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Abstract

The underlying physical properties of microfluidic tools have led to new biological insights
through the development of microsystems that can manipulate, mimic and measure biology at a
resolution that has not been possible with macroscale tools. Microsystems readily handle sub-
microlitre volumes, precisely route predictable laminar fluid flows and match both perturbations
and measurements to the length scales and timescales of biological systems. The advent of
fabrication techniques that do not require highly specialized engineering facilities is fuelling the
broad dissemination of microfluidic systems and their adaptation to specific biological questions.
We describe how our understanding of molecular and cell biology is being and will continue to be
advanced by precision microfluidic approaches and posit that microfluidic tools — in conjunction
with advanced imaging, bioinformatics and molecular biology approaches — will transform
biology into a precision science.

Over the past 60 years, biologists have measured, manipulated and even mimicked biology
using microscale physics and chemistry. Microfluidic devices handle and manipulate fluids
at length scales from 1 to 1,000 micrometres, with typical internal volumes of microlitres to
picolitres. Biological researchers were making use of microfluidic physical phenomena long
before the coining of the term ‘microfluidics’ (FIG. 1). For example, the Coulter counter and
the flow cytometer revolutionized high-throughput single-cell analysis?, and DNA
sequencing in small-bore capillary tubes markedly accelerated the progress of the Human
Genome Project?.

The advent of microfabrication techniques for the semiconductor industry (in which they are
used to route electrons) inspired microscale tools for biological research (to route cells and
molecules). As micro- and nano-fabrication techniques have matured, so have microfluidic
tools that are specifically designed for biological investigation. For example, the
development of techniques for microdevice prototyping (such as soft lithography) eliminated
the need for long-duration fabrication processes in semiconductor clean room facilities,
thereby making the creation of devices rapid and feasible in biological laboratories3. Such
readily realizable microfabrication techniques are ‘democratizing” microfluidic tools, thus
moving tool design and creation from the engineering work bench to the biology laboratory.
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The dissemination of microfluidic techniques has led to the development of a wide range of
new assays with unique and important advantages over conventional approaches.

The sub-microlitre volumes of microfluidic devices reduce reagent usage® and mitigate
sample loss® (FIG. 2a). Furthermore, minimizing the level of dilution facilitates the
detection of low-abundance molecules from single cells. The new tools therefore offer the
opportunity to, for example, investigate more than ten protein targets in signalling pathways®
or screen the activity of secreted monoclonal antibodies® from individual cells among the
thousands of cells tested.

Microfluidic devices also facilitate precise fluidic control, owing to the fact that microfluidic
flows are not turbulent: they lack the eddies and vortices that churn fluids at larger scales’
(FIG. 2b). Instead, microscale fluid flows are ordered, with adjacent fluid streams moving as
well-defined ‘lamina’ or layers over (relatively) long distances. This laminar flow behaviour
is determined by the flow velocity, channel dimensions and fluid properties (which are
grouped together in the dimensionless Reynolds number (Re)). Laminar flow has long had
an important role in biological enquiry; laminar sheath flows in flow cytometry8 focus a
suspension of dispersed cells into a single-file procession past the photodetector, which
makes possible the interrogation of tens of thousands of single cells per second. Microfluidic
laminar flow patterning directs fluid lamina of different compositions to specific regions of
the device?, thus using the well-ordered behaviour of laminar flows to route each fluid
without the need for confinement by micro-channel walls. More recently, microfluidic flow
control formed the basis for a biophysical flow cytometer that is designed to assess single-
cell mechanics for tens of thousands of cells per second?. This assay is currently being
investigated as a fully automated, rapid and label-free test for certain types of malignancy!!
and for stem cell pluripotency2.

Active microfluidic components (such as integrated valves or pumps with real-time
control)13 can be incorporated into ‘lab-on-a-chip’ devices to deliver or extract materials
from specific regions of the device with unparalleled temporal and spatial precisionl?. In one
example, pneumatic actuators were used to recapitulate the cyclic mechanical strain of the
human lung onto an Jn vitro alveolar—capillary interfacel®. Using precise microfluidic
controls in ‘organ-on-a-chip’ systems, researchers have mimicked biological functions for
use in drug discovery and development8. Compared with existing animal models, the
microfluidic alternative may reduce costs and numbers of animals sacrificed and could offer
a highly relevant humanized model system. Large-scale chips, ranging in size from square
millimetre to square centimetre areas, can incorporate thousands of functional units®-17.
Miniaturized integration makes feasible what would otherwise be an unwieldy system if
composed of macroscale tubes and chambers.

Microfluidic arrays can be used to automate existing assays and improve assay performance,
and they offer new ways to interrogate rapid biological phenomena. For example, massive
multiplexing in a microfluidic array was implemented to measure the relative binding
affinity of 28 yeast transcription factors for all possible 8-bp DNA sequences (65,536
sequences) to map out transcription factor specificity across the genome!®, The high
throughput, multiplexing and quantitative measurements of highly transient transcription
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factor binding that are provided by the microfluidic array would all be inaccessible by any
conventional means.

Microfluidic tools are often compatible with high-resolution and real-time microscopy,
owing to the planar form factor and optical transparency of microdevices. Coupled with
spatial and temporal control of the chemical environment (for example, levels of soluble
factors) and physical environment (for example, single-cell trapping), microfluidic live-cell
imaging can offer insights into dynamic cellular processes (such as signalling dynamics’?)
and can be used to study long-term developments such as cell ageing??, inheritance?! and
death?2,

However, although microfluidic tools can reduce the time and cost of existing conventional
assays and improve their reliability, microfluidic systems are by no means a replacement for
all life science tools. Important drawbacks must be considered when contemplating the
development of a new microfluidic assay, as discussed in BOX 1. As a general rule, the
development of a microfluidic system is likely to be worthwhile only if the macroscale
approach does not yield the required information or performance.

In this Review, we investigate specific examples of how microfluidic tools have altered
experimental discovery in the life sciences. We organize the Review around illustrative
experimental capabilities: single-cell measurements; live-cell imaging; rapid molecular
events; screening; and tailored contexts. These sections are neither exhaustive nor steeped in
detailed physics. Rather, we highlight the emerging biological insight and discuss how
microfluidic design — and its integration with co-evolved orthogonal techniques such as
advanced imaging and bioinformatics — underpins new biological observations and fresh
lines of biological enquiry.

Single-cell measurements

The precision of microfluidic devices has improved existing single-cell assays (such as
immunocytochemistry23 and immunohistochemistry?4:2%) and has bolstered the invention of
novel assays for quantitative analysis of thousands of cells with single-cell resolution5.

