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ABSTRACT

Historically, technology has been central to new discoveries in biology and progress in medicine. Among various technologies, microtech-
nologies, in particular, have had a prominent role in the revolution experienced by the life sciences in the last few decades, which will surely
continue in the years to come. In this Perspective, we illustrate how microtechnologies, with a focus on microfluidics, have evolved in
trends/waves to tackle the boundary of knowledge in the life sciences. We provide illustrative examples of technology-enabled biological
breakthroughs and their current and future use in clinics. Finally, we take a closer look at the translational process to understand why the
incorporation of new micro-scale technologies in medicine has been comparatively slow so far.
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I. INTRODUCTION

The important role that technology plays in advancing biology
and medicine may not be obvious on the surface. However, we
believe that almost every major milestone in biology and medicine
has happened on account of or was triggered by new technology,
transforming the way one “sees” or “detects” the biological world.

Historically, technological development has been a key enabler
of new discoveries and a driver of rapid growth in the life sciences.
Antonie van Leeuwenhoek is commonly known as “the father of
microbiology,” as his initial hobby of grinding lenses to observe
tiny objects led him to document bacteria, red blood cells, and
blood capillaries for the first time. Linus Pauling changed biology
by interpreting sickle cell anemia in terms of its molecular basis as
an evolutionary adaptation, but it was the electrophoresis instru-
ment developed by physical chemist Arne Tiselius that enabled his
discoveries. Similarly, recombinant DNA and cloning are central to
modern biology, but they were not possible without the now ubiq-
uitous polymerase chain reactions (PCRs), invented by Kary
Mullis. The laser, the mass spectrometer, and magnetic resonance
imaging all opened doors to modern science.

The progress in biology and medicine enabled by the contribu-
tion of new technologies has significantly accelerated in the last few
decades and has centered around two main areas of development:
novel bioassays and new instrumentation. Well-known examples of
the former are CRISPR gene editing and RNA interference, while

the latter ranges from pipettors to flow cytometers. Both assays and
instruments are essential and often intrinsically linked but here we
choose to concentrate mainly on the latter, and particularly on
microfluidic and similar micro-scale technologies, which have been a
major driver of progress in the last few decades. The microfluidics
community celebrates 30 years of developments since the first pro-
posal of lab-on-a-chip devices. At the same time, we see how the
recent COVID-19 pandemic has leveraged so many of these past
developments and drives further technological concepts while
urgently demanding clinical maturation. Therefore, we think the
time is pertinent now to reflect on the technological transformations
for the life sciences that resulted in the world we live in today.

In 1990, only three decades ago, biological discovery could lever-
age far fewer tools of considerably lower performance. Essentially,
nothing about the human genome was known at the time and the
human genome project had just been launched. For example, to find
the BRCA1 gene associated with breast cancer, Mary-Claire King and
colleagues used Southern blotting to genotype 173 different markers
within 23 extended families to identify a region on chromosome
17q21.1 Without the possibility of sequencing, chromosomal location
was one of the few ways available to start the painstaking work of
locating the gene through further linkage analysis, chromosome
walking and cDNA libraries.1 Today, genome-wide association
studies (GWAS) leverage DNA microarrays and increasingly also
next-generation sequencing (NGS) technologies to test hundreds of
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thousands to millions of genetic variations of many individuals to
pinpoint genotype–phenotype associations, which have so far identi-
fied over 55 000 unique loci for nearly 5000 diseases and traits.2 As
another example, Michael Houghton and colleagues required almost
a decade of work to identify the hepatitis C virus, finally achieved in
1989 through a blind cDNA immunoscreening approach. At the
time, reverse transcription was just arising, and RNA analysis was
mostly done by Northern blotting, which was of low sensitivity,
quantitatively inaccurate, and time consuming. Sequencing a new
virus within weeks of its emergence, as was the case recently with
SARS-CoV-2,3 was unthinkable at the time. A further case in point is
protein analysis, which in 1989 mostly relied on protein sequencing
through automated Edman degradation, which then required 1 h per
amino acid residue.4 Additionally, previous sodium dodecyl sulphate–
polyacrylamide gel electrophoresis (SDS-PAGE) separation and iden-
tification of non-target proteins was a laborious process that required
significant amounts of time and funds. Today, matrix-assisted laser
desorption/ionization (MALDI) can process >100 000 samples per
day for protein identification, and new technologies are rapidly
emerging for protein sequencing.

Here, by discussing such examples of technological develop-
ment and their impact, we argue that technology was, is, and will
continue to be inexorable in fundamental biological research and
clinical progress. Additionally, we hope to bring attention to the
essential role of the technologist in medicine and biology, a role
that we believe is, unfortunately, not yet fully defined. One
approach is to bring principles from engineering and physics to the
direct discovery of biological processes—with the goal of trans-
forming biology into a basic, quantitative science. We would like to
emphasize an approach that we think is at least as important:
applying engineering to the creation of new and unique tools,
which will accelerate new discoveries and enable rapid growth in
biological research and applications. Furthermore, we would like to
bring a fresh perspective to a new generation of students and
researchers, in the hope that medical and life science students will
truly appreciate the role of technology as well as benefit from an
increased technological training in their curriculum. At the same
time, students in the physical sciences will hopefully realize that
they can make an impact in medicine and biology and be more
exposed to both during their training. To this aim, in Sec. II of this
Perspective, we offer a non-exhaustive overview of many of the
developments that microtechnologies and microfluidics have seen
in the last three decades, focusing on the technical aspects and on
the process of replacing older technologies by new ones. In Sec. III,
we provide examples of how these technological developments have
translated into key discoveries in fundamental biological research
and new clinical diagnostic solutions. Finally, in Sec. IV, we give an
overview of the translational process up to clinical use and illustrate
why and how the process lets through so few of the promising tech-
nologies that we see in academic publications.

