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This perspective considers ways in which the field of microfluidics can increase its impact by improving
existing technologies and enabling new functionalities. We highlight applications where microfluidics has
made or can make important contributions, including diagnostics, food safety, and the production of
materials. The success of microfluidics assumes several forms, including fundamental innovations in fluid
mechanics that enable the precise manipulation of fluids at small scales and the development of portable
microfluidic chips for commercial purposes. We identify outstanding technical challenges whose resolution
could increase the accessibility of microfluidics to users with both scientific and non-technical
backgrounds. They include the simplification of procedures for sample preparation, the identification of
materials for the production of microfluidic devices in both laboratory and commercial settings, and the
replacement of auxiliary equipment with automated components for the operation of microfluidic devices.

Received 17th August 2021,
Accepted 17th November 2021

DOI: 10.1039/d1lc00731a

rsc.li/loc

Published on 20 January 2022. Downloaded by Harvard University on 2/2/2022 5:26:17 PM.

1. Introduction

Our understanding of microfluidics—how fluid flows behave
and how they can be controlled at the micron scale—has
developed rapidly since the establishment of the field." Such
progress has enabled successful applications of microfluidics
in fields like biotechnology, healthcare, and materials science.
Individual components in samples can often be isolated and
analyzed separately, and reactive fluid streams can be
precisely mixed to synthesize materials with specific shapes
or compositions. For instance, microfluidics is an essential
tool in next-generation genomic sequencing platforms.>™ It is
an integral component of common diagnostic tests, such as
pregnancy tests, urine dipsticks, and strips for monitoring
blood glucose levels.®® In single-cell analysis, it enables
miniaturized assays to be performed in picolitre-sized
droplets that are produced through high-throughput
processes and that contain individual cells.”** The assays can
probe the response of cells to exogenous factors, such as
antigens, environmental stressors, or other
biomolecules.”'”'* They can also be designed for single-cell
sequencing by assigning tags, or barcodes, to the genomic
information of individual cells prior to sequencing.'*'®
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Microfluidics can be used for the formulation of materials:'”
for example, it is employed in the synthesis of lipid
nanoparticles for drug delivery'®>* and the production of
microparticles in cosmetic products.”*** We summarize these
applications in Table 1.

The future holds exciting opportunities both to pursue
fundamental research on microfluidics, and to work on
commercial applications of microfluidics. Advances in our
understanding of flows at the micron scale have largely
enabled current applications. Microfluidics is particularly
well-matched to applications that require the precise control
or manipulation of fluids, either at small length scales or in
small quantities, as highlighted in Table 2. Microfluidics has
already proven to be successful in the realms of point-of-care
diagnostics and the production of materials. Nonetheless, we
believe that these areas have yet to be fully explored.
Additionally, applications such as food safety would benefit
from or perhaps require new types of microfluidic devices to
sample and identify the composition of products. An
awareness of commercial applications and technical
challenges associated therewith can guide future research.
Microfluidic devices can be developed as freestanding
technologies, or as part of systems that include non-
microfluidic components. Fabrication methods that are
commonly used for research and development, including soft
lithography and glass microcapillaries,> >’ have enabled
rapid progress of a technical, academic sort; however, the
transition to the production of devices with commercial
materials remains difficult. Moreover, systems that use
microfluidic devices often require skilled operators, external
equipment, and tedious sample preparation procedures.

This journal is © The Royal Society of Chemistry 2022
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Table 1 Successful implementations of microfluidics
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Areas Current examples

Probe small samples

Make materials or
products

Single-cell profiling
Bioassays

Materials production
Printing
printing applications”®

Table 2 Promising areas of application of microfluidics

Single-cell analysis;’ next-generation, high-throughput genomic sequencing
Pregnancy tests; test strips for monitoring blood glucose; urine test strips®™®

Production of cosmetics,* lipid nanoparticles for drug delivery
Flow through nozzles or mechanics of droplet formation in droplet-based (3D)

2-5,13,14

18-22

Selected commercial

Applications Examples ventures

Diagnostics e Time-sensitive diagnostic testing (e.g:, sepsis,*””® infectious diseases Abbott (i-STAT)
especially during pandemics®>~’ OPKO (Claros1)”
e Antibiotic susceptibility testing®"#*%! Cepheid (GeneXpert)*
* Essential diagnostic tests for low- and middle-income countries®***> Pattern Biosciences?
e Liquid biopsies for detection of rare biological species® Lucira Health®
 Genomic screening for testing efficacy of prescribed medicines®®° Cytovale’

GRAIL#
Therapeutics e Organ-on-a-chip for screening of therapeutics and their toxicities*? Emulate Bio”