Protein measurements.

Confining cells in microfluidic compartments enhances the sensitivity of assays by
minimizing dilution and yielding high concentrations, even with limited sample mass (FIG.
2a). Consider, for example, the enzyme-linked immunosorbent assay (ELISA). A
conventional high-sensitivity ELISA detects proteins above a minimum concentration of ~1
pg mI~1 (~10 fM). In a 100 pl ELISA micro well, the 1 pg m~1 detection concentration
equates to the detection of ~1 million molecules (assuming a 60 kDa target); this level of
sensitivity is an order of magnitude lower than that required to detect the median protein
concentration in a single mammalian cell (which has a median protein abundance of
~170,000 molecules?). However, if a single cell is lysed into a 1 nl volume microchamber
(which is ~1,000 times larger than the volume of a typical mammalian cell?8), a 1 pg mI~1
detection limit means that the majority of the proteome is detectable (on the basis of
reported protein abundances in a single cell?”). Furthermore, owing to the relative length
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scales of the chambers (~50 um for the microchamber versus ~5 mm for the conventional
well), it will take ~5 seconds for a uniform equilibrium concentration to be reached via
diffusion within the microchamber, whereas it would take more than 10 hours to do so in the
conventional chamber. These advantages conferred by small microfluidic volumes are being
leveraged to provide new biological insights in single-cell analysis.

When capture reagent barcoding is combined with nanolitre volume confinement, several
targets can be detected concurrently29-31, Single-cell microfluidic immunoassays have been
developed to profile the cellular secretome, which is the set of all proteins secreted by a
cell29:32-35_ For example, the secretion activity of isolated cytotoxic T cells, which are the
main effector cell type of the adaptive immune response against intracellular pathogens, was
evaluated for 12 proteins in patients with metastatic melanoma and in healthy donors using
capture reagent barcoding. The assay profiled the secretion of thousands of cells in parallel,
with single-cell resolution, from a starting population of just 10,000 cells. Through diversity
analysis, the measurements showed that there is greater cell-to-cell secretion heterogeneity
in the cytotoxic T cells of patients with melanoma (45 distinct cell populations) compared
with cytotoxic T cells from healthy controls (17 distinct cell populations)32. As conventional
single-cell secretion assays cannot detect 12 targets at once, the microfluidic platform offers
greater profiling depth for immune monitoring and clinical assessment.

In another example, profiling of the phosphorylation of 11 intracellular PI3K signalling
proteins was made possible by microscale confinement of lysate from individual cells®. To
understand the PI3K pathway, protein expression was evaluated in human glioma cell lines
at basal levels and after drug treatment. Protein correlation maps were established for single
cells to identify putative protein—protein interactions33:36. By contrast, conventional
immunoassays on pooled cell populations measure protein expression as a population
average. Therefore, conventional immunoassays are unable to determine whether an
observed covariance between proteins is related within single cells or is a by-product of a
heterogeneous pooled sample.

The performance of immunoassays depends on the availability of antibody probes with
suitable specificity3’. Therefore, the presence of protein isoforms (with shared antibody-
binding epitopes) and nonspecific interactions are major concerns in immunoassay
performance. One approach that can mitigate the limited specificity of immunoassays is
western blotting. Western blotting involves an electrophoresis step (in which proteins are
separated by size) followed by antibody probing (immunoassay). By reporting protein size
with the subsequent immunoassay results, western blots provide improved specificity over a
simple immunoassay. Single-cell resolution western blotting is made possible by
microfluidic design, which achieves rapid cell lysis (within seconds) in confined volumes
(microwells), followed by rapid protein electrophoresis (in seconds) and immobilization of
protein in the gel (blotting). The single-cell western blot has been applied to the study of
neural stem cell differentiation, from which a nestin isoform of unexpected molecular mass
was reported3®. When applied to the study of glioblastoma chemosensitivity and expression
of proteins involved in drug resistance, the single-cell western blot detected small
subpopulations of glioblastoma cells that upregulate expression of P-glycoprotein, which
implicates a role for efflux pumps in a possible drug-resistance mechanism of cancer cells3°.
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Genetic and transcriptomic measurements.

In 2013, Nature Methods named single-cell sequencing as their ‘Method of the Year’ (REF.
40). Measurement of cell-to-cell genomic heterogeneity suggests that the genome of a
multicellular organism is a composite of diverse genomes rather than one single genome?1.
Although single-cell sequencing does not require microfluidics, microfluidic approaches
confer distinct advantages in terms of the limits of detection??, reproducibility*3 and
multiplexing#4-46. Sequencing comprises several stages: cell isolation; cell lysis and pre-
amplification; reverse transcription (for RNA detection); and secondary amplification and
readout. Intriguingly, when cell lysis and pre-amplification were carried out in microfluidic
nanolitre reaction volumes, fewer false positives were observed and there was less
amplification bias (compared with the same assay carried out in conventional reaction
volumes)#247_ False positives can arise from the indiscriminate nature of the initial
amplification of nucleic acids. Microfluidic pre-amplification reduced the amplification bias
of high-abundance sequences, and thus low-abundance sequences were better represented at
low sequencing depths#2:43:47.

Laminar flow routing of cells at a low-Re flow regime (Re <10; see FIG. 2b) to
microfabricated cell traps (which are sized to house just one cell in each trap)*8 has been
used to position hundreds of cells within minutes for the subsequent concurrent detection of
nucleic acids. Studying rapid mRNA decay® after stimulation (for example, after
trypsinization) may benefit from similarly efficient microfluidic approaches. Researchers
have used microfluidics to integrate cell loading, sample preparation and fluorescent reporter
readout for the measurement of several nucleic acid targets in each of 300 cells in an ~2 hour
measurement period®C. Precision fluid routing has been used to aliquot a 60 nl cDNA sample
into discrete 25 pl reaction chambers defined by surface tension for digital PCR; carrying
out cDNA dilutions in these digital PCR reaction chambers yielded a dynamic range of 0 to
10,000 molecules®?.

At present, however, the multiplexing advantage of cell sorting on-chip is hampered by the
bottleneck in downstream deep sequencing, for which samples are collected and analysed
off-chip in serial runs. In the near future, nucleic acids from single cells will be uniquely
barcoded during the pre-amplification stage, thus facilitating the sequencing of DNA from
multiple cells in a single batch process. The distinct cell sequences can then be reconstructed
after sequencing using the barcode identifiers523,

Cell mechanics.