II. A BRIEF OVERVIEW OF THE HISTORY, CHANGES,
AND NEEDS OF MICROTECHNOLOGIES FOR THE LIFE
SCIENCES

The first half of the 20th century can be considered a golden
age of physics. Since the middle of the century, the development of

new technologies and methods to address biological problems
increasingly opened the doors for equally revolutionary transforma-
tions in the life sciences. Advances in x-ray diffraction methods,
notably led by Franklin and Wilkins, were fundamental for Watson
and Crick to propose the DNA double helix in the early 1950s. The
first immunoassays also date from that decade, initially in the form
of radioactive isotopes and later using fluorogenic reporters or
enzyme signal amplification. The 1960s saw the development of gel
electrophoresis to separate biomolecules based on physical/chemi-
cal differences, which led to the development of Southern blotting
to separate DNA strands, Northern blotting for RNA, and Western
blotting for proteins. Gel electrophoresis was also essential for
Frederick Sanger and colleagues to develop the Sanger method or
“dideoxy” chain-termination method to accurately sequence long
stretches of DNA in 1977. In 1986, Applied Biosystems commer-
cialized the first sequencing instrument based on the Sanger
method (model ABI 370). A few years earlier, in 1983, the poly-
merase chain reaction for DNA amplification was invented, which
was followed by real-time or quantitative PCR (qPCR) a decade
later, using intercalating fluorescent dyes or specific labeled
probes.5 The late 1980s also saw the rise of capillary electrophoresis
for DNA separation, owing to faster times and a higher resolution,
as the high surface to volume ratio enables heat to dissipate more
efficiently, allowing higher voltages.6 Similar trends in the develop-
ment of chromatography and flow injection analysis, to improve
performance and reduce time through smaller scales, led to the
concept of a total analysis system proposed by Manz to integrate
and automate all analysis steps from sample preparation to detec-
tion.7 This soon led to an ever increasing interest in micro-scale
devices and the physical properties and manipulation of fluids at
this scale.

Here, we provide a glimpse of the historical developments of
this era of micro-scale technological developments, since approxi-
mately 1990. We do this by overviewing key technological break-
throughs, in Fig. 1, and their respective evolution over time in a
landscape of alternative, overlapping, or even synergistic technolo-
gies, in Fig. 2. We divide technologies into three main and loosely
defined application areas: technologies for oligonucleotide (DNA/
RNA) analysis, technologies for protein analysis, and technologies for
single-cell analysis and microstructured cell culture, such as
organs-on-a-chip. We see technological progress as occurring in
waves of emergence, maturation, consolidation, and eventually
replacement by new emergent technologies. When appropriate, we
try to emphasize these transitions, additionally illustrated in Fig. 2.
As the developments described here are nothing short of frenetic
and vastly divergent, we recognize that we will inevitably overlook
relevant topics, technologies, and historical facts. Where considered
appropriate, we have tried to focus on those technologies that have
been most successful at reaching commercial use and/or clinical
impact.

A. Nucleic acid analysis: From microarrays to
third-generation sequencing

In the early 1990s, advances in microfabrication techniques
made it possible to integrate known macroscopic functionalities into
microdevices, initially fabricated out of glass and silicon. Well-known
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examples were on-chip electrophoresis8 and on-chip PCR, soon fol-
lowed by isothermal DNA amplification methods.9 The integration of
the multiple manual steps of the standard methods (e.g., extraction,
purification, PCR, and detection) in one device enabled significant
gains in speed and reliability and reduced the amount of reagent

used.10,11 Initial systems for PCR mostly relied on flow-through chips
with serpentine channels that pass through three constant temperature
zones or heaters necessary for thermal cycling.12 However, it soon
became clear that diluting and partitioning the initial sample to isolate
single template molecules provided many advantages [Fig. 3(a)]. The

FIG. 1. Timeline of key life sciences and medical micro-scale technologies and associated milestones. Black: new technologies with arrows pointing to approximate year
of first publication and/or release. Blue: important associated events or milestones.

FIG. 2. Trends in technological development: evolution of publications per year on selected technologies in three application areas: DNA/RNA analysis, protein analysis,
and cell analysis comprising organ-on-a-chip devices.
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FIG. 3. Selected technologies for the analysis of oligonucleotides, proteins, and cells: (a) Digital PCR, including droplet digital PCR, micro-well partitioning. and planar
imaging of PCR products. Reproduced with permission from Liao and Huang, Micromachines 8(8), 1–7 (2017). Copyright 2017 MDPI. (b) Patterned flow cell molecular
principle of next-generation sequencing with Illumina’s dye sequencing method,. Adapted with permission from Goodwin et al., Nat. Rev. Genet. 17(6), 333–351 (2016).
Copyright 2016 Springer Nature. (c) The zero-mode waveguide nanostructure of single-molecule real-time sequencing with nucleotides being incorporated into the DNA by
the bottom-linked polymerase. Reproduced with permission from Eid et al., Science 323(5910), 133–138 (2009). Copyright 2009 The American Association for the
Advancement of Science. (d) Protein microarray with 16 368 recombinant proteins and their cellular distribution. Reproduced with permission from Uzoma and Zhu,
Genomics Proteomics Bioinforma. 11(1), 18–28 (2013). Copyright 2013 Elsevier. (e) Mass spectrometer with acoustic droplet ejection and electrospray ionization. Adapted
with permission from Dirico et al., Med. Chem. Lett. 11, 1101–1110 (2020). Copyright 2020 American Chemical Society. (f ) Device with a nanopore to measure resistive
pulses from the translocation of individual proteins. Reproduced with permission from Yusko et al., Nat. Nanotechnol. 12(4), 360–367 (2017). Copyright 2017 Springer
Nature. (g) The principle of fluorescence-activated cell sorting. (h) Initial steps of single-cell RNA-seq workflow with Drop-seq. Adapted with permission from Macosko
et al., Cell 161(5), 1202–1214 (2015). Copyright 2015 Elsevier. (i) 3D-printed and multimaterial cardiac organ-on-a-chip device. Reproduced with permission from Lind
et al., Nat. Mater. 16(3), 303–308 (2017). Copyright 2017 Springer Nature.
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binary signal measurements improved quantitative accuracy, avoided
artifacts due to impaired amplification, and improved the sensitivity
of rare species, no longer competing for amplification reagents.13

Thus, digital PCR was born, initially employing microwells or micro-
fluidic valves. This limited the number of individual partitions per
sample, which also negatively affected the limit of detection, and the
fabricated platform was costly to run compared to traditional qPCR.
It was only in the late 2000s that developments in droplet microflui-
dics, including T-junctions, flow-focusing, or step emulsifications,
made droplet digital PCR a simpler and more practical method,14

with each generated picoliter-sized microdroplet thermocycled to
perform single-molecule digital PCR. Since then, the technology has
seen an exponential increase in interest for technological and biologi-
cal applications, reflected in the number of publications over the last
ten years (Fig. 2). In Sec. IV, we further expand on how this technol-
ogy has transitioned to commercial products.

