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Abstract: Microbioreactors offer many advantages over macro-scale reactors for the
screening and cultivation of microbial cultures. However, some weaknesses of
microbioreactors are yet to be overcome. Optimum mixing under laminar flow, miniaturized
on-line measurements and control, integration of upstream and downstream microdevices
with the microbioreactor on a single chip, and adequate mathematical models to optimize
the performance are some major issues that need to be resolved. Nevertheless, recent
research indicates rapidly growing understanding of these problems and it has presented
some promising solutions that have led to useful commercial applications. While specialized
reviews have covered specific aspects of microbioprocesses exhaustively, the present article
reviews microbioreactors per se in a holistic way, analyzing their functions both in a stand-
alone setting and in conjunction with other microdevices. We also consider technological
developments arising out of the standard microbioreactor and its possible future
ramifications.
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Introduction
Microbial cells are cultivated in different kinds and sizes of vessels, under varied conditions and
for a variety of purposes. The vessels (or reactors) used for cell cultures may vary from as large
as a few hundred liters in industrial production through tens of liters for pilot scale bioreactors
to about a liter or less for bench-scale reactors. Reactors of these sizes are topically called
macro-scale bioreactors to distinguish them from the more recent micro-scale bioreactors (or
microbioreactors). Microbioreactors differ from large reactors not just in their sizes but in more
significant features such as fluid mixing, heat and mass transfer, control methods, fabrication
technologies and performance. These aspects have been discussed in different degrees of detail
in recent reviews [1-4]. Each of these has analyzed certain aspects in depth, and possibly to
maintain the focus of the review and a reasonable length, touched upon other features in a more
superficial manner. The present chapter attempts both to introduce microbioreactors to readers
not familiar with them and collates all significant information from the reviews as well as some
original sources to present a comprehensive account of the subject.

Both macroscale bioreactors and microbioreactors try to create conditions that mimic
in vitro as closely and reproducibly as possible the in vivo microenvironment of the cells that
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are being grown. Replication of the cellular environment is not easy because the performances
of living cells in their native habitats involve “a complex set of physical, chemical and
biological conditions that surround the cells” and enable (them) to function efficiently [3].
The larger the reaction vessel, the more difficult it is to mimic ideal conditions faithfully and
over practically useful stretches of time. This makes it difficult to cultivate microbial cells
efficiently in large bioreactors, more so for sensitive cells such as hybridomas and mammalian
cells. Large bioreactors have other drawbacks also. They are (i) bulky and hence it is difficult to
maintain a homogeneous state in the entire reactor volume, (ii) labor intensive and expensive to
operate and maintain because of the repeated requirements of cleaning, assembling and
sterilizing, (iii) costly and impractical for high-throughput screening because many batches have
to be run in parallel, and (iv) not suitable where significant heat and/or mean transport are
involved [3, 4].

Micro-scale bioreactors overcome these limitations for many reasons. Their small sizes
(typically 50 pl to 0.1 ml [5-7]) result in large surface-to-volume ratios, thereby enabling
efficient transport of heat and mass between the cells and their microenvironment. Another
significant advantage of smallness is that many reactors can be operated simultaneously under
different conditions at reasonable costs. This makes microbioreactors eminently suitable for
high-throughput screening studies, whereby the performances of a large number of cultures can
be determined simultaneously. High-through screening has been exploited to great advantage by
the pharmaceutical industry in the design and selection of new drug molecules or the
modification of existing molecules. Other benefits that accrue from the sizes of
microbioreactors include low power consumption, less space requirements, small quantities of
reagents and cells per batch and portability.

The nature of fluid mixing is an important feature that distinguishes microbioreactors from
their larger counterparts. To illustrate this, we note that a rectangular deep channel microreactor
used by Sotowa et al. [8] in an industrial setup had a channel width of 0.1 mm, depth of 400 mm
and an aspect ratio of 4000. Owing to the small cross-section area and the large aspect ratio,
flow through the channels in such reactors is in the laminar range and largely diffusion-
controlled [9, 10]. The absent of turbulent mixing allows microbioreactors to be applicable for
shear sensitive cells but it also implies that axial gradients may make it difficult to obtain a
spatially and temporally uniform output. This weakness is alleviated by introducing controlled
mixing that still maintains laminarity. Methods to active this are described in Section 4.

It might seem paradoxical that despite their small sizes, microbioreactors are considered to
be good candidates for high-throughput operations. The solution to this apparent paradox lies in
the so-called “numbering-up” approach, i.e. many microreactors are stacked in a bundle such
that their combined output is large enough to produce an economically viable process.
Numbering-up is a useful concept for production-scale reactors but it is not suitable for large-
scale screening because individual microbioreactors may require different operating conditions.
Even when the same product in desired from all the microbioreactors, maintaining nearly
identical environments for all of them requires careful distribution and control of the external
fluid environment. Some methods to achieve this are outlined in Section 4.

A complete biotechnology process requires one or more bioreactors to receive processed
feed streams and generate outlet streams that require further processing to obtain either the
biomass or a desired product in the required purity. This interlinking of upstream and
downstream units with the bioreactor is easier and less expensive with microbioreactors than
with larger vessels. Early versions of microbioreactors coupled them to macroscale processing
units such as PCR amplification devices, capillary electrophoresis, cell cytometers, ELISA
apparatus and mass spectrometers [11, 12]. However, recent developments in fabrication
technologies have enabled micro-scale upstream and downstream units to be positioned on a
single chip with the microbioreactor itself. This level of miniaturization allows all processing
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units and their layout to be so designed that smooth synchronous operation is readily achieved.
This was difficult when microreactors were coupled to micro-scale equipment because their
time constants and measurement and control methods were often widely different.

Like any new equipment or experimental method, microbioreactors too have weaknesses
and difficulties. Although laminar flow protects the cells from damage due to shear forces, it
also creates nonuniformity, introduces diffusion resistances and allows free cells to settle down
and thus become nonprofitable for product formation [13]. From a more direct practical
perspective, microbioreactors are susceptible to leakages at the junctions between
interconnecting fluid streams, have limitations on accurate on-line monitoring and control of a
large number of reactors operating simultaneously (“numbering-up’), evaporation losses, which
can be significant even when small quantities of liquid are lost as vapor, and possible dilution of
reactor contents upon addition of acid or base to maintain a particular pH [2, 4, 14].
Nevertheless, new developments arising out of both laboratory research and industrial uses are
helping to overcome many of these limitations, thereby promoting increasing preference for
microbioreactors for processes which have conventionally been carried out in large bioreactors.

Physics of microfluidics
All microfluidic devices exploit the physics of fluid flow through microcapillary channels.
However, most reviews [1-4] do not discuss the underlying physics that determines how
successful a particular application will be. Here we will review this aspect briefly, leaving some
details undiscussed, either because they are too complicated and not relevant to the practical
understanding of microbioreactors or because they are discussed in specialized articles [15, 17].
A basic understanding of the physical phenomena associated with microfluidic flow may
be obtained through certain dimensionless numbers that characterize these flows (Table 1).

Table 1. Main dimensionless numbers used to characterize fluid flow through microtubes [17]

Dimensionless number | Symbol | Definition Physical significance
u inertial forces
Reynolds Re Py —_—
n viscous forces
u,L convection forces
Peclet Pe 00 ——
D diffusion forces
. nu, viscous forces
Capillar Ca — - -
priary A interfacial forces
) . olymer relaxation time
Weissenberg Wi (294 POy -
shear rate time
T olymer relaxation time
Deborah De — POly .
T flow flow time
.. T elastic effects
Elasticity El p772 —
ph inertial effects
u
Grashof Gr Phby Re for buoyant flow
n
] u, L,
Rayleigh Ra D Pe for buoyant flow
slip length
Knudsen Kn ﬁ P .g
L, macroscopic length
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The Reynolds number, Re, is fundamental to both macroreactors and microreactors, but for
different reasons. It expresses the ratio of inertial forces to viscous forces:

_ inertial forces  pu,L,

Re =—
viscous forces n

1)

Whereas Re can differ widely for large bioreactors, it is small enough in microbioreactors so
that inertial effects may be neglected. Typically, for aqueous media Re ranges for ca.10® to
ca.10, indicating that the fluids move in strongly laminar linear Stokes flows.

Since flow in a microbioreactor is driven by viscous forces, it is strongly diffusion-
controlled. Different kinds of mixing devices have therefore been designed to enhance diffusion
rates and improve the mixing of two or more fluids. These are discussed in Section 4. The basic
physics of diffusion-mediated mixing is illustrated by the simple T-mixer (Fig. 1 [18]).

(a)

15.:m

Fig. 1 (a) Schematic diagram of a microfluidic T-sensor; reprinted from Kamholz et al. [242]
with permission from American Chemical Society, Washington DC ©1999;
(b) Pictorial depiction of the no-slip nature of the top and bottom walls
that affects the flow profile. Reprinted from Ismagilov et al. [243]
with the permission of American Institute of Physics, College Park, MD ©2000.

Three regimes of operation are possible, according to the value of the Peclet number, Pe:
(i) Diffusion-dominated mixing
This occurs when the flow rate ug is small, and hence
o convection  zh
diffusion D
(if) Taylor dispersion-mediated mixing
At very large flow rates (Pe >> 1), Taylor dispersion becomes the controlling factor in axial
mixing. The mixing time, zrp, is then

<<1

D = Pe? TR (3)
where 7 is the tracer diffusion time constant. While Pe should be much greater than unity, it is

limited to 2zR/h, where R is the radius of the mixer.
(iif) Convection-controlled mixing

For Pe >> 2zR/h, i.e extremely rapid flow, both diffusion and Taylor dispersion are
sufficiently fast and mixing is then controlled by convection currents. The convection time
constant is:

2/3 4/3
Toon & pe 23 (%j T~ pe23 (ﬂ—lj Ts 4)
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Sometimes a much greater degree of mixing is required than is possible by conventional
stirring, as with viscous liquids. Chaotic advection [19] is one method of achieving this; the
staggered herringbone mixer [20, 21] works on this principle (Fig. 2). Chaotic flow systems too
may have ordered regions similar to the dead pockets in large stirred bioreactors. Since the fluid
in these regions is poorly mixed, they should be minimized. The forgoing discussion applies to
miscible fluids. Often however, two- or three-phase systems are used. Then other factors,
notably surface tension, govern droplet formation and performance. Primarily there are two
competing stresses: surface tension tends to reduce interfacial area, and viscous stresses try to
extend and drag the interface downstream [17]. Balancing these two stresses determines the
resulting radius of a droplet:

R~ h/Ca (5)
where Ca = nu,/y is the Capillary number, 7 is the viscosity of the two-phase mixture and y
is the interfacial tension.

Fig. 2 Continuous flow staggered herringbone mixer (upper figure) and photographs
of tracer distribution at successive times that show diffusive mixing.
Reprinted from Stroock et al. [115] with permission from American Association for the
Advancement of Science, Washington DC ©2002.

