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Micro/nanofluidic devices and systems have attracted ever-growing attention in healthcare
applications over the past decades due to low-cost yet easy-customizable functions with the
demand of only a small volume of sample fluid. The continuous development, in particular,
supported by the emergence of new materials, capable of meeting critical needs in next-generation,
wearable, and multifunctional biomedical devices for at-home, personalized healthcare monitoring
is challenging the principles and strategies of structural design, manufacturing, and their seamless
integration. This review summarizes the progress in micro/nanofluidics enabled biomedical
devices with a focus on structural design, manufacturing, and applications in healthcare. Structures
of fluidic channels and liquid actuation strength are given to elucidate the manipulations and
controls of fluid transports that help capture desirable information of interest, including component
separation, extraction, measurements, and disease diagnoses. Manufacturing processes of fluidic
devices in micro and nanoscales and their basic working principles are also presented, ranging
from lithography in traditional hard materials to 3D printing in emerging soft materials. The
selected examples and demonstrations are illustrated to highlight applications of biomedical fluidic
devices in a broad variety of disease detection and diagnosis. The associated challenges and future

opportunities are discussed.
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1. Introduction

Biomedical devices and systems have attracted increasing interest because of the elevated demand
of portable, accessible and highly reliable applications in healthcare over the past decades.!!]
Traditional biomedical devices and systems are usually constrained by high cost and long-time
diagnosis, low efficiency and accessibility, and poor mobility.!) Numerous solutions and devices
have been developed in structural design and manufacturing across different length scales with
employments of different materials, including micro-electromechanical systems (MEMS),"
electrochemical biosensor,¥ and flexible electronics.”! Given that most biomarkers can be
detected and diagnosed through body fluids such as sweat, blood and urine, micro/nanofluidic
devices and systems that enable transport liquid in a well-controlled manner offer an attractive
platform in biomedical engineering and healthcare applications. In these fluidic devise and
systems, only a small volume of samples is needed for analysis while still providing high resolution
and sensitivity because of micro/nano scale of nature. Besides, compared with MEMS technology
that relies heavily on a complex manufacturing process such as high-cost lithography, the design

and manufacturing of fluidic biomedical devices possess merits of low-cost and high flexibility.[®!

One of the very first microfluidic biomedical devices could be traced back to the
development of a polymerase chain reaction (PCR) in continuous flow at high speed on a glass
chip.l”! The success of this chip opened up areas of microfluidic devices to efficiently amplify
DNA with faster heating cycle in medical diagnostics. In the late 1990s an elastomer known as
polydimethylsiloxane (PDMS) became prevalent as its properties include biocompatibility, optical
transparency, and low manufacturing costs compared to conventional hard materials such as glad
and silicon.!®! An example of advancement in microfluidic devices has been the development of
organ-on-chips which can grow cells in chambers to model physiological functions of tissues and
organs.'” Recently, a flexible wearable device has been designed for sweat capture.!'” This device
was able to provide a wireless communication of onsite colorimetric results showing biomarkers
of chloride and hydronium ions, glucose, and lactate. Similar microfluidic devices that combine
standard droplet microfluidics to allow for fluidic operations in tests for culturing and sorting of
yeast cells has also been developed. This device design demonstrated that droplet generation,
encapsulation, merging, mixing, trapping, incubation, sorting, and on-demand volume tuning

could be conducted in a single chip with compact design.['!] With the development of advanced
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materials synthesis and manufacturing techniques at the nanoscale over the past years, nanopores
and channels have been leveraged to transport biofluids, and devising such nanofluidic devices for
high controllability are expected to revolutionize biomedical applications.!'?] Different from the
microfluidic devices with an in-plane design of pores and channels, in most recent years, 3D
microfluidic devices are emerging to mimic complex biofluidic networks and even reproduce them
for organ regenerations. For example, a 3D blood-brain barrier microvascular network has been
designed to replicate in vivo neurovascular organization.['*! The continuous demands of fluidic
devices and systems toward multifunctionalities, low cost and user-friendly features capable of
meeting accuracy, complexity and high efficiency of diagnoses in biomedical engineering and
healthcare are challenging the conventions and strategies of devices and systems from structural
design to manufacturing and to their integrations across different length scales with a broad variety

of materials.

This work aims to provide a comprehensive review of micro/nanofluidics enabled
biomedical devices and systems including the structural design, material selection, fabrication
techniques and representative applications in biomedical engineering and healthcare. Section 2 is
focused on structural designs of devices and power sources of fluid actuation. In section 3, the
progress of advanced manufacturing technologies for producing biomedical fluidic devices are
provided and discussed. Typical materials used for microfluidic devices including the traditional
hard materials of glass and silicon and newly emerged soft materials are classified in terms of their
manufacturing scale and mechanical property of elastic modulus. A broad variety of fabrication
and manufacturing approaches are presented, and in particular, a series of 3D printing technologies
and their modification for specific materials and structural designs are discussed. Nanofabrication
is introduced to highlight its unique features and abilities brought by its extreme small scale and
the associated processing difficulties. Section 4 exemplifies the representative applications of
fluidic devices in biomedicine and healthcare, including biomolecular analysis, extraction,
separation, and testing and the sensing and detection of biomarkers for disease diagnosis and
healthcare monitoring. A brief summary, along with the challenges and opportunities, is provided

in Section 5.

2. Structural designs of microchannels and actuation power source
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2.1. Structural design: from 1D to 3D channels

The design of microfluidic devices is the very first, but also the most fundamental step in the whole
development process. The complexity of microfluidic devices here is classified as 1D, 2D, 3D
microstructures. Figure 1 shows various structural designs of microfluidic devices, based on their
geometry. Straight channel microfluidic devices are the simplest design of channels [Figure 1A].
They have one straight microchannel with one inlet and one outlet. Due to their simple function,
microfluidic devices with straight channels are generally used to evaluate material compatibility
between injected objects and their devices. Similar device designs with cells coated on channels
have also been used in cell culture to study organ-specific toxicity in humans. ¥ Different from
the straight channels, spiral channels have also been devised in microfluidic devices to help
separate or sort particles by leveraging the inertia of flow.!'>) For example, Figure 1B shows a
multiplexing slanted microfluidic device with spiral channels. A blood sample is injected into the
microfluidic device from a syringe, and then flows through spiral microchannels to separate blood
plasma with the inertial forces generated. Red blood cells and white blood cells are concentrated
near the inner wall, and blood plasma is collected from the outer wall. Y-channel microfluidic
devices have been used for liquid mixing or particle separation on the basis of controlling the
direction of flow due to their simple yet practical function.!'s! Figure 1C shows cryoprotectant
(CPA) solutions with different concentrations being injected from inlet 1 (blue) and 2 (red) and
mixed together in the green region. Mixed liquid meets oocytes injected from cell inlet Ci3 and
finally flows to outlet O3 to allow oocyte retrieval. These representatives of microfluidic devices
are designed with the 1D flow mechanism, where both the input and output channels are integrated

on the same plane.

