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Preface: Microfluidics in Biotechnology

In modern biotechnology, microorganisms, plants, and animals (or parts thereof) are
frequently leveraged to produce or refine high value products, recycle waste, and
develop novel strategies for improving our health and wellbeing. Although biotech-
nological processes (which include the production of beer, wine, and cheese) have a
long and storied tradition dating back for thousands of years, new biotechnological
tools have recently emerged which allow researchers and industry to address chal-
lenges in food security, health, environmental pollution, and medicine in an unprec-
edented manner. Modern biotechnology is a truly multidisciplinary field, combining
many diverse disciplines – including (molecular) biology, microbiology, biochem-
istry, genetics, and informatics, as well as process engineering.

Advances across many different biotechnological fields have led to more efficient
production of high-value products and have resulted in the generation of novel
biopharmaceuticals – including antibiotics, recombinant proteins, and vaccines.
Progress in this area is being further accelerated by the associated advancement of
innovative technologies, ranging from molecular biological tools such as CRISPR/
Cas to novel fabrication techniques such as 3D (bio-)printing with never-before-
reached spatial resolutions.

One particularly important trend of the last two decades is the miniaturization of
biological workflows and devices. This has enabled parallel handling of samples and
screening for desired characteristics of biotechnologically relevant molecular fea-
tures (e.g., host cells and enzymes). In recent years, microfluidic systems have
captured growing interest for their biotechnological applications, such as screening
and analytical tools. The handling and manipulating liquids and/or gases in very
small volumes has been dubbed microfluidics, and such systems offer the possibility
of combining a wide variety of process steps within a very small space, rendering
possible highly miniaturized continuous workflows. Microfluidic systems are par-
ticularly interesting for their potential analytical purposes, since many analytical
steps can be automated and run in sequence. The production and integration of such
microfluidic analysis systems can thus significantly help contribute to an improved
understanding of bioprocesses and enable optimal experimental control.
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This volume of “Advances in Biochemical Engineering/Biotechnology”
addresses the growing synergy between the fields of microfluidics and modern
biotechnology. In total, it contains 15 contributions written by world-leading experts
in these fields. We have chosen to include articles that specifically explore this
dynamic intersection between these two booming areas of science, and the chapters
cover a wide range of microfluidic applications across different biotechnological
fields. Our aim herein is to provide students, researchers, and practitioners with
further motivation to continue to apply microfluidic systems within the field of
biotechnology.

Chapter 1 provides an overview of the status quo and outlines current challenges
and perspectives of microfluidic systems for applications in biotechnology. Chapters
2 and 3 introduce the reader to some fundamental concepts that help to define the
field of microfluidics: In Chap. 2, Klein and Dietzel give an overview of the scientific
laws that govern microfluidic systems, and the reader is introduced to the basic
concept of microfabrication. This introduction is further extended in Chap. 3, where
Rapp and colleagues summarize the latest developments in advanced
microfabrication techniques, with a focus on various 3D printing technologies.

In the next part of the book, selected emerging applications of microfluidics in
biotechnology are described. In Chap. 4, Frey and Krull highlight the importance of
microbioreactors for the cultivation and characterization of industrially relevant
microorganisms. They discuss how these microsystems might be leveraged as future
screening and characterization tools for strain development and optimization in
industrial biotechnology. Szita and colleagues then provide an overview of the
microfluidics systems used for analysis and cultivation of cell culture systems that
find important applications in medical biotechnology. Examples are provided to
demonstrate the versatility and potential for culturing adherent and suspension cell
lines, as well as the potential for studying cellular differentiation strategies.

Rosenbaum and coworkers introduce the emerging field of droplet microfluidics
as a future screening tool for a wide variety of biotechnologically relevant topics. For
example, they demonstrate its potential for screening environmental samples to look
for novel industrially or medically relevant metabolites.

Christian Dusny discusses the emerging field of microfluidic single-cell analysis
and cultivation, highlighting different methods and studies on how to characterize
the cellular behavior of single cells with a focus on growth, substrate uptake, and
production. The following chapter features a contribution by Martina Viefhues, who
provides an overview on different analytical methods that can be used to detect and
analyze metabolites and characterize cells on a small scale.

Thereafter, Boliviar and coworkers describe the use and application of
microfluidic systems in the field of biocatalysis. They systematically show how
microfluidic flow systems (in combination with free or immobilized enzymes) can be
utilized as a future technology in fundamental and applied biocatalysis. In Chap. 10,
Graham and Segal give an overview on lab-on-a-chip devices for application in
medical biotechnology, giving particular focus to point-of-care medical diagnostics.

In the next chapter, Xie and colleagues highlight the field of microfluidics for
environmental applications. Examples of this new and emerging field are shown and
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discussed in terms of their potential for detection and analysis of environmentally
relevant compounds and contaminants – for example, multi-resistant bacteria repre-
sent a particularly difficult challenge that medical science will need to confront in the
coming decades. Klein and Dietzel also discuss the potential of microfluidic systems
for performing antimicrobial susceptibility testing (AST).

Maschmeyer and Kakava provide an overview of organ-on-a-chip systems which
are currently transforming diagnostic assays and will eventually replace animal
testing in the future. They survey these systems, highlight recent proof-of-concepts,
and discuss how these can be used and integrated for future toxicity testing of novel
drugs in the near future. In the following chapter, Rothbauer and Ertl discuss
emerging trends in biosensor development for organ-on-a-chip systems, paying
particular attention to various techniques that will likely contribute to organ-on-a-
chip systems becoming ready-to-use systems in the future.

In the final chapter, Bahnemann and coworkers provide an overview and discuss
future prospects for the application and integration of microfluidic systems within
the general field of biotechnology. They emphasize how exciting technological
advances and progress in emerging technologies will likely bring these two fields
even closer together and consider how the application of microfluidics could signif-
icantly shape and transform the field of biotechnology in the coming years.

In summary, these fifteen review chapters highlight some current trends in how
microfluidic systems are increasingly being used to address key issues within
modern biotechnology. There is no doubt that microfluidic systems will find their
niches within various biotechnological applications – and now is the time to
integrate these systems into biotechnology workflows. The promise of this technol-
ogy is so great that it will ultimately likely be less about what we can do with
microfluidics that what we want to do with it.

We are very grateful to the series editor of this book series for being so supportive
of putting out a volume on this topic and approaching us to edit it, as well as for
many fruitful substantive discussions on the content herein. Our deep gratitude also
goes out to all the contributing authors, who took our initial ideas and developed
them into the invaluable contributions presented herein. Finally, we thank the team
of Springer Nature and its various contractors, who guided and supported us through
the process of drafting, editing, and publishing this book.

We sincerely hope that readers will gain new insights, find suitable tools for their
applications, and get be inspired to reflect even more deeply on how biotechnolog-
ical issues can benefit from novel microfluidic methods and technologies. Finally,
we hope that all readers enjoy reading all of this material as much as we enjoyed
writing, editing, and reviewing it!

Augsburg, Germany Janina Bahnemann
Bielefeld, Germany Alexander Grünberger
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Abstract Microfluidics has emerged as a powerful tool, enabling biotechnological
processes to be performed on a microscale where certain physical processes (such as
laminar flow, surface-to-volume ratio, and surface interactions) become dominant
factors. At the same time, volumes and assay times are also reduced in microscale –
which can substantially lower experimental costs. A decade ago, most microfluidic
systems were only used for proof-of-concept studies; today, a wide array of
microfluidic systems have been deployed to tackle various biotechnological research
questions – especially regarding the analysis, screening, and understanding of
cellular systems. Examples cover all biotechnological areas, from diagnostic
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applications in the field of medical biotechnology to the screening of potentially
useful cells in the field of industrial biotechnology. As part of this review, we
provide a brief introduction to microfluidics technology (including the vision of
Lab-on-a-chip (LOC) systems) and survey some of the most notable applications of
microfluidic technology in biotechnology to date.

Graphical Abstract

Analytics
and screening

Cell cultivation
and processing

Single-cell
analysis 

Keywords Biomicrofluidics, Biotechnology, Lab-on-a-chip, Microfluidics,
Microsystems integration, Point-of-care diagnostic, Single-cell analysis

1 Introduction

1.1 Biotechnology

In modern biotechnology, microorganisms, plants, and animals (or parts thereof) are
used to produce or refine high-value products, recycle waste, and/or develop new
strategies to improve our health and well-being [1]. Biotechnological processes –

which include the production of beer, wine, and cheese – have a long and storied
tradition that dates back for millennia; yet it is only in recent decades that they have
been purposely honed to enable researchers and industry to specifically address food
safety, health, environmental pollution, and medical challenges [2]. Nevertheless,
the quickly developing field of biotechnology has already helped to revolutionize the
industrial, agricultural, and medical sectors by improving both the quantity and
quality of various relevant products that are produced for human consumption
[3]. Indeed, the number of commercially-produced biotechnological products has
been continuously increasing for decades now and shows no sign of slowing down
[4]. Biotechnology has been specifically identified as a key discipline within what
has been dubbed the emerging “Bio-Economy”, and it will undoubtedly continue to
play an essential role in supporting economic growth, employment, energy supply,
and a new generation of bio-products in the years to come [4, 5].

The rate of progress evidenced within this field has also been substantially
accelerating in recent years, thanks to a host of innovative emerging technologies
that range from molecular biological tools (such as CRISPR/Cas) [6, 7] to novel
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fabrication techniques (such as 3D bio-printing with unprecedented spatial resolu-
tion) [8, 9]. A particularly important trend over the past two decades – and the
specific focus of this review – is the miniaturization of biotechnological workflows
and functional devices.

1.2 Microfluidics

Microfluidics is defined as the science and technology of handling and manipulating
liquids and gasses on a very small scale [10]. Small scale here refers to the μm–mm
scale, which corresponds to volumes within the fL–μL range (Fig. 1a). At these
scales, the relative effects of various physical processes (such as osmotic movement,
electrophoretic motility, and surface interactions) become significantly enhanced.
Indeed, the physical factors governing fluid behavior at the microscale are very
distinctive and quite different from those at the macroscale. For example, in

1
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Fig. 1 Introduction and advantages of microfluidics. (a) Size dimensions of different scales,
showing the typical length of volume scale for microfluidics; (b) General characteristics of
microfluidic systems, resulting from miniaturization; and (c) Advantages of microfluidics, resulting
from the general characteristics shown in (b)

Microfluidics in Biotechnology: Overview and Status Quo 3



microscale, fluid flow is characterized by low Reynolds numbers (<1), and, as a
result, fluid flow is almost completely laminar and lacks turbulence [11]. This leads
to an interesting phenomenon in which different fluids can flow parallel to each other
within a given microchannel without any chaotic mixing transpiring. Such mixing
occurs only through diffusion at the interface of these liquid layers – which allows
for the predictable transport of molecules through the microchannels. Fluids in
microchannels are also characterized by a high Péclet number, which is the ratio
of the rate of advective transport to the rate of diffusive transport. This property
enables parallel-flowing fluids to flow in tandem with one another longer than they
typically would in higher volumes without mixing [11].

These properties allow researchers working with microfluidic systems to utilize
very small volumes of materials, and also simultaneously achieve very precise liquid
handling and high surface-to-volume ratios within those systems (Fig. 1b). These
technical features also lead to several different advantages which make microfluidic
systems very useful for the development of future biotechnological toolboxes –

perhaps most importantly, a low rate of reagent consumption, and a high degree of
potential for parallelizing flows (Fig. 1c). The low rate of reagent consumption is of
particular importance in cases where expensive components (e.g., reagents or diffi-
cult to purify enzymes) are a major experimental cost center, which frequently
occurs in the field of medical biotechnology – for example, in the design of new
biocatalysts [12] or in the analysis of antibiotics [13]. Additionally, the small volume
of sample required is advantageous where reagents are hazardous. Due to low
working volumes and the ability to parallelize reaction sites, microfluidic systems
are particularly well-suited for high-throughput applications such as screening
experiments [14] and experiments designed to generate statistically meaningful
data [15].

One further advantage of these systems is the ability for researchers to exercise
precise control over the mass transfer within them. Combined with suitable analyt-
ical tools, this enables researchers to perform experiments and assays with a high
spatio-temporal resolution at precisely defined micro-environments [16]. Well-
defined handling and precise environmental control lay the foundation for a high
rate of reproducibility of experimental procedures – a critical goal in all research
endeavors. Other advantages are the portability of the devices [17, 18] due to their
small size and increased potential for automatization [18]. In sum, these factors
create unique synergies which can significantly reduce assay times (and thus help to
promote experimental efficiency) while simultaneously facilitating considerable cost
savings.

1.3 The Vision of a Microfluidic “Lab-on-a-Chip”

Microfluidic systems are typically channel systems (with a channel diameter of
<1 mm) that can combine a wide variety of process steps in a very small space.
These are frequently referred to as “Lab-on-a-chip” (LOC) systems (Fig. 2)

4 J. Bahnemann and A. Grünberger
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[19, 20]. The ultimate goal of the LOC vision is to transfer entire functionalities or
workflows that would typically be performed via a macroscopic laboratory onto a
single microchip (Fig. 2a). From a biotechnological perspective, this can range from
relatively straightforward applications like sample purification or the cultivation of
cells to more diverse analytical procedures such as those used to assess and observe
molecules or cells of interest. A typical LOC system consists of a network of
microchannels, inlets for injecting fluids/detergents and samples, micropumps and
microvalves (for fluid manipulation within the chip), and outlets (for removing
fluids) (Fig. 2b). LOCs can potentially consist of purification and mixing units as
well as reaction, separation, and detection units [21, 22]. These various units can
respectively perform a wide variety of tasks during an analysis run and can also be
leveraged to work in tandem depending on the purpose or operation to be performed.
Most of the current devices reported in the literature contain only some of these
operational units, however, and perform only certain selected steps within a larger
biotechnological workflow.

2 Microfluidics in Biotechnology

2.1 History and Milestones

Traditionally, microfluidic LOC systems have been fabricated via complex etching
processes and photolithography (a relatively old technology that was developed back
in the 1950s) which require cleanrooms [23] (Fig. 3a). The first microchannels

Fig. 3 Milestones in the development of microfluidic technologies for applications in biotechnol-
ogy to date. (a) Important milestones and developments on the way to LOC systems, and (b)
Overview of microfluidic milestones with applications in biotechnology
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fabricated by soft lithography were described in the 1980s [24, 25]. Thereafter, a
major breakthrough in manufacturing technology occurred in 1998, with the advent
of PDMS (polydimethylsiloxane) fabrication and manufacturing [26, 27]. Over the
last 25 years, a wide variety of microfluidic technologies have now emerged –

including droplet microfluidics, microfluidic pneumatic valves and pumps. Today,
most microfluidic systems are fabricated using PDMS in casting processes [28]. This
allows for the production of very fine channels in the micrometer range, and, at the
same time, for the use of transparent polymers, which permit microscopic observa-
tion of the system. Especially for certain biological applications, the oxygen perme-
ability of this material can offer a critically important advantage. Of course, glass
may also be used as a material for the fabrication of microfluidic systems where
oxygen permeability is not required (and in addition to its transparency, it also offers
the benefit of both mechanical and chemical stability). Thanks to an ongoing
revolution in 3D printing technologies [29], even highly complex structures can
now be designed on the computer and manufactured from plastic or metal using the
appropriate additive printing processes. The steady development of novel materials
and fabrication technologies continuously pushes novel technologies forward (e.g.,
paper-based microfluidics [30], liquid glass technology [31], etc.), and the curious
reader is hereby referred to the available literature on that exciting topic for further
information [32].

This progress in various microfluidic manufacturing technologies has spurred on
the development of a plethora of microfluidic applications within the fields of
biology and biotechnology – often collectively referred to as “biomicrofluidics”
[33, 34] (Fig. 3b), although we note that that term is not used consistently throughout
the literature [35]. The combination of both of these fields has sparked extraordinary
research interest, and LOC systems for many biotechnological topics have been
developed within the last two decades. The possible combinations of functional units
seem endless: mechanical, electrochemical, optical, and even acoustic influences can
all be integrated simultaneously into a single LOC system. The development of
novel miniaturized bioreactor setups first saw a big push in the early 2000s [36], and
microbioreactors are increasingly being used within industry to enable cost-effective
and efficient process development or as screening platforms for the investigation of
different production cell lines. Thanks to ever smaller cultivation and sample
volumes, the demand for miniaturized (bio)sensors – which can be integrated
directly into the process – has also increased during the past years.

Of course, by combining suitable miniaturized sensors and analytical systems
with small-scale bioreactors, bioprocess monitoring, and optimization can still stand
to be further improved in the future. The related field of the so-called organ-on-a-
chip (OoC) first emerged in approximately 2010, and today it has become the single
fastest growing type of microfluidic application within the field of biotechnology
[37]. Through organ-on-a-chip technology, pharmacological studies can already be
carried out in some cases without the use of animals as test subjects – and there is
good reason to hope that animal experimentation will continue to be increasingly
replaced by OoC systems in the future [38]. In the field of bioanalytics, a very well-
known example is droplet digital PCR (ddPCR) technology –which generates small,
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separate reaction units based on droplet microfluidics (water-oil emulsion technol-
ogy), and thus facilitates the absolute quantification of target molecules [38]. At the
same time, the field of single-cell analysis has emerged rapidly; examples include
single-cell genomics, transcriptomics, proteomics, and metabolomics, which can be
used to reveal cell-to-cell heterogeneity within relevant cells [36]. The development
of single-cell technologies has also helped researchers to gain a more systematic
understanding of cellular heterogeneity across a wide range of tissues and cell
populations, and, in combination with emerging computational methods, there is
reason to believe that this research will lead to a better and richer understanding of
cellular behavior in the future [38].

2.2 Application Areas

Microfluidic systems have now found application across many different biotechno-
logical fields – although it is fair to say that to date, most microfluidic systems and
methods have been deployed in the fields of medical biotechnology [39] and
industrial biotechnology [40] (Fig. 4a). The most prominent examples for applica-
tions of this technology within these fields are for novel analytical methods and
systems – including the so-called point-of-use diagnostic systems, microfluidic
systems used for the screening of cells and substances, and/or systems that allow
for the defined cultivation, handling, manipulation, and processing of (living) cells
(Fig. 4b). Microfluidics have also contributed to the emerging fields of single-cell
analysis and single-cell “omics”, aiming to generate a more detailed understanding
of cellular physiology in diverse biotechnological contexts. Within the subfields of
the so-called yellow (food), blue (marine), gray (environmental), and green (plant)
biotechnology, microfluidic methods remain a relative niche form of technology and
have not yet been systematically adapted for research purposes [41]. However,
proof-of-concept studies have already indicated that they may start to offer substan-
tial utility in some or all of these areas in the near future.

3 Analytics and Screening

Microfluidic systems are of particular interest for their potential analytical purposes
(Fig. 4b – top) [32], since many analytical steps can be automated and run in
sequence – thereby improving the handling and performance of sensors. The advan-
tages of system miniaturization noted above (in terms of both experimental repro-
ducibility and automatability) also offer the tantalizing promise of improving
existing analytical research methods while simultaneously helping to make point-
of-care sensor systems more readily accessible to patients in real-world settings
[42]. Representative examples include microfluidics that have been integrated with
biosensors to facilitate specific protein detection in the field of medical
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biotechnology [43], as well as the measurement of analytes within bioprocesses
using miniaturized sensor systems [44, 45].

Much research is currently being focused on improving the use of microfluidics
as online-analytical tools to measure bioreactor performance in real-time. A major
challenge in this context is the challenge of effectively miniaturizing existing sensor
technology so that it can be integrated into microfluidic systems while still delivering
high performance.

Microdevices are also already being extensively used to collect environmental
samples, as a means of facilitating the detection and quantification of targeted
components even within miniscule sample sources [46]. In the area of environmental
biotechnology, present microfluidic applications include the use of sensors as tools
for water contaminant analysis (e.g., heavy metals and organic pollutants), as tools
for microorganism detection (e.g., viruses and bacteria), and as platforms for the
investigation of environment-related problems (e.g., bacteria electron transfer and
biofilm formation) [46].

Food safety analysis is yet another important procedure used to prevent or detect
food contamination. In that context, microfluidic technology exhibits several distinct
advantages – including requiring small sample sizes, facilitating fast detection of
contamination, presenting methods of simple operation, and offering multi-
functional integration and multiplex detection capabilities in a highly-portable
format [47, 48]. In the field of marine biotechnology, proof-of-concepts for water
pollutant monitoring are also now being developed, as discussed in [49].

Cell screening is a process for the detection and isolation of microorganisms of
interest. Accomplishments in microfluidics have significantly accelerated screening
speed while decreasing attendant costs. Typically, only a few cells (out of thousands
to millions) are selected from a batch, based on their properties. In medical biotech-
nology, these cells can be of interest for the production of specific pharmaceutical
products (such as antibodies). In addition, microfluidic cell separators can also be
used to isolate and separate target cells from complex mixtures (such as blood). Such
systems are already being used in the field of cell therapy [50]. In white biotechnol-
ogy, screening is used to obtain better performing industrial strains [51]. The most
popular method for deploying microfluidic technology in this context is via droplet
microfluidics [52]. In these devices, water-in-oil or oil-in-water droplets are gener-
ated at a controlled volume and speed. These droplets form separate compartments in
which, for example, cells can be individually enclosed (this principle is also used in
ddPCR). Thus, these small compartments provide the ability to screen cells or new
enzymes in a high-throughput manner. Alternatively, microfluidic flow cytometry
methods are emerging, combining advantages of conventional flow cytometry and
microfluidics [53].

Proof-of-concept studies have also been reported in green biotechnology, espe-
cially for the screening of microalgae [54–56]. In environmental biotechnology,
microfluidic-inspired approaches for the separation and treatment of contaminated
water and air (such as the removal of heavy metals and waterborne pathogens from
wastewater and carbon capture) are also being increasingly investigated [57].
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4 Cell Cultivation and Processing

Another emerging application of microfluidic systems lies in the cultivation, han-
dling, and processing of living cells. This ranges from cultivation to analysis and
characterization of cells, all using miniaturized bioreactors and analytical systems
(Fig. 4b –middle). In the field of medical and industrial biotechnology, for example,
there is increasing interest in the utilization of microfluidic systems – which enable a
continuous and automated processing of cell samples. At the interface of these two
fields is the continuous transient transfection of mammalian cells by means of
microfluidic systems, which can enable more flexible and cost-effective production
of pharmaceutically relevant proteins on a smaller scale [29]. The development and
use of miniaturized chromatographic devices in the field of cell culture technology
also shows great potential to facilitate continuous automated product
purification [58].

Microbioreactors or miniaturized cell culture platforms (featuring small volumes
and space-saving formats) allow researchers to perform a large number of parallel
experiments under different cultivation conditions (e.g., to observe the influence of
different process parameters on cells at the same time within a single experimental
format). Cell culture-on-chip and organ-on-a-chip are some of the most prominent
examples of microfluidic technology applications that have been adopted to date in
this field. Indeed, these systems are already being used across virtually all biotech-
nological domains to help improve our understanding of cellular processes and
heterogeneity. Such systems are also being used for the targeted manipulation of
cells or for drug screening experiments; in particular, the automation of miniaturized
systems allows such experiments (from cell handling, defined addition of drugs,
media or detergents to processing (such as separation of cells) and analysis) to be
performed in a more reproducible manner and with comparatively higher throughput
than is seen in traditional macro-level experimental methods [59, 60].

As small-scale bioreactors are increasingly used for process development in the
context of biotechnological production, microfluidic systems are also being increas-
ingly leveraged for the benefit of their comparatively greater process control. One
example of this phenomenon is provided by microfluidic spiral separators, which
enable continuous cell separation and cell recovery, allowing for perfusion cultiva-
tions to be run on a very small scale [61].

In the field of marine biotechnology, microfluidic proof-of-concept studies have
been developed to study the motility response of marine bacteria in the wake of
microscale nutrient changes [62]. So far, it should be noted that relatively few
systems have actually been used to study marine cells; nevertheless, already well-
established microfluidic technologies could (and, we believe, should) be transferred
and used widely in this context within the near future.

In green biotechnology, the cultivation of root cells using microfluidic technology
is already underway [63]. Relatedly, while it has long been understood that a
thorough understanding of how organisms actually interact with a complex soil
environment would pay substantial ecological dividends in the real world, current
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laboratory-based methods depend on reductionist approaches that are inherently
incapable of simulating or mimicking that level of natural diversity. The application
of microfluidic technologies to organismal studies in order to help mimic “natural”
environmental conditions, therefore, offers unique benefits and promising new
opportunities for the cultivation experimentalist [64, 65].

4.1 Single-Cell Analysis and “Omics”

Progress in the development of microfluidic methods for the cultivation, handling,
and isolation of cells inevitably facilitates progress in the related field of microfluidic
single-cell analysis. The most prominent areas of study in this context are the
genomics [66], transcriptomics [67], proteomics [68], metabolomics [68] of single
cells, often collectively called single-cell “Omics” (Fig. 4b – bottom). In the field of
medical and industrial biotechnology, there is increasing interest in single-cell data,
to the extent that it can potentially help researchers gain a greater understanding of
heterogeneity among individual cells. Application fields can range from the study of
cancer cells [69] in a medical context to the study of industrially relevant microor-
ganisms [70]. For a recent review regarding the state-of-the-art microchip platforms
for multi-omics studies at single-cell resolution, the curious reader is referred to
Deng et al. [71].

Most recently, the field of single-cell cultivation has allowed for the cultivation
and analysis of single cells and cell clusters at precise environmental conditions
[16, 65]. In combination with live-cell imaging, this technology is facilitating an
improved understanding of the phenomenon of cell-to-cell heterogeneity as it occurs
under various environmental conditions [72]. Examples range from the study of
medical relevant cell lines [73] to strains that have many potentially useful applica-
tions within industrial biotechnology [73]. These systems also enable the detailed
study of cell–cell interactions at the single-cell level [74].

4.2 Chances and Challenges

As the foregoing examples illustrate, microfluidic devices are already becoming
ubiquitous within the realm of biotechnological research. Yet more work still
remains to be done to help make this highly promising technology even more widely
applicable across other fields. Ortseifen et al. [75] describe six distinct but interre-
lated gaps that might explain the relatively poor integration of microfluidics, to date,
into certain fields of research. These include a communication gap; a knowledge gap;
a motivation gap; a methodology gap; a technology gap; and a commercialization
gap. These gaps must all be systematically studied and addressed in order to continue
to push forward the application and adoption of microfluidic technologies within the
research laboratory. This vital process will require (among other things) a closer
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cooperation between engineers and biologists, which can be accelerated via the
establishment of interdisciplinary conferences and study courses. Ortseifen et al.
also identify several more technical issues – such as the need for greater standard-
ization of devices and the development of ready-to-use devices – for which a
solution would help to accelerate the integration of microfluidic systems into
biotechnological workflows.

The race is not yet won, and we still remain far away from the ultimate goal of
fully realizing the ideal of fully self-contained LOC systems in most cases – but
integrating more and more “function-on-a-chip” elements is a very achievable and
worthwhile next step that we should absolutely take along the path to further
integrating microfluidic systems into biotechnology research. And although the
development of new LOC systems remains cutting-edge work that is most com-
monly seen in prototype form within the confines of research facilities, the inevitable
commercialization of LOC systems is now starting to pick up as well – as evidenced
by the emergence of a booming crop of start-up companies that are squarely focused
on this sector [31].

5 Conclusion

Many microfluidic applications across the field of biotechnology are now emerging
in the course of regular lab work. Although the fields of food, marine, and environ-
mental biotechnology have not yet embraced microfluidic applications on a wide
scale, we strongly believe that these subfields can, should, and inevitably will take
the adoption of microfluidic technologies seen in biotechnology as a blueprint for
how microfluidic methods can be used efficiently to streamline and facilitate ever-
increasing array of tasks. Through this short introduction and review, we hope to
trigger further discussion about how microfluidic methods can best be applied
moving forward.
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Abstract Microfluidic systems enable manipulating fluids in different functional
units which are integrated on a microchip. This chapter describes the basics of
microfluidics, where physical effects have a different impact compared to macro-
scopic systems. Furthermore, an overwiew is given on the microfabrication of these
systems. The focus lies on clean-room fabrication methods based on photolithogra-
phy and soft lithography. Finally, an outlook on advanced maskless micro- and
nanofabrication methods is given. Special attention is paid to laser structuring
processes.
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1 Introduction

Microfluidics deals with the manipulation and control of fluids, particles, and drugs,
as well as biological materials like cells and proteins in small fluid volumes. The
amount of fluid typically processed ranges from micro- to picoliters (10�6

–10�12 L)
[1]. Microfluidic systems in the format of a microchip (the edge length is typically
centimeters) consist of microchannel networks, cavities, and vias as inlets and
outlets for fluids to process mixing, separating, sorting, and transporting. Further-
more, microfluidic systems enable continuous processing and analysis. In general,
miniaturization allows:

– decreased sample/reagent consumption,
– strong parallelization of processes,
– possibility of compact and portable systems (Point-of-Care),
– shorter analysis time,
– reduced costs per analysis,
– reduction of contamination risk,
– sensor integration,
– increased sensitivity and specificity,
– and efficient analysis when only small sample amounts are available [2–4].
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2 Microfluidic Fundamentals

2.1 Flow Behavior at Small Scales

Fluids comprise liquids and gases. A difference between fluids and solids is that
fluids deform continuously under the influence of shear forces. Viscosity describes
how much a fluid yields under shear stress. It can be defined by two parallel plates
(one moving and one fixed) separated by a liquid film of thickness Δy (as shown in
Fig. 1). The force required to move the moving plate depends on the velocity
difference Δν and the viscosity μ [5]:

F ¼ μA
Δν
Δy

where F is the shear force and A is the overlapping area of the two plates. The
viscosity is characteristic of a certain fluid. The shear force is proportional to the rate
of deformation (Δν). For Newtonian fluids like water, the viscosity can be assumed
independent of the velocity.

The behavior of microflows can be understood using the basic principles of fluid
mechanics and taking into account that microfluidic environments are characterized
by an increased ratio of surface over volume. For more details on the theory of
microfluidics, see [4–7].

Small volumes of fluid in microchannels behave differently than fluids in the
macroworld [8]. The physical forces in the system remain the same, but their balance
changes depending on their size: the (viscous) friction forces lose importance
relative to inertial forces. The dimensionless Reynolds number Re is the ratio of
inertial forces to viscous forces [9] and allows determining whether the flow is
dominated by viscous forces or inertial forces:

Fig. 1 Schematic illustration of the concept of viscosity using the example of two parallel plates
(one moving and one fixed) separated by a liquid film
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Re ¼ inertial forces
viscous forces

¼ ρ ∙ ν ∙L
μ

ρ is the fluid density, ν is the characteristic fluid velocity, L is the characteristic
length of the system, and μ is the viscosity. A system accommodates a laminar flow
if the Reynolds number is less than ~2,000. For Re > ~2,000, the flow is turbulent
[10]. In microfluidic systems, the Reynolds number is much smaller and often even
below 1 [4]. For this reason, these systems are characterized by laminar flow in
which the flow velocities in the entire fluid volume are constant in time. It is steady
and smooth. The Hagen-Poiseuille equation applies to the pressure-driven laminar
flow of a Newtonian fluid:

Δp ¼ � 8 μL
r2

dV
dt

where Δp is the pressure drop across a flow channlel, L is the length of the channel,
r the radius of the channel, and ΔV

Δt is the volume flow rate. The laminar flow develops
a parabolic velocity profile where the fastest flow is located in the center of the
channel farthest away from the frictional effects of the walls. The Hagen-Poiseuille
equation is a solution under laminar conditions of the Navier-Stokes equations,
which describe the behavior of the fluid flow in a general way [11]. Many books
deal with the Navier-Stokes equations in more detail [5, 6, 12, 13].

In contrast to laminar flow, the regime of turbulent flow is characterized by
inconsistent flow patterns and timely variations of velocity. This leads to a chaotic
fluid mixture. Laminar and turbulent flow profiles (parabolic and constant) in a
channel are illustrated in Fig. 2.

For Re below one, the behavior of a fluid depends mainly on its viscosity. This
flow is called creeping flow or Stokes flow [6]. Laminar flows with Reynolds

Fig. 2 Velocity profiles of laminar (a) and turbulent flow (b)
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numbers between 1 and 100, where the momentum of the fluid cannot be neglected,
also provide an interesting field of application, called inertial microfluidics
[10, 14]. This regime offers schemes for the size-dependent separation of particles
suspended in a fluid. The different regimes of flows are shown in Fig. 3 in depen-
dence of the Reynolds number.

2.2 Surface Effects

With miniaturization, surface effects including surface tension and electrokinetic
effects are becoming more and more important. Interface effects between phases
(solid, gaseous or liquid) can be exploited as drive concepts for microfluidics.

The surface tension is created by cohesive forces between liquid molecules.
Cohesion describes the tendency of similar molecules to adhere to each other. A
molecule of a liquid feels attraction forces in all directions from other nearby
molecules as long as it is located within the volume of the liquid. This is the lowest
energy configuration for liquid molecules unless they are in contact with hydrophilic
materials. A molecule that has moved to the surface has assumed a less energetically
favorable state. It is now only attracted by the molecules below the surface. There-
fore, creating and enlarging a surface or an interface consumes energy or sets energy
free [15]. In microfluidic channels, surface tension and interface tension forces
between fluid and wall lead to moving or holding fluids [16]. Interface generation
(wetting) and interface reduction (dewetting) have also to be considered for
two-phase flows and droplet formation [17].

Electrokinetic effects are based on surface charges at the interface between a solid
and a liquid phase or between two liquid phases. The electrokinetic effects are

Fig. 3 The different regimes of flows in dependence of the Reynolds number
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produced by an electric double layer [18] created by the interaction between an
electrolyte and a charged surface. The ions in a solution are attracted by the charged
surface and form a thin layer of charge which adheres to the surface by the
electrostatic force. An adjacent more diffuse layer with mobile ions can move
under the influence of an electric field. In a microchannel, this motion draws the
entire liquid with it and causes a flat velocity profile with a uniform flow velocity
(see Fig. 4) [19]. There are four electrokinetic effects that are important in
microfluidics:

• Electrophoretic particle motion (by double layer at the interface of suspended
particles and liquid)

• Electroosmosic flow (by double layer at the interface of microchannel wall and
liquid)

• Sedimentation potential (by an ionized liquid flowing against a charged particle
surface)

• Streaming potential (by the movement of charge carriers along charged surfaces)

2.3 Diffusion and Mixing

By diffusion, molecules or very small particles are transported from an area of higher
concentration to an area of lower concentration [20]. Diffusion is irreversible and
random [6]. The diffusion-driven motion of a single molecule or particle cannot be
accurately predicted. The flux of substance particles or molecules can be described
by Fick’s laws [21].

One-dimensional Fick’s first law: the flux j, the mass of a substance through a unit
area in a unit of time, in one direction, is proportional to the gradient of concentration
in this direction [18]:

Fig. 4 Illustration of the electrokinetic effect: electric double layer and flat velocity profile of
electroosmotic flow
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j ¼ �D
∂c
∂x

where D is the diffusion coefficient [m2/s] which indicates how quickly a substance
is dispersed in the medium [22] and c is the concentration of solute [mol/m3]. With
conserved mass, the Fick’s first law results in Fick’s second law [20]. It describes the
change of the concentration gradient by diffusion overtime at any given point:

∂c
∂t

¼ D
∂2c

∂2x

To solve this equation, boundary and initial conditions must be set which describe
the shape of the time-dependent concentration profile [20]. The solution of the
equation is dependent on the boundary conditions but the term 2

ffiffiffiffiffi
Dt

p
can be found

in many solutions [3]. This term indicates how far in the x-direction the initial
concentration has diffused in the time t and is therefore referred to as diffusion
length. The diffusion time is proportional to the square of the length [6, 21]. So that
diffusion as mass transport is only suitable for short lengths.

Diffusion transport and wall effects (e.g., wall friction) are of greater importance
in microfluidic systems than in macrosystems. In laminar flow, fluids flow in parallel
layers that do not mix by convection. Transversal mass transport and mixing are
therefore only driven by diffusion [23]. The mass transport is characterized by the
dimensionless Péclet number Pe which reflects the ratio of the convection rate to the
diffusion rate in a system [23]

Pe ¼ 1
2

tdiffusion
tconvection

¼ ν ∙L
D

where tdiffusion is the typical time for diffusive transport and tconvection is the typical
time for convective transport and D is the diffusion coefficient for the material to be
transported or mixed in a certain fluid. For Pe < < 1, diffusion dominates the
transport as is typically the case with small channel diameters (tens to hundreds of
micrometers [7]) in microfluidic systems. Therefore, mixing in microfluidic envi-
ronments requires different concepts than in the macroworld. Figure 5 illustrates the
mass transport in a microfluidic channel with two adjacent liquid phases.

2.4 Transport of Suspended Particles

Under laminar conditions with Re > 1 (the regime of inertial microfluidics), the
parabolic velocity profile in Poiseuille flow produces a shear-induced inertial lift
force that drives particles away from the center of the channel towards the channel
walls [24]. At the same time, a wall-effect lift force resulting from a pressure increase
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between the particle and the wall pushes a particle away from the wall. As a result
particles in a fluid are not evenly distributed but take up an equilibrium position. The
positions of the particles depend on the size of the particles and the channel size and
geometry. The two lift forces compose the inertial lift force FL [25, 26]:

FL ¼ f L Re ,
x
h

� �
∙ ρUm

2a4

Dh
2

where ρ is the density, Um is the maximum flow velocity, a is the particle diameter,
Dh is the hydraulic diameter, and fL is the nondimensional lift coefficient which
depends on the Reynolds number of the channel and the lateral position of the
particle.

On this basis of dimensionless numbers and physical laws, processes such as
mixing, separating, sorting, splitting, and recombining, two-phase flows, droplets,
and surface tension can be characterized [6, 20].

3 Microfluidic Fabrication Techniques

3.1 Clean-Room Microfabrication

Most microfluidic systems consist of different micro- or nanofabricated layers that
are assembled to a three-dimensional system. The fabrication of such microfluidic
systems is based on processes adapted from semiconductor or MEMS (micro electro
mechanical system) fabrication technology that require a clean-room environment
and are typically based on monocrystalline silicon and/or glass wafers as base
materials. Typical fabrication routes consist of photolithography, etching tech-
niques, thin film deposition, and other clean-room methods [3]. In recent years,
these methods have been further developed leading to various deposition, wet and
dry etching, as well as bonding techniques. When photolithography is used for the

Fig. 5 Mass transport
between two fluids within a
microfluidic channel
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fabrication of master molds, multiple replications of microsystems made of polymers
are facilitated. This fabrication route is called soft lithography indicating that the key
process still comes back to photolithography.

3.2 Photolithography

Photolithography is a mask-based technique using light-sensitive polymers (photo-
resists). Photoresists allow a transfer of microstructures onto a substrate by exposing
and developing because they are reactive to UV-light typically in wavelengths
between 193 and 436 nm. Commonly, masks made of UV-transparent material
like glass with chromium microstructures are used for the pattern transfer. Exposure
leads to a chemical modification of the photoresist. The exposed parts of the
photoresist are rendered soluble (positive resist) or insoluble (negative resist) in a
development solution, as shown in Fig. 6. The structured layer of photoresist is
subsequently used for masking, e.g., in an etching process.

3.3 Deposition Techniques

In micro- and nanofabrication, different material layers or thin films are deposited to
create, e.g., 3-dimensional structures, integrate electrical elements, or generate
masking layers, insulating layers, or biochemically selective layers (like antibodies
or enzymes) on a substrate. Usually, layers of metals, silicon-containing compounds,
or plastics are used to create functional microsystems [27].

Fig. 6 Sketch illustrating photolithographic patterning with positive and negative resist
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Thin film deposition techniques are categorized in physical vapor deposition
(PVD), chemical vapor deposition (CVD), and chemical solution deposition. In
PVD techniques, the deposition material is transferred by physical effects (evapora-
tion or sputtering) into the vapor phase. The released atoms condense at the surface
of the substrates. In CVD techniques, chemical reactions are used for deposition. The
chemical reaction is triggered by thermal energy, by plasma or using a laser beam.

3.4 Etching Techniques

Etching techniques are exploited to remove solid materials during the
microfabrication. In this way, 3-dimensional structures can be created from planar
continuous layers. Etching techniques can be divided into isotropic and anisotropic
as well as into wet and dry etching. The first distinction of etching techniques is
based on the etching profile. In isotropic etching, the etch rate is identical in all
directions [28]. In anisotropic etching, the etch rate is direction-dependent. The value
A describing the anisotropy represents the relation between the lateral and the
vertical etch rate [20]. A equals one for isotropic etching and zero for completely
anisotropic etching. The schematic in Fig. 7 illustrates the difference between
isotropic and anisotropic etching processes.

The distinction of wet and dry etching techniques results from the aggregated
conditions under which the etching process takes place. For wet chemical etching, a
chemical solution is used to etch thin films. The substrate is either placed in the
etching solution or the solution is sprayed onto the substrate. Many wet etching
techniques for monocrystalline silicon allow very selective etching, but wet metal
etching techniques are isotropic [13]. For silicon and glass, solutions based on
hydrofluoric acid (HF) are used to achieve large etching depths. In the case of
single-crystalline materials such as silicon, anisotropic etching follows the crystal
directions [28].

Etching in a gaseous atmosphere is called dry etching. Here, the material is
removed by chemical or physical reactions or a combination of both. For chemical
mechanisms, reactive radicals are used. This etching technique is very selective and
isotropic. If etching is achieved by bombarding the material with reactive or
non-reactive ions, the effects can be chemical or physical. Purely physical mecha-
nisms result in anisotropic etching profiles. The material selectivity of physical
etching techniques is low [29].

Fig. 7 Schematic illustration of isotropic etching (left) and anisotropic etching (right)
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3.5 Bonding Techniques

Bonding techniques are required to assemble different layers to form 3-dimensional
closed and sealed microfluidic systems. These techniques can be divided into direct
or indirect bonding. Indirect techniques use an intermediate material layer. For glass
and silicon bonding, anodic bonding is usually used, in which the layers to be
combined are exposed to an electric field and an elevated temperature (shown in
Fig. 8) [4]. This can be used to produce complex microfluidic chips [30–32]. An
example is shown in Fig. 9.

For the bonding of two silicon layers, there is either the possibility of a thin glass
layer as an intermediate material to enable anodic bonding or the possibility of direct
silicon bonding. The direct bonding process of silicon is performed at 800�C [3]. In
the case of two glass layers, the surfaces are first activated by O2-plasma and then

Fig. 8 The mechanism of silicon-glass anodic bonding

Fig. 9 Point-of-care diagnostic chip for the detection of specific biomolecules in small analytes
with low concentrations using an optofluidic grating [32]. The optical grating consists of
nanochannels in a thin silicon-oxide layer. By anodic bonding with unstructured glass, these
channels are closed. (a) optofluidic chip front and back side; (b) SEM cross-sectional view of the
optofluidic grating after anodic bonding of the top glass
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combined by thermal bonding (in vacuum at 500–650�C for several hours)
[3]. Another possibility to activate and clean the glass surface before thermal
bonding under a pressure is the use of Caro’s acid (sulfuric acid with hydrogen
peroxide 1:1) [33, 34]. Systems made entirely of glass by thermal bonding are fully
transparent and provide an inert environment as shown by the example of a Taylor
Flow micromixers [33, 34] in Fig. 10. For other materials not mentioned, other
bonding techniques (including adhesive interlayers) have to be used.

3.6 Soft Lithography

With soft lithography, the fabrication possibilities of photolithography could be
extended by a replication method which requires only low cost equipment. Soft
lithography comprises a group of techniques using a soft, elastomeric material to
create structures with a high resolution between 30 nm and about 500 μm [35]. Soft
lithography offers a low cost approach for creating microfluidic systems by replica
molding [13].

Soft lithography consists of two steps: First, a master is traditionally created with
the help of photolithography using hard materials like silicon or SU-8 photoresist.
The master is used to structure stamps or molds. Polydimethylsiloxane (PDMS) is
typically used for stamps and molds [36]. A prepolymer is filled into the master. By
heating, the prepolymer crosslinks to a polymer and cures solid. After curing, the
structured polymer can be removed from the mold as illustrated in Fig. 11. The
master is not damaged by this process and can be used several times to fabricate
many microsystem copies.

Soft lithography comprises several other techniques that may differ in resolution
and procedure. An overview of the techniques and their resolutions is given in [37–41].

For the fabrication of a 3-dimensional closed and sealed microfluidic system,
PMDS layers with microchannels can be bonded to another PDMS layer or a glass
layer. The surfaces of both layers are pretreated by O2-plasma. This first step cleans
the surface and activates it (makes it hydrophilic) for the subsequent chemical
bonding process. When two activated surfaces are brought into contact for a few

Fig. 10 Transparent and
chemically inert
micromixers made entirely
of glass for nanoparticle
precipitation to improve the
bioavailability of drugs.
Two mirror-like structured
glass wafers are cleaned
with a high-pressure jet and
Caro’s acid and then
thermally bonded together
under pressure [33, 34]
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hours, they bond irreversibly. An increased temperature accelerates the bonding
process [42, 43].

3.7 Maskless Micro- and Nanofabrication

Many mask- and moldless fabrication techniques have been invented. The benefit is
to reduce the effort for design changes and to allow microfabrication with alternative
materials and in some cases higher resolution. In the further development of photo-
lithography, an electron beam is used as an exposure source. Here, an electron beam
is used to expose an electron reactive resist. This technique is maskless as the
electron beam can be moved over the sample and cures the resist locally. Due to
the short wavelength of accelerated electrons, higher resolutions can be achieved
compared to optical lithography. Structure sizes of less than 10 nm are possible [44].

Pulsed laser ablation is also a maskless process. Laser ablation is the removal of
surface material by laser beam exposure [45]. Integrated CAD (computer-aided
design) software enables different heights and widths of each structure. With

Fig. 11 Schematic
illustration of fabricating a
PDMS mold using a master
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ultrashort laser pulses (< 10�12 s), the ablation is almost non-thermal [46]. Since the
expulsion of the ablated material is very fast, there is no thermal exchange with the
environment. The working edges of this process are very sharp and smooth. Due to
the non-linear absorption of the femtosecond (fs) laser pulses, this technology is
particularly suitable for glass processing [46]. Since no heat is generated, even
thermally sensitive materials can be structured. Figure 12 shows the example of a
microbioreactor fabricated by pulsed laser ablation of glass for cell cultivation in
pharmaceutical testing [47].

Because of their non-linear absorption, fs-lasers can also be used to modify small
volumes inside an otherwise transparent material such as glass [48]. Subsequent
etching of these modified areas allows direct 3-dimensional fabrication of a
microfluidic glass device [49].

Additive fabrication techniques such as 3D-printing allow rapid prototyping of
microfluidics made of polymers without a master, or the necessity for substrate
bonding techniques. There are a number of rapid prototyping techniques such as
stereolithography, fused deposition molding, and multi jet molding, which are
discussed in [50]. However, the resolution of 3D-printing is in most cases not yet
comparable to the resolution that can be obtained with lithographic approaches. For
the fabrication of complex 3-dimensional structures with high resolution,
two-photon polymerization (2PP) by femtosecond laser pulses can be used. This
technique enables structures down to 100 nm [51]. By focusing ultrashort laser
pulses into a UV-curable photoresist, only in a small volume around the focal point,
sufficiently high intensity for curing by two-photon absorption is achieved. Using a
material that is sufficiently transparent to the laser wavelength, it is possible to
induce polymerization in small voxel elements in deeper layers of the material
[52, 53]. Thus 3-dimensional structures can be created. After exposure, the photo-
resist is developed to remove all non-polymerized areas.

Through the further development of fabrication techniques, microfluidic systems
with paper as base material could also be further developed. The basic principle for

Fig. 12 Microbioreactor
fabricated by femtosecond
laser pulses in which any
moving mixer component is
eliminated by using
capillary surface waves for
homogenization
[47]. Essential data during
cell growth can be recorded
using embedded sensors
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paper-based microfluidics consists of paper division into hydrophilic and hydropho-
bic areas [54]. This creates areas that transport the liquids by capillary forces and
areas that repel them. Today there are many maskless production techniques besides
photolithography [54]. Here, wax printing is often used [55]. Wax structures are
printed directly onto the paper surface and solidify on contact to create selective
hydrophobic areas. By subsequently heating the paper, the wax melts and penetrates
the entire thickness of the paper. Hydrophobic barriers and thus hydrophilic channels
are created. Other mask- and moldless techniques for fabrication of paper-based
microfluidics use, e.g., laser treatment or inkjet printing [54]. Figure 13 shows an
example of a paper-based biosensor. Hydrophilic nitrocellulose channels are defined
by laser ablation [56]. The resolution of barriers and channels created with this
technique is much better than with the methods described above, allowing the
integration of complex fluidic networks for multiparametric detection and
calibration.

4 Conclusion

This chapter has given an overview of the basic concepts and fabrication methods,
which characterize the development of microfluidic systems.

The smaller the system, the greater the ratio of surface area to volume. In
microchannels, laminar flow can be assumed, since the (viscous) frictional forces

Fig. 13 Biosensor on
nitrocellulose paper
structured by laser ablation
with functionalized
detection areas [56]
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relative to the inertial forces lose importance. The laminar flow has a parabolic
velocity profile and the fastest flow is in the center of the microchannel. Surface
tension and interfacial tension forces between fluid and wall cause fluids to be
moved or held in microchannels. Diffusional transport and wall effects are more
important in microfluidic systems than in macrosystems. Transversal mass transport
and mixing are driven only by diffusion. Fluids flow in different parallel layers that
do not mix by convection. Table 1 is summing up the most important differences
between macro- and microworld.

Typical microfabrication routes consist of photolithography, etching techniques,
thin film deposition, and other clean-room methods based on monocrystalline silicon
and/or glass wafers as base materials. Soft lithography techniques extend the fabri-
cation possibilities of photolithography using a soft, elastomeric material. Today, for
example, electron beam as exposure source, pulsed laser ablation, or rapid
prototyping techniques additionally enable a mask- and moldless fabrication of
microfluidic systems.

This chapter can serve as a condensed introduction to the field of microfluidics
before examples of special systems and special procedures are discussed in the
following chapters.
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Abstract In recent years, 3D printing has had a huge impact on the field of biotech-
nology: from 3D-printed pharmaceuticals to tissue engineering and microfluidic chips.
Microfluidic chips are of particular interest and importance for the field of biotech-
nology, since they allow for the analysis and screening of a wide range of
biomolecules – including single cells, proteins, and DNA. The fabrication of
microfluidic chips has historically been time-consuming, however, and is typically
limited to 2.5 dimensional structures and a restricted palette of well-known materials.
Due to the high surface-to-volume ratios in microfluidic chips, the nature of the chip
material is of paramount importance to the final system behavior. With the emergence
of 3D printing, however, a wide range of microfluidic systems are now being printed
for the first time in a manner that facilitates flexibility while minimizing time and cost.
Nevertheless, resolution and material choices still remain challenges and in the focus
of current research, aiming for (1) 3D printing with high resolutions in the range of
tens of micrometers and (2) a wider range of available materials for these high-
resolution prints. The first part of this chapter highlights recent emerging technologies
in the field of high-resolution printing via stereolithography (SL) and 2-photon
polymerization (2PP) and seeks to identify particularly interesting emerging technol-
ogies which could have a major impact on the field in the near future. The second part
of this chapter highlights current developments in the field of materials that are used
for these high-resolution 3D printing technologies.

Graphical Abstract

Keywords 2-photonpolymerization, 3D printed microfluidics, Materials,
Stereolithography

1 Introduction

The field of microfluidics deals with the control and transfer of small quantities of
liquids and thus requires miniaturized channel structures with sizes in the range of a
few tens to hundreds of micrometers [1]. In the last few decades, microfluidics has
found widespread applications ranging from chemical synthesis to biochemistry and
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biotechnology. The field of biotechnology has particularly become closely linked
with microfluidics – which is not surprising, given that biological substances are
commonly dissolved in aqueous liquid and/or buffer solutions [2]. Microfluidics has
been widely used in the field for a wide range of so-called lab-on-a-chip (LoC)
systems in, e.g., drug discovery, diagnostics, biohazard detection, and bioanalytical
devices, to name just a few applications [1, 3, 4].

Traditionally, microfluidic chips have been fabricated using silicon or glass
micromachining [5, 6]. In the so-called “classical” manufacturing process, a mask
is applied to the substrate, and the channels are then etched either using a wet or dry
etching processes. These processes are complex, however, and accordingly require a
high standard of laboratory equipment. Especially when a number of designs must
be tested for a certain application, the “time-to-chip” (i.e., the time required from
design to a ready chip) is crucial, and classical micromachining is typically very slow
in that respect. A major game changer for the field of microfluidics has been the
emergence of polymer microfluidics, which were much easier to structure and
assemble [7]. An important contribution was the concept of rapid prototyping of
microfluidic chips in polydimethylsiloxane (PDMS) which made microfluidic
devices accessible to any standard laboratory without the need for any specialized
equipment [8]. Over the years, many rapid prototyping approaches for microfluidics
have been developed – including structuring of dry-film photoresists, laser structur-
ing or casting of prepolymers [9–11]. These polymer processing technologies are
typically limited in terms of freedom of design, however, and do not allow the
fabrication of truly three-dimensional structures. Furthermore, they also usually
require at least a two-step process, with an additional subsequent bonding step to
close the microfluidic channel.

It is therefore not surprising that 3D printing has created major interest within the
microfluidic community – promising to facilitate easy chip manufacturing while
simultaneously shortening the “time-to-chip” and abolishing the need for lid bond-
ing, thus allowing assessment of a great variety of designs at an early stage. Thus, 3D
printing has been quickly adapted for microfluidics, and many different 3D printing
technologies have so far been used including fused deposition modeling (FDM),
inkjet printing, multijet printing, and stereolithography (SL) [12–17]. However, until
recently, most of the 3D-printed microfluidic systems demonstrated features in the
range of millimeters down to a few hundreds of micrometers. The field has therefore
often been named millifluidics [18]. Researchers have printed a great variety of chips
which actively use the 3D manufacturing processes to develop millifluidic systems –
including components such as 3D mixers and gradient or droplet generators but also
active components like valves or pumps [19–22]. Figure 1 shows the comparison of
a microfluidic structure fabricated by a dry-film rapid prototyping approach needing
multilayer lamination and alignment (see Fig. 1a) and the equivalent mixer structure
fabricated using SL printing (see Fig. 1b). The structures printed with a commercial
SL printer are an order of magnitude larger than the conventional structures, with
channel sizes of 1,000 � 500 μm [19].

The primary focus of 3D printing of millifluidics on such commercial machines
has been largely focussed on producing novel and complex structures that are
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impractical to manufacture through conventional fabrication techniques. For exam-
ple, Grigoryan et al. have demonstrated the fabrication of vascular networks useful
for exploring the oxygen transport and flow of human red blood cells (see Fig. 2a)
[23]. They have further demonstrated that the photoresins developed in their work
can be used for the fabrication of complex tissue engineering models by fabricating
structural features inside printed hydrogels to design liver tissue (see Fig. 2b)
[23]. Other effects of fluid dynamics have also been exploited in millifluidic struc-
tures, such as separation of magnetic particles and analytes by Dean forces, as
reported, for instance, by Lee et al. (see Fig. 2c-e) [24].

Why is distinguishing between milli- and microfluidics important for biotechnol-
ogy applications? First, the more general advantages of microfluidics, e.g., reduced
sample and dead volume, reduced footprint of the devices as well as high sensitivity
and high resolution cannot be fully exploited in millifluidics, and second, because
the channel size of a system has a direct impact on the fluidic flow condition of the
liquid which is transported within that system. Turbulence, for example, is an
experimental parameter which is notoriously hard to control. Therefore the use of
channel structures with laminar flow is often preferred. This is typically the case in
microfluidics, but it cannot be guaranteed when the channel size is increased into the
millimeter region, at least not with flow rates relevant to mimic natural environ-
ments. Cells however react very differently to changing flow conditions and profiles,
as different shear stresses and forces are induced [25]. Third, to mimic the microen-
vironments of cells in nature, micrometer-sized channels need to be considered. In
the human body, for instance, channel sizes range from ~8 μm for capillaries to
several millimeters for arteries, while cell sizes range between a few micron to
around 100 μm. Thus, especially for biotechnological applications (e.g., to facilitate
effective control and recreation of complex microenvironments for cells), channel
sizes must be reduced and brought to the third dimension.

Once the processes and machines for creating the right-sized microfluidic devices
are available, another challenge lies within the available material palette accessible

Fig. 1 Comparison of microfluidic rapid prototyping and millifluidic 3D printing: (a) Classical
multistep fabrication process for the fabrication of a microfluidic gradient generator. Left: Scheme
of the multilayer manual assembly process. Right: Assembled microfluidic chip. Reproduced with
permission from Royal Society of Chemistry (RSC), 2009 [9]. (b) The same design directly
fabricated using stereolithography printing. Reproduced with permission from RSC, 2014 [19]
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via high-resolution 3D printing – especially for techniques such as SL. Most of the
commercial resins used in the early stage were of unknown composition and barely
biocompatible rendering these systems incompatible for the use in biotechnology. In
this chapter, we will review some of the most recent trends in emerging technologies
for the fabrication of truly microfluidic systems using high-resolution SL and
2-photon polymerization (2PP). We will further highlight upcoming trends which
we believe have the potential to significantly impact this field in the near future. The
second part of this chapter will provide an overview of emerging materials used for
the fabrication of these truly microfluidic systems for biotechnology and gives an
outlook on future work which may become possible by combining emerging tech-
nologies with promising new materials.

Fig. 2 Novel millifluidic concepts enabled by 3D printing on benchtop systems: (a) SL-printed
channels in a photocurable hydrogel mimicking the distal lung subunit. (b) Vascular microchannel
network printed in photocurable hydrogel below the tissue engineering construct consisting of a
prevascularized hydrogel seeded with endothelial cells. (a and b) Reproduced with permission from
Grigoryan et al., AAAS, 2019 [23]. (c) Principle of separation of captured bacteria by inertial
focusing in a 3D-printed microfluidic channel. (d) Dean flow vortices in the channel. (e) 3D-printed
device used for the detection of bacterias. (c–e) reproduced with permission from Lee et al.,
Springer Nature, 2015 [24]
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2 Emerging Technologies

2.1 Stereolithography

SL was the first 3D printing technology that was developed by Chuck Hull in 1986
[26]. Of all 3D printing technologies that are now available, SL remains one of the
most established and most suitable technologies for the fabrication of microfluidic
chips combining high resolution with affordable machinery. In SL, a photocurable
material (so-called photoresin) is polymerized using structured light in a layer-by-
layer fashion. The spatial shaping of light is achieved either using spatial light
modulators (SLM) like a digital mirror device (DMD) or a liquid crystal display
(LCD) or by using a laser in combination with a galvometer scanner [27–
30]. DMD-based systems are currently by far the most commonly used systems
for printing microfluidic chips.

SL takes place in one of two forms: either a so-called bath configuration or a
constrained surface configuration [31]. In the bath configuration, the photoresin is
placed inside of a reservoir in which a movable stage is lowered layer by layer into
the liquid photoresin. The polymerization of each single layer takes place at the
air/photoresin interface. The constrained surface configuration is nowadays the
mostly used configuration on the laboratory scale for fabricating microfluidic chips
and will thus be discussed in more detail. Here, the photoresin is also placed inside a
reservoir – however, the polymerization takes place through a transparent window
on the bottom of the reservoir (see Fig. 3a). During the printing process, a build
platform is immersed into the bath, and the first layer is polymerized in the
constrained volume between the platform and the transparent window. Afterward,
the stage is moved upward, allowing the photoresin to rewet the transparent window.
Subsequently, the platform is lowered again such that a defined layer of liquid
photoresin is formed between the last printed layer and the window.

The most common choices for photoresins are acrylate- or epoxy-based mono-
mers in combination with a photoinitiator to trigger the photopolymerization process
[32]. To further increase the resolution, admixtures can be added to the resin.
Absorbers can be added to control the penetration of light into the resin and control
the cure depth. Photoinhibitors can be added to optimize the lateral resolution and
minimize effects like the so-called dark polymerization (i.e., the extension of the
polymerization front into regions which have not been exposed) [32]. After the
printing process has been completed, any non-polymerized photoresin is removed in
a developing step using appropriate solvents.

SL has been widely used to fabricate microfluidic chips with channel dimensions
in the range of millimeters down to a few hundreds of micrometers [18, 19, 33]. 3D
printing of embedded channels with tens of micron resolution, however, is challeng-
ing and requires high-resolution printers combined with well-adapted resins. A
sufficiently high lateral and horizontal resolution of the 3D printer can be achieved
by using appropriate projection systems and actuators, and several groups have
reported the development of these so-called microstereolithography systems
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[28, 31, 34]. However, these systems alone do not directly allow 3D printing of
embedded microfluidic channels, since several additional challenges have to be
taken into account when compared to SL printing of open microstructures on the
surface of a substrate. These challenges can be summarized as follows: (1) The resin
inside the embedded channel may become polymerized by subsequent layer poly-
merization (z-overcuring); (2) during the printing process, uncured resin may
become entrapped inside the channel, which cannot be removed during the devel-
oping step; and/or (3) systems with sufficiently high-resolution often lack the
required lateral processing size as typical microfluidic chips require both high
resolution and the ability to create structures of macroscopic feature sizes, e.g., for
chip-to-world interfaces.

2.1.1 Challenge 1: Z-Overcuring – Polymerizing Resin in the Embedded
Channel

Polymerization of uncured resin inside the embedded microfluidic channel (often
called the “z-overcuring error”) has been one of the key challenges associated with
fabrication of embedded microfluidic chips preventing a high control over the height
of the channel. Looking at the model in Fig. 3a, the problem becomes obvious. Light

Fig. 3 3D printing of high-resolution microfluidic channels using SL: (a) SL printing in the
so-called constrained surface technique. One challenge in printing embedded microfluidic channel
lies in polymerizing the top layer of the channel without polymerizing entrapped resin inside the
channel. (b) Working curve for SL printing showing two different curves with different critical
exposure dose (Ec) and penetration depth (Dp). For high-resolution printing of embedded
microfluidic systems, a slope with a Dp of 10–20 μm should be chosen. (c) Influence of the layer
thickness on the printing process. (c) reproduced with permission from Gong et al., RSC Advances,
2015 [35]
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needs to penetrate into the resin initiating the polymerization. The minimum cure
depth hereby needs to be the thickness of the layer itself. However when polymer-
izing the first top layer which encloses the microfluidic channel, the light should not
penetrate too deeply in order not to polymerize the resin entrapped inside the
channel. Furthermore one needs to consider that all subsequent layers will further-
more deliver a small portion of exposure dose to the resin entrapped inside the
channel [35]. If the sum of these exposure doses passes a critical polymerization
threshold, the material in the channel will be polymerized. Therefore, it is important
that the resin itself has a high absorbance at the specific wavelength spectrum of the
printer. This is usually achieved by adding absorber molecules (e.g.,
isopropylthioxanthone (ITX) or 2-nitrophenyl phenyl sulfide (NPS)) with a high
absorbance at the specific wavelength of 385 nm. The photoresin needs to be
calibrated on the printer by measuring the cure depth in dependence of the exposure
time resulting in a graph similar to the one in Fig. 3b. This working curve often
follows the so-called Jacobs equation, named after Paul Francis Jacobs the Director
of Research and Development in the early years of 3D systems [36].

Cp ¼ Dp ln
E
Ec

� �

Cp cure depth, Dp penetration depth, E exposure dose at the interface window resin,
and Ec critical exposure dose.

These parameters can be easily derived by putting a droplet of resin on a slide and
illuminating a test structure (like a rectangular or circular pattern) from the bottom
through the slide while varying the exposure time at a fix intensity. Ideally, the slide
should have the same thickness and be made out of the same materials as the
transparent window. After development using appropriate solvents, the height of
the created layer is measured. When plotting the measured height over exposure
dose, Dp is the slope of the semi-logarithmic graph, and EC is the intersection with
the x-axis (see Fig. 3b). Since low cure depth values and the resulting small layer
thicknesses are hard to measure, the curve is usually interpolated. To achieve a high
control of the height dimension as required for 3D printing of microfluidic channels,
a photoresin with a very low penetration depth Dp needs to be selected which can be
achieved by increasing the amount of absorber. Gong et al. have shown that the
minimum channel heights can be fabricated when the channel has the size of around
2–5 times Dp [28, 35]. Thus, when sub-100 μm channels are desired, the Dp should
be around 10–20 μm.

Another important parameter for the fabrication of high-resolution microfluidic
channels is the overall exposure dose required to print the part. This means that for
creating a layer, one uses an exposure dose that is higher than the one needed for the
polymerization of the desired layer thickness. Especially for macroscopic structures,
this so-called offset is used to increase the mechanical stability of the print and
prevent a delamination of the layers. The offset corresponds to an additional
exposure dose compared to the corresponding value in the working curve. As an

44 F. Kotz et al.



example for a certain layer thickness, the exposure dose is often in the range of
1.2–2.0 times the dose estimated from the working curve. The offset is defined
during slicing – the conversion of a 3D object into 2D projection patterns which are
used for illuminating the single layers. This additional offset exposure dose is
essential for attaching the layers to each other, but it also poses a problem for
generating embedded channel structures – the additional exposure dose illuminates
into the channel void and causes the channel to lose height. To prevent this problem,
some slicers can correct for these offsets by making the channel structure higher than
the set offset; this process is often called z-compensation. However, Gong et al. have
demonstrated that for SL printing of sub-100 μm channels, this offset should be set to
zero [28, 35]. Because this approach results in only a partial curing of the single
layers, the parts are usually mechanically fragile after the print and require additional
thermal or photocuring to allow for improved mechanical strength [28].

Another important parameter for printing high-resolution microfluidic channels is
the layer thickness of the 3D-printed object. If a rather high layer thickness of, e.g.,
50 μm is chosen instead of a smaller layer thickness (e.g., 10 μm), then the layer will
experience a much more inhomogeneous exposure throughout the layer height.
According to Lambert Beers law, in a full frontal polymerization, the front side of
the layer receives a higher dose than the backside. This disparity not only generates
significant internal stress, but it further results in less reactive groups at the front of
the layer – thereby reducing the layer-to-layer adhesion [35]. For macroscopic parts,
the illumination time can be increased to increase the layer-to-layer adhesion via the
offset. Unfortunately, for fabricating microfluidic channels, this would once again
lead to a polymerization of the entrapped resin. As a result, smaller layer thicknesses
are usually preferred in that context in order to facilitate and ensure homogenous
exposure and higher layer-to-layer adhesion. As can be seen from Fig. 3c, this results
in much smoother side walls, since the inhomogeneous exposure profile results in
serration effects. As a rule of thumb, 0.3–1 times Dp is usually a good start for the
minimum layer thickness in high-resolution printing of microfluidic chips [35].

Using a benchtop SL printer with a lateral resolution of 27 μm and a layer height
of 10 μm, microfluidic channels with a size of 60 � 108 μm2 were printed using
custom-made photoresins with appropriate absorption for the used wavelength of the
printer [35]. Using a custom-built 3D printer with improved resolution in combina-
tion with an optimized resin which even shows a higher absorbance, the group has
managed to 3D print microfluidic channels with a size of 18 � 20 μm2 (see Fig. 4a).
The developed process was further used to fabricate microfluidic pumps (see Fig. 4b,
c); simple features like pillars, ridges, and traps which can be directly integrated into
the embedded microfluidic channel (see Fig. 4d, e) and sub-100 μm microfluidic
electrophoresis devices for the analysis of preterm birth biomarkers (see Fig. 4f)
[28, 37, 38].

Männel et al. have studied several parameters in an effort to optimize the
resolution of SL-printed microchannels using a commercial SL printer in combina-
tion with commercial photoresins. In particular, they focused on (1) printing orien-
tation of the microfluidic chip; (2) movement of the build platform, and (3) voxel
compensation. They found that by printing the channel along the z-axis and moving,
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the build platform higher than the resin level after each printed layer, simple
geometries like a straight channel can be printed with a channel diameter as small
as 100 μm. A further improvement was realized by applying voxel compensation,
whereby grayscale values are adjusted around the outer dimension of the channel
structure. Using a combination of these approaches, the authors created channels
with a cross section of 75 μm (see Fig. 5b) and demonstrated a successful approach
in a 3D-printed flow cell for emulsion formation (see Fig. 5c–e) [40].