Since the flow is linear and deterministic in a microchannel, it is possible to generate
monodisperse droplets more easily in microbioreactor than in a large macro-bioreactor, where
there is usually a distribution of drop sizes owing to breakage and coalescence [22].

For viscous liquids, e.g. polymer solutions, elasticity becomes a significant factor in
addition to inertia, diffusion and surface tension. The flow of such liquids through microtubes is
characterized by two other dimensionless numbers. The Weissenberg number relates the
(polymer) relaxation line to the flow deformation time:

Wi= e orrop™ (6)
where e is the extension rate and y the shear rate.

The Deborah number
De=z,/7y,, (7)
expresses the relative rates of relaxation and flow. Here 7, = Lo/uo for linear flow and
400 = @ for oscillatory flow, where @ is frequency of oscillation.

Apart from phase differences and differences in surface tension, elasticity, etc.,
two fluids may also differ in their densities. Then gravitational forces need to be considered.
For stable flows in such situations, viscous forces should balance buoyancy forces; this results
in a buoyancy velocity scale
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Uy = &, py Acgh’l 7 ®)
where ¢, is coefficient of thermal expansion, p, is reference density, c is solute concentration

differential, h is characteristic dimension, g is gravitational force, 7 is viscosity of the mixture.
Given u,, the Rayleigh number expresses the ratio of convective flow to diffusive flow:

Ra = u,h/D 9)

where D is the diffusion coefficient. When Ra << 1, diffusion dominates over convection;
alternately, for Ra >> 1 the flow is fast and a gravitational current of each fluid penetrates the
other [17]. For very fast flow, inertial forces become significant compared to viscous forces,
and their ratio is measured by the Grashof member:

Gr= p, u,h/n (10)

Segments of the foregoing theory form the basis of many important biological applications of
microfluidics, even though this is often not explicitly recognized. Microfluidic protein
crystallization is based on free-interface diffusion, which requires both Ra and Gr to be much
smaller than unity. In one approach to a polymerase chain reaction (PCR) to replicate and
amplify DNA, buoyancy flows at large Ra values are employed to perform PCR at a constant
temperature without an external pump [23].

As with large bioreactors, microbioreactors too may require the inflow of gases, notably air
or oxygen, to promote metabolic reactions that are aerobic. Then we have gas-liquid flow
through microcapillary tubes, and inter-phase mass transfer may become a rate-controlling
factor. The Knudsen number quantifies this pnenomenon, and it is defined as:

Kn=A,/L (11)
where A, is the mean free path length of the gas molecules and L is a characteristic length scale

of the microtubes. For Kn <<1 the gas behaves as a non-slip fluid, for Kn ~ 1 it behaves as a
continuum but slips at the boundaries, and Kn >> 1 the continuum approximation breaks down
[24]. Fluid slip at a boundary generates interesting possibilities which will be discussed later.

Types of microbioreactors

Microbioreactors may be classified in a manner similar to macro-scale bioreactors but, as
explained above, for any particular type of reactor a microtubular array functions very
differently from a single macrobioreactor or an array of such reactors.

Shake flasks and microcell plates

Most biotechnological studies begin with experiments in shaken flasks since these are cheap,
easy to operate and hence can be run in a pool of several flasks operated simultaneously. In a
sense, shaken flasks, and more recently micro-cell arrays, have been the work-horse of process
development to the extent of accounting for over 90% of all cell culture experiments [25].
Shaken flakes are also popular because of their versatility, being usable for bacteria [26], fungi
[27], yeast [28] and mammalian cells [29].

Offshoots of the traditional array of shaking flasks are the microcell plates. These are more
compact units that typically contain 48 or 96 cells, each of which is a miniature shaken
bioreactor. Since a microcell plate is more compact and better automated than an equivalent set
of flasks, it is possible to align a number of plates together so that hundreds of small-scale
experiments can be performed simultaneously. Microcell arrays have therefore been successful
for the high-throughput screening of cultures [30], for microbial fermentation optimization [31],
demonstrations of proof of concept [32] and also for automated whole bioprocess sequences
[33]. Micheletti and colleagues [34] extended these studies to evaluate scale- up possibilities
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from microliter-scale culture experiments. Promising results were obtained for two systems:
(1) an automated micro-scale process (1000 ul) for the aerobic fermentation of Escherichia coli
JM107:pQR706 overexpressing transketolase, and (ii) antibody production in suspension
cultures (800 uL) of VPMS8 hybridoma cells.

Microcell plates overcome one major limitation of shaken flasks, the absence of sufficient
automation; both suffer from low aeration rates since both rely on surface aeration and not on
bubbling of gas through the culture both. However, relatively better oxygen transfer rates to the
culture are possible in microcells, this being directly proportional to the shaking amplitude and
frequency and inversely proportional to the fill volume [35]. The advantages of microcell plates
over shaken flasks has led to the development of large arrays of microcells, going up to 1536
and 3456 wells per plate for industrial use [36].

While their small sizes make microcell arrays attractive for conducting a large number of
parallel exploratory experiments, this is also a limitation because evaporation of even small
amounts of liquid can significantly reduce the volume of material in a well. One solution is to
place breathable membranes on the plates [37] but this also reduces the oxygen transfer rates.
An alternative is the use of spin tubes, but microliter scale spin tubes are not yet well developed,
thus limiting their current use for high-throughput experiments. Present sizes are of 1 mL to 5
mL; even these relatively large tubes have been useful for slow-growing mammalian cells [38].

Miniature stirred bioreactors

Just as laboratory-scale bioreactors are the next logical step from shaken flasks,
microbioreactors follow the studies with microwell plates. However, unlike normal bioreactors
which are usually of 1-10 L size microscale devices have volumes in the uL to mL range.
They are usually made from Perspex, Pyrex, polymethylmethacrylate (PMMA) or stainless steel
[39, 40]. Sometimes more than one kind of material may used, such a as PMMA for the main
body and stainless steel for the joints and connections.

This reactor generates better mixing and oxygen transfer from gas to liquid than is available
with shaken flasks and microcells. Both features can also be controlled more effectively, thus
allowing more accurate studies of microbial behavior under different process conditions. These
microbioreactors are usually of the stirred type although bubble column reactors (described
next) are also used for certain applications. Stirred reactors have been used for a wide variety of
organisms and bioprocesses, such as Saccharomyces cervisiae for ethanol production [41]
cultivation of the microalgae [42], and the traditional cultivation of E. coli [43]. In the last
application, Lee et al. [43] demonstrated long-term cultivation of E. coli up to 500 h in an
integrated system that combined rigid materials with polydimethylsiloxane (PDMS) membranes
to minimize evaporation losses and reliable flow control without concentration drift. Acetate
formation remained within tolerable limits, in spite of such long operations, a significant
advantage are larger bioreactors.

Despite avoiding high agitation rates, mass transfer rates in stirred microbioreactors are
superior to those in both shaken flasks and large bioreactors. Typical k a values reported are
between 360 h™ [44] and 1650 h™ [39], for E. coli cultivations, depending on the flow rate,
stirring speed and method of measurement. The latter device, designed in association with an
industrial partner (HPP Labortechnik AG, Oberschleissheim, Germany), is an integrated unit
than can handle up to 48 cell-cultivations simultaneously, thereby accelerating process
development studies significantly. The industrial value of miniature stirred bioreactors is further
underscored by a second application, in which Flowrometrix Corporation (Stow, Massachusetts,
USA) developed a multi-vessel unit that permits in situ on-line monitoring of up to 12 parallel
cultivations. Its long-term usability (for over 70 h) has been demonstrated for a mammalian cell
culture process [45], thus encouraging improvement of the design to a 24-well platform [46].
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Other companies have concentrated on the development of platforms with large
microbioreactors to promote studies that mimic industrial systems more closely and enable
process parameters to be varied more accurately. These devices include Dasgip AG’s (Villach,
Germany) 16- vessel unit with each reactor having a working volume of 200-275 mL [47] and
another from Infors AG (Bottmingen, Switzerland) that comprises 4 to 16 chambers, each of
100 mL working volume and integrated with dissolved oxygen (DO) and pH sensors.

Miniature bubble column reactors and novel designs

In some situations, such as microbial systems in which the cells are sensitive to shear or systems
that involve viscous solutions or suspensions, stirring may not be a good method to provide
adequate mixing and/or gas transfer to the broth. Then bubbling of air or an inert gas is
preferred. In such miniature bubble column reactors, the gas is sparged upward from the bottom
through a fine mesh or a sintered porous plate so as to insure uniformly distributed small
bubbles. 1t may be recalled here from Section 2 that the linear laminar flow and small diameters
of bubble column microbioreactors make it easier to generate and maintain a uniform
distribution of bubbles than in large columns.

A prototype 12-microwell bubble column microbioreactor with a working volume of
2 mL has been described by Doig et al. [48]. k.a values comparable to those in equivalent
stirred reactors were achieved. The lack of agitation implies that oxygen transfer is easier to
model than in stirred microbioreactors and there are fewer design parameters, thus enabling
easier scale-up/scale-down [49]. Earlier investigators designed and tested somewhat larger
microreactors with gas sparging. Many of these devices have been described by Hessle et al.
[50]. However, they were one or two orders of magnitude larger than that of Doig et al. [48],
thus limiting the extent of parallel processing possible.

Some novel bubble column designs have emerged in recent years. One such is the falling
biofilm reactor employed by Villena and Butierres-Correa [51] to study cellulose production by
Aspergillus niger. They reported that cellulose activities and volumetric productivities with
biofilms grown in shake flasks were 70% higher than by freely suspended mycelium, and this
advantage increased to three fold (i.e. 300%) when the biofilms were grown in
microbioreactors. Two other unconventional types of bubble column microreactors have been
discussed by Jensen [52], who has also described a similar integration of a membrane reactor
that allows simultaneous chemical reaction and product separation. To enable the rapid
determination of reaction kinetics, McMullen and Jensen [53] recently fabricated an automated
spiral microreactor of 120 puL volume and coupled it to an HPLC. The spiral design makes the
microreactors usable for reactions with a solid phase, thus enabling kinetic studies with porous
pellets and slurries.

The types of microreactors described here certainly do not exhaust all available
configurations but they do cover most of the major types. Indeed, new configurations emerge
frequently as new technologies develop and new applications are perceived.

Mixing in microbioreactors
Similar methods to promote mixing apply to microreactors for both biological and
nonbiological processes. Thus the methods reviewed here are common to both. This overview is
intentionally brief because excellent detailed reviews of mixing alone in microreactors have
appeared recently [54-57].