Microfluidic devices could also stack microchannels layer by layer to allow interaction of
liquid flow between each layer. Figure 1D is a lung-on-a-chip microdevice that uses separated
PDMS microchannels to form an alveolar-capillary layer on a PDMS membrane with a coated
extracellular matrix (ECM). Physiological breathing movements are recreated by applying a
vacuum to the side chambers, and the mechanical stretching of the PDMS membrane helps form
the alveolar-capillary layer. Figure 1E is a placenta-on-a-chip that recapitulates the multilayered
3D architecture of the placental barrier. Trophoblast and endothelial cells are cocultured on the

opposite sides of a thin porous polymeric membrane. Exchange of material through the placental
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barrier is enabled by the concentration gradient between the top and bottom liquid flow. These
devices are often referred to as organ-on-a-chip because a culture of organ tissues between layered
microchannels is designed to mimic the function of human organs. Numerous similar organ-on-a-
chip microfluidic devices have been developed to improve the design integration of multilayer

structures over the recent years.m]

Further extension of multilayer microfluidic devices is enabled by the design of 3D
channels. For example, Figure 1F shows a 3D microfluidic device driven by capillary force has
been developed, named 3D uPAD. This device demonstrates great success to test up to 4 different
samples for 4 different analytes, and enables to display results side-by-side for straightforward
comparison. Figure 1G shows a 3D printed microfluidic device with a microneedle attached at the
bottom. The design of 3D spiral mixing channels allows to mix red and blue liquids and flow to a
hollow microneedle array outlet. With the assistance of 3D printing technology, 3D microchannel

becomes one of the most popular design choices nowadays.!'®]
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Figure 1. Structural design of microfluidic devices. A. Microfluidic device design with typical

straight channels. Reproduced with permission.!'”’ Copyright 2018, Institute of Electrical and

Electronics Engineers. B. Device design with multiplexing slanted spiral microchannels. Section-

views at the bottom reflect the distribution of blood plasma right after entering the spiral channel

and before leaving. Inset at the upper right corner is the optical image of the device. Reproduced

with permission.l*! Copyright 2016, Royal Society of Chemistry. C. Y-channel microfluidic

device used for liquid mixing. Inset is the optical image of the microfluidic chip. Reproduced with
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permission.?!) Copyright 2020, Springer Nature. D. Multilayer microfluidic device design that
allows air exchange with mechanical expansion and contraction. Inlets on the right show an optical
image of the microchip and a side view of microchannels. Reproduced with permission.?*!
Copyright 2010, American Association for the Advancement of Science. E. Microfluidic device
enabled by multilayer design, where the interaction between maternal and fetal channels is driven
by the gradient of concentration. Insets on the right are the optical image of a microfluidic chip
and a close-up view of the connection area. Reproduced with permission.!**) Copyright 2018,
Wiley-VCH. F. 3D microfluidic device design with the stacking of patterned papers and double-
sided adhesive tapes. Three cross-section views (1,2,3) show three independent layers of the
device. Reproduced under terms of the CC-BY license.?* Copyright 2008, The Authors, published
by American Association for the Advancement of Science. G. 3D microfluidic-enabled hollow
microneedle device. The image in the upper right corner is the enlarged area where liquid mixes,
and the one in the lower right corner shows an optical image of the device with a CAD model as

inset. Reproduced with permission.*! Copyright 2019, American Institute of Physics.

2.2. Actuation of fluids in microchannels with outer source power

The word “microfluidic” refers to the control of fluid in a confined micro-scale device. Extensive
research has been devoted to the flow of fluid through microchannels.!*®! Here we focus on the
liquid flow with assistance from an outer power source. The most fundamental way is the physical
interaction between the injected fluid and solid (the device) where fluids are in physical contact
with the device so that a signal (mainly electrical) can be monitored.?”! Figure 2A shows a
microfluidic device that monitors bacterial antibiotic susceptibility. A two-layer microfluidic
channel (upper left) is bonded onto a glass substrate with deposited thin film electrodes. Changes
in electrical resistance of the microchannel reflect the growth and morphological changes of
bacteria trapped in the microchannel and can be used to perform the rapid antibiotic susceptibility
test. Biochemical interaction usually relies on the coating of enzymes, antibodies, and aptamers on
microfluidic devices to detect biomarkers in the injected liquid.!*®! Electrical signals can be
monitored during the chemical reaction between coatings and biomarkers. Figure 2B is a bead-

based biosensor integrated microfluidic device for detecting cell-secreted growth factors. Cells are
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cultured in the middle chamber and then permeate through the hydrogel barriers to the sensing

chamber, where cells are detected with antibody-coated beads.

Electrical and magnetic fields are also powerful tools to help control the flow of liquid in
microfluidic devices.*”! For instance, Figure 2C shows the exclusion of emulsion coalescence in
microfluidic channels using an electrical field. Emulsion droplets are generated with the insertion
of'a glass capillary into the polymethyl methacrylate (PMMA) device on the left side. The dynamic
behavior of emulsion droplets can be adjusted by changing the intensity of the electric field.
Different from the utilization of electrical fields, magnetic fields are also employed to separate
magnetic particles in a continuous flow microfluidic device, as shown in Figure 2D. When
magnetic focusing is employed, all particles are captured on the attractive region, indicating a

complete separation.

Heat, as an easily accessible power source, is also suitable to be used to control the flow of
fluid.?% For example, Figure 2E shows the acceleration of the drug diffusion into human tissues
from microneedle devices by integrating a microheater. Heat generated from the 3D printed
microheater on top is delivered to microneedles underneath the PI layer and increases the release
of drug from the microneedles to the epidermis. Another example of an outer power source is using

(31 In Figure 2F, an acoustic field and

acoustic waves to manipulate particles in microchannels.
acoustic streaming are generated in microchannels and used to manipulate suspended particles.
Particles are levitated along the z axis, pushed together, moved along the y axis, and dropped back

with a trapping node (blue circle).
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Figure 2. Outer source design with enhanced flows of liquid. A. Schematics (left) and microscope

image (right) of the microfluidic device, where the physical interaction between bacteria and
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PDMS chips yield electrical signals to monitor the growth of bacteria (K. pneumoniae).
Reproduced under terms of the CC-BY license.[*”) Copyright 2020, The Authors, published by
American Association for the Advancement of Science. B. Microfluidic device design that allows
biochemical reactions between liquid samples and antibody-coated beads. Reproduced under
terms of the CC-BY license.[**) Copyright 2017, The Authors, published by Springer Nature. C.
Microchannel design with an electrical field for the control of emulsion. Optical images below
show the influence of the electric field before (0 s) and after (2.86 s) electric field is applied.
Reproduced under terms of the CC-BY license.**! Copyright 2015, The Authors, published by
Multidisciplinary Digital Publishing Institute. D. Microfluidic device capable of being controlled
by a magnetic field for particle separation in a continuous flow. The schematic diagram and optical
image at the top show the separation of magnetic and non-magnetic particles in the presence of a
magnetic field. Bottom two show local different flows of particles without and with the presence
of the magnetic field. Reproduced under terms of the CC-BY license.l**! Copyright 2017, The
Authors, published by IOP Publishing. E. Microfluidic needle array with enhanced fluid diffusion
by the integrated microheater. An optical image of a microheater integrated microneedle patch is
shown at the upper right corner. Bottom two microscopic images show morphologies of
microneedle arrays before and after the microheater is turned on. Reproduced with permission.*®!
Copyright 2019, Wiley-VCH. F. Microfluidic device design the implantation of 3D acoustic
tweezers for trapping and manipulating single cells and particles. The cross-section image shows
the mechanism of a standing surface acoustic wave enables particle manipulation in a microfluidic
chamber. The optical image at the bottom shows three-dimensional acoustic trapping and
manipulation. Particles are levitated along z axis, pushed together, moved along y axis, and
dropped back with a trapping node (blue circle). Reproduced with permission.*”] Copyright 2019,
Wiley-VCH.