2.1.2 Challenge 2: Non-cured Resin Inside the Embedded Channel

The second challenge which limits high-resolution printing of microfluidic channels
using SL is non-polymerized resin which blocks the channel. If the viscosity of the
resin becomes too high, the fluidic resistance will become large enough to prevent
the material from being fully washed out of the channel during development. This is
why for high-resolution 3D printing of microfluidic channels, so far only
low-viscosity photoresins with a viscosity in the range of around 50 mPas have
been used. The concept of achieving a high control over the optical absorbance of the
photoresin has thus far been limited to low molecular weight and low-viscosity
monomers (mostly polyethylene glycol diacrylate 250 (PEGDA 250)) with a rela-
tively small average molecular weight of 250 g/mol. Using higher viscous materials

Fig. 4 Stereolithography printing of sub-100 μm channel microfluidic chips: (a) Scanning electron
microgram (SEM) of channel cross section of a 3D-printed microfluidic channel with a size of
18 � 20 μm2. Reproduced with permission from Gong et al., RSC, 2017 [28]. (b) Principle of
3D-printed microfluidic pump. (c) 3D-printed pump pumping liquid through the channel. (b and c)
reproduced with permission from Gong et al., AIP, 2019 [39]. (d) SEM of an integrated ridge inside
a microfluidic channel (scale bar: 100 μm). (e) Bead traps inside a microfluidic channel, which
captured 25 μm particles. (d and e) Reproduced with permission from Beauchamp et al. MDPI,
2018 [37]. (f) Microfluidic electrophoresis device for the analysis of preterm birth biomarkers with a
channel cross section of 50 μm. Reproduced with permission from Beauchamp, ACS, 2019 [38]

46 F. Kotz et al.



tends to result in clogged channels, since the entrapped non-polymerized resin is too
viscous to be washed out of the channel. This has limited the usage of a wide range
of photocurable materials with tailored material properties for the fabrication of
embedded channels. One possible strategy could be 3D printing and post-processing
at elevated temperatures, which would reduce the viscosity of the resin. The
approach by Männel et al., (see Fig. 5), has also been shown to reduce the risk of
entrapped material: printing the channel along the z-axis and lifting the build
platform above the resin bath level after each printed layer allows the resin to flow
out of the channel after each layer (see Fig. 5a). Using this method, commercial
resins with a viscosity of around 500 mPas have be printed and successfully washed
out of a channel [40]. Combinations of such strategies could allow the fabrication of
more complex microfluidic chips in the future with a greater freedom in the choice of
materials [23].

2.1.3 Challenge 3: High Resolution at High Lateral Sizes

Another issue of SL using SLMs like DMDs lies in the fact that increasing the
resolution comes with a decrease in print area. To achieve non-clogged embedded

Fig. 5 High-resolution SL printing of microfluidic chips: (a) Higher-resolution printing of embed-
ded microfluidic channels can be enabled by printing the channel in plane along the z-axis. The risk
of blocked channels by non-cured resin can be reduced by moving the platform out of the resin vat
before illuminating the next layer. (b) Microfluidic channel cross section with a cross section of
75 � 75 μm2 achieved by using the outlined strategies (c) Top view of the microfluidic channel in
(b). (d) Microfluidic flow cell printed using this methodology with a nozzle size of 75� 75 μm2 for
water-in-oil and oil-in-water emulsion formation. (e) Droplets fabricated using the flow cell shown
in (d). Reproduced with permission from Männel et al., Wiley, 2019 [40]
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channels, the minimum feature size should be at least four times bigger than the
projected pixel size [35]. To fabricate structures with high fidelity, the pixel size
should ideally be at least ten times smaller than the minimum feature size. For
example, for a structure in the range of 25 μm, the pixels of a DMD must be
demagnified to 2.5 μm. However, using a state-of-the-art video resolution DMD
with a pixel count of 1,920 � 1,200, this would result in a lateral print area of only
around 5 � 3 mm2. This is a major issue – particularly since microfluidics usually
requires tens of micron resolutions on a multiple centimeter-sized chip, especially if
chip-to-world interfaces have to be included. Our group has therefore developed a
(micro-)stereolithography system wherein a custom-made projection optics with a
minimum pixel resolution of around 700 nm is assembled on a x/y linear stage
[27, 41]. This setup allows stitching several high-resolution images beside each
other – thus achieving the required high resolutions on a lateral printing area of
20 � 15 cm2. The Tesla mixer shown in Fig. 12b, for example, was structured using
this system and was stitched together from 64 single images. This concept has so far
only been shown for open microfluidic structures in a 2.5-dimensional lithography
setup. The fabrication of 3D embedded microchannels remains to be shown.

2.2 Upcoming Trends in Optical 3D Printing

Recently, novel technologies have been introduced which specifically addressed the
speed issues usually associated with SL. While all of these technologies have been
labeled as new processes, they all essentially build on the single-photon polymeri-
zation 3D printing process which was first used in SL.

One of the first approaches in this context was introduced by Tumbleston et al.
and is known as continuous liquid interface printing (CLIP), which is basically a
high-speed SL process [42]. CLIP uses the controlled inhibition of the
photopolymerization at the interface between the transparent window and the
photoresin (see Fig. 6a). This process uses an oxygen-permeable window made of
Teflon AF and creates a so-called dead zone by exposing the interface to oxygen.
Above this dead zone, the photoresin stays liquid in a layer with a thickness of
around 20–30 μm, and the build platform can be continuously moved out of the bath.
Since the rewetting of the window and the reflow of photoresin are usually the most
time-consuming process steps in SL printing, CLIP has been claimed to be 100�
faster than conventional SL printing. CLIP is further interesting for printing micro-
structures, since separation forces are naturally very small in this process. Figure 6b
and c show exemplary micropaddles and microneedles with feature sizes in the range
of tens of micron. Printing of embedded microchannels using CLIP has not yet been
reported.

Similar approaches have followed the idea of CLIP in using a non-polymerized
interface layer. De Beer et al. have created an inhibited dead zone by illuminating a
custom-made photoresin with complementary photoinitiators and photoinhibitors
[43]. The resin is illuminated with two different wavelengths – a flood exposure at
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365 nm inhibits the polymerization, while illumination at 458 nm polymerizes the
material. A combination of both wavelength creates an inhibited dead zone at the
interface of the resin and the transparent window allowing for continuous printing.
Nexa3D has commercialized a SL printer using a membrane infused with a liquid
lubricant, which also allows for high-speed continuous SL printing. Alternatively,
NewPro3D has used a wettable hydrogel membrane which allows to continuously
print with high-speeds. Recently, Walker et al. presented a technology termed high-
area rapid printing (HARP), which prints on top of a moving immiscible fluorinated
oil [44]. By continuously moving the liquid oil layer with respect to the printed part,
the adhesion forces are reduced, and polymerization debris can be removed from the
interface while directly cooling the printed area. Although all of these concepts are
promising candidates for high-speed manufacturing of microfluidic channels, to date
none of them have actually been used to fabricate microfluidic structures.

A novel technology termed computed axial lithography (CAL) was also recently
introduced by Kelly et al., which avoided the layer-by-layer manufacturing meth-
odology entirely [46]. Instead of building an object up in a layer-by-layer fashion, in
the CAL approach, light patterns are projected into the material volume as 2D
images from different angles (see Fig. 7a). The superposition of the single exposures
results in a 3D dose distribution that is high enough to locally polymerize the
material. The process is capable of printing centimeter-scaled objects significantly
faster than common layer-by-layer-based principles, with total processing times
between 30 and 120 s. The authors have demonstrated that using this process, they
can fabricate lattice structures with features as small as 300 μm (see Fig. 7b). Bernal
et al. have used this optical tomography-inspired approach to generate cell-laden
tissue constructs (see Fig. 7c) fabricated out of gelatin-based photoresponsive
hydrogels, which showed a viability greater 85% [47]. Besides printing trabecular
bone models and meniscal grafts, the authors also printed hydrogel-based ball and
cage fluidic valves (see Fig. 7d).

Fig. 6 Continuous liquid interface printing (CLIP) (a) Principle of CLIP. A dead zone is created
between the oxygen-permeable window and the liquid resin. The part is fabricated on top of the
dead zone by continuously moving the build platform and simultaneously changing the images
from the projection optic. (b) High-resolution 3D printing using CLIP showing micropaddles with
stems with a diameter of 50 μm. Figure a/b reproduced with permission from Tumbleston et al.,
AAAS, 2019 [42]. (c) Microneedles array fabricated using CLIP (scale bar: 500 μm). Reproduced
with permission from Johnson et al., PLOS ONE, 2016 [45]
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2.3 2-Photon Polymerization

2-photon direct laser writing (DLW), commonly referred to simply as 2-photon
polymerization (2PP), is a widely used technology for the fabrication of three-
dimensional micron and submicron resolution structures. The feasibility of fabricat-
ing 3D microstructures using 2PP was first demonstrated by Maruo et al. in 1997
[48]. More than 20 years later, the basic principle remains the same: A photoresin is
illuminated with a ultrashort pulse laser at wavelengths of around two times its
absorption wavelength. The resin must be transparent for the emitted wavelength,

Fig. 7 Volumetric printing of photocurable resins using computed axial lithography (CAL).
(a) Schematic of volumetric printing process. The pattern is illuminated from different directions
resulting in a local exposure dose pattern inside the photocurable material. (b) Lattice structure
fabricated using CAL (scale bar: 5 mm; inset: 1 mm). (c) 3D-printed hydrogel (scale bar: 2 mm).
(d) Fluidic ball-cage valve (left: CAD model, right: actual 3D-printed valve structure, scale bar:
2 mm). Figure (a and b) reproduced with permission from Kelly et al., AAAS, 2019
[46]. Figure (c and d) reproduced with permission from Bernal et al., Wiley, 2019 [47]
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and only in the focal area of the laser, the intensity is high enough to allow for two-
or multi-photon absorption (which will induce the photopolymerization). The
absorption rate is proportional to the square root of the intensity; therefore the
polymerization is located in an isolated volume element (voxel). By scanning the
voxel through the photoresin, nearly arbitrary microstructures can be fabricated with
high-resolution. Non-polymerized resin is subsequently removed in a developing
step. Using 2PP, structures with tens of nanometer resolution have been successfully
achieved. Larger areas can also be illuminated by moving the stage relative to the
optics or by moving the voxel relative to the photoresist (see Sect. 2.4).

A major drawback of 2PP is its serial nature – which makes this process relatively
slow and significantly limits the printing volume. This drawback has so far limited
the use of 2PP for the fabrication of microfluidic devices, since they usually require
high-resolution on a comparatively large lateral scale [12]. However, 2PP is already
widely used to integrate high-resolution components directly into existing
microfluidic channels – which would be difficult to fabricate using standard
micromachining. For example, Perrucci et al. have fabricated microfluidic channels
using SL and have integrated a 4 μm pore filter using 2PP into the existing channels
[49]. In this way, a suspended microfilter with a size of 0.5 mm2 was successfully
fabricated in just 30 min. In the future, work concepts like these could be used, e.g.,
for sorting of blood cells. Furthermore, high-resolution components like 3D spring
coiled diodes, microfluidic barriers, or complex 3D structures (like microfluidic
transistors) have already been integrated into microfluidic channels (see Fig. 8a)
[50, 51].

Further, 2PP is a promising technology for the fabrication of nanochannels for use
in nanofluidics – an area of increasing interest in the fields of biotechnology and
medicine, due to recent advances in biomolecule preparation and analysis, single-
molecule interrogations, and molecular manipulation techniques [52]. For example,
Vanderpoorten et al. have recently used 2PP to fabricate nanochannels with a size of
around 400 nm into the microchannel of a replication structure, which were then
subsequently molded into PDMS (see Fig. 8b, c) [53]. Other groups have also

Fig. 8 Integration of high-resolution components into microfluidic chips. (a) SEM of a
microfluidic transistor element fabricated using 2PP (scale bar: 15 μm). Reproduced from
Alsharhan et al., RSC, 2019 [50]. (b) Nanofluidic channel inside a microfluidic channel template
for soft lithography. (c) Close-up of the nanochannel inside the microchannel seen in (b).
Figure (b and c) reproduced from Vanderpoorten et al., Springer Nature, 2019 [53]
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reported on the fabrication of submicron scale features – like the fabrication of
defined surface roughnesses [54] or nanomembranes with pore sizes of around
500 nm [55].

2.4 Upcoming Trends in 2-Photon Polymerization

As noted above, due to its serial nature, 2PP is an extremely slow method, which has
so far limited the use of 2PP for the fabrication of microfluidic devices. However, in
the last several years, numerous concepts have been developed with the aim of
increasing the speed of 2PP. These concepts can be grouped into three categories:
(1) increasing single-focus writing speed, (2) increasing the number of polymerizing
spots, and (3) regulating the voxel size.

Increasing the writing speed for a single-focus system can be done by using
appropriate scanning systems. While piezoelectric stages for moving the photoresist
and using a fixed laser focus usually show slow scanning speeds of around
0.1–30 mm/s, galvoscanners which move the laser focus have been shown to
increase the laser scan rate to tens and even hundreds of mm/s [56–59]. Recently,
galvoscanners which are operated at their resonant frequency have been reported to
allow for print speeds of up to 8000 mm/s while still achieving resolutions of around
1 μm [56]. These resolutions are sufficient for most applications in microfluidics,
which usually require resolutions in the range of a few tens of micrometers. Another
strategy which has been often employed for single-focus 2PP is the writing strategy
itself like the core-shell polymerization where a shell wall is polymerized using 2PP
which encloses the unpolymerized material, which is polymerized, e.g., using flood
light exposure after the printing and developing step [60].

Increasing the number of polymerizing spots has been presented as another
strategy to increase the throughput in 2PP and has been achieved already at quite
an early stage, by integrating microlens arrays, diffractive beam splitters, or SLMs
based on liquid crystals into the light path allowing parallel structure writing [61–
63]. For this, 2D arrangements of foci are usually created which remained
unchanged while the photoresist is moved in 3D. Using this technique, identical
microstructures can be fabricated at each focus spot. Using SLMs, the next step in
the development process was to rearrange the multiple focus spots in 3D without
moving the stage – a technique often called holographic beam shaping [64]. In this
way, microstructures can be fabricated by the coordinated movement of the holo-
graphic focus points. While early attempts used liquid crystals which had a limited
refresh rate of around 60 Hz, more recent attempts using DMDs have demonstrated a
much higher refresh rate of 22.7 kHz and a resolution of 500 nm [65, 66]. The
authors have shown that they can simultaneously pattern with three different foci. An
approach which successfully used multifocal 2PP to structure a millimeter-scaled
metamaterial with micron resolution has recently been presented by Hahn et al. They
used a multifocal approach using a DOE creating nine foci, in combination with an
appropriate optical setup demonstrating a major increase in writing repetitive
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structures like the metamaterial seen in Fig. 9 with an overall width of 2 mm printed
within 2 days [67]. Figure 9d shows the nine unit cells which have been written
simultaneously.

One limitation of the deployment of multiple foci currently lies in a reduction of
the writing speed, since the laser power per foci is considerably lower which does not
allow scanning as rapidly as with the single focus [67]. The development of highly
sensitive photoresins with a low polymerization threshold is therefore a critical
future step to unlock the full potential of multifocal 2PP [67].

A different approach for increasing throughput – especially for the fabrication of
structures with single digit to some tens of micrometer in resolution – lies in the
regulation of the voxel size. This has been achieved, for example, by using objec-
tives with a low numerical aperture (see Fig. 10a) in combination with a compen-
sation for the resulting spherical aberration [68, 69]. The usage of a high numerical
aperture (NA) objective results in a small and more spherical voxel, while using a
lower NA will result in an elliptical and larger voxel. Therefore, for microfluidic
structures where many structures are relatively large, lower NA objectives can be
used. Jonusauskas et al. have presented an approach by varying the numerical
aperture of the beam focussing objectives [70]. In this way, low-resolution structures
can be printed with high throughput without losing spatial resolution for the high-
resolution regions. Figure 10b, c show a vertical microfluidic tube featuring an
integrated filter with a filter period of 4 μm and a thread width of 400 nm. The
bulk structure was written with a low NA, while the filter itself was written with a
high NA. The time gain here is especially high if the part has relatively bulky
components with integrated small structures – as it is often the case in microfluidic
devices with integrated submicron structures. An alternative method has also been
recently shown by using simultaneous spatiotemporal focussing (SSTF) to modulate
the voxel size in dependence of the beam intensity [71]. Using this method, the
authors have successfully adjusted the voxel size in a range of a few microns to
40 μm by varying the laser power allowing to print multi-scale microstructures.
These novel concepts for increasing the fabrication throughput in 2PP are promising

Fig. 9 Increasing the throughput of 2PP using multiple voxels: (a) Scanning electron micrograph
of a diffractive optical element (DOE) used to split the laser beam. (b) Diffraction pattern created by
the DOE. (c) Metamaterial structured using the DOE showing a chiral 3D metamaterial containing
108.000 3D unit cells (scale bar: 2 mm). (d) SEM of the metamaterial in (c). The simultaneously
printed unit cells are highlighted in red. Reproduced with permission from Hahn et al., Wiley, 2020
[67]
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candidates which could facilitate the implementation of novel concepts and compo-
nents into future microfluidic chip fabrication within a reasonable time.

3 Emerging Materials

The choice of materials compatible for use in rapid prototyping and 3D printing of
high-resolution truly microfluidic chips has been fairly limited, to date. However,
within the last 5 years, multiple novel material systems have been introduced which
allow for high-resolution 3D structuring of microfluidic chips. The following section
presents an overview of these recent developments, with a particular focus on
materials of interest for their applications in microfluidics in biotechnology – includ-
ing biocompatible polymers, transparent glass, PDMS, and polymethylmethacrylate
(PMMA).

3.1 Noncytotoxic Polymers

Biocompatibility is of outmost importance for using 3D-printed microfluidic devices
in the field of biotechnology, since there is an inherent contact between the materials
used in such devices and biological samples. Unfortunately, most of the photoresins
commonly used in SL are not biocompatible. While polymerized materials are
usually noncytotoxic, toxicities can nevertheless arise from unreacted monomer as
well as photoinitiator or absorber which leach out of the part and interact with the
cells [72]. The amount of leachable products is highly affected by factors including

Fig. 10 Increasing the throughput of 2PP using voxel size regulation: (a) Comparison of the shape
of the 2PP voxel for different numerical apertures. A decrease in NA will result in a larger and more
elliptical voxel. (b) Tube containing an integrated filter fabricated using two objectives with
different NA. (c) Top view of the object in b showing the filter element with a period of 4 μm
and a thread width of 400 nm. Figure (a–c) reproduced with permission from Jonusauskas et al.,
SPIE, 2014 [70]
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geometry, the resin formulation, and the polymerization turnover. Especially the
latter parameter changes substantially across different prints, due to varying param-
eters like exposure dose and layer thickness [73]. Therefore, the current protocol is to
undertake a detailed study of the biocompatibility of all materials involved, prior to
and for each application. Many researchers have explored methods aimed at increas-
ing the biocompatibility of photocurable materials by rendering them noncytotoxic.
This topic has been already studied for a long time especially in the field of dentistry
before it came up in the field of microfluidics [72]. Cytotoxicity can be studied,
according to ISO 10993-5, using colorimetric cell viability assays like the MTT-test
(MTT is the abbreviation for the compound 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromide). One method to evaluate the cell viability is to seed
cells within a conventional polystyrene well plate and then place the printed part
directly into contact with the cells. Alternatively, the substances can be extracted and
be put into contact with the cells. A reduction of the viability of 30% of the cells is
considered to evidence a cell-toxic effect, according to ISO 10993-5.

As described above in Sect. 2.1, resins for 3D printing of embedded microfluidic
devices must be adapted to allow for high-resolution printing. Several strategies have
been employed to reduce the cytotoxicity of the printed parts and thereby increase
the cell viability. Since radical polymerization never reaches full conversion, espe-
cially for 3D printing of embedded channels, it is recommended to increase the
monomer-to-polymer conversion using a subsequent UV or thermal posttreatment.
For macroscopic parts, several strategies have been employed like coating the
printed parts with biocompatible coatings like parylene C or wax, which prevent
leaching of the cell-toxic components [74, 75]. Unfortunately, these approaches
cannot be employed for high-resolution embedded microfluidic channels. Residual
cell-toxic components are therefore usually removed via subsequently washing the
3D-printed parts using an appropriate solvent (often ethanol) in a bath or in a Soxhlet
extractor [76]. Hereby it is recommended to use solvents which swell the polymer to
a certain degree and thus enable the “washout” of non-polymerized material while
avoiding extensive swelling which may cause a component to lose its structural
integrity [77]. Furthermore, the admixtures to be removed should have a high
solubility in the used solvent. For example, when using acrylate-based resins
which swell in water, a washing procedure in phosphate-buffered saline (PBS) and
Tween 20 was demonstrated. PEGDA 258 resins, which were used successfully for
high-resolution printing of embedded microfluidic chips, were washed for around
12 h in ethanol to remove residual cell-toxic components [78]. For the usage of the
polydimethylsiloxane-based resins (see Sect. 3.3 above), protocols based on serial
extraction in xylene isomers, xylene/2-propanol, and 2-propanol and water –

followed by a heat treatment of 120�C for 12 h – were applied for making the
printed components cytocompatible. Grigoryan et al. have used biocompatible food
dyes like the azo dye tartrazine with a strong absorbance in the visible light
spectrum, in combination with a photocurable hydrogel mixture composed of
PEGDA and water to 3D print fluidic channel structures like vascular networks in
hydrogels (see Fig. 2b) [23]. The hydrophilic tartrazine absorber and the

Emerging Technologies and Materials for High-Resolution 3D Printing of. . . 55



non-polymerized monomers were removed by washing the printed parts in water or
saline solutions [23].

Besides cell viability, cell adhesion to the printed part can be an important aspect
which may need to be considered, depending on the biotechnological application in
question. It has been shown by several groups that cells do not adhere well to printed
acrylate-based resin – even after washing procedures [77]. Optimizations have been
demonstrated by activating high-resolution printed PEGDA parts with oxygen
plasma increasing the cell adhesion relative to a non-treated reference [78].

Although work has just started on the development of protocols to reduce cell
toxicity and increase the cell viability of the 3D-printed acrylates, current work is
still somewhat preliminary and rather time-consuming with protocols for washing
out residual toxic components which can span up to several days. Additionally,
research is ongoing in an effort to optimize and adapt protocols for functionalization
and coatings, in order to achieve the “gold standard” of biocompatibility on par with
standard polystyrene [40].

3.2 Transparent Glass

Transparent silicate glasses are among the most important materials for the fabrica-
tion of microfluidic chips. Outstanding optical transparency, low autofluorescence,
high biocompatibility, and a high chemical and thermal resistance make glasses very
attractive for both biotechnology and bioanalytics applications – especially with
respect to high-resolution analysis and synthesis. The importance of glasses for the
field of pharmaceutical on-demand continuous-flow synthesis has been most
recently highlighted by Kitson et al. showing that for the successful implementation
of pharmaceutical synthesis in polymer-based reaction ware, a translation process
would be necessary – but which would not be required if glass could be used in the
first place [79].

Unfortunately, structuring glass on the microscale is particularly challenging and
usually requires hazardous etching processes like wet chemical etching via
hydrofluoric acid [80]. It took more than two decades after the invention of 3D
printing until transparent glasses finally were established in this field. While direct
printing technologies can be used to simply extrud melted glass through a nozzle or
by melting glass fibers, these processes are not capable of fabricating structures with
a micron resolution. Usually, the layers of these printed structures are in the range of
a few millimeters, and the lateral resolution is significantly limited [81, 82].

The first high-resolution 3D printing process for structuring fused silica glass was
presented in 2017 by Kotz et al., using an indirect printing approach. Instead of
printing the glass itself, we developed a nanocomposite material (called Glassomer)
which consists of nanoparticles in a photocurable binder matrix [27, 83–85]. This
material can be printed using high-resolution SL with tens of microns in resolution.
Alternative formulations of the material further allow to use the material for soft
lithography replication, subtractive machining, thermal nanoimprinting or even
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roll-to-roll replication [83, 86]. After the shaping process is completed, the poly-
meric Glassomer part is converted to high-purity fused silica glass via thermal
debinding at 600�C and sintering at a maximum temperature of 1,300�C (see
Fig. 11).

The resulting glass is indistinguishable from commercial fused silica glass in its
chemical and physical properties, showing the same high optical transparency of
92% in the visible wavelength range, a low autofluorescence, as well as a high
thermal, chemical, and mechanical stability. This is a major advantage for applica-
tions in the field of biotechnology. In contrast to polymeric material, cell-toxic
components like absorbers, photoinitiators, and residual monomers are all removed
in the thermal debinding step. As described in Sect. 3.1 above, these components
result in impaired biocompatibility as well as a reduced optical transparency, which
is problematic for imaging inside these systems. The sintered Glassomer fused silica
glass is standard fused silica glass which has been used for decades in the field of
biotechnology.

Using micro(stereo-)lithography, components with tens of microns resolution can
be printed like the castle gate or the Tesla mixer (see Fig. 12a, b). The Tesla mixer
was printed as an open channel and was then bonded as a green part using partial
curing. Using replication processes, single-micron resolution was achieved as

Fig. 11 Stereolithography printing of fused silica glass using the Glassomer process. Glassomer
consists of silica nanoparticles in a photocurable binder matrix. It can be printed using
stereolithography resulting in a polymeric nanocomposite. The polymeric nanocomposite is
converted to transparent fused silica glass using thermal debinding and sintering (scale bar:
7 mm). Permission from Kotz et al., Springer Nature, 2017 [27]

Fig. 12 Exemplary structures fabricated using the Glassomer process. (a) Sintered micro-sized
castle gate fabricated using microstereolithography (scale bar: 270 μm). (b) Sintered microfluidic
Tesla mixer structured using lithography. The chip was bonded in the green part state using partial
curing (scale bar: 200 μm). Reproduced with permission from Kotz et al., Springer Nature, 2017
[27]. (c) Sintered DOE structured using hot embossing and the corresponding diffraction pattern
when illuminated with a green laser (scale bar: 10 μm). Reproduced with permission from Kotz
et al., Wiley, 2018 [86]
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illustrated in Fig. 12c (which shows a diffractive optical element with its
corresponding diffraction pattern).

As mentioned above in Sect. 2.1, high-resolution SL printing of microfluidic
channels is limited to low-viscosity photoresins, and many of the printing strategies
that exist are difficult to adapt to viscous materials like the Glassomer
nanocomposites. We have therefore developed a novel process, which we termed
sacrificial template replication (STR). For the very first time, the STR process
permits the fabrication of nearly arbitrary 3D embedded microchannels inside
fused silica glass [87]. Instead of 3D printing the whole microfluidic chip, only the
channel-defining structure is printed – using a polymeric photoresin. This template
structure is then embedded in the Glassomer material and removed during the
thermal debinding process – resulting in the inverse channel structure in fused silica
glass after the sintering process (see Fig. 13a). Since the template is removed in the
gas phase, there is no risk of either material redeposition or channel blocking due to
incomplete removal.

Using STR, a wide range of templates can be used from a simple nylon thread to
photoresist structures using 2PP. STR is capable of fabricating nearly arbitrary
microchannels in fused silica glass, with channel sizes in the range of a few
micrometers on a length scale of several centimeters. Figure 13b, c show two
intertwined microfluidic spirals with a channel size of 74 μm. This process is further
capable of fabricating channels with a great variety of aspect ratios and channel
geometries as can be seen in Fig. 13d, e.

In combination with 2PP, STR also offers the high-resolution advantages inherent
to 2PP with the speed of a replication process. Since only the channel-defining

Fig. 13 Fabrication of fused silica microfluidic chips using sacrificial template replication (STR):
(a) The STR process. A sacrificial template is embedded in the Glassomer resin. During the thermal
debinding process, the binder matrix as well as the template is removed. Sintering results in a highly
transparent fused silica glass with the inverse embedded microfluidic channel. (b) Intertwining
spiral template fabricated using 2PP (scale bar: 900 μm). (c) Sintered channel structure with a
channel width and height of 74 μm fused silica glass using the template from b (scale bar: 140 μm).
(d and e) Cross section of a microchannel with aspect ratios of 0.1 and 10 (scale bar: 100 μm).
Reproduced with permission from Kotz et al., Springer Nature, 2019 [87]
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structures are printed in the STR method, the processing time is significantly
reduced.

3.3 Polydimethylsiloxane

PDMS is one of the most commonly used materials for rapid prototyping of
microfluidic devices on the laboratory scale. PDMS has shaped the field of
microfluidics in biotechnology and in life sciences like no other material in the last
years – combining high optical transparency, biocompatibility, gas permeability,
and, perhaps most importantly of all, ease of handling and manufacturing. Its
elasticity makes it an interesting material for the incorporation of membranes,
valves, and actuators inside the microfluidic channel system for active fluid control.
Disadvantages of PDMS include its swelling tendency in organic solvents and its
tendency to absorb small hydrophobic molecules [88]. Traditionally, PDMS
microfluidics have been fabricated using soft lithography replication, whereby the
PDMS precursors are poured onto a mold and allowed to cross-link before bonding
the open channels to form an embedded channel structure [8].

Photocurable PDMS precursors have also been widely studied for the fabrication
of microfluidic chips or microstructures on substrates. Many shaping approaches
have been presented – including soft lithography and direct structuring using
lithography either as a negative or a positive resist [89–91]. However, these pro-
cesses all result in open microstructures which require subsequent bonding for the
fabrication of a microfluidic chip. Furthermore, although a great variety of elasto-
meric photoresins are now commercially available (including Formlabs Flexible
and TangoPlus), these materials are usually not capable of fabricating components
with the same high optical transparency, elasticity, and biocompatibility prized in
PDMS and its most commonly used commercial variants, Sylgard-184 and Elastosil
601 [92].

Bhattacharjee et al. have recently reported a methacrylate-based PDMS
photoresin which can be printed using SL [92]. They used commercially available
methacrylate-terminated PDMS precursors, blended them with an appropriate
photoinitiator and absorber, and then printed these photoresins using a benchtop
SL printer. In doing so, they demonstrated that by using this process; transparent and
mechanically stable embedded 2.5-dimensional microfluidic chips can be printed
which show material properties similar to Sylgard-184 (see Fig. 14). In addition,
they also demonstrated that the use of a multistep washing, UV treatment, and heat
treatment procedure could render the printed PDMS cytocompatible (see Sect. 3.1
above). However, it should be noted that this printing process is significantly longer
than the process used for standard acrylic resins. Several seconds were needed for
each 50 μm thick layer, which can be attributed to the strong oxygen-binding affinity
of PDMS which inhibits radical polymerization. The PDMS prepolymers also
showed a relatively high viscosity of ~1–9 Pas (depending on the molecular weight
of the precursor), which unfortunately renders printing of sub-100 μm channels
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impossible. Only embedded 2.5 dimensional channels with a size of 500 μm could
be printed (see Fig. 14b, c). Another issue is the price of the PDMS precursor –
which, at around 2,200€ per kg, is significantly more expensive than state-of-the-art
PDMS prepolymers used for soft lithography (which only cost around 60€ per kg).

A faster and cheaper process which can achieve circular microchannels in PDMS
with a size of around 200 μm could be achieved using a process called Suspended
Liquid Subtractive Lithography (SLSL), which is an indirect 3D printing method
that has been developed by Helmer et al. [93] Instead of 3D printing the bulk chip
material, the channel-defining structure is printed into the curing PDMSmatrix using
a surfactant which generates freely definable three-dimensional channel structures
(see Fig. 15a). After the polymerization process is completed, the surfactant is
washed out of the material, leaving only the microfluidic channel structure. A
great variety of microfluidic channels have already been fabricated using this
process – including three-dimensional spirals and loops (see Fig. 15c) and

Fig. 14 SL printing of methacrylate-terminated PDMS: (a) A 4 mm thick block of printed PMDS
compared to replicated PDMS, showing the high transparency in the visible wavelength region. (b)
Microfluidic flow focussing device fabricated using SL of methacrylate-terminated PDMS
photoresin. (c) Laminar flow focussing of an orange dye flanked by two sheath flows of blue dye
in the printed device. Reproduced with permission from Bhattacharjee et al., Wiley, 2018 [92]

Fig. 15 Suspended liquid subtractive lithography (SLSL): (a) Schematic of the SLSL method for
printing microfluidic channels into PDMS using the surfactant Pluronic PE3100. (b) SEM of a
circular and a high-aspect ratio structure fabricated by SLSL (scale bar: 250 μm). (c) Three-
dimensional printed spiral in PDMS (scale bar: 18 mm). (d) Quake-type membrane actuator with
a green fluid channel on the bottom and an expandable control channel on the top. By pressurizing
the upper channel, the membrane is expanded blocking the fluidic channel (scale bar: 5 mm).
Reproduced with permission from Helmer et al. Springer Nature, 2017 [93]
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microfluidic valves (see Fig. 15d). For this process, the surfactant has to match the
properties of the medium in which it is written. It should also have a density close to
PDMS, in order to prevent sedimentation or floatation; a low surface energy to
prevent droplet formation; a low viscosity to simplify extrusion; and a high biocom-
patibility. This method is ideal for printing circular channel structures (e.g., struc-
tures that mimic biological environments like blood vessels) [94]. As can be seen in
Fig. 15b, the resulting channel cross section is perfectly circular, and does not show
defects which are typically seen in layer-by-layer-based processes like SL. By
wetting the needle at the first extrusion of the dispersant, an oval distortion can be
created which further allows the manufacturer to write noncircular channel structures
like the high-aspect ratio structure shown in Fig. 15b. Another significant advantage
of this process compared to SL is that standard PDMS types like Elastosil 601 can be
used without any modification. The resulting material is PDMS with the same
material properties known from soft lithography processes. The process has been
shown for the fabrication of, e.g., Quake-type membrane actuators – a commonly
used pneumatic microfluidic valve (see Fig. 15d).

2PP of PDMS prepolymers has been demonstrated for the fabrication of high-
resolution components. Radical polymerization, as well as photohydrosiliylation of
PDMS prepolymers using 2PP, has already been shown in 2004 by Coenjarts et al.
[95]. They showed that by doping the PDMS prepolymer with a photoactive
platinum catalyst or a photointiator, PDMS can be structured with submicron
resolution using 2PP. Using this process, structures with a line width of around
300 nm could be achieved using photohydrosilylation (see Fig. 16a). By employing
radical initiators, they further demonstrated that 3D microstructures with single-
micron resolution like the microcapillaries or the intersections shown in Fig. 16b, c
can be fabricated. However, this process is very slow – with a throughput of around
12 μm3s�1 [96]. To that end, Rekstyte et al. have demonstrated that the 2PP process
can at least be accelerated to a throughput of ~720 μm3s�1 while still achieving
structure resolutions of around 5 μm [96], by using well-adjusted photoinitiators.

Fig. 16 Microstructuring of polydimethylsiloxane using 2PP: (a) Line pattern with a width of
300 nm fabricated in PDMS using photohydrosilylation. (b) 3D stack of microcapillaries in PDMS
fabricated using radical polymerization 2PP. (c) Microcapillary intersections fabricated using
radical polymerization 2PP. Reproduced with permission from Coenjarts et al., ACS, 2004 [95]
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The combination of high-resolution 2PP of PDMS with the methods described
above for the fabrication of embedded microchannels could open up new possibil-
ities in the future, allowing researchers to manufacture far more complex and highly
integrated systems using one of the most widely favored rapid prototyping materials
used in the microfluidic community.

3.4 Polymethylmethacrylate

One drawback of SL printing is that the available materials are all cross-linked
thermosets. While this is not a significant issue for the fabrication of chips on the
laboratory scale, it becomes a drawback when technology moves from the lab to
industrial mass manufacturing. Mass manufacturing is done using highly scalable
technologies like injection molding or hot embossing, which usually require ther-
moplastic materials. This scale-up problem is a major impediment to industrializing
microfluidic concepts, since changing the material and thereby the associated surface
properties have a major effect on the final system behavior. This lack of transfer is a
problem which has been criticized also for classical PDMS replication which has
been the standard for rapid prototyping of microfluidic chips for decades [97].

We have therefore developed a novel method which makes one the most used
thermoplastic materials in mass productions, i.e., polymethylmethacrylate (PMMA),
accessible for high-resolution direct printing. PMMA is an important material for
microfluidics in the field of biotechnology and has been widely used for (among
other applications) the analysis of proteins, DNA, amino acids, and peptides [11]. It
is highly transparent and biocompatible and features a low autofluorescence. It is
also a particularly interesting material for disposable microfluidics since it decom-
poses to its monomer at elevated temperatures. To achieve this a PMMA prepolymer
called Liquid PMMA has been developed which is a fast curing viscous PMMA
prepolymer which can be structured like a negative photoresist [98]. This material
consists of the monomer methylmethacrylate (MMA) and up to 50 wt% of the
polymer PMMA, with a defined molecular weight (see Fig. 17a). Due to the

Fig. 17 High-resolution direct structuring of thermoplastic polymethylmethacrylate (PMMA):
(a) Liquid PMMA after synthesis. (b) Microfluidic spiral filled with dyed water after successful
bonding (scale bar: 7 mm). (c) Tesla mixer cascade fabricated by stitching 42 single images next to
each other (scale bar: 400 μm). Reproduced from Kotz et al., Wiley, 2018 [98]
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increased viscosity of Liquid PMMA compared to the pure monomer, the inset of the
polymerization autoacceleration is shifted, and the material can be polymerized
significantly faster. Liquid PMMA has already been structured using DMD-based
lithography and was recently also used to fabricate open microfluidic channels with
tens of micron resolution. Figure 17 shows exemplary microfluidic structures that
have been fabricated using this method. The polymerized Liquid PMMA demon-
strates high optical transparency, low autofluorescence, and surface properties like
commercial PMMA [98].

4 Outlook

The emergence of novel high-resolution 3D printing technologies and processes will
facilitate the evolution and development of the next generation of microfluidic
systems. Using different manufacturing processes will allow for the fabrication of
more complex and integrated microfluidic systems. As highlighted in this chapter,
the usefulness of these hybrid concepts has already been demonstrated using clas-
sical polymeric materials and even transparent glass – but they remain to be shown
for functional or even multimaterial prints. Furthermore, high-speed and high-
resolution 3D printing on the micro- and nanoscale is just starting to evolve.
Exploring these technologies for the fabrication of biocompatible microfluidic
chips will pave the way for using 3D printing not only as a laboratory prototyping
method, but rather as a manufacturing technology on an industrial scale.

Furthermore, material innovations have just started to revolutionize the field of
3D printing and will enable not only the fabrication of previously unseen compo-
nents and designs but also novel processes for high-resolution structuring. One issue
which has just started to be investigated is the biocompatibility of printed
microfluidic systems developed using these emerging technologies. Current work
on this front remains rather time-consuming, and standard protocols will require
further adaption for the functionalization of coatings. One potential strategy to
overcome these issues could be by using established materials like polystyrene or
glass in high-resolution printing and processing.
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Abstract Microbioreactors (MBRs) have emerged as potent cultivation devices
enabling automated small-scale experiments in parallel while enhancing their cost
efficiency. The widespread use of MBRs has contributed to recent advances in
industrial and pharmaceutical biotechnology, and they have proved to be indispens-
able tools in the development of many modern bioprocesses. Being predominantly
applied in early stage process development, they open up new fields of research and
enhance the efficacy of biotechnological product development. Their reduced reac-
tion volume is associated with numerous inherent advantages – particularly the
possibility for enabling parallel screening operations that facilitate high-throughput
cultivations with reduced sample consumption (or the use of rare and expensive
educts). As a result, multiple variables can be examined in a shorter time and with a
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lower expense. This leads to a simultaneous acceleration of research and process
development along with decreased costs.

MBRs range from simple miniaturized cultivations vessels (i.e., in the milliliter
scale with limited possibilities for process control) to highly complex and automated
small-scale microreactors with integrated sensors that allow for comprehensive
screenings in very short time or a precise reflection of large-scale cultivation
conditions. Progressive developments and improvements in manufacturing and
automation techniques are already helping researchers to make use of the advantages
that MBRs offer. This overview of current MBR systems surveys the diverse
application for microbial and mammalian cell cultivations that have been developed
in recent years.

Graphical Abstract

Keywords High throughput, Microbioreactor, Process development, Scale-up,
Screening, Sensor integration

Abbreviations

μBC Microbubble column-bioreactor
μmax Specific growth rate
CHO Chinese hamster ovary
cwMBR Capillary wave MBR
D Dilution rate
DMF Digital microfluidics
DO Dissolved oxygen
EWOD Electrowetting on dielectric
hMBR Horizontally arranged plug flow-based microbioreactor
kLa Volumetric liquid phase oxygen transfer coefficient
KS Monod constant
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LHS Liquid handling system
MBR Microbioreactor
MTP Microtiter plate
ncrit Critical shaking frequency
OD Optical density
OTR Oxygen transfer rate
OUR Oxygen uptake rate
P/V Mean volumetric power input
PCR Polymerase chain reaction
PDMS Poly(dimethylsiloxane)
PMMA Polymethylmethacrylate
qP Specific product formation rate
qS Specific substrate consumption rate
Re Reynolds number
SAW Surface acoustic waves
tM Mixing time
uG Superficial gas velocity
YX/S, YP/S, YP/X Biomass- and product-related yield coefficients from substrate/

biomass, respectively

1 Microbioreactors for Cell Cultivation

To support and control a biologically active environment, any bioreactor must fulfill
several elementary tasks – regardless of the reaction scale at issue [1]. In essence, it
must create a mono-septic environment, where defined biological reactions can be
performed within controlled ambient conditions. These basic requirements apply
with equal force to microbioreactors (MBRs), which usually have a reaction volume
of less than 1mL. Other definitions describe a MBR as a small-scale cultivation
system containing at least one microfluidic element. AMBR can generally be seen as
a miniaturized device that sustains biology [2], combining high-throughput experi-
mentation with profound bioprocess monitoring and control [3].

Working with MBR systems offers several advantages over more traditional
systems. First, multiple simultaneous experiments can be conducted in parallel –
allowing researchers to study more parameters affecting the cellular functions or
process conditions at the same time. Due to this increase in high-throughput capa-
bility, biotechnological research and process development can be substantially
accelerated. Additionally, lower amounts of samples, reagents, and consumables in
general are required for each experiment – resulting in substantial increases in cost
effectivity. The shorter distances and increased surface-to-volume ratio are also
advantageous for more sensitive analytics and for improved heat and mass transfer.
And finally, space requirements are reduced across the board.

These advantages are valuable for both industry and academia – a fact that is
illustrated by the great variety seen in developed MBR systems as well as the rate at
which they are being incorporated into modern biotechnological research.
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Depending on the specific experimental needs, MBRs can be mixed via stirring,
orbital and vertical shaking, or pumping or oscillating – with each mixing technique
offering its own specific benefits. Besides high-throughput screenings and strain
engineering, MBRs have extensively been applied for bioprocess development.

This chapter aims to provide a comprehensive overview of key available MBR
technologies. First, different techniques for achieving MBR homogenization are
described (Sect. 2). The mixing process in small-scale cultivation systems is a key
requirement to ensure effective heat and mass transfer, to avoid creating unwanted
gradients inside the reaction volume, and to keep cells in suspension. Various
approaches have been developed in an attempt to tackle this challenge. The different
fields of MBR applications are then reviewed (Sect. 3). For example, MBR systems
have been developed for process development (aiming mainly at scale-up/down
experiments) – contrasted with MBR systems that have been developed for analyt-
ical screening applications. Finally, future developments and fields of particular
research interest are highlighted.

2 Homogenization of Microbioreactors

Ensuring rapid homogenization and sufficient mass transport is a key requirement of
all bioreactors. Reproducible measurements generating conclusive and reliable data
are only achievable if the creation of unwanted pH, temperature, and concentration
gradients are effectively avoided, if cells are reliably supplied with sufficient
amounts of nutrients, and if cell sedimentation is prevented [4, 5]. Inhomogeneity
and heterogeneities are both major sources of measurement discrepancies and
process variances [6–8]. Not only must the fluid phase itself be homogenized, but
the mass transfer between liquid and gas phase must also be enhanced. In so doing,
both the removal of metabolites and the oxygen transfer into the cultivation broth are
intensified. Due to both the low solubility of oxygen in water and the high oxygen
uptake of aerobic microorganisms with high specific growth rates, achieving ade-
quate oxygen supply within the liquid phase is considered to be one of the greatest
challenges in bioprocess development [9, 10]. Diffusive transport is generally
considered to be insufficient for most purposes – necessitating the adoption of an
adequate active mixing technique to avoid running into limitations that hinder
biomass growth and/or product formation [11, 12]. Additionally, heat and mass
transfer must be comparable across scales, if scalability during bioprocess develop-
ment from micro- to lab- and pilot-scale is to be ensured [13].

Mixing small fluid volumes, however, comes with several inherent major chal-
lenges. As the specific systems dimension is reduced, capillary and viscous forces –
caused by the enlarged surface-to-volume ratio – increasingly dominate over grav-
itational and inertial forces [14–16]. And due to the increased surface area, specific
interactions between cells and the MBR walls must be carefully considered. Fur-
thermore, the fluid flow in microsystems is by definition laminar, with low Reynolds
numbers (mostly <1,000) [17]. As a result, the absence of turbulent flow or fluid
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vortices can substantially impede proper mixing. To overcome these challenges and
provide a wide operating window for particular bioprocess, various strategies have
been reported that successfully assure suitable conditions for cell growth and/or
product formation. Indeed, the sheer variety of published techniques aimed at
solving these issues underscores the importance of ensuring rapid homogenization
within biological applications.

Since fully turbulent conditions are very difficult to achieve within the confines of
MBR systems, most mixing techniques instead aim to induce and increase chaotic
advection and convection in order to enhance the mass transport [14, 17]. To ensure
comparability across different mixing techniques, MBR setups, and reactor scales,
researchers frequently designate the mixing time (tM) – i.e., the duration of mixing
necessary to achieve a certain homogeneity criteria [18–20]. In most cases, a 95%
criterion is applied, meaning that tM is the time until a homogeneity level of 95% is
reached [21].

2.1 Mixing via Stirring

Following the common mixing technique of many lab-, pilot- and technical scale
bioreactors, MBRs can be mixed via stirring. Under this method, using a centrically
or eccentrically mounted stirrer shaft to blend the fluid and disperse gas into the
liquid phase homogenization is achieved using rotating stirrers [22–26]. One advan-
tage of stirred systems is the similarity to bioreactors of larger scale and the resulting
analogies in the fluid motion and characteristics [27] – which can facilitate a
subsequent scale-up. Additionally, systems with smaller fluid volumes have also
been reported with integrated miniaturized stirrer bars or rod agitators [28–32].

2.2 Pumping

To avoid moving elements inside the reaction chamber, MBRs may instead be mixed
via a pumping mechanism [33]. Using a digital hydraulic drive for pneumatic
pumping, Tsai et al. [34] have developed a miniaturized and robust actuation system
that can be connected to standard 96-well plates. The fluid is continuously mixed
through up and down pumping, achieving a very gentile homogenization, which is
why the main field of application is cell culture analysis.

2.3 Pneumatic Gassing

For increased gas exchange and oxygen transfer rates, MBRs can also be operated as
bubble columns by inducing pressurized air at the reactor bottom [35–39]. Lladó
Maldonado et al. [36, 37] have characterized the mixing performance of
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microbubble column-bioreactor (μBC) for biotechnological research. The μBC was
manufactured with a reaction chamber (3 mm in width, 1 mm in depth, and 18 mm in
height) and a funnel at the upper part (5 mm in width, 1 mm in depth, and 14 mm in
height) for adequate phase separation (Fig. 1a). The μBCwas also equipped with two
inlets and two outlets, one for each phase (gas and liquid) (Fig. 1b).

Mixing experiments were performed at different airflow rates. Figure 2a shows an
example of the sequence of images produced immediately after the injection of the
fluorescent tracer pulse with a frame rate of ~1 fps at an aeration of a superficial gas
velocity uG of 1.3 � 10�3 m s�1. In addition to mixing lab experiments, simulated
tracer profiles were also calculated through transient simulations. As an example,
time-lapse image series of the transient simulation with the same aeration of
uG ¼ 1.3 � 10�3 m s�1 are shown in Fig. 2b with a frame rate of ~1 fps. When
the experimental and simulated tracer profiles are compared for the same aeration
rate, this model properly predicted the tracer profile distribution [36].

2.4 Orbital Shaking

The reaction volume of MBRs can also be shaken orbitally, inducing a circular
motion of the cultivation broth due to inertial forces. This process is frequently used
in micro titer plates (MTP) and shake flasks [40–43]. To overcome the surface
tension of a fluid and induce motion, the appropriate critical shaking frequency
(ncrit) must be exceeded. Due to the increased centrifugal force seen at higher orbital
shaking frequencies, the liquid height rises at the outer reactor wall, and the
hydrodynamic flow is changed [41, 44]. Hermann et al. [44] have proposed the
following equation to calculate ncrit:

Fig. 1 (a) Borosilicate glass-based microbubble column-bioreactor (μBC), (b) μBC inside the
supporting reactor holder [36] (© Copyright 2018 Elsevier B.V)
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ncrit ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σ ∙DW

4 ∙ π ∙VL ∙ ρL ∙ d0

r
ð1Þ

Here, σ is the surface tension,DW is the well diameter, VL is the liquid volume, ρL
is the density of the fluid, and d0 is the shaking diameter. For given fluid properties,
ncrit is inversely proportional to VL and d0. Smaller fluid volumes of less than 50 μL
are more difficult to mix – an observation which can be explained by reference to the
larger surface forces seen in smaller volumes. As a result, more power must be
expended to overcome these forces. It is important to note that orbital shaking only
have limited practicability within MBR systems. For increasingly smaller systems,
ncrit rises quickly – ultimately resulting in impracticable process conditions. How-
ever, increasingly smaller systems explicitly benefit from the advantages of MBRs,
especially the saving of expensive substrates and facilitated opportunities for
parallelization. Since diffusive species mixing is usually too slow to prevent mass
transfer limitations in aerobic processes and inadequate for μL-scale volumes,
suitable techniques for small scale mixing are required.

A

B

Fig. 2 Mixing time experiments and transient computational fluid dynamics (CFD) simulation in a
microbubble column-bioreactor (μBC) (working volume 60 μL): (a) Time-lapse image series with a
superficial gas velocity set at 1.3 � 10�3 m s�1 after the injection of a pulse of 2 μL of the
fluorescent tracer solution through a needle pump and (b) the transient CFD simulation. The images
are shown with a frame rate of ~1 fps [36] (© Copyright 2018 Elsevier B.V.)
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2.5 Mixing of Droplet Microbioreactors

To allow for manipulation of smaller fluid volumes below 10 μL, various strategies
have been reported that effectively introduce advective transport. MBRs in the low
μL range have been reported to be mixed using the application of an electrical
potential by implementing a pair of electrodes, which can be configured either in a
planar configuration or with a wire hanging from the top into the fluid. This
technique is commonly referred to in the literature as electrowetting on dielectric
(EWOD) [45–48]. By bringing electrostatic charges on the fluid, the latter can be
manipulated, spread, moved, and ultimately mixed. EWOD is performed on a pair of
insulator-coated electrodes which are covered by an insulating film working as the
substrate for a conducting fluid [47]. The technique is characterized by an increased
flexibility and possibility to manipulate the fluid volume, and as a result it has
achieved wide application within droplet-based analysis systems [46, 49]. The
fluid can alternatively be excited in resonance using piezoelectric transducers
[50]. Creating frequencies above 10 kHz, the fluid is thereby effectively mixed via
vibration. Surface acoustic waves (SAW) excited by acoustic streaming propagate
through the liquid and set the liquid into motion, achieving extremely fast mixing
within small volumes [14]. The technique and its advantages for the application in
microfluidics are described in depth by Yeo and Friend [51]. In the latter techniques,
mixing energy is being transmitted via oscillations that excite the phase boundary to
resonate. Through the high-frequency oscillations and the resulting increased power
input, however, the fluid temperature in small fluid volumes tends to rise, and cells
are potentially disrupted [50]. Additionally, manufacturing these devices requires
extensive efforts for shielding the electronics.

Another mixing technique for small fluid volumes that requires even less oper-
ational effort is the induction of capillary waves on the liquid surface via vertical
oscillation [52]. If excited in resonance, a stationary wave is formed on the phase
boundary of the liquid and the gas, due to competing inertia and surface tension
forces [53–55]. This wave subsequently leads to rapid bulk mixing – which has been
successfully used for mixing a 20 μLMBR [56] as well as a 7 μL system [57, 58] and
achieving fast homogenization in less than 3 s using oscillations below 400 Hz. The
capillary wave MBR (cwMBR) is shown in Fig. 3.

In the cwMBR setup, a Foturan® glass chip is used to form a defined fluid droplet
with a reproducible interphase, which can be excited in resonance by vertical
oscillation. Using four electromagnets, an oscillation table – where the reactor chip
is mounted – is excited with specific oscillation conditions [58]. Here, oscillation in
resonance leads to unique modes, which is defined by the number and position of the
nodes [53, 55, 59].

In Fig. 4, different oscillation modes of a cwMBR filled with dyed water excited
at resonance frequencies are illustrated. The resulting mode patterns are character-
istic for each frequency.

Aside from the vertical displacement, excitation frequency is the decisive factor
for resonance and the resulting power input. In Fig. 5, the inverse mixing time 1/tM is
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shown for frequencies up to 400 Hz. The maxima of 1/tM, which corresponds to fast
mixing, correlate well with the calculated resonance frequencies shown on top in
red [58].

Finally, it is worth noting that mixing MBRs with continuous flow in enclosed
micro-channels – which open up possibilities for massive high throughput – have
also been described in detailed reviews [17, 59].

3 Application of Microbioreactors

There is a tremendous and growing demand for potent MBR systems that can be
used to cultivate cells in the micro-scale and simultaneously permit automatized
highly parallelized operations in which various process parameters can be indepen-
dently modified. These systems are increasingly being applied in the field of
bioprocess development, where they aim to mimic larger-scale (from lab- to pilot-
and process-scale) cultivation systems. The knowledge acquired in these smaller-

Fig. 3 Capillary wave MBR (cwMBR) setup: (a) 5 � 5 array manufactured on a 4 in. Foturan®
wafer [57] (© Copyright 2019 MDPI AG). (b) Side view of reactor mounting with optical fiber side-
in module and sensor assembly of optical measurements. (c) Perspective view on rendered cwMBR
mounting with base element, cwMBR and lid, having four water troughs in the walls. All parts are
clamped together using four screws [58] (© Copyright 2020 Elsevier B.V)

Fig. 4 Perspective view on the cwMBR filled with dyed water excited at its resonance frequencies.
Different oscillation patterns are formed on the liquid surface, whereby the wavenumber increases
for higher excitation frequency. Two characteristic time points are shown, where the amplitude of
the oscillating liquid interface is the highest. Images were taken with a single-lens reflex camera
(EOS 60d, Canon, Tokyo, Japan) connected to a micro-Nikkor objective (Nikon, Tokyo, Japan)
with a focal length of 55 mm and a triggered ultrashort time flash with an exposure time of
1 � 10�5 s [58] (© Copyright 2020 Elsevier B.V)
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scale systems can then be transferred to the sequential process steps used to perform
a process scale-up. But even aside from process development and the related scale-
up, the advantages of MBRs are also increasingly being leveraged for screening
applications – where these systems are used mainly for analytical purposes. In this
context, the more pressing concern is the performance of cellular experiments in an
automated high-throughput fashion for rapid generation of experimental data. It is
therefore more important to sustain the cell population under carefully defined
conditions and perform ongoing measurements, rather than to precisely mimic
large-scale process conditions.

By applying MBR systems, lower sample consumption is achieved – which
translates lastly into cost savings [60]. Additionally, the process development can
also be substantially accelerated, since the number of samples processed in parallel is
increased [61].

3.1 Microbioreactors for Process Development and Scale-Up

Bioprocesses are influenced by numerous factors that can significantly affect the
performance efficiency of bioconversion. Profound knowledge of biological reaction
kinetics is of crucial importance for high yield bioproduction to achieve optimal
process conditions. For example, growth behavior, product formation, and yields are
all heavily dependent on physicochemical parameters such as pH, temperature, and
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nutrient availability, as well as overall media composition [62]. Additionally, ambi-
ent cultivation conditions in the bioreactor have a direct bearing on the entire
process. Power input and the associated mixing performance are key parameters
affecting nutrient availability and fluid homogeneity, as well as the operating shear
stress appearing on the biocatalyst [10, 63, 64].

Accordingly, in order to effectively develop and improve a bioprocess, a holistic
knowledge and insight into the entire bioprocess is a prerequisite. Acquiring this
knowledge requires multiple experiments to thoroughly investigate all decisive
factors in detail. In order to effectively reduce the applied substrates and volumes
used per experiment, miniaturized cultivation systems are increasingly being applied
to bioprocess development [3, 9, 65–68]. By reducing the reaction volumes required
and applying small-scale cultivation systems instead, expenses can frequently be
slashed – and, even more importantly, the degree of parallelization (i.e., simulta-
neous experiments) can be substantially increased [69].

In standard lab-scale bioreactors with a volume of 1 to 30 L, bioreactions and
growth kinetics, product titer, and ultimate quality are also adequately representative
to a pilot-scale reactor. But the achievable throughput is limited, and experimental
operation is frequently elaborate. Especially in early stage process development, the
number of variables that need to be examined often exceeds the capabilities of these
lab-scale cultivation systems. As a result, it typically requires at least 50 experiments
for characterization of a cultivation process – which can take up to 8 months to
complete [69, 70]. Not surprisingly against the backdrop, systems that enable higher
experimental throughput are in great demand.

A typical development of a biotechnological process is a sequence of consecutive
steps. Starting from small reaction volumes with lower information content (but with
a high number of variables to be examined), the reaction throughput decreases, and
the information content gradually rises throughout the development process. The
number of biological variables that need to be investigated is continuously being
reduced in the course of the process development [3]. Initial screenings for an
optimal production strain are often conducted in microtiter plates (MTPs) to enable
the performance of up to 96 simultaneous reactions in parallel. Aside from the
selection of the requested production strain, media development and adjustment
can also be performed in this stage. The gathered information then informs the next
larger-scale stage, which is mostly conducted in shaking flasks with a fluid volume
of 10 to 100 mL. The number of parallel cultivation experiments that may be
conducted in shaking flasks is already significantly limited, however, due to the
labor-intensive nature of this phase of operations. Only the most promising cultiva-
tion conditions for the depicted production strain or host are then brought to the
lab-scale bioreactor, where a level of process control comparable to that seen in the
pilot scale is once again possible. In this pilot-scale stage, challenges related to the
final large reaction volumes and scale-up must be addressed; these can include a
higher hydrodynamic pressure, higher Reynolds numbers, higher mixing times, as
well as more pronounced bioreactor inhomogeneities for increasing reaction
volumes [65].
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MBR systems aim to enhance and optimize this traditional process development
workflow. The bioprocess itself is aimed to only minimally be affected by the scale-
down and related changes in the cultivation scale. At the same time, the experimental
throughput is ought to be enlarged maintaining the operational control of miniatur-
ized cultivation systems. By mimicking a large-scale reactor, a quantitative charac-
terization as well as a comparison across scales is supposed to be enabled.

For this purpose, a great variety of MBR designs and setups have been reported
and applied, and several systems are currently commercially available. These sys-
tems differ significantly in the reaction volume required, the form of the cultivation
vessel, the applied mixing techniques, and the gas supply – but shaking and stirred
methods still constitute the majority of reported MBR systems.

3.1.1 Microtiter Plate-Based Microbioreactors

Addressing the lack of monitoring physiological parameters that characterize the
early stages of process development, MTP-based cultivation systems with integrated
online sensors (biomass, DO, pH, fluorescence) are prevalently applied [71]. These
systems are mixed via orbital shaking, and the aeration is solely performed via the
head space – resulting in volumetric liquid phase oxygen transfer coefficients (kLa)
up to 250 h�1 which enable even oxygen-demanding Escherichia coli cultivations,
depending on the respective oxygen uptake rate (OUR) and the biomass concentra-
tion. To enlarge the oxygen transfer rate (OTR) and improve the mixing performance
inside the micro-wells, a baffled MTP was also developed and applied for bioprocess
development. With kLa values up to 600 h

�1, oxygen limitations can be avoided, and
the OTR of large-scale cultivations can be modeled [42, 43, 72, 73]. The so-called
Biolector system (m2p-labs, Baesweiler, Germany) was applied for the quantitative
evaluation of media and nutrients, in order to detect differences in biomass and
product yields [74, 75].

Due to their inherent enhanced degree of parallelization, MTP-based cultivation
systems are well suited for screenings, determining optimal media compositions
[76], growth conditions [77], and identifying optimal clones from strain libraries
[78–82]. These working groups have therefore shown that they have developed
versatile and major systems in high-throughput cultivation devices.

Besides microbial cultivations, MTP-based systems have also been applied as
cultivation and process development tool for mammalian cells. The 24 deep square
well plate (standard SBS (Society for Biomolecular Screening) format) system
micro-Matrix (Applikon, Delft, Netherlands) was used for cell culture process
development [83–85]. The system consists of 24 individual reaction elements,
where each well can be individually controlled for pH, temperature, and dissolved
oxygen (DO). Applying an additional feeding module, automated addition of sub-
strates is enabled – which facilitates process development in the fed-batch mode. It
can therefore be applied to optimize both feed and growth parameters [3]. Additional
commercial systems are available from Pall (micro-24, New York, USA) featuring
continuous aeration [86–89] and from Oy Growth Curves Ab (Bioscreen C,
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Helsinki, Finland) with up to 200 reaction vessels in parallel [90–92]. Other systems
have been reported by Harms et al. [93], Lamping et al. [85], and Zhang et al. [94].

Cultivation in MTP-based systems enables parallel examination of various reac-
tions, although cultivation conditions (i.e., shaking frequency, temperature, etc.) can
only be adapted for all wells in parallel. To individually manipulate separate culture
wells, the shaking movement must be stopped – which can negatively affect the
growth performance, due to oxygen transfer and decline of mass transfer [78, 87]. If
more global parameters on the process performance are to be investigated, separate
MTP cultivation runs must be performed, which also negatively effects the
throughput [3].

Shaken MBR systems are advantageous due to the absence of movable parts
inside the reaction chamber, which are prone to error and challenging in
microfabrication. The fluid movement can also be compared to shake flasks with
ease, which is often the next larger scale in process development workflow.

3.1.2 Microbioreactors with Rotating Mixers

In addition to the orbitally shaken systems, several stirred cultivation systems have
been reported in the literature – and some are even coming onto the commercial
market. These stirred systems can mimic the predominant conditions of lab-scale
reactors even more precisely. For example, a single-use miniaturized stirred culti-
vation system with 24 or 48 parallel MBR, having a reaction volume of 10–15 mL,
has been developed for cell culture applications, cell line development, and feed and
growth parameter optimization [23, 24, 27, 95–97] – although it is also being applied
for microbial process development [98]. The cultivation broth in the ambr® 15
(Sartorius, Göttingen, Germany) is mixed via stirring by an eccentrically positioned
stirrer. For monitoring the cultivation process, pH and DO can be measured quasi-
continuously online via optodes, and the elevated reaction volume also enables some
degree of sampling. The high-throughput capabilities of the system are fully ampli-
fied if the ambr® 15 is operated by a liquid handling system (which enables
automated cultivations). Besides batch and fed-batch processes, the ambr® 15 can
also be operated in a quasi-continuous perfusion mode. Using sedimentation for cell
retention, a scale-down perfusion cell culture reactor was applied to predict viable
cell concentrations of human cell lines [95]. When compared to 1 and 1,000 L
approaches, this miniaturized system showed accurate prediction of product quality
attributes – especially glycosylation profiles. Yet the cell culture media requirements
were reduced 80-fold, and the daily operator time was halved – resulting in a massive
cost saving and facilitation of much more resource-efficient process development.
Extensively applied in process optimization and scale-up, the ambr® 15 has proven
to be an excellent scale-down model for large-scale bioreactors [27, 99].

A miniaturized cultivation system (VL ¼ 10 mL) with a magnetically driven
one-sided paddle impeller is reported by Hortsch et al. [25, 100]. This system is
specifically designed to promote the growth of mycelium forming microorganisms.
The rotating stirrer forms a liquid lamella to effectively prevent wall growth or
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foaming. The system was characterized in terms of kLa coefficients and volumetric
power input, to compare its performance to a 2 L lab-scale bioreactor. For a given
mean volumetric power input, the maximum local energy dissipation in the stirred
MBR was reduced (compared to the lab-scale bioreactor) and showed a more
uniform power distribution into the reaction medium for the smaller scale. Despite
these discrepancies, similar power consumption characteristics were found on both
systems – proving a reliable scale-up possibility with the miniaturized bioreactor. To
enhance the applicability for enzymatic processes, the stirrer setup was further
optimized and applied to the hydrolysis of suspended plant cells [101]. Additionally,
when the stirred miniaturized reactor systems were applied for the microbial expres-
sion of recombinant proteins in a reactor cascade setup, they outperformed a
continuous process [102, 103].

Downsizing the reaction volume of cultivation systems primarily restricts their
ability to monitor and control the cultivation process – which is why MBR systems
for process development are generally limited to the upper μL or lower mL range,
where the information content and its validity are somewhat higher [104–106]. But
smaller systems are still being developed in an effort to continue to refine and
optimize the potential benefits of miniaturization.

The use of miniaturized stirrers to achieve an active mixing technique in liquids at
the μL range certainly still poses challenges. It was successfully reported by Szita
et al. [28] in a system made of fused layers of polymethylmethacrylate (PMMA) and
poly(dimethylsiloxane) (PDMS) housing a liquid volume of 150 μL. Monitoring DO
and pH, this system can log elementary procedures in the small reaction chamber
which is fed by microfluidic channels connected to fluidic ports. With agitation
frequencies up to 700 min�1, batch cultivations of E. coli were performed which
corresponded well with similar cultivations performed in 500 mL lab-scale reactors
(SixFors®, Infors, Bottmingen, Switzerland), as well as in shake flasks [32]. Using
the microfluidic inlets for reagent feeding, chemostat cultivations were also
performed [107]. After modifying the system setup slightly (by increasing the vessel
height and reinforcing a membrane barrier), this system was also applied for gene
expression studies of Saccharomyces cerevisiae and E. coli in glucose and galactose
media [29, 30].

A considerably smaller system for batch or continuous cultivations of suspension
cells with a cylindrical reaction volume of 100 μL was reported by Schäpper et al.
[31]. It aims to combine the advantages of MTPs (small working volume) with more
versatile bench-top reactors. In this system, homogenization is ensured and cell
sedimentation prevented by use of a stirrer bar that is left to freely float within the
reaction chamber. Similar to many previously reported systems, DO and pH can be
monitored online in the presented MBR. Additionally, via absorbance measure-
ments, the cell density and cell growth can be determined.
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3.1.3 Microbioreactors Without Movable Mixing Elements

Taking a similar approach, and in an effort to accommodate biological reaction
kinetics from stationary process data of a chemostat cultivation, Edlich et al. [108]
have developed a horizontally arranged plug flow-based microbioreactor (hMBR)
where the main flow direction is perpendicular to the lift force. The hMBR foregoes
movable parts inside the reaction chamber and operated with a reaction volume of
8 μL. The hMBR was made of glass and PDMS manufactured by soft lithography
technology and had integrated sensors for optical density (OD) and DO. The oxygen
was diffused into the cultivation broth through the PDMS membrane. Here, the
concentration gradients of the limiting substrate, metabolites, and products occur not
only over the length of the reactor but also along the hMBR height in terms of cell
distribution and the oxygen supply. However, this system came with one significant
disadvantage: bubbles that arose in the mixture could remain in the system, thereby
displacing the liquid and/or influencing or even completely blocking the liquid flow
and disturbing optical measurements.

An alternative and improved operation was developed by Peterat et al. [35], in a
vertical configuration featuring active pneumatic gassing and material surface
hydrophilization to ensure planktonic cultivation of microorganisms and to prevent
wall growth [109]. By inducing a continuous fine bubble stream at the reactor
bottom, Peterat et al. [35] created a μBC made of borosilicate glass with a reaction
volume of 70 μL [35, 38], which was further developed by Lladó Maldonado et al.
[36] (compare Figs. 1 and 2). By harnessing pneumatic aeration with pressurized air,
several key challenges in MBR development were addressed: namely, inadequate
homogenization and related mass transfer limitations. This MBR setup with the
particular mixing technique has proven to support an environment favorable for
growth of yeast cells, which was monitored via absorbance and optical DO
measurement.

In this μBC, Krull and Peterat [38] carried out cultivations with the Crabtree-
positive yeast S. cerevisiae CCOS 538 in chemostat cultivation by varying the
dilution rate D between 0.12 and 0.42 h(�1). The values for the parameters of the
reaction kinetic model were determined analytically, using experimental data for the
stationary concentrations of biomass, substrate, and ethanol as primary product on
the micro-scale. The maximal specific growth rate (μmax) and the Monod constant
(KS) were calculated using linearization methods (Lineweaver-Burk, Eadie-Hofstee,
and Hanes-Woolf). Considering the empirical model of Luedeking and Piret for
product kinetics, the yield coefficients YX/S, YP/S, and YP/X were determined from
plots of the specific substrate consumption rate qS ¼ f (dilution rate, D) and the
specific product formation rate qP ¼ f (D), respectively. The kinetic reaction model
was in agreement with the experimental data – and hence it provided a solid
mathematical description of the biotechnological process (Fig. 6).