Unlike large bioreactors, even of the stirred kind; flow in microchannels is usually laminar,
Re being usually in the range 0.01 to 10 [3, 13]. Hence turbulent mixing is absent and the main
driving forces are diffusion [18], chaotic advection [19, 20] and Taylor dispersion. Depending
on whether or not the cells can endure shear forces, either molecular diffusion or chaotic
advection is employed, Taylor dispersion being an extension of the former. Aref [19]
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highlighted one important difference between the words “mixing” and “stirring”, which are
sometimes loosely interchanged. Stirring refers to the act of creating mixing, the latter being the
phenomenon itself. Pasirayi et al. [3] pointed out two basic approaches to achieve micromixing.
In active mixing energy is added to a system and external forces, not necessary physical, are
employed to stir and mix. Electrokinetic, ultrasonic, magnetic, thermal, petistaltic and
piezoelectric mixers are all of this kind [58-61]. This method may not be suitable for delicate
shear-sensitive cells or tissues. In such situations passive mixing in preferred; the principle is to
use channel geometry and the energy provided by the flow to stir, stretch and fold the liquid
elements to as to increase the interfacial area over which molecular diffusion occurs. Several
ingenious designs have been reported for microchannels and fluid contacting models to promote
passive micromixing. Some significant representative examples are considered here.

Active mixing
Table 2 summarizes the main methods of active mixing. Some of them are novel and some
ideas are implementations of similar methods employed successfully for large bioreactors.

Table 2. Comparative data of the recent performances of some active micromixers [57]

. . Mixing Mixing Mixing
Category Mixing technique time (ms) | length (um) | index
Acoustically driven side-wall
Acoustic/ trapped microbubbles 120 650 0.025
Ultrasonic Acoustic streaming induced 600 10 000 0.9
by surface acoustic wave
. . Chaotic advection
Dielectrophoretic based on linked twisted map -- 1000 0.85
Electrokinetic Chaotic electric fields 100 Width*5 0.95
time-pulsed Periodic electroosmotic flow -- 200 0.88
Electro- Staggered herringbone -- 825 0.2
hydrodynamic force | Staggered herringbone -- 2300 0.5
Thermal actuation Thermal -- 600 --
Magneto- . .
hydrodynamic flow High operating frequency 1100 500 0.977
Electrokinetic Low Reynolds number -- 1200 0.98
instability Low Reynolds number -- 1500 0.98

The use of high frequency is conceptually analogous to the use of ultrasonication to break
the cells in large bioreactors so as to recover certain intra-cellular products Liu et al. [60] used a
mixer comprising a piezoelectric disk attached to a microreaction chamber. The chamber was so
designed that air bubbles of a specified size were trapped in the solution, and their circulation
promoted mixing. The time to mix fully the contents of a 22 pL microreactor was reduced from
several hours (for pure diffusion based mixing) to tens of seconds.

Experiments with E. coli K12 suspended in blood showed that this kind of “acoustic
mainstreaming” [60] was also the basis of Ahmed et al.’s [62] micromixer, which trapped air
bubbles of a prescribed size within pre-designed grooves on the sidewalls of the microchannel.
When acoustically driven, liquid/air interfaces of the trapped bubbles oscillated, thereby
creating strong pressure and velocity fluctuations, resulting in fast and homogenized
micromixing. For the mixing of deionized water and ink, the mixing time was just about
120 ms. Similar low mixing times have also been reported by Long et al. [63] for a different
system, thereby demonstrating the versatility and effectiveness of this method.
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It may be recalled that chaotic advection is one of the most effective methods of inducing
micromixing [19-21]. Two studies illustrate the use of electric fields to generate chaotic
advection. Deval et al. [64] presented a dielectrophoretic mixer that “induces chaotic trajectories
of embedded particles through a combination in space and time of electrical actuation and local
channel geometry variation”. More recently, Campisi and coworkers [65] designed a soft-
lithographed micromixer that generated chaotic advection as an implementation of a linked
twisted map. The two liquids to be mixed were electrokinetically driven by generating rolls
through AC electro-osmosis. While mixing times have not been reported, the instrument was
effective over wide ranges of frequency (10-100 kHz) and voltage (15-20 V).

Similar to the dielectrophoretic apparatus described above, pulsed electric currents have
also been employed to promote chaotic micromixing. The driving force here is the zeta potential
distribution, which may be exploited to create complex flow patterns that are conductive to
intimate micromixing. Wu and Li [66], for example; explored the effect of induced-charge
electrokinetic flow in a rectangular microchannel with embedded conducting hurdles.
Numerical simulations showed flow circulations generated by an induced non-uniform zeta
potential distribution. This was experimentally validated using PDMS microchannels with
embedded Pt hurdles. Chen and Cho [67] induced chaotic advection via four electrodes
mounted on the lower and upper surfaces of the microreactor. Chaotic oscillating electric
potentials were designed through simulations, which induced complex flow circulations that
created mixing efficiencies of up to 95% of perfect mixing. Lim et al. [68] improved mixing in
T-type micromixers by introducing a constriction in the microchannel under periodic electro-
osmotic flow. The degree of mixing was maximized by optimizing the amplitude and frequency
of the AC electric field and the length of the constriction. This observation and that of Wu and
Li [66] are compatible with Kang et al.’s [69] numerical evidence that for every system there
exists an optimum period of electric modulation to generate the best time-varying zeta potential.

Analogous to the time-varying electrical pulses used by dielectrophoretic methods is the
introduction of kinetic instabilities by electrical means. In Shin et al.’s [70] work, a time-
periodic electric field was applied to excite instability in a micro-channel. They found that
instability was most pronounced when the period of the applied field was close to half of the
period of the kinetic instability, and consequently the degree of micromixing was the highest.
Chun and coworkers [71] also generated a periodic electric field through a pair of positively
charged polyelectrolyte gel electrodes (pPGESs) connected to an external AC signal source.
Periodic reversal of the direction of charge flow created alternating depletion-enrichment
regions, thereby generating instability and mixing. The method efficiently lysed human red
blood cells with little damage of the white blood cells.

Electro-hydrodynamic and magneto-hydrodynamic methods to promote micromixing work
on principles similar to those just described. In Zhang et al.’s [72] simulated study, electrical
pulses aided the periodic oscillations of fluid in a microchannel that were caused usually by
grooves running along the length of the channel. The electric field thus supplemented the
mixing created by the groove-generated helical flow. Significant improvements were observed
with a T-mixer. Du et al. [73] applied the same principle to a staggered herringbone mixer
(SHM), and computed the length of microchannel required for complete mixing, Ln, for
different concentrations of two fluids being mixed. The computed values of L, agreed well with
experimental values, thus underlining the usefulness of a simple parameter such as Ly to
characterize hydrodynamic mixing in a SHM. Magneto-hydrodynamic methods rely on the
motions of magnetic particles to enhance further the mixing created by channel design itself.
The motions of the particles may themselves be generated by electric feeds, thus illustrating the
analogy with electro-hydrodynamics. For instance, Gleeson and West [74] employed AC
current to churn the magnetic particles in such a way that two fluids that initially flow in
separate semi-circular halves of a microreactor are forced to mix with each other.
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Through similar experiments, Wang and associates [75] observed that mixing efficiency was
maximized at an optimum AC frequency, which depended on the size of the magnetic particles
and the diameter of the microchannels. These observations were further corroborated by
Wen et al. [76] in their studies of the micromixing between magnetic nanoparticles suspended
in water (i.e. ferro-fluids) and Rhodamin B. By optimizing the electrical frequency, mixing
efficiencies up to 95% could be obtained within 2.0 s and a distance of 3.0 mm from the inlet.

A non-electrical non-hydrodynamic method that also achieves significant chaotic advection
creates pressure perturbations within the fluid streams to be mixed by pulsing the velocities of
the streams [77]. In a typical device (Fig. 3) the mixer has one main channel and a number of
side channels. The streams flowing in through the side channels are pulsed; as a result, pressure
fluctuations induced in the main channel create stretching and folding of the fluids, which in
turn generate chaotic advection.

periodic flow
t perturbation direction
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Fig. 3 Model of a chaotic micromixer with multiple side channels:
(a) Experimental observation of fluid mixing in a device with one pair of side channels;
(b) Schematic of a mixer with multiple side channels.
Redrawn from Niu and Lee [77] with the permission of IOP Publishing,
Philadelphia, PA ©2003.

Since most microreactor applications are in the diffusion controlled regime [1-4], it may
not be surprising that the control of heat input/output can help micromixing by controlling the
diffusional movements of molecules. However, thermally-controlled mixing has just recently
been recognized as a practically workable tool. Two recent studies have demonstrated this.
Pradere and associates [78] used infrared thermography and computer-processing of the
temperature frames to estimate online the longitudinal temperature distribution in microreactor
for an acid-base neutralization reaction. The Peclet number Pe was used to quantify molecular
diffusion. The online temperature profiles were related to Pe so as to enable the heat removal
rate to be controlled so as to maximize diffusive mixing. Xu et al. [79] induced the thermal
mixing of two miscible fluids in a T-shaped microchannel. In their analysis the microchannel
was conceptually divided into two zones: the T-junction and the mixing channel. Thermal
diffusion was dominant in the T-junction whereas convective heat transfer was also significant
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in the mixing channel. By correlating these with the fluid flow, the degree of mixing could be
enhanced by regulating heat inflow.

As microreactors move rapidly from laboratory curiosities to real commercial applications,
there has been a tendency to return to simple principles of mixing so as to minimize the cost.
Piezoelectric micromixers are of this kind. One simple model was devised by Massimo et al.
[80]. Their micromixer generated unidirectional rotation of a liquid inside a hole of a metallic
cube. This was achieved by bonding four piezoelectric elements on the four sides and applying
AC voltages. The equipment is simple, cheap, efficient, portable and disposable. Martinez-
Lopez et al. [81] focused on a strictly biological application — an integrated injection system for
the perfusion of Chinese hamster ovary (CHO) cells into microbioreactors. This was done by a
piezoelectric micropump characterized by the voltage, frequency, viscosity and microfluidic
design. Mixing of the CHO cells was optimized by optimizing three parameters. Kong and and
Devasia’s [82] interest was somewhat different. Their attention was on the distorting vibrations
caused by a piezoactuator when used to improve biometric-cilia-based mixing in microreactors.
Their iterative approach reduced the mixing time substantially without significant distortions,
thereby establishing a new method to generate different wave forms for such actuators.
Although these are all recent investigations, piezoelectric mixing was employed tacitly in 2002
by Liu et al. [60], whose work has been cited in the context of acoustic streaming.

The use of microbeads is another example of basic principles being exploited for
practically viable applications. As in Liu et al.’s [60] study, magnetic microbeads have been
used in magneto-hydrodynamic mixing experiments [74-76]. Ukinta et al. [83], however, used
polystyrene (non-magnetic) microbeads in a vertical microreactor stack with multi-functional
fluid filters for immunoassays. ELISA results indicated very effective mixing performance,
which depended on a combination of Coanda effect [84] and Taylor dispersion [16, 17].
Srinivasan and coworkers [85] used paramagnetic (and not ferromagnetic) microbeads to bind
streptavidin molecules and fluorescent microbeads for biotin-coupling. The two types of beads
conjugated on being injected into a microtube. Fluorescence emission spectra indicated that
bioconjugation efficiency, which is linked to micromixing efficiency, peaked at specific flow
rates, similar to the optimal frequencies for best mixing in electrokinetic methods [66-69].