3. Manufacturing principles and approaches
3.1. Material selection: from hard to soft materials

Once we have the design of microfluidic devices, the next step will be the fabrication. Before we
actually build a template or start a 3D print, the material of choice for the microfluidic devices

must be determined based on the desired application. Typical materials that are used to fabricate

10
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microfluidic devices include metal, glass, ceramic, composite, elastomer, thermoplastic, and paper.
For example, the very first microfluidic device was fabricated with silicon with traditional
lithography.[*®! Glass was also used as a substrate soon after that because of low costs.*! These
materials have been largely replaced with relatively soft materials like elastomers and
thermoplastics to achieve biomedical applications, because silicon is relatively expensive and
opaque, while glass is hard to process on a small scale.[*”) Applications of microfluidic devices in
the biomedical field commonly require devices to have features such as being lightweight, tolerant
to mechanical deformation such as bending or twisting that can tune the flow of liquid. Figure 3
shows a guidance map for the selection of materials. The location of each bubble on the x-axis
represents its Young’s modulus while the location on the y-axis represents the common processing
scale of the material. Young’s modulus of metals and glass typically range from tens to hundreds
of GPa, and are considered as hard materials.[*'! In contrast, elastomers and thermoplastics
typically have Young’s modulus ranging from only one to hundreds of Pa and are easy to be
deformed, light, and relatively cheap, and are referred to as soft materials. For example, elastomers
such as PDMS or conductive polymers can be chosen if one would like to fabricate a micro scale
soft fluidic device. Going down to nanoscale devices, metals like silicon or stainless steel can be

chosen to fabricate highly packed microneedle patches, with the help of standard lithography.

11
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Figure 3. Guidance map for the material selection with respect to Young’s modulus and processing
scale. The length of each inset represents the approximated range of young’s modulus on x-axis,
while the width means the general range of processing scale. From left to right, Young’s modulus
of materials decreases, representing a shift from hard materials (like metals and ceramics) to soft
materials (like elastomers and thermoplastics). From down to up, the processing scale decreases
from 100 um level (ceramics with machining or laser melting) to 1 nm (metals with lithography),
suggesting an increased difficulty of the machining process. “Dyneon THV microfluidic chip”

(421 Copyright 2011, Royal Society of Chemistry. “Arrayed

reproduced with permission.
microfluidic systems in polystyrene” reproduced with permission.[**) Copyright 2011, Royal
Society of Chemistry. “Hydrogel microfluidic platform” reproduced with permission.**!

Copyright 2014, Royal Society of Chemistry. “Manual micro-valve microfluidic system”

12
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reproduced with permission.[*] Copyright 2020, John Wiley and Sons. “LTCC microchannel
device” reproduced with permission.[*®! Copyright 2010, Springer Nature. “Three electrode
microfluidics” reproduced with permission.[*”! Copyright 2009, American Chemical Society.
“Solenoid-embedded microfluidics” reproduced with permission.*8] Copyright 2015, Elsevier.
“Microfluidic valve network” reproduced with permission.[*’) Copyright 2006, Royal Society of
Chemistry. “3D objects embedded microfluidic” reproduced with permission.[*” Copyright 2019,
Springer Nature. “Ceramic—Polymer Microfluidic” reproduced under terms of the CC-BY
license.®! Copyright 2020, The Authors, published by Multidisciplinary Digital Publishing
Institute. “Clark-type oxygen sensor” reproduced with permission.!®?) Copyright 2017, Elsevier.
“CNT integrated PDMS microfluidic device” reproduced with permission.!>* Copyright 2018,
Springer Nature. “Silicon nanowire system” reproduced with permission.** Copyright 2009,
American Chemical Society. “Silicon microfluidic microreactor” reproduced with permission. >
Copyright 2005, Royal Society of Chemistry. “Stainless steel microneedle”. Reproduced with
permission.*®) Copyright 2009, MedGadget (Internet). “Dipstick immunoassay” reproduced with
permission.’” Copyright 2017, Elsevier.

3.2. Manufacturing methods: from molding to 3D printing

With the selection of material, proper fabrication methods can be applied to produce microfluidic
devices with desired channels. Early-stage silicon-made microfluidic devices use traditional
lithography including patterning, and dry and wet etching due to the high Young’s modulus of
silicon. Here we focus on fabrication methods related to soft materials that are nowadays mostly
employed in micro/nanofluidic devices for biomedical applications. The most widely accepted
fabrication method for elastomer-based microfluidic devices started with the soft lithography
technique.>®! This technique first applies lithography on the rigid substrate (typically silicon wafer)
to generate the desired pattern and then elastomeric material (typically PDMS) is poured onto the
patterned silicon wafer template. Finally, elastomeric microfluidic devices can be fabricated after
etching templates and punching holes [Figure 4A]. Soft lithography is fast and low-cost compared
to traditional lithography and is favored in laboratory-scale demonstration of devices due to its
high accessibility. Several improvements of this technique have also been developed to

accommodate materials of interest and optimize the fabrication processes.!”’