Cell mechanics and cytoskeletal structure are crucial factors in regulating cell spreading and
migration, intracellular cargo transport and cell fate>4. Few analytical approaches can assess
cell mechanics — and those that are available, such as micropipette aspiration®® and atomic
force microscopy®8, can be difficult to carry out and have a low throughput. Microfluidic
flow-based approaches to mechanobiology assays are emerging as alternatives. For example,
in biophysical flow cytometry®’, a suspension of cells is directed through a channel that
contains a micropore slightly smaller than the average cell diameter. Cell transit time
through the channel is directly related to cell deformability, with a measurement throughput
of ~800 cells per minute8. By combining this approach with mechanical modelling, it has
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been possible to measure the cortical tensions of red blood cells®®. Results of another
microfluidic flow cytometry study suggest that aberrant white blood cells (as defined by
their size and stiffness) may be drivers of microvascular occlusion in patients with
leukostasis®”. In a similar approach, microbarriers that required cells to deform to be able to
traverse the structures were used to sub-classify a heterogeneous breast cancer cell line on
the basis of cellular deformability. Gene expression analysis of the two subpopulations of
breast cancer cells showed that the more flexible cell subpopulation overexpressed several
genes that are associated with cancer metastasis®. In the future, biophysical flow cytometry
and sorting are likely to be combined with single-cell protein and nucleic acid
measurements, perhaps establishing as-yet undiscovered biophysical and biomolecular
relationships.

Contact-free measurements of single-cell deformability overcome the limitations of contact-
based biophysical measurements. Instead of squeezing cells through confined spaces,
contact-free tools use precise flow control to hydrodynamically stretch cells in fluid flows.
The contact-free assay has fewer problems associated with channel clogging compared with
contact-based assays and it can achieve throughputs of up to 65,000 cells per second?,
which matches flow cytometry measurement rates. The contact-free, label-free deformability
assay — operating in an inertial microfluidic flow regime with a Re of ~200 (that is, 1-2
orders of magnitude higher than in canonical microfluidic systems; see FIG. 2b) while
maintaining laminar flow — has been used to accurately identify malignant pleural
effusions!®. Stem cell pluripotency which is currently determined by biochemical markers®?,
might also be ascertained by cell deformabilityl125.62, High-throughput hydrodynamic cell-
stretching assays have tracked changes in the deformability of human embryonic stem cells
during differentiation for thousands of single cells'2, approximately four orders of
magnitude more measurements than are possible with existing non-microfluidic techniques.
Using the large data set that was obtained, the authors created a classification strategy for
identifying undifferentiated and differentiated human embryonic stem cells.

Single-cell analysis using microfluidic devices takes advantage of minimal target dilution,
automation and the integration of several assay steps and readouts, which is accomplished
by either multiple concurrent steps or rapid serial processes. Further innovation is required
in the interfacing of microfluidic workflows with macroscale processes. In particular,
approaches are needed to integrate microfluidic systems with dispensing and collecting
functions that are rapid, automated and minimize manual handling, which can otherwise
perturb experimental conditions and make quantification difficult.

Live-cell imaging

Microfluidic cell culture platforms establish well-controlled cellular microenvironments that
are suitable for live-cell imaging. The fine spatial and temporal control of such platforms
underpins high-resolution study of dynamic phenomena and even of stable long-term
cultures. On-chip culture combined with real-time microscopy and an automated microscopy
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stage is a practical approach for monitoring rapid phenomena and/or multiple samples in
parallel.

Long-term observation.

Microfluidic cell culture arrays provide controlled microenvironments for stable long-term
monitoring. Generational trends can be investigated by combining imaging with microfluidic
single-cell traps®3 to observe the cellular lifespan of multiple single cells. These tools have
been used to investigate cellular inheritance?1-64 and ageing2%-22:65, For example, individual
yeast cells were trapped in a commercial microfluidic device, and the mitochondrial-to-cell
volume ratio was monitored for 50 hours, during which time up to 40 generations of yeast
budding — for both the mother and daughter cells — were observed. The researchers noted
a consistent reduction in the mitochondrial-to-cell volume ratio of mother cells with
generational age. Interestingly, the mitochondrial-to-cell volume ratio of daughter cells was
maintained over time. Stable inheritance despite a growing mitochondrial asymmetry
between mother and daughter cells suggests that there is an active mechanism for
mitochondrial sensing and feedback within budding yeast?L.

Microfluidic cell culture arrays have been extended to small multicellular organisms®® to
study developmental biology87:68 and as platforms for high-throughput testing in vivd®.
Using a single microfluidic array, researchers grew and monitored 64 Arabidopsis thaliana
seedlings expressing 12 different transgenic reporter lines. Automated confocal imaging was
used to capture and reconstruct 3D time lapses of root structural development and the
corresponding spatial distribution of gene expression for all 64 seedlings in parallel. In this
platform, different growth media (with low pH, or iron or sulfur deficiency) were tested on
genetically identical plants, and considerable heterogeneity of seedling gene expression from
certain promoters was observed. Interestingly, the WUSCHEL-RELATED HOMEOBOX 5
(WOX5) promoter undergoes a burst of activity in the elongation zone of the seedling,
producing a standing wave of WOX5 expression in that region, which indicates that there is
a self-sustaining regulatory network for WOX5 expression®’. Similarly, microfluidic
systems are being developed to culture arrays of zebrafish embryos’? as a high-throughput
in vivo platform for toxicology and drug screening®%71,

Dynamic response monitoring.

Even time-varying, low-Re microfluidic flows are predictable and straightforward to
describe mathematically. Microscale flows typically result in Re values that are small
compared with the Strouhal number, and thus both convective and unsteady parts of the
describing equations do not need to be considered’2. Pulsing of well-controlled flows
carrying soluble signals can dynamically and precisely perturb molecular pathways (FIG.
3a). Areas of recent study include cellular feedback mechanisms, noise’3, frequency-
encoded responses’# and rate-limiting processes?®.

To study calcium signalling dynamics, two concentrations of the drug carbachol were pulsed
over human embryonic kidney (HEK293) cells in a microfluidic flow chamber. Carbachol is
known to regulate levels of intracellular calcium through a membrane receptor. The lower
carbachol concentration resulted in an oscillating calcium signal, whereas the higher
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carbachol concentration resulted in an acute increase in the calcium signal that plateaued
above pre-stimulus levels. A mathematical model of the pathway suggested mechanisms that
might be responsible for these two behaviours: calcium replenishment and inositol
trisphosphate production in response to the low carbachol concentration; and
dephosphorylation of deactivated receptors in response to the high carbachol
concentration1®,

In another study of the high osmolarity glycerol (HOG) MAPK pathway, 1 M sorbitol was
pulsed with a range of frequencies over yeast cells in a microfluidic flow chamber to study
the temporal response to an osmotic shock’>. The HOG MAPK pathway transmitted
individual signals with periods longer than 220 seconds but integrated signals with shorter
periods. At signals oscillating less than once every 220 seconds, the dynamics of Hog1l-GFP
nuclear localization matched those of the input signal; with higher frequency signals, the
response pathway was unable to follow the input. Thus, different stimulus dynamics altered
the degree of the Hog1-GFP nuclear localization response.