Passive mixing

Since passive mixing derives its energy requirement from the fluids themselves, without any
external energy input, the mode of contacting of the fluids being mixed is a critical feature of
this method. As for active mixing, a number of contacting methods have been proposed and
more methods are emerging continually. The most important methods are summarized in
Table 3.

Repeated splitting and recombining of inlet streams is a common method to enhance
passive micromixing. The two processes may be carried out either inside a common microtube,
including the microbioreactor itself, or by allowing two fluids supplied separately to come into
contact in a suitably designed mixing device. The former method was adopted by Howell et al.
[113] and by Comesasca et al. [114]. The former group fabricated a rectangular micromixer
with grooves in the top and bottom faces. Chevons pointing in opposite directions created a pair
of vortices adjacent to each other. Stripes along the width of the channel generated a pair of
vertically stacked vortices. The design could generate advection patterns not possible with
grooves in the bottom face only. Comesasca et al. [114] also induced chaotic advection by
means of grooves on the reactor surfaces, but located the grooves on the basis of results from
the Weierstrass fractal function. Their micromixer achieved substantially better mixing than a
similar herringbone mixer [115].

Even though it is the cheaper option, internal splitting and recombination of fluids does not
enable easy control of the process. So some investigators have preferred to combine two or

S12



@ Int.J. BIOAuTOMATION, 2015, 19(1), Suppl. 1, S1-542

more fluid streams by contacting them at suitably designed junctions. Some common contacting
schemes have been described by Doku et al. [116], but they relate to publications before 2005.
Later improvements include rotation-cum-splitting [117], in which the fluids go through a 90°
rotation of a flow cross-section followed by a split into several channels. Each daughter channel
is rotated further by 90° and then recombined, and this process is repeated until the desired
degree of mixing is obtained. Buchegger and coworkers [118, 119] also exploited laminarity of
flow to promote micromixing. Their design used wedge shaped inlet channels to create four
lamination layers, thereby reducing the diffusion lengths to just a few micrometers.
Since diffusion is the main driving force for mixing in microchannels [16-18], such a reduction
is likely to enhance micromixing considerably. This was demonstrated by an application to the
enzymatic hydrolysis of pS-galactosidase, where it was possible to follow the reaction at
millisecond time intervals.

Table 3. Comparative data of the recent performances of some passive micromixers [57]

. . Mixing Mixing Mixing
Category Mixing technique time (ms) | length (um) index
L amination Wedge shaped inlets 1 1 0.9
90° rotation -- -- 0.95
Zig-zag channels | Elliptic-shape barriers -- 10 000 0.96
Folding structure 489 -- 0.01
Creeping structure -- -- 0.015
3D serpentine Stacked shim structure -- -- --
structure Multiple splitting, stretching,
and recombining flows B B B
Unbalanced driving force -- 815 0.91
Embedded SMX -- -- --
barriers Multidirectional vortices -- 4255 0.72
Twisted channels | Split-and-recombine 730 96 000 1
Surface Obstacle shape -- 1000 0.98
chemistry T-/Y-mixer -- 1000 0.95

Two basic methods to induce intimate micromixing are (a) by suitable contacting of the
fluids and (b) by appropriate designs of the microchannels. The second method has encouraged
many creative designs, with more evolving continually. A simple design is to have zig-zag
channel (Fig. 4) through which the liquids have to change directions frequently, thereby forcing
them to mix. Lee et al.’s [120] micromixer had channels running parallel and across the flow at
90° to each other. They reported complete mixing within 200 um as compared to 3000 pm for
conventional straight line channels. Yang et al.’s [121] circulation-disturbance micromixer had
slanted grooves on the bottom and a zig-zag barrier at the top. This produced transverse motion
perpendicular to the flow direction. Compared with a slanted groove mixer without the zig-zag
structure, mixing improved by 132% to 208% at Re = 10.

A zig-zag shape is, of course, not the only possible deviation from simple right-angled
contact, and this idea has led to many innovative channel designs. Many of these channels may
be categorized broadly as having a serpentine structure. This classification nevertheless allows
considerable variations in the topology of the layout of the channels. For instance,
Kim et al. [122] used an F-shaped arrangement in which each stream flows in through one arm
of the F and the two mix in the vertical long segment; this design featured splitting-
recombination and chaotic advections. Earlier, Liu et al. [123] had shown that a C-shaped
serpentine microchannel with repeating units generated 1.6 to 16.0 times better mixing than
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conventional square wave and straight channels. This device was later optimized by Kang et al.
[124] to produce almost complete global chaotic mixing in the Stokes flow regime that
extended beyond the ranges of Re studied by Liu et al. [123].

Fig. 4 A microfluidic mixer integrating a Y-junction with a linear zig-zag microchannel.
Redrawn from Mengaud et al. [101] with permission
from American Chemical Society, Washington DC ©2002.

Given the endless variations possible, it is difficult to provide an exhaustive overview of all
serpentine micromixers. Two variations of the serpentine structure are shown in Fig. 5 and the
upper portion of Fig. 6.

cC /ap=0: "\ A6 =100 “\_A¢ =180

100um
Fig. 5 (A) Schematic of a microchannel with ridges; (B) Optical photograph
showing two other streams flowing on either side of a main stream;
(C) Fluorescent confocal photographs of vertical cross-sections of the microchannel.
Redrawn from Stroock et al. [115] with permission from American Association
for the Advancement of Science, Washington DC ©2002.

Process needs and ingenuity can, of course, other possibilities and this is illustrated by two
novel configurations. Neerinex and coworkers [125] improved the traditional splitting and
recombination method through a circularly shaped parallel multiple mixer that used fan-shaped
channels to guide the flow into the splitting channels, where it is reversed and re-collected in a
second fan-shaped channel. Repetition of this twelve-way splitting design produces 24 layers in
the first mixing unit, 228 layers in the second unit, and so on, thereby significantly enhancing
mixing efficiency. Moon and Migler [126] were interested specifically in the micromixing of
two molten polymers. For this they developed a planar micromixer that “drives streams of
molten polymer through mixing chambers”. Different complex flow patterns could be generated
by suitably stacking the chambers. This design was not only suitable for viscous liquids but
could also operate with sample sites much smaller than for traditional micromixers (< 100 mg).

Twisted channels are an alternative to serpentine structures, and some investigators have
preferred this either because of their effectives for particular applications or/and because of ease
of fabrication. The latter reason motivated Cha et al. [127] to develop a new
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polydimethylsiloxne (PDMS) bonding technique to fabricate a “chessboard” micromixer,
which, unlike most conventional mixers, had a precisely aligned complex 3-dimensional
microchannel array. This improvement enhanced micromixing significantly, nearly complete
mixing being achieved within 1400 um. Hardt et al. [128] also employed twisted channels for
the split-and-recombine method; their topology accounted for hydro-focusing and complex flow
dynamics, and the main benefit was the slow increase of the mixing distance with the Peclet
number. Splitting and recombination of fluids was also the basic principle of Ansari et al.’s
[128] passive micromixer. It comprised two sub-channels of unequal widths which repeatedly
undergo splitting and recombination; the result was unbalanced collisions between two fluid
streams and the generation of Dean vortices. Four variations of twisted channels were explored
by Jen et al. [103], one based on the conventional T-mixer configuration and the other three
featuring inclined, oblique and wave-like channels (Fig. 7). It may be recalled that the repetition
of a particular structure to enhance mixing was also the rationaleof Liu et al.’s [123] serpentine
micromixer, and vortex generation as a tool was also employed by Yang and associates [121] in
their zig-zag channels. The exploitation of two or more methods together thus seems to enhance
micromixing more than any one method alone, as demonstrated also by Hashimoto and
Whitesides [131], who exploited flow-focusing in a unit containing multiple rectangular mixing
sections. By varying the operating conditions, it was possible to generate a monodisperse or
bidisperse or tridisperse distribution of gas bubbles in a two-phase mixer.

X "% (b)
Fig. 6 Geometry of (a) three-dimensional serpentine and (b) staggered herringbone mixers.
Redrawn from Liu et al. [102] with the permission of Elsevier B.V., Netherlands ©2004.

Apart from channel geometry, it is also possible to promote micromixing by introducing
obstructions in the flow paths. The idea is of course borrowed from the use of baffles in large
bioreactors. An example of a successful commercial design is that of Kim et al. [132, 133],
which uses embedded barriers along the upper surface of the microchannel and helical flow
structures along the lower surface to induce pressure-driven chaotic flow (Fig. 8); recall that the
principle is similar to that of Niu and Lee’s [77] zig-zag channel. An alternate approach is that
of Singh et al. [134], who optimized three design parameters of SMX static mixers: the width of
the channel, N(X), the number of parallel cross bars per element, N(p), and the angle, G,
between opposite cross-bars. They derived the optimum design rule N(p)= (2/3)N(X) — 1 for

N(X)=3, 6,9, 12, ... . Surprisingly the rule does not contain ©. Tsai and Wu [135] combined
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two modes of mixing enhancement: curved microchannels to induce vortices and internal radial
baffles to compel the fluids to mix. Like that of Liu et al. [123], this mixer too had C-shaped
channels and was fabricated out of PDMS to obtain an exact configuration [22]. Excellent
mixing was reported over a wide range of Re. Two-method enhancement is also the theme of
Sotowa et al.’s [136] microreactor, which had baffles embedded in deep microchannels. A deep
microchannel has a much larger aspect ratio than a standard channel. While the width of
Sotowa et al.’s channels was 100-1000 um, the same as in standard channels, the depth was at
least a few millimeters (Fig. 9). Its effectiveness was demonstrated for the enzymatic hydrolysis
of o-nitrophenylgalactopyronaside by S-galactosidase for throughputs up to 10 000 tons per
year by stacking several microreactors in parallel [137].

A5 mm
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Fig. 7 Schematic diagrams of (a) a T-mixer; (b) an inclined mixer; (c) an oblique mixer
and (d) a wavelike mixer. Redrawn from Jen et al. [103] with the permission
of Royal Society of Chemistry, London ©2003.
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Fig. 8 Schematic diagram of a Kenics micromixer with embedded barriers.
Redrawn from Kim et al. [104] with the permission
of IOP Publishing, Philadelphia, PA ©2004.
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Fig. 9 (a) Concept of a deep microchannel reactor; (b) expected flow pattern in such a reactor.
Redrawn with permission from Sotowa et al. [133] with permission

from Elsevier B.V., Netherlands ©2007.

While the micromixers discussed so far have been predominantly of the active or the
passive type, one interesting design was proposed by Chen and Cho [138] that combined both
kinds of mixing. The microchannel had a wavy-wall section to disrupt the flow, and active
mixing was induced by applying periodic velocity perturbations to the inflow. Mixing was
favored by increasing the amplitude and the length of the wavy surface, as might be expected,
but interestingly there was an optimum range of velocity perturbations corresponding to a
Strouhal number between 0.33 and 0.67. The relevance of an optimum velocity perturbation
range was not clear. Nevertheless, this study suggests that combination of active and passive
mixing is both feasible and beneficial.