Considering the Crabtree effect on yeast metabolism, the two following validity
ranges of the kinetic model were discussed in detail: (a) μ ¼ D < Dcrab, applied to
purely oxidative metabolism, in which glucose was completely converted into
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biomass or was used for endogenous maintenance metabolism and no ethanol was
generated, and (b) μ ¼ D > Dcrab, applied during oxido-reductive metabolism
occurring under the Crabtree effect, in which ethanol was formed at the expense of
biomass generation under aerobic conditions. This production of ethanol was strictly
coupled to the metabolic activity occurring and was growth-associated. The data
obtained using the μBC was then compared with the results obtained in chemostat
experiments conducted on a macro-scale in stirred tank reactors (2.5 and 2.85 L) by
Rieger et al. [110] and von Meyenburg [111, 112], respectively. Despite the fact that
the volumes in question differed by a factor of ~50,000, the values determined using
the microsystem were of the same order as the values for the kinetic constants of the
published experimental data from laboratory scale and thus validate the applicability
of the μBC as a suitable screening tool for aerobic submerged cultivations [38].

To facilitate the integration of miniaturized sensors, another prototype was also
developed. Based on similar reaction geometries combined with the active pneu-
matic bubble aeration, a reaction setup with 550 μL made of polystyrene was
equipped with additional online sensors [37] (Fig. 7).

Fig. 6 Comparison of the values obtained using the reaction kinetic model, using estimations of the
steady-state glucose (cS, - - -), biomass (cX, —), and ethanol concentrations (cP, – · –) and the
experimental data (cS, ), (cx, ■), and (cP, ) for the continuous cultivation of S. cerevisiae in the
μBC as a function of the dilution rate D. The parameters used in the reaction kinetic model were as
follows: cS,in ¼ 10 gS L�1, 0.182 � Dcrab � 0.194 h�1, (a) μ ¼ D < Dcrab (purely oxidative
metabolism) μmax ¼ 0.436 h�1, KS¼ 0.182 gS L

�1, YX/S¼ 0.335 gCDW gS
�1, mS¼ 0 and cX,�with

mS (maintenance coefficient) ¼ 0.004 gP gCDW
�1 h�1, and YP/X ¼ 0; and (b) μ ¼ D > Dcrab (oxido-

reductive metabolism with an active Crabtree effect), the same values as above for μmax, KS and YX/S,
YP/S ¼ 0.715 gP gS

�1, YP/X ¼ 2.637 gP gCDW
�1, and mS ¼ 0 [38] (© Copyright 2016 Elsevier B.V)
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To avoid sampling, glucose as the limiting carbon source was measured with a
microfluidic chip housing an electrochemical biosensor. The addition of online OD,
pH, and DO sensors facilitated a holistic evaluation of the biological process. The
system was then applied for multiphase chemostat cultivations in the μBC to
determine reaction kinetics of Staphylococcus carnosus proving its applicability
for submerged cell cultivations by achieving steady-state biomass and substrate
concentration in chemostat mode for various dilution rates [113]. Additional
microbubble column bioreactors were also reported by Doig et al. [114, 115],
Betts et al. [89], and Weuster-Botz [116].

3.1.4 Challenges in Upscaling of Processes Evaluated
in Microbioreactors

The aforementioned MBR systems aim to scale-down bioprocesses and thereby
provide effective platforms to execute efficient process development. However,
due to differences in fluid dynamic properties, mass gradient profiles, and

Fig. 7 Picture of the μBC
with the microfluidic flow
chip and glucose biosensor;
the inlets and outlets of the
liquid and gas phases; and
the integrated sensors for
pH, dissolved oxygen, and
optical density with their
associated glass fibers [113]
(© Copyright 2019 Wiley)
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inhomogeneities, a large-scale bioprocess can only ever be mimicked partially and
insufficiently by miniaturized cultivation systems. As a result, any MBR system will
always remain (at best) an approximation of the corresponding large-scale
bioprocess it is supposed to mimic. The further research must therefore be especially
attuned to the potential for process confounding variabilities, making a surround
understanding of the entire process of crucial importance [117, 118]. This leads to a
diverging physiology and productivity of the production organism when it is eval-
uated in the scale-down experiment. Miniaturizing the reaction volume is always
also accompanied by an increase in surface area-to-volume ratio, which results in
disproportional effects of capillary and viscous forces compared to gravitational and
inertial forces [14–16]. Consequently, greater efforts must be made to ensure
homogenization and to prevent mass transfer gradients requiring higher agitation
speeds for mixing. The risk of wall growth is also comparatively greater, due to the
altered fluid dynamics and the higher tendency of microsystems to form eddies.
Another phenomenon with enhanced effect in small-scale systems is liquid
evaporation – and the resulting dilution and concentration effects [69, 119,
120]. By contrast, large-scale bioreactors exhibit higher hydrostatic pressures by
nature, which cannot be imaged insufficiently in small-scale systems. Fluid dynam-
ics in microfluidics cannot by definition exceed transitional regimes – whereas
turbulent flow is mostly aimed to achieve for homogeneous process control
[121]. Furthermore, mixing times in large scales also tend to be larger, which
frequently results in the formation of concentration and temperature gradients.
Microorganisms or cells therefore often experience oscillating environmental con-
ditions, which can substantially impact growth kinetics, product formation, and
quality [27, 122].

3.1.5 Scaling Parameters

To obtain similar environments across scales, several scaling parameters are reported
in the relevant literature which must be kept constant for increasing the reaction
scope [123]. Relevant scaling parameters can refer to either mean volumetric power
input (P/V) or power consumption [63, 64]. Notably, however, the power input also
influences multiple other parameters – affecting mass transfer and mixing, as well as
shear stress and (resultingly) cell morphology and viability [25, 89, 124]. Because
oxygen transfer into the liquid phase is for aerobic bioprocesses one of the most
important transport process [9, 10], a common scaling parameter is the volumetric
liquid phase oxygen transfer coefficient kLa [11, 125–127]. Oxygen is poorly soluble
in aqueous solutions and therefore constitutes a limiting factor for cell growth. The
kLa value represents the capacity of a system to transport oxygen from the gas to the
liquid phase, which is kept constant across scales to ensure similar oxygen supply. If
the oxygen driving force, being the concentration gradient between gas and liquid
phase, is also considered, then the oxygen transfer rate (OTR) can be used as an
additional scaling parameter [11].
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OTR ¼ kLa ∙ c�O2,L
� cO2,L

� �
ð2Þ

Here, c�O2,L is the DO saturation constant and cO2, L is the apparent DO concen-
tration in the liquid phase. If the driving force across the scales is not equal (due to
the hydrostatic pressure or other effects increasing the oxygen saturation concentra-
tion), then scaling down of a bioprocess to the MBR scale by keeping the kLa
constant will result in an altered OTR [65]. Hence, the oxygen availability and
supply for cells in the reaction volume are affected – which may result in differences
in cell growth and bioprocess kinetics.

To avoid creating unwanted concentration and/or temperature gradients inside the
reaction volume, mixing and mass transfer must be ensured at all scales. The mixing
time tM can therefore be used to compare process scales, keeping homogenization
constant. tM tends to increase for large-scale bioreactors, however
[126, 128]. Another vulnerable scaling parameter is the Reynolds number (Re),
being the relation of inertial to viscous forces. It appears that turbulences of
geometrical similar bodies are identical at the same Reynolds numbers – meaning
that flow conditions can be compared via Re. But as a result of enhanced viscosity
and surface forces dominating inertia and gravity at small scales, velocity and flow
conditions cannot be accurately mimicked by keeping Re constant across scales [14–
16]. Since Re refers to the characteristic system dimension, it tends to be small and
under-predicted, resulting in a laminar flow for microfluidics by definition
[14]. These missing turbulent flows can impede proper mixing as the system
dimension is reduced, thereby hampering the scale-up process. Aside from kLa,
OTR, tM, or Re, stirrer tip speed for stirred systems [129, 130] or the superficial gas
velocity uG [131] for actively aerated systems can also be used as scaling parameters.

A great variety of studies are now being reported in which bioprocesses are scaled
up based on a single process parameter, while other parameters are not taken into
account. To truly develop a holistic image of a large-scale process using miniatur-
ized cultivation systems, however, a much more complex characterization of the
process parameters is critical. This requires the consideration of multiple scale-up
parameters – all of which exert a strong influence on the process performance.
Tajsoleiman et al. [65] report one such illustrative case study about the influence
of different scaling parameters on the success of the process transfer. Here, different
scaling parameters overlap in a pilot-scale bioprocess mimicking a 100 m3 bioreac-
tor, but lie far away from each other in a MBR system.

For an additional and more comprehensive view on small-scale cultivation
systems for process development, in-depth reviews from Breslauer et al. [132],
El-Ali et al. [133], Schäpper et al. [66], Bareither and Pollard [69], Hegab et al.
[67], Kirk and Szita [9], Lattermann and Büchs [68], Krull et al. [4], Hemmerich
et al. [3], as well as Junne and Neubauer [134] are all recommended.
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3.2 Droplet Bioreactors as Analytical Screening Tool

The application of MBR systems to accelerate the optimization of bioprocesses has
become an increasingly common practice in industrial and academic research fields –
which has led to a substantial rise in the number of commercially available minia-
turized cultivation devices. But aside from process development and scale-up,
MBRs are also potent analytical tools for obtaining deeper insight into cellular
processes and microbial physiology [135]. Compared to the application in
bioprocess development (where the main focus lies on mimicking a larger-scale
cultivation system), MBR systems can help to analyze the internal cellular physio-
logical and to perform specific monitoring tasks. These advantages are particularly
potent in facilitating early screening procedures or strain selections with extensive
probes and variables requiring a high degree of parallelization [65].

Screenings with enhanced throughput are routinely performed in MTP formats.
Offering between 6 and 1,536 reaction cavities, simultaneous experimentation can
potentially accelerate the rate of biotechnological research and development with
minimal manual intervention [136]. Having said that, sensor integration, monitoring,
and control are more difficult and limited in comparison with larger cultivation
systems – in which can in turn negatively affect the quality and validity of the
generated data. The evaluation and analysis of experimental data consequently
becomes a highly important consideration.

MTPs have been used to screen for specific microbial strains with a desired
capacity concerning the metabolism, displaying a novel enzyme activity, or having
certain adaptive capacities to environmental conditions [136]. Here, in-house or
external cell libraries can be routinely tested for biocatalytic activity [78]. Addition-
ally, cell lines can be improved using directed evolution and a variety of genetic
techniques to enhance enzymatic specificity. After cell line development has been
completed, the apparent process conditions, as well as media compositions,
bioprocess kinetics, cell growth, yields, and oxygen requirements, can all be opti-
mized [136]. Genome engineering of E. coli for enhanced growth rate and a reduced
lag time was conducted in a MTP-based system [82, 137]. An improvement of
product yields and formation rates in Bacillus subtilis was also performed by Motta
dos Santos et al. [138]. Furthermore, for synthetic biology approaches, Corynebac-
terium glutamicum was modified, and irrelevant gene clusters were deleted
[139]. Using a complementary respiration activity monitoring system (RAMOS),
comprehensive data about growth behavior and product formation was achieved
[74]. MTP systems have also been applied for clone screening and optimization of
feeding strategies [81].

The application of MTPs has greatly improved the capabilities to perform mul-
tiple experimental preparations – whether in a metabolic assay or a cultivation
process – in parallel. Compared to classical laboratory shaking flask experiments,
generation of valuable experimental data can be massively accelerated – but
MTP-based systems can also involve a certain lack of flexibility and versatility
and also pose challenges in fluid manipulation and operation.
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Droplet-based cultivations systems are striving to fill this gap and meet the
increasing demand for experimental data in biopharmaceutical research with a
particular focus on versatility and high throughput. Each droplet is a separate fluid
element and can therefore be seen as an individual reactor vessel [60]. For droplet-
based microfluidics, two distinct operation modes have been developed: the droplets
are either (a) generated in an enclosed microchannel or capillary and conveyed via a
continuous fluid flow (see Fig. 8a) or (b) formed on an open and planar surface
where they are shaped due to the surface tension of the fluid and interactions at the
liquid-solid interphase (see Fig. 8b) [46, 60, 140].

A holistic outline on droplet microfluidics is given in the chapter Droplet
Microfluidics for Biotechnology (M. Agler-Rosenbaum) within this book. Here,
the primary focus lies on an operation mode, which is also referred to as “sessile
droplets.” The form of these sessile droplets can range from rather flat puddles and
spherical shapes – mostly depending on the hydrophobicity of the solid surface and
the resulting contact angle of the droplet forming fluid [143]. The droplets can be
positioned on a flat surface, on a pillar, or in an indentation to edging it and define the
location. While these droplets are generally non-mobile and fixed to a defined
position, different techniques have also been employed to control and move droplets
on the solid surface. This droplet manipulation can be performed using acoustic or
electric actuation. If droplets are manipulated via electrowetting on an array of
electrodes, it is referred to as digital microfluidics (DMF) [45, 46, 60]. Sessile
droplets are mostly in the nL to μL range – larger than droplets in flow microfluidics,
where mostly pL to nL droplets are handled. This facilitates the generation of sessile
droplets, what can be performed using regular pipettes or piezoelectric transducers
[144]. In contrast to flow-based microfluidics, each droplet in DMF can be controlled
individually, without the need for microfluidic channels, pumps, or valves [46]. Due
to the small fluid volumes in DMF and sessile droplet systems, the capacity for
parallelization and automation is increased, sample consumption is decreased, and
integration of straightforward analytical techniques is facilitated [145]. These

Fig. 8 Operation modes in droplet microfluidics in cross-sectional view. (a) Generation of droplets
in an enclosed microchannel/capillary with a continuous fluid flow for droplet convection. Here, the
droplets are generated via flow focusing. Additional method to generate droplets in flow is via a
T-junction or a co-flow in a capillary (adapted from [141]). (b) Sessile droplets either pinned to a
planar surface, placed on a pillar (adapted from [60, 142]), or positioned into an indentation of a flat
surface ([57], adapted from [58])
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advantages all render sessile droplets a particularly versatile platform that can serve
as a potential alternative to microplates [60].

Sessile droplet systems were applied for cell-based testing of active pharmaceu-
tical ingredients [146, 147]. This system has been utilized (among others) for droplet
manipulation by transferring, splitting, fusion, deposition, and mixing; cell culturing
and drug testing can be performed on a droplet array. Using a PDMS droplet
operation array, drug screening assays on lung cancer cells were reported by Du
et al. [148]. Over a period of 11 days, cell culture experiments were performed in
500 nL droplets. Another cell-based assay device has been reported by Fang et al.
[149]. This device is able to perform 3D cell culture, cell co-culture, and cell
migration assays. Sessile droplet systems have also been applied for chemical and
enzymatic synthesis, to study reaction kinetics or discover new compounds [49, 150,
151]. Since the droplet bioreactor systems require less consumables and have a lower
sample or reagent consumption, these systems are particularly advantageous in
situations where only small amounts of samples are available. This holds true for
analytical applications including immunoassays [152–155]; nucleic acid amplifica-
tions or other DNA-based assays such as polymerase chain reaction (PCR), sequenc-
ing, hybridization, and extraction [156–161]; and clinical diagnostics [153, 162].

In addition to the operation mode of sessile droplet bioreactors, there is also
another operation mode which is closely related to sessile droplets on planar
surfaces – only with a flipped arrangement. In such systems, the droplet is pinned
to a solid surface (via surface forces which exceed gravitational force). This has been
applied for cell spheroid cultivation, creation of organoids, and cell migration assays
[60, 149]. Both operation modes can also be combined, as showed by Ma et al.
[149], in systems where upper sessile droplet is separated via a horizontal membrane
from a lower hanging droplet. In-depth description of further applications of sessile
droplets and DMF has also been reported by Choi et al. [46], Ng et al. [45], and
Garcia-Cordero and Fan [60].

One inherent challenge of sessile droplet systems is fluid evaporation – which
leads to proportionally high losses of fluid in relation to the droplet volume.
Evaporation, and the related drying out of the droplet, can begin immediately after
the droplet generation and exposure to a gaseous atmosphere [163]. Through this
fluid loss, concentrations in the droplet are raised, leading to sample enrichment –
which subsequently affects data accuracy and reduces the duration for potential
experiments. The rate of evaporation kinetics is influenced by many factors, includ-
ing fluid properties (i.e., volatility, surface tension, viscosity), the properties of the
solid surface in question (wettability, roughness, thermal conductivity), and the
properties of the surroundings (temperature, relative humidity, and pressure)
[60, 164]. Without adequate countermeasures, a typical droplet with an almost
spherical shape dries in between 200 s and 3 h [165, 166]. If the cultivation media
(i.e., the fluid properties) cannot be modified, then the experimental surroundings
and droplet environment must be adjusted. Since the evaporation rate is higher at the
edges of the droplet – where the fluid height is smaller – the aim should be to induce
a spherical droplet shape. The humidity of the droplet atmosphere can also be
increased to achieve a vapor-saturated environment. Evaporation can also be
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reduced through additional installations, including restricting the headspace above
the droplet [56] or covering the droplet with (mineral) oil. Finally, the liquid level of
the droplet can simply be closely monitored, and evaporative losses can be compen-
sated using microfluidic feeding channels or liquid handling systems (LHS). In some
circumstances, evaporation can also be used as an advantage – i.e., by implementing
it into the experimental procedure itself. For example, in diagnostics with very low
analyte concentrations, for example, evaporation can be applied to perform a sample
enrichment, enhance sensitivity, and/or accelerate measurements due to lower trav-
eling distances of an analyte to the sensor area [60, 167, 168].

Sessile droplets can be analyzed using image acquisition and appropriate analysis
software to monitor cell concentrations or conditions. MBR-related research can
gain a deeper insight into metabolic processes using fluorescent microscopy or
spectroscopy. A great variety of biosensors or plasmonic nano-sensors to perform
Raman spectroscopy have reported [168–173]. Droplet-based arrays can also be
connected to matrix-assisted laser desorption/ionization (MALDI) mass spectros-
copy, to perform analysis of droplets without the need for analyte labeling [174]. In
sessile droplet approaches, comprehensive experiments and cell-based assays can be
performed in very low fluid volumes and in a highly parallel fashion – although the
level of monitoring and control in droplet-based MBR systems remains restricted.

Even though droplet-based systems provide very small reaction elements, usually
a vast number of cells are cultivated per droplet resulting in the analysis of a profile
of a cell population. The overall growth kinetics of a cell cultivation is highly
affected by the variability of physiology and the phenotypic behavior [175, 176]. Spe-
cific devices, however, are increasingly being developed to cultivate single cells and
analyze their phenotypic heterogeneity and its impact on growth behavior
[177, 178]. Using single-cell MBRs, cellular interactions can be monitored, and
the history of cells can be tracked over time – which is not possible using other
techniques, such as flow cytometry [135].

4 Conclusions and Future Perspectives

The great variety of reported MBR applications illustrates both the growing impor-
tance and the immense potential benefits that this technology holds for biotechno-
logical research. Studies have been conducted in an attempt to improve bioprocess
development, scale-up processes, cultivation optimization, and survey many differ-
ent cellular assays as well as analyze reaction kinetics, metabolic fluxes, and toxicity
screenings.

This article has aimed to provide an overview of the MBR setups reported in the
relevant literature and to give the reader a sense of the breadth and versatility of their
practical deployment. On the one hand, there are rather simple reaction elements
which come with limited monitoring and control but offer increased possibilities for
parallelization and high-throughput experimentation. On the other hand, there are
extensively equipped cultivation devices which can effectively mimic larger-scale
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bioreactor systems, providing in-depth and valid experimental data especially for
process development. Current research is increasingly aimed at bridging these two
fields, facilitate even greater parallel experimentation while simultaneously, progres-
sively decreasing reaction volumes of MBR systems.

However, there remains a great (and currently unmet) demand for effective MBR
systems in which process parameters can be varied individually, to allow for highly
parallelized experimentation with precise analytics. Consistent standards among
reaction platforms would further encourage and promote the implementation of
MBR technology for general biotechnological research. With improving analytics,
the fields of application and the achieved outcomes will only continue to increase.

For future applications, achieving increased throughput is a point of special
interest – because it facilitates even faster research progression. Extensive sensor
integration for more informative and significant data, even in smallest scale, will also
be required to facilitate this goal. The next steps must be to generate significant
cross-scaling criteria, in order to be able to map large-scale processes on a small-
scale, and vice versa. Adequately mimicking large-scale process conditions using
MBRs still poses tremendous challenges, and improving this key metric demands a
more thorough understanding in order to securely perform process scale-up opera-
tions. Since certain particular process conditions of the large-scale process cannot be
realized in the MBR, holistic models imaging these conditions are urgently required.
In order to achieve more efficient implementation and more widespread use of MBR
technology in process development, the challenge of bringing multiple scaling
parameters together must be even more actively addressed moving forward. But if
these demands are met, then it is almost certain that MBR technologies will become
indispensable tools for daily laboratory operations across a wide range of
applications.
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Abstract Cellular therapies are creating a paradigm shift in the biomanufacturing
industry. Particularly for autologous therapies, small-scale processing methods are
better suited than the large-scale approaches that are traditionally employed in the
industry. Current small-scale methods for manufacturing personalized cell therapies,
however, are labour-intensive and involve a number of ‘open events’. To overcome
these challenges, new cell manufacturing platforms following a GMP-in-a-box
concept have recently come on the market (GMP: Good Manufacturing Practice).
These are closed automated systems with built-in pumps for fluid handling and
sensors for in-process monitoring. At a much smaller scale, microfluidic devices
exhibit many of the same features as current GMP-in-a-box systems. They are closed
systems, fluids can be processed and manipulated, and sensors integrated for
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real-time detection of process variables. Fabricated from polymers, they can be made
disposable, i.e. single-use. Furthermore, microfluidics offers exquisite spatiotempo-
ral control over the cellular microenvironment, promising both reproducibility and
control of outcomes. In this chapter, we consider the challenges in cell manufactur-
ing, highlight recent advances of microfluidic devices for each of the main process
steps, and summarize our findings on the current state of the art. As microfluidic cell
culture devices have been reported for both adherent and suspension cell cultures, we
report on devices for the key process steps, or unit operations, of both stem cell
therapies and cell-based immunotherapies.

Graphical Abstract

Keywords Biomanufacturing, CAR-T, Cell and gene therapy, Cell culture, Cell
manufacturing, GMP-in-a-box, Immunotherapy, Medical biotechnology,
Microfluidics, Scale-down, Scale-up, Stem cells, Translation
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1 Challenges of Cellular Therapy Manufacturing
and Advantages of Microfluidics

Cellular therapies, and cell and gene therapies (CGT), have become an attractive
approach for treating some of humanity’s most life-threatening and burdensome
diseases when current therapies fail, or can only palliate. Cell-based therapies aim to
treat disease through cell-mediated repair or, potentially, by replacing whole tissues
or even organs. Much work has been reported over the last years on the application
of stem cells for the treatment of a wide range of conditions, including neurodegen-
erative and musculoskeletal diseases, diabetes and macular degeneration [1–4]. In
the field of haematological diseases, immunotherapies such as the novel chimeric
antigen receptor (CAR) modified T cells have also shown promising results in
treating leukaemia, including non-Hodgkin and Hodgkin lymphoma. There are
already two approved and commercially available CAR T cell therapies: Novartis’
Kimryah and Kite Pharma’s Yescarta [5–7].

The manufacturing processes of cell-based immunotherapies, such as CAR T
cells, and of stem cell therapies differ from each other, but certain process steps, also
known as unit operations, are required in both types of processes. A simplified
representation of the two processes is shown in Fig. 1. With CAR T cells (Fig. 1a),
the process typically commences by isolating the non-adherent white blood cells
(WBCs) from the patient’s blood. After T cell enrichment, the T cells are activated
(via stimulation of proliferation and differentiation), and the CAR transgene is
inserted by gene delivery. Subsequently, CAR T cell expansion increases the cell
count to sufficient numbers, before the cells are reinjected into the patient for therapy
[8]. Similarly, stem cell manufacturing processes (Fig. 1b) include an expansion
step, before the cells are differentiated to the desired cell type for the therapy.
Following differentiation the cells are injected back into the patient for regeneration
of damaged or diseased tissues [9]. The starting point of the process varies
depending on the type of stem cell therapy. For example, for therapies using induced
pluripotent stem cells (iPSC), somatic cells are transfected with reprogramming
factors [10]. These reprogramming factors induce pluripotency to the cells (hence
iPSC), before the cells are processed further (Fig. 1b).

Cellular therapy manufacturing does not follow the one-size-fits-all approach
known from pharmaceuticals and biopharmaceuticals. The approach is more strati-
fied or even personalized. Particularly autologous therapies, where cells are obtained
from a patient, then processed, and finally reinjected into the patient, are patient-
scale therapies: comparatively small amounts of cells are carried through each of the
process steps (Fig. 1) as individual batches; as opposed to the one-size-fits-all
approach, where a large number of cells (or large volumes of chemicals) are
processed, and a large number of doses are created ‘in one go’. The large plants
used in traditional biotechnology are therefore not suitable for the small-scale
manufacturing of these therapies, and new manufacturing methods and approaches
are under development.
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The culture of cells is conventionally being done in static vessels, such as flasks.
These vessels provide a simple in vitro system to expand cells. They have however
significant limitations for the controlled and reproducible manufacture of cells.
Culture media volumes in these vessels are limited and only allow culture for a
few days. This duration is typically not enough to expand the cells to the large
numbers of cells necessary to ultimately attain therapeutic doses. Also, processes

Fig. 1 Simplified manufacturing process sequences for (a) CAR T cell and (b) induced pluripotent
stem cell (iPSCs) autologous therapies. Autologous manufacturing begins with the withdrawal of a
cell sample from the patient, which is then modified ex vivo to introduce therapeutical properties
and expanded before reintroduction to the patient. Cells must be first separated from the sample,
which may require several steps for blood or tissue samples. Once the target cells have been isolated
from other cells present in the sample, they are modified and expanded. Quality control testing is
carried out either between steps or at the end of the process, and it generally includes phenotypical
and functional testing of the cells. The cartoons are adapted with permission from Servier
Medical Art
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based on static vessels are typically not automated, therefore requiring manual
handling procedures. These procedures then create ‘open events’, which increase
the risk of contamination of the cells. As an additional complication, variations
inherent in manual handling procedures often introduce inconsistencies in process
outcomes [11].

To address these limitations, closed and automated manufacturing systems have
been developed. These GMP-in-a-box platforms have been applied to both stem cell
and CAR T cell processing. For instance, human embryonic stem cells were cultured
in the Quantum Cell Expansion System (Terumo BCT), a hollow fibre bioreactor
system with automated liquid handling capabilities (Fig. 2a). This cell processing
platform achieved a nearly 12-fold rate of expansion while maintaining 97.7%
expression of pluripotency markers in the cells [15]. The same platform was also
used for the expansion of bone-marrow-derived mesenchymal stem cells (MSCs).
After an average of 20.5 days, 6.6 � 108 cells were harvested, outperforming flask
cultures by 9.3 days with twice the yield, while retaining the potency markers
[16]. The Quantum Cell Expansion System expanded T cells to clinically relevant
numbers using automated media feeding strategies. These strategies resulted in up to
450-fold expansions, while cell viability and cell quality marker expression levels
were maintained above 90% [17]. Key steps in CAR T cell manufacturing, such as
gene delivery and activation, were performed in an automated fashion in the Xuri
rocking-bed bioreactor by Cytiva [18] and in the CliniMACS Prodigy by Miltenyi
Biotec [5, 19, 20], see Fig. 2b, c, respectively. Other GMP-in-a-box systems include
the Facer system by Aglaris Ltd. [21] or Lonza’s Cocoon [22], highlighting the
increasing interest for automated cell manufacturing platforms. Automation results
in reduced labour, reduced variations and inconsistencies in process outcomes, and if
paired with sensors, feed-back control loops become feasible which further increase
yield and reproducibility [8, 19, 23].

Microfluidic devices share many characteristics with GMP-in-a-box systems.
They are closed systems, and fluids can be processed and manipulated, for example

Fig. 2 Examples of automated cell processing platforms currently available for manufacturing of
clinically relevant cell lines such as stem cells and CAR T cells. (a) Quantum Cell Processing
System (Terumo). Adapted with permission from [12]. (b) Xuri Rocking Bag Bioreactor (Cytiva
Lifesciences). Adapted with permission from [13]. (c) CliniMACS Prodigy (Miltenyi Biotec).
Adapted with permission from [14]
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to continuously supply nutrients to the cells and remove waste product. Sensors can
be integrated allowing real-time monitoring of process variables. Fabricated from
polymers, they can be made disposable, i.e. single-use (similar to the disposable bags
or cassettes of GMP-in-a-box systems). Additionally, microfluidic devices offer
advantages specific only to them, such as an exquisite spatiotemporal control over
the cellular microenvironment. Evidently, the more precisely environmental condi-
tions can be controlled, the more accurate the information we gain on the impact of
process conditions on cellular behaviour becomes. Microfluidic devices might
therefore be suitable test-beds to analyse and potentially to resolve challenges in
cell manufacture. Furthermore, microfluidics is powerful for analytics; microfluidic
devices work with very small quantities of samples and reagents, provide short times
for analysis and high sensitivity of detection (for example of fluorescence signals),
and can be parallelized for high-throughput screening. These characteristics and
advantages make them an attractive proposition to underpin and accelerate the
development of cell-based therapies. Whilst they might find their obvious home in
the rapid screening of process conditions, they may also take on other roles as the
cell manufacturing field develops. The scale mis-match (in both culture volume and
area) between microfluidic devices and process vessels is (currently) significantly
smaller for cell therapy manufacturing than for the production of pharmaceuticals
and biopharmaceuticals; this may therefore open up new opportunities for
microfluidics in (early) process development and in quality control of cellular
attributes (Fig. 3).

Fig. 3 Graphical representation comparing the performance of traditional cell culture methods and
offline analytical systems with automated cell processing systems, or GMP-in-a-box systems, with
integrated sensors and fluid handling. Automated systems result in increased performance, repro-
ducibility (i.e. precision) and cost-effectiveness. Microfluidic systems have the potential to further
increase cost-effectiveness and process control (i.e. accuracy) significantly while increasing or
maintaining throughput. The cartoons are adapted with permission from Servier Medical Art. The
GMP-in-a-box system is adapted with permission from [12]
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In this chapter, to highlight the potential of microfluidics in this field, we present
recent advances (mainly over the last 5 years) in microfluidic devices from the
perspective of stem cell and CAR T cell therapy manufacturing. To achieve this
perspective, we report on the advances by grouping them according to the unit
operations typical of cell manufacturing processes (Fig. 1). Whilst some unit oper-
ations have been treated in greater detail than others, we hope the reader will find the
reviews provided suitable to learn more about a particular topic in this exciting field.

2 Microfluidic Devices for Cell Processing Unit Operations

2.1 Cell Isolation and Separation

The first step for CAR T cell manufacturing is the isolation of white blood cells
(WBC), including the T cells, from a patient’s blood. For this, gradient density
centrifugation is used to remove the red blood cells (RBCs), and platelets and
antibody-coated paramagnetic beads are then employed to achieve either enrichment
or depletion of specific cell subsets [8]. These traditional approaches require time-
consuming pipetting and centrifugation steps, and the use of antibodies is
expensive [1].

In the area of purification and sorting of cells, a large number of devices were
realized over the last decades. To underline this, a review article on the subject even
posed the thought-provoking question whether microfluidic cell separation is actu-
ally a solved problem [24]. As stated in this review article, ‘inertial microfluidics’
and ‘deterministic lateral displacement’ are the two methods with the highest
throughput for discriminating cell sizes and shape (and thus cell type) in a label-
free manner. Using deterministic lateral displacement, Kim et al., for example,
developed a polydimethylsiloxane (PDMS)-based device for one-step WBC sepa-
ration from whole blood by rejecting 99.9% of red blood cells (RBCs) and blood
plasma (Fig. 4a). The first separation mechanism, in the format of ridges organized
as a discontinuous slant array (DSA), provided a ‘high-throughput yet low-purity’
enrichment of the WBCs. It removed the bulk of the RBCs and transferred them into
a waste outlet, while directing the flow of the WBCs towards the second separation
step. The second separation mechanism delivered a ‘low-throughput but high-purity’
enrichment: A slant, asymmetric microfluidic lattice-based washing unit separated
the cells via steric effects, while residual RBCs migrated through side channels, the
WBCs passed through the main channels and were thereby washed. Finally, they
were flowed into their designated outlet. Both steps were performed on-chip and in a
continuous sequence, yielding ultimately a high-throughput and high-purity separa-
tion of WBCs [25].

Chiu et al. employed inertial microfluidics to separate WBCs from blood, specif-
ically the T and B lymphocytes (Fig. 4b) [26]. A spiral-shaped microfluidic PDMS-
based device isolated the cells label-free with high throughput (approximately
1.3 � 105 cells min�1) and high viability (>95%) using inertial microfluidics [26,
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28]. This principle does not depend on antibodies or cell labelling, but instead
achieves cell separation due to the blood cells’ different physical properties. Com-
pared to the traditional gradient density method, a similar purity of isolated T cells
was achieved, while substantial reductions in both assay time (15 min vs. 70 min)
were realized. Spiral inertial microfluidic devices can also enable stem cell sorting,
as depicted in Fig. 4c. Inertial focusing allowed isolating single neuronal stem cells
(NSCs) from a mixed population of single and clustered cells with high viability
(>90%). This separation is crucial to improve polyclonal analysis and differentiation
studies, since both these techniques rely on single-cell suspensions [27]. While
single NSCs are focused near the inner wall of the microfluidic device, cell clusters
are frequently found in the centre of the channel due to their larger size [27]. A
comprehensive overview of other spiral microfluidic devices for cell separation and
sorting applications and their principles was presented in a review article by
Herrmann et al. [29], and the review article by Acevedo et al. provides more

Fig. 4 Examples of microfluidic cell isolation and separation devices. (a) White blood cell (WBC)
purification from whole blood by combining microfluidic enrichment and washing units. Reprinted
with permission from [25]. Copyright (2019) American Chemical Society. (b) A spiral-shaped
inertial microfluidic device enabled T and B cell isolation from prelysed blood. Adapted with
permission from [26]. (c) Inertial focusing separated single stem cells from stem cell clusters to
improve polyclonal analysis and differentiation studies. Reproduced with permission from [27]
with permission from The Royal Society of Chemistry
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examples on stem cell isolation [30]. Examples of microfluidic separation devices
which were applied to enhance current expansion protocols are mentioned in the
corresponding Cell Expansion section below.

Recently, Ringwelski et al. applied dielectrophoretic (DEP) cell purification to
separate T cells from cancer cells [31]. They removed chronic myelogenous and
acute lymphoblastic leukaemia cells from a pre-purified mixture obtained from
conventional T-cell isolation from whole blood. Under conditions of low flow
rates and elevated electric potential, the DEP device attained 100% purity with
minimal loss (10%) of cell viability. Highlighting the applicability of microfluidic
devices for quality control in CAR T cell manufacturing, Wang et al. applied an
immuno-magnetic separation method to deplete leukaemic B cells from a cell
solution [32]. The magnetic separation was based on the detection of surface markers
which are expressed by these rare B leukaemic cells (but not by T cells). To attain
separation, magnetic nanoparticles (MNP) were conjugated with antibodies which
bound to these surface markers of the rare cell. The drag force from the liquid flow
then flushed the T cells through the device, whilst the magnetic force, experienced
only by the MNP-tagged cells, withheld the leukaemic B cells.

2.2 T Cell Activation

The activation of T cells stimulates their proliferation and differentiation, and is
triggered in vivo by antigen-presenting cells (APC), for example dendritic cells. In
cell therapy manufacturing, the activation precedes gene delivery and T cell expan-
sion, and is performed by adding monoclonal antibodies, antibody-coated magnetic
beads, or artificial antigen-presenting cells to the cell culture medium [8].

Single-cell platforms such as droplets, cell-trapping microfluidic devices and
micro- and nanowell arrays enable the study of cell–cell interaction [33, 34]. They
offer high-throughput analysis of the heterogeneities of single cell responses and are
as such well suited to investigate T-cell activation. Furthermore, T cell activation
occurs within seconds, and the transparent nature of polymer microfluidic devices
enables real-time recording of the interactions.

Sarkar et al. fabricated a microfluidic droplet microarray device to study the
dynamic activation state of single T cells following stimulation with the calcium
ionophore ionomycin or with antigen-loaded dendritic cells (Fig. 5) [35]. The
PDMS-based microfluidic device consisted of three inlets for the separate introduc-
tion of T cells, dendritic cells or ionomycin, and oil. At a T-junction, the three fluid
streams converged to form droplets of about half a nanoliter, where both the T cells
and the respective stimulating agent were encapsulated. The droplets were then
flowed to a droplet trapping array where the activation state was studied. Monitoring
calcium levels using time-lapse fluorescence microscopy and Fluo-4 (a fluorescent
calcium indicator preloaded to the cells off-chip) revealed significant heterogeneities
in the dynamic activation profiles in both cell populations. Droplet technology was
also employed to monitor T-cell activation kinetics in real-time following interaction
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with a cancer cell for TCR (T cell receptor) T cell therapy, i.e. for a different adoptive
T cell therapy than CAR T cells [36]. A microwell array-based approach paired T
cell hybridoma cells with soluble reagents, such as ionomycin and anti-CD3
andibodies, or with APCs and offered time-resolved monitoring of activation pro-
files using fluorescence microcopy [37].

Recently, Ide et al. reported on an open-type microfluidic PDMS device with cell
traps mimicking a lymph node environment [38]. T-cells were flowed into an array
of traps containing APCs which were preloaded using the open structure of the
device. The traps were designed to capture the APCs and enable serial encounter of
the APCs for the T-cells; Ca2+ signal measurement returned the information on
activation dynamics.

2.3 Gene Delivery

The transfection of T cells is an essential step in the manufacturing of CAR-T cells,
since the CAR transgene is delivered into the cells via either viral transduction or
electroporation techniques [8]. The transfection of human somatic cells with
reprogramming factor encoding mRNAs results in human induced pluripotent
stem cells (hiPSCS) that can potentially be used as source material for stem cell-
based therapies [10].

Microfluidic devices demonstrated improved gene delivery into stem and T cells
compared to conventional methods. Lissandrello et al. achieved high-throughput
electrotransfection of mRNA into human T cells using a microfluidic device with

Fig. 5 Example of a microfluidic droplet generation platform to evaluate the activation state of T
cells. (a) The PDMS-based device with inlets for oil, T cells (inlet 1), and ionomycin or dendritic
cells (inlet 2). (b–d) Visualization of two input streams in the area indicated by the red rectangle
using fluorescent polystyrene beads with a diameter of 7 μm. (e–g) Droplets generated at the
T-shaped junction encapsulate T cells and the respective stimulating agent. Subsequently, the
droplets were driven to the docking microarray. (h) Fluorescently labelled T cells within the
droplets. Figure reproduced with permission from [35]
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three inlets and outlets [39] (Fig. 6a). The device was made out of polyetherimide
(PEI) sheets and the central stream contained the cells and mRNA in a low conduc-
tivity electroporation media, whereas the surrounding side sheath streams were filled
with high conductivity cell culture media and were in contact with platin electrodes.
The electrodes deliver a pulsed electric field to the microchannel, electroporating and
transfecting the cells. This set-up enabled to concentrate the electric field across the
width of the low-conductivity medium. Furthermore, high cell recovery and viability
was ensured due to the cells being kept away from both the electrodes and the
microchannel’s sidewalls. While traditional cuvette-based electroporation
approaches transfect cells batch by batch with limited numbers per batch (~10–50
million cells), this device demonstrated continuous transfection of 500 million cells

Fig. 6 Examples of microfluidic devices for gene delivery. (a) A trifurcated microfluidic device for
high-throughput electroporation of mRNA into human T cells consisting of one cell inlet and two
surrounding sheath inlets. Two platin electrodes in contact with the microchannel enabled electro-
poration. Figure adapted with permission from [39]. (b) A microfluidic device for lentiviral
transduction of T cells and stem cells. (i) Two acrylic plates separated by a semipermeable
membrane created a microfluidic transduction chamber exhibiting introduction-, bottom- and
recovery channel. (ii) Cells were introduced into the chamber and effectively colocalized during
the transduction procedure. Cell recovery was achieved by reversing the fluidic flow.
Figure adapted with permission from [40]
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at a rate of 20 million cells min�1 and with an efficiency of up to 95% [39]. Further
separation of viable cells from necrotic or apoptotic cells after electroporation can be
achieved using dielectrophoretic means [31].

Luni et al. developed a PDMS-based microfluidic device for reprogramming
human somatic cells to induced pluripotent stem cells (hiPSC) by delivering syn-
thetic mRNA into the cells which encodes the transcription factor [41]. By using
culture chamber volumes of a few microlitres, the reprogramming efficiency was
increased up to 50-fold compared to conventional techniques performed in well
plates. This is due to the reduced ratio of media volume to cell growth surface area in
a microlitre volume chamber. Moreover, this system showed the potential of
microfluidics to parallelize unit operations in cell therapy manufacturing: 32 inde-
pendent experiments were conducted in parallel in one device, while multiple
devices could be used simultaneously.

Moore et al. presented improved lentiviral transduction efficiency for T-cells and
haematopoietic stem cells (HSC) [40]. The perfused microfluidic flow chamber
consisted of a semipermeable polyethersulfone (PES) membrane compressed
between FDA-approved class VI acrylic plates, which were structured with wells
and channels (Fig. 6b). The transmembrane fluid flow led to an increased virus
concentration at or near the membrane, and therefore effectively colocalizing viral
vectors with the target cells. Additionally, cells are kept under continuous nutrient
supply and waste removal. Compared to conventional techniques – where the viral
vector is introduced to the cells in culture media under static culture conditions – an
up to fourfold improvement of transduction efficiency was realized using this device.
Microfluidic devices have also been leveraged to secure automatic chemical trans-
fection during long-term cell culture. Raimes et al. achieved transfection of a green
fluorescent protein (GFP) plasmid into mouse embryonic stem cells with higher
efficiency than with standard procedures [42]. In addition to improving transfection
efficiency, this study also showed successful combination of chemical transfection
with long-term culturing, i.e. the integration of two unit operations in one single
microfluidic device. Long-term culture and transfection were also integrated on-chip
in a much smaller culture chamber [43]. Here the differentiation of neural stem cells
was followed by localized electroporation of the cells with a GFP plasmid, demon-
strating high viability of combined on-chip culture and electroporation of adherent
cells.

2.4 Cell Expansion

Microfluidic cell culture devices are recognized as more suitable to create in vivo-
like conditions than their conventional counterparts, such as flasks, Petri dishes,
microtiter plates which operate under static conditions. The ‘soluble’ microenviron-
ment over the cells, temperature, forces and physico-chemical factors are easier to
control in microfluidic devices. A huge amount of microfluidic devices for cellular
biology, including for cell culture, exploited these advantages [44–49], often with a
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focus on quantitative biology and systems biology [50–52], and also as 3D culture
models for drug discovery and development [53–56]. Advances in microfluidic
culture devices for stem and for immune cells have also been extensively reviewed
[30, 57–60]. Additionally, Varma & Voldman analysed the impact of microsystem
design on cells and made recommendations on assessing cell-safe device design and
operation [61]. Coluccio et al. discusssed specific design aspects of microfluidic
devices for both adherent and non-adherent cell cultures [62].

Cell expansion aims to stimulate cell proliferation and increase cell numbers by
culturing the cells. This process is particularly crucial for T cell and stem cell
manufacturing purposes, since cell therapies require very high cell numbers. The
exact number of cells, and therefore the scale of production, is defined by the
therapy, yet for all therapies a significant expansion is necessary. For example,
applications that are based on the transplantation of fully differentiated stem cells
may require more than 1010 cells [63]. Therefore, cell culture is a key step in cell
manufacturing, it is one of the most labour-intensive steps, and ways to accelerate
expansion and thereby reduce the duration of this step are of high relevance for
process development and optimization.

In microfluidic devices, cells can be continuously perfused with fresh culture
media, i.e. a constant supply of nutrients and oxygen is provided, while metabolic
waste is continuously removed from the cells. Additionally, shear stress from fluid
flow which affects pluripotent stem cells can be modulated in these devices. These
devices are therefore well suited to determine the window of fluid regimes, for which
the proliferation of stem cells is optimal, and by extension, cell expansion could be
accelerated [58].

To evaluate such window of operations for self-renewal of hiPSCs, Yoshimitsu
et al. developed a microchamber array chip of 64 chambers [64]. The device was
made out of PDMS and the chambers with a volume of 6.4 μL each were coated with
fibronectin. Fibronectin was chosen following a screening of extra-cellular matrices
(ECM) to determine which ECMs work well for cells cultured on PDMS. Analysing
different culture media replenishment regimes, the cells in the PDMS device
exhibited a higher growth rate under culture media perfusion than under static
culture, i.e. 1 or 3 media exchanges per day. There was however no difference in
growth between the two perfusion flow rates tested, and the growth rates under
perfusion matched the one found in the 24-well control cultures. Earlier work by
Korin et al. [65] and Titmarsh et al. [66] demonstrated that there is a relatively
narrow range of optimal flow rates for human embryonic stem cells (hESC) for
optimal expansion in microfluidic devices. Below this range, cells grow poorly
possibly due to nutrient limitation, and above it the cells also expanded poorly.
The latter may be due to elevated shear rates, cell detachment or removal of
signalling factors. Similar to Yoshimitsu et al., they found that expansion rates
within the optimal range corresponded well with rates in static culture controls [66].

The transparent nature of these microfluidic devices enables real-time monitoring
of cellular behaviour with high-resolution imaging modalities. This enables real-
time monitoring of culture growth kinetics which is necessary to develop robust
processes for cell therapies. In our laboratory, Reichen et al. successfully
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demonstrated the maintenance and real-time growth monitoring of hESCs colonies
co-cultured on feeder cells (Fig. 7) [69]. In this device, the hES cells grew on gelatin-
coated tissue culture polystyrene, replicating the cell growth substrate used in
conventional static plates. Super et al. enhanced the monitoring capabilities of the
same device and achieved real-time monitoring of specific oxygen uptake rates of
ESCs [67]. Non-invasive and label-free monitoring of cell growth was attained from
phase contrast microscopy images using bespoke image segmentation algorithms
[71], and cell respiration was detected using integrated optical sensors for dissolved
oxygen [72, 73].

Another way to underpin the expansion step using microfluidics was shown by
Yin et al. [74]. They combined a spiral microchannel device with conventional flask
culture methods. The spiral microchannel isolated subpopulations of mesenchymal
stem cells, using the principle of inertial microfluidics as described earlier in this
section. Between each passaging step, cells whose size lay outside the optimal range
were excluded, which increased the chondrogenic potential and proliferation rate of
the culture. Similarly, for T-cells, Strachan et al. developed a filtration device
consisting of a centre channel separated from two adjacent side channels by pillars
[75]. The pillar geometry and the widening side channels were designed such that

Fig. 7 Example of a multiplexed microfluidic system and of monitoring of dissolved oxygen and
degree of cellular confluency. (a) Exploded view of a microfluidic cell culture device. (b) Dissolved
oxygen monitoring schematic with optical sensors (inline and in situ). Reprinted with permission
from [67]. (c) Photograph of the microscope module attached to the stage of an inverted fluores-
cence microscope. Reprinted with permission from [68]
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larger particles accumulated in the centre channel. Using this device, they improved
lymphocyte recovery, enhanced growth rates and thus shortened expansion time for
the T-cells.

Finally, surface modification has been shown to enhance cell growth. PDMS
nano-modified scaffolds containing biocompatible nanomaterials (such as gold
nanowires), for example, improved cell proliferation within a microfluidic device
when compared to pristine PDMS [76].

2.5 Stem Cell Differentiation

Differentiation of stem cells requires a well-controlled environment to present the
necessary biological, chemical and physical cues to the cells. The superior control
over the cellular microenvironment afforded by microfluidics enables this and also
allows the careful study of the influence of individual factors on stem cell differen-
tiation. Therefore, a vast amount of microfluidic devices have been designed to
investigate stem cell fate and cell differentiation, using both 2D and 3D cultures
[30, 55–58, 76]. Zhang et al. provide a tabular overview over microfluidic devices
recent as of 2017 by stem cell and differentiation types [59]. The advances that
microfluidic devices made are also highlighted by the type of review articles where
they are nowadays found. They are, for example, reported in reviews describing the
state of the art of iPSCs-derived endothelial cells [77] and of MSC-derived cells [78]
for disease modelling and drug development. An FDA-sponsored study evaluated
the application of microfluidics tools for iPSC-derived cardiac and hepatic cells, and
how they can improve in vitro models in drug development programs [79]. They are
reviewed from a user perspective alongside different platforms, for example to
underpin multi-lineage hiPSC-based models for disease modelling and drug discov-
ery [80]. Finally, a recent overview of currently developed microfluidic devices for
osteogenic, neural and endothelial stem cell differentiation, has been presented by
Ye et al. [76]

Differentiation protocols often take several weeks to complete, requiring the
long-term maintenance of cells in microfluidic culture devices. Examples of long-
term differentiation protocols executed in microfluidic devices show that the devices
routinely sustain 3-week-long protocols: Human neuroepithelial stem cells were
differentiated within 30 days into dopaminergic neurons transferring an established
protocol to the microfluidic scale [81]. Later, an automated system was built for the
microfluidic 3D cell culture plate and combined with liquid handling robots [82]. A
calcium imaging assay after 24 days showed the neurons to be electrophysiologi-
cally active and immunostaining confirmed the expression of relevant neuronal
markers. Long-term differentiation of human iPSCs was successfully demonstrated
with the device of Fig. 7a [83]. Compared to traditionally employed culture devices
like T-flask or well-plates, this microfluidic device provided a stable microenviron-
ment due to controlled and continuous culture media perfusion. Different flow rates
were investigated over 3 weeks of retinal differentiation and the perfusion flow rate
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was found to have an impact on the expression of key retinal progenitor markers.
Kim et al. fabricated a microfluidic device consisting of an equilateral triangular
microchannel (Fig. 8a), which generated shear stress gradients (Fig. 8b) to demon-
strate their impact on endothelial differentiation of human mesenchymal stem cells
(hMSC) over the duration of 3 weeks [84]. The device was fabricated by bonding a
triangular PDMS channel created by replica moulding onto polystyrene
(PS) substrate. Exposure to very low shear stress over 3 weeks on the other hand
aided to understand the mechanism of osteogenic differentiation of hMSC under
interstitial flow [86]. And also the impact of culture media replacement rates on
neural cell differentiation of mouse neural SC was shown using a 3-week-long
microfluidic culture [87]. Adipogenic differentiation over 2 weeks of hMSC was
achieved in a PDMS device in chambers of 6.1 μL, with the cells stimulated both
chemically and mechanically [88]. Both adipogenesis and osteogenesis of hMSCs
was shown over 3-week-long culture in a device with a modified polystyrene
substrate; cell-supportive in the culture chamber and cell-repellent outside of it,
thus preventing migration of the cells into the feeding channels [89]. A unique
monitoring approach was applied by Pully et al [90]. They obtained differentiation of
human bone marrow stromal cells (hBMSCs) in a PDMS/CaF2 device, again over
3 weeks. The cells were monitored using Raman spectroscopy and mineralization
was detected after 2 weeks. To avoid interfering Raman scattering from the PDMS
material, the PDMS was peeled off from the CaF2 substrate during monitoring.
Human liver progenitor cells were grown over 1 week in a microfluidic device
containing a micropillar array, and then differentiated for 2 weeks into hepatocyte-
like cells in the same device [91]. The micropillar array spatially confined a cell
culture compartment wherein the cells were immobilized three-dimensionally.
Finally, Kilic et al. used microfluidics to create a microenvironment mimicking the
central nervous system and pluripotent human NTera2 cells differentiated into
mature neuronal and astroglial cells over a 4-week period [92].

An elegant way to monitor differentiation progress is the encapsulation of cells in
hydrogel beads; however, it is typically not possible to keep the cells in the droplets
for several weeks. The response of monoclonal mouse embryonic cells to two
different growth media was, for example, analysed in droplet beads [93], and the
effect of retinoic acid on the neuronal differentiation of mouse embryonic carcinoma
cells was observed over 10 days in such beads [94].
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Fig. 8 Examples of microfluidic devices to investigate stem cell differentiation. (a, b) Microfluidic
device to study the effect of shear stress on endothelial differentiation of MSCs (a) Schematic of the
equilateral triangular channel with stem cells cultured on the PS substrate. (b) Calculated shear
stress distribution on the microfluidic channel’s bottom. Figure adapted with permission from
[84]. Copyright © 2019 Elsevier B.V. (c–e) Microfluidic device developed to apply electrical,
mechanical and chemical stimuli for mesenchymal stem cell (MSC) differentiation. (c) Schematic
view of the device. The central channel (red) contained media to provide nutrients and soluble
factors to cells. Pneumatic channels (blue) allowed mechanical stimulation by stretching the PDMS
membrane (yellow arrows) where the cells adhered. The electrical layer contained conductive
regions composed of a mixture of carbon nanotubes (CNTs) and PDMS (light grey), which were
connected to the stimulator through two external connectors (red and black). The electric field
across the cell culture region was represented by the red arrows. Cross section of the device in the
unstimulated (d) and electromechanically stimulated (e) configurations. Figure reprinted with
permission from [85]

Microfluidic Devices as Process Development Tools for Cellular Therapy. . . 117



3 Summary and Perspective

Cell-based therapies are expected to play an increasingly prominent role in medicine.
With Yescarta and Kymriah, two cell-based immunotherapies for cancer have
recently come on the market, and more therapies are under development. To meet
the regulatory demands on process control, product quality and reproducibility for
these therapies, closed and automated cell therapy manufacturing systems have been
developed. These GMP-in-a-box systems achieve higher control through dynamic
monitoring and automatic fluid handling, while reducing the risk of contamination.

Microfluidic devices are closed systems with exquisite control over the cellular
microenvironment, making them ideally suited for revealing the interplay between
the cell’s environment and cellular behaviour. In the preceding section, we
highlighted opportunities that microfluidics offers and grouped these according to
typical process unit operations for cell-based therapies. In regard to CAR T cell-
based therapies, we found microfluidic devices for isolation of white blood cells
(WBCs) from the blood [25], T lymphocyte enrichment [26, 74], as well as for
delivery of the CAR gene [39, 40] and T cell activation [35]. This encompasses most
of the unit operations for a CAR T cell therapy manufacturing process. We are not
aware of a demonstration of CAR-T cell culture or expansion on chip, though
certainly T cell or Jurkat cells culture has been shown [95]. Furthermore,
microfluidics have enabled organ-on-a-chip approaches for disease modelling and
drug development [16]. Additionally, in vitro functional testing of immunotherapies
[96], including the testing of CAR-T cells on solid 3D tumour models was shown
[97, 98].

Microfluidic approaches have also been realized for stem cell processing, and the
devices discussed in the previous section included the sorting of cells to enrich
subpopulations such as the stem cells themselves, the culture of stem cells, their
differentiation and their transfection. Some of the reports investigated aspects
directly relevant to process development. For stem cell expansion, a few studies,
for example, were concerned with finding the optimal culture media exchange rates
or with monitoring culture conditions in combination with cell growth kinetics.
Similarly, for differentiation, the impact of culture media exchange rates or perfusion
rates was investigated for differentiation protocols that stretch over several weeks.
As for transfection, typically higher yields are reported, likely due to the improved
mass transfer conditions at the microfluidic scale.

There has been exciting, though yet limited progress towards using microfluidic
devices as part of a process train. Microfluidic sorting was demonstrated to enhance
the yield of conventional expansion MSC protocols when subpopulations with
defined cell sizes were isolated during each passaging step [74]. Similarly,
microfluidic filtration shortened the expansion times for T-cells [75]. Self-renewal
and differentiation protocols of stem cells were executed using the same device
[64]. Similarly, adherent cell culture and transfection were coupled and performed in
one device [43]. In our lab, we also developed a microfluidic culture device which
allowed long-term culture and transfection with the same device [42]. Additionally,
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we successfully executed a long-term differentation protocol [83]. The device was
equipped with optical sensors for real-time monitoring of oxygen growth kinetics,
and the cell seeding and harvesting procedures mimicked those typically employed
for routine stem cell maintenance in cell culture laboratories [67].

Most reported devices were fabricated using poly(methylsiloxane) (PDMS),
mainly due to its amenability to rapid prototyping techniques [49]. The following
concerns are frequently raised when it comes to using PDMS for cell culture
applications [47, 49, 99]: the porous network of PDMS may sequester small,
hydrophobic molecules from the culture media [100]; its uncured oligomers may
leach into the culture media [100, 101]; and its hydrophobicity requires surface
treatment to attain cell adhesion and to promote cell proliferation [102]. Furthermore,
tissue culture polystyrene (TC-PS) is predominant in conventional cell culture,
which presents a certain schism between microfluidic and conventional cell culture
[49]. Gelatin, for example, which is frequently used in combination with TC-PS,
does not appear to promote cell adhesion when used with PDMS. In our lab
(unpublished results), we found that mouse ESC did not adhere on PDMS and on
PDMS coated with gelatin. Both Yoshimitsu et al. and Kamei et al. screened for the
extra-cellular matrix which best promotes cell proliferation on PDMS before
conducting cell culture experiments in their PDMS devices, and both reported that
gelatin on PDMS does not produce satisfactory results [64, 103]. Yoshimitsu et al.
found that both fibronectin and laminin promoted cell attachment and proliferation
and retained pluripotency marker expression for hiPSCs for 4 days. Kamei et al.
applied a combination of fibronectin and gelatin, and equally the expression of
pluripotency markers for hESCs was retained for 6 days.

To attain long-term cell adhesion on PDMS, a large number of strategies have
been proposed [104]; for example, silanization of PDMS supported long-term cell
adhesion and osteogenic differentiation of MSCs [105], and coating of PDMS with a
polydopamine enabled osteogenic and adipogenic differentiation of MSCs
[106]. Recently, a PDMS modification using functionalized pluronic was proposed
and exhibited superior cellular effects compared to the standard coating of polysty-
rene for neuronal cell culture [107]. Such advances would indicate that PDMS can be
used for long-term cell culture.

Despite the challenges in microfabrication with polystyrene [49], stem cell
culture devices with polystyrene as part of the cell growth substrate have been
realized. PDMS microfluidic structures were bonded to a gelatin-coated tissue
culture dish for hESC culture [108], and to a modified polystyrene substrate for
adipogenic and osteogenic differentiation of MSCs [89]. PDMS microfluidic struc-
tures were also clamped between rigid thermoplastic materials or aluminium for
mouse [109], for human embryonic stem cell culture [69], and for 3-week-long
retinal differentiation protocol [83]. Yet the combination of different materials poses
bonding challenges, which can lead to reduced yield.

Using thermoplastic polymers also addresses the issues of molecule absorption
and monomer leaching with PDMS. Devices made from these materials can also be
manufactured robustly, as single-use devices, and mass fabricated for low cost.
Furthermore, novel microfabrication technologies are emerging. One of the most
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recent additions to this arsenal of microfabrication technologies is the use of 3D
printers. This additive manufacturing technology significantly enhances both the
speed and flexibility and has the potential to close the gap between rapid prototyping
and mass fabrication, though long-term stem cell culture has not yet been demon-
strated [110–113]. The jury might therefore still be out, which material and which
material/ECM combination produces the best results and which of these removes
any concerns that results from the microfluidic scale can easily be translated to larger
systems, such as the novel automated GMP-in-a-box systems.

Impressive levels of parallelization of microfluidic culture chambers have been
achieved and applied to cell analysis and combinatorial screening [68, 114, 115]. For
instance, Titmarsh et al. developed a microfluidic device with 8,100 culture cham-
bers in parallel for combinatorial screening of iPSC-derived cardiomyocyte cultures
[114]. Similarly, Occhetta et al. studied the development of MSC 3D cultures in
60 cubic microchambers [116] using a gradient generator approach. This approach
enables massive parallelization as demonstrated by Bhattacharjee et al. who created
a large-scale gradient array of 1,024 chambers to study axon growth from neuronal
cells [117]. Cambier et al. investigated differentiation in HSCs in a device containing
800 culture chambers with a combined footprint of just 1 cm square [115]. Skafte-
Pedersen et al. presented a self-contained and automated system with 24 culture
chambers and reported on all aspects of microfluidic system integration to achieve a
stand-alone cell culture device which can be shuttled between a microscope stage
and an incubator chamber [118]. The total culture chamber area is typically very
small despite the massive parallelization, as the aim was to make these devices
suitable for high-throughput screening of small amounts of cells (and minimal use of
reagents). To produce a smaller batch of cells which is representative of batches that
are obtained from larger scales, it will likely be necessary to parallelize compara-
tively large microfluidic culture chambers. And they will ideally contain sensors
with which the process conditions and their impact of cell proliferation and differ-
entiation can be monitored. First steps in this direction have been demonstrated with
real-time and automated monitoing of cells in culture area of ~0.5 cm2 per chamber
[67, 119] and with limited amount of parallelization [68, 120]. More is required, but
it is likely that only a moderate degree of parallelization will be necessary to create a
scale-down tool for cell-based therapies.

Current microfluidic devices for cell culture already present most, if not all, of the
attributes that are sought in modern cell processing systems: they are closed,
automated and amenable for single use. Due to these characteristics and the demands
for more accurate technology for CGT manufacturing, it is likely that there will be a
continued push for novel tools to support ‘GMP-in-a-box’ systems in the near future,
and microfluidics will be a well-suited platform to create such tools. It can also be
expected that microfluidic devices will become much more prevalent in both CGT
research and manufacturing facilities, due to the demand for more cost-effective and
accurate technologies, in much the same way as some microfluidic analytical devices
have already found their way into commercial products. As more robust microfluidic
devices are developed, they may also become suitable for use as quality control
systems in both centralized or de-centralized manufacturing or in some instances
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even become key components of cell therapy manufacturing systems. However,
while the potential for microfluidic devices to enable efficient and cost-effective
process development and characterization is obvious, it still remains to be seen
whether robust, cost-effective and sufficiently parallelized systems will ultimately
emerge to fulfil the requirements of cell therapy manufacturing, particularly in terms
of scale.
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Abstract Droplet microfluidics has recently evolved as a prominent platform for
high-throughput experimentation for various research fields including microbiology.
Key features of droplet microfluidics, like compartmentalization, miniaturization,
and parallelization, have enabled many possibilities for microbiology including
cultivation of microorganisms at a single-cell level, study of microbial interactions
in a community, detection and analysis of microbial products, and screening of
extensive microbial libraries with ultrahigh-throughput and minimal reagent con-
sumptions. In this book chapter, we present several aspects and applications of
droplet microfluidics for its implementation in various fields of microbial biotech-
nology. Recent advances in the cultivation of microorganisms in droplets including
methods for isolation and domestication of rare microbes are reviewed. Similarly, a
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comparison of different detection and analysis techniques for microbial activities is
summarized. Finally, several microbial applications are discussed with a focus on
exploring new antimicrobials and high-throughput enzyme activity screening. We
aim to highlight the advantages, limitations, and current developments in droplet
microfluidics for microbial biotechnology while envisioning its enormous potential
applications in the future.

Graphical Abstract

Keywords Antibiotic screening, Cultivation of rare microbes, Droplet
microfluidics, Enzyme screening, Fluorescence-activated cell sorting, Ultrahigh-
throughput microbial cultivation

1 Introduction

Within the rapidly growing field of microfluidics, droplet-based microfluidics refers
to systems based on the combination of immiscible phases, which results in the
formation of drops of one phase embedded in the other. This simple approach has
revolutionized various experimentation platforms as it combines microfluidic min-
iaturization and ultrahigh-throughput with compartmentalization, one of nature’s
(life’s) oldest key strategies. When generating aqueous droplets surrounded by an
inert carrier phase, it is possible to reduce the working volume by more than six
orders of magnitude, specifically from μL to pL or even fL. Furthermore, the
stringent and controllable conditions during droplet formation allow the production
of thousands of compartments per second with a minimal volume variance. Thereby,
not only costs but also time can be spared in comparison with traditional liquid-
handling methods while maintaining excellent experimental quality. These condi-
tions have led to thousands of technological developments and applications based on
droplets in the fields of chemistry and biology, some representing particularly high-
impact breakthroughs enabling omics techniques at single-cell resolution with very
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high throughput [1–8], or harnessed to screen for improved antibodies [9–11], or
enzymes [12–15].

From the microbiologist perspective, droplets provide a paradigm-changing
experimental approach. Ironically, except from microscopy, the science of studying
microorganisms has been the science of growing them to scales fitting our hands and
volumes, given that further experimentation at the micrometer scale was impossible
until recently. This inadvertently biased microbiological research towards the devel-
opment of techniques, strategies, and equipment that restrict the window of diversity
that can be analyzed. Microfluidic approaches enable experimentation controlling
and monitoring physical scales much closer to those of the microbial world, albeit
with some challenges that must be addressed for broad-range applicability.

In droplet microfluidics, even single cells will be compartmentalized in a volume
between 1 and 100 pL, i.e., droplets of approx. 10 to 100 μm in diameter. In terms of
concentrations, this is similar to 107–109 cells/mL, which is the standard working
range at which large-scaled methods work. Therefore, droplets provide a platform in
which the biochemical and physiological parameters of a single cell can be studied in
a similar fashion as normally done for millions of cells. This, in combination with the
extremely fast production of droplets, results in an experimental platform with the
capability to explore the enormous diversity of microbiological samples (Fig. 1).

The specific features of microfluidic droplets should render these a promising
starting point to isolate, culture, and identify a significant fraction of the until now
unculturable and undiscovered microbial biodiversity along with its vast metabolic
potential (Fig. 2a). Due to the ultrahigh-throughput, complex heuristic experimental
design can be performed to identify ideal nutrient conditions (Fig. 1). Additionally,
the minimal volume requirements inherent to microfluidic techniques enable the
preparation and analysis of rare and limited – therefore mostly unexplored – samples
in their natural conditions, such as microbiota from small animals and plants.
Moreover, discretization of microbial cells in compartments with a similar order of
magnitude is accompanied by crucial physiological advantages. First, isolation
eliminates competition for nutrients, providing the possibility to culture strains
commonly hidden under faster-growing communities [16, 17] (Fig. 2b). Alterna-
tively, the droplets can also be exploited to foster microbial interactions, which in
many cases have been shown to be critical for growth and metabolite production
[18, 19]. Second, higher cell and metabolite effective concentrations are easily
detectable and activate concentration-based processes such as quorum sensing
[20]. Finally, micro-compartmentalization enables the separation and distinction of
otherwise identical cells that present different expression profiles, e.g., scout cells
[21] or silent vs. activated gene clusters.

Similarly, droplets can also be exploited to screen human-made microbiological
diversity, such as mutant [22] and metagenomic [23] libraries (Fig. 2). For the goal to
detect and isolate microbial variants that expand the boundaries of industrial micro-
biology, droplets provide a platform for the implementation of ultrahigh-throughput
assays for improved enzymes and producer strains. The diversity in mutant or
metagenomic libraries can easily reach more than 10 million different variants that
are impossible to analyze in detail with traditional methods. Yet, in a field where
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improvements of a fraction of a percentage may define the viability of an application
[24], it is essential to explore the full extent of the created diversity to find the most
promising variants and understand the corresponding performance improvements.

2 Droplet Microfluidics for Microbial Cultivation

During the development of droplet microfluidic techniques, microorganisms have
been used as effective models for proof-of-concept studies [25]. This is especially
the case for the isolation of individual cells in ultra-small volumes. Confinement in

Fig. 1 Droplet
microfluidics workflow
overview. A microfluidic
device encapsulates single
cell or microbial consortia
into monodispersed droplets
containing growth medium.
Microbes are grown in
microdroplets inside the
incubator which maintains
the continuous flow of oxic
oil. Electric field-activated
picoinjection modifies
droplet contents by allowing
the delivery of an external
solution in a regulated
fashion. At designated time
points, droplets of interest
are recovered by on-chip
active sorting. Integration of
different detection methods
generates trigger, leading to
deflection of desired
droplets into the collection
channel through
dielectrophoresis

132 S. Hengoju et al.



such reduced volumes decreases detectable growth time and eventually increases the
effective concentration of secreted molecules [26]. Moreover, the ability to create
and analyze millions of droplets per day enables the examination of large and diverse
samples, find rare cells, and analyze whole populations in terms of genetic and
phenotypic varieties.

Most of the initial applications have focused on single-cell campaigns, mostly
because droplets are the first high-throughput experimental platform that enables this
high impact approach [1, 3, 8, 10, 34–36]. Yet, a number of studies have also used
the singularization of cells in droplets with subsequent incubation that results in
growth as growth is a powerful yet easy strategy that can be used as a response
variable or signal amplifier [22, 37–44]. This is particularly relevant when microor-
ganisms for biotechnological applications are being evaluated or screened. Often
initial incubations were performed in tubing loops or arrays on chip [28, 29,
45]. Simple off-chip cultivation in contrast was performed in syringes or reaction
tubes [30]. Measuring growth is essential when searching for microorganisms or
variants under different nutrient sources or stress conditions or simply when the
desired product is biomass or strongly correlated to biomass production. In addition,
a number of studies aiming to explore global microbial phenotypes [46–48],

plants
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Fig. 2 From biological diversity to applications. (a) Microbial resources for droplet cultivations:
droplet microfluidics enables ultrahigh-throughput screening of mutant libraries generated from
random mutagenesis, statistical modelling and computational design (left), as well as tremendous
reservoir of microbial communities in diverse environments (right). (b) Applications for droplet
microfluidics: droplet microfluidics have been demonstrated as a capable platform for detection and
identification of microbes. Compartmentalization allows isolation of unknown and slow-growing
species and the study of interactions between microbes from complex environments. Finally,
droplets can be employed as microreactors for high-throughput enzyme and antibiotics screening
within a controlled chemical environment
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antibiotic resistance [49–51], or community culture and composition [52–60] have
relied on growth inside of droplets.