Rapidly switching signals in microfluidic flows have been used to probe the dynamics of
transcription factor activity in yeast. Pulses of a protein kinase inhibitor controlled the
nuclear localization of a fluorescently labelled transcription factor (Msn2—mCherry) for the
direct study of gene expression (measured with a YFP reporter) for a range of promoters and
dynamic conditions. Promoters were grouped into distinct classes on the basis of their
responses, which ranged from high-threshold, slow activation to low-threshold, fast
activation. The promoter activation timescale was related to nucleosome remodelling”. In
another study, reductions in iron concentration led to damped oscillations of gene expression
in the iron homeostasis pathway in Escherichia coli. The gene expression oscillations were
independent of the cell cycle and persisted for several generations. Damping of oscillations
was required to balance response speed and stability, as an underdamped oscillation was
required for response speed and an over-damped response preserved only the signals that
occurred with longer timescales’.

Microfluidic approaches are uniquely well-suited for live-cell imaging. Long-term culture
arrays offer a controlled environment for high-throughput biological analysis. Studying
dynamic cell-signalling pathways is made possible by the negligible inertial forces and fast
“active’ valves and switches of microfluidic devices!3.

Rapid molecular events

Similar to the dynamic cellular analyses described previously, microfluidics also provides a
platform for high-resolution temporal studies of molecular events. Active microfluidic
functions with timescales ranging from milliseconds to seconds facilitate the direct
observation of transient molecular phenomena at matching timescales (FIG. 3b) that are
either not observable or not quantifiable with traditional approaches.
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Transient intermolecular interactions.

Rapidly dissociating molecular interactions have a pivotal role in many biological processes.
For example, transcription factor—-DNA binding partners often have dissociation rates of 0.1
s~ and higher. To measure rapidly dissociating interactions, a measurement must be
completed in less time than is required for dissociation. If the measurement is too slow, the
interacting molecules will have dissociated. One approach to overcoming this restraint is to
physically trap the binding partners together. Mechanically induced trapping of molecular
interactions (MITOMI)?7 uses pneumatically actuated valves to rapidly squeeze the solvent
out of the binding region by pressing a surface onto a spot of immobilized reagent.
Removing the solvent prevents the loss of the interacting molecules into the solvent. Thus,
even quickly dissociating interactions can be evaluated. Using MITOMI on a microarray of
immobilized reagents, thousands of transiently associated transcription factor—-DNA
interactions were ‘frozen in time for subsequent quantitative evaluation’’-81, MITOMI has
been used in assays of dynamic molecular interactions including RNA—protein82 and
protein-protein2:83 interactions.

In one MITOMI study, the dissociation constant (Kjy) values of 28 yeast transcription factors
were measured against all possible 8-bp DNA sequences (a total of 65,536 sequences)!®. In
an adaptation of the original MITOMI assay, both the on- and off-rates for binding were
measured for 768 DNA-protein interactions in massively parallel microfluidic devices using
periodic opening and closing of the trap’. In such studies, the minimum resolvable
interaction time is determined by the valve closure time (5 ms). The quantitative
transcription factor-binding kinetics that have been determined using this platform support
the use of stochastic models to predict gene expression and cellular processes. The massive
multiplexing, quantitative capacity and large dynamic range of MITOMI make the assay a
powerful tool for the characterization and discovery of molecular interactions.

Molecular phenomena.

Summary.

Microfluidic systems are suitable for interrogating rapid molecular phenomena®4.
Microfluidic isoelectric focusing, which separates biomolecules on the basis of charge
differences, identified charge-switching in the fluorescent protein GFP upon stimulation
with light8®, Real-time imaging of the ~1-second microfluidic separations was crucial for
observation of the charge switching and for determining switching kinetics.

Ultra-fast microfluidic mixing (that is, mixing taking place in less than 100 ps) facilitated
tight control of hydrogen—deuterium exchange and thus allowed researchers to extend the
dynamic range of NMR into the microsecond range84:86. Using this approach, the
researchers concluded that decreases in chain dimensions during the early stages of
cytochrome cfolding are the result of specific a-helix interactions and do not indicate a
general hydrophobic collapse of the protein.

The temporal control afforded by microfluidics has provided new research tools for
observing and quantifying rapid molecular events that are not measurable with conventional
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tools. We expect this to be a growth area in biologically applied microfluidics over the next
decade.

Early microfluidic tools, including capillary electrophoresis®’ and flow cytometry®8,
transformed high-throughput screening assays (FIG. 4). Recently, the emergence of droplet
microfluidics8%-91 has again pushed the boundaries of throughput (FIG. 4a) and is
facilitating screening with new types of selection criteria that were not previously accessible.
Although there are important non-droplet-based microfluidic screening platforms®2-95 we
focus here on the biological insights gained from droplet microfluidics because of the future
potential of this platform?6.97,

Functional screening of genetic libraries.

Precise control of water-in-oil emulsions facilitates the screening of hundreds of millions of
samples each day%. Immiscible droplets (with volumes of 50 fl to 1 nl) reduce cross-
contamination between samples and provide high local concentrations for sensitive assays.
Droplet libraries are produced from suspensions of genetic elements (such as genomes of
cells or viruses, or nucleic acids encoding proteins), which are diluted such that each droplet
contains a single genetic element together with all other necessary reagents such as enzymes
for protein production or fluorescent probes for assay readout. After droplets are selected for
functional enzyme activity, the co-compartmentalized genetic elements are sequenced and
used as barcode identifiers®8. For example, several rounds of droplet library selection
supported the directed evolution of horseradish peroxidase (depicted in FIG. 4b). This
method was used to screen 100 million mutant enzymes, contained in separate droplets, in
just 10 hours and to identify mutant enzymes with catalytic rates 10 times faster than those
of the wild-type protein. The entire screen was 1,000-fold faster and ~10 million-fold less
expensive than a comparable robotics-based screen?. Similar droplet-based screens have
been applied to non-mutant libraries. For example, hundreds of thousands of single
antibody-producing hybridoma cells were each encapsulated in a sub-nanolitre droplet, and
the activity of secreted monoclonal antibodies was measured for each hybridoma cell8. Such
functional screens may expedite and reduce the cost of high-quality monoclonal antibody
production. In the future, antibody screening of non-immortalized primary B cells may also
be possible, as cell proliferation is not required for this type of assay.