4.3. Evaluation of micromixing efficiency

Given the large and rapidly increasing, number of different micromixing strategies, it is
important to have some quantitative measures of the mixing efficiency of a given device or a
particular method of mixing. The most widely used method is based on the Villermaux-
Dushman reaction [139]:

H,BO; +H" <> H3BO; (Instantaneous reaction)

51"+ 10; +6H" <> 31 + 3H,0 (Fast reaction)

L+ 1

To study mixing efficiency two solutions, one a buffer solution of H,BO;, I and 105, and

the other being diluted sulfuric acid, are fed through the microchannel. For ideal (or complete)
mixing, the acid gets instantaneously distributed homogeneously in the buffer and is thus
completely neutralized by the borate ions to form boric acid, H3BOs3. As a result, no free acid is
available for the second reaction to take place and hence no free iodine is formed. However, for
less-than-complete mixing, pockets of unreacted acid are available for the second reaction to
generate iodine. Thus the concentration of iodine in the outlet is a measure of the degree of
mixing, the two being inversely proportional to each other. Note also the presence of the third

reaction, which consumes iodine to produce iodate (15) ions. Thus, in practice it is these ions

that are detected through absorbance in a UV-VIS spectrophotometer.
On the basis of these measurements Guichardon and Falk [139] proposed a segregation
index, X, defined as:

Xs = Y/Yst (12)
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where Y is the ratio of acid moles consumed by the second reaction and Yy is the value of Y for
complete segregation i.e. no mixing. Therefore Xs = 0 indicates perfect mixing and Xs = 1
corresponds to complete segregation.

Two recent reviews have compared different mixers through this reaction. In the first
review [140] the authors compared twelve micromixers, some commercial and some generic,
based on different mixing principles. The comparison was done through the mixing times and
the energy efficiencies. Experimental determination of the mixing time, tyix, is described by the
authors and how it may be related to the segregation index Xs. tmix may then be related to the
energy dissipation, &, in a microchannel for laminar flow as:
tix = i(ljln(l.SZPe) (13)

J2le

where v is the kinematic viscosity of the fluid mixture. Likewise, the energy efficiency of
mixing is defined as [141]:

_ 7 4
n= = (14)
ymax \/8 / (ZV)
where 7 represents the shear rate that is effectively used for micromixing and 7., is the total

shear rate used for the flow.
From the preceding two equations, it is easily derived that

o = —0 In(L527Pe) (15)
8un

where d is the diameter of the microchannel and U is the average fluid velocity.

Falk and Commenge’s [140] analysis showed that: (a) mixing times much smaller than
1 ms are realistically possible, and (b) under most practical conditions the mixing time is
inversely proportional to the energy consumed for mixing.

In the second review, Kashid et al. [142] compared five generic micromixer configurations
through the same Villermaux-Dushman reaction [138]. They reported more definitive
conclusions than did Falk and Commenge [140]: a microchannel with structured internal
surface (the caterpillar design) was better than the T-square, T-trapezoidal, Y-rectangular and
concentric designs. The caterpillar design has been elaborated elsewhere [143].

To evaluate their deep microchannel with indents and baffles, Sotowa et al. [136] expressed
the mixing performance by the ratio of the area of the outlet surface where the mass fraction of
one fluid was greater than 95% of the mixture to the total surface area of the outlet. By this
definition the mixing efficiency is 0.50 when there is no mixing (i.e. complete segregation) and
it reduces as mixing improves. They observed that increasing the flow rate favored mixing.

Yet another index was proposed by Jain and Nandakumar [144]. The main thrust of their
work was that even though micromixing is often improved at the expense of reduced flow rate
[145-147], and there is a tradeoff between mixing and transport [148], these effects have not
been considered in previous studies. They argued that most evaluations of micromixers have
been based either on deviations from perfect mixing or the length required to achieve perfect
mixing. Jain and Nandakumar [144] proposed a new micromixing index that accounted for flow
rate changes through the residence time. Like many earlier studies [141-147, 149], their index
too evaluates mixing performance relative to perfect mixing:

\/1/NZ (C,-C )
\/1/NZ (C0—C’)?

(16)
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In this equation, N is the number of points in the cross-section used for estimation of 7,
C, represents the normalized concentration at the point of interest, C_ is the concentration for

perfect mixing and C? for complete segregation. With these definitions it follows that C? = 0
orl, C, =0.5,and0<n<1.

Jain and Nandakumar [144] pointed out that 7 as defined above does not account for flow
rate (or residence time) variations. To do so, they introduced a comparative mixing index (CMI)
defined as:

29% —a (17)
Mg

a, essentially evaluates a mixing design A relative to a different mixer B. For “standard”

values, the T-mixer is often used as a reference design, in which case #g = 57, where the
subscript T denotes a T-mixer.

Given the proliferation of mixing strategies and performance criteria, it is sobering to note
that the intrinsic value of mixing time or mixing index per se is less relevant in real terms than
the resulting improvements in the rates and selectivity of the chemical reactions that follow
from the mixing of two or more fluids [140]. However, few studies have addressed this
important facet of micro mixing, hence that of Aoki et al. [150] is a pioneering exception.

Monitoring, modeling and control

Making microbioreactors truly effective requires that they should be equipped with practically
feasible automatic process monitoring and control systems. Key parameters that usually need to
be controlled for on-line optimization are the optical density (OD), DO concentration,
temperature, pH and the flow rates of the principal reactants [2, 3, 86].

Each of these variables may be monitored by more than one method and often the choice of
method is guided by a balance between accuracy, speed, cost and amenability to automation.
In view of detailed reviews elsewhere [1-4], each of the main methods is briefly presented
below.

Optical (cell) density

The OD of the contents of a microbioreactor is the most commonly used indicator of cell
concentration. Two basic categories of OD measurement are used: optical and electrochemical.
Optical methods include fluorescence absorbance, refractive index, colorimetry, spectroscopy,
chemiluminescence and bioluminescence. Absorbance of light is the simplest method, and it is
based on the Beer-Lambert law [87]. The wave length for optical probes is normally chosen
within the range of visible light (400-700 nm); for example, Saccharomyces cerevisiae
cultivations use 600 nm.

Although it is simple, the absorbance method has limitations such as the risk of
misalignment of the fibers and interference by gas bubbles. An alternate method that is widely
employed is fluorescence; it can measure both cell concentration and cell viability.
In one version, cells are tagged with fluorophores such as calcein, propidium or ethidium
bromide. Focusing light of a particular wave length (or color) initiates certain intracellular
reactions in viable cells, as a result of which these cells emit fluorescent light of a different
color. For example, cells stained with calcein or propidium emit green fluorescence when
excited by blue light. Another common fluorescence method used green fluorescent protein
(GFP) to track specific genetic events [88, 89]. An analogous method is the use quantum dots of
nanomaterials to follow cell viability [86].

Bioluminescence and chemiluminescence are experimental manifestations of controlled
light emission by fluorescent methods. Zanzotto et al. [90] described an interesting application
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in which both techniques have been used together in an integrated microbioreactor.
A combination of methods was also used recently by Bower et al. [91] to monitor cell growth of
E. coli by OD measurements and the synthesis of a plasmid DNA vaccine vector by GFP
fluorescence.

Methods other than OD and fluorescence are also used but less frequently. Impedance
spectroscopy is an example. The principle is to apply an AC electrical field to the cell culture
and measure the conductivity as a function of frequency. Krommenhoek et al. [92] integrated an
impedance sensor on to a multisensor chip and applied it to monitor a number of variables
simultaneously in a bioreactor. However, the lowest concentration of biomass that could be
measured was 1 g/L, which makes impedance spectroscopy less attractive than fluorescence.

Dissolved oxygen

As for the cell mass concentration, DO concentration too is measured by optical sensors with
the use of fluorescence sensor spots [5, 6, 93]. These so-called optodes work on the principle of
quenching of fluorescence by oxygen. The possibility of making optodes in small sizes at a low
cost, their nonreactivity and ease of integration with other units on a multi-functional chip
makes them suitable for simple disposable microreactors. Thus optodes have become popular
monitoring devices in fermentations where more than one variable has to be monitored
simultaneously. Some illustrative applications are described later.

An alternative to optical methods are the use of electrochemical sensors such as the ultra-
microelectrode array (UMEA), which is based on the electrochemical reduction of oxygen [92].
However, this method is limited by the surface area of the electrode, which implies that
detection of small concentrations requires large electrodes, thereby reducing the practical utility
of such devices. So there has been a shift toward cell-based electrochemical sensors. Different
sensors function on the basis of different signals generated by cellular reactions, e.g. electrode
potential (potentiometry), oxygen reduction or electrochemically inactive molecules
(amperometry) or electrochemically active molecules (conductimetry). Recent innovations
based on detection of changes in cell membrane potential and potentiometric changes induced
by light have been particularly useful in neurotransmitters, heart muscle cells, pancreatic beta
cells and embryonic stem cells. Recent developments in cell-based electrochemical sensors for
biological applications have been reviewed by Ding et al. [94] and medical applications in high-
risk diseases have been discussed by various authors [95, 96].

pH

As explained in Section 5.1 for cell density measurement, optical detectors or optodes are
preferred over ISFET chips because of the former’s low cost, noninvasive nature and ease of
integration, thereby making them specially suitable for single use disposable microbioreactors.
This also adds to the benefit of not requiring such optodes to have long life-cycles.

However, ISFET pH sensors have advantages in covering a wider range of pH (2 to 12
versus 4 to 9 for optodes [99]), a linear response (unlike the nonlinear outputs of optodes),
greater sensitivity than pH sensor spots and a wider temperature range of operation (-45 °C to
120 °C as against 0 °C to 50 °C). They have some drawbacks also. Apart from being more
costly, they have greater measurement drift and are sensitive to ambient light [97-99].

Thus, pH sensors based on optical detection and ISFET have both advantages and
weaknesses. Nevertheless, recent developments have succeeded in reducing the weaknesses,
thus enabling both types of biosensors to be practically useful in a variety of applications, many
of which have been highlighted elsewhere [2-4].
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Integrated biosensors

Given the sizes of microchips, it is expected that linking a number of different miniature sensors
to an operating microbioreactor to follow all the relevant variables might be practically difficult
and costly. Recognizing this, a number of investigators have designed and implemented
integrated biosensors which incorporate different individual sensors on a single chip along with
a microbioreactor.

In two related studies, Krommenhoek et al. [92, 99] have described a multi-variable
electrochemical sensor for the simultaneous online measurements of viable biomass
concentration by impedance spectroscopy, DO by an amperometric ultra-microelectrode array,
pH using an ISFET sensor and temperature variables by a Pt thin-film resistor. This multi-
functional chip was designed for a 96-well microreactor array and tested with S. cerevisiae
fermentations in microbioreactors as well as large industrial scale units. The versatility of such a
microchip was further underlined by Boccazzi et al. [100], who performed differential gene
expression analyses of S. cervisiae grown in galactose and glucose media in 150 uL bioreactors.
A similar integrated microsensor had been reported earlier by Szita et al. [40], who employed
optodes to monitor cell mass concentration, DO and pH in E. coli cultivations.