However, as more complex and comprehensive protocols are envisioned, a higher
degree of microbiological craftsmanship [61] should be implemented for droplet-
based experimentation. Such is the case for studies involving more complex micro-
organisms with distinct metabolic profiles. Therefore, incubation conditions must be
appropriately controlled in order to provide ideal conditions for the microorganisms
and the different experiments being performed. Maximizing homogeneity for the
millions of droplets per experiment can result in either maximized growth or
production of the molecules of interest. In this context, oxygen and pH control in
millions of droplets [32, 33] provide the tools to effectively link droplet
microfluidics and classic microbiological standards (Fig. 3). The possibility to
measure and control oxygen availability and pH provides natural or artificial incu-
bation conditions in droplets that could be adjusted to imitate the original bacterial
habitat (soil pores, static or agitated water, animal intestines, etc.) or bioreactor
conditions. In fact, it is of great advantage for biotechnological screening applica-
tions to provide bioreactor-like conditions and control, as the selected variants must
be scaled up for their implementation in industrial production processes. Further
applications of optimized incubation setups include the exploration of hypoxic
conditions, the usage of gases as growth or enzymatic substrates, and the screening
for molecules and microbes active under adverse pH conditions.

3 Detecting Microbial Activity in Droplet Microfluidics

The development and integration of effective detection techniques to a microfluidic
system is a critical step for any biotechnological and microbiological analysis.
Implementation of traditional laboratory techniques, which provide high sensitivity
and accuracy, requires proper integration strategies, since they typically require
expensive and bulky instruments, skilled personnel, and extensive analysis time
[62, 63]. In addition, miniaturization of sample volume and fast-flowing droplets in a
microfluidic system poses significant challenges for rapid and sensitive detection.
Therefore, an ideal detection technique for droplet microfluidics includes features
like simple, rapid response, high sensitivity, compact, flexible, and low cost.

For analysis and quantification of microbiological samples in droplet
microfluidics, different detection methods have been developed and implemented
including optical-, electrical-, and mass spectrometry-based detection (for an over-
view see Table 1) [64]. Among others, optical methods have become very popular
with the advancement of detection instruments, miniaturization of optical compo-
nents, and development of dyes and biomarkers. Optical methods have been dem-
onstrated for diverse chemical and biological applications along with research
focusing on improving detection sensitivity and dynamic range [65, 66]. Various
spectroscopic methods used for analysis include fluorescence, absorbance, light
scattering, and Raman signals.

134 S. Hengoju et al.



Fig. 3 Examples for droplet incubation strategies and microbial growth characterization. (a)
Droplets incubated inside microfluidic structures in traps or delay lines (with reprints from [27–
29]. (b) Off-chip droplet incubation is usually done in reaction tubes or inside syringes [30]. (c)
Dynamic droplet incubator to enhance oxygenation and homogeneity of droplet populations
[31]. (d) Picoliter cultures of microorganisms grow similar to larger-scaled methods when dynam-
ically incubated [32]. (e) Colonies formed inside of dynamically incubated droplets reach much
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Fluorescence is the most widely used detection technique for chemical and
biological analysis considering various factors like high-signal intensity, highly
sensitive dyes, selective fluorescent labelling biomarkers, well-established proto-
cols, high-end instruments, etc. Using fluorescence detection method, microbial
activity can be detected by various approaches like direct measurement of fluores-
cence from cellular metabolites, labelling cellular metabolites with fluorescent dyes,
using fluorogenic substrates for enzyme assays, using reporter strains expressing
fluorescent proteins, or using fluorescent-based probes. Availability of several
fluorogenic substrates with higher quantum yield has enabled development of
sensitive fluorescence detection and efficient sorting mechanism for high-throughput
enzyme screening. Details regarding these applications are discussed in the respec-
tive subchapter below.

On the other hand, microbial viability markers based on fluorescent dyes have
been used in droplets for growth and survival analysis. Assays based on highly
fluorescent resorufin, which is formed through metabolic activity from resazurin [67]
and dodecylresorufin [68], have been implemented for bacterial and antibiotic
inhibition analysis. Resorufin-based substrates have also been used for detection of
ethanol-producing cyanobacteria [69] and screening for high xylose-consuming
yeast strains [39]. However, leakage of resorufin from droplets [68] has restricted
its application to microbial growth assays requiring long time incubation. Recently, a
FRET-based RNA probe has been demonstrated for the detection of growth, sorting,
and analysis of a microbial community from environmental samples [57]. Similarly
bacterial cells stained with SYTO 9, propidium iodide [70], and SyTox Orange [71]
dyes have been used for drug susceptibility testing and screening metagenomics
library for antibiotic producers.

Bacterial strains expressing fluorescent proteins have been popular as a sensor or
reporter for various microbial assays including antibiotic screening and microbial
interaction studies. Fluorescent proteins are expressed continuously with fluores-
cence intensity depicting the concentration of cells. Such reporter strains were used
to demonstrate growth and long-term cultivation of microorganisms in droplets
[30, 72, 73], analyzing bacterial dynamics [74], and performing MIC (minimum
inhibitory concentration) assays [75]. Escherichia coli and Bacillus subtilis strains
expressing fluorescent proteins like GFP, mKate, and mCherry have been exten-
sively utilized. For high-throughput screening of antibiotic producers from complex
environmental samples, reporter strain expressing mCherry proteins was
picoinjected to pre-cultivated droplets containing environmental microorganisms,
and fluorescence signals were measured to determine the inhibition activity
[38, 76]. Similarly, multiple fluorogenic strains with auxotrophic variants have
been used to investigate microbial interactions between E. coli and Pseudomonas
putida in a microfluidic system [77].

Fig. 3 (continued) higher biomass levels [32]. (f) Using dynamic incubation, it is also possible to
monitor and control the pH of the entire droplet population [33]. Images are reprints of the
indicated publications with permission of the original publisher
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Table 1 Analytical methods for detecting microbial activity in droplets

Detection
method

Screening
technique Application Microorganism Remarks Refs.

Fluorescence Direct detec-
tion of cellular
metabolites

Monitoring
microbial pro-
duction of
riboflavin

E. coli Continuous moni-
toring for long-
term incubation

[73]

Screening for
enhanced ribo-
flavin producers

Y. lipolytica FACS analysis
using double
emulsion

[41]

Detection of
chlorophyll
production

E. gracilis and
C. reinhardtii

Gel droplets with
FACS analysis

[37]

Labelling with
fluorescent
dyes

Live/dead assay E. coli Cell viability
assay and drug
susceptibility test-
ing by staining
cells with SYTO
9 and propidium
iodide

[70]

Screening for
bacteria
inhibiting
S. aureus

S. aureus Double emulsion
droplets with
FACS analysis

[38]

Screening for
high lipid-
producing
microalgae

E. gracilis and
C. reinhardtii

Gel droplets with
FACS analysis

[37]

Screening for
antibiotic
producers

S. aureus Screening
metagenomic
library by
co-encapsulating
E. coli and
S. aureus and
staining dead cells
with SyTox
Orange

[71]

Fluorescent-
based sub-
strates for
enzyme
screening

Alkaline
phosphatase

Tetraselmis sp. Measurement of
enzymatic activity
at single-cell level

[102]

E. coli Enzyme kinetics
study

[103]

Cellulase Bacterial com-
munity from
soil sample

High-throughput
screening

[42]

T. reesei Screening of fila-
mentous fungi in
droplets

[104]

Lipase Environmental
water and soil
sample

Compact optical
system for fluo-
rescence
measurement

[66]

(continued)
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Table 1 (continued)

Detection
method

Screening
technique Application Microorganism Remarks Refs.

Amylase A. niger Growth and anal-
ysis of fungi in
droplets

[105]

Xylanase Y. lipolytica High-throughput
screening tech-
nique for
improved enzyme
activity

[106]

Esterases E. coli Screening of
metagenomic
library from envi-
ronmental sample

[23]

Cot A laccase E. coli Flexible screening
platform and
picoinjection of
substrate

[107]

Reporter
strains
expressing
fluorescent
proteins

Growth and
cultivation of
microorganisms

E. coli Easy detection of
microbial growth
in droplets

[72]

Growth
analysis

B. subtilis [30]

Analysis of
bacterial
dynamics

E. coli [74]

Screening anti-
biotic producers
from environ-
mental sample

Environmental
soil sample

[76]

Demonstration
of microbial
co-cultivation

E. coli and
B. subtilis

Simultaneous
detection of mul-
tiple colors using
a single sensor

[78]

Bacterial
growth
monitoring

E. coli Continuous moni-
toring for long-
term incubation

[73]

Cultivation of
microorganisms

E. coli and
P. aeruginosa

Cultivation in
plates by streak-
ing droplets

[53]

Growth kinetics
and MIC assays

E. coli Automated fluid
handling

[75]

Microbial inter-
action study

E. coli and
P. putida

Cultivation of
microbes in adja-
cent chambers
separated by
nanochannels,
demonstration for

[77]

(continued)
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Table 1 (continued)

Detection
method

Screening
technique Application Microorganism Remarks Refs.

metabolic cross-
feeding and
microbial gene
transfer

Reporter
strains based
on product
specific
expression of
fluorescent
proteins

Screening for
vitamin B2
producers

B. subtilis E. coli sensor cells
with a riboswitch
specific for vita-
min B2

[108]

Fluorescence-
based dyes/
probes

Growth
analysis

Environmental
sample

FRET-based
RNA probes
cleaved by RNase
produced by
growing microor-
ganisms, sorting
droplets with high
growth

[57]

Microbial via-
bility assay

E. coli and
E. aerogenes

Use of
dodecylresorufin-
based dyes

[68]

Antimicrobial
susceptibility
assessment

E. coli Use of resorufin
for detection of
cell growth

[67]

Absorbance Absorbance-
based
substrate

Directed
enzyme
evolution

E. coli Absorbance-
based screening
for high producers
of phenylalanine
dehydrogenase

[79]

Study fermen-
tation process

Z. mobilis Determination of
ethanol concen-
tration using col-
orimetric assay

[80]

Direct moni-
toring of
droplet
content

Measurement
of viscosity and
optical density

E. coli Lower throughput [109]

Sorting colo-
nies of similar
cell density

S. cerevisiae Multi-parametric
analysis and
sorting

[81]

Light
scattering

Detection of
scattered light
from droplet
content

High-through-
put screening of
antibiotic-
resistant
bacteria

E. coli Label-free
screening

[51]

Imaging of
scattered light
pattern

Detection of
E. coli

E. coli Label-free detec-
tion with high
sensitivity

[86]

(continued)
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Recent developments also demonstrated the simultaneous detection of multiple
fluorescence signals for antibiotic screening and microbial co-cultivation assays
[78]. With such setups, multiple parameters can be analyzed from individual drop-
lets, which open the door to multiplexing biochemical and microbiological assays.

Table 1 (continued)

Detection
method

Screening
technique Application Microorganism Remarks Refs.

Raman
signal

Surface-
enhanced
Raman
spectroscopy

Bacterial strain
identification

E. coli Fast recording of
SERS spectra
from droplets

[110]

Image-based Image analy-
sis of droplet
content

Enrichment of
droplets with
growth

S. puniceus Triggered imag-
ing and sorting of
droplets, label-
free method

[87]

Identification
and recognition
of cells in
droplets

D. tertiolecta
and
P. tricornutum

Discrimination of
cells based on
morphologies and
sorting

[88]

Colored beads
for encoding
droplets

MIC assay E. coli Encoding various
experimental con-
ditions using col-
ored beads

[31]

Immunoassay
with
fluorescent-
labelled
antibodies

Detection and
identification of
bacteria

E. coli Use of magnetic
beads to capture
E. coli and label-
ling with fluores-
cently labelled
anti-E. coli
antibodies

[89]

Electrical
conductance

Measurement
of conductiv-
ity signals
with inte-
grated
electrodes

Quantification
of E. coli

E. coli 3D-printed chip
with integrated
electrodes
allowing
contactless
measurement

[97]

Impedance
measurement

Monitoring cell
differentiation

Label-free and
noninvasive
detection of cells

[96]

Mass
spectrometry

Electrospray
ionization

Mass-activated
droplet sorting

Splitting droplets
and sorting based
on mass

[101]

Detection of
microbial sec-
ondary
metabolites

S. griseus Intensity analysis
at known mass-
charge ratio

[76]

S. griseus Combined fluo-
rescence and MS
detection

[100]
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Though fluorescence-based detection setups are popular in droplet microfluidics,
one should take into account the degradation of fluorogenic substrates over time,
stability, and inter-droplet transfer of fluorophore molecules. A general prerequisite
for all droplet-specific fluorescence assays is a containment of the fluorophore to the
respective droplet. If fluorophores can move out of the droplet into the oil phase, the
specificity of the signal to a droplet gets lost and the signal intensity decreases.
However, the mobility of specific fluorophores can also be exploited for monitoring
bulk droplet properties. Measurements of several parameters critical for microbial
growth and metabolite productions, like change in pH and oxygen level, have been
assessed by using fluorescence detection methods [32, 33].

Absorbance is a label-free technique and can be measured in droplets by moni-
toring change in optical properties of droplet content. Absorbance-based techniques
have been demonstrated for monitoring cell density and screening of microbial
libraries. A chromogenic substrate, WST-1 resulting in the absorbing dye WST-1
formazan, was used for screening of an E. coli mutant library producing phenylal-
anine dehydrogenase [79]. A similar colorimetric assay was implemented for mon-
itoring ethanol production by Zymomonas mobilis during fermentation
[80]. Furthermore, absorbance signals were utilized for monitoring droplet content
and sorting colonies of similar cell densities to minimize assay variability arising
from growth phenotypes [81]. However due to miniaturization in microfluidic
system, the active optical path length for absorbance measurement is highly
decreased in comparison with traditional optical readers, thus resulting in lower
detection sensitivity. Recently, several optimizations and modifications, including
elongated channel designs [82, 83], lock-in-based detection [84], and optofluidic
approaches [85], have been demonstrated in realizing absorbance measurement in
microfluidic platform.

Light-scattering-based analysis of microorganisms has also been demonstrated in
droplets. A high-throughput label-free detection setup was developed to analyze
bacterial growth in droplets and screen antibiotic-resistant mutants [51]. In the
presence of the antibiotic fusidic acid, growth of a normal E. coli strain is inhibited,
while antibiotic-resistant mutant bacteria could grow resulting in higher scattered
light signals. Furthermore, a recent microfluidic droplets study monitored microbial
growth and quantified microorganisms by imaging 2D light-scattering patterns [86].

Image-based analyses of droplets have also been utilized for microbial analysis.
Bright-field images were analyzed for sorting and enriching droplets with grown
microorganisms from empty droplets [87]. Similarly, different morphologies of cells
[88] or fluorescent microscopy images based on immunoassays [89] have also been
utilized for the identification and detection of microbial samples in droplets. With
advanced image analysis algorithms based on machine learning and deep neural
networks, microbial samples have been analyzed in 3D culture system [90] and in
multiplexed assays [31]. Within the latter work, different experimental conditions
were coded using colored beads, which were decoded by droplet image analysis.

Another approach is to modify droplets either to gel droplets [37, 71] or to double
emulsions [38] for analysis with conventional FACS (fluorescence-based cell
sorting) instruments. This allows simultaneous analysis of multiple fluorescent
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signals and scattered light parameters, enabling multi-parametric analysis and
sorting of droplets. This approach significantly increased the throughput of the
screening process. However, generating double emulsions and gel emulsions is not
straightforward and limits the fluid handling operations like merging and splitting.

Most of the current optical detection setups are based on bulky microscopes along
with complex and often expensive optical configurations. Recent developments in
the combination of optical and fluidic systems have resulted in the emergence of
optofluidic devices, synergistic integration of optical components with a microfluidic
device [91, 92]. The integration of optics into microfluidic chips allows alignment-
free setups with higher sensitivity and multiplexing capability of chemical and
biological assays [62], which also greatly benefit microbial experimentations [93].

In addition to optical methods, other detection methods including electrical
signals and mass spectrometry (MS) have also been utilized for the detection of
microbial activity. Electrical conductance and impedance measurement have been
demonstrated for measuring droplet dimensions including velocity [94, 95] and
characterizing cell growth in droplets [96]. Label-free detection and counting of
E. coli cells were demonstrated in droplets by contactless conductivity measure-
ments [97]. Mass spectrometry (MS) is a label-free method and provides information
about analytes depending on mass-to-charge ratio. Several studies have combined a
droplet microfluidic system with MS [98, 99]. Microfluidic droplets are sprayed into
a MS head either by using a capillary connector or by modifying chip designs with
cone-shaped outlets. A droplet MS platform was developed for detecting secondary
metabolites produced by Actinobacteria [76, 100]. However, MS is a destructive
method, resulting in a loss of possible hits. Recently, new microfluidic handling
techniques have been introduced with the capability of splitting droplets, analyzing
one daughter droplet by MS, and sorting other daughter droplets based on MS results
[101]. Such setup possesses broad prospects for microbial screening using droplet
microfluidics.

In addition to the above mentioned online analysis tools, several offline detection
techniques have been demonstrated for droplet microfluidics. In most cases, droplets
are broken and analyzed for droplet content. These include DNA sequencing, liquid
and gas chromatography, and mass spectrometry among others.

4 Droplet Cultivations of Rare Microbes and to Search
for New Antimicrobials

Cultivation of microorganisms in very small droplets has several critical advantages
for some of the most pressing challenges in environmental microbiology: the
cultivation of microorganisms considered unculturable and the search for new
anti-infective natural products. This advantage particularly is generated by (1) the
ultrahigh-throughput of droplets experiments, which allows very deep sampling of
the environmental microbial consortia; (2) the very small size of the cultivation
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vessel between 50 and 200 pL, which allows to conduct high numbers of experi-
ments with a minimum input of resources and preparative work; and (3) an increas-
ing portfolio of high-speed functional assays to evaluate microbial growth and
activity.

It has long been acknowledged that the majority of today’s anti-infective com-
pounds have first been isolated from microbial producers or are derivatives of
microbial natural products. However, after the golden age of antibiotics discovery
in the 1940–1960s, no novel antibiotic structures and functionalities have been
discovered. Intensive efforts to rationally and statistically generate new lead com-
pounds through chemical synthesis proved not very fruitful. Today, with the urgent
need for discovery of functionally new lead structures because of emerging antibi-
otic resistances, scientists increasingly go back to the initial source of anti-infective
compounds: the unlimited pool of microbial natural products. The central challenge
for this approach is to reduce the level of rediscovery of already known molecules.
Thereby, three strategies are followed: (1) genome-based mining for new biosyn-
thetic gene clusters possibly with different structural properties, which might point to
new chemical functionalities [111–113]; (2) the search for natural products in so far
under explored environmental habitats like marine resources or host-associated
microbial communities [114, 115]; and (3) a deeper and more strategic microbial
cultivation effort to access natural products from slow-growing, previously
uncultured, or synergistically growing microorganisms. Often even a combination
of these three strategies is applied.

Especially for the last two strategies, droplet microfluidics has shown great
potential. A statistical distribution for inoculating either a single microbial cell or a
small consortium into one droplet as an individual growth vessel enables the parallel
cultivation of millions of microbial cultures in a bulk volume of one milliliter or less
(Fig. 3). Controlled cultivation conditions at defined temperature, oxygenation level,
pH, and time provide a large operational window for successful cultivations. Such
strategy has been used, for example, to characterize the diversity and ability to grow
on different carbon sources for the microbiota from human fecal samples
[116]. Functional screening of these individual droplets can be achieved at around
100–1,000 droplets per second, resulting in a capacity to evaluate almost 10 million
cultivations per day. Since the individual droplet size is very small, specific chemical
analysis for natural products is challenging, but not impossible. For example, it has
been successfully shown that individual droplets can directly be injected into a mass
spectrometer to quantify the production of a microbial natural product in a droplet
[76, 100]. Droplets of Streptomyces griseus producing streptomycin were analyzed
and validated for efficient detection from single droplets. However, so far the
valuable microbial droplet content is sacrificed during such an invasive chemical
analysis. Alternatively, functional reporter assays can predict the presence of a
bioactive natural product and can be applied to preselect high potential microbial
droplets from either empty droplets without growth or droplets without bioactivity.
In this case, a reporter agent is added to the pre-cultivated microbial droplet. In the
search for antimicrobials, this is typically a microbial strain or defined strain mixture
sensitive against inhibition by antimicrobials in the droplet (Fig. 4) [38, 76, 117]. A
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growth-based fluorescence signal of the reporter strain indicates uninhibited growth
(clear increase in fluorescence signal) or inhibition (no signal). With this approach a
much more specific and targeted initial isolation of microorganisms with antimicro-
bial potential is possible. Even more, through the combination of reporter strains of
different target groups (e.g., Gram positive and Gram negative), a differential
selection of antimicrobial strains against a specific target group (e.g., active against
only gram negatives) would become possible. Beyond this, for different screening

Fig. 4 Applications of ultrahigh-throughput microbial cultivations in picoliter droplets. (a) Char-
acterization of carbon source (prebiotic) consumption within human gut bacteria [116]. (b, c)
Negative interaction assays (i.e., antibiotic production) using co-encapsulation of possible pro-
ducers and fluorescently labelled reporter strains [38, 76]. Images are reprints of the indicated
publications with permission of the original publisher
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assays, reporter strains, which can report even on the mode of action of antimicrobial
compounds, are already available [118].

An even simpler application of droplet microfluidic cultivation is the high-
throughput determination of microbial antibiotic resistances by detecting growth
or growth inhibition of a target strain in presence of antibiotics [31, 51, 67, 119]. In
case the target compound does not have antimicrobial activity, biosensor strains can
be employed, which induce antimicrobial activity or sensitivity to the reporter strain
in presence of the target compound. This has, for example, been realized for the
detection of muconic acid producing strains of P. putida, where muconic acid
induces sensitivity of a normally resistant E. coli reporter strain against streptomycin
[120]. If the target natural product is an enzyme, a selection assay based on an
enzyme activity screen with a fluorogenic substrate can be employed to select the
most active microbial droplet subpopulation [42].

Increasing resolution of culture-independent sequencing-based techniques has
enriched us with better understanding of the identity and role of rare microbes.
Nevertheless, culture-dependent methods are still essential for the surveying of
microbial functional biodiversity. With the vast majority of microbial community
members in diverse environments ranging from human guts to plant rhizosphere yet
unknown or considered unculturable, new strategies are needed for the isolation of
uncultured species and the study of the interaction within natural microbial consor-
tia. In addition to the high-throughput and minimal input of resources, droplet
microfluidics offers exceptional advantages over conventional methods in the culti-
vation and analysis of unknown microbes through single-cell technology, compart-
mentalization, and parallelization.

Rare microbes in large sample volume are difficult to detect and isolate since they
are usually present in low numbers in their natural environment and coexist with
other microorganisms, which are often much faster-growing species [26]. To over-
come the outcompetition by fast-growing populations, microfluidics enables the
stochastic confinement of single cells in discrete droplets. Stochastic confinement
refers to the separation of a sample into small volume such that the number of small
volumes is greater than the total number of cells in the sample [121]. This blocks the
effect of outgrowth and influence of inhibitory signals by competitors and predators
therefore allowing a more accurate representation of rare taxa. Accumulation of
products of metabolism and quorum sensing molecules by bacterial cells confined in
small droplet volumes attain the critical threshold faster than in bulk culture so that
their growth can be promoted [20]. Enhanced detection of cellular activities can also
be achieved as the dilution of secreted molecules would be limited [26]. Isolation of
single cells in droplets has been demonstrated to improve recovery of slow-growing
environmental species [57, 122, 123]. Liu et al. employed microfluidic single-cell
isolation to separate slow-growing Paenibacillus curdlanolyticus from the competi-
tion of fast growing E. coli, which would otherwise dominate in mixed bulk culture
[124]. Isolation and characterization of rare populations from soil, mouse, and
human gut microbiomes have been achieved by single-cell encapsulation using a
microfluidic platform [56, 117]. Compared to conventional culture methods, a larger
representation of rare taxa was achieved, attaining up to four-fold increase in
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richness of microbial growth. Automated sorting based on colony density further
enhanced the relative abundance of slow-growing species. A previously unknown
Blastococcus species with high polycyclic aromatic hydrocarbons degradation effi-
ciency was discovered in a soil community using a microfluidic streak plate method
of single-cell droplets [53].

Natural microbiota or microbiomes are governed by the interactions between
microbes and those with the environment. Deciphering these interactive networks
can help to unravel the composition, functions, and dynamics of these complex
microbial ecosystems. While most cell-cell communication and interactions are
mediated by the secretion or consumption of small diffusible molecules [125],
conventional laboratory bulk cultivation techniques largely overlook and severely
limit the study of these interactions. Alternatively, microfluidic approaches allow
miniaturized compartmentalization, which creates well-controlled environments in
massively parallelized fashion to investigate interaction between microbes (Fig. 5)
[55, 59, 126]. Dilution of microbial communities to multiple cells per droplet permits
the co-cultivation of symbiotic microbial communities and therefore the study of
partner-dependent relationships. For instance, Park et al. demonstrated a proof of
concept study using a synthetic model system constructed with cross-feeding E. coli
mutants to mimic various compositions of natural consortia [126]. Microbial Inter-
action Network Inference in microdroplets (MINI-Drop) was developed by Hsu et al.
[55] to analyze the microbial interactions mediated by distinct molecular mecha-
nisms in droplets containing one- to three-member consortia. Complex interplay
between the presence of antibiotics and change in temperature on species interac-
tions was also revealed in a three-member consortium. Cross-kingdom communica-
tion was shown by Jarosz et al. through co-encapsulating yeast and bacteria
[127]. Carbon metabolism of yeast was transformed in the presence of bacteria
which produce [GAR(+)], a protein-based epigenetic element, resulting in the
mutual benefit of both organisms. KChip, a droplet-based platform that permits
rapid and highly parallel screening of microbial communities, was recently intro-
duced by Kehe et al. [59]. This platform enabled the identification of soil isolates that
promoted the growth of a model plant symbiont Herbaspirillum frisingense and

Fig. 5 Testing synthetic microbial communities in randomized combinations of different micro-
organisms [59]. Images are reprints of the indicated publications with permission of the original
publisher
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therefore can potentially be adopted for the characterization of microbial consortia
possessing functions in environmental remediation.

In a slightly different approach, micro- and nano-fabricated growth chambers
provide a spatial separation of microbial cells in droplets while allowing the diffu-
sion of growth compounds and secreted metabolites through porous chamber walls
[128]. In situ and in vitro culture of unknown microbes from river water, soil, and
human gut has been demonstrated with micro-compartmentalization devices, but
technologies that allow the elucidation of microbial interactive networks are still
lacking. The recently reported nanoporous microscale microbial incubator platform
enables size-dependent control and transport of chemical factors and signaling
molecules, facilitating the monitoring of growth dynamics of microbes by various
stimuli [129]. Thus, the incubator is foreseeable to be useful to investigate the
community interactions of uncultivated biosphere members. Challenges remain in
the development of high-throughput microchamber devices for spatial isolation and
cultivation of uncultured microbial species. However, overall the advancement of
droplet microfluidic technologies provides a completely new and highly promising
toolbox to access the metabolic potential of so far uncultured microorganisms.

5 Ultrahigh-Throughput Enzyme Activity Screening
and Selection

Microbes provide a rich source for many novel enzymes, which are inherently
eco-friendly, nontoxic, and adaptable for large-scale production through fermenta-
tion [130]. Hence, such enzymes are sought for various biotechnological applica-
tions. For instance, they can replace harsh chemicals in cleaning products mitigating
their negative effects on the environment and increase sustainability [131]. They
might even help in pressing problems, such as degradation or recycling of plastics
[132, 133]. Therefore, the discovery and improvement of biological catalysts are of
paramount importance. The environmental enzyme pool is fairly unlimited, and the
synthetic creation of enzyme variants, e.g., through mutagenesis approaches, results
in enzyme libraries of indefinite numbers of variants. However, finding the desired
variants is comparable with searching for the needle in the haystack due to the huge
diversity of microbes or enzyme versions in either natural or experimental samples.

State-of-the-art high-throughput screening techniques for biocatalysts are based
on conventional microtiter plates (MTP) with automated liquid handling robotic
platforms and approaches based on fluorescence-activated cell sorting (FACS)
[40, 134]. In general, a MTP screening approach covers maximal 105 individual
samples, with a maximum theoretical throughput of one assay event per second.
Such campaigns require extensive equipment investments and exaggerated consum-
able consumption (mostly plastic tips and plates). On the other hand, FACS enables
ultrahigh-throughput, allowing the analysis of more than 103 events per second,
easily reaching millions per experiment or day. MTPs are not feasible to be operated
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for single-cell analysis preventing the ability to unveil cell-to-cell heterogeneity. In
contrast, with FACS, single cells can be measured and sorted, but this approach lacks
compatibility with screening of secreted compounds and is therefore mostly limited
to intracellular or cellular membrane-associated enzyme activity [135], which are not
so relevant for industrial biotechnology. Droplet microfluidic approaches take
advantage of the best properties of both technologies (Fig. 6a). They can be operated
at a throughout similar to FACS, with fluorescence-activated droplet sorting (FADS)
working in the range of 100–30,000 Hz [136]. Yet, encapsulation of single cells in
droplets provides the genotype-phenotype linkage even for secreted molecules. The
study by Obexer et al. clearly demonstrated the throughput benefit of droplets
isolating a high potential variant of a combinatorial designed retroaldolase in only
one round of directed evolution and FADS [137]. The catalytic efficiency of the
isolate is comparable to a variant obtained from five rounds of conventional directed
evolution using MTP screening. Wagner et al. compared FACS to droplet sorting by
screening for better producers of riboflavin, concluding that the droplet approach is
able to isolate higher titer producers [41].

Fig. 6 Droplet-based microfluidic platform for enzyme screening. (a) Schematic showing different
steps of enzyme screening. (b) Example concept for indication of enzyme activity through
fluorogenic assay [105]
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Droplets do not have to contain liquid content. They can also be gelled by either
agarose or alginate [37, 138]. For these gel microdroplets or for double emulsions
(drop within a drop), even established FACS devices can be used. Multiple studies
have used this approach [37, 138, 139]. It was successfully shown that gel
microdroplets, which were embedded in a biomimetic polyelectrolyte shell, yielded
an eightfold improved Pseudomonas diminuta producer of a phosphotriesterase after
FACS screening [13]. In a similar fashion, a Pichia pastoris mutant library was
encapsulated in gel microdroplets and screened via FACS [140]. The best
performing clone showed 1.3-fold higher xylanase expression compared to the
parent strain. In any case, more optimization of microfluidic processes for generating
gel microdroplets is required, since currently the stability of the operation is gener-
ally more error prone. Furthermore various manipulation techniques, like
picoinjection, splitting, and coalescence of droplets, which have been extensively
developed for water-oil droplets, are not compatible with gel microdroplets [25, 141,
142].

Commonly, fluorescence assays are implemented for the indication of enzyme
activity in droplets. This is mainly due to the available approaches for detecting and
quantifying droplet contents (see previous sections). Fluorogenic substrates, with
quenched fluorophore molecules, are either co-encapsulated or picoinjected into
droplets. The fluorophore molecule is released in the presence of an enzyme,
resulting in higher fluorescence intensity and demonstrating higher enzyme activity
(Fig. 6b). For every screening task, reliable assay development is of critical impor-
tance, and fundamental differences must be taken into account. Unlike in
MTP-based assays, the usage of expensive reagents does not hinder the screening
campaigns because the total required amounts are in the microliter scale. It is
important to understand the mechanisms of the microbial host for enzyme expres-
sion, in particular if it is either intracellularly located or secreted out of the cells. The
former often requires the addition of cell lysis agents upon droplet generation or after
a first round of incubation. Such additives can be either co-encapsulated or
picoinjected into the droplet. Once the enzyme is released from the cell, its activity
results in the release of the fluorophore molecule. Typically, the subsequent increase
of fluorescence intensity is correlated to a higher enzyme activity. For example,
miniaturized cell lysate assays have led to sixfold higher sulfatase activity and
expression after three rounds of screening [143]. However, the addition of lysis
agents holds several risks, such as affecting the enzymatic reaction, releasing
interfering cell components, preventing subsequent cell growth after selection,
reducing droplet stability, and increasing deviation due to inhomogeneous lysis
across the droplets [144]. In contrast, the screening of secreted compounds can be
performed under milder conditions. Since the cells are not getting damaged, sorted
isolates can be recovered easily on agar plates or in liquid media. However, cell
cultures in droplets can affect the assay both positively and negatively. On one hand,
incubated cells have probably increased in numbers, and thus the effective concen-
tration of enzyme is higher, increasing the signal intensity. However, microorgan-
isms also produce by-products that can interfere with the assay signal or stability.
Therefore, it is a common practice in MTP-based assays to include centrifugation or
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washing steps. This is not possible in the microdroplet format. Nevertheless, mutant
and metagenomics libraries of microorganisms have been successfully screened to
find strains with higher enzyme activity. Several microbial producers including
E. coli, Trichoderma reesei, and Yarrowia lipolytica have been screened for several
enzymes like cellulases, amylases, xylanases, alkaline phosphatases, esterases, etc.
[23, 42, 66, 102–106]. However, it should be noted that due to the usage of substrate
analogues with fluorescence properties, the selected variants are often less active
with the native substrate. To circumvent the necessity for fluorogenic model sub-
strates, coupled enzyme assays are also applicable in droplets. Here the product of a
realistic enzyme reaction functions as the substrate for another easily detectable
reaction. With this concept, an oxidase mutant library has been screened in droplets
by activating a horseradish peroxidase cascade resulting in a red fluorescence signal
directly proportional to the target enzyme activity [145].

Overall, the strategies for the discovery and improvement of enzymatic activity
and production can be divided into three fundamental steps. The first is
bioprospecting for novel activities. Here, the potential of droplets is unprecedented.
Ultrahigh-throughput is essential to consequently screen natural samples of extracted
microbes or metagenomes, which contain millions of variants [23, 38, 42, 60]. Sub-
sequently, enzymes are subject to a directed evolution approach in order to under-
stand key residues in their structures [146] but also to increase the activity under
general and particular operational conditions [12, 79, 143, 147, 148]. Finally,
production hosts can be analyzed and optimized to achieve the highest possible
production activities and yields [22, 105, 106, 108, 149, 150]. This relatively simple
pipeline, when combined with a targeted industrial interest, has the potential to
dramatically reduce costs and development time while achieving superior results
compared to traditional screening campaigns.

6 Conclusions

Droplet microfluidic has emerged as a high potential tool for ultrahigh-throughput
microbial cultivation with applications in single-cell analysis, cultivation of rare
microbes, discovery of new natural products, and biocatalyst evolution. Despite the
major advantages such as speed of throughput, reduction of costs, and resolution to
single cells, the penetration rate of the technique into microbiology labs is still slow.
This is probably based on two reasons. First, adopting microfluidic techniques is not
yet straightforward. As a very multidisciplinary approach, a variety of skills and
equipments is required to establish the necessary competences to handle these
platforms. As for now, there is no commercially available device that offers a plug
and play solution despite various ongoing efforts. Second, microfluidics provides an
experimental perspective, which in many cases is counterintuitive to the
well-established and validated methods in microbiology. This implies that some
parameters monitored and controlled for quality under classic approaches might be
sometimes irrelevant or not yet possible to monitor or control. For example, optical
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density in a picoliter droplet cannot be measured, and therefore cell proliferation
must be controlled with other methods. Another major difference/challenge is
associated to the nature of droplet production and handling. While thousands or
even millions of droplets will be produced per experiment, it is extremely cumber-
some to distinguish one from the other, in contrast to what is done with labelled
reaction tubes or wells. That means, predefined conditions and variables might be
difficult to track on a droplet-by-droplet basis. A similar difficulty arises with single-
droplet handling. While sorting operations have been developed, isolating a partic-
ular single droplet for further processing remains elusive.

Yet, most of the works reviewed here highlight both the rapid technical advance-
ments taking place in the field and applications which clearly showcase the potential
for groundbreaking research. Importantly, as more research groups and companies
adopt microfluidic approaches, more creative solutions and applications arise.
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Abstract What is the impact of cellular heterogeneity on process performance?
How do individual cells contribute to averaged process productivity? Single-cell
analysis is a key technology for answering such key questions of biotechnology,
beyond bulky measurements with populations. The analysis of cellular individuality,
its origins, and the dependency of process performance on cellular heterogeneity has
tremendous potential for optimizing biotechnological processes in terms of meta-
bolic, reaction, and process engineering. Microfluidics offer unmatched environ-
mental control of the cellular environment and allow massively parallelized
cultivation of single cells. However, the analytical accessibility to a cell’s physiol-
ogy is of crucial importance for obtaining the desired information on the single-cell
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production phenotype. Highly sensitive analytics are required to detect and quantify
the minute amounts of target analytes and small physiological changes in a single
cell. For their application to biotechnological questions, single-cell analytics must
evolve toward the measurement of kinetics and specific rates of the smallest catalytic
unit, the single cell. In this chapter, we focus on an introduction to the latest single-
cell analytics and their application for obtaining physiological parameters in a
biotechnological context from single cells. We present and discuss recent advance-
ments in single-cell analytics that enable the analysis of cell-specific growth, uptake,
and production kinetics, as well as the gene expression and regulatory mechanisms
at a single-cell level.

Graphical Abstract

Keywords Analytics, Biochemical engineering, Microfluidics, Single-cell analysis,
Whole-cell biocatalysis

1 Introduction

Cells are used as living catalysts for the efficient production of chemicals and energy
carriers [1, 2]. In whole-cell biocatalysis, the efficiency of the catalytic conversion of
a substrate to the desired product is a result of cell physiology [3, 4]. At the
population level, the performance of microbial biocatalysts is typically determined
by analyzing kinetic parameters in physiological key experiments, where substrate
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uptake and production rates are used to quantify cell physiology in terms of growth
rate, production, gene expression, and regulation (see Fig. 1) [5, 6].

With advanced analytical concepts, such as transcriptome and proteome profiling,
as well as metabolic flux analysis, these links can be further refined to obtain a global
picture of biocatalyst physiology and to establish a systems-level understanding of
the functioning of living cells that serve as catalytic units [7–9]. This holistic
approach for the analytical dissection of producer cell physiology is often termed
systems biotechnology. This systems-level approach relies, however, on averaged
data from populations and does not consider the individual cell dynamics and
heterogeneities due to the lack of true quantitative data on the physiology of single
cells [10]. It is therefore of utmost interest to make use of the latest analytical
concepts to bring single-cell analysis to the next level for realizing single-cell-
based system biotechnology.

The current situation underlines the increasing discrepancy between the rapid
evolution of microfluidic cultivation and the lack of analytical concepts for
microfluidics and single cells [11]. However, this is not without reason – single-
cell analysis poses tremendous analytical challenges in terms of dimension, analyte
amounts, and resulting concentrations. These challenges can be exemplified with the
corresponding numbers in terms of cell size, volume, and single-cell specific uptake
rates and productivities, as well as product and biomass yield coefficients of micro-
bial biocatalysts (see Fig. 2).

As can be deduced from these key figures, the analytical and conceptual chal-
lenges for quantitatively analyzing these biotechnologically relevant parameters at a
single-cell level are tremendous [10, 13, 19]. This is why microscopic technologies,
such as time-lapse microscopy in combination fluorescent markers or biosensors, are
still the analytical tool of choice for obtaining quantitative and time-resolved data of
single cells. Optical analytics and imaging technologies are relatively simple to use
and can be sensitive down to the single-molecule level with technologies such as
super-resolution microscopy [20, 21]. Even with standard microscopy equipment,
smaller cell types, such as coccoid bacteria, can be easily visualized. Cell dynamics
and heterogeneities in terms of growth, morphology, gene expression, or regulation
can be assessed via fluorescence time-lapse microscopy imaging [22–25]. However,

Fig. 1 Quantitative
physiology and performance
characterization of whole-
cell biocatalysts in
biotechnology based on cell
kinetics and yield
coefficients
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obtaining truly quantitative data with absolute numbers is still difficult via imaging.
Even simple global physiological parameters, such as specific growth rates and
biomass, cannot be easily deduced from microscopy, although growth is one the
key parameters when it comes to the characterization of cells in technical processes
[26–29]. Yet, data on growth kinetics and biomass formation provide the basis for
the holistic description of whole-cell biocatalysts at a single-cell level. This lack of
analytical concepts for assessing producer cells at the microscale is the reason why
microfluidic single-cell analysis is given little consideration in biotechnology
[11]. Rendering microfluidic analysis more meaningful for biotechnology hence
starts with making growth kinetics available at the single-cell level. In the following
section, we describe fundamental technologies beyond visualization that enable us to
quantitatively assess growth and biomass with high accuracy of single microbes in
microfluidic bioreactors.

2 Growth Analysis of Single Cells

Cell growth is a pivotal descriptor for global cell physiology. The kinetics of
biomass formation, the specific growth rate μ, provides information about cellular
fitness and the functional state of the cell. Many cellular parameters, such as plasmid
copy number, mRNA and ribosome abundance, protein synthesis, and hence cell
productivity, are tightly linked to the specific growth rate of a cell [30–32]. In steady-
state growth, the environmental influences are directly manifested in the growth rate
itself and directly reflect the impact of extracellular conditions on the cellular
machinery and its efficiency for performing catalytic conversions [33]. The power
of single-cell growth analysis for answering questions of biotechnological relevance
has been demonstrated in countless studies. These studies investigated fundamental
characteristics of microbial growth that are indispensable for optimizing cell perfor-
mance and efficiency in a technical context. The topics investigated encompass
compensation auxotrophy in mixed-species microcultures [34], cell aging in yeast

Fig. 2 Key numbers for analyzing the physiology of whole-cell biocatalysts at the single-cell level.
The numbers are given for cell diameter, cell volume, cell wet weight, cell dry weight, specific
growth rates μ, specific substrate uptake rate qS, and product formation rates rP of Escherichia coli,
Synechocystis sp. PCC6803, and Saccharomyces cerevisiae [12–18]
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[35] and bacteria [36], linking growth rate and extracellular environment [37],
linking growth kinetics and gene expression [38] growth dynamics upon nutrient
shifts [39], and the impact of spatial confinement in cell growth [40]. In nature,
heterogeneity in growth across an isogenic population is a simple but most effective
measure to cope with environmental changes or threatening conditions such as the
presence of antibiotics [41–46]. Determining specific growth rates of single cells, its
dynamics, and heterogeneities is hence of utmost interest for understanding the
physiological structure of a productive population under distinct growth or process
conditions (see Fig. 3).

For determining growth at the level of populations, the experimenter can rely on
numerous standardized methods, such as optical density measurements, weighing of
wet and dry biomass, manual or automated cell counting with a microscope, a flow
cytometer, or Coulter counter devices [29, 48, 49]. With knowledge on cell or
biomass concentration, important performance descriptors such as uptake and syn-
thesis rates can be specified and normalized to the respective concentration measure,
allowing for an absolute and laboratory-independent evaluation of the catalytic
efficiency of populations [28]. As can be inferred from this information, proper
analytics for growth and mass profiling are a basal prerequisite for characterizing
single cells in a biotechnology context. In the following, we will discuss current
state-of-the-art analytics for single-cell growth and biomass analysis and review
cutting-edge methods that hold the potential for becoming standard methods for the
precise determination of cell wet and dry weights in future.

2.1 Cell Counting, Morphometrics, and Segmentation

Microscopy is the simplest but also one of the most powerful methods for analyzing
single cells and their physiology. Quantitative morphometric analyses of single
microbes have been established more than a century ago but almost vanished during
the last decades [50–53]. It was only with the introduction of automated time-lapse
microscopy and powerful image processing routines that made microscopy the
measure of choice for single-cell analysis. Enabled by narrow microfluidic structures
that force the cells to grow in monolayers or even as separated single cells, a large
number of cells can optically be analyzed without artifacts arising from cell
overlapping [36, 54, 55]. Arguably, the simplest measure to determine cellular
growth kinetics at the microscale is cell counting [56–58]. Recording cell-division
kinetics enables the experimenter to normalize physiological parameters, such as
induction or adaption kinetics, to obtain cell-specific values [24]. Tracking cell
divisions in bacteria can be performed with the bare eye and represents an excellent
measure to compare division kinetics at the microscale with the increase in cell
numbers of a population [59, 60]. Only such comparative studies reveal environ-
mental effects on growth that remain hidden at a population scale. In a significant
exemplary study, Unthan et al. used manual cell counting in micropopulations of
Corynebacterium glutamicum cells and revealed that the cells divided much faster in
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the microfluidic perfusion environment as compared to division kinetics of
populations, although the same defined growth medium was used [26]. This obser-
vation was the kickoff for a systems-level study that disclosed the reasons for the
observed elevated growth rates at the microscale. Based on single-cell cultivations,
bioreactor experiments at extremely low cell densities, as well as transcriptomics,

Fig. 3 (a) Analytical methods, readouts, and deducible kinetic parameters for growth rate analysis
at a single-cell level. (b) Time-lapse imaging of single C. glutamicum cells grown in different
microfluidic cultivation systems. (c) Image-based analysis of single cell-specific volumetric growth
rates in the different microfluidic cultivation systems [47] – published by the Royal Society of
Chemistry
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metabolomics, and integrative in silico analysis, it was disclosed that protocatechuic
acid was utilized as a hidden co-substrate that drove C. glutamicum cells to higher
specific growth rates than ever observed before in minimal CGXII medium [26]. Cell
counting can also be used to assess single-cell growth of more uncommon cell types.
Helingwerf et al. applied cell counting of phototrophic Synechocystis sp. PCC6803
for determining growth in massively parallelized droplet cultivations. In conjunction
with an enzyme-based assay for the quantification of lactate in the individual
droplets, an enrichment of high-producing lactate-forming strains could be
realized [61].

Determining growth kinetics via cell counting assumes that all observed cells are
similar in length and volume [29]. While this is often true for balanced growth under
steady-state conditions, environmental fluctuations and stress in production setups
often entail a diversification in cell size, which has to be considered when calculating
growth kinetics from cell counts [62, 63]. For many investigations, such as in silico
models of growth in populations based on single-cell data or analyses that focus on
growth kinetics in between two cell divisions, the need for data on growth kinetics of
individual cells arises. Here, morphometric analysis is the measure of choice.
Quantitative measurements of cell dimensions, such as cell area and length volumes,
are more precise than cell counting and can be better compared to optical density
measurements or cell dry matter determination performed at the population scale.
Following the dynamics of individual cell geometry, such as the cell projection area
or cell volumes calculated from cell dimension, enables us to quantify the growth of
individual cells, even between two cell divisions or budding events [64]. Moreover,
this type of image-based growth analysis can also account for cell proliferation
mechanisms other than binary fission, such as budding in yeast or asymmetric cell
division [29]. The most straightforward approach to determine the growth of indi-
vidual cells between division or budding events is to measure the area and volume of
cells via manual segmentation from microscopic images. Several studies demon-
strated the applicability and use of this method for determining specific growth rates
and their heterogeneities of single microbes and comparing the obtained values to
populations [27, 37, 65]. With the assumption that the density of the cells remains
constant at balanced growth, the cell volume is a suitable proxy for cell mass and can
be directly compared to cell dry matter concentrations in lab-scale cultivations.
Manual cell volume approximation has been shown to deliver solid results with
several distinct microfluidic bioreactor concepts such as microfluidic monolayer
growth chambers and cell traps based on negative dielectrophoresis [27, 37, 65]. A
striking insight of microfluidic growth analyses was that the volumetric growth rates
of single cells consistently exceeded population growth rates by up to 50% and
demonstrated the biological potential in terms of maximal possible growth rates
[37]. Realizing such high growth rates at the bulk scale might improve biocatalyst
formation and averaged volumetric productivities in bioprocesses. Morphometric
analyses revealed that division rates, division angles, and division symmetry of cells
were influenced by the specific microfluidic habitat. These results suggest a careful
choice of the microfluidic cultivation format to avoid artifacts stemming from the
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respective microenvironments. One of the most striking studies of the past years on
single-cell growth revealed the basic laws of bacterial size control in Escherichia
coli [66]. Taheri-Araghi et al. monitored the cell length during the cell cycle of
individual E. coli cells upon the shift of growth media. Based on the imaged cell
length, the authors calculated cell volumes and found that the average cell volume
scales exponentially with DNA replication and growth rate. However, in such high-
throughput growth experiments, manual determination of cell dimension is virtually
impossible and demands automated cell segmentation algorithms.

Manual image processing is tedious and time-consuming. When the number of
observed cells is high or cell reproduction has to be tracked in colonies of hundreds
of single cells, manual cell counting is not a viable option anymore. With advanced
image processing algorithms, automated cell segmentation can be conveniently
performed at high-throughput [62, 63]. However, due to the huge variety of micro-
bial morphology within isogenic populations and across different microbial strains,
error rates of segmentation algorithms can be high and require extensive adaption of
the segmentation codes to the strain of interest [67, 68]. Next to morphological
challenges, segmentation algorithms have to robust against poor image quality, out-
of-focus images, overlapping of neighboring, and noise [67].

Available image segmentation algorithms such as Schnitzcells, Oufti, or
MicrobeTracker are optimized for tracking certain types of microbes [22, 69,
70]. It is not of surprise that the detection of cell boundaries and the corresponding
morphological traits has been adapted to rod-shaped bacteria such as E. coli,
C. glutamicum, Bacillus subtilis, Pseudomonas sp., and other commonly used
model strains [22, 69]. As the natural variety of cell morphology is overwhelming,
the growth of many uncommon microorganisms cannot be quantified out of the box
with available software packages. However, recent image analysis algorithms such
as Oufti are tackling this problem and offer extensive customization options to
segment cells with uncommon or even irregular shapes [71, 72]. Oufti allows the
quantification of various cell morphologies, irregular shapes, and even the identifi-
cation of individual cells that form confluent monolayers by using powerful and
flexible segmentation algorithms for high-content imaging. The algorithm includes,
for example, mathematical routines for the identification of differential growth
behavior among single cells such significantly slower or faster growth of cells.
MicrobeJ is another recent image-processing framework for extracting gray-value,
cell dimension, and morphological routines, as well as subcellular analysis of
fluorescence localization from microscopy images [73]. A powerful code for data
integrity validation has been integrated as well. Among the wealth of image analysis
algorithms, highly customized solutions exist as well. An important example con-
stitutes the tool Molyso, which has been specifically developed to extract growth
data from mother machine time lapse [74].

In general, this is only a small excerpt from the many image analysis tools
available. It is recommended to cross-check the available tools for specific scientific
strains, scientific questions, and experimental setups. The above-described algo-
rithms pose universally applicable tools that enable automated high-throughput
analyses of single-cell traits from images and are invaluable for processing the
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massive data amounts from time-lapse experiments. However, automated image
analysis algorithms are error-prone, and supervision of segmentation results is still
indispensable. As a possible remedy, deep-learning and AI-based algorithms might
allow higher accuracy and handling of challenging image sets for determining
growth kinetics at the single-cell level.

2.2 Mass Imaging

Mass imaging has the potential to become the next evolutionary stage in single-cell
growth analysis [11]. In contrast to the extraction of spatial data from images for
growth analysis, novel phase imaging concepts promise the fast, accurate, and
noninvasive optical profiling of single-cell dry weights with sub-pg resolution
[75–78]. Tracking growth at such resolution is the only measure to accurately
analyze specific growth rates, as the growth rate is defined as the mass increase in
a given biological system over time. Time-resolved data on cell mass enables us to
directly normalize physiological parameters to single-cell dry matter and render
them comparable to population data by that [29]. Mass imaging is based on inter-
ferometry and quantitative phase microscopy. By measuring the phase shift of light
that passes a cell, the refractive index of the cell can be determined and related to cell
mass. While mass imaging has been extensively applied to profile growth and
density of mammalian cells, corresponding examples for bacteria or yeast are rare
[79–81]. Nevertheless, mass imaging enabled profiling mass and calculating specific
growth rates of individual E. coli cells [82]. In this study, significant heterogeneity in
terms of cell mass increase was observed and demonstrated for the first time the
contribution of individual bacteria growth to the macroscopic growth of populations.
Two studies performed density mapping of individual E. coli cells with a lateral
resolution of 90 nm by integrating super-resolution microscopy and phase micros-
copy for [83] or visualized subcellular structure via tomography [84]. As can be
seen, mass imaging is not widespread in microfluidic single-cell analysis for bio-
technology, despite its huge potential for unraveling process-relevant growth mech-
anisms and heterogeneities at the smallest possible scale. Nonetheless, we are
convinced that this will change in the future, as mass imaging technologies are
universally applicable, compatible with other modalities such as fluorescence
microscopy, and require merely the upgrade of a time-lapse microscope with a
simple camera. By now, many companies offer commercialized calibration-free
mass imaging solutions that are sufficiently sensitive and accurate to profile mass
and growth kinetics at the single microbe level.
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2.3 Picobalances

Microfluidic resonators based on dynamic cantilevers can be used as picobalances
for weighing single cells and enable us to measure the buoyant mass of a cell with
extreme precision [85, 86]. Sophisticated resonator designs exist that swing in a
vacuum and can be perfused with cell suspension [87, 88]. The passing cells
influence the cantilever resonance frequency and allow to measure cell mass with
a resolution in the low fg range, which makes the analytical concepts applicable to
even the smallest known types of microbial cells [89]. Microfluidic resonators have
been applied for the detection of single E. coli already two centuries ago [90]. As the
cells are suspended, this microfluidic resonator enables the investigation of physi-
cochemical perturbations on cell mass and growth [91, 92]. Due to the high
precision, correlations between growth rate and cell mass could be revealed
[87]. A comparison between mass and volume growth kinetics in single yeast cells
was achieved by combining a Coulter counter with a microfluidic resonator
[93]. Mass and density profiles of viable, stressed, and dead E. coli cells could be
investigated with resonator structures at high throughput for the first time and
demonstrated that dead cells have a larger density but a lower cell mass
[94]. Suspended microfluidic resonators were used to determine the weight of single
marine bacteria, and these results from the microscale were used to estimate the total
amount of marine biomass on earth for calculating global oceanic carbon fluxes
[91]. The examples demonstrate the usefulness of picobalances for fundamental
research. However, questions of biotechnological interest have not been approached
with picobalances yet. This is mostly due to the complicated and extensive
microfabrication that is needed. Moreover, combining resonators with other imaging
techniques might be difficult. It can be stated that microfluidic resonators are well
suited for high-precision measurements of single-cell mass but always involve a
trade-off between the time-period of tracking and the number of cells that can be
tracked.

3 Substrate Uptake

Next to growth, the kinetics of substrate utilization, namely, the specific substrate
uptake rate qS, is of utmost interest when analyzing the performance of whole-cell
biocatalysts. Bioprocesses are often controlled by limited substrate feeding to
prevent the formation of bioproducts or limit growth [95–98]. Moreover, specific
yield coefficients of biomass on the substrate can be calculated with on qS, and the
specific growth rate μ. Measuring specific substrate uptake is therefore mandatory to
identify the efficiencies of substrate to biomass and product conversions and its
heterogeneities at a single-cell level (see Fig. 4).
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3.1 Fluorescence Analysis

To date, quantitative studies of substrate uptake in single cells mostly rely on specific
labels, such as fluorescence, stable isotopes, or radiolabels [100–103]. Label-free
analytical concepts for measuring uptake in single cells comprise genetically
encoded fluorescence biosensors, mostly basing on intracellular and extracellular
substrate-sensitive Förster resonance electron transfer (FRET) probes; transcrip-
tional reporters or specific binding motifs of fluorescent proteins have been utilized
to study substrate uptake [104–107]. However, most of the published studies on
substrate uptake in single microbes can be found in the field of environmental
microbiology for characterizing carbon, phosphorous, and nitrogen assimilation
processes in natural environments [99, 108, 109]. Studies focusing specifically on
single-cell substrate uptake for tackling biotechnological questions are still rare.
Nevertheless, promising analytical concepts have been developed and will be
discussed in the following.

One of the simplest concepts for following substrate uptake in live single cells is
to use fluorescently labeled substrate conjugates. Hehemann et al. used fluorescent
glycan conjugates to image and quantify its uptake in intestinal bacteria
[101]. Another study by Straeuber et al. used N-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl)amino (NBD)-labelled toluene to visualize its incorporation into different live
Pseudomonas strains and E. coli [110]. However, the uptake data obtained with such
modified substrates have to be carefully evaluated, as the chemical changes might
lead to significant differences in transmembrane transport kinetics Vmax and KS in
comparison with the unmodified compounds. Natarajan et al. demonstrated a note-
worthy concept for quantifying glucose uptake in single E. coli cells [111, 112]. By
exploiting the competitive inhibition of the fluorescent glucose analog
2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (2-NBDG) on glu-
cose uptake, the authors used flow cytometry measure-specific uptake rates in single
cells from populations grown in chemostat cultures. This elegant concept for quan-
tifying cell-specific substrate uptake rates shows that it is not compulsory to label the
substrate of interest but exploit the competition of a fluorescent analog at the
transport porin. However, following the temporal dynamics of glucose incorporation
in specific single cells is not possible with this method due to the snapshot character
of flow cytometer analyses. It rather exploits the characteristics of the uptake
mechanism and its kinetics for indirectly determining glucose uptake. Due to the
need for fast medium exchange and recording of fluorescence increase, this concept
has never been transferred to microfluidic cultivations.

Next to fluorescence labeling, quantifying the intracellular accumulation of
radiolabeled 18F-fluorodeoxyglucose is a common method to approximate glucose
uptake in single cells [100, 102, 113]. Using radioluminescence microscopy, which
can be integrated into common light microscopes, multimodal analysis of single-cell
substrate incorporation and other physiological parameters such as growth is
possible.
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FRET-based sensors, exploiting conformational changes or energetic interactions
of two fluorescent proteins by binding of a substrate molecule, are useful for
monitoring intracellular substrate concentrations in individual cells [114–116]. The
uptake of several different hydrocarbons by living microbes could be realized with
genetically encoded FRET probes. A highly responsive CFP/YFP-based FRET
sensor was demonstrated to facilitate the visualization of intracellular glucose
accumulation in Saccharomyces cerevisiae uptake mutants [117]. Based on a similar
FRET design, maltose uptake in single S. cerevisiae cells could be quantified
[106]. Visualization of arabinose and maltose influx was also demonstrated for
single E. coli cells [118]. Purified FRET probes can be also used ex vivo. Purified
FRET-based glucose biosensors could be applied to measure extracellular glucose
concentrations in an E. coli culture [105]. Although this concept has not been
implemented in microfluidic cultivation devices, it has the potential to enable
substrate measurements in microbioreactors in the future.

Other genetic elements, such as transcriptional regulators, can be exploited as
indirect reporters for the capacity of single cells to process and take up nutrients.
Such transcriptional reporters were applied to control GFP expression in E. coli
cultures [107]. The obtained results indicated the heterogeneous expression of genes
involved in glucose uptake.

3.2 Mass Spectrometry

Label-free mass spectrometry-based methods such as nanoSIMS can be used to
study the assimilation of isotope-labeled substrates into microbial cells. Nikolic et al.
applied 13C- and 2H-labelled glucose to characterize glucose uptake in a clonal
E. coli population via nanoSIMS analysis [119]. This method enabled to identify
the magnitude of metabolic heterogeneity in terms of glucose uptake in the cultures.
Glucose uptake rates did not correlate with gene expression profiles. Furthermore,
the experimental results suggest a metabolic specialization of subpopulations in
terms of sugar metabolism. The applications of nanoSIMS are manifold in single-
cell analysis and allow assessing phenomena that are not analytically accessible
otherwise. In mixed-species systems, nanoSIMS could be used to the nutrient
transfer between fungi and bacteria [120]. Despite its sensitivity and spatial resolu-
tion, it is difficult to obtain quantitative data on cell-specific uptake kinetics
[121]. Nevertheless, Stryhanyuk et al. succeeded in determining cell-specific glucose
uptake rates of Pseudomonas cells based on a comprehensive mathematical frame-
work [99]. Unfortunately, SIMS analysis destroys the cell during analysis and does
not enable to follow individual cell dynamics in glucose uptake.
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3.3 Inferring Kinetic Constants of Substrate Uptake

Kinetic parameters such as the affinity of transporter enzymes toward the substrate
govern the cellular uptake. To date, there is only a little knowledge about whole-cell
kinetics and its heterogeneity. A notable example that demonstrates how substrate
affinities of microbial cells could be determined in microfluidics was recently
presented by Lindemann et al. [122]. The authors applied carbon-limiting conditions
in perfusion microfluidics and quantified growth of C. glutamicum cells and its
heterogeneity in response to the extracellular substrate availability. At extremely
limiting carbon conditions, it was found that the variability in cell-specific division
times increased significantly. These results suggest a strong individuality among
isogeneic microbes in terms of glucose uptake and metabolization. Moreover, the
authors could approximate KS values from single-cell cultivations for the first time.

The presented studies impressively demonstrate the significant advancements of
analytical technologies for quantifying substrate uptake at a single-cell level. It must
be stated, however, that there is no universally applicable analytical concept avail-
able for quantifying substrate utilization in single cells. Rather, it has to be decided
depending on the biological questions which the analytical method can be applied to
for obtaining meaningful data. For the future, advances in single-cell mass spec-
trometry might deliver remedies for the current situation and enable us to determine
substrate concentrations in microfluidic bioreactors and cell-specific uptake rates
with high accuracy.

4 Product Formation

The efficiency and kinetics of product formation are the most important performance
parameters in bioprocesses. Maximizing the specific product formation rate rP of the
whole-cell biocatalyst is the central goal of strain and process engineering endeavors
(see Fig. 5). But what is the effect of physiological heterogeneity and cell dynamics
with regard to individual product formation on the performance of a process? To
date, many indications exist that suggest a significant influence of phenotypic
heterogeneity on the productivity of a process. Understanding the activity structure
of population-based on single-cell-specific performance analyses is important and
might lead to novel engineering targets for process improvement in the future [123].

4.1 Fluorescence Analysis

Analytical concepts have been developed to analyze productivity in microfluidic
cultivation experiments. As extreme sensitivity is required to accomplish quantita-
tive product analysis at a single-cell level, optical methods are dominating and often
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the measure of choice [12]. A recently published key study impressively demon-
strated the massive effect of phenotypic heterogeneity on the output of a productive
process [124]. Xiao et al. applied fluorescence staining to visualize and quantify free
fatty acid and tyrosine production in isogenic E. coli mutants. Their investigations
confirmed the existence of high and low producer cell variants and showed that only
15% of the cell population was responsible for more than 50% of product formation.
Based on this knowledge, a molecular population control strategy was developed
and implemented, which led to a significantly enhanced productivity of the con-
trolled populations. However, simple fluorescence staining methods cannot be used
to cover the wealth of microbial products.

Another prevalent method to determine productivities at a single-cell level is the
application of fluorogenic substrates [125]. A wealth of nonfluorescent substrate
compounds exist that turn fluorescent upon microbial conversion. The class of
fluorogenic substrates is restricted to the detection of hydrolytic activity, by amy-
lases, cellulases, xylanases, lysozyme, and phosphatases. One of the most widely
applied and most sensitive substances of this class are fluorogenic β-galactosidase
substrates such as fluorescein di-β-D-galactopyranoside (FDG).

Next to the application of fluorogenic substrates, relative intracellular product
levels can also be visualized by exploiting titratable regulatory circuits that control
the expression of a fluorescent indicator gene in response to metabolite abundance.
A prominent example was demonstrated by Binder et al. who coupled the
concentration-dependent expression of fluorescent genes to transcription factors in
E. coli and C. glutamicum [126]. Based on this concept, transcription factor-based
product sensors for several different amino acids were established and validated. In a
follow-up study, the l-lysine, l-arginine, and l-histidine sensors were applied for
rerouting metabolic fluxes toward the desired products in C. glutamicum
[127]. Although this approach does not allow determining absolute cytosolic product
concentrations or even production at a single-cell level, it is a valuable tool for strain
improvement and mutant screening using microfluidics. In the future, such intracel-
lular sensors might be calibrated to determine absolute cytosolic product concentra-
tions or even product formation kinetics.

Some examples also demonstrate the direct visualization of cell products via
antibody assays in microfluidic cultivations. In pioneering studies, Love and
coworkers implemented microarray technology to microfluidics to quantify secreted
protein of single or few Pichia pastoris cells cultivated in nanowells [128, 129]. For
protein quantification, a glass slide was functionalized with an antibody specific to a
human FC fragment and was bonded to the nanowell array. After a specific incuba-
tion time, the glass slide was removed, and bound protein was quantified via
fluorescence microscopy. With this concept, the authors were able to determine
volumetric protein secretion rates in the nanowells. Based on this technology, the
authors could disclose a stochastic protein secretion in single yeast cells [128]. A
comprehensive follow-up study revealed that the secretory capacity of single yeast
cells is the productivity-determining bottleneck in the production of heterologous
protein in P. pastoris [129].
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It was also demonstrated that enzymatic assays can be used in microfluidic
cultivation devices for product quantification. Hammar et al. performed the
on-chip analysis of lactate production by phototrophic Synechocystis sp. PCC6803
cells cultivated in microdroplets [61]. The produced lactate served as a substrate for a
subsequent enzymatic reaction that yielded a fluorescent product. The enzyme assay
solution was pico-injected into the microdroplets after cell incubation. Based on the
intensity of the fluorescent signal, the droplets were sorted and subcultivated to yield
a population with improved lactate-production characteristics. Next to this promi-
nent study, other concepts have been developed to quantify products such as
antibodies in microfluidics, but these mostly focus on the analysis of yeast, mam-
malian cells, or enzyme mutants [130–134].

4.2 Mass Spectrometry

Modern mass spectrometry is sensitive enough to detect and quantify products from
single whole-cell biocatalysts. The power of single-cell mass spectrometry for
analyzing mammalian cell systems was demonstrated already, but for the analysis
of microbes and their catalytic products, mass spectrometry is still in its infancy
[135–137]. However, several key studies recently illustrated the power of mass
spectrometry analysis for productivity analyses at the single-cell level and will be
reviewed and discussed in the following.

Electrospray ionization-Fourier transform ion cyclotron (ESI-FTICR) mass spec-
trometry coupled to microfluidic cell cultivation enabled for the first time to detect
and quantify the productivity of microbial cell factories at a single-cell level without
the need for labeling [138]. In this key study, a few living L-lysine-producing
C. glutamicum were trapped via negative dielectrophoresis with the Envirostat
microfluidic single-cell bioreactor [65, 139, 140]. The cell supernatant was contin-
uously sampled in chip-coupled fused-silica capillaries and analyzed via nanospray-
ESI-FTICR mass spectrometry. The produced lysine was accurately quantified by
spiking the cell medium with a stable isotope-labeled internal standard. Cell-specific
L-lysine production rates rP ranged from 2 to 20 fmol�1 cell h�1. Despite the
analytical power of mass spectrometry, this study is the first example of how specific
product formation rates in microbes can be obtained from microfluidic single-cell
experiments. Ion suppression caused by the high salt cargo of standard growth and
production media for microbes were recently identified as the key reason for this lack
of successful studies. The development of a volatile, ammonium salt-based reaction
medium, that was causing low ion suppression but enabled high cellular activity, was
the key to success for realizing single-cell product analysis via mass spectrometry
[138]. Microfluidics interfaced with ultrasensitive label-free mass spectrometry
might become one of the key concepts for unraveling strain productivity and its
heterogeneity based on single-cell data.

Next to FTICR-MS, a chip-MS interface based in droplet microarrays and
subsequent ionization via matrix-assisted laser desorption Ionization (MALDI)
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was demonstrated in the multimodal analysis of protein secretion and enzymatic
activity with only 50–100 living Komagataella phaffii cells [141, 142]. Via MADLI-
MS and the application of a fluorogenic substrate, the multistep conversion of phytic
acid by secreted phytase could be monitored with several modalities [141]. The
approach was further refined and even allowed the separation of yeast cells and
droplet supernatant for subcultivation of the analyzed micropopulations based on the
results obtained from the multimodal analysis of the secreted enzyme [142]. Note-
worthy, these studies were also enabled by the application of volatile salt buffers as
reaction media [138]. The developed analytical concept has a broad range of
applications and can be adapted to on-chip microfluidic droplet cultivations but
also interfaced with any other microbioreactor concepts, such as perfusion reactors.

The above described high-density droplet arrays for interfacing microfluidics and
mass spectrometry were designed to aliquot droplets of solutions or cell suspensions.
With this concept, high-throughput analyses of intracellular metabolites in single
S. cerevisiae cells were realized with a detection limit down to 10 fmol total analyte
amount [143, 144]. Intrinsic heterogeneity in terms of relative intracellular metab-
olite concentration could be revealed, which correlated with cell size, cell age, or cell
cycle stage. Based on these intracellular levels of the glycolytic metabolite fructose-
1,6-bisphosphate, two distinct metabolic phenotypes could be identified
[143]. Another study intensified the application of the high-density droplet arrays
and disclosed that yeast cells exhibited a more active pentose phosphate pathway
upon perturbation of glycolysis [144]. The authors used 13C-labelled glucose to infer
the pathway activity of single cells via MALDI-MS. The pioneering studies dem-
onstrate how the analysis of metabolic fluxes can be accomplished with single cells
and mark the first steps toward systems biotechnology with single microbial cells.

