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Abstract—This review is motivated by the growing demand
for low-cost, easy-to-use, compact-size yet powerful micro-
nanofabrication technology to address emerging challenges
of fundamental biology and translational medicine in regular
laboratory settings. Recent advancements in the field benefit
considerably from rapidly expanding material selections,
ranging from inorganics to organics and from nanoparticles
to self-assembled molecules. Meanwhile a great number of
novel methodologies, employing off-the-shelf consumer elec-
tronics, intriguing interfacial phenomena, bottom-up self-
assembly principles, ezc., have been implemented to transit
micro-nanofabrication from a cleanroom environment to a
desktop setup. Furthermore, the latest application of micro-
nanofabrication to emerging biomedical research will be
presented in detail, which includes point-of-care diagnostics,
on-chip cell culture as well as bio-manipulation. While
significant progresses have been made in the rapidly growing
field, both apparent and unrevealed roadblocks will need to
be addressed in the future. We conclude this review by
offering our perspectives on the current technical challenges
and future research opportunities.

Keywords—Biomedical engineering, Lithography, Microfab-
rication, Nanofabrication, Out-of-cleanroom.

INTRODUCTION

Development of micro-nanoscale devices and sys-
tems has been one of the most noticeable trends in
many areas of biomedical research over the past dec-
ades. The momentum toward building smaller instru-
ments and more compact analytical systems is driven
by the ability to offer high-precision assessment of
minute biological components (e.g., single cells, DNA
strands, and viral particles), to facilitate biochemical
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reactions in a high-throughput fashion, to provide
parallel multiplexed functionality, as well as to reduce
consumption of expensive reagents. Micro-nanofabri-
cation technology has played a central role in such an
implementation. Benefiting from the rapid-expanding
microelectronic industry, the cleanroom-based micro-
nanofabrication has evolved at a remarkable pace as
predicted by Moore’s law.'*> The current industrial
standard ensures highly reliable processing to produce
trillions of basic electrical elements—transistors—with
lithographic resolution of tens of nanometers within
one square inch area. Using the established micro-
nanofabrication techniques, microchips for various
biological and clinical applications have been success-
fully demonstrated in the recent years, including
implantable neural probes,?®> microfluidics-based
biological systems,’! physiological pressure sensors,**’
and cochlear and retinal implants.®?** One major
advantage of using the conventional cleanroom-based
fabrication technology is the capacity to directly
integrate the biochips with powerful electronic pro-
cessing units underneath, which eliminates extensive
electrical wiring and further reduces overall system
dimensions. However, insurmountable obstacles are
presented when applying the conventional techniques
to fast-growing biological and clinical applications.
These include the limited access to cleanroom facili-
ties, incompatible chemical and thermal treatments,
complicated and inflexible process flows, and
restricted material selection options, in addition to
high-maintenance and operation costs of fabrication
equipment.

A group of emerging lithography-based techniques,
such as soft lithography, have partially addressed the
aforementioned concerns by reducing the micro-
nanofabrication complexities while offering flexible
processing schemes and material selections. Since the
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original introduction, soft lithography techniques have
been increasingly explored in a wide range of biomed-
ical applications, including integrated cell sorters,™
in situ cellular biomechanical analysis,'”” stationary/
dynamic bio-molecular gradients,®” and on-chip geno-
mic analysis.'>> Recent trends lead to exploiting the
powerful performance of high-precision consumer
electronics, intriguing interfacial chemical/physical
phenomena, or self-assembled micro-nanobuilding
blocks to further extend micro-nanofabrication capac-
ity to an out-of-cleanroom laboratory environment.
For instance, off-the-shelf printers and digital projec-
tors have been extensively employed as inexpensive and
rapid micropattern generators in place of conventional
photomask exposure systems.'*"'*?*!* Micro-nano-
scopic chemical and physical phenomena at interfaces,
such as elastic deformation (wrinkling and collapsing),
have been frequently used to fabricate specific
micro-nanopatterns.’”'*® Furthermore, the bottom-up
self assembly techniques can be of particular use to
construct integrated functional micro-nanosystems for
biomedical application.'*>'*” In addition, the rapid
development of novel functional materials, ranging
from inorganics to organics and from nanoparticles to
self-assembled molecules, offers emerging alternatives
to conventional material processing.'!>!?7:153.167.212
Overall, the latest research activities in micro-nano-
fabrication enlightens this consistent evolution from
the conventional cleanroom-based techniques toward
easy-to-use, low-cost, compact-size, rapid-prototyping
and out-of-cleanroom processing for specific applica-
tions (e.g., biologically oriented use), which follows the
very similar trend to microelectronics and internet
booming over the past decades.