Food and consumer

e Antibody discovery""

e Profiling the human gut microbiome for discovery of markers of inflammatory
bowel disease*” and other autoimmune diseases

e Lipid nanoparticles'®>*

e Detection of mislabelled/misrepresented foods*®
49,83

HiFiBiO Therapeutigsi
AbCellera Biologics’
Acuitas Therapeutics®

Agilent (2100 Bioanalyzer)'

product safety e Identification of foodborne bacteria

Production and 26,27

formulation of materials

e Synthesis of core-shell particles

¢ Production of ‘designer’ particles with controlled shapes and compositions

Precision Nanosystems™

53,54 Capsum”

e Production of active pharmaceutical ingredients™®
e Continuous flow synthesis of toxic chemicals®”

¢ Authenticity of perfumes

“ https://www.pointofcare.abbott/us/en/offerings/istat. ? https://www.opko.com/what-we-do/our-technology. © https://www.cepheid.com/en_US/
systems. ¢ https://pattern.bio. ¢ http://lucirahealth.com. / https://cytovale.com. ¢ https://grail.com. " https://www.emulatebio.com. ° https://
hifibio.com. 7 https://www.abcellera.com. * https://acuitastx.com. ' https://www.agilent.com/en/product/automated-electrophoresis/bioanalyzer-
systems/bioanalyzer-instrument/2100-bioanalyzer-instrument-228250. ™ https://www.precisionnanosystems.com. ” http://capsum.net/en/.

Innovations in fluid handling, automation, and sample
preparation will result in microfluidic devices that are
increasingly simple to use, yet even more functional.

2. Promising areas of application
2.1. Diagnostics

Microfluidics has had success in biomedical diagnostics,
although the microfluidic components may be concealed in
complex systems of other types. As the field continues to
grow, new capabilities will be achieved. Microfluidic
technologies will be used for refined diagnosis of disease by
characterization through sequencing and single-cell
analysis.”® Genetic information can perhaps reveal the
response of patients to potential medications.**° The
susceptibility of bacteria to combinations of antibiotics can
guide treatment.”>* Pathogens, such as bacteria and viruses,’

This journal is © The Royal Society of Chemistry 2022

or biomarkers, including extracellular vesicles®® and
circulating tumor cells,** can be identified with a high degree
of specificity. The ability to identify rare bacteria directly
from blood would circumvent time-intensive bacterial culture
procedures and would enable earlier diagnosis of sepsis.>'**
Challenges that remain in all of these applications include
design of devices, scale-up of device production, and cost of
tests.

There are many successful applications of microfluidics in
rapid, point-of-care diagnostics, including pregnancy tests,
tests for sexually transmitted diseases, and test strips for
monitoring blood glucose.®®*° These tests are portable,
affordable, easy-to-use, and can be deployed at scale;
therefore, they would be suitable for tracking the spread of
infectious diseases such as COVID-19,%¢ tuberculosis,®” and
sexually transmitted infections like HIV, syphilis, and
Chlamydia trachomatis.> We believe that future research
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efforts should focus on expanding the range of diseases that
can be diagnosed, reducing the cost of tests, and increasing
their specificity. For example, microfluidic devices made from
paper are simple to produce by patterning hydrophobic and
hydrophilic regions on paper to guide the flow of aqueous
fluids,*® and can be incinerated for safe disposal. Test zones
can be impregnated with reagents that yield visible color
changes based on the concentration of physiologically
relevant compounds in blood or urine.*® In low- and middle-
income countries (LMICs), there is a pressing need for tests
of this kind given that a large proportion of the diseases that
affect life expectancy cannot be diagnosed by tests offered in
most primary healthcare clinics.***® The costs of regulatory
approval, however, are prohibitive and limit the profitability
of simple microfluidic diagnostic tests. Accordingly, the
widespread deployment of such tests, especially in LMICs,
presents a real challenge.

2.2. Therapeutics

Microfluidics can serve as a tool in the development of
therapeutics."””> For example, candidate antibodies for
therapeutics can be screened.*’ In principle, the human gut
microbiome can be profiled to formulate treatments for
inflammatory bowel disease.”” The toxicity and effectiveness
of drugs can be assessed with organs-on-chips.*’ Lipid
nanoparticles can be formulated using microfluidic
devices.’®?*  Thus, microfluidics provides countless
opportunities for therapeutic discovery and validation.

2.3. Food and consumer product safety

Can microfluidics be used in grocery stores? Microfluidics
can be utilized as a tool in the quality control of food,
agricultural, and consumer products.** In the food domain,
for instance, it is essential to prevent food from being: (i)
contaminated with pathogenic bacteria such as E. coli, (ii)
improperly stored, (iii) deliberately adulterated as in the case
of contamination of baby formula with melamine, or (iv)
mislabelled.*>*® Prototypes of microfluidic devices have been
developed to detect foodborne pathogenic bacteria; these
range from microneedle arrays to smart packaging.'®>”
Economical and simple microfluidic tests for screening or
genomic sequencing at the point of sale or consumption
would improve food safety by, for instance, enabling the
identification of mislabelled seafood products*>*® or
genetically-modified organisms.*? The variability of food also
presents an important challenge in the application of
microfluidic technologies because sample preparation varies
significantly. Indeed, understanding how food should be
sampled to obtain a complete and representative description
of its composition is an exciting research opportunity.