The 1990s also saw the development of DNA microarrays,
consisting of spotted or in situ synthesized single stranded oligonu-
cleotides on flat surfaces, allowing to hybridize and detect specific
DNA sequences. This resulted from merging photolithography
techniques and biochemistry, allowing to manipulate molecules on
solid surfaces with light-directed spatially addressable chemical syn-
thesis. The first high-density microarray was developed by
Affymetrix in 1994. Progress in photolithography and surface
chemistry led to an increasing density of synthesis sites, lower pro-
duction costs, and an open source mindset for fabrication, resulting
in a wave of constructed in-house devices by most major university
and research laboratory in the early 2000s.15 Amplifying the DNA
or RNA with PCR prior to microarray enabled measuring thou-
sands of genes simultaneously. In 2005, Roche’s CYP450
AmpliChip was the first microarray-based test approved by the
FDA, soon followed by Agendia’s Mammaprint.16 The enthusiasm
in this decade can be seen in the sharp increase in
microarray-related publications, as microarrays promised to revolu-
tionize functional genomics and disease molecular diagnostics
(Fig. 2).17 However, microarrays faced the competition of a parallel
development in sequencing technologies. Eventually, some of the
DNA microarrays’ inherent limitations, such as suboptimal quanti-
fication for low/highly expressed genes, a need for a priori knowl-
edge of the sequence of interest, and cross-hybridization artifacts,
made sequencing more attractive for many applications.
Transcriptomics mostly transitioned to sequence-based methods
(RNA-seq) in the last decade, resulting in a significant drop in
DNA microarray use (Fig. 2). However, new and exciting applica-
tions also employ forms of microarrays, one example being spa-
tially resolved transcriptomics, which can analyze the spatial and
heterogeneous expression of RNA in tumor microenvironments by
capturing RNA locally before sequencing.18

In contrast to microarray methods, sequence-based
approaches directly determine the nucleic acid sequence of ana-
lyzed DNA (or cDNA) molecules. The first generation of sequenc-
ing methods is based on the “chain-termination” technique. It uses
modified fluorescent nucleotides (ddNTPs) to stop the replication
process, and the lengths of the accumulated sequences can be used
to determine the position of each nucleotide through electrophore-
sis. Sanger sequencers allowed the simultaneous sequencing of hun-
dreds of samples. By 1995, Craig Venter and colleagues had

completed the first genome of a free-living organism, the bacterium
Haemophilus influenzae, using Sanger sequencing. The same
method drove the Human Genome Project in the 1990s and early
2000s, which in turn resulted in considerable progress in sequenc-
ing technologies. Switching from gel to capillary-based electropho-
resis, increased throughput with parallel sampling, and 1 kb base
pair generation per reaction have made Sanger sequencing consid-
erably cheaper than it used to be. As a result, Sanger sequencing is
still considered the gold standard for low–medium throughput
sequencing and its overall use has continued increasing, although
it has been replaced by next-generation sequencing for high-
throughput applications (Fig. 2).

In the late 1990s, the groundwork for a new generation of
high-throughput sequencing technologies was established with the
invention of pyrosequencing19 and DNA colony sequencing.20 In
the year 2000, Lynx Therapeutics launched Massive Parallel
Signature Sequencing, and in 2004 the first commercial pyrose-
quencer was launched by 454 Life Sciences, which offered at a six
times lower price than Sanger sequencing. These new instruments
were classified as second-generation or next-generation sequencing
(NGS). In pyrosequencing, nucleotide addition is detected by the
emission of photons following a chain reaction initiated by pyro-
phosphate release. The sequencing instrument became possible by
combining microfluidics, micro-well array technologies, and
DNA-coated beads.21 Ion semiconductor sequencing is based on
the same concept as pyrosequencing, but measures pH changes
caused by hydrogen release, avoiding using light for measurements.
Ion semiconductor sequencing was developed by Ion Torrent
Systems Inc., and the first benchtop instrument was released in
2010. Another prominent technology is Illumina’s dye sequencing,
in which complementary oligonucleotides are bound to the bottom
of nanowells in a microfluidic flow cell [Fig. 3(b)]. DNA fragments
are first amplified by hybridizing to two oligonucleotides forming a
bridge that is then PCR amplified. By repeating the process, a
cluster of bound copies of the original DNA is formed locally.
Next, a primer attaches to the generated forward strands and a
polymerase adds fluorescently tagged dNTP in sequential rounds
and reads. In 2012, Illumina launched the HiSeq 2500 instrument,
able to sequence a whole human genome within 24 h.20 NGS offers
massive throughput of up to billions of reads per run and has revo-
lutionized genomics, transcriptomics,22 and epigenomics in the last
decade, resulting in an exponential increase of NGS-based publica-
tions (Fig. 2), and is increasingly accelerating diagnosis, prognosis,
and biomarker discovery, as discussed in Sec. III. Technological
development also led to genome sequencing costs reducing from
more than $10 million in 2005 to close to the long anticipated
$1000 cost per genome in 201623 (by mid-2020, the estimated cost
was $689). Importantly, the first step of any NGS protocol before
actual sequencing consists of a library preparation (DNA fragments
of defined length and NGS-compatible oligomer sequences on both
ends), which is often still done manually. This has been identified
as a possible bottleneck24 as NGS transitions from research pur-
poses to clinical diagnostics, driving the development of new
microfluidic solutions to tackle this problem [e.g., Fluidigm, Juno
(2019) and Oxford Nanopore, VolTRAX (2019)].

Although NGS has revolutionized genomics and algorithm
processing has significantly improved, genome assembly is still

Biomicrofluidics PERSPECTIVE scitation.org/journal/bmf

Biomicrofluidics 15, 021302 (2021); doi: 10.1063/5.0047196 15, 021302-5

Published under an exclusive license by AIP Publishing.

https://aip.scitation.org/journal/bmf


challenging as it is based on short reads (a few hundred bps). For
example, NGS genome coverage is uneven and sometimes partially
non-covered in guanine-cytosine poor or rich sequences (termed
GC bias), and the mapping of repetitive elements is difficult. Thus,
a third generation of sequencing technologies emerged, primarily
to enable reading long single molecules. This has been driven by
two main technologies: single-molecule real-time sequencing
(SMRT) and nanopore sequences. SMRT uses millions of “tiny”
wells, acting as zero-mode waveguides, in order to detect light
emitted by a released fluorophore when a nucleotide incorporates
into a single DNA molecule with the aid of a polymerase attached
to the well bottom [Fig. 3(c)].25 This technology was first commer-
cialized by Pacific Biosciences in 2011. In nanopore sequencing, a
nanopore is inserted into electrical resisting membranes of syn-
thetic polymer and an electric potential is applied across the mem-
brane, creating a current through the nanopore. When a DNA
molecule passes through the nanopore, the electric current is dis-
rupted, with each nucleotide providing a characteristic electric sig-
nature. An enzyme unzips the double strand at the entrance of the
nanopore and the measurement occurs in real-time and is suitable
for entire strands of 100s of kbs. Nanopores can be obtained with
the self-assembling of biological molecules, such as bacterial trans-
membrane channels inserted in lipid bilayers (e.g., mutated
α-hemolysin and mycobacterial porin), or through lithography-
based processes. The latter includes membranes of solid-state mate-
rials such as SiO2, SiN, HfO2, graphene, and MoS2, released from
glass or Si substrates by etching and with pores opened with ion
bombardment, focused electrode beam drilling, or electrochemical
reactions.26 The concept of nanopore sequencing was first
described in a publication in 1996,27 but only in 2005 did a nano-
pore achieve single-nucleobase discrimination in a DNA strand.28

Oxford Nanopore released its first benchtop instrument MinION
to early users in 2014.29 Development is still ongoing as error rates
are higher than for NGS, but this third generation is already
favored for addressing important questions concerning large
genomic alterations, such as structural variants, resulting in a very
fast increase in its use in research (Fig. 2).