More recent studies have expanded integrated microchips in more innovative and useful
ways. Funke et al. [105] combined a fiber optic online monitoring device for microwell plates
with microfluidic control of cultivations of E. coli in disposable single-use integrated units.
Bower et al. [106] also studied E. coli fermentations but their organism had a temperature
inducible plasmid pVAX1 that synthesized a DNA vaccine vector. This recombinant
microfermentation required accurate and sterile control of DO, temperature and pH, along with
online monitoring of cell growth, glycerol and acetate concentrations. Unlike the studies
reported above, which employed stirred microbioreactors, Fonseca et al.’s [107] work
demonstrated the usability of integrated biosensors for immobilized cells. A similar departure
from conventional technology has also been reported by Balagadde and associates [108].
Their microfluidic bioreactor focused on long term “unnatural” behavior of E. coli under time-
varying conditions over long durations of hundreds of hours. Two features of their work stand
out: (a) the ability to monitor the performance up to single-cell resolution and (b) long duration
feedback control through quorum sensing.

Modeling and control

Since the measuring devices are usually integrated with the microbioreactor on one chip, the
control of these reactors is understandably linked with the measurements themselves. This may
be contrasted with large bioreactors, where the sensors and the controllers may be separate
instruments that are inter-connected and programmed according to the process requirements
[109, 110].

Initial studies of chip-based microreactor control focused on just one or two variables,
usually pH or temperature or DO. For instance, Buchenauer’s project [111] was intended to
control standard microtiter plates. Zhang et al. [112] went further and controlled the cell density,
pH and DO concentration. Multi-variable control was also practised by Maharbiz et al. [98].
Their system of eight 250 microbioreactors was designed to control the inflow of gas to the
reactors so as to maintain the pH and temperature at optimum levels. pH control seems to be at
the core of most control studies with microbioreactors because Buchenauer et al.’s [113] work
also focused on this. Apart for controlling the pH, all these authors also used E. coli as a model
system. A refreshing departure was that of Alam et al. [114], whose interest was in temperature
control of a S. cerevisiae fermentation. They showed that with a Pt100 sensor and resistance
wires embedded in the walls of a microreactor made out of polymethylmethacrylate and
polydimethylsiloxane, simple on-off control could maintain the temperature within +0.1 °C of
the set point value.
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The success and the importance of multi-variable integrated control strategies in research
laboratories are highlighted by the rapid growth of commercial microbioreactor arrays
implementing these schemes. The Automation Partnership (York Way, UK) offers the ambr™
microscale reactor [115] for cell line development; this is a disposable microbioreactor with
integrated pH and DO sensors and controllers, an integrated impeller and a sparge tube for gas
delivery. Applikon’s micro-Matrix™ consists of 24 miniature bioreactors with measurement
and control for pH, temperature, dissolved oxygen, liquid feeds and gas delivery [120].
Choi et al. [117] have referred to their use of another 24-well array from Pall Corporation. This
system provides continuous monitoring and control of the same variables as the micro-Matrix™
and it has been effective in culturing stem cells for T-cell therapies of patients suffering from
metastatic melanoma, lymphocytic leukemia, HIV and damaged pancreas or liver or spinal
cord.

While these investigations and applications demonstrate the viability and importance of
integrated online monitoring and control of microbioreactors through simple methods, they also
reveal two weaknesses: (a) all have been experimental implementations without a strong
modeling foundation, and (b) all have used on-off controllers, so the effectiveness of other
control strategies have not been explored for microbioreactors, even though different modeling
methodologies are well established for large bioreactors.

Given the complex behavior of cellular processes in bioreactors in general and
microbioreactors in particular, it is not surprising that experimental understanding is still
evolving and there are few rigorous models. The phenomenological complexities have led to a
growing preference for computational fluid dynamic (CFD) simulations of microbioreactors.
Even here, CFD simulations have addressed specific aspects of performance improvement and
not a full scale depiction of reactor dynamics. Thus, Bailey et al. [151] used a CFD + ACE +
multiphysics simulation package to study design features that will increase the destruction of
undesirable products, and thereby improve selectivity, in enzymatic microbioreactors.
Their simulations were validated for the destruction of urea catalyzed by urease. Li et al. [152]
were interested in improving mixing efficiency by pressure-based recycle flow; experimental
validation through the distribution of a colored dye in a 30 uL microbioreactor substantiated
their simulations.

Since mixing is a central feature determining the performance of a microreactor, it is not
surprising that many CFD studies have addressed this aspect of microreactors. Recent studies
include those by Li et al. [153] and Chen et al. [154]. The former group applied varying
pressure to a microchannel, as they had done earlier [152], to induce oscillating flow.
This improved mixing by both diffusion and convection, thus supporting their earlier work and
demonstrating the effectiveness of this method. Chen et al. [154] improved mixing and reaction
of a split-and-reconfigure microreactor by modifying the generic configuration. By shrinking
the structure of the splitting and reorientation regions in alternate directions, they induced
rotation of the fluid inside the microchannel. This in turn generated internal multi-lamellation
and chaos, which enhanced micromixing. They validated their method for the hybridization of
two complementarily labeled oligonucleotides.

Compared to enzymatic reactors, those employing whole cells are more useful and also
more difficult to analyze. However, both CFD and population balance methods, coupled with
kinetic equations, have been useful in predicting and optimizing the performances of
microbioreactors with living cells. For well-known reasons, the cultivation of S. cerevisiae has
been a popular model system for such studies. Fernandez et al. [155] developed a multi-scale
model comprising population balances, reaction kinetics and a flow model to predict point-to-
point variation of the concentrations of the substrate (glucose), product (ethanol) and biomass,
as well as cell size distributions, in a suspended culture. Schapper et al. [156] on the other hand
focused on immobilized S. cerevisiae in a rectangular microbioreactor. Their strain also differed
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from that of Fernandez et al. [155] in harboring a plasmid pGAC9 imported from Aspergillus
awamori that expressed glucoamylase extra-cellularly. To have a realistic model they
considered that at any given time some cells may be attached to the support and some may be
freely suspended; their relative concentrations may vary with time. Unlike other investigators,
Schapper et al. [156] showed through a deterministic set of equations that a nonuniform
distribution of cells along the microcapillary results in greater glucoamylase activity than the
conventional uniform distribution.

Like Schapper et al., Kaul et al. [157] also analyzed the microreactor optimization
problem from a different perspective. They argued that there is two-way dynamic flow of
material and information between cells and their microenvironment. So their model coupled an
agent-based modeling platform with a transport phenomena computational modeling frame
work. The validity of this approach was tested by comparing simulated cell population
distributions and product synthesis with experimental results for bacterial chemotaxis.

The references cited above indicate there are two basic approaches to the modeling of both
microbioreactors and microbioreactors. Deterministic models either ignore or use lumped
approximations of fluctuations in cellular processes so as to derive mathematical descriptions
that a simple, reasonably informative and can be implemented easily. Simplification however
limits the applicability of such models for complex biological processes, especially in situations
where subtle variations can have significant impact on reactor behavior, as in intra-cellular
genetic processes [158] or when a bioprocess in under the influence of external noise in addition
that within the cells [159]. In such situations stochastic models provide more faithful and useful
descriptions of the observed behavior [156]; they also provide greater insight into cellular
processes, thus enabling operational adjustments that are not evident from lumped deterministic
models. Julien and Whitford [156] classified bioreactor models into three types: qualitative,
mathematical and statistical. Each of these may be sub-classified into other types.
This hierarchy is portrayed succinctly in Fig. 10. This classification, however, does not exhaust
all kinds of models possible. For instance, fuzzy logic and neural networks are just two kinds of
non-parametric artificial intelligence models, but there are others also (e.g. genetic algorithms
and expert systems).

Nonlinear
Models

¢ Probabilistic ~Correlation

Neural L o
e Fenter
Fig. 10 Classification of some major types of nonlinear models used for bioreactors.
Redrawn from Julien and Whitford [161] with permission from Bioprocess International,

Westhorough, USA (2007).
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Integration of microbioreactors with other devices

To be practically useful, microbioreactors should be able to function in conjunction with other
miniaturized devices such as detection systems, separation units and biological assays, all
integrated on a single microchip. Moreover, for a cost-effective bioprocess, many such
integrated devices should be linked functionally on a single multi-unit platform. The complexity
of the problem should be evident by now, and it has led to new rules to design and develop such
“microfluidic large-scale integrations (mLSI)”. The main ideas behind major mLSI methods
and some of their applications have been discussed elegantly by Mellin and Quake [162].
A central thesis of mLSI is multiplexing, which refers to the performing of a large number of
tasks with a small number of steps or units.

The simplest multiplexer is, of course, of the binary type, which controls two tasks per
device, e.g. distribution of a fluid between two microchannels. The scope of a binary
multiplexer is however, limited and this recognition has led to the combinatorial multiplexer
[163], which allows N!/(N/2)!? tasks to be performed simultaneously with N control lines to
illustrate, with N = 16, the combinatorial method addresses 12 870 tasks as compared to 256 by
the binary method.

The huge benefits from combinatorial multiplexers have been exploited in a matrix
containing 20x20 = 400 reaction chambers, each functioning as a PCR unit [164].
Only 2x20 + 1 = 41 pipetting steps were required, compared with 3x20? = 1200 steps by
conventional pipetting. The efficacy of these devices was demonstrated by the amplification of
a 294-bp segment of human g-actin cDNA fragment in a matrix of 3200 reaction chambers with
98% success.

Methods other than multiplexing to widen the scope and versatility of chip-based
microbioreactors include (a) the incorporation of affinity columns and (b) parallel processing by
a number of miniature devices. The latter method is analogous to the ‘“numbering up”
of microchannels to increase throughput [136, 137], and its usefulness is exemplified by a
microchip containing parallel process lines for cell isolation, cell lysis, mRNA purification,
cDNA synthesis and cDNA purification [165].

DNA and PCR based applications in fact form a major fraction of integrated microchip
applications to cellar processes. Recent designs of PCR based microfluidic devices include
Liu et al.’s [166] rotary chip for rapid PCR cycling, West et al.’s [167] annular flow PCR
microreactor with three temperature zones, and Yuen et al.’s [168] microchip which combined
sample preparation with PCR.

Integrating PCR and capillary electrophoresis (CE) on one microchip is in fact a major area
of PCR-based microfluidic devices. Legally et al. [169] designed a glass microdevice that
performed eight PCR and CE analyses on a single chip. Khandurina et al. [170] demonstrated
on-chip PCR and CE in a conventional cross microchannel chip by attaching a pair of Peltier
type thermoelectric heating/cooling elements over the reaction vessel and separating the
products by traditional on-chip CE. Other authors have demonstrated the feasibility of
integrating a micro-PCR made out of one material with a CE unit fabricated out of a different
material, e.g. silicon-glass [171] and PDMS-glass [172].