In this review, we will highlight the recent achieve-
ments in the rapid-expanding direction with a focus on
out-of-cleanroom techniques for biological and medical
applications, followed by featuring a few promising
examples from active research, including point-of-care
diagnostics, integrated cell culture as well as micro-
nanoscopic bio-manipulation. Although tremendous
efforts have been made in such an implementation with
appreciable advantages over the conventional coun-
terparts (e.g., low cost, fast turnout, custom configu-
rability, easy operation and maintenance, etc.), current
technical challenges with potential solutions and
opportunities (e.g., feature resolution, process reliabil-
ity, and system integration) will be further discussed.

MATERIALS FOR DESKTOP
MICRO-NANOFABRICATION

With the remarkable advances of material sciences
and technologies in recent years, rapidly growing

number of new functional materials have been intro-
duced to micro-nanofabrication society. In addition to
the conventional silicon-based materials, those new
materials, as listed in Table 1, facilitate the biomedical
research in an easy, fast, low-cost, multifunctional,
and more importantly, out-of-cleanroom manner.'>
For instance, flexible polymeric materials have been
extended to fabricate and/or functionalize biological
micro-nanosystems.''> Nanoscale building elements,
such as nanowires and nanoparticles, are widely used
to provide specific biological cues as well as to form
scaffolds for tissue engineering.'®”?'> Moreover,
emerging environmentally responsive materials can
find their applications in biosensing and bio-manipu-
lation platforms.'?’

Thermoset Polymers

Thermoset polymers refer to polymers that irre-
versibly cure through a thermal, chemical, or photo-
chemical reaction. With fluidic properties and one-step
curing, thermoset polymers have been frequently used
as inexpensive and durable masters for hot emboss-
ing” and replica molding.>* In particular, as the most
commonly used thermoset polymer in micro-nano-
fabrication, polydimethylsiloxane (PDMS) can be
processed by mixing two components, a base and a
curing agent, at a given weight ratio (e.g., 10:1) and
cross-linked at a room or slightly elevated temperature.
The uncured pre-polymer of PDMS is fluidic and can
flow into micro/nanostructures, which makes it an
excellent material option for the molding process.
Combining excellent mechanical (e.g., elastic and
flexible), optical (e.g., transparent) and biological (e.g.,
biocompatible and non-toxic) properties, together with
its low price, PDMS is a popular material selection for
biomedical microdevices.®**->*!2¢ Besides its dominant
use for microfluidics and bio-patterning,”! the elas-
ticity of PDMS has been particularly explored in bio-
mechanical applications. Chen and coworkers have first
utilized a PDMS substrate decorated with a densely
packed micropost array to investigate cellular adhesion
mechanics,'”” on which different levels of bending of
posts indicate the localized stress experienced by indi-
vidual cells. More recently, a similar system has been
adopted to quantitatively measure mechanical forces at
cell-matrix and cellcell contacts by the same group.''®
Furthermore, molecular structure of PDMS allows for
potential surface modification, another highly desired
feature for biological applications where specific bio-
functionality or bio-activation is often necessary.
Though the long-term stability of PDMS surface
chemistry still remains unclear,?'® a group of physical
and chemical modification methods have been
reported on this topic, including corona treatment,®
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TABLE 1. Materials used in the desktop micro-nanofabrication.