Droplet-based single-cell screening has been used to investigate metabolic activity in a two-
stage assay to identify cells that are capable of extracellular metabolite secretion or
consumption®. In the first stage, single cells were encapsulated in growth medium and
cultured for several days in separate droplets. Then, in the second stage, aliquots of
metabolite detection reagents were merged with droplet-encapsulated cells, facilitating the
selection of cells with the desired metabolic activity.

Reaction optimization and screening.

Precisely controlled metering and mixing of reagents by microfluidics yields exquisitely
controlled doses19, volumes and solvent conditions for reactions®. In particular, reactions
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that are sensitive to initial conditions, consume expensive reagents and/or require scrutiny
over hundreds of unique conditions (for example, optimizing conditions for protein
crystallization®) will benefit from microfluidic screening. Owing to time and cost
limitations, conventional dose-response drug-activity screens are often carried out at
approximately ten unique drug concentrations, which is a relatively low number of discrete
concentration points when investigating complex relationships. To establish high-resolution
(near-continuous) dose—response relationships for drugs, a bolus of drug compound with
non-uniform concentration (created by diffusion-like dilution of drug concentration plugs by
Taylor-Aris dispersion) was compartmentalized into 10,000 discrete water-in-oil droplets,
thus encapsulating a continuum of drug concentrations, together with enzyme and
substrate190. To investigate inhibition of the cancer- and diabetes-associated protein-tyrosine
phosphatase 1B (also known as PTPN1), more than 700 different compounds were screened
at 10,000 concentration points per compound. Novel enzyme inhibitors were discovered that
are tenfold more potent under optimal conditions than are the compounds identified using
conventional tools101,

Volume-sensitive reactions have also been explored using microfluidic devices. Monitoring
nucleation events is possible using conventional tools; however, the precise definition of
initial conditions is challenging, thus obscuring the guiding physical principles. To study
fundamental mechanisms in the early formation of amyloid fibrils, individual amyloid nuclei
were compartmentalized into water-in-oil immiscible droplets (with a volume of nanolitres
to picolitres). Nucleation of fibrils and subsequent fibril formation and propagation were
monitored by fluorescence microscopy102. A critical droplet volume of 31.8 pl was
identified, above which multiple secondary nucleation sites were observed. Below this
volume, primary nucleation occurred and the growth rate was limited by propagation rather
than nucleation. The results suggest that cellular compartmentalization offers protection
against uncontrolled protein aggregation. Furthermore, the sensitivity of fibril nucleation to
initial local protein concentration underscores why secondary nucleation is not common in
biological systems. Unlike for secondary nucleation, small differences in local concentration
will not lead to highly variable primary nucleation.

Precise manipulation of fluids facilitates the controlled metering of reagents and
encapsulation into microfluidic droplets. The ability to image and sort droplets in real-time,
multiphase microfluidic systems is leading to new high-throughput screening strategies.

Tailored contexts

Microfluidic tools can be used to reproduce customized and controlled microenvironmental
contexts, which is now a mainstay of biological hypothesis testing.

Biomimetic environments.

Mimicking /n vivo biological contexts /n vitrois of considerable interest and includes efforts
to devise organ-on-a-chip platforms. To recapitulate biological environments, researchers
need precise patterning of materials to create features that are appropriate to the size of the
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cells and tissues (FIG. 5). Manipulating patterned regions requires the same precise control.
As they are compatible with imaging microscopy, these microfluidic systems are readily
monitored and measured at high resolution — something that is challenging with /n vivo
biological systems.

Biomimetic microfluidic systems have been developed for spheroid formation103.104
intravasation19%, extravasation16 and angiogenesisl97:108, For example, to investigate
mechanisms by which the endothelial barrier is compromised in cancer cell invasion,
researchers created a tumour-to-vascular interface using a multichannel microfluidic device.
The central region of the device contained a 3D collagen matrix. Endothelial cells and
fibrosarcoma cells were introduced contiguous to the collagen layer, thus concurrently
forming a confluent endothelial layer and seeding cancer cells for invasion. High-resolution
live-cell imaging tracked tumour cell migration into the collagen and monitored interactions
with the confluent endothelial layer. Using this /n vitro model, dynamic tumour cell-
endothelial cell interactions were observed during intravasation, including the appearance of
invasive protrusions and changes in cell shape as tumour cells exited the collagen matrix.
Furthermore, intravasation was associated with endothelial barrier impairment195,

In a similar model system, breast cancer cells were introduced adjacent to the endothelium,
permitting researchers to monitor the extravasation of cancer cells through an endothelial
layer and into a bone-like 3D environment. Using live-cell imaging, concurrent observations
were made of the extravasation process and metastatic niche formation, which was observed
as micrometastases from 4 to 60 cells in size. The breast cancer cell receptor CXC-
chemokine receptor 2 (CXCR2) and its ligand CXC-chemokine ligand 5 (CXCL5) were
implicated in the kinetics and extent of extravasation106,

Angiogenesis is crucial to cancer progression19°. To study this dynamic process, researchers
created adjacent microchannels in a 3D collagen matrix107-108_One channel was
endothelialized (that is, its walls were covered with a layer of endothelial cells) and adjacent
channels transported angiogenic factors, thus initiating angiogenesis from the
endothelialized channel into the collagen matrix. Live confocal imaging captured the
dynamics of neovessel formation for various angiogenic factors. Interestingly, the
requirement for vascular endothelial growth factor (VEGF) for vessel sprouting was
dependent on the specific mix of angiogenic factors that were used, which may explain why
blocking angiogenesis using VEGF inhibitors gives inconsistent results. Using a similar
model system, a network of endothelialized channels in collagen was coupled with pressure-
driven blood flow to demonstrate angiogenesis in healthy and thrombotic states'97: in the
future, this disease-model system could be adopted for drug testing.