B. Protein analysis: Microarrays and mass spectroscopy

Although DNA microarrays and developments in sequencing
promised to fully open the doors to understanding gene expression,
the abundance of mRNA in a cell was soon discovered to poorly
correlate with the actual abundance of the translated protein.30,31

Additionally, post-translational modifications (PTMs) and post-
translational structural processing are revealed only by direct
protein-level analysis.32 New technologies were thus necessary to
analyze the hundreds of thousands of protein variants in a human
cell.33 This task was hardly addressable with low-throughput and
labor-intensive 2D gel electrophoresis (particularly SDS-PAGE),
chromatography, and the slow Edman degradation technique.4

By directly adapting DNA microarray manufacturing and
know-how, protein microarrays were developed, initially consisting
of inkjet-printed antibody spots,34 complementary to a panel of
target proteins to be detected simultaneously. This mimics the
concept of Enzyme-linked Immunosorbent Assay (ELISA) immu-
noassays with detection through labeled reporters (e.g., secondary

antibodies) in a highly parallelized way at the micro-scale
[Fig. 3(d)]. Unfortunately, while nucleic acid arrays are extremely
stable, proteins have varying stabilities and microarrays are thus
very vulnerable to individual and uncontrolled protein degradation.
Additionally, the large amounts of antibodies require specific cell
culture, protein purification steps, and transfer to surface chemistries,
with varying yields and protein integrity assurance.31 These limita-
tions drove the development of alternative technologies, in particular,
to obtain protein microarrays directly from the translation of DNA
on the solid surface, followed by protein immobilized in situ:35

Because they are DNA-based until translated, the protein in situ
array (PISA) first reported in 2001 by He and Taussig36 and the
nucleic acid programmable protein array (NAPPA) from 200435 can
be stored long term and made into protein microarrays on demand.
The obtained proteins do not reach the complexity of capture anti-
bodies but can be used to study protein–protein interactions or anti-
body biomarkers. An additional disadvantage of microarrays,
cross-contamination issues due to the diffusion of species, also led to
the development of microarrays with tens of thousands of nano-
wells.37 Despite these developments, the use of protein microarrays
has steadily decreased in the last ten years to the detriment of mass
spectroscopy (Fig. 2). This is due to limitations still inherent to
protein microarrays: limited availability of antibodies for protein
detection, the need for antibody pairs to bind to different epitopes,
and challenges in obtaining uniform spots from inkjet printing,
among others.34 Nonetheless, applications such as detecting low
abundance proteins remain advantageous, as capture is not signifi-
cantly affected by non-target proteins in this case.

Protein analysis through mass spectrometry is another suc-
cessful technique in which proteins in ionized form and in gas
phase are injected and accelerated in an electric or magnetic field
in a time-of-flight unit [Fig. 3(e)]. The results of the
mass-to-charge ratio measured are provided in the form of mass
spectra or fingerprints that can be compared with databases.
Although mass spectrometers were available decades earlier, pro-
ducing protein ions was a challenge before 1991, when two
methods compatible with the amount of protein extracted from cell
lysis and gel electrophoresis were first commercialized:4 electro-
spray ionization (ESI)38 for high mass proteins and matrix-assisted
laser desorption/ionization (MALDI),39 which are faster and less
affected by contaminants and additives. These developments
enabled a throughput in the analysis of proteins unforeseeable until
then and gave rise to the concept of proteomics, the analysis of all
proteins produced by a genome, in 1995.4 Large improvements in
sample preparation techniques and the performance of mass spec-
trometers resulted in a dramatic increase in the acceptance of
protein identification in the 2000s (Fig. 2). Today, protein mass
spectrometry is the gold standard for protein sequencing, with a
limit of detection of 0.1 fmol and a dynamic range of 104–105, and
is complemented with a strong peptide database and dedicated
software for identification and quantitation.40 Despite this, some
applications are still challenging or out of the scope of mass spec-
trometry. Ion suppression can mask the presence of low abundance
proteins and mass spectrometry does not offer single-molecule res-
olution. In fact, the limit of detection is not compatible with low
abundance protein identification in single-cell analysis, as millions
of cells are still required.40 Even more ambitious tasks, such as
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single-molecule resolution, seem to be out of the scope of mass
spectrometry.

In the last years, new technological concepts have emerged for
protein sequencing, analogous to DNA sequencing. One of them,
tunnel current analysis, measures tunneling currents in angstrom–
nanometer gaps between electrodes. First measurements of short
peptides were demonstrated in 2014, with two electrodes coated
with a layer of recognition molecules.41 Other technologies leverage
nanopores analogous to those used for DNA sequencing to deduce
the shape and the fingerprint of single proteins through modula-
tions of the blockade current as the protein translocates through
the pore42 [Fig. 3(f )]. A true sequencing technology using ionic
current detection is challenging, as it requires the discernment of
subtle molecular differences among all 20 amino acids, something
that Ouldali et al. first demonstrated to be feasible in 2020.43

Finally, electrical charge measurements of single proteins (and
DNA strands) at the sub-elementary level were achieved by Ruggeri
et al.44 This is accomplished by transiently confining the molecules
in electrostatic fluidic traps of sub-μm scale etched in silicon oxide.
Such a system may be complementary to sequencing methods, pro-
viding information on protein folded and disordered states and
non-uniform charge distribution, potentially allowing to probe 3D
structures and monitor structural changes in real time. Overall,
these recent developments show a trend of increasingly promising
technologies that will very likely revolutionize proteomics in the
next few decades.

C. Cell analysis: Flow cytometry, single cells, and
organs-on-a-chip

Technological progress, particularly in microtechnologies, has
made it possible to develop structures and fluidic functions at the
scale of single or few cells, helping to ask novel, interesting, and
pertinent biological questions. The analysis of single cells provides
important information that conventional bulk methods miss with
population-averaged results.51 Examples are cell–cell interaction
dynamics, cell migration studies, single-cell genomics, and cell
signaling.