13
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Non-lithographic techniques are also developed in pursuit of simpler, cheaper, and more
accessible solutions. Transfer printing technique is one of the popular representatives. It usually
starts with the printing of lithographing patterns on a sacrificial substrate and then transfers to the
desired substrate by peeling off patterns from the sacrificial substrate.[”! As indicated in Figure
4B, Si microneedles are peeled off from the Si wafer substrate with water-soluble film and then
are attached onto the desired patch substrate. The fabricated microneedle patch has rigid
microneedles for penetration through the epidermis, but a soft substrate to allow deformation with
skin. A similar transfer printing technique was also adapted and named print-and-peel
fabrication.!] A PDMS stamp is reversibly adhered to a glass substrate to transfer patterns onto
the glass substrate and then liquid PDMS is coated on the pattern to form a microfluidic device.
Most recently, a green transfer printing technology that allows the reuse of fabrication substrates
such as silicon without any chemicals is developed to fabricate 3D structures with channels,'®? and
even attractively, the transfer could be conducted to pick up films from a liquid substrate for
deterministic assembly of structures.[®*] Another solution of non-lithography fabrication is the
laminate manufacturing method. Figure 4C shows the typical laminate fabrication process of a
toner-based microfluidic device for clinical diagnostics with colorimetric detection. Three layers
of thin films with the desired pattern are fabricated with laser printers (top and bottom layers),
laser ablation machines (middle layer), and then laminated thermally to form microchannels. Other

[64

fabrication techniques such as wire based casting,**! direct laser plotting have also been developed

to fabricate microfluidics based biomedical devices.[%*)

Most conventional soft lithography or non-lithographic method is mainly focused on
devices with 2D microstructures.!%®! With the increasing need for biomedical microfluidic devices,
there is a significant demand for 3D structured microfluidic devices. 3D printing offers a solution
to meet this requirement. More specifically, 3D printing can fabricate 3D structures using a
precisely described computer-assisted designs (CAD) model, and thus has great attractions in the

fabrication of biocompatible microfluidics.[®”]

Additive manufacturing techniques that are
frequently used in the fabrication of microfluidic devices include fused deposition modeling
(FDM), multi jet modeling (MIM), and stereolithography (SLA).[®®! FDM 3D printing extrudes
thermoplastic materials through a heating unit on a motorized nozzle [Figure 4D]. The material is
solidified immediately after extrusion. One great advantage of FDM 3D printing is the wide range

of material selection, including many cheap and biocompatible materials like acrylonitrile

14
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butadiene styrene (ABS), polyethylene terephthalate (PET), poly-lactic acid (PLA), etc.[*”) Figure
4E shows an MJM, or polyjet modeling based 3D printing technique. It prints liquid photopolymer
with a motorized inkjet head and is polymerized by UV light immediately after extrusion. One of
the most remarkable strengths of MJM is that multiple materials can be printed at the same time,
which makes it an ideal fabrication method for printing microfluidic devices with combined hard
and soft materials.’"! Stereolithography creates a 3D solid part with a focused laser induced
crosslinking from a resin precursor, as shown in Figure 4F. SLA 3D printing is known by its fast
printing rapid and high resolution. SLA techniques could also help fabricate microfluidic devices
down to micron levels, although a sacrifice of printing time is inevitable.[’!! Insets in Figure 4D,

E, F highlight typical microfluidic devices fabricated with FDM, MJM, SLA respectively.[”!

15
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Figure 4. Fabrication methods for microfluidic devices. A. Fabrication process of soft lithography.
Reproduced with permission.”’] Copyright 2017, Elsevier. B. Transfer printing of silicon
microneedles. The inset at the lower left shows an optical image of the microneedle patch.

Reproduced with permission.’ Copyright 2020, American Chemical Society. C. Laminate
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manufacturing method. Reproduced with permission.l”> Copyright 2012, American Chemical
Society. D. Schematic of typical fused deposition modeling (FDM) 3D printing. Inset shows a
microscopic image of microchannels fabricated with FDM. Reproduced with permission.[”®!
Copyright 2008, Custom Part Net. E. Schematic of multi jet modeling (MJM) 3D printing and
microscopic image of microchannel fabricated with MIM (inset). Reproduced with permission.!””)
Copyright 2008, Custom Part Net. F. Schematic of stereolithography (SLA) 3D printing. Inset
shows a microscopic image of a microchannel fabricated with SLA. Reproduced with

permission.!”8! Copyright 2008, Custom Part Net.

3.3. Modifications of 3D printing for integration with structural design

3D printing is a promising technique for microfluidic manufacturing as it can make traditionally
complex designs accurately and relatively cheaper and supports customizable designs.[””). In some
circumstances, modification of conventional 3D printing is needed to accommodate the printing
of new materials and designs with the integration of functional components. For example, one of
the main ways to modify FDM printers is through their nozzles since they are the final part in
contact with the filament before it is extruded.’®” Figure SA shows a modified FDM printing
process to build a colorimetric enzyme-linked immunosorbent assay (ELISA) to detect malaria.
Different print settings including layer height, extrusion speed as well as extrusion temperature
were changed to improve bonding between layers. Advancements in printer software have led to
the ability of MJM printers to fill void areas with a glycerol-isopropyl alcohol mixture instead of
using a sacrificial material, which reduces postprocessing time.!*!) Figure 5B shows a multiple
flow controller which increases the number of valves for in-chip automation and reduces issues
with microfluidic interconnects. The process uses a perfusion controller and a single gate pressure
to limit the source to drain fluid flow and to control four different fluidic transistors. A modified
type of SLA printing is volumetric SLA, which forms 3D structures as a whole unit instead of
layer by layer. A volumetric SLA system uses three orthogonal beams projected into a
photosensitive resin and irradiated to make 3D models.[*?! Figure SC shows another modified SLA
printer with a custom digital light processor and resin. This light engine helps create a smaller void
size and a UV LED light which allows for different materials when creating resin. With this

modification, the printed cross sections could be as small as 18 um x 20 pm.
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In addition to the three main methods of 3D printing (FMD, MJM, and SLA) there are
other modified 3D printing methods. Figure 5D shows a low-cost technique so-called laminated
object manufacturing (LOM), where layers of materials are first laminated together using heat and
pressure and then precisely cut by a computer-controlled system.[®*) The LOM technique is easy
to use, cheap, fast, and can handle relatively large-size objects.’®*! Figure SE shows a printing
method without the need for sacrificial materials by precisely extruding inks into self-supporting
microchannels. Removal of sacrificial materials allows for a reduced post-processing time, and
microfluidic structures such as pumps, mixers, and channels can be directly aligned onto
substrates. To create these hollow structures, it is worth noting that the maximum stress within the
self-supporting structures must be less than the yield strength of the extruded ink.**! Figure SF
shows a two-photon polymerization technique that uses a high power femtosecond pulse laser
operating at a high absorption wavelength. This technique depends on the light intensity, and the
required amount can only be found near the focal point of the laser (voxel). The voxel can be
moved so that the laser is precisely focused within a part of the photosensitive resin and thus high-
resolution 3D structures can be created, such as diodes in channels.[*¥ Innovations to make 3D
printers faster and more affordable with better resolution will continue as the design of
microfluidic devices tend to be complex and multifunctional with the emergence of new materials