Mimicking an entire organ using microfluidic design is an active area of research16:110,
Organs-on-a-chip range from the biologically accurate to the abstract11, with single-organ
systems including lung?5, heart!12, liver!13, colon!4, blood-brain barrier!® and muscle16.
Many in vitro organ-on-a-chip systems replicate /n vivo organ geometry to realize function,
thus establishing a model system to test how alterations in phenotype or drugs can affect
organ function. Alternatively, abstractions of the biological system in vitro, which replicate
the function of the organ without duplicating biological structure, can be used to study the
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underlying mechanisms of biological systems1.117, Building from single-organ systems,
body-on-a-chip systems consisting of multiple organs are also benefiting from microfluidic
devices!18.119  Although the complete elimination of animal testing may not be feasible,
microfluidic organ mimics could offer an economical early-stage /n vitro assessment tool for
the testing of promising drug targets.

stimuli.

Biological systems respond to average signal levels, as well as to gradients in chemical
concentration120:121 material stiffness122 and pressurel23. The precise flow control in
microfluidic devices forms rapid, stable, linear gradients (for more than 12 hours)124.
Monitoring individual mouse bone marrow-derived mast cells exposed to concentration
gradients of Kit ligand revealed a previously unreported chemorepulsion that occurs during
the first 90 minutes of exposure to Kit ligand concentrations below the chemoattraction
activation threshold (<3 ng mI=1)120, Rapid generation of stable concentration gradients (<2
minutes) revealed the fast migration of dendritic cells25. Microfluidic gradient generators
revealed the fundamental limits of chemotaxis for the eukaryote Dictyostelium discoideum.
Here, the authors observed sensitivity to both gradient steepness and local concentration.
Practical response limits to microfluidic gradients are likely to be controlled by the
concentration and distribution of membrane receptors, a result that is supported by
numerical modelling?21,

Bulk microfluidic flows have been used to flush soluble cell-to-cell chemical signals away
from cells, thus de-convolving a cell response to surrounding cells from the response to the
chemical gradient itself. Shallow, low-concentration cAMP gradients (<5% concentration
difference across a 10 pm-diameter cell) supported a chemotaxis response that was limited
by external concentration fluctuations due to the sensing limits imposed by the finite number
of surface receptors on each cell. For steep concentration gradients, however, the cells did
not respond as predicted by a ligand-receptor binding model, suggesting that these cells have
suboptimal internal concentrations (below Kj) of the signal transduction cellular machinery.
Whether the chemotactic response is limited by increased fluctuations of intracellular
signalling protein concentrations or by signalling pathway saturation remains under
investigation121,

In another example, stimulation of individual nerve growth cones with temporally and
spatially varying gradients of GABA (aminobutyric acid) showed both signal amplification
behaviour (over narrow concentration ranges) and low-pass filter behaviour (cut-off
frequency of 0.002 Hz) in GABAA receptors’4.

Flow control.

Microfluidic systems have been designed to match both the feature sizes and flow velocities
that are found in the circulatory system126, To study thrombosis, researchers embarked on a
parametric analysis of thrombin and fibrinogen concentrations and flow conditions. They
observed distinct fibrin deposition regimes that can be described in a state diagram; thin
films of fibrin were observed with high flow rates and low concentrations of thrombin and
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fibrinogen, whereas 3D fibrin gels were formed with slow flow rates and increased thrombin
and fibrinogen concentrations27.

Endothelialized channels were used to study the effects of flow shear on haematological
diseases. Blood from patients with sickle cell disease treated with the drug hydroxyurea had
increased flow velocities and reduced occlusion rates compared with blood from non-treated
patients — with values approaching those observed in healthy patients128,

Microfluidic tools are also well-suited to the study of cell-surface attachment and homing in
the blood stream. Such approaches show that neutrophils have decreased rolling speeds on
surfaces coated with E-selectin and P-selectin when they express intercellular adhesion
molecule 1 (REF. 129). Leukaemic and haematopoietic progenitor cells expressing CD44
receptors adhered to and rolled on surfaces coated with hyaluronic acid, which is a
glycosaminoglycan that is found throughout connective, epithelial and neural tissues. These
findings suggested a mechanism for leukocyte recruitment and homing of stem cells to the
bone marrow30,

Social context.

Summary.

Nearly 10,000 mouse fibroblasts were precisely arranged into 79 microchambers with
various seeding densities (4,000 to 40,000 cells per square cm). Automated migration
tracking of all cells over a 5 hour period enabled researchers to devise a mathematical model
of cell migration. The migration model described cell migration trajectory as a function of
several variables, including pseudopod direction and chemokine diffusion (from
neighbouring cells). Only a small number of intercellular ‘traffic rules’ were required to
replicate empirically the emergent properties of cell migration3Z.,

The precise cell patterning that is possible with microfluidic devices is suited to the study of
intracellular signalling with controlled cell-to-cell spacing. For example, glioma cells were
placed at defined separation distances (of 20 to 120 um) in microfluidic chambers (~1,000
replicates for each 20 um interval). To assay both secreted and intracellular proteins from
each of the two cells in a chamber, immunoassays were carried out on the chamber lid after
cell lysis. Using thermodynamic-like considerations, the free energy minimum of epidermal
growth factor receptor signalling was observed with cell spacing of 80-100 um, indicating
the most stable signalling state. The 80—100 um spacing is consistent with the glioma cell
spacing that is commonly observed in bulk cell culturel32, This biological insight and
platform technology could help in understanding the diffusive nature of some brain cancers.

Microfluidics enables researchers to interrogate complex biological relationships by
representing biology in tailored microenvironmental contexts that can be perturbed in a
controlled manner and closely monitored using real-time, high-resolution imaging.

Perspective

Microfluidic tools, combined with advanced molecular, imaging and bioinformatics
techniques, constitute a flexible ‘toolbox’ that life scientists are actively adopting and
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adapting. As the technology matures and becomes more robust, microfluidic tools that
address open needs are progressively being applied to biological questions12:32:38:47
Although the adoption rate of microfluidic tools has historically been slow, biological
research is increasingly seeing enquiry augmented (or in some cases enabled) by
microfluidics. Biologists pursuing their own lines of enquiry may prefer commercially
available products over early-stage prototypes, but the growing catalogue of commercially
available microfluidic tools — which now includes platforms for live-cell analysis in
dynamic environments (EMD Millipore) and single-cell genomics (Fluidigm) — is already
having an impact on biological research?1:133.134 Wider-scale adoption of microfluidic
techniques is also being driven by collaboration between “early adopters’ in the life sciences
and engineering research laboratories. Even as these technologies are being applied to
questions in the life sciences, the pursuit of innovation and fundamental understanding is
anticipated to continue in the engineering, materials and chemistry fields.