Flow cytometry was one of the first technologies able to
perform single-cell measurements,52 initially commercialized in the
early 1970s. A true precursor of microfluidic methods, flow cytom-
etry focuses cells in a liquid using laminar sheath flows that sur-
round the cell-containing stream (hydrodynamic focusing),
resulting in a stream of one cell at a time that is read by a laser
beam [Fig. 3(g)]. The forward and side scatter of the laser provide
relevant information about size and structural properties. With the
development of monoclonal antibodies and fluorescent dyes, it
became possible to target surface proteins, and by 1990, flow
cytometers could measure seven fluorescence signals simultane-
ously. Today, some cytometers allow up to 32 parameters for cell
counting, sorting, and biomarker detection. The fluorescence-
activated cell sorter (FACS) has been particularly successful. It is a
type of flow cytometer that breaks the stream of cells into droplets
after the fluorescence measurement. These droplets contain one or
no cell and become charged according to their prior fluorescence
measurement, allowing downstream separation through electro-
static deflection. FACS allows studies of cell phenotype,

proliferation, cycle, viability, signaling, and intracellular cytokine
secretion, among others. Conventional FACS is not suitable for
small samples with less than a few hundred thousand cells.
However, the concept was miniaturized first for particles and bacte-
ria by Fu et al. in 199953 and for the more fragile mammalian cells
by Genoptix, Inc., in 2005.54

An important drawback of FACS is that it is limited in the
number of measurable parameters due to the spectral overlap of
fluorophore signals. To tackle this issue, mass cytometry was con-
ceived, combining flow cytometry with mass spectrometry, and
first commercialized in 2009 (CyTOF, DVS Sciences). It is a
destructive method in which antibody–isotope conjugates bind to
the cells, which in turn are vaporized and sent to the time-of-flight
unit. This produces large amounts of data with 40+ multiple
parameters per individual cell, although throughput is still lower
than for FACS (∼1000 cells/s) and cells cannot be retrieved for
downstream analysis. Applications include phenotype characteriza-
tion, intracellular cytokine determination, and intracellular signal-
ing states, among many others.55

FACS point measurements per cell are less well suited for
studies involving single-cell interactions with their surrounding
environment, such as secretion dynamics, cell–cell interactions,
affinity studies, or cell mechanics. The last two decades have seen a
formidable rate of innovation on microfluidic devices for cell
biology, including the automated isolation of cells for individual
growth studies, forced cell deformation through microchannels,
and micropillar arrays to study cell–surface interactions.56

Microfluidics provides precise control of geometries, surface chem-
istry, and flows, creating on demand spatiotemporal microenviron-
ments for single-cell studies. One of the first such commercial
platforms was Fluidigm C1 launched in 2012. It was able to isolate
single cells in individual reaction chambers for staining, studying
viability, surface markers, and reporter genes before lysing for
sequencing. Additionally, the development of droplet microfluidics
combined with high-throughput sequencing has resulted in systems
such as Drop-Seq, inDrop, and Chromium 10× for single-cell tran-
scriptome analysis.57 Here, cells are compartmentalized in
nanoliter-sized droplets together with beads containing barcoded
primers able to capture mRNA and identify the cell after lysis and
pooling [Fig. 3(h)]. Reverse transcription PCR is followed by
sequencing to obtain a gene expression map of single cells and
understand tissues at the level of individual cells. These techniques
are able to capture >10 000 transcripts from 1000 to 4000 genes.57

More recently, a simultaneous analysis of both mRNA and protein
expression has become possible with methods such as CITE-Seq58

and REAP-Seq,59 first proposed in 2017. These leverage droplet-
based RNA-Seq but make additional use of DNA barcode labeled
antibodies specific for surface proteins of the cell. As compared to
the first single-cell transcriptome in 2009 using NGS,22 today these
methods allow massive parallel throughput of up to 80 000 cells per
run in less than 20 min, although the whole process from library
preparation to bioinformatic analysis can still take a couple of days.

Beyond single-cell analysis, microfluidic platforms for cell
manipulation and culture have seen an exponential development,
particularly since the introduction of porous polydimethylsiloxane
(PDMS) devices.60 The development of on-chip cell-cultures led to
a transition from 2D to 3D microenvironments to better mimic
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physiological conditions, resulting in a converge of microfabrica-
tion and tissue engineering know-how in the form of organs-
on-a-chip. Such devices recreate tissue–tissue responses, organ-level
functions, and biological tissue barriers, compatible with human
cell lines, thus potentially becoming an alternative to animal
models. Since the late 2000s, models for multiple organs haven
been shown, including the lung, heart, kidney, arteries, brain, and
bone, among others. Nonetheless, a true and relevant simulation or
organ function needs to mimic a very large number of physiological
conditions, including adequate geometrical structuring, shear
forces, molecular gradients, and a sufficiently complex arrangement
of cellular patterns.61 A step toward systemic whole body physio-
logical process has been the combination of several organ functions
in the form of multi-organ-on-a-chip, first proposed in 2010
through combining liver and intestine slices.62 Finally, the rapid
development of biological 3D printing in the last few years has also
made it possible to fully print an organ-on-a-chip, a cardiac micro-
physiological device [Fig. 3(i)],50 thus completely avoiding multi-
step lithographic processes. Organs-on-a-chip is still a nascent
technology, and their true impact on physiological modeling, drug
discovery, and toxicity research will likely be seen in the years to
come.

III. MICROTECHNOLOGY-ENABLED BREAKTHROUGHS
IN FUNDAMENTAL AND CLINICAL RESEARCH

The technological breakthroughs reviewed in Sec. II set the
groundwork for a revolution in our fundamental understanding of
the life sciences from a molecular, cellular, and physiological per-
spective. Additionally, the resulting amassed knowledge has already
impacted the clinical practice, although the true impact is likely
only starting now as new technologies and methods prove their val-
idity and utility for medical care. The enormous transformations in
fundamental research and the clinic resulting from microtechnolo-
gies for the life sciences cannot be thoroughly reviewed in any
single article and much less in a short perspective such as this one.
In the following, we briefly illustrate part of the impact that four
selected technologies have had in enabling discovery and
applications.