and the integration of multiple material components.
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Figure 5. Enhanced 3D printing techniques for specific, on-demand designs. A. Modified FDM
with the aim of reducing leakage in a printed fluidic platform. The inset figure shows the principle
FDM printhead and material extrusion. Reproduced under terms of the CC-BY license.[*”!
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Copyright 2018, The Authors, published by Multidisciplinary Digital Publishing Institute. B.
Modified MJM printer with an integrated microfluidic circuits controller. The inset shows a
schematic of modification. Reproduced with permission.’”) Copyright 2016, Royal Society of
Chemistry. Reproduced with permission.!®! Copyright 2017, Taylor and Francis. C. Printed flow
channels with a high aspect ratio by modified SLA printer for a custom resin and schematic of the
modified SLA printer with custom resin (inset). Reproduced with permission.’®”! Copyright 2017,
Royal Society of Chemistry. D. Layer-by-layer assembled lamination by laser laminated
combinatorial mixer. Inset shows laser lamination process. Reproduced with permission.*"!
Copyright 2016, Wiley-VCH. E. Direct microchannel printing by precisely extruding into self-
supporting microchannels without requiring sacrificial materials. The main figure shows
serpentine microfluidic channels with integrated valves directly printed onto the surface. Inset
shows a schematic of printing directly onto the self-supporting structure. Reproduced under terms
of the CC-BY license.” Copyright 2020, The Authors, American Association for the
Advancement of Science. F. Two-photon polymerization interfaced with conventional mask
whole-wafer UV-photolithography using interaction of a femtosecond laser radiation and a highly
localized chemical reaction leading to polymerization of the photosensitive material. The main
figure shows printed nanochannels, while the inset shows a schematic of the femtosecond laser
writing. Reproduced under terms of the CC-BY license.”) Copyright 2019, The Authors,
93]

published by Multidisciplinary Digital Publishing Institute. Reproduced with permission.!
Copyright 2019, The Authors, published by Springer Nature.

3.4. Fabrication of fluidic devices at the nanoscale

A nanofluidic device refers to channels or pores with at least one characteristic dimension below
100 nm.”* As a result, nanofluidic devices have a very high surface-to-volume ratio. exhibiting
many unique features and abilities for biomedical applications. Besides, their scales can even go
down to interfacial force level and are comparable to many biomolecules like proteins or DNA.!
Nanofluidic devices can be fabricated in many dimensions, from 0D, 1D, to 2D, and are generally

[96

referred to as nanopores, nanotubes, and nanoslits respectively.”®! Scales of microfluidics and

nanofluidics differ from hundreds to thousands of orders of magnitude and thus very different
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fabrication methods are applied to ensure nanochannels not collapse or connect to each other under

the influence of interfacial forces.

Currently, modified lithography techniques are still widely accepted for their high
resolution and mature process in the fabrication of nanofluidic devices, where electron beam
lithography (EBL), focused ion beam lithography (FIB), and nanoimprint lithography (NIL) are
examples of well-developed photolithography methods.””! Figure 6A shows an example of NIL
in the fabrication of nanofludic devices. A thin layer of imprint resist is coated onto the substrate
(step 1), followed by the pressing of a nano patterned mold on the coated substrate (step 2). The
pressed nanoimprint is cured by UV light or heat under the control of temperature and pressure
(step 3), and then etched by plasma to expose the nanopatterned substrate (step 4). Fabricated
nanochannels are then carefully sealed with polymer to enclose open channels. Figure 6B shows
another approach by fabricating nanochannels directly on synthesized nanoporous material.
Electro-sputtering is applied on porous alumina membrane to form gate metal layers, and
subsequently performing barrier-type anodization to form a gate dielectric layer. Nanofluidic field-
effect transistors (FET) are thus fabricated and potentially applied for DNA sequencing, drug
delivery, etc. Other nanomaterials like ion selective polymer, nanotubes (1D) are also applied on

8] The formation of nanochannels can also

the fabrication of template based nanofluidic devices.
be assisted by water, as indicated in Figure 6C. Silica nanoparticles are tightly packed through the
evaporation of water and form 0D nanopores and are applied for chemical mixing. A nanoparticle
crystal fabricated with a similar capillary force-assisted assembly method is reported to produce a
nanofluidic diode.”®! Figure 6D shows an energy harvest nanofluidic device fabricated with a
porous carbon film. The fabrication of porous carbon film starts with two electrodes printed on the
edges and a carbon nanotube slurry printed crossing electrodes. A subsequent annealing process is
performed at which time the formation of nanoscale pores occurs. As water flows through porous
carbon film by evaporation, a streaming current and a higher potential are created. Figure 6E is a
crack-assisted nanofabrication process. Micropatterns are first fabricated on glass with lithography
followed by the crack introduction onto the substrate with stress concentration/releasing structures
to control the initiation, propagation, and termination. Desired nanopatterns are created after the
formation of precise controlled cracks. The fabricated nanofluidic device is demonstrated with

small molecules being transported. Figure 6F describes a collapse-induced formation of

nanochannels, which coats a layer of PDMS on a patterned silicon substrate and then moves the
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molded PDMS to a new substrate to allow self-collapse of the PDMS “roof” due to the absence of
supports.
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nanoimprint. Reproduced with permission.[*® Copyright 2012, American Institute of Physics. B.
Nanofluidic field-effect transistor (FET) fabricated with electrical sputtering. Inset is the SEM
image of electrical sputtered porous alumina membrane scaffold. Reproduced with permission.'%!
Copyright 2012, Royal Society of Chemistry. C. Mixer device (top) and enlarged dashed area
(bottom). An active micromixer utilizes vortex generation due to non-equilibrium electrokinetics
near the interface between a microchannel and assembled nanoparticle (Schematic image at left).
Reproduced with permission.['”!) Copyright 2015, Royal Society of Chemistry. D. Nanoporous
carbon film for electricity generation from water evaporation. The labeled schematic on top shows
the printing process of the porous carbon film. With the evaporation-drive flow of water through
the porous film, an electrical potential is generated, as shown in the schematic at the lower left
corner. Schematic of the silver-microstructure fabrication device with generated electricity is
shown at lower left corner, with the inset being the electricity generation unit. Reproduced with
permission.!%?! Copyright 2017, Wiley-VCH. E. Crack-assisted photolithography of nanofluidic
channel. Boxed image at lower right shows the nanofluidic device for the transport of small
molecules, with enlarged images of channels. Reproduced with permission.['®! Copyright 2015,
Springer Nature. F. Nanochannel fabrication with “roof-collapse” technique. The inset at the lower
right shows the nanofluidic device for DNA elongation and nanoparticle concentration.
Reproduced under terms of the CC-BY license.!' Copyright 2009, The Authors, published by

American Association for the Advancement of Science.