Typical micro-

nanofabrication
methods

Material categories Representative materials

Biocompatibility

and toxicity Biomedical applications

Thel’moset PDM86,49,53,62,1 16,126,156,177,201,204,216,217 M0|d|ng
polymers

Thermoplastic PMMA102:115
polymers coc'?

Polystyrene/polyolefin8:59:137.171

Hot embossing
Hot embossing

Heat-activated

Used in almost all microfluidic
and bio-/nanopatterning
applications

Construct for microfluidics

Used in optofluidic applications
primarily

Device packaging; pattern

Biocompatible

Biocompatible
Biocompatible

Biocompatible

shrinkage transfer; cell culture platform
Photopatternable ~ SU8g'+18:23:45.113 Lithography Toxic Master for microfluidics and
polymers KMPR'7° bio/nanopatterning
Dry film?®:105.173.183,184,192,193,214 Lithography Biocompatible Master for microfluidics and
bio/nanopatterning
PEGS8:100.104.159,160 Lithography Biocompatible Used in cellular and biomolecular
investigations and
implantations
Thioleng®%:70-13% Lithography Biocompatible Solvent-resistant for
biocompatible applications
Photopatternable PDMS'6-488 Lithography, Usually toxic due Construct for microfluidics;
molding to the additive device packaging
chemicals
Nanomaterials Nanoparticles®20:106.153.211 Self-assembly  Under study Nanofluidics, hanosensing,
nanomanipulation
Nanofiber”8110:112.176,196,205,208 Electrospinning  Depended on the 2D/3D cell culture scaffold
used polymer,
usually biocompatible
Nanocomposites®”50:58.64-66.139,198 Molding Depended on the Providing conductive,
functional hydrophobic properties
components
Biological Silk®96:109.140.141,197 Electrospinning  Biocompatible after 2D/3D cell culture scaffold,
materials surface treatment implantation

DNA1 1,12,107,161,207

Virus36,119,187

Chitosan 49209

Self assembly
Self assembly

Electrodeposition Biocompatible

Biocompatible Nanomachinary,
3D nanostructures
Nanomachine, nanostructure
synthesis

Bioactive coating

Biocompatible

chemical grafting,?'” surface-initiated radical poly-

merization,”® erc. Chemically modified PDMS sur-
faces have found a variety of uses in bio-patterning,
also known as micro-contact printing (¢CP), in which
micro-nanopatterns of a self-assembled biomolecular
monolayer can be transferred from a PDMS stamp to
a desired substrate.'>® The easy processability, excel-
lent adaptability, multiplexed functionality, and elas-
ticity of PDMS ensure its popularity will continue in
desktop bio-oriented micro-nanofabrication.

Themoplastic Polymers

Unlike the thermoset polymers, thermoplastics can
be melted and shaped repetitively above their glass
transition temperatures (7). The reshaping capacity of
thermoplastics serves as the basis for its primary use in
highly efficient thermal molding processes in micro-
nanofabrication at low cost. For instance, acrylics,

such as polymethyl methacrylate (PMMA), are com-
mon choices in hot embossing applications for mass
production.''> A microcapillary electrophoretic system
has been devised for DNA separation and detection
using hot-embossed PMMA microchannels.'”> In
addition, cyclic olefin copolymer (COC), another
thermoplastic polymer, is primarily used in optofluidic
devices for its excellent optical clarity.'”? Moreover,
thermoplastics can be manufactured with program-
mable shape memory. Pre-stressed thermoplastics, e.g.,
polystyrene and polyolefin, are capable of rapidly
reducing the lateral dimensions triggered by heating
above the glass transition temperature. This process
has been applied to adhesive-free microfluidic pack-
aging, where a thermally shrinkable piece of polyolefin
tube is heated to seal an embedded funnel-shaped
connector in a silicon nanofluidic chip to an external
conduit with hermetic yet re-workable packaging
(the leakage pressure is greater than 200 kPa).'®
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Furthermore, the size-reduction characteristics also
enables pattern transfer with improved lithographic
resolution, which will be described in the following
section 2859 137.171