The focus of the present review is however on the integration microbioreactors with other
micro-devices. Affinity columns referred to above form one specialized category of such
devices when they are used for reaction chromatography [173]. More conventional
microbioreactors too may be linked to upstream or downstream units on a single chip.
Losey et al. [174] have described such a device for two-phase mixing of fluids in the context of
heterogeneous catalytic reactions. Their device had separate gas and liquid ports, and the two-
phase mixture flowed into one of 10 microchannels containing porous, solid high-aspect ratio
posts with impregnated catalyst. Brivio et al. [175] presented a continuous flow glass/silicon
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channel-based microunit integrated with a laser desorption ionization time-of-flight mass
spectrometer on the same chip.

Increasing understanding of micro-integration and improvements in manufacturing
technologies has enabled the design and fabrication of more intricate devices. Lee et al. [176],
for example, developed an integrated array of microbioreactors, each of 100 uL working
volume, comprising a peristaltic oxygenating mixer and microfluidic injector. This unit could
provide high oxygen transfer rates without introducing gas bubbles and had closed loop control
over DO and pH. The effectiveness of the system was demonstrated by promoting eight
simultaneous E. coli fermentations. Buchenauer et al.’s [177] unit was of a similar kind.
An array of microbioreactors based on the format of 48-well microtiter plates was monitored
and controlled online by different integrated sensors for pH and biomass concentrations.
The functioning of this device too was validated for E. coli fermentations.

The integrated microbioreactor described by Pohar et al. [178] is a noteworthy departure
from those described above. It comprised a packed bed microtube coupled to a miniaturized
separator to perform biocatalytic reactions in an ionic liquid medium. For butyl butyrate
synthesis from butanol and vinyl butyrate, catalyzed by immobilized lipase B from Candida
antartica, 100% conversion of 0.5 M equimolar concentrations of both reactants was achieved
within 5 min at 25 °C, followed by 90% separation efficiency for butyl butyrate.

It may be recalled that the ability to carry out a large member of operations through a small
number of steps, which is the heart of successful integrated microdevices, has been facilitated
by (combinatorial) multiplexing. The idea and the architecture for a multiplexor were inspired
by the miniaturization of computer circuits and microanalytical systems. In traditional control
systems, one valve is used in each flow channel to switch the flow on or off. However, in this
arrangement the number of control valves becomes prohibitively large for complex integrated
microdevices. Analogous to electronic integrated circuits, Thorsen et al. [179] designed a fluidic
multiplexor which was “a combinatorial array of binary valve patterns that exponentially
increased the processing power of a network”. Such multiplexors enable control of F fluid
channels with just C = 2log,F control channels. For example, for F = 1024, only C = 20 control
channels are sufficient, thereby reducing the control effort substantially.

Since both integrated micro-chips and model-based control for microbioreactors are still
evolving, it is perhaps not surprising that not many control strategies have been explored.
Those that have been implemented are more heuristic than rigorously optimized on the basis of
cellular dynamics and fluid dynamics. Nevertheless, heuristic control methods with justifiable
logic are useful, as commercial applications have shown, and Schapper et al. [2] presented a
flow-sheet (Fig. 11) that illustrates the logic involved in many such control schemes.

Applications

Recent reviews by Pasirayi et al. [3] and Yeo et al. [180] have surveyed some major areas for
applications of microfluidic devices. However, while the former covers cell culturing in general
and the latter is more focused on applications, both reviews cover a broad range of applications,
most of which describe protein manipulation and analysis, DNA hybridization, drug delivery,
biosensors, and diagnostic devices. Relatively less attention has been devoted to
microbioreactors per se; however, reactors are at the core of most microbiological processes of
practical interest, as evident form the number of patents [181] and commercial products [110].
For this reason and because this review is concerned primarily with microbioreactors,
applications using these devices are discussed here in greater detail.

Owing to their small sizes, many microbioreactors can be operated in parallel in a simple
microarray, thereby allowing a large number of reactions to be run simultaneously. This feature
has enabled the use of microbioreactors in place of large bioreactors for generating high
throughputs at moderate costs. Many such applications have already been discussed earlier in
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this review [30, 39, 40, 44, 46] and some authors [4, 33, 47] have provided succinct overviews.
Hence discussion of this area of applications again will be repetitive.
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Fig. 11 Flow diagram of a microbioreactor set-up complete with actuation, fluid connections
(solid lines) and optical fibers (dashed lines) for on-line sensing of OD, DO and pH.
Redrawn from Schapper et al. [2] with permission from Springer-Verlag, N. Y. ©2009.

Although diagnostic devices may not strictly qualify as microbioreactors, many of them are
based on biochemical reactions and therefore constitute one important area of applications.
Since these kits should be manufactured and used in large numbers under rugged conditions,
they should be cheap, easy to use, robust to variations in environmental conditions and
preferably disposable after one use. From this perspective, Weigl et al. [182] have discussed
many interesting diagnostic devices such as ABO blood typing cards, diffusion-based detectors
and separators for blood processing to obtain pure white blood cells, and non-instrumented
nucleic acid amplification kits that overcome some of the limitations of standard PCR-based
methods. Another novel device was presented by Zhao et al. [183]. Theirs was a paper-based
colorimetric probe using gold nanoparticles to perform rapid inexpensive bioassays. Being
paper-based, the assay kits were disposable and environment friendly. Zhao et al. [183]
suggested possible uses in blood testing for disease diagnosis, pathogen detection and quality
monitoring of food and water.

More “genuine” bioreactor applications have been reported by Reis et al. [184] and Edlich
et al. [185]. The former group operated a 4.5 mL (internal volume) microbioreactor with
oscillatory flow mixing for fermentations by a flocculent S. cervisiae strain. With an inlet
glucose concentration of 20 g/L, the microbioreactor achieved experimentally an increase
of 83% in biomass concentration and a reduction of 94% in air requirement when compared
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with a large scale stirred bioreactor; however, the monitoring instruments (for pH, DO, glucose
consumption, biomass concentration and ethanol production) were externally linked and
integrated with the microbioreactor on the same chip.

Edich et al. [185] also studied fermentations by S. cerevisiae. Their microreactor was much
smaller than that of Reis et al. [184] and had DO and OD sensors integrated with the 8 uL
reactors. In addition, several metabolite concentrations were followed through off-line
measurements in a modified Verduyn medium described by the authors. Edlich et al. also
observed greater outputs of biomass, ethanol and some key metabolites, and significantly lower
utilization of glucose and air than in a macroscale bioreactor operating under comparable
conditions. They also observed strong growth of cells along the microbioreactor walls,
resembling a biofilm, which is not normal in large bioreactors. An obvious reason for this is that
the flow through a microbioreactor is laminar and hence there is much less shear than in large
vessels.

Two frontier areas of application underline the real worth of microbioreactors. One area is
the cultivation of stem cells for the treatment of complex and potentially fatal diseases such as
leukemia, nervous disorders and myocardial regeneration [186]. The therapeutic value of these
cells arises from their ability to differentiate into other types of cells, each of which has a
specific utility. There are two kinds of stem cells — pluripotent embryonic cells and adult stem
cells [187].

Microbioreactors are suitable for stem cell cultivation because their laminar flows exhibit
conductive physiological requirements such as constant solution-phase microenvironments,
benign conditions due to fast removal of heat, large surface-to-volume ratios and high
throughputs [188]. Such benefits and the therapeutic effects of stem cells without common
disadvantages such as the negative ancillary effects of prolonged treatment by strong drugs have
motivated increasing research into the controlled production of stem cells.

Chung and associates [189] reported a microfluidic platform with a concentration gradient
generator to study the effect of growth factor concentration on the differentiation and
proliferation of human neural stem cells. Kim et al. [190] developed a microfluidic device for
culturing human embryonic stem cells under different biological conditions; best growth was
observed at an optimum flow rate which was neither too low nor too high. At low flow rates the
cells do not get sufficient quantities of nutrients for their metabolic requirements, while high
flow rates cause shear damage to the cells. A somewhat different type of microbioreactor was
used by Park et al. [191] to generate of various cytokines; the device was run continuously for
eight days without any contamination or loss of concentration gradient or lowering of stem cell
production. Long term cultivations have also been reported by Korin et al. [192] for human
embryonic stem cells and by Wang et al. [193] for mouse mesenchymal stem cells. Korin et al.
have also published another study [194] in which they examined the effectiveness of human
foreskin fibroblasts (HFF) cells as feeder cells for human embryonic cell cultures in a
microchannel perfusion bioreactor. A sobering but valuable result was that it was difficult to
grow embryonic stem cells over a long period (> 7 days) under conditions that were suitable for
the progenitor HFF cells because of the extreme sensitivity of the former to small variations in
flow and culture conditions.

Despite their high sensitivities to small perturbations, stem cell cultivations in microfluidic
reactors have produced many useful types of cells for disease treatment more effectively and
without the ill effects of long-term drug therapy.

Tissue engineering is the second high value area of applications of microbioreactors.
This inter-disciplinary area blends the principles of biology and engineering to develop
functional tissues in the laboratory, starting from precursor cells such as stem cells [195].
Microreactors are more suitable than macroscale bioreactors to generate 3D tissue constructs
because the former lend themselves more readily to the integration of microvalves,
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microactuators, micromixers and microcroseparators, thereby allowing for low mass transfer
limitations and accurate synchronous sterile operation (see Section 6).

Most of the currently used tissue engineering techniques grow the tissue cells on
macrostructured porous scaffolds. This approach has been successful for the generation of
simple constructs relying on the intrinsic natural ability of cells and tissue to self-generate [196].
However, this natural ability has limitations and does not enable the growth of complex thick
tissues. This difficulty is being overcome by new designs for scaffolds and other micro-devices
that allow fine control over cellular positioning, organization and interactions.
For example, micropatterning integrates micro- and nanofabrication techniques with materials
science and surface engineering to produce devices that allow deep exploration of embedded
cells [197]. Such devices have smooth integration of microbioreactors with other microdevices
that facilitates the formation of chondrocytes, a key component of tissue synthesis.
Chondrocytes are mature cells present in cartilage, and they perform a number of vital functions
in a tissue. The progenitors of these cells arise in the bone marrow in the form of stem cells.
When stem cells differentiate into cartilage cells, they start as chondroblasts; these
chondroblasts secrete chondrin, the main constituent of cartilage. Once a chondroblast becomes
totally engulfed by chondrin, it is a mature chondrocyte [198].

Thus, the formation of chondrocytes is a fundamental requirement of tissue synthesis in the
laboratory, and much attention has been devoted to this process. Barbucci and colleagues [199]
showed that micropatterned hyaluronic acid surfaces induced higher adhesion, migration and
alignment of knee articular cartilage than was possible with homogeneous surfaces.
Cells cultured on to a microarray of micropatterned surfaces also maintain their morphology
and their ability to retain important phenotypic features of the chondocytes [200]. Networks of
microfluidic reactors also produce highly uniform flows that mimic physiological patterns, thus
reproducing biological fidelity [201]. This similarity has been utilized beneficially (a) to create
a functional liver organ that survived up to 2 weeks [202] and (b) to fabricate a multiwell with a
micropatterned architecture of collagen that reproduces the phenotypic behavior of primary rat
hepatocytes [203].