4. Application in biomedical engineering and healthcare
4.1. Cell analysis by fluid manipulation

Fluid manipulation techniques are an essential part of microfluidic devices as they create
movement and dictate the speed of fluid and particles throughout the system. The three main basic
means of fluid manipulation techniques are pumps, valves, and mixing sections.['%] Pumps are
necessary for the field of microfluidics as they reduce the number of moving parts and facilitate
the movement of fluid.''%® Electro-osmotic pumping relies upon an unbalanced charge distribution
in the area where a fluid is in contact with a solid called the electric double layer (EDL).['%7] For
example, Figure 7A shows a pump powered by electroosmosis to facilitate the movement of fluid

samples while allowing multiple flow rates and accurate injection of reagent in living cell analysis.
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Valves are important in microfluidics because they are able to control both movement and flow
direction in devices and have multiple designs for different uses.['®! In particular, pneumatic
valves are designed to control others by sending pulses of pressure to drive fluid into channels.[!%"]
Figure 7B shows a pneumatic valve controlling an elastomeric membrane which acts as a single
microbead trap and release mechanism for selective grabbing. This trapping method can be applied
to biological cells and devices, such as those involving the single-cell analysis and creating
microarrays that requires high trapping ability. Mixing is the final main fluid manipulation
technique which uses small channel sizes combined with variations flow to allow for mixing by
diffusion. Double emulsions make microdroplets by mixing and enclosing an inner liquid with
another liquid shell to be dispersed into a continuous phase.['!% These microdroplets can be used

(1] Figure 7C shows a

to create wound dressings by taking advantage of hydrogel’s properties.
device that processes individual cells for gene sequencing by mixing barcoded hydrogel
microspheres (BHM) cells, lysis reagents, and carrier oil. This device creates droplets that mix the

reagents and microspheres together using the double emulsion system.

Combining these fluid manipulation techniques can lead to highly compact and sustainable
yet less complicated devices. A Y-shaped mixing channel that contains two inlets has been
designed to allow for input of two different samples flow into a single outlet channel. Burst valves
are also used. It works by storing pressure at the outlet of cross sectional flow channels, and then
bursting once the fluid front is broken when pressure is above a critical capillary pressure.!''?!
Figure 7D shows a push and burst valve system and Y-shaped mixing channel to create a capillary
driven simultaneous power free inflow system. The combination of these designs can be used to
produce tailored concentration profiles, and specifically to tune flow rates. Oftentimes in
microfluidic devices, a fluid flow must be delayed at a certain location to allow samples adequate

[113] Figure 7E shows a droplet-

time to react with reagents such as in blood protein analysis chips.
based device for single-cell isolation, cultivation, and analysis in microorganisms. This device uses
a T-shaped junction to facilitate encapsulation of cells, similar to the emulsion system in Figure
7C. Parallel channels and the shunting effect were used to slow cells down. The shunting effect
occurs when ionic currents are forced through conductive paths.[!'* It also implements an off-chip
solenoid valve suction section which allows for rapid sorting of droplets when paired with a
microcontroller.['!3] This droplet based device allows for a single-cell genomic DNA amplification

and sequencing, identification of microorganisms, and cultivation. Traditional trapping techniques
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are another form of fluid manipulation and include electrical, optical, thermal, magnetic, and
acoustic.!''® Figure 7F shows a device using an automated fluid flow for the fine manipulation of
micro- and nanoscale particles and particle trapping. This flow control device consists of a fluidic
layer (red) and a control layer (black). The fluidic layer has four buffer streams and two
perpendicular microchannels to form the junction for a sample stream. Two membrane valves
control the inlet and outlet stream flow rate and provide 2D control of the stagnation point. The
device is made up of two layers to accommodate the membrane valves which provide superior

control 108
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Figure 7. Biomedical applications via fluid manipulation in microfluidic devices. A. Active

electro-osmotic (EO) pump with continuous medium perfusion for cell culture living analysis. The

top figure shows the system with two cell culture lines each with one cell chamber. The bottom

schematic is a diagram of the EO pump design and images of specific fabricated components.

Reproduced with permission.!''”! Copyright 2009, Elsevier. B. Microfluidic system controlled by
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pneumatic valves for microbead arraying and microarray repeatability. The top schematic shows
the device structure. The bottom figure shows high speed images of microbead arrays going
through a bypassing and trapping process. Reproduced with permission.[''®] Copyright 2013,
Springer Nature. C. Droplet based microfluidic device to process individual cells for gene
sequencing. The top figure is a schematic for the device used to barcode hydrogel microspheres
(BHM). The middle figure shows each DNA droplet being synthesized with carrier oil. The bottom
figure shows microspheres traveling through the stabilization channel after being broken off and
into the collection outlet. Reproduced with permission.[!!”) Copyright 2015, Cell Press. D. Flow
control with capillary forces in point of need diagnostics. The top left figure shows a Y shaped
channel. The top right figure shows the power free simultaneous inflow push and burst valve
system. The top middle figure shows multilayer channel geometries for both the Y shaped channel
device and valve system. The bottom left figure shows a schematic of the push and burst valve
each opening to create a single flow. The bottom middle and left schematics show the Y shaped
channel during mixing and flow rate control. Reproduced with permission.!'*") Copyright 2021,
Royal Society of Chemistry. E. Facile droplet microfluidic device for single-cell cultivation and
microorganism analysis. The top schematic shows the layout of the entire device and the isolation
process. The bottom images show parts of the isolation process. Reproduced under terms of the
CC-BY license.['?!) Copyright 2017, The Authors, published by Springer Nature. F. Droplet-based
microfluidic technology that allows for screening and encapsulation of single mammalian cells.
Section A is a set of 2 nozzles with encapsulated cells of live and dead fluorescent dyes. Section
B is a fusion module that delivers an AC field to electrically merge both dyes. Section C is a rapid
mixing module. Section D is a delay line for cell staining through on-chip incubation. Section E is
a detection module to collect the fluorescent signals excited with a laser slit. Reproduced with

permission.!'??] Copyright 2013, American Chemical Society.

4.2. Biomolecule extraction, separation, and detection in microchannel

As the field of microfluidic devices continues to progress and provide fast, inexpensive, and more
portable devices, sample treatment that provides a combination of the extraction, separation, and
testing of desired samples becomes more readily accessible. Through the use of microfluidic

channels and fluid analysis, sample treatment processes allow the users to have rapid test results
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in resources-limited settings in a wide range of biomedical applications. For example, DNA is an
important biomarker to be treated because it tells a breadth of information about the body. A
common DNA sample treatment method utilizes polymerase chain reaction (PCR) tests to amplify
DNA results. Figure 8A shows a PCR chip designed to eliminate the use of an external pump,
where the capillary driven self-propelled microchannels are introduced to amplify both DNA and
Escherichia coli (E. coli). The chip was also integrated with a fluorescent detection system to
observe the samples using a laser and photomultiplier tube (PMT). DNA hybridization is the
process of combining self-complementary single stranded DNA or RNA molecules.[!?’]
Hybridization can be used in parallel with nucleic acid probes to detect the presence of certain
DNA molecules in a cell. Figure 8B utilizes this method of hybridization as well as PCR testing
to create a lab on a chip that yields colorimetric results for bacteria detection. After PCR
amplification, the fluid is mixed with a hybridization reagent and probes detected the presence of
bacteria including E. coli, Enterococcus faecalis, Klebsiella pneumoniae, etc. To create the
colorimetric result, fluorescent signals were generated by probes and analyzed. Another example
of a device that uses both PCR and hybridization detection methods is for mutation detection in

inherited arrhythmic diseases.[!>*]

Blood provides a wealth of knowledge about the human body as it delivers nutrients,