Next-generation sequencing has redefined the resolution of
molecular analysis, enabling previously unimaginable break-
throughs in cancer genomics, rare inherited disorders, prenatal
testing, metagenomics, and microbiome analysis, to name a few.
Through genome-wide association studies (GWAS), markers in the
genomes of many people are scanned to find genetic variations
associated with disease, from cancer to osteoporosis;63 and human
traits, from personality64 to male-pattern baldness.65 The number
of newly identified disease-associated genes has grown exponen-
tially since the emergence of NGS,66 including rare inherited disor-
ders, which previously represented a diagnostic odyssey for affected
families. Additionally, NGS has uncovered the relevance of mosaic
and de novo mutations and the wide phenotypic spectrum of most
genes. This is laying the groundwork for an incoming era of per-
sonalized medicine and customized treatment strategies.
Furthermore, NGS has shed light on cancer genome heterogene-
ity,67 as tumors are composed of cell subpopulations with genetic
alterations such as single-nucleotide variants, insertions/deletions,

or copy number alterations. NGS is helping to underpin the biolog-
ical mechanisms of cancer clonal evolution, allowing evolutionary
frameworks to better understand cancer progression and failure of
therapy.68 Thus, NGS is increasingly used to guide the selection of
targeted therapies, taking into account personal tumoral genomes,
particularly types of advanced cancer, paving the way for precision
oncology. The number of alterations with a corresponding targeted
therapy has been growing steadily, and recent clinical trials to
guide cancer therapy for advanced malignancies are showing that
NGS testing can have an impact on the response rate and the sur-
vival of patients.69 As clinical evaluation is still underway, routine
upfront NGS testing is still uncommon in clinical practice.
However, a clear case of direct clinical impact has occurred in the
area of non-invasive prenatal testing for Trisomy 21, 18, or 13 from
simple blood samples. By sequencing cell-free DNA in the maternal
plasma, it is now possible to determine the number of chromo-
somes and thus detect aneuploidies, and even inherited diseases.
This has, in many cases, replaced invasive diagnostic techniques
such as amniocentesis that incur a risk (albeit small) of
miscarriage.

Flow cytometry has also been key to better understanding
cancer, enabling the study of circulating tumor cells in blood, cell
isolation to generate tumor models, and the study of tumor micro-
environments. The isolation and identification of cancer stem-like
cells from surgically removed tumors, likely responsible for devel-
oped drug resistance, is and will continue to be important in iden-
tifying targets for treatment.70 Similarly, flow cytometry is used to
analyze 3D tumor cultures (tumor organoids/spheroids), showing,
for example, how allogeneic T and NK cells infiltrate spheroids and
kill tumor cells through immune-mediated cell apoptosis.71

Additionally, flow cytometry has been essential to evaluate new
cancer immunotherapies, such as chimeric antigen receptor (CAR)
T-cell therapies. CAR T-cells, genetically engineered to recognize
cancer cells, are transforming the way cancer tumors are treated,
the outcome being influenced by the proliferation and persistence
of these cells in blood, measured with flow cytometry.72 Besides
cancer, flow cytometry has largely impacted areas such as immu-
nology and the development of vaccines. Indeed, understanding
immunogenicity and vaccine efficacy requires monitoring the fre-
quency of immune cell populations and their differentiation and
activation status upon exposure to specific antigens.

Microfluidics-based single-cell technologies have made it
possible to investigate immune function, therapeutic resistance, or
neurological disease mechanisms, to name a few applications.
Wide ranged examples include studies of time-dependent cyto-
kine secretion and transcription factor activity from single macro-
phage cells,73 cell lineage tracking with transcriptional signature
measurements for the study of multigenerational development at
the single-cell level,74 or multidrug resistance studies in adult
acute myeloid leukemia, allowing assays to distinguish multidrug
resistance variability among individual leukemic blasts.75 The
long sought after objective of understanding the extremely
complex human nervous system has started to be tackled. For
instance, single-cell RNA-seq has revealed that oligodendrocytes
could be classified into classes based on their molecular signatures
and microglia can be distinguished from very similar perivascular
macrophages.76
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Finally, organs-on-a-chip are emerging as a crucial tool in
areas such as the discovery and validation of biomarkers, the study
of pharmacokinetic (PK) analysis, drug toxicity screening, and
tumor modeling. Cell lines and animal models are inadequate to
predict pathophysiology of human disease and patient-specific sen-
sitivities, as fundamental interspecies differences affect the esti-
mated predictions for safety margins, toxicity, and efficacy.
Qualitative predictions of drug toxicity responses are being gener-
ated with fluid transfer between organ-on-a-chip devices. Recently,
it has been shown that such systems predict PK parameters for
orally administered nicotine and intravenously injected cisplatin by
using multi-organ chips such as gut, liver, and kidney, in some
cases matching reported patient data.77

Additionally, organ-on-a-chip technologies are being used to
study cardiac and liver toxicity causes of post-approval drug with-
drawal and drug failure due to lack of efficiency or poorly under-
stood action mechanisms.78 Other applications can be as surprising
as an in vitro model for smoke-induced injury, consisting of a
microfluidic lung model that inhales/exhales smoke from cigarettes,
showing similar physiological and inflammatory reactions to clini-
cal studies and enabling the discovery of several associated bio-
markers.79 Finally, brain-on-a-chip platforms are becoming
essential in helping to tackle complex disease mechanisms.
Modeling Alzheimer’s disease has shown that amyloid-b accumula-
tions in cortical neurons resulted in anomalies in neurotransmitter
signaling pathways,80 while an in vitro model of epilepsy could
reproduce aspects of spontaneous firing activity depending on the
expression of specific receptors.81 Organ-on-a-chip technologies
are in the midst of enormous developments that will likely lead to
vast research and clinical impact. Current challenges include mim-
icking complex 3D microenvironments and multicellular tissue
constructs and leveraging stem cell technologies.82

Figure 4 illustrates the application areas of microfluidic tech-
nologies in 2020, 2010, and 2000 in the form of networks of
research applications in biology and in clinical studies based on
PubMed queries (summing relevant terms associated with each
application). The size of the nodes represents the number of

publications that year. As seen, application publications involving
microfluidics have grown extraordinarily in the last 20 years.
Strong areas of fundamental research are genomics, biochemistry,
cell biology, microbiology, and immunology. Current clinical
studies of microfluidics are dominated by hematology, infectious
diseases, and oncology.