2.4. Production of materials

Microfluidic devices can be used to produce materials and
chemicals because the flow rate and composition of reactive
fluid streams can be precisely controlled. This control of flow
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is especially advantageous because materials can be
generated continuously. Multiple emulsions can be used to
make droplets or core-shell particles containing special
contents, such as active pharmaceutical agents or cosmetic
compounds,”®”” and in situ polymerization can enable the
synthesis  of  particles with  specific shapes or
compositions.>®>* Particles have a multitude of applications,
ranging from personal care*® to drug delivery."*>* These
applications will surely expand given the value added to
products by encapsulation and the ability to make materials
with reproducible sizes and desired compositions.

In microfluidic platforms, heat exchange, mass transfer,
and mixing can be controlled precisely for chemical
synthesis. Reactions occur on small scales and at low
volumes.”> Chemical reactants can reach target temperatures
in shorter times than in macroscale reactors, and sub-
millisecond mixing times can be achieved.”>® Safety can be
improved due to a reduction in both manual processing steps
and the volume of reacting chemicals, and portability can be
achieved.””*® Continuous flow platforms can be used to
make or consume active pharmaceutical ingredients®® or to
produce toxic or explosive chemicals—like isocyanates,
cyanides, peroxides, and azides—on-demand.”” The
application of microfluidics for synthesis will expand given
the ease of customizing products for desired applications.
Factors to consider in developing microfluidic reactors
include the resistance of devices to chemical degradation and
the time needed to establish desired reaction conditions as it
relates to the reaction kinetics.>>"’

3. Technical challenges

3.1. Materials for the scale-up of microfluidic device
fabrication

Currently, most academic laboratories produce microfluidic
devices from polydimethylsiloxane using soft lithography.>>*>°
Polydimethylsiloxane (PDMS) has many appealing features: it
is optically transparent, which allows samples to be imaged
through a device; its surface can be treated and sealed; it is
compliant, which enables its easy removal from molds and
its conformal contact with or adhesion to other surfaces; it is
permeable to many gases and some liquid vapors, which can
be advantageous when establishing an oxygen-rich
environment for cell growth, but not ideal when it is
important to limit the evaporation of water from aqueous
solutions.®™®" Despite these qualities, its processing is time-
intensive.®! It is difficult to seal.®® It swells in the presence of
many non-polar organic solvents, which limits the
hydrophobic chemicals that can be used in conjunction with
it.>> 1t selectively extracts hydrophobic molecules from
aqueous streams in contact with it,°"**®* and its surface
treatment is difficult to maintain.®’ Given these
shortcomings, the identification of affordable materials and
processes that are amenable to easy and inexpensive use in
both research and industrial settings presents a significant
challenge in the scale-up of the production of microfluidic

This journal is © The Royal Society of Chemistry 2022
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devices. This challenge and others are summarized in
Table 3.

Materials are needed that are affordable and simple to
process in small numbers for laboratory experiments, and yet
can be produced economically at large scale for commercial
use. They should exhibit broad solvent compatibility and
form durable seals to avoid leakages. They should be
amenable to the creation of ports for tubing and to surface
functionalization because interfacial properties strongly
influence flow behavior when more than one type of fluid is
used. To realize this approach with a single material, that
material would have to be amenable to multiple processing
methods that could be executed both at the benchtop and in
industrial-scale plants, such as rapid prototyping and
injection molding.®> Alternatively, a two-step process could
be considered, wherein one material would be appropriate
for research and another for commercial production, and
protocols could be established to transition between the two
materials. Either approach would simplify the transfer of
devices created in academic or research laboratories to
industrial-scale production intended for mass markets.

Microfluidic devices can be cast from thermoplastics,®®
including polystyrene,® polycarbonate,®” and cyclic olefin
copolymer,®® silicon, or glass.'”® Technologies such as hot
embossing,®® laser cutting,”® wax printing for paper-based
devices,*®”" and 3D printing’*> have been tested with variable
results. Future work should center on identifying materials in
combination with processing techniques that meet
dimension, solvent, and bonding requirements for desired
applications.