Photopatternable Polymers

Photosensitive polymers represent another large
family of polymers with light-triggered chemical reac-
tions. The built-in photopatternability of these poly-
mers enables processing micrometer or sub-micrometer
structures in a single lithographic step. Among them,
those sensitive to ultraviolet (UV) lights have been
long employed as photoresist materials in micro-
nanofabrication, to which the identical or comple-
mentary patterns of the photomask is transferred dur-
ing exposure.''” In particular, the negative-tone
photoresist, SU-8, becomes a popular choice as
microfluidic molds as well as structural MEMS layers
for its optical transparency, chemical inertness, and
high-aspect ratio.!"'®234!13 Unlike SU-8, another
resin-based negative-tone photoresist, KMPR, has been
recently introduced featuring easy chemical removabil-
ity.!”® Derived from the conventional solvent-based
photoresist formula, a new category of photoresists has
been developed in solid form, known as dry-film resists,
which eliminates both spin coating and soft bake steps
from traditional photolithography. Various groups
have utilized this solid-phase resist film to devise a
number of biomedical microsystems.”®-!0:183.184.192.193
Unlike their solvent-based counterpart, the dry-film
resists possess excellent layer-to-layer adhesion and can
form suspended microstructures, both of which are
crucial to building stereo MEMS structures and devis-
ing 3D microfluidics. Recent reports have demonstrated
the application of multilayer dry-film constructs to the
formation of 3D microfluidics (e.g., mixing and chemi-
cal gradient generation) for out-of-cleanroom rapid
prototyping.'”3!4

Besides the photoresists, other photosensitive
biopolymers have also been widely explored in the
biomedical microsystems. As the most studied non-
fouling biomaterial, polyethylene glycol (PEG) can be
incorporated with photochemistry (e.g., acrylation
combined with photo-initiator addition) to generate
functional micropatterns for bio-applications. Revzin
et al. have first illustrated the use of photo-definable
PEG microstructures for in vitro cell culture,'” in
which UV light selectively polymerizes PEG hydrogel
microstructures through photo-initiators (such as
1-phenyl-2-hydroxy-2-methyl-1-propanone).'%%:104:160
Similar micro-nanostructured PEG surfaces have been
applied to template-assisted nanoparticle assembly.*®
In addition, photopatternable adhesives have been
directly used as microfluidic constructs for its

exceptional chemical resistance and packaging per-
formance.*® Thiolene, a UV curable polymer, has
recently attracted considerable attention to establish
solvent-resistant, biocompatible, and hybrid micro-
nanodevices.®%- %13

Furthermore, photopatternability has been incor-
porated in PDMS matrix for its wide acceptance in
micro-nanofabrication. By introducing photo-initiators
into the polymer base, either positive- or negative-tone
patternability of PDMS can be achieved. For example,
using 2,2-dimethoxy 2-phenylacetophenone as the
photo-crosslinker, a negative photo-definable formula
of PDMS has been reported.*® In another approach,
benzophenone is added as a neutralizer to the curing
agent, from which positive-tone partternability can be
established for PDMS polymer.'®*! Complimentary to
the traditional PDMS molding technique, photopatt-
ernable PDMS offers direct processability and addi-
tional flexibility to building microstructures, though it
has limited feature resolution (=10 um) and undeter-
mined biocompatibility.

Nanomaterials

Nanomaterials represent an exceedingly broad cat-
egory of materials with one or more dimensions falling
into the nanometer range, and usually exhibit unique
physical and structural properties in addition to the
intrinsic material properties as scaling down (e.g.,
metamaterials).® Herein, we confine the discussion to
the nanomaterials explicitly used in out-of-cleanroom
fabrication for biomedical applications. Although the
bottom-up self-assembly-based approaches have been
primarily utilized, the nanoengineered building blocks
(e.g., mono-dispersed nanobeads with a wide range of
diameters, nanowires with different hierarchies, and
quantum dots with various excitation wavelengths) are
incorporated into a variety of structures and surfaces
with dedicated fabrication schemes, which inherit their
intrinsic functionality while gaining structural advan-
tages (e.g., large surface-to-volume ratio and intriguing
optical properties).*'**!'** Moreover, since their
dimensions are comparable to biomolecules, such as
proteins and polynucleic acids, these nanoscale com-
ponents can be applied broadly to many areas of
medicine from diagnosis to treatment.>**'** For
instance, self-assembled silver/gold nanoparticles have
worked as effective optical tags for surface enhanced
Raman spectroscopy (SERS), from which DNA mol-
ecules and tumor ligands have been detected.”>*!>* In
addition, organizing nanoparticles into closely packed
hexagonal structures can form a nanoporous matrix
for biomolecular separation and detection.'¢*!!