[125]' A challenge with traditional blood

transports cells, and moves waste throughout the body.
analysis techniques is that it requires larger samples, high quality equipment, and long analysis
time.['*! Figure 8C shows a self-powered microfluidic device to extract white and red blood cells
from whole blood samples. This device simplifies the blood treatment process by only requiring
SuL of blood, and uses a filter trench to prepare cells for detection with a fluorescent scanner. The
filter trench works when gravity pulls filtered blood cells down from the whole blood. Figure 8D
uses tissue samples and blood to sample estradiol for breast cancer. The device integrates tissue-
liquid extraction and an immunoassay to measure and quantify the amount of estradiol from core
needle biopsy samples. This microfluidic device utilizes digital microfluidics (DMF) for precise
control reagents, solvents, and the sample. DMF is different from channel microfluidics because
it allows for individual sample droplet manipulation.''?”! This device design in blood analysis

includes the detection of exosomes that are released by tumor and non-malignant cells and

provides information on cell origins.!?%!
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With the employment of microfluidic devices, sample treatment also revolves around the
investigation of the physical and chemical properties of cells. Endothelial cells (EC) undergo
hemodynamic forces due to pulsing blood flow and shear stress which lead to mechanical

1129

strai 1 For instance, circulating tumor cell (CTC) adhesion coupled with a layer of endothelial

cells can help understand the fundamental nature of CTC in the mechanisms of metastasis.[!*"
Figure 8E shows the exploration of the effect of hemodynamic forces, fluid shear stress, and cyclic
stress to understand the cardiovascular system and relevant diseases that occur. This device utilized
an elastic membrane to allow for sample storage, and a vacuum to create stretch forces on an
environment of cells. The study of brain cells has originally been limited, but culturing cells to
mimic brain cell behavior is a way to study the pathogenesis of brain diseases.!'3!! However, the
growth of biofilms is often a common issue when culturing cells. Figure 8F utilizes a bioreactor
to grow, track, and image brain organoids with a culture medium input, four outlets for each well,
and an incubator environment for organoid growth. Each well was also designed for culture media

replacement through the use of a solenoid valve to independently choose each well and prevent

biofilm buildup.
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capillary flow chip with three different temperature zones. The bottom figures show the PCR
running cycle with the flow moving from inlet to outlet. Reproduced with permission.[!*]
Copyright 2015, Elsevier. B. Microfluidic combining PCR flow and DNA hybridization for
bacteria detection. Two left figures show the schematic and fabrication of the hybridization section
of the chips. The right figure shows the hybridization result of the chip. Reproduced with
permission.['*3] Copyright 2014, Elsevier. C. Microfluidic chip that performs on-chip removal of
red and white cells and analyte detection in platelet-containing plasma. The top left is a schematic
with a volume metering section, filter trench, multiple biomarker detection channels, and suction
chambers. The bottom left figure is a picture of the filter trench (cylindrical cavity). The right
figure is a schematic of the device throughout blood plasma preparation. Reproduced with
permission.l'* Copyright 2011, Royal Society of Chemistry. D. Droplet based microfluidic
extraction and quantification of estradiol in core needle biopsy samples of breast tissue. The top
figure is a schematic of the device with eight reservoirs. The bottom figure is a collection of frames
with the key steps in the extraction of estradiol. Reproduced with permission.!'3 Copyright 2017,
Royal Society of Chemistry. E. Microfluidic flow-stretch chip integrating fluid shear stress (FSS)
and cyclic stretch (CS). The top figure is a schematic of the chip with a microchannel, elastic
membrane, and stretch layer, as well as the cross-sectional operation of the three layers. The
bottom figure shows vascular cells in the chip under static, FSS, CS, and FSS+CS conditions.
Bottom bar graphs show the number of cells and their spread areas when affected by the FSS+CS
condition. Reproduced with permission.!**) Copyright 2012, Royal Society of Chemistry. F.
Microfluidic bioreactor that enables long-term culture and optical imaging and drug delivery. The
top left figure shows the schematic of a single bioreactor with a culture heating and imaging
window. The top right figure shows one of the bioreactors in action with organoids being deployed
directly into the microfluidic channels. Bottom panels show time lapsed images of brain organoid
ventricular zones. Reproduced with permission.['*”) Copyright 2021, American Institute of

Physics.

4.3. Disease diagnosis by sensing and detection of biomarkers

The defining part of a microfluidic biomedical application is the ability to detect biomarkers.

Biomarkers can be defined as accurate and reproducible medical indicators that can be
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observed.['*8] Biomarker detection with microfluidic channels can lead to rapid analysis. For
instance, human chorionic gonadotropin (hCG) is a chemical created by trophoblast tissue and has
been used to identify pregnancy states as well as a variety of cancers including
choriocarcinoma.'*! Numbers of microfluidic devices have been developed. These devices prove
to test hCG biomarkers utilizing microdroplets and colorimetric data in combination with a

1491 Figure 9A shows a point of care immunosensor. It uses a

multicolor fluorescence detector.!
polysilicon nanogap electrode which is connected to microfluidics channels provides
amperometric characteristics and sensitivity data for the immunosensor. Another important
biomarker is cholesterol. It is often carried in plasma by proteins such as low-density lipoprotein
(LDL) and high density lipoprotein (HDL), and is harmful to heart and vascular diseases.'*!! One
way to measure cholesterol is through an oxidation reaction catalyzed by Horseradish Peroxidase
(HRP) which produces colorimetric results.!'*?] Figure 9B shows a point-of-care electrochemical
cholesterol monitoring microfluidic device. The device uses a three-electrode system, PDMS
microchannels, a sample syringe pump, and a potentiostat to measure voltage between electrodes.
Samples of cholesterol are allowed to flow over the electrodes and produce amperometric data and
information about cholesterol concentrations. For another example, tumor necrosis factor alpha
(TNFa) is an important biomarker in type II diabetes!'**) | and its detection is the focal point of the
microfluidic device.['** Figure 9C shows an electrochemical biomarker detection device for
TNFa using a sandwich immunoassay. The device uses polymeric fluidics for sample control, inlet
and outlet syringe ports, and two working electrodes for electrochemical signal and qualitative
testing with antibodies. Glucose is an essential part of homeostasis and can be broken down into
energy in the form of ATP.['**) However, high glucose can be a biomarker for glycosuria which is

1461 A recent wearable epidermal patch for sweat

a symptom of diabetes found in body fluid.!
collection comes with pH and temperature corrected glucose results.!'*”! Figure 9D shows a paper
microfluidic device used for the detection of glucose in urine. The paper is printed to create
millimeter-sized channels, bounded by a hydrophobic polymer to act as a low-cost point of care
bioassay. The device absorbs the fluid (urine) on photoresist patterned chromatography paper

which leads to the colorimetric results based on the concentration of reagents in glucose.

