stirring can cause mechanical damage  Used for aerobic bioprocesses [74]
Large sample volume Inefficient in terms of power Suitable for Bioreactions with PCR
Simultaneous measurement
Packed-bed microfluidic bioreactor Catalyst based reactions Costly compared to other methods Used for fast bioreactions [75]
Beads involved causes particulate contamination Resident time measurements [76]
Microfluidic photobioreactor High throughput Only specific to photonic reactions Useful for photonic microorganisms — [24]

Light source and detector needed

Useful for plant cell based studies

The comparison of different microfluidic bioreactors have been
summarized in Table 2.

6. Microfluidics in MFC and MEC technologies

In the past decade, remarkable progress is carried out in the field of
microbial fuel cell technology for energy production, wastewater
treatment and new product formation. This advance revolution in mi-
crobial fuel cell deals a multidisciplinary approach to achieve high ef-
ficiency and high wastewater treatment rates [6]. However, this tech-
nology is still at the lab scale, so for further understanding of this
microfluidics plays an important role. The use of microfluidic in BES
shows many advantages over macroscale system such as the need for
less space and less time with the need for fewer reagents. MMFC which
works based on the flow concepts in micro-environment is a new ad-
vance feature in MFC technology with the unique features of automa-
tion, robustness and specificity with the positive attributes of process
accuracy and cost- effectiveness [77]. These unique and positive attri-
butes are also coming with the less energy utilization with the stan-
dardized microfabricaton protocols with the ancillary benefits of mi-
croenvironment conditions such as high-surface area and flexible
integration with other systems towards fully assembled platforms [78].
Owing to the unique multi-facet features and advantages, several re-
searchers started to work on MMFC technologies as miniature setups as
biosensor [79], environmental diagnostic tool [80,81], microbial
screening miniature device [82] and as implantable pacemakers [83].

Zebda et al., investigated the microfabrication techniques tool to
make a functional microfluidic glucose/O2 biofuel cell. In this study,
oxygen is reduced by enzyme laccase at the cathode whereas glucose
oxidase used to oxidize glucose at the anode. The Y-shaped design,
giving an advantage of using different streams of oxidant and it pre-
vents the anode from any interfering reaction with oxygen at anode
electrode. The highest produced power in this system reached to
110 pW/cm? at 300 mV with 19 mM glucose at 23 °C. The maximum
achieved current density was 690 pA/cm? at 300 mV. Compare to the
standard miniaturization glucose fuel cell, this Y shaped microfluidic
cell is more efficient [84].

In another research, Qian et al., demonstrated a unique 5-uL mi-
crofluidic MFC, this system generated a reproducible current genera-
tion. The bioelectricity generated by using Shewanella oneidensis MR-1
in the complex organic substrate. The maximum power produced in this
system was 62.50 W/m®>. The maximum net power produced in this
system was 250 mW and it was operated in fed-batch mode [85].

A membrane-less microfluidic MFC was devised by Wang et al., for
detection of microbe's electroactivity. Maximum open circuit voltage
obtained with different media such as activated microflora, untreated
microflora and fresh medium were 246, 131 and 102 mV respectively.
These obtained results show that microorganism added 115mV com-
pared to inactivated microflora (131 mV). This study proves that
without proton exchange membrane tMFC, has the ability for detection
of microbes [86]. A study on the effect of acetate concentration and
flow rate in microfluidic MFC revealed a maximum power density of
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618 mW/m? was achieved at the COD concentration of 1500 mg/L at
the anolyte flow rate of 10 mL/h. The concerned results of higher power
production using low internal resistance were attributed to the removal
of proton exchange membrane and available high surface to volume
ratio [87].

Selloum et al., first time demonstrated an ethanol microfluidic MFC
based on bioanode and biocathode and operated in Y-shaped micro-
fluidic channel. In the MMFC, at biocathode O, was reduced by laccase
whereas at bioanode ethanol was oxidized by alcohol dehydrogenase.
The maximum power density achieved was 90 uyW/cm? at 600 mV for a
flow rate of 16 uL/min. In this system, higher current and power den-
sities due to the lower ohmic internal resistance [88]. A study on the
effect of different microchannels (diverging, converging and vertical)
on microfluidic MFC showed the superior results with diverging
channel (a power density of 2.44 W/m?) than the converging and
straight channels. These results show that the geometry is critical for
the higher performance of microfluidic MFC, due to converging geo-
metry; lower anode resistance and good biofilm were formed in this
microchannel geometry [89]. Escalona-Villalpando et al., investigated a
glucose microfluidic MFC; this was constructed using glucose oxidase
enzyme with supported on multiwall carbon nanotubes. The maximum
power density of 610 uW/cm? was obtained with open circuit potential
of 720 mV [90].

A novel laminar flow MFC array was demonstrated by Yang et al., as
the scalable power source for portable lab-on-chip devices. The max-
imum generated power was 60.50 pW/cm? with 100 kQ loads. This
laminar based system did not require membrane between anode and
cathode chambers; power was generated using Pseudomonas aeruginosa
PAOL. Higher voltage was achieved by connecting these cells into the
series mode [91]. Mardanpour et al., demonstrated the feasibility of
microfluidic MFC for biohydrogen production and its usages for med-
ical use. The use of nickel as electrode compared to the conventional
electrode give better performance for power density and biohydrogen
generation. The maximum produced power and biohydrogen were
2.2 yW/cm? and 1.4 pL H,, uL substrate -1 day-1 respectively. The use of
human excreta as the substrate in microfluidic MFC was tested first time
with E Coli bacteria. The maximum hydrogen production with glucose
was 0.84 pL hydrogen (uL glucose)-1 day-1, whereas 0.94 pL. hydrogen
(uL urea)-1 day-1 from urea. Theoretical investigation shows that more
substrate reduction was occurred from a biofilm on electrode surface
compared to suspended bacteria [92].

Pramanik et al., investigated a microfluidic MFC for NaBH, electro-
oxidation with a different operating condition such as temperature,
pressure, electrolyte concentration, electrode surface area, Pt loading
and gas diffusion layer. The maximum power density, current density
and open circuit voltage were 24.09 mW/m? 54.97 mA/m? and
1079 mV respectively. These were obtained at the temperature of 70 °C,
with Pt loading on the electrode of 1 mg/cm? with 0.1 M NaBH,4 mixed
with 1 M KOH as an electrolyte [93]. In another study by Jiang et al.,
utilized a miniaturized microfluidic MFC with porous graphene foam
and separated by a proton exchange membrane with a current collector
at the bottom of anode chamber. The maximum obtained volumetric
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