3.2. Operation of microfluidic devices and sample processing

Many microfluidic devices rely on external equipment. This
equipment—fluid  pumps, compressed gas lines,
microscopes, computers, or electrical supply outlets—can be
integral to the operation of devices. By replacing equipment
with smaller components, perhaps even their equivalent in
microfluidic form, that can be integrated into machines with
simple user interfaces, microfluidic devices could be made
more accessible, affordable, and scalable. These analogs
should be compatible with industry-standard manufacturing
procedures, such as injection moulding or embossing,”® and

Table 3 Technical challenges in microfluidics
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should not contribute appreciably to the cost of devices.
Moreover, the machine automation of tasks may be
preferable to manual intervention, especially if labor is costly,
its availability limited, and its involvement in the operation
of devices encumbering.”* This automation would reduce the
requirement for trained operators and make devices more
accessible.

Prior to loading samples into devices, they often must be
prepped using auxiliary equipment, such as vacuum lines,
centrifuges, filters, or mass balances. In some cases,
procedures are well-defined, and the required sample volume
is predetermined. In other cases, samples may need to be
macerated, diluted, filtered, centrifuged,49 and/or incubated,
and the appropriate quantity and method of sample
collection remains ill-defined. In either case, current sample
preparation procedures take time, involve expensive
infrastructure and/or necessitate manual intervention. In
practice, these requirements restrict the applications of
microfluidic technologies; factors like the availability and
cost of skilled technicians or specialty equipment become
critical. For instance, the preparation of sputum, a highly
viscous specimen used to diagnose respiratory disease, for
analysis requires trained technicians and external equipment,
including vortex mixers, centrifuges, and strainers; thus, the
development of power-free microfluidic chips for sputum
liquefaction could prove invaluable in LMICs.”* The
accessibility of microfluidics would also be improved by
simplifying sample preparation through, for example, the
design of microfluidic chips that accomplish basic operations
associated with sample preparation. Moreover, researchers
should determine operations in sample preparation that are
generic, or applicable to multiple applications.

3.3. Programmability of microfluidic chips

Microfluidic chips are distinct from microelectronic
processors: the former cannot be programmed, and their
design is often specific to an application. Researchers have
tried to change this paradigm and produce programmable
microfluidic chips; however, progress has been slow and
widespread commercial adoption has been hampered by
issues with reliability, generalizability, and costs.”>”® Instead,
the immediate practical challenge is the integration of

Challenge Related issues

Possible solutions

Materials for the scale-up
of microfluidic device
fabrication

sealing
Operation of microfluidic
devices and sample
processing
Programmability of chips

preparation

Selection of materials with broad solvent compatibility for
large-scale production of devices; functionalization of the
surface of devices; increased bonding strength to improve

Reliance on external equipment and trained users for
operation of microfluidic chips; difficulty of sample

Lack of universal or programmable microfluidic chips;

Polystyrene,®" polycarbonate,®” cyclic olefin
copolymer,®® silicon and glass®®

Capillary wicking;*® passive fluid pumping;**
universal sample preparation with centrifugal
microfluidic chips®

LEGO-like microfluidic devices;*® programmable

difficulty of integrating separate microfluidic chips that each valve arrays in microfluidic cells;*’ 5 digital

perform different functions

This journal is © The Royal Society of Chemistry 2022

microfluidic chips®®!

Lab Chip, 2022, 22, 530-536 | 533


https://doi.org/10.1039/d1lc00731a

Published on 20 January 2022. Downloaded by Harvard University on 2/2/2022 5:26:17 PM.

Perspective

discrete microfluidic chips, each of which performs a specific
function, into a single system. Each component works
reliably on its own, but has unique flow requirements,
geometric features, and actuation modes,”” which makes it
difficult to connect to other components which have different
and sometimes incompatible specifications. Improvements
should be made in the design of component chips to make
them compatible with larger scale systems.

4. Conclusion

As technical challenges are resolved and applications are
identified, microfluidic technologies will serve new functions.
The identification of materials for the commercial production
of devices and the simplification of procedures for the
preparation of samples would enable chips to be developed
more efficiently. Advances in fluid handling would lead to
the elimination of auxiliary equipment and to improved
integration of separate microfluidics chips. The accessibility
of microfluidics would be improved by the development of
affordable and commercially viable:

e Materials with broad solvent compatibility that can be
translated from wuse in research and development to
commercial production;

e Methods for moving fluids that do not require external
pumps;

o Microfluidic chips that accomplish specific sample
preparations, such as pre-concentration, purification, and
crude separation.

We believe that simpler and more adaptable microfluidic
technologies would be well-suited for applications in
diagnostics, food safety, and the production of materials and
chemicals. Ultimately, we envision a future in which
microfluidic devices can be used in doctors' offices to run
diagnostic tests, in the lab to discover therapeutics, in the
grocery store or at home to verify the composition and safety
of food, and in manufacturing facilities to fabricate industrial
materials. It is our hope that microfluidics will become a
technology upon which we can all rely.
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