Product analysis and quantification for determining synthesis kinetics of single
cells are close. Optical methods, basing on fluorescence readouts, cover a broad
range of important microbial products, and concepts like novel FRET sensors for
product measurements in microfluidic cultivations are likely to emerge. With the
latest developments in mass spectrometry, a universal and label-free analytical
concept for detecting tiniest product amounts comes into reach. However, this
requires future research in terms of microfluidic interfacing and media design
[11]. With the discussed technologies, cellular heterogeneities and its manifestation
in the catalytic efficiencies are now accessible and will lead to the development of
novel strategies for strain development and process engineering. Indeed, this might
enable us to perform systems-level studies with the cell as the minimal unit of
biotechnological processes.

5 Gene Expression, Protein Synthesis, and Regulation

Fluorescence analysis of individual microbes reawakened the field of microfluidic
single-cell analysis a decade ago. Cell-to-cell differences in gene expression were
revealed by the application of fluorescent proteins and microscopy and the results
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pointed to significant functional heterogeneity in isogenic populations (see Fig. 6)
[145]. Many comprehensive studies followed that elucidated the fundamental con-
cepts of stochasticity and noise in gene expression [146–150]. The excellent control
of extracellular conditions in microfluidics enabled to link observations of gene
expression with environmental cues and fluctuations [149, 151, 152]. With the ever-
increasing sensitivity of analytical technologies, it became even possible to track
gene expression at the level of single molecules [153]. In biotechnological processes,
the content of catalytically active enzyme comprises important parameters for the
activity of whole-cell biocatalysts. On a population level, it is therefore a common
procedure to characterize the expression of key enzymes for a target catalytic
conversion.

Analyses of gene expression can be performed at a single-cell level, mostly by
molecular fusion of reporter genes, coding for fluorescent proteins, to the gene of
interest [154, 155]. With microfluidic cultivation, novel insight into the general
mechanisms of gene expression could be obtained by the application of such fusion
constructs. However, a fluorescent reporter can also be just simply put under the
control of a certain regulatory element such as a promoter to study its functioning.
Gefen et al. analyzed gene expression kinetics and magnitudes in single starving
E. coli cells [156]. The microfluidic chip was connected to a shake flask batch culture
to establish identical growth conditions in the flask and in on-chip cultures. Upon
reaching the stationary growth phase, the majority of cells stopped growing due to
the lack of carbon source, while approximately 7% of the cells lysed. Inducing the
expression of genes coding for fluorescent proteins, it was found that the starving
cells still maintained their capability to synthesize protein de novo for several days. It
could be hence proven that the synthesis activity of E. coli in the stationary growth
phase is maintained for longer periods of starvation. The obtained results also
suggest that cells can be metabolically active, despite the absence of growth.
However, this is only one prominent example of how gene expression analysis
with fluorescent reporters can be accomplished. The use of fluorescent proteins
and microscopy for probing cellular behavior, promoter activity, protein localiza-
tion, gene expression dynamics, and many other cellular parameters is certainly the
most widespread method for analyzing single cells in microfluidics [157–162]. As an
extensive discussion of these applications would exceed the scope of this chapter, we
refer to key review papers on this topic [22, 163, 164].

Gene expression analysis via fluorescent reporter enzyme gives access to relative
protein amounts inside the cell. Absolute enzyme levels are usually determined via
mass spectrometry-based proteomics, but proteomics with single microbes are
difficult to perform due to the low number of enzyme copies inside a cell
[12]. The amount of a target enzyme in E. coli cells could be quantified via a
microscale enzyme-linked immunosorbent assay (ELISA) and the corresponding
fluorescence readout [165]. For this, individual cells were trapped hydrodynamically
in sealable fluidic microchambers. Upon cell trapping, the chambers were closed,
and the target enzyme β-galactosidase was liberated via on-chip cell lysis. The free
enzyme was bound to immobilized antibodies. The enzyme quantity was then
determined by the addition of the fluorogenic substrate fluorescein di-β-D-
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galactopyranoside (FDG), which was hydrolyzed to fluorescein and galactose. With
this method, enzyme copy numbers as low as 200 copies per cell could be detected.
The authors found that the abundance of β-galactosidase was variable among
individual E. coli cells and depended on the extracellular cultivation conditions,
proving proteome heterogeneity in isogenic populations.

Microfluidic single-cell analysis can also be used to unravel regulatory mecha-
nisms that are hidden behind averaged values of populations. The analysis of carbon-
catabolite repression in the yeast Ogataea polymorpha (formerly known as
Hansenula polymorpha) at a single cell-level disclosed that threshold glucose
concentrations for promoter repression differed up to four orders of magnitude at
the microscale compared to population experiments [166]. The authors simply put
the gene expression of a GFP under the control of the MOX promoter to unravel
these intriguing insights into promoter repression. Optimized carbon-limited
fed-batch strategies for increasing the productivity of the MOX promoter system
could be derived from the microfluidic single-cell experiments.

As can be seen, the analysis of gene expression and its regulation at a single-cell
level can contribute significantly to the improvement of bioprocesses and microbial
cell factories via rational genetic or process modifications.

6 Analytical Pitfalls in Microfluidic Single-Cell Analysis

Many analytical pitfalls have to be considered when analyzing cellular behavior at a
microscale. Bias arising from the analytical method can result in biological artifacts
that lead to misinterpretation of the obtained results. The microfluidic cultivation
habitat, including the physical laws at the microscale and the high surface-to-volume
ratios, constitute the most important sources of technical bias in microfluidic single-
cell analysis [47, 66, 167, 168]. It is therefore important to perform suitable control
experiments to ensure that the physiological state of the cells to be analyzed is not a
result of the cultivation environment.

As discussed before, optical methods are the most widespread analytical tech-
nologies for investigating the behavior of single microbes. Optical analyses are
generally seen as noninvasive but can have tremendous impact on cellular physiol-
ogy. Although optical analysis technologies are mechanically noninvasive, illumi-
nation transfers energy to the cells. Light-induced phototoxic effects can severely
affect the physiology of the cells, mostly by the formation of reactive oxygen species
(ROS) or radicals [169, 170]. Such photochemical-induced toxicity can be even
caused by standard white illumination for brightfield imaging [171, 172]. Photo-
induced physiological effects inversely scale with the UV light contents of the white-
light source. By using filters or LED illumination with defined spectra, UV-induced
effects on physiology can be minimized or even circumvented.

While phototoxicity can be critical during white-light illumination, it is manda-
tory to study the effects of phototoxicity during fluorescence imaging. As the
excitation light for fluorescence analysis is typical of high intensity, the physiology
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of microbes can be strongly influenced by fluorescence excitation [173]. A negative
correlation was found between the dose of excitation light at 488 nm (typical
wavelength for GFP excitation) and doubling times in single E. coli cells [174]. Min-
imizing of phototoxicity during fluorescence imaging involves a reduction of expo-
sure times and excitation. Comprehensive guidelines for optimal experimental
design for fluorescence imaging have been published [175, 176]. The basic princi-
ples for avoiding the technical bias of fluorescence imaging can be also applied for
microbes, although most work bases on cell cultures.

Protein synthesis and degradation dynamics have to considered when using
genetically fluorescent probes for the visualization of dynamic processes in single
cells [177]. This included maturation times of the fluorescent proteins, as well as
their extended cytosolic half-life of often more than 24 h [178]. It is advisable to
apply fast maturating mutants of fluorescent proteins and, if necessary, to add a
proteasome degradation tag for decreasing the protein’s half-life [179].

When using chemical dyes for fluorescence imaging, the experimenter has to
consider that these compounds can intercalate DNA or alter the properties of the
stained molecules [180]. These aspects have to be considered, and its effects should
be properly characterized via control experiments to ensure the analysis of
undisturbed single-cell physiology.

7 Conclusion

The analytical concepts for microfluidic single-cell analysis now enable measuring
and quantifying the physiology and the underlying cellular parameters of whole-cell
biocatalysts at the level of individual cells. Advanced analytics, such as optical
imaging technologies and mass spectrometry, matured and give access to the
kinetics of biomass and product formation, as well as substrate uptake. With
knowledge on cell-specific μ, qS, and rP, mass and energy balances of single cells
can be established to uncover the catalytic landscape of cellular performance and
efficiency. Based on such kinetic single-cell data, we will learn about the role of
individual phenotypes and their contribution to the output of the bioprocesses. In
combination with powerful microfluidic cultivation concepts, single-cell analytics
will uncover hidden links between environmental conditions and individual cell
performance that are blurred by averaged values from populations. Novel engineer-
ing targets for metabolic, reaction, and process engineering will be derived from data
on single-cell physiology.
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Abstract Microfluidic analysis proved to be very sufficient in supporting biotech-
nological studies. This is due to the wide range of new analysis methods that provide
further insight into biotechnological questions but also to intrinsic advantages of the
systems themselves. To name two of them, only very small sample amounts are
needed, and the analytics are very fast. In this overview paper, microfluidic analysis
methods are introduced with a special focus on electric analysis methods. The aim of
this work is to shed light on the special advantages of miniaturized electrical analysis
in microfluidics; the main theoretical aspects of the methods are given together with
the potential scientific insight that can be gained by the respective methods.
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Graphical Abstract

Keywords Analysis, Dielectrophoresis, Electric impedance, Electrophoresis,
Microfluidics

1 Introduction

Microfluidic analysis is an emerging field in biotechnology research since the
devices with typical dimension in the range of 10 μm to few 100 μm provide several
advantages like a small amount of sample and reagents (nl-pl), fast analysis and short
reaction times, especially compared to standard bench-top apparatus, access to high
automatization, high portability, and last but not least the huge possibility to high-
throughput applications [1, 2]. Microfluidics offer manifold opportunities for new
insights into biotechnological objectives like optimization of whole cell or biocata-
lytic production processes. The methods include inter alia studies of environment
impact on (single) cells or characterization of new biocatalysts [3–8], separation and
purification of samples [9–14], and determination of numerous, specific parameters,
e.g., dielectric properties, enzymatic productivity, or cell viability [11, 15].

Some of the used methods are miniaturizations of well-established methods, like
electrophoresis, which offer new advantages after miniaturization in microfluidics.
Other methods used for analysis in microfluidics rely on the small dimensions that
lead to new effects, e.g., dielectrophoresis or acoustophoresis [16–21]. In 2013,
Dorfman et al. reviewed microfluidic analysis methods that go beyond electropho-
resis and discussed their respective advantages [22]. Various analysis methods have
been developed in the past years for microfluidic applications like electric analysis
with, inter alia, electrophoresis, Fig. 1b, dielectrophoresis, Fig. 1a, or electric
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impedance, Fig. 1d analysis; fluorescence analysis with, e.g., the well-established
fluorescence activated cell sorting [23] or specific fluorescence staining to investi-
gate protein expression along cell cycles [24]; and mechanical analysis or separation
due to mechanical cell properties, e.g., elasticity, by various approaches like hydro-
dynamic cell deformation or separation, optical tweezers stretching, or compression
[25–29]. In Fig. 1 the microfluidic analysis methods are illustrated.

Acoustophoresis is a technique which uses the density and compressibility
properties of elastic samples, e.g., cells, to distinguish different samples both for
analysis and separation purposes. The basic principle of acoustophoresis is that high-
intensity sound-waves interact with the microfluidic device, i.e., the waves are
reflected at the channel walls and establish a standing wave. A strong pressure
gradient is generated along the standing wave, which pushes the sample toward
specific positions in the channel; see Fig. 1c. The force of the acoustic pressure
depends on the sample volume and density, compressibility of the sample and the
surrounding medium, and the amplitude of the acoustic wave [30, 31]. The samples
remain in the respective fluid stream once positioned by acoustophoresis. Therefore,
this method is a very versatile method for cell separation, like separation of red blood
cells from whole blood [20].

The analysis method of hydrodynamic deformation exploits changes in shear
forces. The changed shear forces can be generated either by the device geometry,
i.e., the cross-section changes drastically at certain regions [25], Fig. 1e, or by
application of counter flows at channel crossings, e.g., used by Gossett et al.

Fig. 1 Overview of selected microfluidic analysis methods, the samples are indicated in green,
respectively. (a) Dielectrophoresis in inhomogeneous electric fields; (b) electrophoresis in homo-
geneous electric fields; (c) acoustophoresis exploiting standing waves generated by piezo elements;
(d) electric impedance analysis measuring the changed impedance; (e) hydrodynamic deformation,
exploiting fast changes in velocity; (f) optical stretching in counter-propagating lasers; (g) magnetic
tweezers with magnetic bead applying rotational forces to the sample; (h) fluorescence activated cell
sorting
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[28]. In both cases, the cells are affected by fluid forces that stretch the cells over a
short period of time. Analysis of the elongation and reshaping provide information
about the cells’ elasticity [25, 28, 32].

The basic principle of an optical stretcher is the same as for optical tweezers.
There, optically transparent objects are manipulated by light due to light diffraction
and reflection. If light is refracted or reflected at an interface, its direction of
propagation is changed. Therefore, its momentum changes as well. Due to conser-
vation of momentum, some momentum is transferred from the light to the object at
which the light is reflected or refracted. Therefore, a force is exerted on the respective
object. This can be exploited to move, trap, or stretch an object [29, 33, 34]. The
setup of an optical stretcher consists of two counter-propagating laser beams, which
each apply a force on the object, Fig. 1f. Cell stretcher can be used, for example, to
gain information about cell elasticity as one parameter in medical diagnostics
[26, 29, 35].

Magnetic tweezers rely on well-defined external magnetic fields in which mag-
netic objects are controlled. Paramagnetic beads are bound, often via specific
interactions, to samples, which then can be manipulated by the external magnetic
fields, Fig. 1g. The samples then can be rotated around axes to apply forces. In 2012
De Vlaminck and Dekker reviewed the advances in magnetic tweezers
[36]. Recently, Kreft et al. used magnetic tweezers to investigate the binding
mechanism of an anti-cancer chemotherapeutic drug to DNA [37].

Fluorescence-activated cell sorters are a well-established method, which exploits
(specific) fluorescence staining of cells to select cells. After a fluorescent signal, over
certain threshold, is detected, the respective cells are sorted into different outlets
[23, 38–40], Fig. 1h. The cells can be directed into the different outlets either
electrically, especially if droplets are used, by dielectrophoresis, or short pressure
pulses. Commercially available FACS systems provide very high throughputs of
>100,000 cells/s.

Mechanical properties of cells are one parameter to characterize cells regarding
their health status. For instance, the cell stiffness of cardiac cells changes if the
patient suffers from arrhythmogenic right ventricular cardiomyopathy (ARVC). But
also in early terms or preclinical states, the cell stiffness is different from patients
without the ARVC disease and thus is one criterion for early diagnostics [41]. The
cell stiffness also is a relevant criterion in cancer diagnostics; it is different for
healthy cells compared with cancer cells [42, 43]. Thus, novel fast methods to
analyze the cell stiffness are a wide field of research in micro-analysis methods. In
Table 1 we list analysis methods and the respective analyzed properties. Some of the
methods provide access to high throughput analysis.

In this overview paper, the focus is on electric analysis methods in microfluidic
systems. The aim of this work is to shed light on the special advantages of
miniaturized electrical analysis in microfluidics; the main theoretical aspects of the
methods are given together with the potential scientific insight that can be gained by
the respective methods.
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2 Theory of Analytical Methods

2.1 Electrophoresis

Electrophoresis is a well-established method in biotechnology and can be found in
most biotechnological laboratories nowadays. It is a very versatile method to
separate samples due to their electrophoretic mobility, i.e., the ability of an object
with a net-charge to migrate in a homogeneous electric field. The electrophoretic
velocity, v!ep, can be described by [44].

v
!
ep ¼ μep E

!

with μep electrophoretic mobility and E
!
electric field.

Some biological molecules, e.g., DNA, exhibit an electrophoretic mobility that is
independent of the molecules size in free solution, e.g., in water. Therefore, a size

Table 1 Overview of analysis methods, the analyzed properties of the samples and comments

Method Analyzed properties Comments

Electrophoresis Electrophoretic mobility (size,
charges, isoelectric point, etc.)

Often matrices are used to gain a size
selectivity; can be used for sample
separation; commercial systems
available

Dielectrophoresis Electric polarisability (size, charges,
conductivity, species, dead-alive)

Label-free method that can be com-
bined with specific binding to
enhance detection sensitivity; can be
used for sample separation

Electric imped-
ance analysis

Changes in capacitance and conduc-
tivity (e.g., in membranes or
cytoplasm)

Label-free method, capable to detect
fast changes; commercial systems
available

Acoustophoresis Mechanical properties (stiffness,
elasticity, size, density, etc.)

Label-free method allows high
throughput analysis; can be used for
sample separation

Optical tweezers/
stretchers

Mechanical properties (stiffness,
elasticity), controlled movement

Can be used with specific binding;
high force resolution; high through-
put possible with limited force
resolution

Magnetic twee-
zers/stretchers

Mechanical properties (stiffness,
elasticity), controlled movement

Often with specific binding to sam-
ple; high force resolution; so far no
high throughput

Hydrodynamic
deformation

Mechanical properties (stiffness,
elasticity, size, etc.)

Label-free method; allows high
throughput analysis; can be used for
sample separation

Fluorescence
activated cell
sorting

Specific selectivity parameter (dif-
ferentiation due to fluorescence or
diffraction, labeling of proteins,
organelles, etc.)

Sample is separated due to set
parameter; high throughput achieved
>100,000 cells/s; commercial sys-
tems available
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selective matrix, like a gel or microstructured geometry is necessary for successful
electrophoretic separation or analysis of those samples [45]. Here, microfluidics
provides the advantage that artificial structures with well-defined geometries can be
fabricated and optimized according to the respective sample.

A specific case of electrophoretic separation is the so-called pulsed-field electro-
phoresis. The orientation of a homogeneous electric field is periodically switched by
a specific angle for that electrophoretic approach [46]. This separation concept is
used to separate long DNAmolecules by size. The size selectivity of the separation is
due to the length-dependent reorientation time of the samples in the electric field. For
instance, a linear molecule in a fluid is affected by entropic and repulsive forces that
lead to a random coil formation [47, 48]. If an electric field is applied to the charged
molecule, it will orient, respectively, and migrate in the electric field and, vice versa,
form a random coil if the electric field is switched off again. The time for processes,
orientation, and “recoiling” is length dependent. Therefore, size dependent migration
velocity and trajectory angle appear [46].

Besides the application of electrophoresis for sample separation, it is often used in
microfluidics to move the samples through the device. Many biological samples
have a net charge and thus can be moved by homogeneous electric fields. The
electrophoretic migration can be easily combined with other analysis methods,
e.g., dielectrophoresis [49], or other migration approaches, e.g., pressure
driven flow.

2.2 Dielectrophoresis

Dielectrophoresis is the migration on an electrically polarizable object in an inho-
mogeneous electric field. The dielectrophoretic force of a homogeneous, spherical
particle can be described by [50]:

F
!
DEP ¼ α∇E

!2

and the electric polarizability α as

α ¼ 4 πER3R
E�p � E�m
E�p þ 2E�m

� �

E� ¼ Eþ i
σ
ω

with R, E�p,m the particle radius and complex valued dielectric permittivity of medium
and particle, respectively [51]. Thus, it is obvious that the DEP force strongly
depends on a particle’s size and on the (di)electric properties. Therefore, analysis
of the DEP migration can reveal insight into those parameters, e.g., in study
cells [52].
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The square proportionality of the DEP force on the electric field provides the
advantage that the migration governed by linear electric fields, i.e., electrophoresis
and electroosmotic flow, and DEP migration can be decoupled and controlled
individually for UAC � UDC. Therefore, the mean electrokinetic migration can be
described by the following equation [51].

u
! ¼ μeo þ μep

� �
E
!
DC þ μDEP∇E

!2

AC

with μeo, ep, DEP electroosmotic, electrophoretic, and dielectrophoretic mobility and
EDC, AC the DC and AC electric field.

The inhomogeneous electric fields necessary for DEP applications can be gener-
ated by different methods; see Fig. 2. Here, the two main approaches are described.
The first approach, which is used for a longer period of time, is based on integrated
microelectrodes. For instance, a microfluidic channel consists of well-defined micro-
electrodes, which shape is designed in accordance to the respective application. For
the second approach, insulating features are structured in the microfluidic device,

Fig. 2 Illustration of the
concepts of electrodeless (a)
and microelectrode-based
(b) dielectrophoresis. The
white lines indicate the
electric field lines, and the
color code represents E2

(increasing from blue to
yellow). (a) The voltage is
applied to the system at
electrodes far away from the
DEP active region, i.e.,
usually in the device
reservoirs. Adapted from
[53] with permission from
WILEY-VCH Verlag,
Weinheim, copyright 2011
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which reduce the channel cross-sectional area. Therefore, the electric field is
increased in those regions [53]. The shape of the insulating features is designed
according to the respective application, as for the microelectrode approach.

2.3 Electric Impedance Analysis

Electrophoresis and dielectrophoresis are electrical analysis methods that mainly
rely on the migration of samples in electric fields, either homogeneous or inhomo-
geneous. Another analysis method that gives insight into the electric properties of a
sample is the electric impedance measurement. Though in that analysis, it is not the
migration in an electric field but the complex valued electric resistance that is
determined to characterize the dielectric properties of biological samples like cells.

The electric impedance is calculated by dividing a voltage that is applied to a
system by the respective current that is measured. The electric impedance Z can be
described by [54].

Z ¼ Z0e
iϕ ¼ U0

I0
eiϕ

ZR ¼ R, ZL ¼ iωL,ZC ¼ 1
iωC

with Z0 absolute value of impedance, ϕ the phase angle between voltage, U0, and
current, I0, ZR,L,C impedance of an ideal ohmic resistance, conductivity, and capac-
ity, and ω frequency of AC voltage. The impedance value is strongly dependent on
the frequency of the AC measurement voltage and thus another criterion for sample
characterization. When calculating the theoretical impedance of a measurement
system, the same rules apply for calculations of serial or parallel impedances as
for calculations of electric resistances. Impedance measurements can be used to gain
deeper insight into, e.g., cell cycles or membrane physiologies [55].

An electric impedance measurement setup can be described electrically by the
equivalent circuit model in Fig. 3.

Fig. 3 Scheme of the equivalent circuit model of the measurement setup. (a, b) Ze,c,cp,s are the
electric impedances of the electrodes, channel connecting the electrodes, channel parallel to sample,
and sample, respectively. (c) Simplified scheme of electric impedance of a cell (orange). Rt,e,i are
the electric resistances of the cell membrane, inside the cell and outside the cell, respectively. Ct,e

are the capacitances of the cell membrane and outside of the cell, respectively
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3 Applications of Analytical Methods

3.1 Electrophoretic Analysis

Ou et al. just recently reviewed microfluidic applications with electrophoresis for
biochemical analysis [9]. The advantages of microfluidic electrophoresis beyond the
classical gel plate-based electrophoresis are low sample consumption, fast analysis,
sufficient approach for high-throughput analysis, and the capability to couple the
method with other analysis methods like, e.g., mass spectrometry [9, 56, 57]. Lechner
et al. reviewed capillary electrophoretic applications for analysis of monoclonal
antibodies. They described various applications of capillary electrophoresis like
zone electrophoresis, isoelectric focusing, or gel capillary electrophoresis; that are
techniques well-established in larger gel-plate apparatus, which could be improved
along miniaturization [58].

Electrophoretic separation approaches like pulsed-field electrophoresis, in which
the orientation of the electric field is changing, provided access to separation of long
DNA molecules. But those techniques were very time-consuming in macroscopic
gel-based apparatus [59]. In microfluidics, separation matrices, as necessary for
DNA electrophoresis, can be well-designed, e.g., by integration of post arrays with
distinct radii, distances, and post pattern; see, e.g., Fig. 4a. This provides the ability
to optimize the device to the respective separation needs. In 2002, Huang et al.
presented a device that sorts large DNA fragments (61–209 kbp) in 15 s
[60]. Nazemifard developed a model to describe the motion of DNA molecules
through a small, ordered confinement. This enabled further optimization of devices
for pulsed-field electrophoresis [61].

Fig. 4 Schemes of pulsed-field electrophoretic separation (a) and free flow electrophoresis (b). (a)
A periodically switching electric field (E1 and E2) is applied to drive the sample through an array of
posts. The trajectory is due to the respective relaxation and orientation time scale of the molecules
and length dependent. The separated samples are harvested in separate collection channels. (b)
Samples are continuously separated in a homogeneous electric field perpendicular to the flow
direction. The samples migrate according to their respective electrophoretic mobility and are
harvested in separate channels
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Free flow electrophoresis, i.e., the continuous deflection of charged samples
perpendicular to the direction of flow in an electric field, see Fig. 4b, is a sufficient
approach to high-throughput separation applications [62]. In 2017, Novo and
Janasek critically reviewed the advantages and challenges of free flow electropho-
resis. Especially the transferability of the method toward industrial, mass fabrication
methods was identified as important parameter of success [63].

Microfluidic electrophoresis is well-established nowadays. This is due to com-
mercial devices that allow usage of microfluidic electrophoresis, mainly zone elec-
trophoresis, by biotechnologists without the need of in-depth training and
knowledge of microfluidics. Fully integrated apparatus, e.g., consisting of pumps,
driving electrodes and detection system, into which microfluidic chips, loaded with
the respective samples, can be placed are commercially available, e.g., from Agilent
[64], Trivitron [65], or Illumina [66].

3.2 Dielectrophoretic Analysis

Dielectrophoresis (DEP) is exploited in cell studies, either to separate cells or to gain
knowledge about the cell (electro)physiology. Just recently Epping et al. used a DEP
approach to study the impact of isopropyl alcohol on Escherichia coli (E. coli)
[67]. Their study revealed different DEP responses after incubation in isopropyl
alcohol of 5%, 10%, and 15%, indicating two biophysical effects that take part
during the incubation. So, a decreased polarizability of the E. coli was observed after
incubation in 5% isopropyl alcohol; this behavior was explained with a slow,
diffusion driven leaking of charged molecules out of the cells. Whereas an increased
polarizability was observed after incubation in 10% and 15% isopropyl alcohol. The
increase was explained by Epping et al. with an integration of the organic solvent
molecules into the cell membrane and consecutive increased membrane fluidity [67].

Lapizco-Encinas and co-workers performed several studies on cells exploiting
insulator-based dielectrophoresis. They successfully demonstrated a label-free sep-
aration of dead and live cells in a DEP device, Fig. 5a [68], and different cell species,
e.g., Gram-negative or positive [69–71]. Investigation of cell viability after DEP
treatment revealed no significant impact on the cells [72]. Therefore,
dielectrophoresis is a potential method for screening and separation of cells. A
microelectrode-based continuous-flow purification of a cell micro-bead mixture is
shown in Fig. 5c. In 2014, Jones et al. could identify different serotypes of E. coli by
their respective dielectric response [73]. Thus, already small changes in the cellular
(bio)chemical composition have significant impact on the electric properties. Thus,
the dielectric properties of the cells are suitable criteria to characterize cells.

Beyond exploiting DEP for analysis of intrinsic (bio)physical parameter, this
method also can be exploited for trapping cells in a confinement without the need of
mechanical contact. Fritzsch et al. used microelectrodes to dielectrophoretically trap
various types of cells and observed those over a period of time while applying a
constant flow rate. They could successfully demonstrate that the trapped cells were
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alive and proliferated, Fig. 5d [74]. Their approach was based on negative
dielectrophoresis, i.e., the cells were trapped in the region of minimal electric field
strength and thus the impact of the electric field was minimized.

Besides analysis and separation of cells, dielectrophoresis applications are very
versatile tools in microfluidics to analyze or purify DNA samples
[17]. Dielectrophoresis has been exploited in numerous studies to separate DNA
samples with respect to the molecules size [49, 75–80]. We successfully, demon-
strated a continuous-flow separation of three DNA species appearing during gene
vaccine production. The separation was conducted at an insulating ridge reducing
the channel height down to about 500 nm. DNA was then selectively,
dielectrophoretically trapped in the nanoslit and deflected from the sample stream;
see Fig. 5b [77]. Additionally, dielectrophoresis also provides a separation of DNA
samples with regard to the DNA configuration [80–82], i.e., linear, open circle (oc),
or covalently closed circle (ccc). The latter is of very high importance for gene
vaccines, while the purity of gene vaccines has to be very high; this concerns DNA
impurities, such as bacterial plasmids from production, as well as the DNA confor-
mation [83–85]. In 2017, it was demonstrated that by specific adaptation of the
electric field parameters, i.e., electric field strength and frequency of AC voltage, the
DNA conformation that is dielectrophoretically manipulated and selected can be
chosen [49]. For instance, the parameter can be chosen such that only the ccc
conformation is separated out of a sample mixture by means of dielectrophoresis.

DNA separation and analysis by means of dielectrophoresis has been conducted
in both process modes, batch [80, 87, 88], and continuous-flow [49, 75, 77, 89]. The
best suited method always relies on the intended application. Though
dielectrophoretic separation is a method that does not rely on specific labels, several
studies used the specific binding of DNA to microbeads, e.g., to separate specific
genes and to amplify the detection [76, 90–93].

3.3 Electric Impedance Analysis

Electric impedance analysis can be used for detection of samples and characteriza-
tion thereof, e.g., cell cycles or the impact of chemicals. Impedance detection of
sample positions is assumed to be a versatile method to get rid of sample staining, as
used in microfluidic applications with DNA. DNA is frequently stained with the

Fig. 5 (continued) flow separation of a cell-bead mixture at microelectrodes. The cells pass the
electrodes without being dielectrophoretically deflected, while the microbeads are deflected toward
the middle outlet channel. Reprinted with permission from [86]. Copyright (2018) American
Chemical Society. (d) Study of cell proliferation in DEP trapping potential and controlled release
of daughter cells. A flow of 80 pL/s was applied from the left to the device. Top and middle row
show time-lapse photographs of contactless DEP trapping of C. glutamicum. Bottom row shows
controlled separation of four daughter cells by deactivation and activation of DEP potential. The
force border, separating cells, is indicated with a white line. Adapted from [74] with permission
from The Royal Society of Chemistry, copyright 2013
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fluorophore YOYO-1 [22, 49, 75]; it is known that bound molecules affect the DEP
response [89, 94]. Thus, staining free detection methods like impedance analysis are
new promising techniques.

Sabounchi et al. used electric impedance measurements to detect B. subtilis
spores. They did not evaluate the detection resolution on single cell level but in
concentrations of 103 � 108 spores/ml [95]. Wang et al. used electric impedance
measurements to determine the position at which 11 μm and 6 μm beads passed
through the microfluidic channel. Their device consisted of microelectrodes that
were placed in the channel such that the distance between them varied and so did the
impedance signal depend on the position in the channel, Fig. 6b [96].

Fig. 6 Example electric impedance analysis applications. (a) Time-lapse cell cycle analysis.
S. pombe cells are sucked into the small channel connecting the stimulus and recording electrode.
Thus the impedance is monitored through the trapped cell to determine the cell size. Reprinted with
permission from [97]. Copyright (2015) Springer Nature. (b) Electric impedance detection of position
of cells in microfluidic channel. The impedance changed according to the position of the cells.
Reprinted with permission from [96]. Copyright (2017) Royal Society of Chemistry. (c) PC-3 cells
were dielectrophoretically trapped in micro-wells and analyzed via electro impedance analysis. Top,
experimental and fitted values of impedance value vs frequency. Parameter of the cell membrane and
cytoplasm were gained from fits to the experimentally determined impedance value and phase angle.
Adapted with permission from [54]. Copyright (2018) American Chemical Society
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Time-lapse cell cycle analysis was conducted with S. pombe cells that were
sucked into a small channel connecting the stimulus and recording electrode,
Fig. 6a. Afterward, the impedance was monitored through the trapped cell to
determine the cell size along the cell cycle [97]. Shah et al. trapped cells in
microwells and studied cells with and without nanoparticles over time by means of
impedance resistance [98]. Syed et al. used DEP to trap E. coli and gained Bode
plots, i.e., the electric impedance resistance was plotted against the logarithm of the
AC frequency [99]. Mansoorifar et al. also used DEP to trap cells in microwells.
They consecutively performed electric impedance analysis measurements to gain
biophysical parameters of the cells like the conductivity and capacitance of the cell
membrane or cytosol, Fig. 6c. Starting from those parameters, they analyzed the
impact of changing pH-values [54]. Wang et al. also used DEP trapping of E. coli
and consecutive EIS detection. The concentration of cells was high (about 4 � 106)
in that experiment [100].

A commercial microfluidic device for conducting electric impedance analysis is
available, for example, from Micronit Microtechnologies. Their microfluidic chip
consists of integrated electrode pairs for electric impedance measurements [101].

4 Conclusion

Microfluidic analysis tool are versatile for many biotechnological applications. Here,
we focused on electric analysis methods and showed new methods that came along
with microfluidic devices, like dielectrophoresis analysis and separation and (single)
cell analysis by means of electric impedance analysis. The miniaturization of
standard methods like electrophoresis provides advantages like smaller sample
volumes and fast analysis results. New electrical analysis methods provide addi-
tional parameter for further characterization of biological systems. Thus, analytics in
microfluidic systems provide access to new insights in biotechnological studies.
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Abstract The implementation of continuous-flow transformations in biocatalysis
has received remarkable attention in the last few years. Flow microfluidic reactors
represent a crucial technological tool that has catalyzed this trend by promising
tremendous improvement in biocatalytic processes across a host of different levels,
including bioprocess development, intensification of reactions, implementation of
new methods of reaction screening, and enhanced reaction scale-up. However, the
full realization of this promise requires a synergy between these biocatalytic reaction
features and the design and operation of microfluidic reactors. Here an overview on
the different applications of flow biocatalysis is provided according to the format of
the enzyme used: free vs immobilized form. Until now, flow biocatalysis has been
implemented on a case-by-case approach but challenges and limitations are
discussed in order to be overcome, and making continuous-flow microfluidic reac-
tors as universal tool a reality.

Graphical Abstract

Keywords Continuous production, Enzyme immobilization, Flow biocatalysis,
Microfluidic reactors, Miniaturization, Reaction intensification

1 Biocatalysis and Continuous-Flow Microreactors

1.1 Biocatalysis Goes with the Flow

Recent years have seen the emergence of a plenitude of new biocatalytic applica-
tions, mainly due to advances in protein engineering. These developments have, in
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turn, facilitated the improvement of catalytic properties of enzymes to better match
the needs of industry (e.g., by facilitating the synthesis of chiral alcohols and
amines). Furthermore, since enzymes are highly selective, renewable, and operate
under mild conditions in aqueous media, these processes are also generally regarded
as environmentally sustainable since they present a good atom economy, a reduced
E-factor (kgwaste�kgproduct�1), and reduced downstream costs associated [1]. None-
theless, in order to realize all the benefits of the industrial use of enzymes, new routes
to target molecules and feedstocks must be found by using biocatalytic
retrosynthesis [2] and biocatalytic reactions must be operated close to industrial
conditions (e.g., by matching sustainable process metrics, such as
gproduct�Lreactor

�1�h�1, gproduct�gbiocatalyst�1, and gproduct�gsubstrate�1). As a result,
there is a subtle but important interplay between biocatalysts and process properties
for process optimization [3], whereby enzyme activity and stability can be fine-
tuned. While traditionally biocatalytic applications are carried out in classic
stainless-steel batch reactors, novel reactor designs are increasingly being sought
out by researchers interested in intensifying processes and overcoming common
issues that have historically plagued these applications (Fig. 1). Continuous
processing presents itself as a suitable alternative to these reactors, allowing
researchers to obtain a constant product output quality while reducing the overall
footprint of the process. Perhaps not surprisingly recent years have seen a strong
trend towards continuous operation models [4–12].

Continuous-flow reactors offer an improved control over reaction conditions,
with benefits in yield and productivity levels. This increase in efficiency and the
concomitant minimization of waste result not only in cleaner processes, but also in
lower overall production costs. Furthermore, continuous processes enable a reduc-
tion in process lines and facility footprints, which in turn results in less up-front
capital cost. To exploit the full benefits of continuous processing, however, rigorous

Fig. 1 Commonly encountered challenges to implement biocatalytic reactions in traditional
reactors

Biocatalysis in Continuous-Flow Microfluidic Reactors 213



kinetic analyses are necessary – as well as the characterization of reactor perfor-
mance at all scales. Implementation of sensor technology to control the quality
profile of the products and a product stability assessment are also requirements for
a successful continuous process – and, of course, both process scalability and cost-
effectiveness must be established [6, 7, 9, 13, 14].

Miniaturized continuous-flow reactors (with volumes ranging from μL to mL) are
systems used to evaluate the suitability of biocatalytic reactions or, in particular
cases, for production [7, 9, 13, 14]. The small dimensions of these reactors allow
experiments to be performed with much smaller volumes compared to traditional
batch systems, thereby offering significant cost reduction when using expensive
substrates or enzymes. But the benefits do not stop there: these reactors also offer the
ability to closely manage the parameters of an experiment; in-line purification with
recovery of products can be more easily performed [6, 13]; and no mechanical
mixing is typically required. In addition, reactions can be potentially accelerated
due to enhanced mass transfer with a decrease in reaction time and significantly
improved space-time yield.

1.2 New Demands of Biocatalysis for Reactor Engineering

Increasing demand for enzyme-catalyzed reactions by industry presents new oppor-
tunities for reaction engineering [15–23]. These fall into the framework of process
intensification, whereby reaction intensification is manifested in terms of decrease in
reaction time, reactor volumes, energy demands, and overall costs (Fig. 2).

In response to this demand, there has been a general shift away from batch
production towards continuous production for biocatalytic reactions – and
microfluidic approaches have become increasingly important as a result [4, 5, 7, 8,

Fig. 2 Demands for reactor engineering in the context of new biocatalytic trends
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24, 25]. The microfluidic approaches rely on the miniaturization of continuous-flow
reactors, usually in the form of tubular reactors. This is a deviation from the common
assumption that continuous reactors for biochemical engineering applications are
stirred tank bioreactors, in which the reaction medium is kept at a maximum internal
homogeneity by the means of mixing, or packed/fluidized bed macroreactors are
used. To clarify this approach, important definitions are here introduced which are
based on similar explanations previously applied in microprocess engineering and
chemical flow microreactors [5, 6, 26, 27].

• The characteristic channel dimensions of the miniaturized continuous-flow reac-
tors (with volumes ranging from μL to mL) range from the micrometer to the
millimeter scale. Nonetheless, the dimension of the reactor channel is relative
since the key aspect is whether at the selected channel dimension there is a
specific enhancement of, for example, transport intensification with the absence
of mass transfer limitations.

• Miniaturized continuous-flow reactors operate under continuous-flow conditions
and flow regime is laminar.

• Integrated approaches are necessary where catalyst characteristics, kinetic data,
transport phenomena, and reactor engineering are combined to develop flow
system. The use of dimensionless numbers is particularly important to identify
rate limiting steps and offer opportunities to enhance the overall reaction perfor-
mance, in particular in solid�liquid biocatalytic reactions [28, 29].

• Transport phenomena that are beneficial for chemical synthesis (e.g., enhanced
mass and heat transfer) usually take place below a certain channel diameter where
regular laminar flow or surface-tension dominated droplet/bubble flow regimes
are encountered [28, 29].

In this chapter, the analysis is limited to microfluidic reactors in continuous-flow
tubular configuration and on applications where the miniaturized dimensions have a
well-defined influence or advantage.

Miniaturized continuous-flow reactors can be manufactured using a variety of
fabrication methods, depending on the reactor materials and feature sizes [5, 6, 14,
30–33]. Direct writing methods – such as CO2 laser writing – offer rapid fabrication,
but are limited to polymeric devices and only permit sizing down to approximately
100 μm. Devices with low aspect ratio features can also be produced using soft
lithography techniques; but this requires access to a clean room, and this process is
both time consuming and comparatively costly. CNC (computer numerical control)
micromachining can be used to fabricate molds (i.e., cast and mold techniques to
fabricate poly(dimethylsiloxane), PDMS, devices) or devices themselves in any
microfluidic geometry. More recently, additive manufacturing (3D-printing) has
been used to create whole devices [14, 32, 34] – although the resolution of printing
must be such that fluid leakage is avoided. Flow reactors can also be realized using
tubing (e.g., coil microreactors made of polytetrafluoroethylene, PTFE). In all cases,
however, the hydraulic diameter and the length of the reactors will dictate the
residence time of the fluid within the system.
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These devices all require several pieces of peripheral equipment, such as pumps
and actuators, to be operated. With recent advances in analytical methods, there now
exist several ways to monitor reaction conditions (e.g., pH, temperature, and oxy-
gen), reaction parameters (e.g., substrate and products concentrations), and opera-
tional conditions (e.g., flow rates and pressure). The reactors must therefore be
fabricated using materials and configurations that permit interrogation with sensors
and other analytical methods for the online monitoring of chemical and physical
variables (pH, temperature, oxygen, and CO2) [35], and for at-line reaction analytics
(GC- and LC-MS). Online monitoring is crucial to ensure robust process control
strategies and, ultimately, guarantee a stable process with precise synthesis of
products (APIs and value-added chemicals). This robust analytical data will allow
building high-quality models for process design and optimization and will ultimately
enable feedback control strategies (e.g., controlled addition in multi-inlet reactors of
acid and base [36] or oxygen rich fluid in case of oxygen-dependent reactions) [36–
38].

There are two main categories of miniaturized continuous-flow reactors: tubular
reactors (Fig. 3 bottom panel) and fixed-bed reactors Fig. 3 top panel). Combined
with the form of enzymes used (i.e., free or in immobilized form), this fundamental
delineation allows us to categorize these applications (Fig. 3).

Fig. 3 Main type of miniaturized continuous-flow reactors: fixed-bed reactor (top panel) and
tubular reactor (bottom panel). The reactors are complemented with several peripheral equipment
comprising of pumps (delivery of substrates or enzyme in the case of tubular reactors), in-line
purification or recovery units (e.g., modular microfluidic reactor and inline filtration system for the
biocatalytic synthesis of chiral metabolites [30]) and at-line reaction analytics. The figure was
reproduced with permission from [4]
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1.3 Scope of this Book Chapter

Continuous-flow microreactors are promising tools to expand the applicability of
biocatalysis in industry. This reactor type not only addresses some of the current
limitations of conventional enzymatic, but also helps researchers to meet increasing
industry demand for modern enzyme catalyzed transformations [3, 15–23]. They
will ultimately facilitate the establishment of complex multi- or chemo-enzymatic
reaction cascades, due to the modular nature of the microreactors system [39] and
intensifying reactions and processes while generating new operating windows.
Advances in continuous-flow microreactors will also help effectively further the
development of continuous bioprocesses, and, ultimately, contribute to the estab-
lishment of modular, small efficient production plants. In this chapter, recent
advances of biocatalysis in continuous-flow microreactors will be discussed based
on the form of biocatalyst used (i.e., free or immobilized enzymes).

2 Biocatalytic Microfluidic Reactors with Free Enzymes

2.1 Modern Biocatalysis with Free Enzymes and Emerging
Demands: The Context of Microfluidic Technology

Although continuous processing is frequently associated with the retention of
enzymes inside the reactor by immobilization, there are also cases where the enzyme
is used in a soluble form in the reaction medium. Since the dimension of the
characteristic magnitude is volumetric (amount/activity of enzyme suspended per
unit of volume), in principle there is no specific advantageous feature of reaction
intensification due to reactor miniaturization (e.g., due to the increase of the specific
surface area) [9, 28, 29]. The interest of using free enzymes in microfluidic reactors
must be found, therefore, either in practical reasons or due to the presence of several
fluid phases in contact. Practical reasons include the use of microfluidics as an
enabling technology – for example, due to their ability to allow for the precise
manipulation of small amounts of fluids, and control of reaction times. Additionally,
these systems would allow the implementation of advanced scale-up strategies
(including numbering up and scaling out) and the incorporation of advanced reactor
instrumentation which enables the establishment of Process Analytical Technologies
(PAT) and Quality by Design (QbD) approaches. Plug and play configurations of
miniaturized continuous-flow reactors and miniaturized downstream unit operation
allow the assembly of complex synthetic cascades, and ultimately the creation of
automatized systems for reaction screening and the study of whole bioprocess
sequences [36, 40]. Different system configurations can be operated as miniaturized
continuous-flow reactors depending on device architecture and biocatalytic reaction
conditions (Fig. 4). To maximize productivities and yields it may be necessary to
implement in situ substrate supply (ISSS) [41] and in situ product removal (ISPR)
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strategies [42]. These strategies are commonplace in batch reactors and at larger
scales, and different methodologies have been established according to the different
physicochemical properties of both reactants and products. ISSS and ISPR can be
applied in miniaturized continuous-flow reactors by the use of organic solvents
and/or gases, in multiphasic systems (e.g., aqueous-organic, aqueous-gas, or
aqueous-organic-gas system). However, one challenge associated with multiphase
systems is the inactivation of enzyme at the phases interface which can be
circumvented by enzyme optimization via enzyme engineering or reduce solvent
polarity difference.

2.2 Biocatalysis in Monophasic Aqueous Medium

2.2.1 Compartmentalization of Complex Reactions in Microfluidic
Devices

The continuous production of high value, or difficult to synthesize, products is of
increasing interest to the pharmaceutical industry. These reactions typically rely on
the implementation of complex, multistep reaction sequences that resemble biolog-
ical processes seen in living systems. Cascading reaction systems have already been
employed for chemical synthesis with great success, allowing a quick change in
reaction conditions and the easy addition of new reactants, as well as the expedient
removal of unwanted side products. A cascading system can remove the need for
isolating unstable intermediates, increasing the yield of a synthetic pathway. Based
on the success for chemical synthesis, the question arises how cascading systems
could be beneficial to chemoenzymatic or biocatalytic synthesis. Microreactors are
promising tools for the development of such processes [40].

Multistep or cascading continuous-flow reactors are essentially several different
reactors connected into a single flow sequence to carry out complex cascade
reactions (Fig. 5). In this reactor cascade several biotransformations can be carried
out at different conditions. For example, the fluid can be rapidly heated or cooled in

Fig. 4 Example of reactor configurations for free enzyme systems. The multiphase systems can
have different flow characteristics rather than a droplet system (train of droplets of different phases)
depending on the microfluidic device architecture. The enzymes are contained in the aqueous phase
while substrates and products can be present in the organic and gas phase depending on their
characteristics
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different reactors to mediate an effective (bio)transformation. The reactor dimen-
sions, e.g., hydraulic diameter and length, dictates the residence time inside the
reactor and particular features, e.g., heat transfer [40]. Nonetheless, there can be
issues when coupling these reactions in terms of incompatibility of reaction condi-
tions, the balancing of suitable catalyst amounts, and the need to overcome inhibition
issues. Guidelines and considerations how to overcome these key issues have been
provided to set a framework to couple cascade reactions [40].

An application of this cascading approach is the synthesis of chiral amino-
alcohols [39]. Chiral amino-alcohols are of particular practical interest, since they
represent key industrial synthons for the production of complex molecules and
optically pure pharmaceuticals. They can be synthesized from simple, non-chiral
starting materials, by coupling a transketolase and a transaminase-catalyzed reaction.
Low enzyme activities and inhibitory effects have limited their implementation.
Usually, the systems are far from full conversion – and long reaction times are
also commonly reported, making process modifications and improvement challeng-
ing. By implementing microreactor technology, however, full conversion can be
achieved. Using the compartmentalization of the reactions afforded by the
microreactor cascade, researchers have also successfully overcome inhibitory
effects, increased the activity per unit volume, and optimized individual reaction
conditions. The transketolase-catalyzed reaction was completed in under 10 min,
following optimization of the transaminase-catalyzed reaction, and a volumetric
activity was attained which led to full conversion of the coupled reaction in 2 h.
This example represents a paradigmatic case of how continuous-flow microreactors
can be applied for the design and optimization of biocatalytic processes.

2.2.2 Advanced Monitoring in Continuous Reactors

Controlling and monitoring intensive variables along reactors is more difficult within
continuous-flow reactors, which creates difficulties in both understanding and opti-
mizing reactions [43]. Controlling and monitoring pH, in particular, is essential to
stabilize reaction conditions and reaction progress for many biocatalytic processes.
The suitable design of microfluidic devices integrated with pH sensors can enable

Fig. 5 Conceptual setup of a cascading reaction system using free enzymes. The two enzymes are
compartmentalized and the enzymes are recovered through tangential flow filtration units [30]
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the real-time pH monitoring of the progression of an enzymatic reaction in a
microfluidic reactor and is a first step towards achieving pH control [35, 44]. To
achieve this, fluidic inputs along the reaction channel can be implemented to adjust
the pH of the reaction [37]. This concept was tested with reactions catalyzed by a
transketolase and a penicillin G acylase with time-course profiles of pH were
recorded within a microfluidic device. Without pH adjustment, the former showed
a pH increase of one pH unit, and the latter a pH decrease of about 2.5 pH units.
However, with pH adjustment the pH drop of the penicillin G acylase-catalyzed
reaction was significantly attenuated and the product yield increased significantly, up
to 29%.

2.3 Biocatalysis in Multiphasic Medium

Multiphase microreaction systems are emerging as powerful tools for the develop-
ment of enzyme-catalyzed transformations involving two or more partly immiscible
fluids in continuous flow [28, 29]. Mass transfer intensification due to miniaturiza-
tion of the reactor dimensions, and the associated enlargement of the interfacial area,
presents a powerful approach of effective reaction rate enhancement. Coupling
microreactors and biocatalytic reactions in these systems is a highly complex process
that requires an integrated approach addressing biocatalyst features, reaction kinet-
ics, mass transfer, and reactor engineering [28, 29]. Multiphase flows are generated
when two or more partially immiscible fluids are brought into contact. Such flows
can be classified as either gas–liquid or liquid–liquid. Heterogeneous catalytic
reactions are often encountered in process biocatalysis, where immobilized enzymes
typically constitute the preferred form of catalyst (viz. Sect. 3). In liquid–liquid
reactions, biocatalytic reactions take place in the water phase or directly at the fluids’
interface. On the other hand, in gas–liquid reactions the gaseous substrate usually
requires transport into the aqueous liquid phase, where it reacts upon contact with the
soluble form of the enzyme [28, 29].

2.3.1 Biocatalysis with Free Enzymes in Liquid–Liquid Flow

Multiphase conditions can facilitate substrate supply, product removal, or both
through in situ extraction between the aqueous and organic phase [28, 29,
45]. The potential benefits to researchers are several but outstanding is the potential
to substantially increase productivity, enhance the space-time yield, and intensify
transport [28, 29]. The application of free lipases in a biphasic medium (aqueous/
organic phase) has received considerable attention for the development of intensified
reactions. The interest in the use of this organic system lies in the solubility
enhancement of hydrophobic substrates, elimination of side reactions caused by
water, and improvement of product recovery. Lipases have been used for the
synthesis of isoamylacetate [28, 46, 47]. A two-phase system was used composed
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of water and n-hexane, either in segmented or parallel flow, where the enzyme
dissolved in the aqueous phase or hydrophilic ionic liquid and n-heptane containing
enzyme adsorbed to the liquid–liquid interface. The microchannel microreactor
showed superior performance to the well-mixed conventional batch reactor, in
terms of both reaction rate and maximum conversions reached in relation to resi-
dence time needed, specifically 2.8 times faster than the batch reactor for the same
conversion and 286% more productive. Product removal into the organic phase and
continuous phase separation were also successfully accomplished.

Similar system is used in the oxidation of cholesterol performed by cholesterol
oxidase. Reactions were carried out in stirred batch reactors and miniaturized
microreactors in a two-phase parallel flow composed of water and n-heptane. In
this particular case, both the substrate and the product of the reaction (cholestenone)
are poorly soluble in water. Furthermore, the heptane was used to increase the
concentration of oxygen (co-substrate) in the reaction mixture. The residence time
required to reach target conversion was decreased almost 20-fold in the
microchannel reactor when compared with the conventional batch reactor. A nor-
malized residence time concept was used to account for differences in enzyme
concentration applied in the different reactor configurations [28, 48, 49].

Most recently, the transfer of the enzyme synthesis of cephalexin from a batch
reactor configuration to a continuous-flow microfluidic system was studied. The
reactor system also comprised of integrated reaction product separation and enzyme
recovery. Production of cephalexin is a paradigmatic example of synthesis in a
kinetic regime, which is characterized by the appearance of a concentration maxi-
mum during the enzyme reaction. The control of the reaction time and reaction
features is critical in order to achieve maximum conversion. The systems consisted
of a biphasic reaction medium, with optimum composition of phosphate buffer,
polyethylene glycol and water, forming a two-phase slug flow within a microfluidic
capillary as the reaction-separation environment. Such a flow arrangement enabled a
uniform residence time of the reaction mixture as well as providing in situ extraction
of cephalexin and enzyme recycle [50].

Reaction optimization in biphasic systems is accomplished not just by miniatur-
ization itself, but also by the fine-tuning of the microreactor geometry. The perfor-
mance of the Corning AFR™ Low Flow (LF) fluidic module was shown for the
Candida Antarctica lipase B (CALB) catalyzed isoamyl acetate synthesis in an
n-heptane–buffer two-liquid phase system. The flow regime consisted in dispersed
n-heptane droplets in a continuous buffer phase, which enables in situ extraction of
the produced isoamyl acetate to the n-heptane phase. Additionally, it provides a very
large interfacial area for the esterification reaction performed by an amphiphilic
lipase B, which positions itself on the n-heptane–buffer interface. Productivities
obtained (six-fold more per volume and 2.4-fold more in catalyst mass) were the
highest reported so far for this reaction and indicate that Corning Advanced-Flow
Reactor™ (AFR™) modules are also very efficient for carrying out biotransforma-
tions in two-phase systems [51].
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2.3.2 Biocatalysis with Free Enzymes in Gas–Liquid Flow

Oxygen-dependent reactions are of great importance in biocatalytic applications
[52]. O2 is usually supplied to the liquid reaction medium containing the free enzyme
via contact with a gas phase. The reaction rate is typically limited by the low O2

transfer rate and low solubility of O2 in aqueous reaction medium [53–55]. Different
approaches based on increasing the oxygen transfer rate by reactor and reaction
engineering have been studied [54, 56, 57]. Using continuous-flow microreactors the
interfacial surface-to-volume ratio can be maximized while the overall reaction time
is minimized [54, 56]. As an example, a continuous falling-film microreactor can be
applied for the oxidation of glucose catalyzed by free glucose oxidase [58]. An
agitated cell reactor (ACR) has also been applied to enhance the rate of biocatalytic
oxidation reactions for the same transformation [59, 60]. Another interesting reactor
setup is the tube-in-tube configuration where the aqueous and gas phase are phys-
ically separated physically by a membrane [29, 61–64]. This allows a continuous
supply of gas while avoiding direct interfacial contact between enzyme and gas
phase. Oxygen can also be produced in the reaction media itself for a bubble free
supply of gas based on the controlled decomposition of hydrogen peroxide
[65]. Under the confinement of a porous particle or a flow reactor [66, 67], this
feature was exploited to enable the concentration of aqueous O2 to be increased
beyond equilibrium solubility under safe and practical conditions [67, 68].

3 Biocatalytic Microfluidic Reactors with Immobilized
Enzymes

3.1 Enzyme Immobilization and Conventional Continuous
Reactors: The Need for New Technologies

3.1.1 Enzyme Immobilization and Continuous Reactors

Enzyme immobilization is an approach that enables the confinement of an enzyme
within a defined region of the space. The confinement can be carried out at reactor
scale either by using membranes that allow retainment of the enzyme or by utilizing
the insolubilization of an enzyme via incorporation into a solid matrix [69, 70]. The
immobilization of the enzyme into a solid matrix implies a heterogenization of the
reaction, since the reaction takes place at the solid–liquid interface and phenomena
of mass transfer towards the solid catalytic phase take place. The use of enzyme
immobilization in biocatalytic reactors is driven by both technical and functional
considerations [71–73]. The technical considerations stem from the idea that the
reuse or continuous use of the enzyme catalyst requires the application of a suitable
method of enzyme retention or confinement within the reactor. This explains the
strong historical link between the development of continuous-flow reactors and
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immobilization methodologies [8, 24, 72, 74]. Additionally, fuelled by the advances
of the protein immobilization science, the design of immobilized enzymes has
integrated the immobilization as a fundamental tool to modulate the final properties
of the heterogeneous biocatalysts [71, 73, 75, 76]. Reactor design and enzyme-
immobilized design are therefore inextricably interdependent, and their integration
must be adequate for both the application of enzymes and the specific reaction
characteristics in question.

3.1.2 Format of Conventional Continuous Reactors with Immobilized
Enzymes

There are several options for continuous operation using immobilized enzymes
(Fig. 6). The primary option is a tubular format consisting of packed-bed reactors
(Fig. 6e), where the immobilized enzyme is contained and fixed within the reactor
while the substrate stream passes through and the stirred tank (Fig. 6a) where the
enzyme is retained in the reactor by an appropriate screen or recovered by ex-situ
filtration or centrifugation and recycled back into the reactor (Panels b-d in Fig. 6).
An alternative is the expanded or fluidized bed reactor (Fig. 6f), where the enzyme

Fig. 6 Different configurations of enzyme-immobilized reactors. Panels (A-C) show reactor
operated in batch mode or semicontinuously. Panels (D-F) show continuous-flow reactors. (a)
Batch stirred-tank. (b) Recirculation batch stirred-tank. (c) Ultrafiltration stirred tank. (d): Contin-
uous stirred tank. (e): Fixed-bed reactor. (f) Fluidized bed reactor. Figure was reproduced with
permission from [69]
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particles are retained by a hydrodynamic balance between gravity and drag forces
promoted by the upflow substrate stream. Both tank and tubular configurations are
operated under steady state. Multiple examples at lab-scale and industrial imple-
mentation can be found showing successful integration of immobilized enzymes in
continuous flow [69, 70, 72, 74].

3.1.3 Conventional Continuous Reactors: Limitations and Need for New
Technologies

Given the long tradition of continuous operation in the field of biocatalysis,
researchers have accumulated significant knowledge about continuous enzyme
reactors involving both soluble and immobilized enzymes over the last several
decades [70–72, 74]. In recent years, however, the number of enzymes and trans-
formations explored at lab-scale has expanded significantly, and a strong trend
towards continuous operation rather than traditional batchwise (bio)chemical trans-
formation has been widely recognized within the literature [4, 5, 8, 24, 25]. Many of
these new transformations can be transferred to continuous operation using
immobilized enzyme flow reactors [8, 24, 25]. However, there has also been a
renewed wave of development and application of new continuous-flow reactors,
which is being fuelled by three factors:

• Remaining unsolved problems of traditional immobilized-enzyme reactors, as
described below.

• Increasing demands of biocatalysts and enzyme-catalyzed reactions (see Sect.
3.2).

• New technological possibilities offered by development in analytics and
microfluidic technology.

Conventional enzyme-immobilized reactors share the limitations and casuistics of
free enzyme reactions. Nonetheless, there are specific problems encountered in this
type of reactors:

• Reactor designs relying on immobilized enzymes must commonly deal with the
mass transfer limitations. Even when only a liquid phase reaction medium is used,
there is still an external mass transport from the liquid phase to the solid phase
component, as well as the additional internal diffusion step when the solid
catalyst is porous [69, 77, 78].

• Continuous stirred tank reactors (CSTR) display poor kinetic performance at high
conversions under most kinetic regimes since these reactors operate at the final
conversion condition at steady state. The type of carrier material that can be
integrated is also limited by considerations of mechanical stability, considering
stirring physics and particle size realities. In addition, scalability can become
problematic when the controlling phenomena change across scales [69, 77, 78].

• The fixed-bed reactor is restricted to certain types of carrier materials that provide
suitable low back pressure. Furthermore, control of operational condition is
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difficult along the entire length of the reactor as well as the integration of online
monitoring. There is a defined operation window where suitable radial dispersion
and absence of axial dispersion take place. Additionally, the residence time is
related with the mass flow through the reactor and fluid flow which will influence
suitable dispersion, mass, and heat transfer.

3.2 Modern Heterogeneous Biocatalysis and Emerging
Demands: The Context of Microfluidic Technology

Modern biocatalysis processes have placed new demands on reactor engineering
[3, 15–23] and include

• The format and stability of the immobilized catalyst must be adapted to contin-
uous operation.

• Enzyme immobilization into the reactor must incorporate enough activity in cases
of biocatalytic reactions with extremely low specific activity.

• Where biocatalytic reactions occur quickly, the reactor must guarantee an
extremely efficient contact between the fluid reaction mixture and the solid
catalyst.

• New systems require the contact of two fluid phases containing the substrates/
products. The reactor design should be focused not only on the reaction kinetic
but also on the phenomenology of the mass transfer between fluid–fluid–solid
(catalyst) phases.

• Co-immobilization of multi-enzyme catalysts and chemo-enzyme catalysts fre-
quently poses challenges.

• While modern industrial chemistry aims at the implementation of efficient pro-
cesses, the intensification, characterization, and optimization of immobilized
enzymes under operation conditions is extremely complex.

When current technology is confronted with new demands, enormous windows
of opportunity arise. Microfluidic technology has arisen as an essential opportunity
for implementation of heterogeneous biocatalytic reactions in shifting biocatalytic
reactions from batch to continuous mode of operation, and concomitantly, towards
intensified bioprocesses.

3.3 Immobilized Enzymes in Microfluidic Reactors:
Challenges and Practical Implementation

3.3.1 Enzyme Immobilization into Microfluidic Reactors

The fundamental aspect of the design of immobilized-enzyme reactors is the enzyme
for retention during continuous operation. The configuration of these reactors can
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vary depending on the combination of reactor format and the enzyme immobilization
method (Fig. 7).

The different reactor configurations can be encountered depending on how the
enzymes are immobilized within the reactor space: packed microbead, wall-coated,
and monolithic reactor, Fig. 7. The packed microbead reactor resembles traditional
packed-bed reactors (PBRs). The enzymes are pre-immobilized into solid carriers,
which are then further integrated in the form of a fixed- bed. The wall-coated
configuration represents a reactor where the enzyme is surface-immobilized on the
inner wall of microfluidic tubes creating a catalytic layer (with the reaction medium
circulating through the tube). Lastly, in the monolithic reactor the microchannels are
formed into a material network of meso- and macro-porosity. The monoliths material

Fig. 7 Examples of enzyme-immobilized microreactors. (1) Wall-coated enzyme-immobilized
microreactor where enzyme is directly integrated on the inner wall of the microchannels or
supported on (nano)materials coating the inner walls. (2) Fixed-bed enzyme microreactor, where
the enzyme is pre-immobilized into pre-existing carrier material that is packed. (3) Monolith
enzyme microreactor, where the enzyme is immobilized onto the surface of the pores/channels
constituting the monolithic structure
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can be either inorganic, organic, or biobased and natural hydrogels or made out of
enzyme-based hydrogels. Enzymes can be immobilized onto these solid supports in
several ways [71, 73, 75, 76, 79] and in flow reactors, specifically [8, 24, 25]. None-
theless, the immobilization of enzymes within microfluidic reactors does pose some
of the challenges commonly encountered in macroscale-based reactors [8, 9, 13,
24]. However, some specific considerations must be taken into account, such as:

• Immobilization must either be implemented off-site on previously synthetized
materials, or directly onto the internal surface of the reactor.

• Materials used for microreactor fabrication must be compatible with the method-
ologies of enzyme immobilization or else they can create an unfavorable micro-
environment that is not adverse for proper enzymatic function.

• For complex multistep reactions spatial compartmentalization and spatial orien-
tation is essential to optimize the kinetic of the multistep reaction.

• For high-throughput screening and reactor characterization, reversible immobili-
zation is preferable.

• At the microscale, phenomena as aggregation or channel clogging must be taken
into account and are commonly encountered.

In addition to these technical requirements, enzyme immobilization must also
address one critical question: how much biocatalytic activity per unit reactor volume
is required for optimal performance? This is determined via consideration of two
fundamental factors: the quantity and the quality of the immobilized enzyme. The
quantity depends on the surface area and the volume available for the incorporation
of the enzyme into the microreactor; the quality depends on the protein structure
following immobilization, which is in turn dependent on the chemistry of the
immobilization process that is utilized [71, 73, 75].

3.3.2 High Quality Enzyme Immobilization in Microfluidic Reactors

Among the different strategies to modulate protein-material chemical binding,
covalent immobilization by aldehyde chemistry (glutaraldehyde) was initially
implemented due to its relative simplicity [7, 8, 24, 25]. Unfortunately, this process
lacks granular control of the protein-surface interaction by the glutaraldehyde
chemistry. The science of enzyme immobilization has progressed significantly
over the years, and researchers now have a rich toolbox of material activation and
immobilization chemistries at their disposal to achieve high activity and stability.

Covalent immobilization on aldehyde- or epoxy activated carriers has been
implemented in flow reactors [8, 24, 69]. Unfortunately, this immobilization process
creates an irreversible binding between the micro-structured element and the protein,
disabling reuse of the microreactor system. The functionalization chemistry can also
be difficult to be implemented in microreactors. To overcome this problem, revers-
ible binding resting on ionic interactions has been explored [8, 38, 80, 81]. To
strengthen the binding and direct the immobilization, however, enzymes may need
to be genetically fused to both binding modules and peptide tags. Different strategies
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of directed immobilization by peptide modules have been implemented; through this
strategy, both purification and immobilization are accomplished in just one-step [82–
84]. Reversible immobilization based on protein-based cationic modules or His-tags
have also been implemented in both wall-coated reactors and PBRs [8, 82, 83, 85–
87]. Contrarily, directed irreversible immobilization can guarantee stable binding
without enzyme leaching, although recyclability of the reactor and material might be
problematic. Orthogonal or self-immobilizing techniques using Spy, Halo, and
streptavidin protein motifs and formylglycine-generating enzymes have been used
in microfluidic bed reactors or in wall-coated reactors [8, 88–91].

3.3.3 Enzyme Immobilization in High Quantity in Microfluidic Reactors

Increases in the amount of protein in question may necessitate an efficient use of the
surface available for protein binding. The total surface available depends on the
reactor format, and the relevant surface area is calculated by reference to the internal
surface of the packed material in PBRs, the surface area generated during the
monoliths manufacturing, and the inner area of microfluidic tubular reactors [8, 9,
92–102]. Recent examples of the continuous-flow reactors rest in the translation
from batch reactors to PBRs using medium mesoporous or macroporous particles of
a diverse nature – such as cross-linked agarose, cross-linked polyacrylic polymers,
and silica [8, 24]. The combination of medium-high protein loadings
(10–100 mg g�1) and dense packing into PBRs typically leads to a high catalyst
concentration [8, 24]. In the monolithic reactors, the enzyme is immobilized into an
inner porous surface which is created during the synthesis process, which aims to
obtain a uniform monolayer via controlled immobilization, or by the controlled
formation of thin films [8]. Enhancing the practical use of intensified enzymatic
reactors is also now being assisted by advancements in reactor engineering, which
include new reactor concepts and fabrication technologies. 3D printed reactors
[32, 34] and groove-typed channel microreactors have been tailored to increase the
loading capacity [14].

Across all three reactor formats, the amount of catalyst and the format of the
material need to be adequate within the interplay with fluid dynamics of the reactor
and the suitable residence time [77, 103, 104]. The design of an immobilized enzyme
must therefore always consider:

• Incorporating enough enzymes to reach a high space-time yield.
• The format of the immobilized enzyme and reactor dimensions, which must

enable the operation of suitable mass flow to achieve a high conversion under
suitable fluid flow conditions.

• Unfavorable fluid dynamics which can provoke presence of mass transfer resis-
tances or the creation of preferential channels through the fixed-bed, thereby
decreasing the expected conversion and the efficiency of the immobilized
enzyme.
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• Low back pressure, since the use of small particles packed in microreactors can
cause high pressure to drop along the fixed-bed.

• The reactor dimensions (length and diameter), which must be designed according
to the superficial velocity along the reactor to operate under suitable regime of
excellent radial dispersion and absence of axial dispersion. Otherwise, the reactor
operation can deviate from the ideal plug-flow configuration, leading to a
corresponding decline in conversion.

In short, enzyme immobilization, reactor design, and operational parameters must
all be well integrated into a holistic design [9, 105].

4 Exploitation of Microfluidic Enzyme-Immobilized
Reactors

4.1 Promises and Advantages of Microfluidics
in Enzyme-Immobilized Reactors

The possibilities and promises that microfluidic reactors offer can be briefly sum-
marized as follows:

• Improvement of the development of continuous bioprocesses. The contribution of
miniaturization during the development phase stems from both the velocity of the
generation of information at low consumption of resources and enhanced con-
trolled evaluation of process conditions [9, 36, 105–107].

