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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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