Moreover, incorporating functional nanoscopic
components into a continuous matrix (usually polymer)
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forms a subgroup of nanomaterials, called nanocom-
posites. One major advantage of these binary com-
posite materials is that they typically derive combined
properties from both the supporting matrix and
embedded nanofiller, sometimes even from the struc-
tural formation (e.g., metamaterials).®® For example,
conductive and elastomeric materials have been long
pursued for wearable biosensing and bioelectronics, to
which nanocomposite materials offer a simple yet
effective solution. In one approach, PDMS pre-poly-
mer has been mixed with conductive nanopowders
(e.g., silver particles and carbon nanotubes) to create a
conductive elastomeric composite, which can be used
in micro-heaters and temperature sensors in polymer-
ase chain reaction (PCR) chip as well as pressure
sensors in  microfluidics.’®** 3% PDMS-based
nanocomposites, combined with the aforementioned
photopatternability, have proved to be both positively
and negatively photo-definable with conductive prop-
erties, being useful for bioelectrical sensing and actu-
ation.”” Furthermore, by mixing chemically inert
polytetrafluoroethylene (PTFE) nanoparticles with a
high-aspect ratio photoresist matrix (SU-8), unique
surface microfluidics can be built on any substrate
permitting SU-8 chemistry, where the flow path is
confined by the boundary of the superhydrophobic
nanocomposite patterns (known as triple lines of gas/
liquid/solid interphase).®*°® Benefiting from the
interfacial wetting control, the automatic flow on the
open microfluidic platform allows building inexpensive
and rapid biological detection schemes for point-of-
care diagnostics.

Biological Materials

Organizing biological materials into desired 2D/3D
formation can provide biophysical cues for regenera-
tion of functional tissues or even organ. Restoration
of tissues has always been an ultimate goal for
tissue engineers and attracted wide interests from
micro-nanofabrication society recently. Kaplan and
coworkers have led the effort to investigate and
re-engineer the micro-nanotopology of one of the his-
toric biomaterials, silk fibroin fibers (the structural
protein of natural silk).>'*! Produced by the electros-
pinning technique, silk fibroin nanofibers have been
constructed as 3D scaffolds for tissue regeneration and
targeted biomolecule delivery.'” "7 In the latest
use, a silk-based biodegradable film has been employed
as a biocompatible and flexible substrate for implant-
able neural mapping.”® In another paradigm, DNA has
been actively researched in building nanoarchitec-
tures by designing molecular sequences and/or pro-
grammed hybridizations properly.'*'°” For example,
arrays of protein patterns and conductive nanowires

are fabricated on programmable DNA nanostructural
templates.’’” Furthermore, DNA origami can be cre-
ated by folding long, single-stranded DNA molecules,
from which planar nanostructures with high-spatial
resolution of 6 nm are achieved.'®" Moreover, utilizing
the sequence-specific interactions of complementary
oligonucleotides, 3D nanomachinery has been devised
for molecular sensing, controlled drug delivery, as well
as nanomotors (using catalytic bioreactions).'' Besides
DNA, viruses have been deployed to construct specific
nanostructures autonomously. A virus-based toolkit is
reported to direct the synthesis of magnetic and semi-
conducting nanowires.'"” Single enzymatic reactions
can be incorporated inside the cowpea chlorotic mottle
virus used as natural nanoreactors.’® Interestingly,
embedded into platinum nanoparticles, the tobacco
mosaic virus (TMYV) functions as a novel electronic
memory device with bistable states enabled by charge
trapping and releasing inside the hybrid bio-inorganic
nanostructures.'®” In addition, the aminopolysaccha-
ride chitosan has been widely explored to assemble
nanoscale biological substances, including proteins,
vesicles, and viral particles, which can serve as a generic
nanomanufacturing platform for various biomateri-
als."™ An intriguing bio-fabrication scheme has been
recently introduced to achieve selective biomolecular
deposition on different substrates, in which its solubility
in buffered solutions at varying pH values is exploited
to control biomaterial deposition conformally. In one
report, chitosan molecules are assembled under an
electrochemical gradient on top of a cathode.?”