• Reaction intensification by exploitation of microfluidic features. Microscale
effects on transport arise due to short diffusional distances and high surface-to-
volume ratio in the channels. These can contribute to the acceleration of the
reaction, when compared to a reactor format that is more tightly limited by the
mass-transfer across boundaries [9, 28, 29, 36, 105].

• Generation of new operation windows. The confinement of reactants under flow
in microchannels under submillimeter scale can offer more precise process
controls (i.e., regular flow pattern, fast response, and uniform temperature distri-
bution) as well as reliable operations under novel process windows [108–112].

• Contribution to the development of modular, small efficient production plants.
Recent trends in both pharma and fine chemicals production towards continuous
manufacturing with full integration of unit operations are associated with the
modularity of micro- and meso-reaction platforms [7, 9, 13, 113–117].

In the following section, we are offering some examples that illustrate how these
benefits have at least to some extent already been realized – while also highlighting
the considerable challenges that still remain relating to the implementation of
immobilized enzymes in microfluidic systems.
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4.2 Intensification of Solid–Liquid Reactions in Microfluidic
Reactors

In solid–liquid reactions, the enzyme is considered the solid phase (i.e., the solid
phase is the inner wall of wall-coated reactors, the surface of pores of monoliths or
the internal surface of porous particles) while the reaction medium is the liquid
phase. The liquid phase is directed by laminar flow through the channels, and the
transport is affected via molecular diffusion. In this context, the first question that
must be addressed is whether the internal area is sufficiently large to provide enough
overall reaction rate?

4.2.1 Miniaturization in FlowWall-Coated Reactors and Fast Reactions

In principle – given the relatively small dimension of the diameter channel – it might
be expected that high enzyme concentration and high volumetric activities can be
reached with high surface-to-volume ratio at the microfluidic scale, thereby enabling
the operation under a kinetic control regime in the absence of diffusion limitations
[118]. To analyze this effect, timescale analysis has been performed in wall-coated
reactors. Timescale analysis is based on the comparison of the characteristic times of
the respective phenomena being examined [118]. With this aim, the magnitude of the
reaction time, diffusion time, and residence time are all calculated and then com-
pared with draw different windows (Fig. 8). Such timescale analysis enables the
identification of key variables in design (i.e., diameter tube) and immobilization (i.e.,
enzyme loading and specific activity) as they impact the operation itself (i.e., flow
rate). The maximum space-time-yield scales directly with the enzyme activity
immobilized on the available wall surface, which itself is reciprocally related to
the diameter channel. Consequently, a reduction of the channel dimension below

Fig. 8 Schematic representation of an enzyme-immobilized microfluidic reactor (a). Panel (b)
shows reaction engineering analysis of the wall-coated immobilized enzyme microreactor. The
operational window for space-time yield (STY) and conversion efficiency is determined by the
interplay of the characteristic times of reaction (τreac), diffusion (τdiff) and reactor operation (mean
residence time, τres). For details see [86, 118]. Figure was adapted with permission from [86, 118]
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100 μm boosts reaction rate above 50 mM min�1 for enzymes with high catalytic
turnover (>50 s�1). As the transport time decreases reciprocally to the diameter of
the channel, the miniaturization not only boosts the reaction rate, but also enhances
the transport enabling the reactor in an operation regime of kinetic control. The
subsequent interplay between reaction characteristics, microchannel geometry, and
reactor operation allows the identification of further operation windows (i.e., resi-
dence time) to achieve high conversion. This has been proved for both phosphory-
lation and glycosylation reactions [80, 118].

These features can be widely exploited to determine the intrinsic kinetic param-
eters of immobilized enzymes within a reactor [119], or to optimize both conversion
and space-time yield aided by timescale analysis and mathematical modelling
[85, 118]. The way an operation in microfluidic wall-coated reactor performs
under a regime of a perfect radial mixture with low axial dispersion has been both
experimentally and mathematically studied in some detail [85, 120]. Moreover, in
this example, the model successfully predicted the performance of two consecutively
connected microreactors coated enzyme – and could potentially be used to design
and optimize efficient and sustainable processes of chiral amine synthesis catalyzed
with surface-immobilized enzymes [121]. Capillary reactors have been also very
effective to make effective use of their high surface to volume ratio [122].

4.2.2 Miniaturization in Flow and Reaction Intensification

For slow reactions (i.e., with a catalytic constant below 5 s�1), the high inner area
combined with a short characteristic dimension at the microscale could be insuffi-
cient, since the enzyme activity confined into the reactor is not enough to provide a
high enough reaction rate. In such cases, surface coating with nanomaterials (i.e.,
nanoparticles, nanosprings, nanotubes, etc.) [123–126] and polymers [127] increases
the enzyme loadings, thereby enhancing the reactor performance. The use of porous
particles to coat the inner wall of microchannels also increases enzyme loading
working in conditions of short diffusional paths. This has also been shown for
phosphorylation and glycosylation reactions. In those examples, reaction rate is
reduced from several days to several hours, with a space-time yield of
500 mmol L�1 h�1 at product titers of �200 mM [123, 124]. Procedures based on
the integration of material sciences, advanced reactor printing, protein chemistry,
and protein engineering represent a wonderful opportunity. The enhancement of the
catalytic phase and catalyst concentration has been also achieved by using enzyme
immobilized onto nanoparticles that are flown through microchannels [128, 129].

Many recent examples of the called flow biocatalysis are built on the packing of
porous particles into fixed-bed reactors. Increases in reaction rates when compared
with batch processing are related to the high catalyst concentration compatible with a
suitable mass transfer. This feature is exploited both to shorten the reaction time of
slow reactions and also to ensure an extremely efficient contact between the fluid
reaction mixture and the solid catalyst for fast reaction. In many cases this is
accompanied by unstable product or unstable reaction intermediates. Intensification
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in flow reactors at different dimensions has been recently reviewed in the literature
[4, 8, 25]. In general, more extensive studies into reactor backpressure, dispersion,
distribution of residence times, and external mass transfer still need to be carefully
performed, both from an experimental and a modelling point of view, in order to gain
a more fulsome assessment of the reactors and window of operation. These are based
on the fact that in a fixed-bed reactor, internal diffusional limitations of the catalyst
particle are not alleviated. On the contrary, it can actually aggravate external
transport limitations when low superficial velocities are used [69, 78]. Additionally,
the design and operation must ensure low backpressure and adequate distribution of
the liquid through the fixed-bed. Nevertheless, opportunities also potentially arise
from the window of operation at laminar flow at short diameter, characterized by a
perfect mixing in the radial dimension but the absence of mixing along the axial
dimension [62, 103, 104], an achievement of high volumetric activities, and more
precise control of short residence times [130, 131].

Monoliths represent a combination of the large internal area of packed porous
particles and the ordered laminar flow directed by the monolith channels. Silica
monoliths enable high loading activity and are suitable to work under high flow at
low backpressure at high reaction rate [8, 132, 133]. For instance, macrocellular
silica monoliths prepared by a sol-gel method based on emulsion templating
[134, 135] have been used for the adsorption and covalent grafting of transaminases.
Aside from silica, monoliths can be also formed with biopolymers [136] like agarose
[137, 138]. Through this approach, several thermostable enzymes have been suc-
cessfully entrapped, recovering 80–90% activity upon the immobilization process.
Alternatively, carrier-free immobilization has been proven to be very effective in
achieving high enzyme loadings. The procedure can be based on the chemical cross-
linking of proteins [139], or the aggregation can be genetically programmed via
protein domains fused to the enzymes, in order to trigger the self-assembly of a 3D
gel network within microreactors [88–90]. Studies on the influence of the mass
transport (external and internal), residence time distribution, and the efficient use of
enzymes are currently under current development [140–142].

4.3 Intensification of Solid–Fluid–Fluid Reactions
in Microfluidic Reactors

In solid–fluid–fluid reactions, the enzyme is on solid phase (packed beads, inner
surface) and the reaction medium is composed by at least two fluid phases [28, 143–
146]. Multiphase flow with free enzymes has been previously discussed above, in
Sect. 2 of this chapter. In this section, we focus more narrowly on enzyme-catalyzed
reactions where two fluids are present, and the reaction takes place into the solid
phase where the enzyme is immobilized involving gas–liquid–solid or liquid–
liquid–solid systems.
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4.3.1 Liquid–Liquid Reactions with Immobilized Enzymes in Flow

In liquid–liquid–solid reactions, the phenomena limiting the reaction rate and,
thereby, the reactor performance is usually the mass transfer across phase bound-
aries. The main limitation can be focused on the transport between the two fluid
phases or between the fluid phases towards the solid catalytic phase. Liquid–liquid–
solid reactions are becoming increasingly common in continuous-flow reactions
[28, 29]. The increase of the interfacial area in microfluidic reactors enhances
these rates of transport reciprocally to the diameter of the flow channels. In fixed-
bed reactors, to overcome mass transport limitation the dimension of the particles
used and superficial velocity must be accordingly balanced [147, 148].

4.3.2 Gas–Liquid Reactions with Immobilized Enzyme in Microfluidic
Reactions

In gas–liquid reactions, gaseous substrate usually requires transport into the aqueous
liquid phase, where it reacts upon contact with surface-immobilized enzyme [9, 28,
144]. Gas–liquid–liquid reactions are of critical importance in bioprocessing. Oxi-
dative O2-dependent biotransformations are of interest for implementation in chem-
ical synthesis, but their application is limited by the supply of oxygen to the active
catalytic phase. As noted before, this limitation can be focused on the transport from
gas to the liquid phase, or on the transport to the solid catalytic phase. These
limitations are further aggravated by the relatively low oxygen solubility in the
aqueous liquid phase. There are many examples of the intensification of
O2-dependent enzymatic reactions in continuous flow, but there are very few
examples of the application with immobilized enzymes [9, 28, 81, 149–151]. The
two main limitation steps of oxygen-dependent reactions can be studied compre-
hensively in microfluidic reactors.

First, the analysis can be focused on the transport from the dissolved oxygen from
the liquid phase to the solid phase. For that purpose, immobilization of D-amino acid
oxidase on borosilicate microchannel plates was performed. The immobilized
enzyme activity was in the range expected for monolayer coverage of the plain
surface with oxidase. Performance of the reactor was studied by employing in-line
measurement of dissolved O2, and off-line determination of the keto-acid product.
Reaction-diffusion timescale analysis for different flow conditions showed that the
heterogeneously catalyzed reaction was always slower than diffusion of O2 to the
solid surface, even though the immobilized enzyme confined in the microchannel
reached a high volumetric activity of 10 mM min�1. That demonstrates how the
application of immobilized enzymes in microchannel wall-coated reactors not only
boosts the volumetric activity but also enhances the transport rate of a scarce soluble
compound to the catalytic phase [86]. In another study, a detailed analysis was
performed on oxidation of cholesterol in microchannel reactor and compared reac-
tion performance at microscale to reaction performances in stirred batch reactor and
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continuously operated packed bed reactor [48, 49]. The results revealed a ~100-fold
decrease in residence time at microscale process operation.

Second, the application of the oxygen-dependent reactions also increases the
transport rate from the gas to liquid phase. Intensification of the transport across
phases has been broadly demonstrated in process engineering [28]. To demonstrate
the application of biocatalytic reactions a fully integrated falling film microreactor
that provides controllable counter current gas–liquid phase contacting in a multi-
channel micro-structured reaction plate was implemented. Advanced non-invasive
optical sensing is applied to measure liquid phase oxygen concentrations in both in-
and out-flow as well as directly in the microchannels to show how the reactor can
supply up to 100 mM min�1 of oxygen to the liquid phase [152].

4.4 Assembly of Enzyme-Immobilized Cascades

The implementation of multistep enzyme catalyzed reactions in microfluidic systems
was previously discussed. Enzyme cascades with the compartmentalization of the
reactions by enzyme immobilization have been now addressed [14, 153]. Sequential
and parallel cascades have already been assembled in enzyme-immobilized
microreactors [154] but recently, the synthesis of the antiviral Islatravir was
implemented by the immobilization of several engineered enzymes (galactose oxi-
dase and kinases) and implemented in a continuous flow [153]. In another notable
example, a wall-coated microfluidic reactor containing a three-enzyme cascade
compartmentalized in three microreactor modules was implemented by using
directed immobilization [155, 156], displaying precise control of the spatial organi-
zation and reaction control. An enzymatic reactor consisting of a packed tube was
used to facilitate the in vitro study of this dual enzyme pathway consisting of a
transketolase and transaminase. That allowed a quantitative evaluation of the con-
version kinetics [87]. Another compartmentalization method arises from the use of
magnetic microbeads loaded in microfluidic flow cells. Recently, a microfluidic
system was used to optimize the enzymatic production of both levodopa
(L-DOPA) and dopamine in both single-step and multistep reaction sequences,
which led to a yield of approximately 30% for LDOPA production and 70% for
dopamine production [157]. Incompatibility between different reaction steps in
cascades in series has also been solved via compartmentalization in connected
reactors [158]. Orthogonal cascades have been implemented to overcome some
critical problems of the implementation of continuous processes. Continuous-flow
applications for biocatalysis face substantial technical obstacles, particularly for
enzymes that require cofactors [159–161].
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4.5 Generation of Novel Process Windows

It has been proposed that the application of micro-structured reactors could expand
the window of operation of the chemical processes [111, 112]. The confinement of
reactants under flow in microchannels under submillimeter scale promises not only
transport intensification, but also more precise process control (i.e., regular flow
pattern, fast response, and uniform temperature distribution) and more reliable
operation under novel process windows (i.e., elevated temperatures, high pressure,
explosive, toxic conditions). In addition, some physical transport phenomena ben-
eficial for chemical synthesis take place below a certain channel diameter (e.g.,
regular laminar flow, surface-tension dominated droplet/bubble flow, inhibition of
explosion propagation for enhanced safety). Exploiting these effects, microreactors
allow the achievement of operation conditions, and reactor performance not achiev-
able in other configurations [26, 27].

One interesting case is the commented oxidative O2-dependent biotransforma-
tions. It has been shown how continuous-flow microreactor technology can expand
the process window by increasing the medium pressure range (�34 bar), enabling
biotransformations to be conducted within a single liquid phase at boosted concen-
trations of the dissolved O2 (up to 43 mM). Using soluble enzymes in liquid flow, a
rate enhancement (up to six-fold) stemming from the effect of elevated O2 concen-
trations was observed on the oxidase kinetics. When additional catalase was used to
recycle dissolved O2 from the H2O2 released in the oxidase reaction, product
formation was doubled compared to the O2 supplied, in the absence of transfer
from a gas phase. A packed-bed reactor containing oxidase and catalase
co-immobilized on porous beads was implemented to demonstrate catalyst recycla-
bility and operational stability during continuous high-pressure conversion. Product
concentrations of up to 80 mM were obtained at low residence times (1–4 min) [81].

4.6 Scale-Up and Scale-Down Impact on Productivity
and Space-Time Yield

Microfluidic reactors enable the achievement of a high space-time yield (g L�1 h�1)
at efficient use of the enzyme catalyst. One major question in the applications of
microfluidic flow reactors is the scalability in terms of increasing (or suiting) the
required total productivity (g h�1). Studies performed in wall-coated enzyme-
immobilized reactors have shown that a decrease in the characteristic reactor dimen-
sion can allow the reduction of the volume while still preserving conversion and total
productivity [89]. Although it is widely acknowledged that microreactors can also be
used for the actual production in addition to enhanced bioprocess development,
studies actually comparing the effect of reactor format on space-time yield and
productivity remain relatively scarce [8]. Most reports in the literature mention the
usefulness of the microfluidic systems for process screening in enzymatic reactors,
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but very few actually proceed to increase the scale in order to benchmark the results
obtained [162]. In one recent example, a microfluidic enzymatic reactor for L-DOPA
production was up-scaled (780-fold increase) to a milliliter scale system by
maintaining similar mass transport properties resulting in the same yield, space-
time yield, and biocatalyst yield as its microscale counterpart. The results obtained
for yield and biocatalyst yield were like what is reported in the literature for similar
systems, however the space-time yield was higher [157]. Calculations on produc-
tivity were made available for enzymatic microreactors and cost analysis shows the
potential for high-value pharmaceutical synthesis [163, 164]. In another illustrative
example, comparison between different laccase/reactor formats revealed that the
catechol oxidation was more efficient when the enzyme was immobilized on the
surface of microchannels [165]. Scale-out and numbering up are approaches to
increase the total production while keeping constant characteristic distance
[162, 166].

5 Conclusions

Microfluidic enzyme reactors play an important role in the current trend of transit to
continuous bioprocesses and process intensification. Progress is strongly anchored
on an interdisciplinary approach where material sciences, protein engineering,
enzyme immobilization, process engineering, mathematical modelling and analyti-
cal chemistry are combined. However, despite all the progress in this field in recent
years, not all promises of these systems have been fulfilled as their chemical
synthesis counterparts (Table 1).

There are still challenges to be addressed for an effective use of continuous-flow
microreactors, namely: the overall gain in process intensification and economic

Table 1 Demonstrated benefits of flow biocatalysis using continuous-flow microreactors (adapted
from [13])

Promised benefit of flow biocatalysis

Demonstrated Continuous processing at smaller scales

Better spatial and temporal control

High surface-to-volume ratio

Improved transport in multiphasic systems

Product removal/product isolation

Partially demonstrated Faster process development

Plug-and-play construction of process configuration

Expanded biocatalytic process windows

Not demonstrated Safety, health, and environmental advantages

Mobile process plants

Energy efficiency

Cost-effectiveness (e.g., capital expenditures and cost of goods)

236 M. P. Cardoso Marques et al.



feasibility; the long-term robustness and stability of the enzymatic process; recycling
of streams, including enzymes and recycling/regeneration of cofactor; enzyme
preparation, in particular for immobilized form, and associated costs; and matching
reaction and recovery times in cascade reactions. Additionally, general limitations
for further uptake in industry include the lack of a more comprehensive monitoring
of all process variables and automation, insufficient sample volume for quality
control, and integration of downstream processing. The standardization of device
and components, as well as, the development of sensor technology would allow the
implementation of Process Analytical Technology (PAT), reducing dependency of
end-users on specific manufactures, reducing operator-induced variability whilst
improving product quality [36]. Until all these are addressed, flow biocatalysis
will be implemented on a case-by-case approach and not truly universal.
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Abstract The recent coronavirus (COVID-19) pandemic has underscored the need
to move from traditional lab-centralized diagnostics to point-of-care (PoC) settings.
Lab-on-a-chip (LoC) platforms facilitate the translation to PoC settings via the
miniaturization, portability, integration, and automation of multiple assay functions
onto a single chip. For this purpose, paper-based assays and microfluidic platforms
are currently being extensively studied, and much focus is being directed towards
simplifying their design while simultaneously improving multiplexing and automa-
tion capabilities. Signal amplification strategies are being applied to improve the
performance of assays with respect to both sensitivity and selectivity, while
smartphones are being integrated to expand the analytical power of the technology
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and promote its accessibility. In this chapter, we review the main technologies in the
field of LoC platforms for PoC medical diagnostics and survey recent approaches for
improving these assays.

Graphical Abstract

Keywords Centrifugal microfluidics, Diagnostics, Lab-on-a-chip, Microfluidics,
Paper, Point-of-care, Smartphone

1 Introduction

Over the years, medical diagnostics has been shifting away from imaging and
invasive tissue sampling, towards far less invasive tests that detect disease bio-
markers in extracted body fluids. Such biomarkers may include small metabolites,
nucleic acids, proteins, and cells [1, 2]. Today, most assays for biomarker detection
are mainly performed at centralized labs – requiring trained personnel for operation
of complex benchtop analyzers, with a correspondingly long time-to-result period.
The latter consideration is critical with respect to many medical conditions, for
which time is frequently of the essence [3]. In addition, at low resource environ-
ments, such analyzers are necessarily limited due to their high costs and the need for
skilled operators. As a result, significant efforts are now being directed towards
development of point-of-care (PoC) tests, which can be operated at the patient site by
non-trained personnel [1, 4–7]. Such tests should provide accurate, sensitive, and
specific results in a rapid manner (with an optimal time-to-result in the range of few
seconds to few hours) at relatively low-cost. The ideal vision for such a test would be
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an independent and self-sustainable operation that allows a non-trained operator to
load a sample of extracted body fluid (e.g., blood, urine, saliva, sweat, etc.) into the
instrument and obtain informative results with minimal user intervention (i.e.,
sample in, result out). Fully integrated lab-on-a-chip (LoC) technologies, which
incorporate all related analysis steps (including sample loading and preparation) in
a single device, stand to significantly advance PoC medical diagnostics [1, 5, 8–13].

In this chapter, we provide an overview of the primary technologies in the field of
PoC medical diagnostics. These include paper-based assays and microfluidics,
magnetic-assisted detection, centrifugal microfluidics, and smartphone-based detec-
tion. We will highlight the main concepts and directions in each technology, provide
several relevant examples from the past 3 years, discuss the main challenges in the
field, and conclude by offering a future-oriented perspective.

2 From Paper-Based Assays to Microfluidic Chips

Lateral flow assays are widely used for PoC diagnostics. In these assays, a liquid
sample containing the target analyte moves (via capillary forces) through various
zones of polymeric strips, on which capture probes that can interact with the analyte
are immobilized (see Fig. 1) [14, 15]. One of the most common lateral flow assays is
the commercial pregnancy test for detecting human chorionic gonadotropin in
urine – in which a sandwich-based immunoassay is performed, and detection of
the target protein is realized via a color change, which can be observed with the
naked eye [16–19]. The main advantages of lateral flow assays are their simplicity,
ease of use, extended shelf life, and low-cost. However, lateral flow assays require
numerous reagents and relatively large volumes of sample, and both multiplexing
and the control of the flow rate pose challenges [16–19].

Microfluidic technology has been applied to address these limitations by enabling
precise control of the flow by different microchannel geometries [19, 20]. Capillary-
driven microfluidic chips have been used for PoC diagnostics of various analytes

Fig. 1 Schematic illustration of a typical lateral flow assay strip. Few microliters of the sample are
loaded to the sample pad and drawn to the probe pad, via capillary forces. The target is bound by
labeled detection probes and transferred to the detection membrane and captured on a line of
immobilized capture probes. Reprinted from Ref. [15] (Anfossi L. et al. Multiplex Lateral Flow
Immunoassay: An Overview of Strategies towards High-throughput Point-of-Need Testing. Bio-
sensors. 2018;9(1):2)

Lab-on-a-Chip Devices for Point-of-Care Medical Diagnostics 249



[17, 21–24]. For example, the commercially available Triage system – which is
comprised of a portable analyzing instrument and a disposable protein chip – aims to
diagnose a wide variety of health conditions [25, 26]. Like the lateral flow immu-
noassay, a biological sample is loaded onto this chip, and the target antigen is first
bound to labeled antibodies. The bound conjugates then pass through the detection
zone, where they are captured by pre-immobilized antibodies. The cartridge is
fabricated from polymer microfluidic channels, which result in lower batch-to-
batch variability when compared to traditional lateral flow immunoassays. The
capillary flow is passively controlled by the microstructure and surface characteris-
tics, which increase the incubation time of the target with the detection zone in a
controllable manner without the need for active pumps and valves. Thus, for a
relatively low-cost, a simple and rapid (~15 min) detection platform is realized.
Multiplexed biomarker detection from whole blood was achieved by the Lateral
Flow Integrated Blood Barcode Chip [27]. This microfluidic chip, fabricated from a
hydrophilic polymer bonded to a glass slide, includes an array of immobilized
antibodies that are specific for a variety of protein biomarkers. A few microliters
of whole blood with an anticoagulant are loaded onto the chip, and a filter paper is
then used to draw the sample and other loaded reagents through the chip via action of
capillary forces. Separation of blood cells from the plasma is achieved by inertial
force. A wash buffer is used to reduce background noise by removing an unbound
label. Each step in the assay is automatically and sequentially executed, and the
whole assay is performed within the span of just 40 min. To further automate the
system, a self-coalescence module can also be integrated in a microfluidic chip, for
the controlled reconstitution and delivery of inkjet-spotted and dried reagents. Well-
defined reagent concentration profiles are established based on their initial spotting
pattern [28]. This was applied in a silicon-based microfluidic chip for detection of a
cardiac biomarker (troponin I) in human serum via a sandwich fluorescence immu-
noassay [16]. Figure 2a illustrates the platform, where a loading pad receives a
sample, which is drawn by capillary forces to a self-coalescence module. The latter
contains dried detection antibodies, which are reconstituted by a defined volume of
the sample. That mixture then passes to a bead lane with capture antibodies, which
selectively bind with the target-detection antibody complexes from the sample. The
flow of the sample in the chip is controlled by a capillary pump. The design and
image of the silicon microfluidic chip itself are presented in Fig. 2b, c, respectively.
The assay requires 1 μL of sample, performed within 25 min, and a limit of detection
of 4 ng mL�1 is realized.

An additional strategy for achieving reagent storage in paper-based microfluidic
assays is seen in the use of a three-dimensional (3D) folding of a paper substrate with
an origami-based technique. Different layers and dried reagents can be stacked
vertically, and the addition of a buffer solution results in reconstitution via a
controlled, multistep process. Parallel tests can be performed using a multilayer
fluidic network in a compact device [18, 29]. Recently, 3D-origami-based paper
device was used for detection of a biomarker for Staphylococcus aureus infection
within human synovial fluid by an ELISA-based immunoassay [30]. That platform
consists of a sliding strip and antibody storage functions on a single sheet of paper, as
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shown in Fig. 3a. The sliding strip acts as a valve to control the serial steps of sample
addition, interaction, washing, and detection. The sequential flow is carried out by
sliding the tab to different positions (see Fig. 3b). Only 3 μL of sample are required,
and this procedure can be completed within 7 min. Nevertheless, the manual addition
of buffers is still required during this procedure.

Sensitivity enhancement of lateral flow assays has frequently been achieved by
incorporating various nanomaterials – such as gold or silver nanoparticles, magnetic
nanoparticles, and quantum dots – into the system [19, 31, 32]. An alternate strategy
is the use of external fields (i.e., acoustic, thermal, electric, etc.). Electrophoretic
methods, such as ion concentration polarization or isotachophoresis, have also been
applied to facilitate separation and concentration within microfluidic devices. In
isotachophoresis, ionic species can be focused, based on their electrophoretic mobil-
ity, using a discontinues buffer system. The method enables the simultaneous
extraction, separation, and concentration of the target species [33]. This method
was recently applied for multiplexed detection of two cardiac biomarkers in human
serum [34]. The platform is comprised of a lateral flow paper assembled on a
3D-printed cartridge for buffer reservoirs and electrode connection. The two protein
targets are fluorescently labeled and detected by immobilized antibodies on the paper
strip. The assay time is 6 min and results in ~1,300-fold enrichment of the proteins.
Label-free detection with isotachophoresis in a microfluidic assay was demonstrated

Fig. 2 (a) General concept of a lateral flow assay-based microfluidic chip, which integrates a self-
coalescence module, containing dried inkjet-spotted detection antibodies. The flow of the sample is
driven by a capillary pump. (b) The design of the corresponding microfluidic chip and (c) an optical
microscopy image of the fabricated Si microfluidic chip. Reprinted with permission from Ref. [16]
(Hemmig E. et al. Transposing Lateral Flow Immunoassays to Capillary-Driven Microfluidics
Using Self-Coalescence Modules and Capillary-Assembled Receptor Carriers. Analytical Chemis-
try. 2020;92(1):940–6). Copyright (2020) American Chemical Society
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with porous silicon-based optical biosensors, where the reflectivity changes of the
latter upon target binding are monitored in real time, with no need for target labeling.
This was shown for DNA and protein targets with up to 1,000-fold enhancement in
sensitivity [35, 36]. Nevertheless, application of an external field does require
peripheral equipment, which both increases the cost and complicates the setup of
the system.

3 Magnetic-Assisted Platforms

Magnetic nano- and microparticles are used in LoC devices for fluid manipulation.
In many cases, the particles in the fluid are actuated by applying a magnetic field to
induce the mixing (which is often limited in microfluidic devices due to laminar
flow) [37–41]. Moreover, the particles can be also used as carriers and labels to
facilitate both transfer and separation of biomolecules [37–41]. Magnetic particles
are commonly controlled by electromagnets, coils, or permanent magnets – all of
which induce an external magnetic field – and often form supramolecular structures

Fig. 3 3D-origami-based paper device used for detection of a protein A in human synovial fluid:
(a) Illustration of the preparation of the platform, by an origami folding. The detection antibodies
are impregnated in cellulose, while capture antibodies are covalently immobilized in the detection
pad. (b) The testing procedure, where the sliding tab is used to control the flow and the serial step
execution of the assay. Reproduced from Ref. [30] (Chen C. A et al. Three-dimensional origami
paper-based device for portable immunoassay applications. Lab on a Chip. 2019;19(4):598–607)
with permission from The Royal Society of Chemistry
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in the form of microcolumns due to dipole-dipole interactions [42, 43]. For example,
bio-conjugated magnetic nanochains have been used on a microchip as stir bars to
promote liquid mixing and as capture agents for bio-separation (see Fig. 4) [44].
A simple planar design of a microchip is realized based on flat channels on
polydimethylsiloxane (PDMS)-on-glass, free of built-in components. The magnetic
nanochains are biofunctionalized with target-specific antibodies, and surface-
enhanced Raman spectroscopy (SERS)-encoded nanoprobes are used as signaling
probes for multiplexed Raman spectroscopic detection. A small amount (~1 μL) of
sample fluid is mixed with both components, and the fluid flow and mixing are
thereafter controlled via an external spinning magnetic field. Multiplexed detection
of three cancer biomarkers in clinical serum and two bacterial species in saliva
samples have been demonstrated in just 8 min [44].

Magnetic particles have been also used to automate processes in sandwich
immunoassays, including the reaction and washing steps [45]. A sample is mixed
with gold-coated iron oxide nanoparticles that have been functionalized with detec-
tion antibodies. The antibody-antigen reaction then forms immunocomplexes, which
are electrochemically detected. The reaction and subsequent removal of unbound
probes are controlled and accelerated by an external magnetic field. Thus, a simpli-
fied platform is obtained, without the need for fluid manipulation components and
prestored washing buffer. Detection of a prostate-specific antigen in 10 μL of human
serum is demonstrated with a limit of detection of 0.085 ng mL�1 within 5 min
[45]. A similar concept was used for developing a PoC multiplexed diagnostic test
for differential detection of Ebola, Lassa, and malaria biomarkers in whole blood
samples within 30 min [46]. Detection antibodies for the target antigens are conju-
gated to specific SERS nanotags and magnetic nanoparticles, which are stored dried

Fig. 4 Bio-conjugated magnetic nanochains on a microchip as rapid active liquid mixers and
capture agents for bio-separation: (a) schematic illustration of the assay platform; (b) photographs
of the platforms in a single- or multichannel format (scale bar: 0.5 cm); and (c) the detection assay:
the sample, antibody-conjugated magnetic nanochains and surface-enhanced Raman spectroscopy
(SERS)-encoded probes are mixed in the reaction chamber. Immune complexes are formed and
isolated to the detection chambers, which are then subjected to Raman spectroscopic detection.
Reprinted from Ref. [44] (Xiong Q. et al. Magnetic nanochain integrated microfluidic biochips.
Nature Communications. 2018;9(1):1743). Copyright © 2018, Springer Nature
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in a test tube – providing a single-use and temperature stable platform that is ideal for
field application. A whole blood sample (45 μL) and a lysis buffer are added to
rehydrate the dried reagents. After a mixing step, the magnetic microparticles-
antigen-SERS nanotag complexes are separated with an external magnet, and an
external laser is used for SERS signal monitoring [46]. Magnetic particles have been
also used for signal amplification in lateral flow immunoassay strips for human
chorionic gonadotropin detection [47, 48]. For example, Pt-decorated magnetic core-
shell nanoparticles, functionalized with detection antibodies, have been successfully
deployed for this function [47]. These particles have both magnetic and enzyme-like
properties, enabling target analyte magnetic enrichment and signal amplification by
a peroxidase-like reaction mediated by the particles (see Fig. 5). The sensitivity is
increased by two orders of magnitude when compared to a conventional lateral flow
immunoassay [47].

In terms of nucleic acid analysis, magnetic particles are utilized for extraction,
purification, amplification, and detection [49–51]. For nucleic acid amplification,
isothermal methods are preferable for PoC testing, since they avoid the required

Fig. 5 Magnetic particles for signal amplification in lateral flow immunoassay (LFIA) for human
chorionic gonadotropin detection. The particles have both magnetic and enzyme-like properties,
enabling target analyte magnetic enrichment and signal amplification. Reprinted with permission
from Ref. [47] (Kim M. S. et al. Pt-Decorated Magnetic Nanozymes for Facile and Sensitive Point-
of-Care Bioassay. ACS Applied Materials & Interfaces. 2017;9(40):35133–40). Copyright (2020)
American Chemical Society
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thermal cycling in polymerase chain reaction [52–54]. One such method is so-called
rolling circle amplification [55]: DNA or RNA target is annealed and ligated to a
padlock probe, forming a circular template. The probe is highly sensitive to single
base mutations, which results in high specificity [56]. Amplification reaction then
proceeds via a phi29 polymerase, which creates a long single-stranded DNA
concatemer containing repeated copies of the sequence complementary to the
padlock probe [55]. Although this is a highly efficient isothermal method, the
multiple steps in the assay and the different required reagents make the integration
of this method onto a single-chip platform a challenging project. Magnetic particles
can in turn facilitate the automation of the multistep assay [42, 57, 58]. For instance,
a magnetic fluidized bed was recently integrated in a simple microfluidic chamber,
generating a constant hydrodynamic recirculation in a continuous flow and thereby
enabling efficient liquid perfusion and mixing [42]. The magnetic particles are
functionalized with an oligonucleotide for the capture of the target DNA. A complete
rolling circle amplification assay is performed on chip, with detection carried out in a
low-cost polymer-based microarray module by fluorescence microscopy. The plat-
form enables processing of large sample volumes, and a limit of detection of 1 pM is
obtained [42]. A similar concept is presented in a multichamber polymer-based
microfluidic chip, which integrates DNA target capture, transport, and a rolling
circle amplification assay, using magnetic microbeads [57]. The platform requires
the manual loading of reagents, after which the assay runs automatically in a
sequential chamber filling by capillary stop valves and phase guide structures.
Opto-magnetic detection of a synthetic DNA target for type-B influenza virus is
realized in 45 min, with a limit of detection of 20 pM [57].

4 Centrifugal Microfluidic Platforms

Multiplexed LoC detection can also be achieved by centrifugal microfluidics, which
have been applied for detection of a wide range of analytes and have been thor-
oughly reviewed in the past [59–62]. The technology is based on a “Lab-on-a-CD”
concept, wherein the complete fluidic network and the analysis steps are all embed-
ded onto a single disc. The fluidic processing steps – including separation and
reagent mixing – are then automated by implementing different spinning profiles.
Integration of multiple assays in a single platform can thereby be achieved. The main
advantage of these systems is their simple method of fluid manipulation, which is
achieved by a rotary motor without the need for external pumps or a high-voltage
power supply. The disc can also be synthesized from low-cost polymers, which
facilitate both mass production and economical disposal. The Lab-on-a-CD technol-
ogy has been successfully utilized for PoC diagnostics by several commercial
companies. For example, Piccolo Xpress by Abaxis Inc., USA, [63] offers a variety
of CD-based blood chemistry analyzers with up to 14 tests on a single disc. The
platform requires only 0.1 mL of a blood sample, and results are obtained within
12 min. Recently, the centrifugal microfluidic technology was also applied for a low
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volume blood analysis, using only 12 μL of blood from a finger prick, for automatic
monitoring of blood glucose, total cholesterol, and triglycerides within ~15 min (see
Fig. 6a, b). Plasma separation, mixing, reaction, and detection are fully automated
with a portable analyzer (Fig. 6c), which shows great potential for blood monitoring
at home [64].

Centrifugal microfluidics is especially advantageous for nucleic acid detection,
which requires lengthy and laborious sample preprocessing steps such as cell lysis,
DNA purification, and amplification [65, 66]. Using this approach, all these steps can
be integrated into a single disc and performed automatically and sequentially. For
example, a centrifugal microfluidic device was integrated with a 3D-printed solu-
tion-loading cartridge for multiplex foodborne pathogen detection, as illustrated in
Fig. 7a. The solution-loading cartridge prestores all required solutions for molecular
diagnostics and connects with the reservoirs on the centrifugal device – minimizing

Fig. 6 (a) The design of the centrifugal microfluidic finger-prick blood biochemical analyzer; (b)
exploded view of the chip, presenting an upper adhesive tape and bottom polycarbonate layer; (c)
the portable biochemical analyzer. Reprinted with permission from Ref. [64] (Zhu Y. et al. Self-
served and fully automated biochemical detection of finger-prick blood at home using a portable
microfluidic analyzer. Sensors and Actuators B: Chemical. 2020;303:127235). Copyright © 2019
Elsevier B.V
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manual processing (see Fig. 7b). Sequential loading of the solutions to the device is
achieved by controlling the rotational speed, and silica bead-assisted DNA extrac-
tion, isothermal DNA amplification, and colorimetric detection by Eriochrome
Black T are then carried out. The platform enables detection of four kinds of
foodborne pathogens in a real milk sample within 65 min and with a limit of
detection of 103 cells per mL (see Fig. 7c) [67]. Another technology which enables
integration of DNA processing is double rotation axes centrifugal microfluidics, in
which the disc can rotate around two rotation shafts – thus not limiting the fluid flow
only radially outwards [68, 69]. This technology has allowed for a completely
automated sample-to-result analysis of hepatitis B virus in whole blood [70]. The
disc comprises all process chains for the virus DNA detection, including plasma
separation from whole blood, lysis, DNA purification, and amplification. The double
rotation axes centrifugal microfluidics allow for unconstrained and reversible fluid
pumping, as well as an efficient spatial utilization of the disc. All reagents are
prestored on the disc, and their introduction is controlled by melting ferrowax
plugs in the channels with laser irradiation. The only manual step in the assay is

Fig. 7 (a) Design of the centrifugal microfluidics device for multiplex foodborne pathogen
detection; (b) a real photograph of the microdevice with the solution loading and reagent storage
cartridge; (c) multiplexed colorimetric detection of four different pathogens in milk sample in
comparison to a negative control of pure milk. Reproduced from Ref. [67] (Oh S.J. and Seo
T.S. Combination of a centrifugal microfluidic device with a solution-loading cartridge for fully
automatic molecular diagnostics. Analyst. 2019;144(19):5766–74) with permission from The Royal
Society of Chemistry
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the supply of 0.5 mL of a whole blood sample, while the time-to-result is 48 min,
with a limit of detection of 102 copies per mL [70].

5 Smartphone-Based Detection

The high availability of smartphones worldwide and their sophisticated technolog-
ical features (such as high quality cameras, connectivity, and computational power)
have increasingly led to their integration into a wide range of analytical sensing
systems [71–78]. Detection via smartphone is commonly based on various forms of
optical measurements – including bright-field, colorimetric, luminescence, and/or
fluorescence [71, 72]. The high resolution of the embedded complementary metal
oxide semiconductor image sensor cameras enables high pixel density for optical
monitoring, while the high computational power facilitates real-time image analysis
[76]. Because smartphone-based PoC platforms have been extensively reviewed in
the past few years [71–79], in this section we only briefly survey the main aspects of
smartphone-based detection with a few examples from recent years.

Bright-field-based detection is the simplest method, where a sample is illuminated
from below with white light and then the transmitted light is measured [72]. Imaging
of living cells or large biomolecules can be achieved in this way [80, 81]. Colorimet-
ric-based detection is also relatively simple, requiring only illumination and image
processing. This has been commonly used in connection with paper-based assays to
achieve quantitative results. For example, a custom-built smartphone application
was used to quantitate a PoC lateral flow assay for detection of Ebola virus-specific
antibodies in clinical human serum samples. This low-cost platform requires only the
test strip and a smartphone, and results are obtained within 15 min [82]. Smartphone
colorimetric detection of lactate dehydrogenase as a biomarker for cellular damage
for early diagnosis of serious illness in neonates was also recently shown, as
illustrated in Fig. 8 [83]. The PoC platform consists of a plastic cartridge holding
disposable filter papers for whole blood filtration, plasma separation, and colorimet-
ric reaction. The cartridge is mounted in a box (Fig. 8b), which also holds the
smartphone at a fixed distance for automatic imaging. A dedicated application is
used for analyzing the RGB values of the acquired images, and comparable results to
standard laboratory analysis are obtained in only 4 min [83]. Colorimetric-based
detection using a multichannel smartphone spectrometer as an optical biosensor was
recently used to detect protein content and a cancer biomarker within human serum
[84]. Images captured by the phone camera were converted to transmission and
absorbance spectra in the visible light range with high resolution, and the perfor-
mance of the setup was comparable to benchtop instruments.

To increase the sensitivity of the assay, fluorescence-based detection is also
frequently employed. For such systems, an optomechanical modulus containing
excitation and/or emission filter and laser diodes for excitation are required
[76]. For example, a compact multimodal microscope was integrated on a
smartphone for targeted DNA sequencing and in situ point mutation analysis in
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tumor samples [85]. A 3D-printed lightweight optomechanical modulus is integrated
on the smartphone and contains two laser diodes for multicolor fluorescence imag-
ing, as well as a white light-emitting diode (LED) for bright-field transmission
imaging. DNA sequencing and point mutation analysis are achieved via rolling
circle amplification, and the results are comparable to regular benchtop microscopes.
Such technology is applicable for genotyping cancer patient biopsies directly in the
pathologist office at PoC. Similar concept was shown for multiplexed detection of
Zika, chikungunya, and dengue viruses (belonging to the Flaviviridae family)
directly in human blood, saliva, and urine samples (see Fig. 9) [86]. This platform
is comprised of three components: a heating module, a reaction module, and an
optical-detection and image analysis module. The latter contains multicolored LED
coupled with a multi-pass band filter for fluorescence measurement. The entire
platform is fitted with a smartphone, and the camera is utilized for the imaging. A
dedicated application is used for fluorescence signal analysis by a novel algorithm,
improving the discrimination between positive and negative signals by fivefold,
compared to a naked eye. Target virus RNAs are detected by reverse-transcription
loop-mediated isothermal amplification coupled with quenching of unincorporated
amplification signal reporters. Recently, microfluidic-based immunoassay based on
a smartphone fluorescence detection was used to conduct troponin I analysis in
human serum in clinically relevant concentrations within 12 min [87]. Although
fluorescence-based detection improves the sensitivity of the assay, it also requires
the addition of complex and costly optical components to the system. Time-gated
photoluminescence-based detection may offer one economical alternative. This
concept is demonstrated for human chorionic gonadotropin quantification in a lateral

Fig. 8 (a) Schematics of a PoC lateral flow assay system for analysis of lactate dehydrogenase
(LDH) in whole blood, consisting of a plastic cartridge holding filter papers. Scale bar: 0.4 cm. (b)
The cartridge is placed on a designated slot inside a box; the latter keeps a fix distance between the
phone camera and the cartridge for the imaging while ensuring similar light conditions between
different batches. An app is used to guide the user in the assay and analyze the results. Reprinted
from Ref. [83] (Halvorsen C.P., et al. A rapid smartphone-based lactate dehydrogenase test for
neonatal diagnostics at the point-of-care. Scientific Reports. 2019;9(1):9301). Copyright © 2019,
Springer Nature
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flow assay with a persistent luminescent phosphor reporter [88]. A smartphone’s
flash is used to excite the nanophosphors, which are then imaged using the
smartphone camera. A 10- to 100-fold enhancement in sensitivity is achieved
compared to commercial lateral flow assays – without the need for any additional
complex optical components.

6 Conclusions and Outlook

Significant research efforts have already been directed towards the development of
simple and low-cost devices for LoC-based medical diagnostics at PoC. Neverthe-
less, commercialization of such technologies remains limited, and the following
aspects must be considered:

– Real PoC application (in terms of sample in – results out) requires the integration
and automation of all assay steps – yet most assays still require extensive user
intervention, mainly in terms of sample preparation and/or reagent addition. For
certain applications, this bottleneck can perhaps be solved by the integration of
reagent moduli and, where possible, simple reagent storage on the chip.

– The need to improve the sensitivity, selectivity, and stability of sensing moduli is
increasingly leading researchers to explore robust recognition elements – such as

Fig. 9 (a) Schematic illustration of the smartphone-based fluorescence detection of Zika,
chikungunya, and dengue virus’s RNA platform, based on reverse-transcription loop-mediated
isothermal amplification assay. The system comprises isothermal heating unit with reaction tubes,
LED excitation source and Bluetooth microcontroller. (b) An app is used to wirelessly actuate the
isothermal heater and excitation source. The smartphone camera with an emission filter captures the
images, analyzed subsequently by the app. (c) Duplex detection of Zika and chikungunya viruses.
The images are mapped over predefined fluorophore emission islands to distinguish between
different viral targets. Adapted with changes from Ref. [86]. (Priye A. et al. A smartphone-based
diagnostic platform for rapid detection of Zika, chikungunya, and dengue viruses. Scientific
Reports. 2017;7(1):44778). Copyright © 2017, Springer Nature
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aptamers, antibody fragments, and molecularly imprinted polymers. Various
nanomaterials are also being incorporated for signal amplification and to improve
the total assay performance.

– Scalability is an essential requirement for commercialization, and it continues to
pose profound challenges for complex microfluidic structures. As a result, scal-
ability considerations must direct the materials, design, and fabrication methods
that are employed for such devices. For example, PDMS (which is commonly
used for microfluidic fabrication in the academy) is not suitable for mass produc-
tion, since it is fabricated mostly via soft lithography techniques. As a result,
gold-standard paper-based assays continue to rule the field of PoC diagnostics by
dint of the fact that they can be mass-produced at a very low-cost. Advancements
in 3D-printing technology will likely begin to close that gap in the near future, at
least with respect to plastic-based microfluidics.

– Smartphone technology has expanded the analytical power and increased the
accessibility of many platforms. But hygiene considerations – including both
contamination and disposal issues – must be carefully considered if smartphones
will be deployed.

– Because multiplexing for the simultaneous detection of several biomarkers is
extremely valuable in the context of medical diagnostics, the authors anticipate
that research efforts in this direction will continue to increase exponentially.

– Clinical validation of all platforms is required. Many of the published works
utilize human biological samples spiked with the analyte; although this is suffi-
cient for a proof-of-concept, real clinical samples from different patients should
always be tested in order to validate a platform’s design integrity.

– Finally, the social impact of this emerging technology – as well as corresponding
regulatory policies and concerns – should be considered when designing an
assay, in order to facilitate (or at least preserve) its commercialization potential.
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Abstract Microfluidic and lab-on-a-chip systems have become increasingly impor-
tant tools across many research fields in recent years. As a result of their small size
and precise flow control, as well as their ability to enable in situ process visualiza-
tion, microfluidic systems are increasingly finding applications in environmental
science and engineering. Broadly speaking, their main present applications within
these fields include use as sensors for water contaminant analysis (e.g., heavy metals
and organic pollutants), as tools for microorganism detection (e.g., virus and bacte-
ria), and as platforms for the investigation of environment-related problems (e.g.,
bacteria electron transfer and biofilm formation). This chapter aims to review the
applications of microfluidics in environmental science and engineering – with a
particular focus on the foregoing topics. The advantages and limitations of
microfluidics when compared to traditional methods are also surveyed, and several
perspectives on the future of research and development into microfluidics for
environmental applications are offered.
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1 Introduction

Microfluidics, or “lab-on-a-chip”, is the science and technology of systems that are
made using integrated circuits and/or miniaturized fluidic channels designed to
realize different functions via electrical signals and/or flow manipulation
[1]. When feature size and flow volume are shrunk down to microscale, surface
area dramatically increases – which significantly improves the efficiency of molec-
ular diffusion and heat transfer [1, 2]. As a result of their properties, microfluidics are
increasingly finding applications in disparate areas of multidisciplinary research,
including chemical [3, 4], biological [5, 6], medical (e.g., drug delivery) [2], and
engineering (e.g., material synthesis) [7] fields.

Environmental science and engineering is a discipline for understanding
environment-related processes and dealing with environment-related issues – such
as understanding the conditions of environmental contamination and/or finding ways
to affect environment remediation and protection. Some of the most widely studied
environmental topics currently include pollution monitoring and analysis, research
into the effects of pollutants on ecologies and human health, technologies of
pollution treatment and removal, and microorganism-related challenges (such as
the spread of antibiotic resistance).

Microfluidic and lab-on-a-chip devices are gaining increasing attention in this
field due to their usefulness as tools for (by way of example) pollutant sensing,
microorganism detection, and general environment-related process investigation
(Fig. 1). Microfluidic devices offer several remarkable advantages over more con-
ventional methods: for instance, they can more readily be used as portable detectors
or analyzers due to their small size, thereby enabling on-site pollution detection and
monitoring. Lab-on-a-chip devices have also provided research platforms for in situ
and real-time observation of microorganisms and for visualization of other
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environmental processes. In this chapter, we will review some of the primary
applications of microfluidic and lab-on-a-chip devices in environmental science
and engineering. Finally, advantages, limitations, and perspectives on future devel-
opment in this area will be discussed.

2 Applications of Microfluidics in Environmental Science
and Engineering

2.1 Microfluidics Used for Contaminant Analysis

Conventional methods for conducting water pollutant analysis use advanced and
complex instruments, such as inductively coupled plasma mass spectrometry
(ICP-MS) for metal ions detection; high-performance liquid chromatography
(HPLC) and gas chromatography-mass spectrometry (GC-MS) for organic com-
pounds detection; and –ultraviolet-visible spectroscopy (UV-Vis) for nitrate or
nitrite detection. Compared to these traditional analytical techniques, microfluidic
systems and lab-on-a-chip sensors possess several significant advantages, namely,
greater portability for on-site monitoring, smaller required sample volume, shorter
reaction time, and better process control. Optical and electrochemical methods are
the two main approaches that are typically used for pollutant detection in

Fig. 1 Environmental applications of microfluidic and lab-on-a-chip devices (some images are
from the Internet)
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microfluidic devices and sensors [8]. Common optical methods include fluorescent,
colorimetric, surface plasmon resonance, and surface-enhanced Raman scattering
(SERS) [8]. The detection techniques used in electrochemical sensors consist of
amperometry, voltammetry, conductometry, and potentiometry [9]. With the sensing
device miniaturization and sample volume decrease, electrochemical methods offer
an inherent advantage over optical approaches. Since electrochemical methods rely
on the concentration instead of absolute amount of the analyte, the sensitivity is
independent of the sample volume, and more accurate determinations could be
achieved due to the higher surface-area-to-volume ratios of the small probes [10].

2.1.1 Heavy Metal Ion Analysis

Water contamination by heavy metals is a severe environmental problem with
significant implications for public health. Indeed, many lab-on-a-chip-based sensors
have been developed specifically to facilitate the detection of a variety of metal ions,
including Hg (II) ions [11], Pd (II) ions [12], Cd (II) ions [13, 14], Cu (II) ions
[15, 16], and other metal ions [17, 18].

Wang et al. have developed a microfluidic device for quantitative analysis of trace
Hg (II) ions (Hg2+) based on surface-enhanced Raman scattering (SERS) [19]. A
sample containing Hg2+ was mixed with gold nanoparticles while flowing through a
wandering channel (Fig. 2a, b). The gold nanoparticles had rhodamine B dye
molecules attached on the surface. Due to the strong affinity between Hg2+ and
gold nanoparticles, the rhodamine B attached on the gold particles could be replaced
by Hg2+ (Fig. 2c), causing a change in the SERS signal of rhodamine B in a function
of the concentration of Hg2+. The SERS changing was characterized by a Raman
microscope system. The concentration analysis range of Hg2+ was estimated to be
between 0.1 and 0.5 μg/L.

Another microfluidic device has been developed for continuous and on-site
monitoring of Pb (II) ions (Pb2+) [20]. The device is composed of cyclic olefin
copolymer microfluidic channels, with silver working and counter-electrodes. The
Pb2+ measurement was achieved by square-wave anodic stripping voltammetry
(SWASV) technique. Specifically, water sample containing Pb2+ was first injected
into the channel through an inlet. Under a certain voltage, Pb (II) ions were deposited

Fig. 2 Schematics of the microfluidic system for Hg ions detection. (a) Schematic of the
microfluidic device for Hg2+ detection. (b) Photograph of the channel during operation.
(c) Schematic of Hg2+ sensing mechanism based on the replacement of RB dye molecules through
the reduction of Hg2+ on the surface of Au nanoparticles (reprinted by permission from Springer
Nature Customer Service Centre GmbH: Springer, [19]. Copyright (2009))
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onto the Ag electrode via electrodeposition, and then plated metal was oxidized off
from the Ag electrode using a square-wave anodic potential sweep. The whole
electrochemical reaction is presented by Pb2+ + 2e� ⟷ Pb. The current generated
during the stripping process was measured to identify and quantify Pb (II) ions. The
detection limit was 0.55 ppb, and the correlation coefficient is 0.998 within the
concentration range of 1–1,000 ppb. Furthermore, the detection performance
remained stable after 43 consecutive measurements, demonstrating the sensor’s
reusability and great potential for real-world applications.

Microfluidic systems for water arsenic detection using both colorimetric methods
and electrochemical methods have also been developed [10]. In addition, biological
detection methods have been pioneered as well. A strain of genetically modified
Escherichia coli (E. coli) was used as reporter bacteria for arsenic detection in a
microfluidic device [21]. Polydimethylsiloxane (PDMS) was used to fabricate the
microchannels. The bacteria were encapsulated in agarose beads and packed into
small cages in the microchannels. When water sample containing arsenic flowed
through the cages, the bacteria exposed to arsenic could produce green fluorescent
proteins. The fluorescence was imaged with a microscope and processed for inten-
sity analysis. The rate of fluorescence signal increase was linearly proportional to the
arsenic concentration within the range of 0–50 μg/L. More microfluidic systems for
arsenic detection were reviewed in [10].

In addition to standard silicon-based sensors, paper-based microfluidics have also
been developed for metal analysis (reviewed in [22]). Paper-based microfluidics are
paper substrates patterned as channels and barriers to realize different functions.
Compared to traditional PMDS and glass or silicon-based microfluidics, the paper-
based microfluidic devices are more cost-efficient [22]. By combining eight
pyridylazo compounds, a paper-based microfluidic device could discriminate eight
different heavy-metal ions (Hg2+, Cd2+, Pb2+, Ag+, Ni2+, Cu2+, Zn2+, and Co2+) at
concentrations as low as 50 μM [23].

2.1.2 Organic Compound Analysis

Potentially toxic organic compounds – such as phenolic compounds and pesticides –
are widely used across many industries. Unfortunately, some of these organic
compounds may also cause water contamination, due to wastewater discharge or
leaching from soil. Microfluidic sensors for organic matter have been developed
based on different detection mechanisms, including amperometry [24], enzyme-
based techniques [25–27], and electrophoresis [28, 29]. A lab-on-a-chip device
with layer-by-layer printing of quantum dot (QD)/enzyme microarrays was fabri-
cated for organophosphorus pesticide (OP) detection [30]. Layer-by-layer
microarrays of QDs/poly (dimethyldiallyl ammonium chloride) (PDDA) and acetyl-
cholinesterase enzyme (AChE) were fabricated on a glass slide using inkjet (Fig. 3).
Water samples and acetylthiocholine (ATCh) were added to the chip for OPs
detection. AChE catalyzes the hydrolysis of ATCh, generating thiocholine (TCh),
which can dissociate the electron-hole pair of QDs and quench the fluorescence.
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When OPs are present, the activity of AChE was inhibited; thus the fluorescence of
QDs will not be quenched. A detection limit of 1 μg/L of Ops was achieved with this
device, which was much lower than levels specified by standard tests and other
colorimetric detection methods.

2.1.3 Nitrate and Ammonia Analysis

Nitrate and nitrite are ubiquitous water contaminants in both surface and groundwa-
ter, and they each can impose harmful effects on human health. A miniaturized
microfluidic sensor has been developed to facilitate nitrate determination using a
double-potential-step chronocoulometry (DPSC) method [31]. Two potential steps,
E1 and E2, were applied sequentially to obtain oxygen reduction charge Q1 and both
nitrate and oxygen reduction charge Q2. The nitrate reduction charge was calculated
by subtracting Q1 from Q2, which is directly related to nitrate concentration in the
sample. A silver sensing electrode, silver oxide reference electrode, and platinum
counter electrode were then deposited on a silicon substrate. A polyimide passiv-
ation layer was also deposited to prevent short circuit and improve reliability. The
microchannels were fabricated via deep reactive ion etching, which enabled the
flow-through analysis. The lower and upper detection limit for nitrate were 4–75 μM
and 500–2,000 μM, and the linearity (R2) was >0.99. Other microfluidic-based
sensors for nitrate [32, 33] and ammonia [34, 35] analysis were also reported.

Lab-on-a-chip systems have also found applications in a wide variety of disparate
environments, including marine pollution analysis [36–39], air pollutant detection
[40, 41], and bioaerosol monitoring [42–44].

Fig. 3 The schematic of the fabrication process of the OPs detection chip and the image of QDs
after OPs are added. (Reprinted from [30]. Copyright (2016), with permission from Elsevier)
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2.2 Microfluidics Used for Microorganism Detection

Pathogen contamination of drinking water remains a serious public health concern
worldwide, especially in less developed areas. Waterborne pathogens can include
bacteria, viruses, and some protozoa. Some of these biological agents are highly
infectious and resistant to water treatment processes and accordingly pose a severe
risk to human health. Different detection approaches have been developed to
facilitate pathogen detection on-chip, such as nanomechanical cantilever sensing
[45, 46]; surface-enhanced Raman spectroscopy [47]; impedance-based sensing
[48]; amplification-based sensing, including PCR [49–56] and loop-mediated iso-
thermal amplification [52]; and quartz crystal microbalance-based sensing [57]. Both
optical signals [58–61] and electrical signals [62, 63] are used in microorganism
sensing techniques. The applications of microfluidics in waterborne pathogen detec-
tion are reviewed in [64]. Microfluidics for pathogen detection are also being
developed as point-of-care devices, for diagnostic purpose [65]. Although the
samples analyzed in diagnostic devices (e.g., saliva and blood) are different from
environmental samples, the detection techniques and approaches are still valuable as
references.

2.2.1 Virus Detection

An ultrasensitive virus detection sensor based on the Young interferometer has been
reported [66]. The sensor is a silicon chip consisting of four light channels. Si3N4

and SiO2 layers were deposited on a silicon substrate via chemical vapor deposition.
The SiO2 layers were etched to form windows for antibody functionalization and
virus detection. The Si3N4 layer beneath served as a pathway for light (Fig. 4a).
Monochromatic light from a laser source was coupled to an optical channel and
guided into the four parallel channels (Fig. 4b). Antibodies for different viruses’
detection were coated onto the channels. The light interfered on a screen after exiting
from the four waveguide channels, generating an interference pattern. Virus binding
to the antibody would be probed by the evanescent field of the guided modes, thus
causing a phase change which could be measured as a change in the interference
pattern. The pattern reflects the amount of the viruses bonded on the antibodies.
Figure 4c shows the specific detection of herpes simplex virus type 1 (HSV-1)
realized by the specific reaction between HSV-1 and the antibodies. The sensor
specifically and sensitively detected HSV-1 with the concentration as low as 850 par-
ticles/mL and the detection sensitivity of the sensor was estimated to approach one
single HSV-1 particle.
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2.2.2 Bacteria Detection

Bacteria are another kind of major waterborne pathogen that poses risk to human
health. Mannoor et al. have reported a microfluidic system for real-time on-chip
bacteria detection using impedance spectroscopy [68]. A gold electrode array was
deposited onto a silicon substrate via standard microfabrication methods. The flow
channel for real-time monitoring was fabricated using PDMS and bonded to the
substrate. The electrode surface was functionalized with magainin I, which is a kind
of antimicrobial peptide (AMPs) used for bacteria binding. When the bacteria
contained in water samples were recognized by the AMPs and bonded to the
electrode surface, the impedance of the electrode array changed, which was analyzed
by a spectrum analyzer. Since the binding activity was directly proportional to the
variation of impedance, the bacteria concentration could be analyzed. The detection
limit of E. coli was about 1 bacterium/μL. The system showed sufficient selectivity
toward pathogenic and Gram-negative bacteria, and also maintained broad detection
capability for other bacteria. Furthermore, the flow system enabled real-time bacteria
monitoring for a continuous water sample.

2.2.3 Protozoa Detection

In addition to viruses and bacteria, protozoa – especially some parasites – can pose a
significant risk to human health. Cryptosporidium is one of the parasites of greatest
concern on this front, due to its low infection dose and resistance to common water
treatment approaches [69]. Several techniques have been integrated to miniaturized
fluidic chips for Cryptosporidium detection, including optical methods such as target
trapping combined with immunofluorescence or microscopy detection; mass-based
methods such as quartz crystal microbalance sensing and cantilever sensing; and
electrical techniques such as bioimpedance and dielectrophoresis methods. The
detection of cryptosporidium in microfluidic devices is reviewed in [69].

2.3 Microfluidics Used as Research Platforms

Understanding environmental-related natural processes is another important compo-
nent of environmental science and engineering. These widely studied processes are
encompassed within, but certainly not restricted to, the fields of environmental
microbiology, ecotoxicology, and contaminant transportation. Microfluidic and
lab-on-a-chip devices are increasingly being used in environmental research labora-
tories, since they provide ideal research platforms for in situ and real-time observa-
tion. The combination of lab-on-a-chip devices and observation techniques (such as
microscopy) enables in situ visualization, characterization, and simulation of a wide
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range of environment-related processes, thus becoming a valuable investigation
approach in environmental studies.

2.3.1 Mechanisms of Bacteria Electron Transfer

Microbial fuel cells, which use microorganisms colonizing electrodes to catalyze
electrochemical reactions and convert chemical energy into electrical power, are
being intensively studied in the environmental technology field since they possess
the potential capability of converting organic or inorganic waste into power via an
environmentally friendly microbiological process [70, 71]. Understanding the mech-
anisms of electron transfer from bacteria to electrode is accordingly imperative for
the further development of potential microbial fuel cells.

Three possible electron transfer pathways have been proposed: via direct contact,
via conduct pili, and via diffusion of soluble redox-active molecules serving as
“electron shuttles” [72]. Jiang et al. have reported a lab-on-a-chip device with
microelectrodes as a platform to investigate the electron transfer between
Shewanella oneidensis and electrodes [73]. Finger-shape electrodes were defined
by photolithography and deposited onto a cover glass using metal evaporation and
lift-off methods. A passive Si3N4 layer was deposited by chemical vapor deposition
and patterned to have nanoscale openings on one electrode and a big opening on the
other electrode (Fig. 5a, b). The nanoholes were small enough to prevent direct
contact between bacteria and the electrode but allowed the indirect contact through
pili or diffusion of extracellular redox-active molecules. A SU-8 (a commonly used
epoxy-based negative photoresist) chamber was fabricated to improve reliability and
environmental control. In situ cell image/tracking with a microscope and current
recording revealed that the currents could be detected even without direct contact
between bacteria and electrodes, suggesting that electron transfer was realized by pili
or a mediator’s diffusion. In addition, the removal of the diffusible mediators caused
a rapid drop of the current, which further supported that electron transfer occurs
predominantly by diffusion of mediators.

Fig. 5 Schematic of the design of the electrodes for Shewanella electron transfer study. (a) The
silicon nitride insulating layer (blue) with nanoholes or large window openings is deposited over
electrodes (yellow) to prevent or enable direct contact with bacteria (orange). (b) SEM images of the
bacteria cells on the electrodes with nanoholes (left) and large window openings (right). (Reprinted
with permission from [73], Proceedings of the National Academy of Sciences)
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For other kinds of bacteria, however, the electron transfer mechanism may need
to be altered. A similar lab-on-a-chip device was fabricated to probe the charge
transport from Geobacter sulfurreducens to electrode [74]. Gold electrodes were
deposited via metal evaporation and lift-off. Thick SU-8 was then fabricated to form
wells around the electrodes to allow direct contact between bacteria and electrodes
(Fig. 6a, b). Simultaneous recording of cell position and currents indicated that the
contact of a cell to the electrode directly caused a stepwise increasing of current
(Fig. 6c). The current of a single Geobacter was 92 fA, and the current density was
estimated to be ~106 A m�3. In addition, when the diffusible redox mediators were
removed, the current was not affected. These measurements together indicated that,
different from Shewanella, the electron transfer between Geobacter and electrode
was mainly due to direct contact. Ding et al. reported a nanoelectronics lab-on-a-chip
system to investigate the electrical conductivity of both Shewanella and Geobacter
and indicated that electrochemical electron transfer at the cell/electrode interface was
the origin of the conductive current for both microbes [75].

As researchers have started to gain a deeper understanding of bacterial electron
transfer, the role of bacterial self-assembled nanostructures for extracellular electron
transfer has also garnered increased attention. For example, to elucidate the effects of
microenvironment on the intercellular microbial nanostructures (nanowires)

Fig. 6 (a) Schematic of experimental design for Geobacter sulfurreducens electron transfer. (b)
SEM image of a well containing two finger electrodes. (c) In situ microscopy images of Geobacter
cells around and on the measured electrode and the current changes at the same time. The cell that
contacts the electrode at the same time with the current increases is marked in red. (Reprinted by
permission from Springer Nature Customer Service Centre GmbH: Springer, [74]. Copyright
(2013))

Microfluidics for Environmental Applications 277



formation, a one-dimensional core/shell bacterial cable has been developed – which
allows rational control of the microenvironments [76]. The fabrication method of
this cable was different from common microfluidics fabrication processes. The cable
was generated through a flow-focusing device with coaxially aligned glass capil-
laries and multiple inlets for different solutions. Bacteria solution flow was focused
into a narrow stream, and alginate was injected to the device to form the scaffolding
for bacteria encapsulation. A Ca2+ containing sheath flow was exploited to cross-link
alginate to become a solid hydrogel (Fig. 7a). The results revealed that the formation
of intercellular structures is closely related to the fiber diameters. More densely and
closely packed bacteria produced more self-assembling microbial nanowires, which
directly increased the extracellular electron transfer efficiency (Fig. 7b). Further-
more, lack of electron acceptors can enhance the production of the nanowires
(Fig. 7b).

2.3.2 Biofilm Formation

Biofilm formation is a natural process that occurs during bacteria growth. On one
hand, biofilms play important roles in some environmental engineering processes,
including in wastewater biological treatment and microbial fuel cells. However,
biofilm can also cause environmental and public health problems – including by
contaminating or clogging drinking water pipelines or fouling water treatment
systems. As a result, the process of biofilm formation is gaining more attention in
environmental science and engineering. Drescher et al. have developed
a microfluidic device to investigate biofilm formation in fluidic channels [77]. A
meandering microfluidic channel was fabricated with PDMS and sealed with a cover
glass. Pseudomonas aeruginosa bacterial solution flowed through the microfluidic
channel and the biofilm formation process in the channel was observed with a
microscope. This work demonstrated that the 3D biofilm streamers that bridged
the space between obstacles and corners caused major clogging of the channel,
instead of the biofilm attached on the inner surface. The 3D biofilm streamer was first

Fig. 7 (a) Schematics of the flow-focusing device for core/shell bacterial fiber generation. The
bacteria-containing core stream (brown) is focused before entering the alginate shell stream
(yellow), and then a CaCl2 sheath flow is introduced to cross-link the alginate to form the cord.
(b) SEM images of high (left) and low (middle) bacteria density networks as well as high-density
networks cultured in electron acceptor rich conditions (right). (Reprinted with permission from
[76]. Copyright (2018) American Chemical Society)
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formed by the extracellular matrix shed from the attached bacteria and then worked
as a network to catch the flowing bacteria and biomass, leading to a rapid clogging.
With this microfluidic chip that enabled in situ observation of the biofilm formation,
this work demonstrated a biofilm formation process which is independent of and
much faster than bacteria growth. The results also suggested that the biofilm
streamers may contribute more to the clogging of flow through systems such as
water pipelines.

During biofilm formation, the bacteria within microbial communities can sense
chemical signals from other cells and regulate their own gene expression as a
response. This process is referred to as quorum sensing, and it is an important factor
in regulating biofilm formation that is a current subject of intense study in the
environmental microbial field. Flickinger et al. have reported a lab-on-a-chip plat-
form to study quorum sensing between microbial communities [78]. The lab-on-a-
chip device contained an array of spatially confined chambers fabricated with poly
(ethylene glycol) diacrylate (PEGDA) on a silanized cover glass using a PDMSmold
(Fig. 8a). Pseudomonas aeruginosa (P. aeruginosa) was used as a model bacterial
strain and inoculated in the center chambers for biofilm growth (Fig. 8b). The
molecule regulators secreted from the biofilm for quorum sensing, homoserine
lactones (HSLs), can diffuse inside (filled with 15% PEGDA) and between the
PEGDA chamber to form spatial and temporal gradients, thus enabling analysis of
the relationship between the diffusion of HSLs and formation of nascent new biofilm
(Fig. 8c). The results showed that HSL was detected by the bacteria cells within a
distance of 8 mm. The new biofilm growth within 3 mm away from the existing
biofilm, where the HSL concentration was higher than 1 μM, was enhanced due to
the detection of HSL, while further biofilms were not affected. In addition to regular
on-chip chambers, 3D cavities with various geometries were fabricated using 3D
printing strategy to study the mechanisms of community regulation [79].