Despite our optimistic outlook, we do acknowledge hurdles to the widespread adoption of
microfluidic assays. First, there are incompatibilities between the standards (for example,
materials used) of engineers and biologists3°. Second, there are gaps in expertise between
microfluidic engineers and biologists; the operation and assay design of microfluidic
systems might require some understanding of the underlying fundamental physics of mass
transport and fluid mechanics, thus limiting access. Third, not all (or perhaps even many)
biological lines of enquiry require microfluidics, and thus biologists will generally prefer to
use conventional macroscale tools — even though these may be less convenient — than to
learn and invest in a new technique. Given these hurdles, we emphatically acknowledge that
widespread dissemination of these tools will require time, maturation and commercial
availability of the underlying technologies.

For the innovators developing the next generation of microfluidic tools, we laud the efforts
at collaboration (from an early stage) between physical scientists and engineers, and
molecular and cell biologists. In addition to being a best practice of engineering design, such
collaborations address quantitative analytical considerations (mathematical modelling,
statistics and simulations), which are central to many of the studies highlighted in this
Review. The continuing reframing of biological enquiry by microfluidics (and other
advancing technologies) demands collaboration, the vision to propose novel questions and
the increasing ‘mathematization’ of biology.
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Laminar flow
A flow regime that is Observed when the Reynolds number is less than 2,000 in pipe flow;
in such cases, fluid moves in parallel stream lines or ‘lamina’
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Reynolds number

(Re), A dimensionless number that is defined as the ratio of inertial forces to viscous forces
in a system. The value of Re increases with flow velocity and the characteristic length scale
(Of, for example, the channel diameter) and decreases with viscosity. Microfluidic flows
typically have a low Re (< 10), which results in laminar flow.

Laminar flow patterning

Laminar patterning uses the slow mixing between multiple microfluidic flows with low
Reynolds numbers for spatial patterning or to deliver soluble agents within the channel. The
shape and location of patterning are controlled by modulating the relative flow rates of each
fluid in the channel.

Multiplexing
The measurement of multiple signals in parallel; that is, carrying out several assays
simultaneously.

Barcoding

The use of recognizable labels (tags) to track individual samples throughout an assay or to
track the output of distinct assays from a single sample for multiplexing. Examples of such
tags include DNA sequences, spectrally-encoded fluorescent beads and spatial patterning of
capture reagents.

Strouhal number

A dimensionless number that is defined as the ratio of inertial forces resulting from changes
in velocity in the flow field to the inertial forces resulting from unsteady flow oscillation.
The Strouhal number increases with flow velocity and decreases with the characteristic
length scale of the channel and with oscillation frequency.

Dissociation constant
(Kg). An equilibrium constant that describes the susceptibility of a complex to dissociate
into its components. It is often used to describe how strongly molecules interact.

Directed evolution
A method for the engineering of new biomolecules using the principle of natural selection.
Typically, several rounds of selection are used.

Taylor-Aris dispersion
A phenomenon that can enhance effective diffusion when there is a non-uniform flow
velocity across a channel, as is typically the case in pressure-driven microfluidic flows.

Intravasation
The invasion of cancer cells through the basement membrane into a blood or lymphatic
vessel, which is a crucial step in cancer metastasis.
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Box 1 |
Drawbacks to adopting microfluidic tools

Microfluidic approaches can provide many advantages over conventional assays in terms
of performance or capabilities (such as analysis time, throughput, reliability through
automation, sensitivity or resolution); nevertheless, one approach cannot meet every
need. Careful consideration of existing macroscopic approaches should be weighed
against both the added capabilities of new microfluidic tools and their inherent drawbacks
and risks. To assist with decision-making, we draw the reader’s attention to the common
drawbacks that are associated with microfluidic approaches. Developing new
microanalytical tools is a demanding and time-consuming endeavour with no guarantee
of success. Therefore, novel microfluidic tools are best considered in cases in which
macroscale approaches do not yield the required information or in which miniaturization
of the assay can confer notable performance advantages.

Loss of sample

The high surface area to volume ratio in microsystems allows heat to dissipate effectively
(from inside the channel) but can also enhance surface adsorption losses. Careful
consideration of surface treatments must be made to prevent loss of sample through
adsorption to channel walls. Also, microchannels can become clogged with debris or
bubbles, which in many cases ruins the device.

Incompatibility with rapid processing of large sample volumes

The range of volumes and volumetric flow rates that are generally used in microfluidic
devices require long durations to process large volumes of sample. For example, a
channel with a 10 pm diameter would take ~1,000 minutes for a 1 ml volume to pass,
compared with less than 1 minute in a 1 mm diameter channel at the same applied
pressure. For high-volume applications, it may be more appropriate to consider
mesofluidic approaches.

Mismatch with conventional tools

Conventional pipettes deliver microlitre volumes, whereas microdevices typically analyse
nanolitre volumes, which means that the majority of the sample will not be analysed by a
microfluidic device and will potentially be wasted.

Loss of historical context, standards and controls

Results from studies using new assays can be challenging or impossible to compare with
published results from conventional assays. Accepted assay standards and controls may
not be applicable in a new microfluidic format. Consequently, the adoption of new
microfluidic assays by the research community can be slow.

Specialized requirements

Microfluidic approaches may require specialized instrumentation, expertise in
engineering design and non-conventional data interpretation strategies, particularly at the
earliest stages of device development.
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Solid-state fabrication
— | Adoption of solid-state fabrication techniques to create glass- or silicon-based microfluidic devices.
Techniques included photolithography, glass etching and glass bonding***

'

PDMS microfluidics
The introduction of PDMS microfluidics markedly decreased
the cost and complexity of fabrication®

1

!

Microfluidic el phoresis
The first application of
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glass microchannels***

Surface patterning
Surface patterning of
biomolecules in dense
arrays accomplished

Cell handling and delivery
Microfluidic methods for
transporting and isolating
cells enabled researchers

by several microfluidic | | to precisely address and

approaches!#0:143

measure individual cells,
for example, in a cell trap*®

Pneumatic valve

Invention of a pneumatically
actuated valve that uses

air pressure to open and

in PDMS#3:44

Droplet generation
Microfluidic droplet generators
enabled researchers to create
precise water-in-oil emulsions,
in which each droplet is a
unique reaction vessel®

|

|

close fluidic channels

|

Modern :
microfluidic | Measuring the Single-cell Lung-on-a-chip | | Studying mitochondrial Quantitative analysis | | High-throughput,
applications | dynamics of GFP | | functional platform?® inheritance over the lifespan | | of transcription factor | | droplet-based monoclonal

charge states®®

proteomics®®

of a single yeast cell®*

binding™’
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Figure 1 |. A flow diagram highlighting crucial developments in microfluidics, from fabrication
approaches and functional developments in the evolution of the technology platform to some of
the applications discussed in this Review.