IV. MICROTECHNOLOGIES REACHING CLINICAL
DIAGNOSTICS: THE FUNNEL GETS NARROWER

As seen so far, microtechnologies easily intersect with the life
sciences to develop applications, which sometimes make their way
to clinical diagnostics. However, the path to reach clinical use is a
multi-step and long process that most technologies fail to complete
successfully. The general objective of the translational process is to
transform a method or a tool into a routine diagnostic platform
that is safe and commercially available. In Fig. 5, we illustrate this
process, in a simplified manner, as a funnel with some basic and
idealized steps from basic research to market/clinics. The narrowing
shape of the funnel illustrates both the progressive reduction in
technologies successfully completing the steps on the way toward
market and the gradual shift from the many possibilities offered by
initial research concepts to mature well-defined products address-
ing specific applications. We try to highlight here how each step
can represent a hurdle in the path toward the clinics, all of them
entailing multiple challenges and obstacles. This makes the transla-
tion process a research, entrepreneurial, clinical, legal, and market-
ing quest.

Initial basic research, often performed within an academic
setting, generates novel methods on a conceptual level, typically
providing a sufficiently high degree of performance to confirm that
the principle is scientifically solid. The “end product” of such a
process is generally a scientific publication. Although preliminary
clinical trials sometimes happen, most proposed new technologies
end at this stage. In fact, research laboratories are often intrinsically
biased toward producing new ideas, concepts, and technologies,
even if the end-user or clinical need are not precisely defined yet.83

FIG. 4. Focus on microfluidic applications: prominent application areas addressed by microfluidics in the life sciences (left) and in clinical research (right). Data are
presented for 2020, 2010, and 2000. Node size indicates number of publications that year according to a PubMed search.
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In many cases, the new technologies solve issues at the laboratory/
researcher level, and this is particularly the case in fundamental
biological research, but more often than not the original method is
not directly scalable in the industry or efficient in clinical practice.
Well-known examples of barriers to scalability in microfluidics are
the use of polydimethylsiloxane (PMDS), convenient for low-scale
laboratory prototyping but unsuitable for automated mass produc-
tion84 and liquid degassing or clogging,85 often deemed acceptable
for research devices but constituting a hurdle for further
translation.

Translational research bridges the gap between basic science
and an early-stage prototype aimed either at further clinical
research or directly to market for non-medical settings. We focus
here on the former case, with an example of the latter being a
research tool with no clinical use. Even when basic research shows
strong potential, the maturity phase still constitutes a major bottle-
neck. Some of the reasons are as follows: (1) A deep understanding
of the clinical environment is needed at the early stage of techno-
logical development, as besides providing a clear performance
improvement, new technology needs to be user-friendly, compatible
with clinical workflows, of reasonable cost, and apt for automa-
tion.83 Early-stage technologies that promise superior performance
commonly fail to result in products with equal or superior opera-
tion efficiency compared to established technologies. (2) Adequate
management of the technological maturity, including regular evalu-
ation of the technology status, risk assessment, and decisions on
funding. Funding agencies increasingly nudge researchers to esti-
mate and consider technological maturity at an early stage. As an
example, the European Commission included technology readiness
levels in its Horizon 2020 program. (3) An increasingly saturated
patent landscape.83 For example, thousands of patents now include

the word microfluidic, many of them being very generic, making it
difficult, for example, for start-ups, to operate in associated
domains without potentially incurring patent infringements.83 (4)
Successful post-invention funding through angel investors, boot-
strapping, corporations, venture capital firms, and/or subsidies. (5)
The absence of industry standards84 that help improve communica-
tion between customers and suppliers, streamline manufacturing
processes, and fulfill regulatory requirements. (6) An entrepreneur-
ial action with suitable collaborators, e.g., dedicated to the diagnos-
tics industry and able to manage reimbursement, government
compliance, regulations, or medical affairs. (7) High upfront costs
for the mass production of disposable devices through replication
processes.

With the resulting prototype, clinical research studies are
undertaken to assess performance evaluation and support the
intended clinical application. Performance evaluation reports must
demonstrate scientific validity and both analytical and clinical per-
formance. Our focus here are in vitro diagnostics (IVD), loosely
defined as tests performed outside the human body and thus cover-
ing most of the technologies and applications seen so far. For IVD,
clinical trials are generally much simpler to conduct than for drug
or medical devices, as clinical performance studies are generally
observational, and the results obtained are not used for patient
management or treatment decisions. Nonetheless, appropriate
study design must avoid selection and verification biases and
claims must be context-based, e.g., to diagnose a target condition,
to screen a certain population, to obtain a risk assessment, to
perform prognosis, to monitor changes in a patient’s condition, or
to serve as companion diagnostics. The clinical study must also be
aligned with regulatory requirements. For example, the FDA
requires clinical trials to be performed at three or more clinical
sites.

The regulatory control phase aims to ensure the safety and
effectiveness of the medical devices used for patient diagnosis.
While commercial technologies for fundamental research face less
restrictions and supervision, the clinical regulatory process can be
highly time consuming and costly, including submission fees and
the funding of preclinical and clinical trials. This can put small lab-
oratories and companies at a disadvantage compared to large cor-
porations with more resources, thereby being detrimental to
clinical innovation. In the United States, the regulation of IVD falls
under two categories: (1) FDA-cleared or approved devices, which
can undergo a 510(k) submission to obtain clearance, typically the
case for IVD, or a more stringent and rigorous approval process
following the submission of a premarket approval. The FDA cate-
gorizes diagnostic tests based on the level of complexity: waived
complexity (e.g., pregnancy test), moderate complexity (e.g., when
use of a microscope is necessary), and high complexity (e.g., NGS).
(2) Laboratory-developed tests (LDTs), offered for clinical use by
the single laboratory in which they were developed, manufactured,
and validated. LDTs are regulated by the Clinical Laboratory
Improvement Amendment program of the Centers for Medicare &
Medicaid Services (CMS). LDTs are widely used by molecular diag-
nostics laboratories, as they often prefer to develop the tests them-
selves rather than pay high prices to large companies with
FDA-approved tests. For example, most NGS-based genetic tests
are still performed as LDTs. Nonetheless, the FDA has expressed

FIG. 5. The translational bottleneck: laboratory-developed technologies must go
through technical, regulatory, and commercial transitions before reaching the
clinics. A thorough understanding and feedback from the following steps (black
dashed line) and the end clinical application (blue dashed line) is critical for
success.
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concerns about the overall quality of LDTs, while LDT regulations
are becoming costly and insurance companies in some cases favor
FDA-approved tests. In the European Union, the CE mark for
in vitro diagnostic devices is managed by the In Vitro Diagnostic
Regulation (IVDR) regulation since 2017.