Fig. 8 (a) An image of the chamber for quorum sensing study with hydrogel chamber wall (stained
with red dye) on a glass coverslip (upper). An image of the PDMS stamp used to make the chamber
(lower). (b) The center chamber was inoculated with P. aeruginosa. (c) Schematic of the experi-
ment. HSL diffuse through the hydrogel chamber wall, which is detected by biofilm in each
chamber. (Reprinted with permission from [78]. Copyright (2011) American Chemical Society)
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2.3.3 Antibiotic Resistance Gene Transfer

It is now known that horizontal gene transfer is an important pathway by which
antibiotic resistance spreads from one organism to another. Microfluidic devices are
promising platforms for facilitating gene transfer study, since they enable the in situ
and real-time monitoring of the process dynamics. A microfluidic device was
reported to investigate the plasmid-mediated horizontal gene transfer within the
same species and between different species [80]. The microfluidic chip consisted
of a cover glass with a layer of agarose and a PDMS cover on top (Fig. 9a). A drop of
mixed bacteria solution containing the gene donor strain (Pseudomonas putida
harboring an antibiotic resistance plasmid) and recipient strain (E. coli or bacteria
extracted form activated sludge) was sandwiched between the agarose and cover
glass. The PDMS cover had a channel in it for broth delivery and waste removal for
bacteria growth (Fig. 9a). The gene donor bacteria carried plasmid RP4, which was
labeled with GFP, but also tagged with red fluorescent genes that repress the
expression of GFP. So, the donor bacteria emitted red fluorescence. When the
plasmids were transferred to acceptors, the acceptors would emit green fluorescent
from GFP carried with the plasmids. The gene horizontal transfer process on the chip
was monitored with a fluorescence microscope. The results showed that the hori-
zontal gene transfer was highly dependent on the structure and composition of the
biofilm. The plasmids were first successfully transferred from donor species Pseu-
domonas putida to acceptor E. coli. Within the pure E. coli colony, the transfer from
the first transconjugants to other cells was very efficient, leading to a cascading gene
spread within the single-strain biofilms (Fig. 9b). In comparison, for the activated
sludge biofilm consisting of different species, vertical gene transfer appeared to be
the dominant route instead of horizontal transfer (Fig. 9c). It is also found that many
species that showed horizontal gene transfer were associated with human pathogens.

Fig. 9 (a) Schematic of the device to study antibiotic resistant genes transfer (upper) and the device
setup (lower). (b) Gene spread in pure E. coli culture. (c) Gene spread in activated sludge
community. For both (b) and (c), the donor cells P. putida KT2440 are red; normal E. coli or
active sludge cells are colorless, while transconjugants emit green fluorescence. (Reprinted with
permission from [80], https://pubs.acs.org/doi/abs/10.1021/acs.est.8b03281. Copyright (2018)
American Chemical Society. Further permissions related to the material excerpted should be
directed to the ACS)
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Other microfluidic systems for gene transfer and antimicrobial resistance related
studies were also reported, including using microfluidic devices to study gene
transfer on the single-cell level [81], dissect horizontal and vertical gene transfer
[82], test antimicrobial susceptibility [83], and investigate the modulation of antibi-
otics on horizontal gene transfer [84]. More studies are reviewed in [85].

2.3.4 Electroporation

Electroporation is the phenomenon whereby pores form on a cell membrane when
the cell is exposed to an external electric field. It is commonly used to control cell
membrane permeability when molecular intracellular transfer is desired. In addition,
electroporation is also a widely used method for cell inactivation and lysis.
Researchers in environmental fields are also increasingly exploring the possibility
of using electroporation as a bacteria inactivation approach for drinking water
disinfection [86–89] and hazardous wastewater decontamination [90]. Understand-
ing the electroporation process has therefore become another important environmen-
tal study topic. Since the actual formation of these pores is difficult to observe,
Sengel et at. have developed a lab-on-a-chip device to image the dynamics of
individual electropores [91]. The experimental setups are shown in Fig. 10a. A
cover glass was coated with agarose and placed in a recess. Lipid solution was
added and associated with the agarose to form a lipid monolayer. An aqueous droplet
with lipid monolayer was brought onto the cover glass. Two monolayers at the
contact area formed a lipid bilayer, which is similar to cell membrane. Two elec-
trodes were placed at the two sides of the lipid bilayer to monitor the current, and the
pore formation was labeled by a fluorescent dye and recorded with a fluorescence
microscope (Fig. 10b). With this platform, researchers found several interesting
phenomena of electroporation. When the potential difference across the bilayer
reached 100 mV, the membrane permeability started to change. With higher

Fig. 10 Schematic of the experimental setup. (a) A lipid bilayer is formed on the interface of the
droplet and the substrate. When a pore is formed due to electroporation, Ca2+ ions flow into the
drop, which could be detected by the Ca2+ sensitive dye fluo-8 and visualized by a microscopy. (b)
A microscopy image of pores formed on lipid bilayer. (Adapted and reprinted with permission form
[91], Proceedings of the National Academy of Sciences)

Microfluidics for Environmental Applications 281



transmembrane potential, larger pores formed, but a large number of small pores still
existed. In addition, the pores fluctuated (opened and closed) in a variety of modes,
and higher potential did not lead to more stable pores. Two adjacent pores did not
tend to combine, while anti-combination was found since the potential across the
lipid bilayer would be released when a nearby pore gets larger. A lab-on-a-chip
device to rapidly determine the electroporation threshold for bacteria inactivation
was also reported [92].

2.3.5 On-Chip Toxicity Test

Ecotoxicology focuses on identifying the toxicity level and impact of environmental
pollutants on creatures and human health. Compared to traditional toxicity testing
approaches, the emerging on-chip toxicity tests enabled by microfluidics are signif-
icantly more compact, convenient, and labor-efficient – and as a result they are
quickly gaining substantial attention in this field.

Fine particles are major pollutants in the air, which makes them crucial indicators
of general air quality. A microfluidic device aiming at recognizing the toxicity of fine
particle matter (PM2.5) on human lung epithelial cells was reported [93]. A porous
membrane was bonded to the PDMS chamber, and the human lung epithelial cell
line (BEAS-2B) was cultured on the membrane. Medium flowed under the mem-
brane to replenish nutrient for cell growth (Fig. 11). The cell viability remained
above 98% after 21 days of culturing, which demonstrated that this lab-on-a-chip is
capable of retaining the viability of cells for the toxicity test. The air liquid interface
mimicked the pulmonary natural microenvironment, which enabled the in vitro
cytotoxicity test. Particles were added to the cells using an aerosol nebulizer, and
the cytotoxicity was analyzed by several different approaches after exposure. The
results showed that some metabolic pathways of the cells contributing to inflamma-
tion reactions were activated after the exposure. The cell apoptosis rate was also
increased from 3.8% to 66.7% after 24 h of exposure. This configuration is also
applicable for cytotoxicity test of other pollutants.

Engineered metal nanoparticles are being used for a variety of applications in
many different fields. However, the potential hazards of these nanoparticles to
human health and environment remain topics of hot debate and active research. To
investigate the effects of silver nanoparticles on microorganisms’ behavior, a

Fig. 11 Schematic of the designed microfluidic chip for ambient particle toxicity test. (Reprinted
from [93]. Copyright (2019) with permission from Elsevier)
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microfluidic device was reported to study the swimming response of algae to silver
nanoparticles [94]. PDMS containing microchannels was fabricated via soft lithog-
raphy and bonded to a glass slide, forming the microfluidic device. The microfluidic
device used in this study was previously designed for a bacterial chemotaxis test,
which contained a concentration-gradient generator and a chemotaxis observation
channel [95]. Solution with and without silver nanoparticles were added to the two
inlets, respectively. After flowing through the mixing part, nanoparticle concentra-
tion gradient was created and maintained in the observation channel. Algae was then
added to the observation channel and exposed to the nanoparticle gradient. The algae
swimming response was observed and recorded with a microscope. The results
showed that algae moved away from the area containing 108 silver particles/mL,
but no significant aversive swimming was found to gold nanoparticles at the same
concentration. The toxicity of the released Ag ions may be the main reason leading
to the avoidance behavior.

Microfluidics also have applications in aquatic toxicity tests on bacteria [96, 97],
nematodes [98], crustacea [99, 100], and fish embryo [101]. More applications and
future perspective were discussed in the review paper [102].

3 Perspectives on Microfluidics’ Applications
in Environmental Science and Engineering

Microfluidic and lab-on-a-chip devices are increasingly being used as tools in the
fields of environmental science and engineering. Miniaturized microfluidic or
lab-on-a-chip devices evidence remarkable sensing abilities, because sensing elec-
trodes can be miniaturized without losing sensitivity and the configurations are
compatible with thin layer operations [9]. Flow manipulation and compound sepa-
ration can also be enabled by incorporating additional electrodes in existing chan-
nels, without adding additional parts. When used as detection equipment, lab-on-a-
chip systems offer several comparative advantages over traditional mechanisms –
including shorter analysis time, smaller sample volume, and online and real-time
monitoring. All of these benefits are attributable to their small size, precise flow
control, and low cost compared to traditional instruments. Some sensors have
already been commercialized, such as test strips based on electrochemistry for
arsenic detection [103] and sensors based on stripping square-wave voltammetry
for metal analysis [104]. A DNA electrochemical biosensor has been combined with
sample processing platforms for online pathogens monitoring in natural water
[105]. IBM is also working on the development of sensors for environmental
pollution detection, such as methane leakage [106]. Since real-world samples are
often complex and signal characterization systems are still required for the systems,
real-world implementation of these detection devices remains limited in some
instances. In addition to further improving the performance of sensors, future studies
will undoubtedly focus on developing more integrated systems that combine
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sampling, pre-treatment, and signal interpretation on a single chip – which will
increase the viability of on-site, real-time applications across a wide variety of real-
world settings. Furthermore, exploring cost-efficient materials (e.g., paper-based
devices), simpler fabrication processes and easier operation approaches will also
undoubtedly continue to bring the cost associated with these devices down, which
will also further facilitate the feasibility of on-site and point-of-use applications.

But compared to their use as sensors and analyzers, microfluidic devices offer
even more remarkable advantages as research platforms for environment-related
process investigation. Their miniaturized size and the flexible configurations for
realizing various functions provide them with unique capabilities for visualizing and
unveiling the secrets of numerous environmental-related processes, which are not
comparable by other approaches. Therefore, we believe the future growth of lab-on-
a-chip devices as research platforms will be focused on exploring novel and clever
designs to realize more functions based on different investigation purposes. Nano
structures, such as nanoholes, nanoparticles, nanowires, and coating layers with
nanoscale thickness, are providing lab-on-a-chip devices with more features and
functions. Nanofabrication techniques, including electron beam lithography and
atomic layer deposition, are becoming widely used for chip fabrication. In addition,
more and more lab-on-chip devices for research purpose are not restricted to
standard chamber or channel on-chip configurations. Various 3D geometries are
enabled by thriving 3D fabrication techniques, such as 3D printing, two photon
polymerization, and micron/submicron stereolithography. To improve the capabili-
ties of lab-on-a-chip devices, the performance of their basic functions, such as flow
control, cell manipulation, cell culturing, and target tracking, is also worth improv-
ing. Finding the environmental problems and processes that could be investigated
using lab-on-a-chip platforms is also important. In addition to visualizing small-scale
process, such as bacterial-related phenomena mentioned in Sect. 2.3, lab-on-a-chip
systems are also ideal for mimicking and simulating large-scale ecological pro-
cesses, such as fate and transport of nanoparticles in soil and groundwater
[107, 108]. The findings of the on-chip simulations could provide valuable experi-
mental data for modeling and further on-site studies.
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Abstract Human health is threatened by the spread of antimicrobial resistance and
resulting infections. One reason for the resistance spread is the treatment with
inappropriate and ineffective antibiotics because standard antimicrobial susceptibil-
ity testing methods are time-consuming and laborious. To reduce the antimicrobial
susceptibility detection time, minimize treatments with empirical broad-spectrum
antibiotics, and thereby combat the further spread of antimicrobial resistance, faster
and point-of-care methods are needed. This requires many different research
approaches. Microfluidic systems for antimicrobial susceptibility testing offer the
possibility to reduce the detection time, as small sample and reagent volumes can be
used and the detection of single cells is possible. In some cases, the aim is to use
human samples without pretreatment or pre-cultivation. This chapter first provides
an overview of conventional detection methods. It then presents the potential of and
various current approaches in microfluidics. The focus is on microfluidic methods
for phenotypic antimicrobial susceptibility testing.
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Graphical Abstract

Keywords Antibiotic resistance test, Antibiotic susceptibility tests (AST),
Antimicrobial resistance, Microfluidics, Point-of-care systems

1 Introduction

According to the WHO, the spread of antimicrobial-resistant (AMR) infections is a
leading global threat to human health. Today, about 700,000 people worldwide die
annually from infections with multi-resistant pathogens [1]. Current forecasts predict
ten million deaths worldwide in 2050 if the current situation is not changed [1]. This
number would exceed the number of cancer-related deaths. The spread of AMR
threatens the ability of modern medicine to use well-established procedures such as
complex surgery, organ transplants, or chemotherapy in its fight against disease
[2]. As an example for the spread of AMR, Fig. 1 shows the increase in antibiotic
resistance of the most common sepsis-causing bacteria in Europe in the past few
years.

One reason for the emergence of multi-resistant bacteria strains is the unnecessary
use of antibiotics, as it is a common practice in animal fattening [4]. The increase in

Fig. 1 Escherichia coli resistant to third-generation cephalosporins across Europe in (a) 2009 and
(b) 2019 (adapted from [3])
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AMR can also be attributed to the long detection times and the resultant early
non-specific therapy typical in the treatment of humans infected with such patho-
gens. Conventional detection methods require about 48–72 h after sample collection
until antibiotic resistance is confirmed [5, 6]. However, the mortality risk of infected
people increases the longer the patients do not receive appropriate therapy (7% per
hour) [5]. For this reason, empirical broad-spectrum antibiotic treatments are already
used in cases of suspected infection with AMR pathogens, especially in sepsis [7–
9]. In such cases, this problem is exacerbated by the use of reserve antibiotics in
treatment, although they may not be strictly necessary or may not have the desired
effects. As a consequence, these reserve antibiotics may also lose their effectiveness.

Thus, the challenge is to extend access to antibiotics while at the same time
limiting inappropriate use, in particular of broad-spectrum antibiotics and reserve
antibiotics [10]. Rapid antibiotic susceptibility tests (AST) can be essential for the
correct and economically efficient use of antibiotics. Besides preventing AMR
development by adequate drug prescription, rapid resistance diagnostics can help
to initiate appropriate antibiotic treatment promptly. Thus, rapid AST improves
therapy outcomes and saves lives [11].

2 Antimicrobial Susceptibility Testing (AST)

The methods currently available for AST can be divided into genotypic and pheno-
typic methods [4]. Figure 2 shows an overview of phenotypic and genotypic AST
methods and their assay times. Genotypic methods examine the genetic nature of the
bacteria. However, one limitation of these methods is that they cannot detect
unknown resistance genes [12]. For known genotypes associated with antibiotic
resistance, the result is available after about 90 min. Since only known mechanisms
of resistance can be proven, this may lead to false-negative results and thus to the
wrong medication for the patient. When testing uncultured blood, false-positive
results can be caused by even the slightest contamination of the sample if unrelated
DNA is detected [13]. The disadvantages of genotypic tests make phenotypic assays
more suitable for AST. These culture-based methods, such as broth microdilution or
disk diffusion, are the gold standard AST methods.

Fig. 2 Overview of phenotypic and genotypic antimicrobial susceptibility testing [13, 18, 19]

Microfluidic Systems for Antimicrobial Susceptibility Testing 293



Phenotypic methods are used to investigate the growth behavior of bacterial
strains in the presence of different antibiotics [4]. This method also allows a direct
assessment of whether an antibiotic has stopped bacterial growth. Thus, a decision
can be made about the optimal therapeutic measures. For conventional phenotypic
AST, the patient sample has to be isolated and then pre-cultured, which takes
between 24 and 48 h [14, 15]. In the case of broth microdilution, the growth of the
bacterial culture in the presence of various antibiotic concentrations is determined by
measuring the optical density (OD) [16]. This phenotypic method can also be used to
determine the minimum antibiotic concentration which prevents bacterial growth,
otherwise referred to as minimum inhibitory concentration (MIC) [16]. False-
positive results of the phenotypic AST may be caused when, for example, bacteria
form thread-like structures in the presence of antibiotics without dividing [14]. A
further disadvantage of this phenotypic method is the low sensitivity of about 107

colony-forming units (CFU) per mL [16]. In addition, phenotypic methods require
inoculum sizes of ~5 � 105 CFU/ml [17]. The associated lead time for cultivation is
another disadvantage [14]. The advantage, however, is that resistances can be
determined directly and without prior knowledge of the resistance mechanisms.

3 Microfluidic AST

New phenotypic AST based on microfluidics have been developed in recent years to
shorten the detection time and increase sensitivity [20]. With microfluidic tech-
niques, the assay time of AST can be reduced to 1–3 h [21].

Microfluidic systems have the advantage of [4, 16, 22]:

• small sample and reagent volumes,
• detection of single cells,
• combining several sample processing steps,
• potentially accelerating biochemical reactions.

Thus, microfluidic systems can achieve high sensitivity and allow for automation
and high-throughput analysis [23]. The use of small volumes at the single-cell level
can also prevent cross-contamination [16].

As a basis for this novel AST, standard principles used in microfluidics were
developed further. Microfluidic channel systems are therefore widely used [24]. Dif-
ferent detection methods are used to measure physiological or biochemical changes
during or after bacterial growth [22]. In the following, selected microfluidic AST
methods are described and classified according to their detection principles.
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3.1 Optical Detection

3.1.1 Single-Cell Imaging

Single-cell imaging describes a group of microscopy techniques that allow imaging
and single-cell detection. It is used to study cell dynamics and usually based on
fluorescent molecules. In the case of AST, single-cell imaging is used to monitor
bacterial growth with different antibiotic treatments. For this purpose, the bacterial
cells are immobilized in various microfluidic systems. [21, 25, 26].

Baltekin et al. use the mother-machine design, a multichannel system widely used
in microfluidics to test for urinary tract infections (shown in Fig. 3a). The
microfluidic chip is made of a PDMS base structured by soft lithography with
microchannels and closed with a cover glass bonded to the PDMS [21]. The system
consists of a feeding channel through which the bacteria are first loaded, and which
then ensures the culture medium supply. Several parallel growth channels branch off
from this feeding channel. During loading, bacteria enter the growth channels. These
so-called mother cells are where the subsequent bacterial growth originates. A
sample with a low bacteria content of 104 CFU/ml can be used for loading (shown
in Fig. 3b) [21]. The culture medium supply is achieved via a 300 nm gap [21]. The
growth in each microchannel is detected separately by taking phase-contrast images
using a microscope [21]. The average growth rate is calculated across all channels.
Antimicrobial resistance can be detected by determining the growth rate after
treatment with different antibiotics. With this system, the detection time of bacterial
growth including loading can be reduced to 30 min [21].

A similar system was developed by Li et al. [27], which also permits the sorting of
bacteria of different sizes from polymicrobial clinical samples by applying different
pressures and incubating them separately. Lu et al. also use a microchannel system to
immobilize the bacteria. It consists of 68 parallel channels with one inlet and one
outlet. By integrating two microelectrodes in the PDMS system, the bacteria can be
positioned in the microchannels. A sample with a bacterial content of 105 CFU/ml
can be used for loading [28].

Choi et al. use a microfluidic agarose channel system for immobilization and
bacterial cell incubation. The microfluidic chip consists of a centered inlet for cell
loading and six channels running outwards in a star arrangement for bacterial incuba-
tion. The microfluidic chip is composed of a PDMS base structured by soft lithography
with microchannels and closed with a cover PDMS coated by bonding. When loaded
through the inlet, an agarose-bacteria solution is distributed evenly over all six
channels and cures there [24]. At the six side-branched channels, different antibiotics
or antibiotic concentrations can be added to the culture medium. By monitoring the
individual bacterial growth and calculating the area occupied by bacteria in a
microfluidic channel, antimicrobial susceptibility can be determined [24]. An auto-
matic analysis can be performed using image-based single-cell morphological analysis
(SCMA). Here, morphological changes in individual bacterial cells are automatically
analyzed and categorized under different antimicrobial conditions [29]. Thus, antimi-
crobial sensitivity can be determined by SCMA in less than 4 h [29].
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3.1.2 Time-Lapse Microscopy

Using a combination of a liquid bacterial culture and agarose, alternative
microfluidic approaches can achieve an assay time between 2.5 and 4 h [30–
32]. Here, bacterial density is determined by grayscale intensity changes in the
images (from black to white) resulting from bacterial growth [30].

Fig. 3 Microchannel system for immobilization (a) Schematic illustration of the channel system
(red: captured cells); (b) Bacterial loading of different density cell cultures at different points in
time; (c) Phase contrast image of E.coli (lighter regions) in the system using a 20� objective
(adapted with permission from [21])
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Kim et al. use a microfluidic system of two parallel PDMS channels sealed with a
cover glass (shown in Fig. 4) [32]. An agarose-bacteria solution is fed in between the
two parallel microchannels (see Fig. 4a). The medium flows through one channel
and medium, the antibiotic through the other. Due to the different antibiotic concen-
trations of the two parallel channels, the antibiotic molecules diffuse into the
agarose-bacteria solution (shown in Fig. 4b). A concentration gradient forms within
30 min. As a result of treatment under antibiotic gradients, changes in local bacterial
growth can be observed [32]. Dose-effect diagrams can be reconstructed from the
gray intensity changes in the images (see Fig. 4c). 2 � 108 CFU/ml was used. The
changes in local bacterial growth were determined after 6 h.

3.1.3 Interferometry

Other approaches use interferometry to measure bacterial growth [33, 34]. The
approach of Busche et al. is shown in Fig. 5a. Here an optofluidic microchip is
used, which is fabricated by etching nanochannels into a thin silicon oxide layer and

Fig. 4 Microchannel system with agarose-bacteria solution: (a) Schematic illustration of antibiotic
treatment using diffusion process; (b) Experimental process using the microfluidic chip: (1) Aga-
rose-bacteria solution is introduced. (2) The antibiotic concentration gradient is formed (30 min).
(3) Changes in local bacteria growth are observed; (c) Analyzing gray intensity changes of images
along with linearized antibiotic concentrations (reproduced from [32], with permission of AIP
Publishing)
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then closed by anodic bonding of a structured glass. The nanochannels, connected by
a nanogap, create an optical grating (shown in Fig. 5b). This combines a nanofluidic
bacterial cell trap with an optical asymmetric grating [34]. The channel system
consists of detection channels and reference channels, which can be pressurized
and supplied with bacteria and a culture medium via bypass channels. The bacteria
are first loaded into the detection channels and immobilized at the nanogap by
bypass cross-flow [35]. Then culture medium flows through all channels. The
refractive index in the detection channels is changed by bacterial growth. Using a
collimated laser beam, a change in the intensity distribution can be measured, as
shown in Fig. 5c [36]. By treating the bacteria with and without antibiotics, the effect
of the antibiotic on bacterial growth can be determined (shown in Fig. 5d).

Fig. 5 Optofluidic chip for bacterial growth detection. Schematic illustrations: (a) Detection
method; (b) Microchannel system as an optical grating (green: detection channels, yellow: reference
channels; red: collimated laser beam); (c) Intensity distribution during bacterial growth; (d)
Diffraction signal during bacterial growth with and without antibiotics (adapted from [34])
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3.1.4 Fluorescence Imaging

Fluorescence imaging is the visualization of fluorescence dyes or proteins as markers
for molecular processes or structures [4]. Using a green fluorescent protein (GFP)
requires genetic modification of the bacteria, so this detection method is not suitable
for the analysis of clinical samples [38, 39]. GFP is suitable for real-time observation
of bacterial growth due to the high correlation between fluorescence intensity and
cell density.

Mohan et al. have developed a channel/chamber system made from PDMS that is
filled using negative pressure (shown in Fig. 6a) [37]. One antibiotic channel and one
bacterial channel lead to a set of eight chambers (2.4 nl each), as shown in Fig. 6b
[39]. When all chambers are filled, a mixing valve is used to achieve a homogeneous
mixture within the culture chambers (shown in Fig. 6c, d). The bacterial count can be
determined by fluorescence imaging [37], which requires the bacteria used to
express GFP. This system is suitable as a multiplex microfluidic system since
parallel tests can be carried out with high throughput. In the research work presented
in this paragraph, a 48-well array was used, in which 12 different antibiotics or
antibiotic concentrations can be tested in parallel. This takes less time than a
conventional phenotypic test, as there is no need for pre-cultivation [37]. For the

Fig. 6 Multiplex microfluidic AST system with bacteria immobilization in nanoliter arrays: (a)
Entire array with inlet ports for bacteria and antibiotics and vacuum ports for filling using negative
pressure; (b) Close-up of the 48 wells; each well can be loaded with bacteria concentration (red) or
antibiotics (green); (c) Set of eight chambers during filling; (d) Set of eight chambers during mixing
(reproduced with permission from [39])
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MIC determination of polymicrobial samples, initial cell counts of ~100 to 300 cells
were set [39]. Bacterial growth was observed over 16 h. A decision regarding
antibiotic susceptibility including the determination of MIC could be made after
2–4 h [39].

In droplet microfluidics, discrete microdroplets (volumes from pL to mL) are
generated and analyzed in an immiscible phase [40]. Each microdroplet is separated
by a liquid–liquid interface, usually stabilized by amphiphilic surfactants.

In AST, the droplets serve as incubators for the encapsulated bacterial cells,
allowing both antibiotics and viability dyes to be added. The fluorescent dye
resazurin is used to demonstrate the viability of the bacteria treated with antibiotics
[41–43]. It is a metabolism marker. Resazurin reacts irreversibly to resofurin, which
has strong fluorescent properties, through the cellular reaction potential [42]. This
reaction occurs at a rate that is proportionate to the aerobic respiration of the cells in a
bacterial culture [42].

Derzsi et al. have developed a passive-dilution platform generating droplets using
five different pipettes. They measured the fluorescence intensity of resofurin after a
4 h droplet incubation. With different concentrations of antibiotics, they were able to
determine the MIC [44].

3.1.5 Relative Optical Density

Liu et al. use high-throughput screening of antibiotic-resistant bacteria in
picodroplets [45]. The microfluidic system is based on PDMS structured with
microchannels using soft lithography [45]. The detection is carried out using a
system for light scattering without bacteria labeling [45]. This method is used to
study the relative optical density of droplets. It allows distinguishing between
droplets with growth and those with inhibited growth/resistance. Bacterial concen-
trations of 105 CFU/ml have been measured. In other approaches, the droplet
microfluidics was used to treat bacteria with combinations of antibiotics [40, 47].

Another approach combines optical density measurement with hydrodynamic
immobilization in traps [46]. The system consists of cup-shaped structure arrange-
ments that are used as mechanical barriers to capture bacteria flowing in a
microchannel. The structure dimensions are designed to trap exactly one bacterial
cell. Based on this, the bacterial growth rate under the influence of antibiotics can be
determined at a bacterial concentration of 107 CFU/ml [46].

3.2 Electrical Detection

3.2.1 Measuring the Electrical Resistance Change

Yang et al. [48] use a microfluidic channel system as reported in [21, 27] to capture
and incubate the bacteria in microchannels (2 μm � 2 μm with a gap of 800 nm)

300 A.-K. Klein and A. Dietzel



[48]. In contrast to the systems mentioned earlier, the detection is completely
electrical. As the bacteria grow, the electrical resistance in the channel increases
while the electrical current decreases. The change in the bacteria population is
proportionate to the electrical resistance. Thus, bacterial growth can be tested
directly with antibiotic treatment. With this microfluidic system, small urine samples
can be tested without pretreatment [48].

3.2.2 Electrochemical Detection

Besant et al. use a system of 2.5 nl wells in which microbeads with a diameter of
5 μm are immobilized in stacks and thus serve as a bacterial filter [49]. For detection,
an electrochemical approach is used. By adding resazurin, a shrinking of a redox-
active molecule is reached, which is directly related to the number of metabolically
active bacteria. Antibiotic-resistant bacteria reduce resazurin to resorufin, while
antibiotic-sensitive bacteria do not reduce it [49]. The two molecular states can be
distinguished by measurement using electrodes integrated into the well. A minimum
cell concentration of 105 CFU/ml can be used [49]. In this phenotypic approach,
growth is measured over 100 min in the presence of an antibiotic [49].

3.3 Biochemical Detection

One common marker to measure the metabolic activities of bacteria is the adenosine
triphosphate (ATP). Using this marker, the efficient emission photons (550–570 nm;
of which the luciferin substrate is catalyzed by luciferase in the presence of ATP) and
oxygen is measured [50]. This measurement process requires sensitive microplate
readers, able to capture the photons. The detection method using ATP is known as
ATP bioluminescence.

Dong et al. have developed a multilayer system consisting of a culture layer with
384 reaction chambers and culture medium veins made of polystyrene; a membrane
layer made of fiberglass membrane filter; and a sample layer with sample and air
veins made of polystyrene (shown in Fig. 7a). The system is covered by two glass
layers. On the reaction chamber side, the fiberglass membrane filter is coated with
antibodies for bacteria immobilization. Figure 7b shows the standard process for
using this system. The metabolism of a bacterial concentration generates an ATP
bioluminescence signal. The antimicrobial effect of an antibiotic can be determined
directly from a urine sample after 3–6 h if the bacterial concentration is above
1,000 CFU/ml [51].

Dong et al. also use antibody binding to membranes for label-free optical
detection [52]. However, antibodies are not available for all bacteria.

Further biochemical approaches use Raman spectroscopy of biomarkers [53, 54],
DNA samples [55–57], or RNA markers [58, 59]. These are genotypic tests.
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3.4 Mechanical Detection

Mechanical detection methods are based, for example, on a mechanical cantilever
signal to determine antimicrobial susceptibility. For immobilization, the cantilever
surface is functionalized with bacteria-specific receptors such as antibodies. The
binding results in either a cantilever deflection or a resonance frequency change [60–
62].

Other cantilever-based systems use cantilevers with embedded microchannels,
also known as suspended microchannel resonators [62, 63]. Etayash et al. use a
bi-material cantilever with a 50-pL volume microchannel, which can provide three
signals (adsorbed mass, adsorption stress, and mid-infrared spectroscopy of the
adsorbates; shown in Fig. 8a, b, e) [62]. For the immobilization of the bacteria, the
microfluidic channel surfaces are functionalized with chemical or physical receptors

Fig. 7 Microfluidic AST using ATP bioluminescence for detection and antibody binding for
bacteria immobilization: (a) Multilayer system design; (b) Schematic illustration of the standard
AST process: (1) the urine sample is loaded into the sample veins, and the bacteria cells are captured
by antibodies; (2) unbound bacterial cells are removed; (3) the bound cells are encapsulated by
calcium alginate gel; (4) the alginate solution is washed away; (5) paraffin oil is introduced to isolate
each reaction chamber; the bound cells (6.0) can then be reproduced, (6.2) inhibited by series of
antibiotics, or (6.1) inhibited by a single antibiotic; (7) the cells are quantified using ATP biolumi-
nescence in a microplate reader. (Adapted with permission from [51]. Copyright 2015 American
Chemical Society)

302 A.-K. Klein and A. Dietzel



capturing the bacteria selectively, as shown in Fig. 8c, d. The bacteria accumulation
within the microchannel leads to a change in the cantilever resonance frequency and
a cantilever deflection (shown in Fig. 8f, g), where the cantilever resonance fre-
quency is caused by the absorbed mass and the cantilever deflection is caused by the
adsorption stress. Additional irradiation with infrared light stimulates the captured
bacteria and causes deflection proportionate to the infrared absorption of the bacte-
ria. Thus, a nanomechanical infrared spectrum can be generated for selective iden-
tification of dead and living bacteria. Bacteria that are treated with antibiotics show a
significant nanomechanical reaction [62]. Cell concentrations between 102 and
105 CFU/ml were tested [62]. In initial experiments, when captured E. coli were
treated with antibiotics and exposed, a deflection of the cantilever and a shift in
resonance frequency were observed after 30 min.

Fig. 8 Bi-material cantilever with embedded microchannel: (a) Schematic illustration of the
system. The cantilever is made of silicon nitride coated with gold, which is fixed on a silicon
substrate. The microchannel surface is functionalized with specific receptors. Additionally, the
cantilever is irradiated with infrared light. (b) Cross-section of the inlet at the bottom of the system
using scanning electron microscopy. (c) Cross-section of the cantilever with the embedded
microfluidic channel. (d) Fluorescent image of the microchannel with immobilized bacteria. (e)
Scanning electron microscopy image of the cantilever tip. (f) Nanomechanical cantilever deflection
resulting from infrared absorption of the bacteria. (g) Change in the resonance frequency due to
adsorption of bacteria in the microchannel. (h) The wavelength at which the bacteria absorb infrared
light depends on the nanomechanical cantilever deflection resulting from irradiation with a certain
range of infrared light. (Reprinted with permission from [62])
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4 Conclusion

This chapter provides a review of different research approaches for microfluidic
AST, which are mainly used to detect antibiotic susceptibility based on bacterial
cultures (phenotypic). Basic microfluidic concepts were further developed to provide
suitable solutions for microfluidic AST. The different microfluidic systems found in
the literature can be classified by their detection methods: optical, electrical, bio-
chemical, and mechanical. Table 1 lists the detection and immobilization methods
covered in this chapter.

In all microfluidic systems mentioned, the bacterial cells are physically trapped,
and their mobility is thus restricted. The nutrients/culture medium required for
growth are supplied via channels or by diffusion.

It seems preferable to use systems that allow on-chip cultivation, as it requires no
time-consuming pre-cultivation. However, one fundamental difficulty is the cell
loading at very low bacterial concentrations, which can impede the accumulation
of a sufficient number of bacterial cells. A solution for loading uncultivated and
therefore low-concentration samples into a microfluidic system for analysis is an
on-chip filtration of the bacteria in small volumes to increase the concentration.

The systems used for optical detection are transparent and often consist of PDMS
or PDMS and glass. While PDMS are easy to fabricate and air permeable, they
cannot be used to test small MIC values of antibiotics, as small molecules and drugs
are absorbed during testing [64–66].

Some detection methods seem complex and expensive, so they are only partially
suitable for use as AST. This is particularly the case with some optical detection
methods. Another issue arises when using dead-end systems, which tend to clog.

In conclusion, several microfluidic AST have been shown to provide faster results
than conventional AST (<7 h) and thus support clinical decisions on the correct use
of antibiotics. The analysis of morphology and the number of single cells by
minimizing the incubation area significantly improve the resolution. Reducing the
analysis size, in turn reducing the number of samples and reagents used, allows the

Table 1 Detection and immobilization methods

Types Detection methods Immobilization methods

Optical Imaging without labeling
• Single-cell imaging
• Time-lapse microscopyInterferometry
Fluorescence imaging
• Fluorescent viability dyeing
• Fluorescence signal by using resazurin

• Microchannel system
• Confined microchannels
• Agarose gel
• Nanoliter arrays
• Microdroplets

Electrical Electrical resistance
Electrochemical

• Microchannel system
• Stacked microbeads

Biochemical • ATP bioluminescence
• pH changes
• Redox potential

• Antibodies

Mechanical • Cantilever • Antibodies
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integration of several parallel tests on one microfluidic device. Due to their size and
the intended ease of use, microfluidic approaches for novel AST can contribute to the
development of point-of-care systems. However, steps still need to be taken to
develop microfluidic AST, to provide a cost-effective, portable, accurate, and
time-efficient device.

Microfluidic devices can also simplify and accelerate sample pretreatment
(cleaning and isolation) for the subsequent AST. Besides the use as microfluidic
AST, microfluidic devices can also be used for antibiotic development or research on
the mechanisms of AMR development [45].
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Abstract Limitations of the current tools used in the drug development process, cell
cultures, and animal models have highlighted the need for a new powerful tool that
can emulate the human physiology in vitro. Advances in the field of microfluidics
have made the realization of this tool closer than ever. Organ-on-a-chip platforms
have been the first step forward, leading to the combination and integration of
multiple organ models in the same platform with human-on-a-chip being the ulti-
mate goal. Despite the current progress and technological developments, there are
still several unmet engineering and biological challenges curtailing their develop-
ment and widespread application in the biomedical field. The potentials, challenges,
and current work on this unprecedented tool are being discussed in this chapter.
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Graphical Abstract
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1 Introduction

1.1 A Global Health Challenge

We are currently facing a global health challenge stemming from the high cost and
long runway time currently associated with the process of drug discovery and
development. According to a report issued by the Pharmaceutical Research and
Manufacturers of America (“PhRMA”) as of 2015, the average drug is estimated to
cost 2.6 billion dollars to develop and take 10 years to complete [1]. Drug
manufacturing is characterized by low efficiency, with failures being much more
common than successful attempts (less than 12% of possible candidates in clinical
trials are ultimately approved) [2, 3] (Fig. 1). These stark realities place the phar-
maceutical industry under intense economic, ethical, and scientific pressure to find
ways to accelerate the drug development process and to develop drugs that are safer
and more effective in humans at a lower cost. The tools currently used to test the
safety and efficacy of new drugs, animal models, and cells in dishes constitute one of
the key bottlenecks that currently prevent the accurate prediction of human
responses and halt the efficient development of new therapies [2, 5]. Although
these tools have immensely contributed to delineating mechanisms underlying
basic biological processes and the initiation and causes of a number of diseases,
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they nevertheless fail to fully capture the complexities of human biology and
physiology.

The current gold standard for preclinical studies is in vivo experiments using
animal models. Yet conventional in vitro cell cultures are not able to recapitulate
interactions between the different organs and tissues – a prerequisite for studying
pharmacokinetic processes. As a result, animals are used to test for the safety,
non-targeted drug toxicity, and efficacy of new drugs [6]. In many cases, animal
studies lead to inaccurate data extrapolation [7] because they fail to accurately
predict human responses (mainly due to interspecies differences in the genome,
biological pathways, and cell physiology) [5]. One characteristic and illustrative
example is the case of the clinical trial of TGN1412 by TeGenero Pharmaceuticals in
2006. Preclinical trials had demonstrated the safety and efficacy of an immunomod-
ulatory drug in both rodents and monkeys. However, upon administration to humans
during Phase I clinical studies, six otherwise healthy individuals demonstrated
multiple organ failure [8] due to a 4% difference in the targeted sequence between
humans and monkeys [9]. Moreover, in the recent years, there is a movement toward
the reduction of the number of animals used which might further affect the drug
development [6].

Alternatively, in vitro assays with human-derived cells can be performed for the
preliminary screening of new drugs [6]. Next to conventional 2D cultures, 3D cell
cultures have been extensively developed in the last 50 years. For example, by
applying hydrogel technology, cell-cell interaction, polarization, and lumen forma-
tion are achieved with tissue hallmarks being present in vitro [10, 11].
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Fig. 1 Drug development: a lengthy and costly process. The vertical axis shows the number of tests
performed (grey) and the corresponding cost (blue) (costly process). The horizontal axis shows the
time in years that is required to a drug to be developed (lengthy process). From “Biology-inspired
microphysiological system approaches to solve the prediction dilemma of substance testing” by [4],
ALTEX, 33(3), 272–321. Reprinted under the terms of the Creative Commons Attribution 4.0
International license
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Conventional 3D cell cultures have certain limitations, however. Components
such as tissue architecture, tissue-tissue communication, dynamic fluid flow, and the
normal mechanical cues which cells are constantly exposed to in vivo are usually not
present in these culturing systems. Exposure of cells to all the above is highly
important, since these factors influence both the development and function of a
tissue or organ [12]. Great advances in microfluidics (namely, organ-on-a-chip
systems) have recently started to allow researchers to overcome these limitations.

Advances in the tissue engineering research field since the early 2000s [13] have
also opened up new avenues toward the development of such a system. The organ-
on-a-chip technology applies a microfluidic approach to the human cell culture, to
replicate tissue and organ physiology (i.e., structures, networks, and mechanical
cues) and functions [5, 14, 15]. Multi-organ-chip systems and the development of a
human-on-a-chip system could similarly help to tackle the abovementioned prob-
lems in the drug screening process [4] and pave the way for truly personalized drug
testing (patient-on-a-chip), laying the groundwork for clinical-trial-on-a-chip.

1.2 What Is an Organ-on-a-Chip?

An organ-on-a-chip is a biomimetic microscale cell culture device that combines 3D
tissue engineered constructs with a microfluidic network of continuously perfused
micrometer-sized chambers. The development of such a device requires a
multidisciplinary approach, combining the engineering aspect with biological func-
tionality [4]. These platforms are designed to recapitulate in vitro – in a controlled
and scale relevant manner – the basic mechanical (blood flow, air pressure) and
extracellular cues, the physiochemical environment, the multicellular architecture,
physiology, and functions of a given tissue or organ [16]. Mechanical stimuli to the
cells – generated by the fluid flow, spatial liquid conditions, and concentration
gradients – are among the parameters that can be controlled with the microfluidics
technology maintaining an organ-specific physical and biochemical environment
[14, 15]. In this fashion, these devices establish a functional unit of an organ in a
tridimensional environment which cannot be achieved with conventional 2D culture
systems. Each unit is a simplified, yet still realistic, mock-up of a human organ of
interest that recapitulates in vivo-like responses and can capture the wide diversity
among individuals [5, 10, 17, 18] (Fig. 2 left).

Huh et al. [14] have undertaken groundbreaking work in this field by developing
a structurally complex lung-on-a-chip that allows gas exchange between microvas-
cular endothelial and alveolar epithelial cells by mimicking inhalations and exhala-
tion through mechanical forces. Indeed, a great number of single organ-on-a-chip
platforms have been developed for many different organs and applications as shown
in Table 1. More can be found in a number of reviews about organ-on-a-chip [1, 6,
18, 50]. Their applications include disease modeling and personalized tissue models
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using human-induced pluripotent stem cells (hiPSCs) and cell-based assays for drug
discovery [6]. Some researchers are also incorporating different organ-on-a-chip
modules in a dynamic microfluidic device that recapitulates even more complex
physiological functions [1].

Fig. 2 Tools that can emulate the human biology in vitro. Left: Single organ-on-a-chip systems that
emulate a single organ. On top showing the MIMETAS OrganoPlate for 3D perfused cell culture in
microtiter format, in the middle the lung-on-a-chip developed by the Wyss Institute, Center: Multi-
organ systems that emulate the systemic interaction of several organs. On top showing the hanging
drop microtiter plate by ETH Basel with microfluidic channel connecting multiple spheroids and at
the bottom an impression of the four-organ system developed by TissUse, Right: Shows an
impression of a human body-on-a-chip platform. (Courtesy of MIMETAS, The Netherlands;
Wyss Institute, USA; ETH, Switzerland; and TissUse GmbH, Germany, respectively). From
“Biology-inspired microphysiological system approaches to solve the prediction dilemma of
substance testing” by Marx et al. [4], ALTEX, 33(3), 272–321. Reprinted under the terms of the
Creative Commons Attribution 4.0 International license
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Table 1 Examples of single organ-on-a-chip platforms

Organ Incorporated cell types References

Adipose
tissue

Cell line [19]

Bone hiPSCs [20]

MSCs [21]

Brain Primary cells, cell line, and hiPSCs [22]

Human brain organoids (hiPSCs) [23]

Bone
marrow

Cell lines and primary cells [24]

Colon Primary human cells [25]

Gut Cell line and microbial flora [26]

Human enteroids [27]

Heart hiPSCs [28]

Rat primary cells or hiPSCs [29]

Kidney Human kidney tissue [30]

Cell lines [31]

Liver Primary human cells and cell lines [32]

Bioprinted hepatic spheroids (HepG2/C3A) [33]

Rat, dog, or human primary hepatocytes, liver sinusoidal endothe-
lial cells, with or without Kupffer cells

[34]

Lung Cell lines [14]

Primary human endothelial and epithelial (health and diseased)
cells

[35]

Primary human lung alveolar epithelial cells [36]

Muscle Cell line [37]

Pancreas Primary mouse tissue [38]

Reproductive Human and mice primary tissue [39]

Eye Retinal organoids derived from hiPSCs [40]

Skin Primary human tissue [41]

Primary and induced pluripotent stem cell (iPSC)-derived endo-
thelial stem cells

[42]

Stomach hiPSCs (human gastric organoids) [43]

Vascular iPSCs [44]

Cell lines [45]

Primary human endothelial cells [46]

Uterus Primary mouse tissue [47]

Cancer Patient-derived organotypic tumor spheroids [48]

Human pancreatic cancer cell lines [49]
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2 Multi-organ-Chips and Humans-on-a-Chip

Generating a tool that can emulate the human biology in vitro is a formidable goal.
Multi-organ microfluidic microdevices and human-on-a-chip (or body-on-a-chip)
platforms help to meet this goal by interconnecting different organ models with a
fluidic stream to create a physiologically realistic system [51, 52]. This unprece-
dented tool – commonly referred to as micro-cell culture analogs (μCCA) [53] – was
first suggested by Shuler in 1996 [54], and many names have since been used to
describe it, including microphysiological systems (MPS) [4, 16], body-on-a-chip
[55], human-on-a-chip [56], and physiome-on-a-chip [57].

Using microfabricated devices, various organ combinations have been developed
for both disease modeling [51] and drug toxicity [58]. Sophisticated and dynamic
multi-organ platforms consist of human cells growing on opposite sides of a thin
permeable planar scaffold that is placed either in a transwell geometry [59] or
between microfluidic channels [60] and employs active flow from onboard or
external pumps to achieve system perfusion (Fig. 2). Such a system can constitute
a powerful tool, with immense possibilities in the biomedical field – particularly with
respect to drug discovery and development processes [16]. Human-on-a-chip plat-
forms can mimic the way in which drugs and their metabolites are consumed,
produced, and exchanged [2]. But developing a human-on-a-chip platform that
authentically models human physiology (and associated biochemical and biological
responses) presents a series of engineering and biological challenges: To start with,
different organs must be cultured at the same time, in the same device, and with the
same circulating liquid phase – all while remaining fully functional and physiolog-
ically relevant. These threshold challenges must all be adequately addressed in order
to facilitate truly widespread application of human-on-a-chip in research and devel-
opment contexts [61].

2.1 Potentials of the Platform

A successful multi-organ-chip device has to appropriately mimic key aspects of the
human physiology. To that end, it must constitute a complex and dynamic system in
which the different organs or tissues are all connected and interact in a physiolog-
ically relevant manner, to facilitate the simulation and modeling of human metabo-
lism in vitro. The obvious complexity – yet, paradoxically, the simultaneously
simplicity – of this platform is precisely what makes it such a potentially powerful
tool in the drug discovery process [2, 10, 18].

Using small volumes of reagents, microfluidics can incorporate the required
mechanical cues in microfabricated miniaturized platforms – including accounting
for physiologically relevant levels of fluid shear stress, cyclic strain, and mechanical
compression. The ability to successfully mimic dynamic systems at a small scale is
essential for the development of the multi-organ and human-on-chip platforms.
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Another equally important advantage of multi-organ-chip platforms is their
ability to recapitulate and study the crosstalk of the different organs. Imitating
in vivo blood distributions, the connection of fluid channels across such a platform
allows researchers to study the communication of different compartments and
crosstalk between the incorporated organ tissues. This interplay allows for more
realistic modeling of a human system in terms of hormonal control [62] and organ
interplay and regulation through molecular crosstalk (e.g., cytokines and growth
factors) in physiological or pathological conditions [51, 63]. Various diseases can
thus be studied – which is particularly critical for those currently lacking a repre-
sentative and accurate animal model [64]. The mechanisms of various diseases and
the systemic interactions that they induce can also be assessed and monitored in
different stages of the disease, helping to shed light on onset mechanisms that may
presently remain unknown to science. The discovery of unknown interactions
between organs observed only in real time is yet another tantalizing prospect.

Using these systems, for the first time, metabolism, efficacy, toxicity, and
bioactivation of a drug can all be studied within the same human-simulating system
[53]. The response of both the targeted and non-targeted organs, as well as the
interaction and influence of a drug upon the whole system, can be assessed in one fell
swoop. This will allow researchers to assess the toxicity and efficacy of a drug with
far greater accuracy prior to entering the clinical phase, which will both lower the
cost and increase the speed of drug development.

This tool can also be directly adopted in the clinical phase (clinical trial-on-a-
chip), with platforms generated from patients of different genetic identity (i.e.,
mimicking different ages, sexes, and ethnicities). Instead of being conducted mono-
lithically, subtle but potentially medically important differences can actually be
taken into consideration during this critical phase. Subpopulations of “responders”
and “nonresponders” can also be identified, with different metabolic rates and
genetic makeup being identified to elucidate the mechanism underlying this diver-
gent drug response [18, 65] (Fig. 3).

Taken to its extreme, the applications of multi-organ-chip devices in the drug
discovery process can be extended even further, to the field of truly personalized
medicine. By using biopsies or hiPSCs from patients, human-on-a-chip tailored to a
single patient could revolutionize personalized medicine and the healthcare system
as a whole. The so-called patient-on-a-chip platform could be generated using cells
directly from a patient [2, 16, 66, 67]. A drug could thereafter be screened before
administration to a patient while monitoring for adverse effects. This would allow
doctors to determine ideal dosage on a truly individual level – a particularly
important development in cases of vulnerable or rare populations and polypharmacy
[68]. For example, “at-risk” groups such as children, the elderly, and pregnant
individuals rarely enter clinical trials – which means that most drug toxicity and
efficacy testing is derived from the relatively healthy adult subpopulation [69] and
prescriptions are necessarily made based on a generalized success rate in such
individuals [67].

Finally, toxicity assessment of chemicals (i.e., chemical exposure) and environ-
mental toxicants, and the study of their mechanism of action, represents yet another
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possible application of this technology [17]. For example, the tobacco industry could
apply this platform to more closely study the health hazards and the systemic effect
of tobacco inhalation and potentially develop future products that minimize these
effects [4, 23, 70].

2.2 Design Considerations and Challenges

The human body is a complex and dynamic system composed of organs and tissues
that are in constant interaction with each other. If the emerging technology of organ-
on-a-chip and human-on-a-chip can accurately capture this complexity, it will
become an extremely powerful tool for drug development. Developing such a
complex and sophisticated system poses a number of hugely demanding engineering
and biological challenges, however.

Fig. 3 How multi-organ systems can influence the drug discovery. Disease mimicking multi-organ
system can – among others – be used to analyze and unravel disease mechanisms and validate
treatment effects, thus transforming drug discovery screening strategies. From “Biology-inspired
microphysiological system approaches to solve the prediction dilemma of substance testing” by
Marx et al. [4], ALTEX, 33(3), 272–321. Reprinted under the terms of the Creative Commons
Attribution 4.0 International license
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2.2.1 Required Functions

Determining the safety and efficacy of a therapeutic drug candidate is critical during
its development. This safety profile is primarily determined by four different syner-
gic and sequential functions – absorption, distribution, metabolism, and excretion
(ADME) – that are frequently carried out by different organs within the human body.
Briefly, systemic absorption of a drug to the bloodstream depends on the route of
administration and can be either direct as in case of intravenous (IV) injection or
indirect including via the small intestine (oral application), skin (topical dermal
application), or lungs (inhalative application). In all instances, a drug is then
systemically distributed and metabolized by the liver to create new compounds,
called metabolites. The metabolism of a drug may be required for it to exert its
pharmacological activity (prodrug – bioactivation). The drug and its metabolites will
eventually reach other organs and tissues in the body, where they will either exert
therapeutic or toxic effects (e.g., nephrotoxicity) before ultimately being excreted.

To be able to precisely determine the human response to a therapeutic drug
candidate, multi-organ-chip platforms must be able to incorporate organ tissues
that can reflect the in vivo pharmacokinetics/pharmacodynamics and end use of
the relevant parts of a human body [71]. Based on the disposition of a compound
described by ADME, in most cases this means that at least three main organs must be
adequately represented. These would be the relevant tissue responsible for the
absorption, the organ where the drug is metabolized (liver), and the organ through
which the compounds are ultimately excreted (i.e., kidneys or intestines). Although
the representation of these ADME functions is crucial, the combination of organs is
not universal, but rather depends on the route of administration and characteristics of
each specific compound. Since most drugs are orally administered, the most com-
mon organ combination can be considered that of small intestine, liver, and kidney.
However, the lungs (for example) may have to replace small intestine as the organ
responsible for absorption in the case of an inhaled drug. Furthermore, multi-organ-
chips must include the organs in which the efficacy and toxicity of a compound is
evaluated [71]. The number of these organs varies, depending on the number of
targeted organs and the predictability of the toxicity exerted by the compound.
Testing of a new compound with limited data or extrapolation problems may require
the incorporation of as many organs as possible to identify and assess the breadth of
physiological responses and side effects. The latter is essential to increase the
efficiency and decrease of costs in the drug development process. Especially when
drug-induced toxicity is being assessed, the liver [72] and kidney (nephrotoxicity)
[73] must be meticulously monitored, since they represent the two most commonly
affected organs (Fig. 4).

Although a given organ may not be present in a study, its function must not be
completely neglected. For example, hormones produced by thyroid gland or insulin
produced by the pancreas may need to be added to a system in order to ensure proper
function.
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Fig. 4 Human-on-a-chip-template. The figure illustrates the minimal set of human organs, their
physiological connection through blood vessels and nerves, and system input and output. All these
are required and need to be properly scaled to create a universal and physiological human-on-a-chip
template. From “Biology-inspired microphysiological systems to advance medicines for patient
benefit and animal welfare” by Marx et al. [74], ALTEX, 37, 1–30. Reprinted under the terms of the
Creative Commons Attribution 4.0 International license
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2.2.2 Materials

Employing the right material with the right properties for the construction of organ-
on-chip systems is equally important. Currently, the most commonly used material
in microfluidic organ-on-chip devices is PDMS (polydimethylsiloxane) [28, 58, 75–
77]. Its wide use in the microfluidics can be attributed to a number of key charac-
teristics, including being (1) optically transparent, (2) highly compliant, and (3) tun-
able material that is nevertheless relatively (4) cheap, (5) easy, and (6) quick to
fabricate [78–80]. But there are several drawbacks in implementing PDMS in
biomedical research that have increasingly highlighted the need to evaluate other
options. As reviewed by Sackmann et al., one of its disadvantages is that it
nonspecifically absorbs small, hydrophobic molecules – which can severely com-
promise the study of pharmacological compounds and signaling dynamics
[78, 80]. Moreover, PDMS also has a strong tendency for surface rearrangement,
shows leakage of uncrosslinked oligomers to the media, and is highly gas
permeable – which can potentially harm the tissue cells being used to facilitate
experiments. Although some of these issues can be partially mitigated, all of them
impose additional variability and complicate the comparison between platforms and
the obtained results [77, 81, 82].

The limitations of PDMS have prompted the exploration of other materials.
Thermoplastic materials, such as polystyrene and cyclic olefin copolymer, could
potentially be used in microfluidic devices [80, 83–85]. Polystyrene – a material
which has long been used in cell biology applications – is another promising
candidate, since it lacks properties such as nonspecific molecule absorption, favoring
its use in quantitative pharmacology applications. Challenges in the fabrication of
this material continue to prevent its widespread employment, however [78].

Another promising suggestion comes from a recent publication by Edington
et al., exploiting a different format than what is usually used – that of an open
microfluidic system [59]. This novel design allows for gas exchange at the air-liquid
interface and accordingly does not require the use of an oxygen-permeable material.

Many other candidate materials are currently being explored. The ideal material
needs to meet the strict requirements of the biological community while simulta-
neously being amenable to easy practical fabrications. Therefore, this is a particu-
larly daunting slot to fill.

2.2.3 Design Principles and Scaling Rules

To generate a human-on-a-chip platform that accurately emulates human biology
and the interaction between the organs, several design parameters and operational
strategies have to be considered. Some of these parameters refer to the general
characteristics of each organ and can thus easily be found in the literature. These
include the cardiac output of an organ (CO), the rate of blood flow in it (Q), the
number of cells per organ (n), the ratio that exists between the different types of cells,
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and the residence time of each organ (τ). For example, the kidney receives �20% of
the cardiac output, has a flow rate of 1.2 L min�1, �2 � 109 cells, and has a
residence time of 0.148 min [56].

The same parameters must also be considered systemically in a multi-organ-chip
platform. For example, the cardiac output directed to each organ should be
represented by a percentage of the systemic flow rate (Q syst), mimicking the
human physiology while avoiding shear stress [86]. At the same time, the perfusion
rate and perfusion frequency (f) must be such in order to support and provide
sufficient nutrients and oxygen to each and every system without washing away
secreted factors, metabolites, and/or drugs (e.g., concentrations of compounds in
tissue (Ct) and blood (Cb)) [61, 72, 87]. Liquid-to-cell ratios and liquid residence
time can be employed to control oxygen delivery [65], providing the right oxygen
concentration for each microenvironment [88] while maintaining oxygen tension at
physiological levels [85]. Capillary length and diameter can also affect all of the
above parameters [52]. Moreover, within multi-organ-chips, the surface area of each
organ is another important designing parameter. It must be relevant to the function of
each organ and comparable to that of the other organs in the platform in order to
ensure accurate metabolic representation. Cell metabolism may also change during
culture as cell maturity develops, which is a factor that needs to be determined prior
to the specification of the other principles noted above [89].

On the other hand, there are several parameters that typically remain compara-
tively obscure, since they relate instead to the characteristics of a specific drug’s
ADME function. The main parameters that must be considered (to the extent
possible) on this front are drug’s rate of partitioning into each organ (K), the
unbound fraction of a drug (f), intrinsic reaction rate per cell and per drug concen-
tration in tissue (R), blood to plasma partitioning (B:P), and, finally, the drug’s
intrinsic clearance rate (C). Moreover, the absorption of a molecule, its solubility (S),
and permeability (P) through various relevant barriers within the human body (skin,
lungs, gut), particle size, LogP, pKa, and dose all need to be defined [1, 56]. For this
purpose, in vitro assays or mathematical models can be used.

The success of human-on-a-chip is significantly dependent on the proper scaling
of each individual organ so that it remains physiologically relevant to the
corresponding in vivo organ. For example, if the design of the liver compartment
is not in accordance with the other organ compartments, this will lead to an under- or
overproduction of metabolites – resulting in a mischaracterization of biological
responses and a failure to accurately predict human physiology. Both engineering
and biological aspects need to be taken into account in the design and construction of
organ-on-a-chip systems. [89].

Although human-on-a-chip represents a powerful tool that can closely mimic
human physiology, it still fundamentally remains an in vitro system. Therefore,
acquired data must always be interpreted within the context of the platform and is not
directly scalable in the in vivo context. In other words, scaling of the human-on-a-
chip must be split into two distinct yet closely associated activities: first, “on-
platform scaling” based on functional scaling and only then followed by in vitro-
in vivo translation (IVIVT). In other words, the use of pharmacological models
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during the “on-platform scaling” phase aims to identify key specification of the
platform (PK and PD) in order to facilitate observations relative to, but not identical
to, each organ and the human body – which will then be translated to the in vivo
context [57]. A step forward on this point was made by Maass et al., using a
mechanistic model-based multifunctional scaling method to manufacture single
and multi-organ-on-a-chip platforms [90].

Quantitative systems pharmacology (QSP) is a pharmacological model used for
the analysis and comprehension of interactions between drugs and a biological
system as a whole. Compared to the traditional pharmacokinetic/pharmacodynamics
(PKPD) model, which is not directly translatable to multi-organ platform, QSP can
integrate mechanistic information from a wide range of data sources – including
preclinical data, genetic information, drug properties, and human physiology and
pathology – while simultaneously testing hypothesis and extending our understand-
ing to multiple patient populations [59, 91]. This means that organ-on-a-chip-QPS
models could potentially be used to predict the PK and PD of a drug, discover
disease biomarkers for the use in clinical trials, and help to understand the mecha-
nism of a disease or a drug and its response even for a single individual patient
[91]. To cite one example, Edington et al. have recently created a multi-organ-chip
platform of up to ten different organs using QSP and PBPK modeling to establish the
design of the platform and the interpretation of the data [59]. More about MPS-QSP
modeling can be found in an illustrative review by Cirit and Strokes [91].

2.2.4 Cell Sources

One of the key requirements for these systems to be implemented as new screening
paradigms is the identification of the optimal source of phenotypically mature and
stable cells with the same genetic profile that exhibit the main relevant functions of
each original tissue and accurately reproduce human in vivo responses [65]. This is
much easier said than done – interspecies differences in the genome, drug metabo-
lism, and clearance in many tissues make the extrapolation of the data from an
animal to a human population extremely challenging [92, 93]. Therefore, the use of
human cells is a functional prerequisite (Fig. 5).

A source widely used in many organ-on-a-chip studies is established human cell
lines (either cancer-derived or immortalized) to model complex functions within
single organs (e.g., lungs [14] or muscle [94]) or observe multi-organ interactions.
However, the use of such established cell lines prevents the study of personalized
platforms and ignores the potential for strong genetic variations in drug responses
that could highlight toxic responses to certain drugs within certain subpopulations.
Moreover, in many cases the expression of key components in such cell lines differs
substantially from that seen in primary tissue. For example, the most commonly used
hepatocyte lines (HepG2, Huh7, and Hep3B) all derive from tumors that exhibit
lower or variable expression of many important CYP450 functions when compared
with the primary human hepatocytes [95]. Since the liver is the main organ for the
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metabolism of drugs, the need for complementary approaches under these circum-
stances is clear.

One alternative approach is to use primary cells, isolated through biopsies and/or
tissue explants, to provide cultures with a phenotype that is very close to the tissue of
origin in its mature state. Tissue biopsies from donors and primary cell lines have
also been used for the establishment of multi-organ-chip platforms [58, 96]. One
issue with these cell lines is that their functional (i.e., protein and gene expression)
and structural characteristics are frequently altered shortly after their isolation and
establishment of culture, because of the extreme changes their microenvironment has
undergone [97]. A solution might be to instead use organoids isolated from human
adult stem cells or established from hiPSCs. A combination of the microfluidic
organ-on-a-chip and organoid technology could potentially be adopted to develop
disease models with tissues directly isolated from patients. One example of an
autologous multi-organ-chip has recently been published by Ramme et al. and
features interconnecting miniaturized human intestine, liver, brain, and kidney
equivalents. All four organ models were pre-differentiated from induced pluripotent
stem cells obtained from the same healthy donor, before being successfully
reintegrated into a microphysiological system and cultured in a common medium
for 14 days [66].

Fig. 5 Human cell and tissue sources to be used in multi-organ systems. The vertical axis illustrates
the expansion potential of different human cell and tissue sources compared plotted against their
appearance in the human life span, as illustrated in the horizontal axis. Grey arrows illustrate the
differentiation potential of each stem cell pool. Red arrow illustrates the induction back to
pluripotency (iPSCs). Blue arrow indicates the unlimited expansion potential that immortalized
cell lines have. From “Biology-inspired microphysiological system approaches to solve the predic-
tion dilemma of substance testing” by Marx et al. [4], ALTEX, 33(3), 272–321. Reprinted under the
terms of the Creative Commons Attribution 4.0 International license
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2.2.5 Medium

For the proper function of the multi-organ-chip, there is also an indisputable need for
a common media that can perfuse the different organ-on-a-chips [16, 76]. The role of
this medium is to serve as a blood surrogate. To accomplish this task, the medium
must be able to deliver sufficient oxygen to the different cellular compartments while
simultaneously removing CO2 using oxygen carriers such as hemoglobin or a
perfluorocarbon oxygen carrier. And an equally important role is that of providing
the required transport proteins for the communication between the different organs
while promoting the maintenance of intracellular ions and transport proteins. It also
needs to be able to maintain the osmolarity, pH, and salinity of the entire system at
the proper levels [16].

Suffice to say, combining all of these complex functions in a single material is no
easy task – particularly because different cells can have radically different needs. A
particularly compelling example is TGF-β1 (transforming growth factor beta-1),
since it is important for the proliferation and growth of A549 lung cells but inhibits
that of hepatocellular carcinoma cells. To overcome this, Zhang et al. managed to
create an isolated cell-specific microenvironment in the A549 compartment of their
platform where TGF-β1 was controlled-released by gelatin microspheres mixed with
cells [98]. Nevertheless, endothelial (vascular) and epithelial barriers may promote
the establishment of such isolated cellular microenvironments controlling the release
of factors. Moreover, as far as the concentration of factors in the medium is
concerned, the frequency of changing medium and replenishing of water to account
for evaporation and consumption must be carefully evaluated, so as not to cause any
unwanted dilution of secreted metabolites. Special care must also be taken when
choosing the right concentration of a drug or toxin where the active compound is a
product of cell metabolism or signaling. In such a case, dilution is determined by the
number of cells and must be carefully evaluated to avoid excess dilution that could
affect the readout of the experiment [16].

An alternative solution to the common medium problem is based on the hypoth-
esis that by first conditioning the cells in their established organ medium, compo-
nents that are fundamental for the growth of one tissue but toxic for another can be
sufficiently metabolized before the media is ever exchanged [99].

To date, different approaches have been adopted from different groups to over-
come the common medium problem. Vascularization of the microchannels of the
platform with endothelial cells forming a barrier corresponding to that found in the
human body represents an important advancement in surmounting this problem. A
tissue-blood separation can allow each organ to be conditioned and cultured on its
tissue-specific medium while still permitting organ crosstalk through the vascular
connections. In this approach, tissue-specific molecules are isolated and consumed
by the targeted tissue while communications remain possible via secreted biomarker,
cytokines, or secreted vesicles (e.g., exosomes). Notably, however, endothelial
barriers can substantially contribute to drug absorption, distribution, metabolism,
excretion, and toxicity – meaning that their absence could significantly affect PK
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studies [100, 101]. Recently, a vascular endothelium was incorporated in an eight-
organ platform by Novak et al., to create a tissue-tissue interface. Specifically, two
parallel and continuously perfused microchannels were separated by a porous
membrane that was seeded with human organ-specific parenchymal and vascular
endothelial cells on each side. A common medium (blood substitute) was used for
the perfusion of the vascular channel, while an organ-specific medium was used for
the parenchymal channel except of lung and skin when it was exposed to an
air-liquid interface [102]. More about the importance and current models of the
vasculature-on-chip can be found in a recent review by Pollet and den
Toonder [103].

2.2.6 Sensory Systems (Instrumentation)

As the development of organ-on-a-chip platforms advances, there has been increas-
ing recognition of the need for an integrated multi-sensor to monitor changes in the
system in real time [52, 89]. Monitoring a large number of functions and variables
(structure and function) that characterize the microenvironment parameters as a
response to pharmaceutical compounds in a continuous, automated, and noninvasive
manner is critical [77]. The ability to conduct long-term in situ assessment of both
biochemical and biophysical parameters continues to pose substantial challenges.
Biofouling (especially when electrodes are used) and inconsistent functional reading
affects many sensing components that are maintained for long-term use. Their use is
also fundamentally limited by biocompatibility and system integration issues [1].

Until analytical chemistry becomes possible to conduct in low volumes, deter-
mining the best trade-off between sampling frequency, sampling volume, and the
number of analytes that can be quantified will continue to impose yet another
challenge. Many approaches used in cell culture (e.g., ELISA, western blot, fluo-
rescence- or label-free assays such as RT-PCR, mRNA arrays) to capture and
quantify soluble factors, capillary electrophoresis, and mass spectrometry
(MS) represent examples of existing off-chip sensor technology that can be used
to characterize the dynamic state of organ-on-a-chips [52].

Optical sensors are one of the most popular integrated sensors within organ-on-
chips, since they are highly sensitive, are easily miniaturized, can precisely detect
changes using near-neglectable amounts of analytes, and can reliably perform even
under a dynamic range of flow rates [85]. The broad category of optical sensors can
be subdivided into absorbance-, fluorescence intensity-, and surface plasmon-based
sensors [1]. Drawbacks associated with the use of optical sensors include the fact that
the dyes used may influence the metabolism of the cells, and serial measurement can
also lead to photobleaching and phototoxicity [16]. Moreover, the number of dyes
that can be monitored simultaneously is inherently limited as a result of spectral
overlap [104]. To date, however, optical imaging has successfully been designed to
detect alteration in oxygen and pH indicators [85].

Electrical and electrochemical sensors can also be deployed to measure key
parameters such as pH, glucose, lactate, and oxygen concentrations, as well as
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secreted biomarkers [105]. Electrochemical sensors have the advantage of directly
and rapidly detecting a biological event as an electrical signal and being able to
specifically quantify metabolites. Despite their high sensitivity and miniaturization
capabilities, however, they can easily be affected by electrode position or size and
biofouling, and they too can potentially interfere with biochemical species in the
culture medium and flow rate. Electrochemical-based sensors have been extended to
transepithelial electrical resistance (TEER) sensors – a nondestructive, real-time, and
label-free method [1] that has been integrated to organ-on-a-chip platforms to
measure the integrity of tissue junction dynamics of endothelial and epithelial
cells. Another type of electrical sensors is the biochemical biosensors for monitoring
of secreted biomarkers. Microfluidic immunoassays capable of detecting multiple
proteins at low concentrations in small volumes [106] have found application in
many organ-on-a-chip devices for the in situ monitoring of a number of secreted
biomarkers [77, 107, 108].