The field of microfluidics has expanded to include wearable devices for point of care
applications. For one example, complete blood counts are important because they help to evaluate

and diagnose health conditions, such as anemia, leukemia, infections, and allergic conditions.[!*®]
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The acquisition of blood counts is limited to a laboratory professional testing with expensive and
bulky equipment. A microfluidics device has been developed to count CD3+ T-lymphocytes and
CD19+ in whole blood samples for disease detection.['*”) Figure 9E shows a wearable circuit
wristband for blood counting and analysis. This device uses a flexible circuit and microfluidic
channels paired with electrodes which would trigger a voltage spike during the pass of blood cells
and thus provide a count. It could also be adapted to detect other substances using its mobile device
software and deploying user specified biomarkers. Biomarkers in the composition of sweat can be
used to detect a multitude of health issues such as ischemia through lactate, diabetes with glucose-

[150] Sweat can be used to keep active

level in sweat and blood, and cystic fibrosis in chloride levels.
monitoring of cortisol, ascorbic acid (vitamin C), and galvanic sweat response (GSR) as seen in
other skeletal microfluidic devices.['*!) To achieve these objectives, a recent sweat collecting
device has been fabricated to be battery-free and fully self-powered by motion for similar
biomarker detection,!'3?! as shown in Figure 9F. It is a wearable microfluidic device and composed
of a stack of three subsystems: a skin adhesive layer for the area of sweat collection, color-
responsive materials in soft microfluidic channels for colorimetric analysis of sweat, and
electronics for connection to devices. This device proves to capture and store sweat to measure
lactate, glucose, chloride ion concentrations, and pH. These examples are a glimpse of microfluidic

devices integrated with wearable electronics and their seamless integration is expected to be the

future for the development of wearable, multifunctional microfluidic biomedical devices.
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results of DC amperometric detection of urine samples against standard reference samples based
on electrical capacitance measurements. Reproduced under terms of the CC-BY license.[**
Copyright 2015, The Authors, published by Plos One. B. Point-of-care electrochemical cholesterol
monitoring microfluidic device. The left figure is a picture of the device with a three-electrode
system and PDMS microchannels syringe pump and potentiostat connect to. The right graph shows
different cholesterol concentrations with amperometric curves from the device with three
microchannels. Reproduced with permission.!'>*! Copyright 2018, Elsevier. C. Electrochemical
immunosensor for biomarker detection of tumor necrosis factor alpha (TNFa). The left figure is a
schematic of the biochip with a modified electrode. The right graph shows the specificity of the
immunoassay through Differential Pulse Voltammetry (DPV) when different antibodies were
placed on the electrode. Reproduced with permission.!'>3! Copyright 2015, Elsevier. D. Paper
microfluidic device for the determination of glucose in urine. The left figure shows the schematic
diagram of the chromatography paper. The right figure shows colorimetric results of glucose
detection assays with different concentrations of samples. Reproduced with permission.!>®!
Copyright 2019, Springer Nature. E. Wearable microfluidic impedance cytometer on a wristband
for portable biomarker counting and analysis. The top left figure is a picture of the flexible circuit
device being worn. The bottom left figure shows the schematic of the microfluidic channel with
relevant resistor and capacitor locations. The top right figure shows a blood drop, lubricated with
Poly(ethylene glycol)-based polymer, flowing through the channel across an electrode. The bottom
right graph shows the digital data plotted on a smartphone as human red blood cells flow past the
electrodes. Reproduced under terms of the CC-BY license.!'>”! Copyright 2018, The Authors,
published by Springer Nature. F. Wearable microfluidic device for the capture, storage, and
colorimetric sensing of sweat. The top left figure shows the device being worn on the skin. The
top right figure is a schematic of the middle microfluidic channel system, and four sections of
reagents for colorimetric analysis (lactate, chloride, glucose, and pH). The bottom left figure shows
the device stationary without any sweat to analyze in its normal state. The bottom right figure

shows the device in use on an old male with the lactate and pH colorimetric sections. Reproduced

with permission.!'%! Copyright 2016, American Association for the Advancement of Science.

5. Summary and outlook
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Micro/nanofluidics enabled devices and systems have attracted and will surely continue to attract
numerous applications in biomedical engineering and healthcare monitoring and diagnoses with
unprecedented functionalities, as they become more easily accessible and customizable with the
emergence of advanced concepts of structural designs and manufacturing technologies in a
combination of novel materials. For example, structural design has radically evolved from the
early 2D channels to recent 3D channels toward multifunctionalities of bimolecular detection,
separation, and mixture. Outer power sources that drive fluid transports have changed from the
direct application of mechanical pressure and heat to magnetic or optical fields toward the
achievement of wireless remote control. The requirement of soft materials that can conform to the
trend of wearable technologies for in situ biomedical applications has led to the changes of
manufacturing approaches from early casting, molding, and lithography to additive manufacturing

such as 3D printing.

Going forward, the increasing demand for biomedical devices calls for new design and
manufacturing concepts and strategies of elaborate, low-cost, and user-friendly micro/nanofluidic
devices with multifunctionalities and wearable features!'*®l. Devices with 3D channel patterns and
spatial structures across scales are expected for monitoring multiple types of diseases and treatment
monitoring of relevance to rich biofluids in the human body. Besides, 3D fluidic devices offer a
unique situation that allows to observe in vitro interactions of biofluids with medicine molecules
by mimicking biofluidic structures of the human body in treatments. For instance, the treatment of
cancer typically requires long-term, high-cost surgery, radiation, medications, and other therapies,
and 3D fluidic devices with multifunctionalities could be a potential candidate to serve inside our
bodies.!'*! In parallel, soft materials are increasingly used due to their mechanical flexibility and
lightweight that aligns with the intrinsic soft properties of human organs, the associated design
principles and concepts for soft micro/nanofluidic biomedical devices need to be developed. The
designs can start with traditional strategies of micro/nanochannels across dimensions with various
material functional treatments that interact with components and molecules in biofluids. The
channels and pores in soft materials could also be achieved by leveraging the large mechanical
deformation properties of soft materials such as structural collapses with well pre-designs. In
particular, the employment of smart soft materials that is responsive to external stimuli such as
mechanical, temperature, electrical, or magnetic fields will yield programmable fluidic biomedical

devices toward a precise, remote, and off-site control to measurement timing, location as well as
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subject. More importantly, fabrication and manufacturing technologies of micro/nanofluidic
devices that are capable of accommodating the design from planar to complex steric 3D structures
are highly needed, where the continuous improvements of additive manufacturing such as 3D
printing are expected to lay a foundation. In addition, the manufacturing capability of multiphased
materials including responsive smart materials will be crucial for achieving a seamless integration
of structural design and manufacturing of micro/nanofluidic devices and systems across scales for

meeting desirable biomedical and healthcare monitoring applications.
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ToC figure (55 mm broad x 50 mm high):

Micro/nanofluidic devices and systems that allow to sense transported liquid offer an attractive
platform in biomedical engineering and healthcare monitoring. The concepts and strategies of
design and manufacturing that are crucial to achieve low-cost and user-friendly features of the
devices and systems with multifunctionalities, together with the associated challenges and

opportunities are discussed with representative biomedical applications.
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