A new technology can perform well, have a strong clinical val-
idation, and receive regulatory approval, and yet be unsuccessful in
the market. Particularly in clinical settings, the new technology
must present a strong advantage in overall performance and/or cost
compared to existing well-established technologies. Incremental
advances are generally insufficient, and the introduction of disrup-
tive technologies often only succeeds when they find a market that
does not currently exist.86 Projects often fail or result in no market-
fit product due to not integrating perceptions/insights of end-users
early enough.87 If the IVD is expensive, it may find a higher rate of
success if associated with clinical decisions of high cost (e.g.,
administering second-line therapy) or a health risk (e.g., surgery).
Additionally, new guidelines and agreed practices need to be devel-
oped for any new technology, but particularly for complex tools,
such as NGS. In this case, the creation of network infrastructures
can help link initiatives, develop collaborative projects, and contrib-
ute to nation-level databases, taking into consideration privacy,
data protection, and associated legal and ethical aspects. Closely
related to this is the adequate training of clinicians, laboratory, and
information technology staff.

As an illustration of this multi-step process from concept to
clinical use, we consider the example of droplet digital PCR
(ddPCR), described in Sec. II, diving into some of the turns of
events that led to its current commercialization. Even though asso-
ciated developments had been presented before, it was in 1999 that
Vogelstein and Kinzler coined the term digital PCR, demonstrating
selective rare mutation detection in colorectal cancer.13 However,
this technology was still expensive, limited by the number of parti-
tions, and faced the strong competition of real-time PCR.14 It was
only a few years later that its association with droplet microfluidics
was able to address most of these limitations. New start-ups were
formed, notably RainDance Technologies in 2004 and QuantaLife
in 2008. Originally relying on a single U.S. patent, Quantalife
aimed to rapidly increase its intellectual property (IP) portfolio and
launched the first commercial ddPCR instrument in 2010, the
Droplet Digital system, soon rebranded as QX100 as the company
was acquired by BioRad the following year. RainDance launched its
commercial platform, the RainDrop, in 2012 but was eventually
also acquired by BioRad in 2017. As a result of these company
acquisitions and the resulting securing of much of the IP portfolio
regarding ddPCR and associated technologies, BioRad established
itself as the dominant player for ddPCR in the market. An example
of local pre-FDA clinical use of this technology was the develop-
ment of a test for EGFR and KRAS genes by the Dana-Farber/
Brigham and Women’s Cancer Center in Boston, followed by per-
forming a clinical trial involving 180 patients of non-small cell lung
cancer.88 The gains in turnaround time compared with tissue biop-
sies and the observed high predictive value led to both institutions
starting to offer this test to eligible patients in routine clinics.
BioRad’s second-generation instrument, the QX200, received the
CE IVD mark in 2016. In 2019, their QXDx AutoDG system was
the first ddPCR system to be FDA-cleared, as a test for monitoring

chronic myeloid leukemia treatment response. This was almost two
decades after the technological concept was first presented. In
2020, with the onset of the COVID-19 pandemic, both instruments
received emergency use authorization by the FDA for SARS-CoV-2
PCR testing, a rapid authorization procedure that allows unap-
proved products to be used in cases of public health emergencies.

As seen, the path from basic research to the clinics is often
non-linear and winding, involving successful scientific demonstra-
tion, clinical validation, right timing, associated technological land-
scape, business initiative, IP strength, market competition,
company acquisitions, and regulatory restrictions. As a result, the
process typically lasts years or even decades. Therefore, although
some technologies have already percolated to the clinics, we are
hopeful that the true impact to the medical field promised by the
technological developments illustrated here is yet and soon to
come.

V. CONCLUDING REMARKS AND THE CASE OF
COVID-19

Three decades of micro-scale technological developments for
the life sciences had passed as the COVID-19 pandemic hit most of
the world in early 2020. And yet, at a first glance, it might seem
that the response to the pandemic was essentially led by
long-established technologies: real-time PCR and antibody tests,
such as ELISA and lateral flow immunoassays, all necessary to
establish current and past infection. A more attentive look,
however, reveals that the new virus would have been confronted
very differently 30 years ago. NGS was essential to rapidly sequence
and identify the virus causing the pandemic within a few weeks of
the first cases being reported.3 It also played a crucial role in closely
monitoring viral spread, determineing sources of infection and
routes of transmission, detect the emergence of new mutant
variants (e.g., B.1.1.7 and 501.V2), screening targets for new thera-
pies, and helping in vaccine development. The FDA also granted
Emergency Use Authorization for a NGS-based diagnostic, the first
such authorization for NGS. Cartridge-based PCR benchtop instru-
ments also became essential for rapid diagnosis, taking minutes
instead of hours or days, examples being Abbot’s ID Now or
Cepheid’s GeneXpert. Flow cytometry has been used to identify
and characterize T-cells involved in the immune system response
to the virus and to better understand their targets,89 while mass
cytometry has revealed how the virus leads to immunosuppression
and dysfunction of immune mechanisms.90 Even lung-on-a-chip
models are being used to better understand immune cell response,
alveolar barrier injury, and inflammation.91 Additionally, the field
responded to the pandemic with multiple new proposed microtech-
nologies to increase testing capacity and performance, from innova-
tive lateral flow sensors, through viral electrochemical sensors to
magnetic bead capture in labs-on-a-chip.92 Furthermore, initiatives
such as the XPRIZE Pandemic Response Challenge have been
launched to incentivize collaboration and competition to accelerate
measures to fight the pandemic.

Despite this, the COVID-19 pandemic shows how routine
molecular diagnostics still relies largely on conventional immunoas-
says93 and PCR. Section IV, illustrating the long path to clinical
use, is an attempt to explain why the many developments of the
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last few decades have not fully catalyzed into the promised revolu-
tion. However, a decrease in sequencing costs and large population
studies will likely have important implications for precision medi-
cine in the future. Some countries have already started ambitious
implementation programs for NGS. These include an external
quality assessment of somatic variants and allele frequencies, base-
line performance by characterizing tumor cell lines, an extension to
pre-analytical conditions and clinical interpretation, and the crea-
tion of a national intention to establish network data programs to
monitor the quality of testing in clinical practice.94

Additionally, point-of-care diagnostics is increasingly reaching
non-laboratory and remote resource-limited settings, reducing the
need for instruments and operators of current ELISA and
PCR-based diagnosis.95 Often, these are diagnostic platforms inte-
grated with smartphones, leveraging widely available high-
resolution cameras, processing power, and internet networks.

In these and other aspects, microtechnologies will continue to
make their way into fundamental research and particularly clinical
diagnostics. The dynamic nature of the medical market forces
medical device producers to constantly invest in research and
development. However, as microtechnologies often need to adapt
to specific needs in fundamental research, non-commercial solu-
tions or creative custom adaptations will continue being sought
after.

We thus hope that this Perspective reflects the essential nature
of technological progress to enable progress in biological research,
and the key role played by technologists in the life sciences, from
basic research all the way to industrial translation, a role that we
believe is not yet being given enough attention.
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