As early as the 1960s, seminal microfluidic technologies were increasing the speed and
resolution of bioanalysis for a small number of powerful analytical tools136-138_ Cruycial
fabrication developments, which began in 1990, allowed researchers to transition from using
pulled glass capillaries to microfabricated glass or polymer microchannels3139. Microfluidic
tools have precisely defined features and contain highly complex channel networks and
fluidic components that can execute specific functions!3:48:91,140-144 | the past decade, the
increasing availability of fluidic components and number of experienced microfluidic
researchers have opened the door to new biological applications; these include new single-
cell measurements®12.21 high-throughput monoclonal antibody screening®, analysis of
dynamic phenomena?!:77:85 and organ-on-a-chip platforms®. PDMS, polydimethylsiloxane.
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Figure 2 |. Physics at the microscale.
a | Bioanalysis in small, confined microfluidic volumes can enhance reaction speeds for

detecting low-abundance molecules, compared with reactions conducted in a conventional
chamber. In the case of detecting proteins from a single HeLa cell (median protein
abundance ~170,000 molecules per cell?”), a sufficient protein concentration is maintained
in the microfluidic system for an antibody (assuming ko, = 10° M~1 s™1 and a 60 kDa
protein) to reach reaction equilibrium within ~1 hour, whereas it would take ~108 hours to
reach equilibrium in the conventional system, owing to the relative concentration
differences. The minimal diffusive losses that are associated with microfluidic volumes are
essential for measuring proteins from single cells and other analytes that cannot be
amplified, b | The predictable laminar flow that occurs in a microfluidic device is one of its
most important features. The hydrodynamic flow focusing of cells is shown for different
flow regimes, which vary according to the flow velocity, channel diameter or viscosity (these
parameters are reflected in the Reynolds number (Re)). At near Stokes flow (Re <<1) and
low Re flow (Re <10), which are the conditions in most microfluidic devices, the effects of
inertial forces are minimal and for most applications can be ignored. In inertial microfluidics
(typically 10 < Re <1,000), high pressures are used to create relatively high flow velocities,
so that particles (such as cells) have inertial interactions with objects or flows. Inertial
microfluidics can be used for several different applications4®, including size-based sorting,
streamline focusing and mechanical measurements2. Above a Re of 2,000 in pipe flow146,
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which is not practical to achieve in microfluidic devices, a transition to turbulent flow
occeurs.
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Figure 3 |. Dynamic process analysis.
a | The schematic depicts a microfluidic device designed for the generation of pulses of a

soluble factor by alternating the pressures at two separate inlets. The reproducible behaviour
of fluids at the microscale enables the input to be described mathematically. Microfluidic
devices easily interface with real-time microscopy (owing to their planar form factor), which
enables the output of cells cultured /7 situ to be directly monitored as they respond to the
pulses of soluble factor. Rapid pulses (< 10 seconds between pulses) have been used to study
rapid biological processes such as the nuclear localization of transcription factors and their
interactions with promoters’®. b | The logarithmic ruler shows the timescales of dynamic
biological processes and the time resolutions of the corresponding microfluidic techniques
that can be used to study them (as indicated by corresponding colours). EGFR, epidermal
growth factor receptor.

Nat Rev Mol Cell Biol. Author manuscript; available in PMC 2018 November 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Duncombe et al.

Page 29

a — ELISA
8
10 Western blotting ﬂ::(
Genetic screen
— Cell mechanical assessment
10°| — Dose screeni
P ing
S () Conventional %, Microfluidic
a
L)
& 10*
°
s
2
10°
O
10 = T T I
10~ 10 10 10° 10*
Throughput (data points per second)
b - [Waste |
Water-in-oil .
droplet generation Incubation Measure enzyme
" d 1 activity Low actwuty}
L 4 @
Mutant yeast Oil| 2,000 droplets (_) =) O @@ @\ V 4 \—/J
library of HRP per second (‘) (@) () @® C D\ I g C_)’
® @® C) Q QeO®© © o < High activity

eSS 1 | O
i (D(d) @e©O® C) ] e O ~ Collect
:.SOrti/fIE}__ N

Sequence to identify

Create new library for
directed evolution

high performers

Figure 4 |. High-throughput microfluidics.
a | Integrating sample processing and analysis steps within microfluidic technologies has

increased the throughput and data output of a range of analytical tools to orders of
magnitude higher than those obtained using conventional approaches. For example, the
mechanical properties of a cell can be measured using conventional methods (such as atomic
force microscopy) at a throughput of ~10 cells per hour; by contrast, inertial microfluidics
has been used to mechanically assess ~65,000 cells per second?0. b | Water-in-oil droplet
microfluidic technologies are at the forefront of the increase in analytical through put.
Thousands of droplets are produced per second, each of which is a precisely defined
experimental reaction chamber. Downstream fluidic components carryout serial high-
throughput sample processing, which facilitates the analysis of hundreds of millions of
samples per day. In one study?, the directed evolution of horseradish peroxidase (HRP) from
a mutant yeast library was carried out using droplet microfluidics. The researchers screened
108 individual enzyme reactions in only 10 hours, which is an ~1,000-fold increase in speed
and an ~10 million-fold decrease in cost compared with conventional tools. ELISA; enzyme-
linked immunosorbent assay.
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Figure 5 |. Biological length scales.
A | The logarithmic ruler shows the length scales of important biological features. The

feature sizes of microfluidic devices facilitate experiments that are relevant at the
micrometre scale and that are not possible with conventional techniques. Ba—c | Examples of
how microfluidic length scales can match the relevant biology. Cells respond to differences
in concentrations of soluble factors across their surfaces; therefore, experimental gradients
of soluble factors must be generated at the same order of magnitude as the cell diameter'2
(part Ba). By having reservoirs that are set at different concentrations of soluble factors at
either end of a microchannel, linear concentration gradients can be formed by diffusion.
Physiologically relevant cell-to-cell spacing can be realized by confining pairs of cells in
microchambers!32 (part Bb). Micrometre-scale tissue morphology can be replicated in
microfluidic devices (part Bc). For example, events in cancer metastasis can be studied by
establishing an endothelium adjacent to an extracellular matrix (ECM) /n vitro and directly
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observing intravasation9° or extravasation1%6 with invasive cells. A. proteus, Amoeba
proteus, C. vulgaris, Chlorella vulgaris, E. coli, Escherichia coll.
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