Microbioreactors used in tissue engineering offer a number of benefits: (a) they enable high
density cultivation of cells and (b) they can sometimes be used as extracorporeal devices,
notably to liver and kindly diseases. Such benefits have spawned a rapidly increasing number of
studies of cell culturing for tissue growth that address different aspects of the technology.
Wu et al. [204] were interested in developing a perfusions-based micro-3D platform for rapid
screening of potential drugs against liver and kidney malfunctions. Korin et al. [194], on the
other hand, focused on long-term culturing of human foreskin fibroblasts to understand the
relationship between design parameters and cell behavior. In another study, Wu et al. [205]
developed a microbioreactor with a PDMS-treated surface to understand the optimum
conditions for long-term stable cultures of chondrocytes.

Among other notable instigations, Chin et al. [206] developed a microbioreactor array for
high throughput monitoring of stem cell proliferation. Lee et al. [207] reported a novel
3D direct printing technique to construct hydrogel scaffolds containing fluidic microchannels.
Bettinger and associates [208] fabricated a microfluidic platform from poly(glycerol sebacate)
(PGS) that stacked layers of microfluidic structures to form a 3D network of scaffolds to
promote the adhesion and proliferation of hepatocyte (HepG2) cells. The efficacy of their
design was demonstrated by the production of albumin by the HepG2 cells.

Lee et al.’s [207] printing technique points to the possibility of using microcontact printing
and templating to synthesize artificial microtissue structures without requiring scaffolding.
This is an important development because scaffold-free synthesis is simpler than with scaffolds,
and natural assembly forces do not interfere with cell regulation, thus establishing conditions
where tissue growth is not hundred by limitations in the supply of nutrients and oxygen [209].
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In addition, scaffold biodegradation (which is desirable) can lead to (undesirable) inflammatory
reaction [210].

Recognition of the benefits of scaffold-free synthesis has led to many recent studies with
different objectives and different systems. Ando and coworkers have described two such
experiments. In the first one they generated mesenchymal stem cell (MSC)-based tissue-
engineered constructs (TECs) for in vivo repair of porcine chondral defects. The TECs exhibited
high expression of glycosaminoglycan and chondrogenic marker genes, and could initiate repair
with a chondrogenic like tissue that became biologically integrated to the adjacent tissue.
Their follow-up work [212] generated TECs with human synovial mesenchymal stem cells.
TECs developed in a chondrogenic culture medium containing ascorbic acid-2-phosphate
showed high stiffness, resistance to load and expression of chondrogenic marker genes,
suggesting promising applications for cartilage repair.

Hayes et al.’s [213] interest was in the mechanistic aspects of the macromolecular
organization of tissue-engineered neocartilage grafts, their in vitro development and the effect
of chondrocyte differentiation. With such mechanistic information, current work is more
directly oriented toward applications. Hadidi and Athanasiou [214] concentrated on repair of the
knee meniscus fibrocartilage (KMF) since this gets frequently injured (about 1 million cases a
year in the US and Europe). They reported a self-assembling process to synthesize
fibrocartilage, which is free of scaffolds and relies on cell-to-cell interactions. On treatment with
signaling phospholipid lysophosphatidic acid (LPA), the TECs displayed increased tensile
properties, collagen organization and cytoskeleton reorganization, thus making them potential
candidates to augment damaged KMF. Another application, from Liu et al. [215], describes the
construction of scaffold-free bilayered tissue-engineered skin containing a capillary network.
This skin exhibited a stratified epidermis after 7 days, which was promoted by the epithelium.
Transmission election microscopy showed the capillaries to be microblood vessels, indicating
the likely suitability of such tissue-engineered skin for grafting on to damaged areas. The
commercial value of such application-oriented work is underlined by U.S. Patent #
20080004713A1 [216], which describes a process to make implantable synthetic tissue for
surgical applications. The tissue is claimed to provide a therapy and medicament to repair
and/or regenerate damaged tissue with biological compatibility with the surrounding tissue.

Miniaturizing the microbioreactor: liquid droplets as nanoreactors

The theory and applications considered above pertain mainly to single-phase homogeneous
systems. While inter-phase mass transfer has been accounted for in some instances, the
reactions still occur in the bulk liquid phase. Lately, however there is a discernible shift toward
microreactions in two-phase emulsions. The reactants diffuse inward from the continuous phase
to the dispersed phase, where the reactions take place. The products may either be retained
within the dispersed droplets or they may be discharged into the continuous phase.

The use of liquid droplets offers a number of advantages over continuous phase
microbioreactors. The surface-to-volume ratios of droplets being much larger than those of
reactors, heat and mass transfer times and diffusion resistances are much shorter. Since many
microfluidic reactions are diffusion-controlled [14-17], these improvements can greatly speed
up the reaction. Moreover, the method allows for independent control of individual droplets,
thus effectively generating hundreds or thousands of nanoreactors in one microreactor, each of
which can be transported, mixed in a prescribed manner and analyzed [217, 218]. Typically,
water-in-oil droplets for cellular systems are controlled in such a manner as to ensure that
statistically each droplet has just one gene. This ensures that each droplet functions as an
independently controllable nanoreactor.

The discussion above should suggest that the droplets are extremely small. Indeed it has
been reported [219, 220] that droplets can be of the sizes of bacteria, i.e. with diameters ~1 um
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and volumes less than a femtoliter. Considering that about 50 of a reaction mixture can be
dispersed into >10" individual droplet nanoreactors, this technology is ideally suited for high-
throughput processes for the production of high-volume drugs as well as for rapid screening of
biological or chemical reactions or products.

Two key issues determine the success of droplet based microreactors. One issue is the rapid
generation and sustenance of uniform size droplets. Current methods can produce emulsions
with < 3% polydispersity [221] at rates up to 10,000 droplets per second [222], but
improvements in these benchmarks will speed up and economize these processes even further.
The second issue is ensuring good micromixing inside the droplets. While this is physically
different from micromixing in the bulk of a microbioreactor, laminar flow prevails in both
situations, mixing at both levels are diffusion dominated, and both active and passive mixing
methods are available in both situations. Active mixing in droplets is generally controlled by
regulating electric fields that induce this kind of mixing. This technique has been demonstrated
for droplets composed of water buffers and biological liquids in both air and oil [223, 224].
Electrowetting on a dielectric is an effective electrical method for both controlled mixing and
controlled droplet generation [225].

Passive mixing does not use external intervention and relies instead on the design of the
microchannel. As in the case of the bulk fluid, chaotic advection is also a prime method to
promote mixing inside microdroplets, the degree of mixing being determined by the channel
length and the number of reorientations a droplet undergoes from the inlet to the outlet [226].
However, winding channels may not always be the best design, as investigations with straight
channels with internal protrusions have been observed to generate much better mixing inside
droplets than with winding channels [227]. So it is possible that the protrusions help intra-
droplet circulation by thinning the oil on one side of the droplet and increasing interfacial
stresses [230].

Another benefit of carrying out reactions inside emulsion droplets is that nonspecific
interactions between individual molecules and their immediate surroundings are favored more
inside droplets than in microchannels per se. This enhancement may be attributed to the greater
closeness between the reacting molecules and their surroundings in small droplets.
It has been reported [231] that repulsive interactions enhance the rate and extent of
macromolecular interactions whereas attractive interactions promote the association of
molecules to adsorbing surfaces. This feature has been exploited by using cell sized water
droplets coated by a phospholipid layer in mineral oil as nonreactors for two enzymatic
reactions: calcein production and green fluorescence protein expression [232].

The many advantages of carrying out biological reactions reactions inside liquid droplets
have generated a large number of recent applications. ATP synthesis using microbubbles [233],
protein expression in emulsions [219], yellow fluorescent protein expression by E. coli [234]
and DNA amplification [235] illustrate the variety of biological processes that are feasible in
emulsion droplets. The scope of droplet based microreactors has been widened further by
current reports [236, 237] of integrated multi-functional droplet-fused microreactors for the
room temperature synthesis of needle shaped hyroxyapatite. Commercial interest in such
reactors is exemplified by a U.S. Patent [238], which describes a microreactor comprising at
least one ionic liquid that can be used for carrying out chemical and biochemical reactions.
lonic liquids offer the benefit of low volatility, easy miscibility and the facility to move them by
electrowetting on dielectric and similar methods [239].

Even as lab-on-a-chip applications of droplet-based microdevices are getting adequately
understood and applied, research has moved further into chip-in-a-lab applications. Explaining
the difference, Streets and Huang [240] have pointed out that lab-in-a-chip technologies provide
elegant solutions to practical problems whereas chip-in-a-lab applications offer innovative
solutions to foreseeable needs (or “non-practical problems” [240]) by providing fundamental
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insight into new life science avenues. Microfluidic droplets enable suitable miniaturizations for
implementation of the new tools and techniques of chip-in-a-lab processes. In the context of the
speed and widening scope of such microfluidic reactors, it is heartening but difficult to predict
the enormously promising future of microreactors and other microdevices for biological and
medical applications. Silic et al.’s [241] recent survey adds substance to these possibilities.

Concluding observations

Microbioreactors are swiftly emerging as a preferred device for high-throughput screening
of cell cultures as well as for their large-scale cultivation for the synthesis of high-value
biological products. The entry of commercial applications into the market even while research
continues into the weaker aspects of these reactors underscores the usefulness of
microbioreactors vis-a-vis conventional macrobioreactors.

Being of more recent origin than macroreactors, some of the limitations of
microbioreactors are still being analyzed to obtain workable solutions. Fluid mixing is one
major area that has been studied by many investigators but difficulties still remain. A key
question to be answered is: what is the optimum level of micromixing required for a particular
application and best may this be achieved under the laminar flow conditions of
microbioreactors? The answer may emerge from a better appreciation and understanding of the
physics of fluid flow through microtubes, especially under reacting conditions, which has
received much less attention than the engineering aspects.

Optimization of microbioreactor performance depends on the formulation of mathematical
models that have a strong physical foundation to be sufficiently reliable and are still simple
enough to be implemented on a commercial scale. Optimization also depends on the availability
of fast on-line microscale measurements, both of the reactor as a stand-alone unit and in
conjunction with other microdevices. This implies that the success of a microbioprocess
depends ultimately on the successful integration and on-line optimization of different inter-
connected microdevices on a single chip. This requirement poses both bodeling and
technological challenges, some of which have been discussed here.

Even though microbioreactor-based processes for cell cultures are still being perfected,
their huge potential benefits are evident from the steady emergence of commercial applications.
The understanding offered by recent research and by industrial experience with
microbioreactors has led to radical shifts even in our perspective of microbioreactors per se;
now liquid droplets and even living cells are being employed as nanoreactors. The presence of
millions of such nanoreactors operating simultaneously and possibly interacting with one
another in one microbioreactor, and the incorporation of many such reactors on to a single chip
indicates the tremendous processing power of such microdevices within much smaller volumes
and costs than are possible with conventional macroreactors.
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