Considering the small volume of the organ-on-chip platforms, the risk of inter-
ference between the different sensing methods should not be ignored [52]. Ideally,
the different sensors should be harmoniously integrated within a multi-sensor
system, so that electrical and electrochemical sensors are used wherever possible
to free up the optical bandwidth for measurements that cannot be done
electrochemically – such as fluorescent measurements taken via optical sensors
[52, 104]. This approach was recently applied in a study by Zhang et al. that
successfully integrated a microfluidic controlling breadboard for timed routing of
fluids, physical sensors for monitoring extracellular microenvironment parameters
(e.g., pH, oxygen, temperature), regenerating electrochemical sensors for measuring
soluble protein biomarkers, and miniature microscopes for observation of organoid
morphologies [77].

Potential morphological changes of the cellular compartment must also be care-
fully monitored. Impedance sensors, quartz crystal microbalance (QCM) systems,
surface plasmon resonance (SPR) systems, and surface acoustic wave (SAW)
systems can be used. Furthermore, when modeling a pathophysiological condition
on a chip, an endpoint analysis should include the assessment of the restoration of
the physiological organ function and pathohistology [4]. The tissue can then be
histologically sectioned for immunostaining and in situ hybridization after the
termination of the experiment (if allowed by its thickness).

Finally, in a dynamic platform connecting a collection of organs, it is challenging
to constantly remain at a stable equilibrium. Therefore, for homeostasis to be
maintained, there is a need for an automated dynamic regulatory multisensory
system responsible to precisely monitor the physicochemical changes in the plat-
form, while actuators control and stabilize the system. The “Emerging Biosensor
Trends in Organs-on-a-Chip” will be further discussed in the chapter (this volume)
by Rothbauer and Ertl [109].
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2.3 Generated Multi-organ Platforms

The interconnection of different organ-on-a-chip through microfluidics on the same
platform (i.e., a multi-organ platform) has been reported several times with different
organ combinations, aims (e.g., disease modeling or drug toxicity assessment), and
design principles (e.g., single-pass perfusion or recirculating microfluidic flow)
(Table 2). In single-pass perfusion platforms, multiple organs may be unidirection-
ally connected in parallel, in series, or both. Multi-organ platforms have been
developed using this design approach and can be used to model drug transport
from one organ to the other while mimicking crosstalk between the organs [45,
118]. However, the design of these systems currently limits the crosstalk of an organ
or a drug to only those organs that are located “downstream” within the system.

On the other hand, multi-organ platforms connected with a recirculating perfusion
system are much closer to actual human physiology (i.e., mimicking true blood
circulation) and thus enable the communication of the various organs both down-
stream and upstream within a system. Shuler’s group pioneered the development of a
chip-based micro-cell culture analog (μCCA) that was subsequently used by Sin
et al., in pharmacokinetic/pharmacodynamic (PK/PD) modeling with real-time oxy-
gen sensors [119]. This μCCA system has also been further developed since by Esch
et al., who have used a two-organ chip (liver-gut) based on the μCCA platform to test
the effect of the ingested carboxylated polystyrene nanoparticles in the system,
showing potential liver injury [112]. Oleaga et al. have even expanded this system
to a four-organ chip, consisting of human cardiac, liver, skeletal muscle, and
neuronal tissues. All of these different tissues were perfused with a common
serum-free medium that was able to maintain functional cultures for a period of
2 weeks. The platform was used for toxicity testing, to assess the multi-organ
toxicity response after exposure to several well-known cytotoxic compounds includ-
ing doxorubicin, atorvastatin, valproic acid, acetaminophen, and N-acetyl-
aminophenol [117]. A variety of other systemic arrangements have also been
attempted by different groups. Of note, Zhang et al. have developed a five-organ
platform with four separate channel-based cell culture space creating isolated cell-
specific microenvironments [98]. Using a different approach, Zhang et al. have also
developed a liver-heart and liver-cancer-heart modular platform with integrated
sensors for measurements of environmental parameters, immune biosensors, and
miniature microscopes that was used for toxicity testing [77].

A very different approach was pioneered by the group of Uwe Marx, which
developed a multi-organ-on-a-chip (MOC) prototype with robust peristaltic on-chip
micropumps in order to avoid nonphysiological fluid-to-tissue ratios. 3D cell spher-
oids, reconstructed tissue equivalents, and donor-derived tissue explants or biopsies
can all be cultured in this platform [4]. Human liver spheroids (hepatocytes and
stellate cells) and skin biopsies have also been successfully cultured on this MOC
platform, evidencing tissue crosstalk that revealed a dose-dependent toxic response
to exposure to troglitazone [120]. A further step forward was made by Maschmeyer
et al. when they incorporated barrier tissues (intestine and skin) with parenchymal
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Table 2 Examples of multi-organ-on-a-chip platforms

Organ combination Perfusion Tested drug/toxin References

Two-organ platform

Heart-liver-vascular
tissue

High-pressure pulsatile flow None [110]

Liver-tumor External peristaltic pump Cyclophosphamide [111]

GI tract-liver-other
organs’ system

Peristaltic pump for two fluidic
circuits

Carboxylated poly-
styrene nanoparticles

[112]

Liver-intestine and
liver-skin

On-chip micropump Troglitazone [76]

Liver-neurospheres On-chip micropump Hexanedione [113]

Liver-pancreas On-chip micropump None [51]

Gut-liver Onboard pneumatic microfluidic
pumping

None [63]

Gut-liver On-chip pumps Diclofenac,
hydrocortisone

[86]

Liver-heart and
liver-cancer-heart

Microfluidics-controlling
breadboard

Capecitabine, acet-
aminophen,
doxorubicin

[77]

Skin-tumor (lung) Peristaltic micropump Anti-EGFR antibody
cetuximab

[114]

Heart-liver body-on-
a-chip system with a
skin surrogate

Pumpless, flow driven by a rocking
platform

Diclofenac, ketoco-
nazole, hydrocorti-
sone, acetaminophen

[115]

Liver-testis equiva-
lents with hepatic
stellate cells

On-chip peristaltic pump Cyclophosphamide [116]

Four-organ platforms

Liver-lung-kidney-
fat

Peristaltic pump None [98]

Intestine-liver-skin-
kidney

On-chip micropump None [58]

Cardiac-muscle-neu-
ronal-liver

Pumpless, gravity-driven flow Doxorubicin, atorva-
statin, valproic acid,
acetaminophen

[117]

Intestine-liver-kid-
ney-BBB

Manual transfer of media
supernatant

None [118]

Intestine, liver,
brain-kidney

On-chip micropumps None [66]

Up to ten-organ platform

Ovary-fallopian
tube-uterus-cervix-
liver

Four-port peristaltic pump structure None [62]

(continued)
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organ (liver) in a platform with entirely endothelialized microfluidic channels, to
mimic vasculature [76]. Using different routes of administration (i.e., systemic, oral,
or dermal), repeated dose testing for troglitazone was performed for 9–11 days. The
same platform was thereafter used to co-culture human artificial liver microtissues
and human neurospheres (neuronal spheroids) for long-term exposure to
hexanedione (xenobiotic) and showed increased sensitivity when compared to
respective single-tissue cultures [113]. The integration of a biological vasculature
with physiological fluid-to-tissue ratios allowed the use of the platform for long-term
repeated dose substance evaluation at homeostatic conditions [81]. Human small
intestine, liver spheroids, skin biopsy, and a proximal tubule cell monolayer barrier
(kidney) were interconnected and remained functional thereafter for 28 days
[58]. This means that a 28-day co-culture of four-organ chip could be established
for in vitro ADMET testing and repeated dose toxicity testing of drug candidates.
Furthermore, a two-organ chip interconnecting pancreatic islets and liver spheroid
was successfully established to study the organ crosstalk based on insulin and
glucose regulation for up to 15 days, in an experiment aimed at modeling human
type 2 diabetes mellitus [51] (Fig. 6).

Yet another approach involves using alternate materials (i.e., other than PDMS)
that show no drug absorption, small volumes, and an open platform configuration to
enable media sampling and high-content measurements and computational models
for experimental designing [59, 63, 86]. A gut-liver platform with these character-
istics has been successfully deployed for quantitative pharmacokinetic studies [86]
and inflammation interactions [63]. The system has since been further extended to
four-organ, seven-organ, and ten-organ chip devices [59].

Table 2 (continued)

Organ combination Perfusion Tested drug/toxin References

4-MPS: Liver-gut-
endometrium-lung
7-MPS:
4-MPS-pancreas-
heart-brain
10-MPS:
7-MPS-muscle-skin-
kidney

A high degree-of-freedom (DOF)
onboard pumping system with sep-
arate high-capacity recirculation
pumps for each MPS, flow-through
microperfusion, and a system of
spillway channels

Diclofenac (DCF) [59]

Intestine-liver-kid-
ney-heart-lung-skin-
brain (vascularized)

Automatic and regular robotic
transfer of liquid samples between
individual organ chips that are each
continuously perfused
Perfusion pumps assigned to each
of the organ chips to ensure that
they experience continuous fluid
flow independently of the action of
the robotic fluid transfer system

Inulin-FITC
distribution

[102]
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2.4 Commercialization

It is widely acknowledged that the current cost of drug development is commercially
unsustainable in the long run [80]. In an effort to mitigate this problem, significant
and growing attention has been focused on organ-on-chip platforms, and many large
pharmaceutical companies, including Roche [40], Pfizer [70], Bayer [114], and
AstraZeneca [51, 121], have entered into collaborations aimed at developing and
using this emerging technology in the R&D space. More can be found at a recent
review by Marx et al. [74]. Apart from single organ-on-chip units, a multi-organ-
chip platform mimicking human physiology would be extremely useful not only in
the pharmaceutical sphere but also with respect to environmental toxicants [17] in
the cosmetics industry [4] and for the future development of products that involve
tobacco inhalation [4, 23, 35]. Multi-organ-chip platforms have already been made
commercially available by TissUse GmbH, Germany; CN Bio, UK; InSphero AG,
Switzerland; Draper, USA; and Hesperos Corporation, USA. A more in-depth
overview of commercialization attempts to date can be found on a review by
Zhang et al. [122].

Considering all the promising potential applications for a sophisticated human-
on-a-chip platform, it is perhaps not surprising that no single specialized design will
be the right “fit” for all experiments. Yet this raises an important question: How can a
sophisticated yet complex platform be commercialized if it is not suitable for a wide
range of experiments? It is clear that the ideal system must be flexible and modular,

Fig. 6 A multi-organ-chip platform. (a) A PDMS chip (yellow), with two independent microcir-
cuits each connecting two tissue culture compartments. The platform supports the integration of 3D
tissues, such as cell spheroids, and standard 96-well inserts for reconstructed barrier organ models.
A peristaltic on-chip micropump (black) enables pulsatile unidirectional fluid flow at physiological
frequencies. (b) Two blood-perfused circuits (worm’s-eye view). From “Biology-inspired
microphysiological system approaches to solve the prediction dilemma of substance testing” by
Marx et al. [4], ALTEX, 33(3), 272–321. Reprinted under the terms of the Creative Commons
Attribution 4.0 International license
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allowing for easy physical reconfigurability and reprogrammable organ configura-
tion within a dynamic system in which fluid paths and rates can be carefully
monitored and controlled. Moreover, it goes without saying that any commercially
viable system will require a substantial amount of scientific data and cross-pharma
testing and validation to ensure reliability, robustness, and reproducibility. This will
be no easy feat to achieve.

2.5 Ongoing Research

Over the past few years, a number of sophisticated multi-organ platforms have been
successfully developed. The next goal must be the successful integration, within the
same platform, of a minimum of ten interconnected organs that collectively emulate
minimal organismal functionality across the human body, i.e., the circulatory,
endocrine, gastrointestinal, immune, integumentary, musculoskeletal, nervous,
reproductive, respiratory, and urinary functions [4]. The precise number has yet to
be defined by the scientific community and regulatory bodies – but to date, a
combination of up to 13 organ compartments on one chip (including barrier and
non-barrier tissues) by Miller and Shuler represents the highest number attempted.
The culture of five different cell lines for 7 days has also been successfully
demonstrated [84].

A number of recent initiatives have emerged that are aimed at advancing organ-
on-a-chip platforms to a human-on-a-chip model, with an initial focus on emulating
the normal physiology of nonpregnant adulthood. The first prototypes of these
initiatives currently remain in the experimental evaluative phase (Fig. 7). More
about the aims and state-of-art of each of these exciting initiatives can be found in
a review by Marx et al. [4].

3 Conclusion and Outlook

The complex nature of human physiology and organ system structure has been a
major hurdle in studying the different processes of the human body in a truly
systemic manner. The lack of a physiologically relevant model continues to signif-
icantly impact the cost and pace of drug development. Nevertheless, although the
technology still remains in its infancy, the emergence of organ-on-a-chip tools has
increasingly started to open up new and promising avenues in this direction. Owing
to great recent advances of the field, the integration of multiple organs into one
platform has now been achieved, and various combinations, designs, and end-goals
are increasingly being explored by researchers.

The ultimate goal in this field is the development of a biomimetic, sophisticated,
and reliable platform – namely, the “human-on-a-chip” – which accurately emulates
the complexity of human physiology and can be successfully used in drug
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development. Such a powerful tool would immediately find application across many
different fields. Nevertheless, the unprecedented complexity of this ideal system
continues to pose major engineering and biological challenges that must be over-
come by future research. The development of a modular platform, and a “plug-and-
play” architecture, can potentially help in speeding up the commercialization of a
multi-organ or human-on-chip platform.

Notwithstanding the promising advances discussed above in various aspects of
the organ-on-a-chip field, the development of a platform that successfully integrates
a multi-sensor or actuator system that can monitor (in real-time) the responses of
more than ten different physiologically interconnected and fully functional organ
tissues with accurate crosstalk for more than a month remains far out of reach.
Nevertheless, the pace of recent progress in pursuit of this ideal has been stunning.
The authors fully anticipate that more sophisticated systems will continue to be
developed in the coming years, as new innovations become available and pave the
way for new targeted therapeutics and ever-more-personalized approaches.

1. Skin

8. Pancreas
7. Liver

9. Kidney
10. Bone
marrow

6. Heart
5. Thyroid
4. Lung
3. Gut
2. Brain

Fig. 7 Prototypes of human-on-a-chip platforms. Images illustrate four multi-organ prototypes in
experimental evaluation that by increasing the level of complexity and number of organs involved
aim to the development of a human-on-a-chip platform. (a) The ten-organ prototype of TissUse
GmbH, Germany (“GO-Bio-MOC” program); (b) the six-organ prototype of Bioclinicum, Russia
(“Homunculus” program); (c) the ten-organ prototype of Cornell University, USA; and (d) a four-
way PhysioMimetics prototype of MIT, USA (“Human Physiome on a Chip Program,” US
DARPA/NIH/FDA MPS initiative). From “Biology-inspired microphysiological system
approaches to solve the prediction dilemma of substance testing” by Marx et al. [4], ALTEX, 33
(3), 272–321. Reprinted under the terms of the Creative Commons Attribution 4.0 International
license
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Abstract Organ-on-a-chip technology is ideally suited to cultivate and analyze
2D/3D cell cultures, organoids, and other tissue analogues in vitro, because these
microphysiological systems have been shown to generate architectures, structural
organization, and functions that closely resemble their respective human tissues and
organs. Although great efforts have been undertaken to demonstrate organotypic cell
behavior, proper cell-to-cell communication, and tissue interactions in recent years,
the integration of biosensing strategies into organ-on-a-chip platforms is still in its
infancy. While a multitude of micro-, nano-, and biosensors are well established and
could be easily adapted for organ-on-a-chip models, to date only a handful of

M. Rothbauer
Department of Orthopedics and Trauma Surgery, Karl Chiari Lab for Orthopedic Biology,
Medical University of Vienna, Vienna, Austria

Faculty of Technical Chemistry, Vienna University of Technology, Vienna, Austria

P. Ertl (*)
Faculty of Technical Chemistry, Vienna University of Technology, Vienna, Austria
e-mail: Peter.ertl@tuwien.ac.at

http://crossmark.crossref.org/dialog/?doi=10.1007/10_2020_129&domain=pdf
https://doi.org/10.1007/10_2020_129#DOI
mailto:Peter.ertl@tuwien.ac.at


analytical approaches (aside from microscopical techniques) have been combined
with organ-on-a-chip technology. This chapter aims to summarize current efforts and
survey the progress that has been made in integrating analytical techniques that are
being implemented for organ-, multi-organ-, and body-on-a-chip systems based on
electrochemical and optical sensors.

Graphical Abstract

Keywords Biosensing, Microphysiological systems, Organs-on-a-chip, Sensor
integration

1 Introduction

Two decades ago, George Whitesides and his colleagues introduced soft lithography
to biomedical engineers, chemists, and biologists as a simple and fast method to
develop microfluidic devices – thereby paving the way for the development of
microfluidic cell-based assays made from poly-dimethylsiloxane [1]. Over the
course of the last 23 years, the technology that started using simple microchannels
and two-dimensional cells monolayers (so-called cell-based microfluidics) has rap-
idly progressed into more complex cell culture systems [2] (Fig. 1). For instance, the
integration of microfluidic components – including valves, micropumps, mixers,
actuators, and microsensors – has provided controlled liquid handling routines and
analytical power of true lab-on-a-chip systems [3]. However, it was only in the last
decade that the first microphysiological system for lung tissue (lung-on-a-chip) was
developed that was capable of simulating breathing motions of the lung [1, 2]. For
the first time, the scientific community witnessed a groundbreaking concept of
actuating lung epithelial cell layers using flexible porous membranes to emulate a
key biomechanical function of the lung. The last decade has seen a global trend
toward more physiologically relevant cell cultures systems, with the aim of
reengineering in vivo-like cellular microenvironments for 2D and 3D cell cultures
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that truly resemble actual human tissue architecture and organ function and physi-
ology in vitro [4]. Yet notwithstanding recent biological advancements using
patient-derived primary cell and iPSC-culture systems, little progress has been
made to date in improving the functionality and analytic capabilities of these
microphysiological systems. Even though a variety of sensors based on electro-
chemical, acoustic, optical, and magnetic readouts have been developed and inte-
grated into cell-based microfluidic devices [5], only a few analytical sensing
methods have actually been used in microphysiological systems so far. Among
these, bipolar and tetrapolar electric cell impedance (ECIS) and resistance measure-
ments (TEER) are mainly used to assess the integrity of human epithelial and
endothelial barrier models – while multielectrode arrays (MEAs) are employed to
detect electrophysiological activities of cells and electrochemical and optochemical
sensors to study metabolic parameters and biomarker release such as oxygen
demand, pH levels, and release of, for example, cytokines. Most organ-on-a-chip
systems heavily depend on microscopy and off-chip analytical techniques, due in
part to the familiarity of laboratory staff with standard techniques such as ELISA,
PCR, metabolic plate-reader assays, and staining techniques for fluorescence micros-
copy and histology. The previous chapters by Szita highlighted how microfluidic
technology can help to improve in vitro cell cultures, whereas in their chapter,
Maschmeyer and Kakava elaborated on how organ-on-a-chip systems help to create
a cellular microenvironment that recreates human tissue and organ responses
in vitro. Accordingly, the current chapter focuses solely on the question how to
make microphysiological systems (such as organs-, multi-organ-, and body-on-a-
chip systems) more functional via the integration of micro- and biosensors.

Fig. 1 Timeline for the emergence of organ-on-a-chip systems and microphysiological systems
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2 Bipolar and Tetrapolar Electrode Approaches
for Transepithelial and Endothelial Resistance (TEER)
Measurements at Human In Vitro Barriers

Transepithelial/endothelial resistance (TEER) measurements as shown in Fig. 2a are
considered the golden standard for analyzing barrier model integrity without the
need for invasive dye leakage assays based on fluorescein or fluorescence-labelled
dextran molecules. Jeong et al. integrated a TEER sensor array using etched 200 nm
gold thin films within a PDMS and polycarbonate hybrid biochip to study barrier
integrity of primary murine BMVECs in the absence and presence of astrocyte
co-culture using a commercial EVOM2 Volt-ohm meter in combination with a
multiplexer [6]. Using this setup, the authors demonstrated improved barrier integ-
rity when using Matrigel instead of fibronectin – achieving a near doubling in
resistance values at day 4. Interestingly, however, exposure to histamine resulted
in loss of barrier integrity only in the presence of a monolayer culture – highlighting
the protective function of astrocytes in a co-culture system. Using a similar mea-
surement setup, Walter et al. established several tissue barrier models including
intestine, blood-brain, and lung barriers within a single microfluidic device
containing embedded integrated TEER electrodes fabricated either from gold or
transparent indium tin oxide thin films [7]. Similar to the EVOM2, a Millicell®

Fig. 2 Sensing principles for (a) electrochemical and (b) optical including TEER, impedance
spectroscopy, MEAs, light scattering, and optochemical cell-based analysis
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ERS-2 Volt-ohm meter in combination with a single integrated Ag/AgCl electrode
pair was used by Ramadan et al. to establish bipolar TEER recordings for HacaT/
U937 co-culture as a model for immune competent skin in the presence and absence
of an air-liquid interface and toxicants [8]. A more refined measurement approach
was also recently demonstrated by Henry et al., who employed a tetrapolar electrode
TEER setup using a PGstat128N potentiostat to assess primary human airway
epithelial cells (hAECs) over a 60-day long-term culture at the air-liquid interface
(ALI) and human Caco-2 intestinal epithelial cells up to 12 days [9]. The inherent
flexibility and analytical power of potentiostats enabled continuous impedance
spectroscopy recordings at high temporal resolution at multiple frequencies and
defined amplitudes to monitor multiple parameters such as impedance and capaci-
tance of cell barriers. In a follow-up study, a similar TEER approach was also used
by Park et al. to elucidate the influence of hypoxia on transport of drugs and
antibodies at the human blood-brain barrier (BBB). Here, an increasing barrier
tightness by fivefold and more was observed following exposure of iPS-derived
endothelial cells to either oxygenated or hypoxic culture conditions prior seeding
and differentiation into the BBB [10].

3 Bipolar and Tetrapolar Impedance Spectroscopy
Approaches for Integrity Monitoring of Human In Vitro
Organ and Barrier Models

A more general electrochemical approach that provides similar information to direct
TEER readings is called electric cell impedance spectroscopy (ECIS; see also
Fig. 2a) and involves a system wherein complex electric impedance of a cell culture
system in contact with the working electrode is monitored in a time-resolved way
over a broad range of frequencies ranging from a few Hz (similar frequency as
TEER) to kHz, or even MHz, regimes. Depending on the applied frequency,
different electrical properties of cell-based barrier models are detected – thus pro-
viding information on changes in (a) capacity of cell membranes, (b) conductivity of
medium, and (c) resistive components caused by increase in tight junctions or
cellular movements. In its simplest implementation, a pair of wire or thin film
electrodes can be used to measure changes in impedance over time as a function
of barrier integrity. By way of one illustrative example: a tetrapolar TEER measure-
ment setup has been used to analyze on-chip μBBB integrity by inserting four
platinum wires into small electrode channels and sealed with photocurable
[11, 12]. Between the four platinum electrodes, a total of six different impedance
values could be derived for a single chip by recording impedance values between the
upper and lower electrode pair (E1 + E3/E2 + E4) for blank medium measurements
or through the BBB for the remaining four electrode combinations. The results of
this study showed a distinct dependence electrode pairing and obtained signal
variance, suggesting the need for signal processing by averaging the four cellular

Emerging Biosensor Trends in Organ-on-a-Chip 347



values and baseline subtracting the acellular medium recordings for an individual
experiment in order to generate an average impedance curve for hCMEC/D3 cells.
This approach eliminates an acellular control measurement as blank values needed
for signal normalization, since control values are simultaneously recorded with the
cell barriers. Moreover, Mermoud et al. have tracked of membrane deflection during
the breathing motion of an actuated flexible PDMS membrane in a breathing lung-
on-chip system employing coplanar impedance biosensors in a microimpedance
tomography (MITO) sensing approach based on printed circuit board (PCB)-
technology [13]. Furthermore, the authors showed that membrane permeabilization
events (buildup and breakdown) of A549 type II alveolar epithelial cells during
breathing motion can be monitored. Another bioimpedance application involves
nanoparticle risk assessment at human barrier models, where, e.g., Schuller et al.
[14] have developed a highly integrated placenta-on-a-chip system containing an
array of embedded membrane-bound thin film impedance microsensors capable of
non-invasively monitoring placental barrier integrity. Using an optimized
plasma-assisted liftoff procedure, high-resolution coplanar interdigitated electrode
structures with 15 μm resolution were fabricated on a porous membrane without
clogging the pores [15]. Barrier integrity was continuously monitored using a cell-
culture treated PET membrane that acted as a growth surface for a placental barrier of
trophoblast-derived BeWo cells. Using a bipolar impedance spectroscopy approach
in the absence and presence of standardized silicon dioxide (SiO2), titanium dioxide
(TiO2), and zinc oxide (ZnO) nanoparticles, the authors demonstrated a high degree
of similarity to standard tetrapolar TEER approaches. The benefits of employing
membrane-based impedance biosensors include higher temporal resolution,
the elimination of complex electrode pair positioning at top and bottom of the
microchannel, and the removal of unwanted stray resistance originating from the
porous polymer membrane (which shows high variance due to the pore fabrication
process).

4 Monitoring of Organ Function Using Electrochemical
Analysis Techniques: Straight Through the Heart

Electrochemical analysis techniques are well established for a variety of biological
models, including neuronal and muscular in vitro models where activity of neuronal
networks and beating of cardiac muscles/bodies are monitored using multielectrode
arrays (MEAs; see also Fig. 2a). For instance, Oleaga et al. have presented a multi-
tissue-on-a-chip platform which performed long-term analysis up to 1 month culture
duration of cardiomyocyte and hepatocyte co-culture as well as a muscle and
motoneuronal unit for multi-organ studies [16, 17]. Using a MEA for potentiometric
measurements (electrical activity) in combination with a cantilever array, cardiac
beating was evaluated after exposure with well-known drug metabolites generated
by hepatic metabolism. Boudou et al. used a similar cantilever-based method for
drug screening of electro-stimulated cardiac microtissues made from fibrin/collagen
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3D matrices [18]. A similar approach was also used by Caluori et al. to analyze
cardiac bodies derived from a patient-derived dystrophin-deficient cell line, which
were reprogrammed from fibroblasts for Duchenne muscular dystrophy (DMD)
studies [19]. To improve the sensitivity of electrochemical beating rate analysis,
Inácio et al. applied PEDOT:PSS conductive polymer instead of metallic electrodes –
which can be printed very easily using a common material inkjet printer [20]. In
contrast to the pristine and tiny electrodes of MEAs, the bigger footprints of the
printed MEAs enabled efficient monitor beating rates of whole embryoid bodies with
enhanced signal quality. Another tetrapolar ECIS using MEAs was used by Maoz
et al. to enhance analysis outcome of endothelial barrier integrity using a myocardial
barrier model comprising of IPS-derived cardiomyocyte cultures and a primary
human endothelium [21]. Dynamic and time-resolved alterations in the electrical
activity of the cardiac model were detected following the treatment with tumor
necrosis factor alpha and the cardioactive drug isoproterenol. Another modular
approach was introduced by Gaio et al. using their modular “Cytostretch” platform,
which combines MEA sensors with strain gauges [22]. Yet another way to measure
mechanical deformation of 3D myocyte tissues using integrated copper force probes
was reported by Chan et al. [23]. Additional modular modules have also incorpo-
rated porous membranes and 3D patterned microgrooves to allow for analysis of a
variety of aspects important to organ and multi-organ chips including immune cell
migration; measurement of electrical field potential of cardiac cells; improved cell/
sarcomere orientation; and real-time monitoring of membrane stretch as a function of
electrical resistance changes using a 2 � 2 arrayed plug and play chip. Overall, a
number of reports have now demonstrated that impedance spectroscopy is not only
useful to assess barrier integrity but also to monitor, for example, cardiac contraction
status using high-speed impedance setup to monitor efficacy of cardioactive drugs
such as verapamil and doxorubicin [24].

In addition to the abovementioned approaches, electrochemical techniques have
also been used in combination with biorecognition elements (e.g., antibodies or
aptamers) as ELISA-type assays to monitor on-chip secretion of cytokines. For
instance, Shin et al. developed an aptamer-functionalized gold microelectrode for
sensitive detection of secreted cardiac damage-associated biomarkers, which was
evaluated against doxorubicin cardiotoxicity resulting in good correlation to com-
plementary viability and beating analyses [25]. A similar sensing approach, using a
more complex biological system, was presented by Zhang et al., who combined liver
and cardiac organoids to detect cardiac biomarker secretion following the addition of
acetaminophen (paracetamol) and doxorubicin [26]. A combination of impedimetric
TEER, ELISA-like impedimetric biomarker analysis, and cardiac beating monitor-
ing was established by Skardal et al. using a heart-liver-lung multi-organ-on-a-chip
system [27]. The individual organ models printed from primary human cells were
used to analyze the side effects of drugs by detecting cardiac beating using real-time
microscopy, impedimetric affinity sensors to detect antibody-binding events, and
transendothelial electrical resistance measurements to assess barrier integrities. The
authors demonstrated that organ-organ interplay between lung tissue and a heart
model can trigger severe adverse effects.
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5 Monitoring Organ/Tissue Metabolism Using
Electrochemical Analysis Techniques

For decades, electrochemical techniques such as amperometry and voltammetry
have been extensively used to detect metabolic parameters such respiration rate,
lactate levels, and glucose consumption. Sensor performance of electroanalytical
techniques is constantly improving, and, with the integration of electrodes in
microdevices, the rate of their application in microphysiological systems is steadily
increasing. It is important to note in microphysiological cell culture systems, highly
sensitive and selective analysis of metabolic parameters is a key metric for evaluat-
ing (a) an organoid’s proper physiologic function, (b) the toxicity of biochemical
stimuli, and (c) the onset, progression, and remission of pathophysiological pro-
cesses. Yet despite the inherent advantages of employing embedded electrical bio-
sensors, to date, the seahorse assay system remains the dominant method employed
to monitor organoid cell metabolism in vitro [28]. Although widely accepted, in its
current configuration (as an external inset for microtiter plate-based analysis
approach), this setup is not suitable for stand-alone in situ analysis of complex cell
cultures, since it cannot be integrated. To address the demands of time-resolved
analysis of key physiological parameters with high spatial resolution in co-cultures
and multi-organ-chip devices, a number of innovative approaches have been
reported in recent years. As an example, Moya et al. presented a
chronoamperometric approach to monitor oxygen consumption using inkjet printing
of multiple sensors into an extremely thin, porous membrane for liver oxygen
respiration monitoring using two-dimensional cultures of primary freshly isolated
hepatocyte cultures [29]. Similarly, Misun et al. have measured the current density at
a constant voltage of 0.65 V (e.g., amperometry) using either glucose oxidase (GOx)
or lactate oxidase (LOx)-modified working electrodes to study the dynamic cellular
metabolism. Using a plug and play biosensing unit that can be clicked onto a
microfluidic hanging drop when sensing is initiated, lactate accumulation and
glucose consumption were detected in a spheroidal HCT116 human colon carcinoma
organoid model [30].

6 Monitoring of Organ Metabolism and Architecture Using
Optical Sensors

Optical sensing principles as shown in Fig. 2b hold great potential for organ-on-a-
chip application due to the straight forward integration and ease of use. A variety of
non-invasive optochemical sensor approaches have also been developed to study cell
and tissue metabolism using sensitive optochemical tracer molecules. Among these,
porphyrin-based optical oxygen sensors have proven particularly useful in cell
analysis applications [31]. For instance, Ungerboek et al. have implemented a
ratiometric imaging system to quantify oxygen levels with high spatial resolution
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in microfluidic systems [32]. Using a simple CCD camera set up, a global image of
the microfluidic device was taken, and variations of local oxygen tension calculated
using two different wavelengths. Additionally, Sticker et al. have demonstrated the
ability to monitor hypoxic conditions in a microfluidic stroke-on-a-chip (BBB)
model to emulate in vivo conditions during stroke using embedded oxygen sensor
spots consisting of opto-chemical oxygen-sensitive microbeads. Importantly, the
authors showed precise control over apparent oxygen levels inside a microfluidic
device fabricated from oxygen-scavenging OSTEmer thiol-ene epoxies by adjusting
the microfluidic flow velocities [33]. Furthermore, Zirath et al. used a similar opto-
chemical sensing approach based on immobilized microbeads impregnated with
porphyrin-based oxygen indicator dye to study oxygen gradients across the cultiva-
tion chambers of 2D and 3D microfluidic organ models. The authors also demon-
strated the ability to tune oxygen gradients by changing flow profiles and chip
materials for a three-dimensional vascular barrier model based on human adipose-
derived mesenchymal stem cells in co-culture with HUVEC endothelial cells in a
fibrin hydrogel scaffold [34]. An alternative optical approach to monitor morpho-
logical changes of 3D-tissue structures is predicated on using light scattering mea-
surements to detect structural changes within on-chip 3D in vitro synovium using
organic photodiodes [35]. In this approach, perpendicular 480 nm light is directed
through an organoid – but only light scattered at greater than a 20� angle to the
incident light beam actually passes through the notch filter and is detected by an
organic photodiode. Using this simple optical setup, the authors demonstrated the
ability to readily detect the onset of structural changes in the synovium that take
place during inflammatory arthritic processes. Following TNF-alpha stimulation of
the 3D synovial organoids, dynamic cellular matrix reorganization events were
detected in a non-invasive manner with only a few days. Moreover, this setup was
used as a quality control tool to assess cross-linking processes of natural hydrogels
including Matrigel, collagen, and fibrin, which are known to change optical densities
in the presence of uncontrolled or failed cross-linking events.

7 Conclusion

The global trend toward in vitro biological systems of increased complexity that are
capable of mimicking (patho)physiology of tissue in vivo has created a renewed
demand for microdevices that permit analysis of key biochemical parameters. The
integration of non-invasive micro- and biosensors, therefore, presents a real oppor-
tunity to establish organs- and multi-body-on-a-chip with improved organo-typic
functionality. In the last decade, a number of optical and electrochemical sensing
approaches have been employed to monitor important organ functions, including
barrier integrity (TEER/ECIS); metabolic parameters (e.g., porphyrin-based oxygen
sensing, amperometry, and voltammetry); organ activity such as cardiac beating
(e.g., cantilevers and MEAs); and as biomarker secretion (amperometry coupled
with biorecognition elements). However, results obtained from a Scopus® search
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seen in Fig. 3 highlight that the integration of biosensing strategies into
microphysiological organ-on-a-chip systems remains in its infancy. Out of the
12,570 microfluidic papers that were published in 2019, only 13% reported embed-
ded sensors –which is surprisingly similar to the rate of organ-on-a-chip applications
(seen in 75 out of 654 papers published in 2019). These relatively low percentages
underscore the need for additional technical skills and engineering expertise, costly
clean room facilities, and infrastructure that all remain unfortunate predicates for
sensor microfabrication. To date, improvement in microphysiological systems is
mainly associated with recent progress seen in biofabrication techniques and iPSC
technology to generate advanced in vitro organ models. Nevertheless, looking
ahead, the authors anticipate that more and more well-established sensing techniques
will be incorporated into this game-changing technology in an attempt to standardize
miniaturized microphysiological systems.
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Abstract The emerging technique of microfluidics offers new approaches for
precisely controlling fluidic conditions on a small scale, while simultaneously
facilitating data collection in both high-throughput and quantitative manners. As
such, the so-called lab-on-a-chip (LOC) systems have the potential to revolutionize
the field of biotechnology. But what needs to happen in order to truly integrate them
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into routine biotechnological applications? In this chapter, some of the most prom-
ising applications of microfluidic technology within the field of biotechnology are
surveyed, and a few strategies for overcoming current challenges posed by
microfluidic LOC systems are examined. In addition, we also discuss the intensify-
ing trend (across all biotechnology fields) of using point-of-use applications which is
being facilitated by new technological achievements.

Graphical Abstract

Keywords Biochemical engineering, Industrial biotechnology, Lab-on-a-chip,
Medical biotechnology, Microfluidic screening, Microfluidics, Nanofluidics,
Organ-on-a-chip, Point-of-care, Point-of-use

1 Introduction

The application of microfluidic systems in biotechnology has recently become a
subject of intense research interest [1, 2]. Emerging research and industrial applica-
tions include point-of-care medical diagnostics [3], organ-on-a-chip [4], and
multiresistant bacteria testing [5] via microbioreactors [6] in red biotechnology. In
white biotechnology, current approaches include catalysis, single-cell culture [7, 8],
and droplet-based screening [9] through integrated biosensors and other analytics in
miniaturized devices. Nevertheless, many microfluidic applications still depend on
proof-of-concept systems, which have not yet realized their full potential. Accord-
ingly, one of the most pressing challenges that will need to be addressed over the
next few years is how to efficiently and effectively transform these systems into
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routine applications that can actually be advanced into the market and, ideally,
exceed the “gold standards” that currently exist in the field.

But how does this process look like? What, exactly, does it entail? In this review,
the current state of the art of microfluidic systems is surveyed, with the aim of
highlighting some of the most promising applications that have been developed to
date. Furthermore, we identify and consider a number of pressing challenges that
must be addressed before the full potential of this emerging technology can be
realized within the field of biotechnology – and a few emerging applications and
technologies are also highlighted to illustrate how (taken together) they might be
leveraged to create superior microfluidic devices in the near future. Finally, we offer
a few cautious predictions regarding how microfluidic systems might shape biotech-
nology in the future.

2 Main Fields of Microfluidics in Biotechnology and Their
Realized Potential

There is an enormous variety of microfluidic systems currently being deployed in the
field of biotechnology research – although lab-on-a-chip (LOC) is frequently
employed as an umbrella term to broadly describe all of these microfluidic-based
biotechnologies. By way of example, some of these systems include PCR-, geno-
mics-, proteomics-, diagnosis-, catalysis-, transfection-, organ-, human-, tumor-,
electrophoresis-, differentiation-, microscopy-, and bioreactors-on-a-chip. While
most LOCs remain locked in the proof-of-concept phase, over the last decade a
few have made advancements into the broader market. The commercial potential of
LOCs has thus already been partially realized, in the form of aspiring start-ups and
commercially available devices – although the present state of affairs only hits at the
tremendous future potential for deploying LOCs within routine biotechnological
applications. In this review, we have identified 350 companies that have begun to
explore incorporating microfluidics into biotechnological applications (Fig. 1), with
the particular focus on microfluidic devices in the following application areas in
biotechnology: clinical applications, including point-of-care (POC) devices and
other devices for clinical diagnosis; screening techniques; cell manipulation and
analysis, such as single-cell sorting; genetics and genomics, with established tech-
nologies like PCR-on-a-chip; bioanalytics and biosensors; and organ-on-a-chip
(OOC), among others.

The number of companies developing microfluidic systems for biotechnological
application is now growing significantly. The first companies in this field primarily
focused on diagnostic devices and gene analysis systems (see Fig. 1, “Clinical
Applications (POC/Diagnosis)” and “Genetics and Genomics”). This is not surpris-
ing, taking into account that the first microfluidic breakthroughs in the world of
biotechnology were achieved in these fields. Driven by the human genome project,
capillary electrophoresis technology (a predecessor to the electrophoresis-on-a-chip)
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was invented to increase DNA sequencing speed and throughput [13]. Not only the
sequencing, but also the powerful technology of PCR has been successfully minia-
turized [14]. PCR-on-a-chip technology has developed rapidly in recent years, and
these days more advanced technologies that build on this foundation – such as the
digital PCR (dPCR) (Fig. 2) [16, 17] – are actually beginning to replace longstanding
non-microfluidic “gold standards” such as quantitative PCR (qPCR).

Companies have also increasingly started to deploy these technologies in more
commercially profitable endeavors, that is the development of POC diagnostics
(Fig. 3). The potent combination of advanced liquid handling features – such as
pumping, mixing, and separation – with gene analysis techniques, and the potential

Fig. 1 Overview of the development of companies offering microfluidics for application in
biotechnology over the past 20 years. This figure is based on an extensive market research, which
the authors have carried out consistently (based on the references [10–12]) in 2020 and reflects only
a trend in company development. The authors provide no guarantee for the exact number of existing
companies focusing on microfluidics for biotechnological applications

Fig. 2 The principle of digital PCR. In the first step, droplet microfluidics is used to distribute the
DNAmolecules in independent droplets. After the PCR, only droplets containing DNA are detected
by fluorescence measurements. The distribution of DNA in the droplets follows a Poisson’s
distribution that is finally used to calculate the DNA quantity. Translated with permission from
J. Bahnemann and A. Grünberger [15], Copyright (2021), Zukunftsforum Biotechnologie (Hrsg.),
DECHEMA e.V. Frankfurt/M. (2021)
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for usage in highly rentable clinical studies, has led to a veritable explosion of
microfluidic POC start-up companies. Indeed, POC devices (see chapter: “Lab-on-a-
Chip Devices for Point-of-Care Medical Diagnostics” [3]) currently constitute the
single largest market for LOCs in biotechnologies.

The discovery of droplet microfluidics has facilitated the emerging field of single-
cell analytics (Fig. 4). In the last years, droplet microfluidics has been applied to cell
sorting [19], mammalian cell analysis [20, 21], microorganism analysis [22], and
single-cell drug screening [23]. In addition, developments in the field of droplet
microfluidics have also led to advancements in microfluidic ultra-high-throughput
screening [24]. One major push on this front is to replace the current well-plate drug
screening process commonly used in the pharmaceutical industry by droplet
microfluidics.

As illustrated in the chart shown in Fig. 1, there are also companies working in the
field of bioanalytics and biosensors. These companies offer an ever-increasing set of
diverse analytical tools – from biosensors for environmental or animal applications
to novel microfluidic modulation spectrometers [25], microfluidic resistive pulse
sensing [26], sub-terahertz (THz) vibrational spectroscopy [27], optical microcavity
technologies [28], to name but a few.

OOC applications represent perhaps the latest – and certainly the most advanced –
application of this technology. OOCs combine tissue engineering with microfluidics
to achieve complex 2D or 3D cellular systems [4]. Due to their exciting potential to
revolutionize drug testing protocols and minimize costs associated with drug failure
in the clinical stages (which is unfortunately extremely common), multiple start-ups
have charged into the market in this area [29]. Furthermore, these systems can also
be further refined into disease-on-a-chip (DOC) systems, which may be able to
provide researchers entirely new insights into pathological processes. Even
human-on-a-chip systems are now being developed. In principle, these systems
combine several OOCs containing different human cells in a single chip to simulate
even the most complex human physiological processes (Fig. 5).

Fig. 4 Principle of single-cell analysis using droplet microfluidics. Herein, droplet microfluidics is
used to singularize different types or strains of bacteria of a library in droplets followed by single-
cell analysis and identification of potent cells for optimization of a specific bioprocess. Translated
with permission from J. Bahnemann and A. Grünberger [15], Copyright (2021), Zukunftsforum
Biotechnologie (Hrsg.), DECHEMA e.V. Frankfurt/M. (2021)
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As the illustrated examples demonstrate, microfluidics is currently experiencing a
significant breakthrough period within the field of biotechnology. The sheer scope
and diversity of the adoption of this technology in this field is perhaps most starkly
underlined by the fact that the fraction of “unassignable” companies (see Fig. 1,
“Others”) is increasing rapidly. At the same time, however, microfluidics unques-
tionably still remains in its infancy – indeed, many LOCs exist only in the form of
proof-of-concept systems [31]. With inconvenient handling requirements, compar-
atively low robustness, complex standards, and bulky hardware, LOCs are often
derided as complicated “chip-in-a-lab” systems [32]. Accordingly, beyond the few
commercially available systems, most published microfluidic devices still suffer
from a low technological readiness level (TRL) of just 3–4 points out of a
12-point scale [32]. Even comparatively established technologies in this area –

such as POC testing – have a long way to go before their full potential will be
realized. Critical challenges continue to plague researchers and developers, and must
be adequately addressed before microfluidic routine applications can truly replace
the current “gold standards” in biotechnology.

Fig. 5 Principle of the human-on-a-chip. The human-on-a-chip mimics human physiological
processes by connecting and maintaining several different organ-on-a-chip systems in a single
microfluidic chip. With permission from Springer International Publishing: Bahnemann et al. [30],
Copyright (2021)
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3 Challenges and Solutions for Microfluidic
Proof-of-Concept Systems in Biotechnology

In the last 20–30 years, the applications of microfluidic technologies have been
pioneered in research areas such as microsystems engineering, physics, chemistry,
and biology. This has led to the development of a wide array of promising proof-of-
concept systems, which primarily seek to miniaturize and automatize existing lab
procedures in a LOC format. But the central question now faced by this maturing
industry is whether these systems actually confer any true advantage over the “gold
standards” that are currently being used in these areas. Three major challenges –

summarized in Fig. 6 – that continue to plague microfluidic proof-of-concept
systems and early commercialized devices are identified and discussed below.

3.1 Design and Fabrication

The first key obstacle for the development and deployment of microfluidic devices
for biotechnological applications has been the relatively limited access that
researchers actually have to microfluidic fabrication facilities [33–35]. As reported
by Kotz et al. [36], a number of fabrication techniques have been developed for
manufacturing microfluidic devices. Perhaps the most widely used are molding

Fig. 6 Towards advanced microfluidic devices in biotechnology. Microfluidic proof-of-concept
systems are currently facing great challenges, such as the design and fabrication, handling and
standardization of microfluidic devices, to become advanced LOCs for real-world applications in
biotechnology
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techniques – including, for example, hot embossing, injection molding, and soft
lithography – and laminates. While these techniques represent a solid foundation for
the production of three-dimensional microfluidic structures, they are also extremely
laborious and costly [31]. As a result, only engineers and microsystems technicians
who are already experts in the field of microfluidics tend to be comfortable deploying
them, whereas experts in the fields of their intended substantive application – such as
biologists and biochemists – can generally contribute little to their development. In
addition, the complicated and time-consuming developmental process of these
fabrication techniques creates an understandable reluctance to implement many
small, but often useful, improvements. One potential solution is showcased in the
latest advances in additive manufacturing [31, 37–40].

Design and fabrication through these methods are comparatively much simpler,
and 3D printers are far more affordable than classic clean room facilities. Further-
more, one early concern with respect to this method – that the printing resolution
would be too low – has effectively been mitigated through recent advancements in
multijet printing [41], stereolithography, and two-photon laser techniques (which are
now reaching the micrometer and even nanometer scale). As the number of 3D
printers is increasing, so are the number of different 3D printing materials that can
be used.

Especially for biological applications, materials (such as acrylates or silicones)
that are biocompatible are increasingly being brought onto the market [42–
44]. Although many high-resolution 3D printers remain limited for fabrications
employing just a single material, in the last few years, tremendous efforts have
been made to achieve multimaterial 3D printing [45] or multiprocess 3D printing
(as well as print-pause-print (PPP) 3D printing) [46]. The successful integration of
sealing connections (e.g., elastic silicones), movable functional units (e.g.,
microvalves or micropumps [47]), porous barriers (e.g., porous membranes [48]),
electronic components (e.g., electrochemical sensors [49, 50], heating/cooling ele-
ments [51], magnetic elements [52], and cupper fibers for dielectrophoresis [53]) –
and even the implementation of chemical reagents [54, 55] solely by 3D printing –

has already been well demonstrated in the literature. Because multimaterial 3D
printing is of significant interest for many other industries, we will likely see further
advances within this field in the years to come.

3.2 Handling

As one might expect, realizing the vision of miniaturizing very complex multi-step
lab procedures into a simple LOC has also turned out to be a very challenging
endeavor. At the micro- or nano-scale, even the smallest disturbances – such as dust
particles, air bubbles, vibrations, leaking interconnections, leachables, etc. – can lead
to dysfunction of the whole chip, necessitating time-consuming and expensive repair
(or even replacement) efforts. The robustness of any LOC is thus a crucial compo-
nent of consideration [56], and this is only all the more true when the system in
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question will be used not by a trained scientist, but rather by untrained people (such
as students or even patients) as in the so-called easy-to-use POC devices.

Improving the robustness of future LOC devices can be best achieved by
replacing actively controlled units, such as pumps and valves, with passively
controlled elements that are incorporated directly into the design of the chip itself
(Fig. 7). Paper-based POC devices have already illustrated how this can be realized
by using microcapillary forces that induce a passively controlled flow [58]. These
flow speeds depend on the kind of adsorption material used, which can be deter-
mined during the design process. Similarly, centrifugal POC devices use predefined
channel sizes to convert centrifugal forces into well-defined liquid flow. The
so-called passive check and burst valves allow a more complex design of the fluid
circuit. And complex processes can also be completely controlled by either the chip
design or by a few external actuators. The concept of passive control can be
transferred into any application where easy handling and automatization is needed –

Fig. 7 Different approaches employed in passively driven microfluidics and LOC devices. All
techniques are actuated by a single driving force that is controlled by specific structural elements for
precise control of flow, mixing events, and other LOC operations. Reproduced from Ref. [57] with
permission from The Royal Society of Chemistry
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and since many protocols for preparative or analytical applications in biotechnology
follow predictable steps that are always the same, this is a logical fit.

Adoption of this principle is currently a prime focus of the so-called microfluidic
circuits or microfluidic networks [59]. These networks seek to transfer Ohm’s law
(U ¼ I�R) of electric resistance into the field of microfluidics, where the resistance R
corresponds to the microfluidic channel resistance, the intensity I to the flow-rate,
and the potential U to the pressure [60]. In theory, this means that the flow can be
controlled by the channel resistance, the channel resistance in turn by the channel
geometry, and the channel geometry by the chip design and fabrication. Using these
built-in control features, a manufacturer can theoretically exert maximum control of
the process – to the point where, at least ideally, an unexperienced end user may only
need to push a start-button. This principle can also be further extended to achieve
time-dependent LOC control (e.g., where a specific valve only opens when an
increasing pressure gradient reaches a critical value, etc.). Duncan et al. have already
used a constant and single vacuum source in combination with microvalves and
resistors to achieve oscillating microvalves, which, in principle, could function as a
membrane-based micropump [61]. Furthermore, slower or faster oscillations could
certainly be achieved by adaptation of the resistors, leading to different pump
speeds. Just like in electronic chips, these oscillators could theoretically be further
used to induce rhythms that activate several LOC procedures after a specific time or
after a single externally controlled event (such as a simple valve opening).

None of the above-mentioned methods can currently control complete LOC
procedures. However, although they are still in their infancy, these methods already
demonstrate the high potential of passively controlled microfluidics for easy-to-use
but fully automated LOCs – as illustrated by the possibility that a sophisticated
design of a microfluidic chip could (for example) be harnessed to upgrade a
microvalve to a micropump without losing robustness. In contrast, classic pneumatic
micropumps are controlled by at least two pressure or vacuum sources [62], which
are in turn controlled by external valves constituting a serious additional risk for
device dysfunctionalities.

3.3 Standardization

In principle, the primary purpose of LOC technologies is to transfer research in the
fields of biology and chemistry into our modern world of machines, computers, and
data. This requires tremendous interdisciplinary input from scientists across a wide
range of fields, all leveraging and combining their specific areas of substantive
knowledge to design, manufacture, functionalize, automize, and deploy sophisti-
cated LOCs. On the one hand, this interdisciplinarity push has led to a huge variety
in LOC devices while, on the other hand, it has also led to veritable confusion in the
form of a seemingly endless number of different fabrication techniques, design
concepts, ways of flow control, integration techniques, etc. Successful mass-market
incorporation of microfluidics technology into biotechnological applications will
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ultimately require the adoption of standardization concepts (e.g., ISO standards,
protocols and guidelines to organize the pioneered knowledge into a common
microfluidic language, etc.) in order to allow researchers from all fields to meaning-
fully understand and contribute to future LOC development by adopting high level
good manufacturing practice (GMP) standards in most fields of biotechnology. This
standardization will also allow biologists to consider fabrication and design rules
(such as material properties and microchannel characteristics), and engineers to
consider biological demands (such as maximal shear flow, biocompatibility and
more), and to allow both groups to effectively communicate their own needs using
a common language of sorts [63].

For very basic operations (such as pumping, mixing, and separation), microfluidic
solutions have already been developed that can be further characterized and classi-
fied to develop a database of microfluidic operators. This modularity is crucial to
facilitate faster design and configuration via plug-and-play processes [31]. Once
again, drawing on analogies to the field of mechanics, these modules could be saved
as 3D computer-aided design (CAD) files – although, of course, new software must
still be developed to enable the proper and efficient use of these files. 3D printing of
microfluidic devices, in particular, could further push the standardization of LOC
modules. Additionally, there is a need for standardization efforts regarding the chip-
to-world interface [64]. Currently, many proof-of-concept systems use diverse kinds
of tube connections, pumps, control units, and more. For industrial applications
(such as drug screening), however, LOCs must be easily implementable into existing
processes and standards.

4 Emerging LOCs: From the Lab to the Chip

One focus of current microfluidics development aims to miniaturize biotechnolog-
ical workflows “to the chip,” in order to take advantage of greatly improved
workflows that are realizable via miniaturization and/or automatization. In principle,
this holds true not just for classical LOCs procedures (such as the PCR), but also for
newer biotechnological methods (see following subchapters). The huge variety of
possible LOCs cannot be summed up in a single book chapter; therefore, in this
section, we focus only on a subset of novel LOCs that show a high potential for
further revolutionizing biotechnologies.

4.1 Directed Evolution and Adapted Laboratory Evolution

In 2018, the Nobel Prize in Chemistry was awarded to Frances H. Arnold for her
pioneering achievements in directed evolution. The techniques that she spearheaded
have helped to optimize reactions by developing faster, more specific, more stable,
and/or more sensitive enzymes [65]. These advances are of particular interest for
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large industries focused on improving or streamlining the performance of
bioprocesses. Using the phenomenon of mutagenesis, enzymes can be either specif-
ically or randomly modified to create mutant libraries, which can then be subse-
quently screened to identify improved enzyme abilities. The last step remains a
challenging task – and LOC platforms that make use of droplet screening, in
combination with advanced droplet sorting systems, are ideal tools for efficiently
screening mutant libraries to identify enzymes with enantio-selectivity or high
catalytic activity in ultrahigh-throughput [66]. Organisms (such as Escherichia
coli) that express the mutant enzymes may also be singularized in droplets, lysed,
analyzed, and sorted. Such systems could even be further extended by LOC-based
transformation or transfection, to re-cultivate promising mutants. It also bears noting
that the high-throughput and automatization properties of directed evolution on-chip
would contribute to a greater understanding of enzyme mechanisms and evolution
processes in general.

4.2 “CRISPR-on-a-Chip” (COC)

Emmanuelle Charpentier and Jennifer A. Doudna were honored with the Nobel Prize
for Chemistry in 2020 for their outstanding scientific achievement in developing the
CRISPR-Cas (Clustered Regularly Interspaced Short Palindromic Repeats) method
for gene editing. The discovery of the so-called gene scissor represents a fundamen-
tal breakthrough in the field of molecular biology, and is expected to tremendously
change life sciences in the years to come [67, 68] – just like DNA sequencing and
PCR have done in previous decades. Indeed, researchers have already started to use
this technique in microfluidic platforms [69], predominantly for on-chip point-of-
care gene detection with CRISPR-based gene biosensors or automated gene editing
in LOCs.

One recently developed chip uses a graphene field-effect transistor, in combina-
tion with a deactivated CRISPR-Cas9 protein complexed with a specific single-
guide RNA, to achieve the unmediated detection of a specific gene on-chip (Fig. 8a)
[70]. In contrast to PCR, this system can abstain from gene amplification and
leverage CRISPR technology to create gene biosensors. By implementing biosen-
sors into future COCs, this technique could potentially be used to screen large
numbers of mutations for detecting diseases in a microarray – and the quantification
of gene expression could also be applied to clusters of genes for a completely new
molecular understanding of gene regulation and other basic mechanisms (such as
cell differentiation), which in turn might be used for the development of novel drugs.

In combination with microfluidics, the CRISPR-Cas9 system may also be used to
automatize gene editing. A recent approach combines digital microfluidics with the
CRISPR-Cas9 technique for on-chip gene editing of cell cultures (Fig. 8b) [71]. Sim-
ilar platforms could enable multiplexing and high-throughput gene editing in future,
opening up theoretically endless application possibilities across many diverse sub-
fields in the biotechnology sphere.
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4.3 Organisms-on-a-Chip

After single-cell analysis and organs-on-a-chip, the “next level of life” is represented
in the emerging “organisms-on-a-chip” technology. Similar to organs-on-a-chip,
organisms-on-a-chip can be used for drug testing, diagnosis, or simply to understand
biochemical and physiological processes. Prominent examples thereof are the nem-
atode Caenorhabditis elegans [72], the malaria parasite Plasmodium falciparum
[73], and the zebrafish [74]. Plants-on-a-chip [75] and roots-on-a-chip [76] have also
been developed in the field of green biotechnology, while for blue biotechnology
corals-on-a-chip are being developed [77]. It can simply be stated that the opportu-
nities for future organisms-on-a-chip systems are essentially endless – although to
date, few avenues have truly been explored in this emerging field. One challenge is
the difficulty of adequately emulating natural as well as defined artificial environ-
ments [78, 79] to enable detailed fundamental insights regarding an organism’s
overall behavioral pattern.

Fig. 8 CRISPR-on-a-chip. (a) CRISPR-Cas9 for unamplified gene detection in biosensors. The
Cas9 complexed with a target-specific guide RNA is immobilized on the surface of the graphene
within a graphene field-effect transistor. The complex identifies and binds to the target gene,
resulting in an electrical signal output. Adapted by permission from Springer Nature: Nature
Biomedical Engineering, Hajian et al. [70], copyright, 2020. (b) An automated CRISPR-based
gene editing platform. Designed plasmids (1) are used for gene editing of cell cultures inside a
microfluidic chip (2, 3) and results are analyzed by microscopy (4). The computer-controlled chip is
based on digital microfluidics for dispersion, merging, mixing, and splitting of droplets.
Reproduced from Ref. [71] with permission from The Royal Society of Chemistry
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5 Future LOC Technologies: From Lab Applications
to Point-of-Use Solutions

The dawning of the twenty-first century has ushered in the so-called information age,
and the immediate access to comprehensive information enabled by this incredible
technological revolution in computing will only become increasingly important in
the years to come. Industrial applications are already promoting on-demand and
easy-to-use technologies. Smartphones, for example, have demonstrated the enor-
mous benefit of immediate information exchange. POC devices remain perhaps the
best examples, to date, of similar efforts to leverage microfluidic biotechnologies for
rapid extraction of information via implemented analytics – however, in the future,
this trend will not be limited to POC and other red biotechnological analytic devices,
but will instead almost certainly expand to all biotechnology fields in the form of
point-of-use applications (Fig. 9). Accordingly, in the following we will discuss
three central LOC technologies representing advancements of current microfluidic
lab applications to point-of-use analytics in all aspects of biotechnology.

5.1 Advanced Microfluidic Technologies

Point-of-use applications require robust LOCs based on easy-to-use working prin-
ciples. As described above, passively actuated LOCs (such as paper, centrifugal, and

Fig. 9 Microfluidic devices in biotechnology: From microfluidic lab applications to microfluidic
point-of-use. Advances in microfluidics, analytics, and digitalization will accelerate the trend to
advanced microfluidic devices – available at the point-of-use. These point-of-use systems will
rapidly expand to large biotechnological application fields, such as research, healthcare, food safety,
environment protection, and agriculture
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capillary microfluidics) further these goals by increasing the level of automatization
within the system. Another emerging technology that also exhibits great potential to
automate actively controlled LOCs is digital microfluidics based on the concept of
electrowetting. Electrowetting – originally developed for displays and lenses – uses
electrodes that, when activated, increase hydrophilicity. Consequently, droplets of
liquids can be freely controlled in two dimensions and mixed, incubated, or divided
using digital commands [80]. These very basic operations in turn facilitate greater
automatization of lab procedures. In addition, the electronic (i.e., digital) control of
droplets also makes it easier to connect and control electrowetting-based LOCs with
smartphones. Because LOCs always benefit from advances in liquid handling within
the system, this technique is increasingly being leveraged within new microfluidic
applications [80].

LOCs must also offer as many functionalities as possible to meet the complex
demands of endless possible point-of-use applications – and the nascent field of
nanofluidics offers even greater promise for further expansion of microfluidic
functions [81, 82]. Due to substantial recent improvements in device fabrication,
LOCs have now reached the nanometer and even sub-nanometer scale. This does not
simply result in advantages such as the further increase in throughput; it also
introduces both molecular and quantum effects, as well as special fluid phenomena
not seen in macroscale systems [82]. These effects include (for example) faster flow
of water in nanotubes and faster ion transport, both of which can be used for
biological or biotechnological purposes. For example, nanochannels have already
been designed to mimic the high water permeability and selectivity of aquaporins
[83], and artificial carbon nanotube molecular transport systems have been designed
that mimic the process seen in proteins transported across cell membranes [84].

5.2 Advanced Miniaturized Analytics

Aside from microfluidic technologies, implementable analytics are also essential for
advancing to omnifarious point-of-use systems. Biosensors are currently the analyt-
ical tools of choice in this regard [44, 85]. They typically contain biological catalytic
recognition elements (such as enzymes, antibodies, aptamers [86], peptides, cells, or
molecularly imprinted polymers) and a transducer (which is typically electrochem-
ical, optical, acoustic, or gravimetric in nature) [87, 88]. Transducer technology in
particular has been rapidly advancing, to the point where nanoresonators, localized
surface plasmon resonance (LSPR) [89], surface acoustic waves (SAW) [90], optical
fibers [91], photonic crystals [92], and quartz crystal microbalances (QCM) [93] are
now all being miniaturized into an on-chip format. But biosensors may not be the
tool of choice in the future – emerging analytics such as microscopy-on-a-chip
[94, 95], terahertz spectroscopy [96], and field asymmetric ion mobility spectrom-
etry (FAIMS) all show tremendous promise on this front [97]. As soon as it comes to
identification and quantification of analytes in complex samples, however, state-of-
the-art analytics such as mass spectrometry, Raman-, NMR-, or IR-spectroscopy
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remain indispensable. Although attempts have been made to miniaturize mass
spectrometers [98], NMR- [99], IR- [100], and Raman spectrometers [99], minia-
turized building components are often not commercially available yet. Nevertheless,
the current trend to point-of-use applications may well create a market for such parts,
which would thereby facilitate the future miniaturization of high-end analytics.

5.3 Digitalization: Machine Learning, Neuronal Networks,
and Artificial Intelligence

The capacity for high-throughput analysis within microfluidic devices, in combina-
tion with advanced analytics, can quickly generate a veritable mass of data which
can itself become very difficult to evaluate and visualize. This is particularly true
when the raw data is tough to quantify as, for example, is the case for microscopic
images of cells or complex sequence analysis. Machine learning, neuronal networks,
and artificial intelligence have all been suggested as tools for efficiently combing
through such data [101]. Possible microfluidic applications include cell classification
[102], signal processing [103], DNA base calling for DNA sequencing [104], flow
sculpting for microchannel design [105], and cell segmentation [106]. Moving
forward, it will only become increasingly important to set up systems that facilitate
the global sharing and evaluation of large data sets in real-time. For example,
environmental pollution of the air might 1 day be tracked by smartphone compatible
LOCs – which would then feed the data generated into cloud saving and deep
learning tools that can be used to immediately identify possible causes, direct further
measurements, and make useful predictions.

6 Integrated Point-of-Use Devices for Monitoring,
Understanding, and Controlling Bioprocesses

Currently, the primary benefit of point-of-use devices is mostly seen in their porta-
bility, time efficiency, cost efficiency, and easy-to-use handling [107, 108]. But all of
these abilities are really just basic requirements that will ultimately help to enable
integrated point-of-use devices that facilitate unprecedented opportunities to con-
stantly monitor important parameters and immediately react to alterations. Wherever
there are processes which will benefit from creating such a real-time monitoring and
feedback control loop, integrated point-of-use devices point the way towards an even
more efficient and integrated future.

One prominent example of this phenomenon from the field of biotechnology is
the bioreactor. Monitoring bioprocess parameters like pH, biomass, oxygen, glu-
cose, and product concentration – and, in turn, controlling these parameters via a live
feed – is the key to maximize product yields and purities [109]. While some basic
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parameters such as pH, temperature, and dissolved oxygen concentration are already
being monitored on-line, various parameters still remain dependent on sampling for
off-line detection. There is thus a clear need for novel on-line or at-line microfluidic,
analytical, and data processing techniques that can be implemented within a single or
multiple LOCs for multi-parameter monitoring. As illustrated in Fig. 10a, at-line
LOCs could allow for the delivery and processing of samples and feedback-
controlled feeding in a quasi on-line process with minimal dead volumes, dead
time, and without unwanted influence on the process. Future advances in analytics
will undoubtedly offer a wide variety of on-chip biosensors, spectrometers, micro-
scopes, and other elements all aimed at measuring and calibrating an endless array of
parameters with minimal time or sample requirements. In addition, LOCs could also
exceed current feeding methods due to their ability to facilitate the precise mixing
and distribution of a variety of independently controlled substances, enabling even
the most complex feeding strategies for any kind of bioreactor. Finally, digitalization
(including machine learning and neuronal networks) could foreseeably be used to
interpret complex changes in bioprocess parameters and correlate them with a
feedback control – effectively creating a full-automated bioreactor.

Similar to bioreactors, the objective of current POC devices is to understand,
optimize, and control the human physiological (and in particular, pathological)
processes. At present, most microfluidic POC devices obtain body fluids used for
off-line analysis and subsequent therapy via drugs or other therapeutic strategies. But
with miniaturized biosensors and micropumps, online monitoring and instantaneous

Fig. 10 The use of integrated point-of-use microfluidic devices for optimizing bioprocesses. The
concept is illustrated using the example of a bioreactor (a) and a human being (b). These two
bioprocesses can be monitored, analyzed, and controlled to improve either an industrial production
or the state of health. Therefore, each LOC contains a sensor system, a connection to modern data
analysis with computers or smartphones and an integrated feed. This results in a fully automatable
control loop for permanent optimization, which in principle could be transferred to any bioprocess
in all areas of life
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feedback-controlled drug therapy may foreseeably become available in the future.
Exciting current examples of this young technology are implantable or on-skin
glucose sensors in combination with insulin pumps [110, 111], dopamine monitor-
ing [112], and online supplementation by infusion pumps [113]. Completely inte-
grated point-of-use LOC devices for monitoring and feedback control could, in
principle, be applied for nearly every biomarker in body fluids (Fig. 10b). This
would create an invaluable tool in the fight against public health scourges like
diabetes and hypertension – and it would also help physicians to recognize serious
conditions (like lactate acidosis) as they are in the process of actively developing. To
go even one step further, in the distant future, LOCs may 1 day become key tools in
enhancing human physiology; for example, extracorporeal membrane oxygenation
(ECMO) has already been intensively used to increase oxygenation in the blood of
premature neonates [114] and COVID-19 patients [115]. And recently developed
ECMO-on-a-chip systems [116, 117] may not only replace current ECMO devices –
they could even be applied to increase athletic performance. Novel cancer treatment
approaches are already exploring LOCs for on-chip immunotherapy [118]. Immuno-
therapy-on-a-chip could theoretically extract, sort, genetically modify, and return
immune cells to the blood in a faster, less toxic, and more reproducible manner.
Genetic modifications may also increase the effectiveness of immune cells against
tumor cells [119] – and, in principle, other cells and other cell properties could also
be modified, as well. In short, within our lifetimes LOCs may well become a
valuable tool not only to develop a whole host of novel disease treatments, but
also to optimize what even a healthy human being is capable of doing.

7 Concluding Remarks

Spearheaded by LOCs, microfluidics technology is an increasingly important tool
across the field of biotechnology. Many successful proof-of-concept studies have
already demonstrated the high potential for its application, and enterprising compa-
nies have already started to further realize this potential by introducing commercially
available LOCs for routine applications (with a predominant focus, to date, on POC,
screening, single-cell analytics, and novel organ-on-a-chip devices). Like with any
emerging technology, significant challenges still block the path to full realization –

including laborious and costly fabrication, inconvenient handling, and unsatisfactory
standardization. Fast and easy fabrication by novel multimaterial 3D-printing, higher
robustness via passively actuated chips as well as modularity, and the adoption of a
unified and common biomicrofluidic language represent promising – but, as yet, not-
fully-realized – solutions to these challenges. When these problems have been
addressed and this technology is further buttressed via advanced microfluidic han-
dling, advanced analytics, and digitalization, the practical applications promised by
fully-mature microfluidic systems are nearly limitless: for example, the overwhelm-
ing number of analytical instruments currently used for monitoring and controlling
processes could be simplified into a single, fully integrated point-of-use LOC. These
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new opportunities will undoubtedly raise a whole host of thorny ethical consider-
ations, up to and including the question of whether these new advances actually
make our lives easier and better or instead threaten to fundamentally alter our very
physical existence. In closing, such is the promise of this exciting field that it may
not ultimately be a question of what we can do with microfluidics – but rather, what
we want to do with it.
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