DESKTOP MICRO-NANOFABRICATION
TECHNIQUES

Micro-nanofabrication has been generally consid-
ered to comprise three essential elements: lithography,
pattern transfer, and packaging. Lithography outlines
desired features on a dedicated imaging layer, through
which the micro-nanopatterns are transferred onto
the target substrate.''*!"” Packaging, the final step,
becomes necessary when the microsystem needs to be
operated independently from environmental influence,
e.g., preventing particular contamination in sensors or
eliminating interfacial instability of microfluidics.'* In
conventional fabrication setup, the dedicated clean-
room environment, high-maintenance equipment, and
inflexible and cumbersome operation procedures are
all indispensible. However, present rapid-evolving
biomedical research poses new challenges, where sim-
ple, fast, inexpensive, and environmentally friendly
approaches are called for. In the following sections, we
will review the latest advances of emerging out-of-
cleanroom micro-nanofabrication techniques that meet
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the aforementioned requirements for biomedical
applications.

Direct Lithography Processes

Introduced to microelectronics manufacturing in
the late 1950, photolithography (/atin: light-stone-
writing) has been employed as the primary lithographic
step in micro-nanofabrication. The high resolution
(sub-micrometers to tens of nanometers) and reliability
of the process are achieved at the expense of compli-
cated exposure systems and toxic photo-reactive
chemicals, which limits its application to the clean-
room environment.'!” Various direct lithographic
approaches developed over the past decade have
attempted to fulfill desktop microfabrication require-
ments for biomedical uses. Among those, off-the-shelf
microelectronics has been closely investigated to sim-
plify and expedite the lithography process. Digital
projectors become a natural alternative to the photo-
exposure units. By replacing the projection lens with
reduction optics, miniature digital images can be pro-
duced using any commercial graphic software, which
enables direct lithography in an out-of-cleanroom
setting.”? 76-98:164213.214 UJgine the maskless projection
process, micropatterns of various photosensitive
polymers, including polyethylene glycol’””> and poly-
acrylamide,’”*7%1%* have been successfully established
for selective cell adhesion control and biofluidic
manipulations.”® By modifying the exposure system
with an interchangeable lens, variable focal distances
and magnifications can be obtained with feature reso-
lutions down to a few micrometers. Moreover, com-
bining synchronized image control and an XY
traveling stage, maskless exposures over a large surface
area (over 50 x 50 mm?) have been realized, as shown
in Fig. 1a.”® More recently, an integrated direct pro-
jection lithography process has been introduced to
photopattern multilayer microstructures of the dry-
film resists in a desktop setup, which is capable of
producing 3D micro-topology, achieving multilayer
alignment and forming a seamless enclosure. Feature
resolutions of 10 um and an alignment precision of less
than 10 um, using a unique software alignment strat-
egy, have been reliably achieved in this process.>'*
Furthermore, 3D shadow masks fabricated by the
maskless projection process can be directly employed
to deposit multiple living or functional biological
objects with micrometer precisions in sequence,
referred to as Stereomask Lithography (Fig. 1b).”!* As
a promising candidate for the next-generation desktop
lithography platform, projection-based lithography
systems considerably lower the technical threshold
and significantly facilitate the prototyping process for
bio-oriented microfabrication.

Another promising approach utilizes commercially
available printers to create the imaging layer, in place
of photo-exposure and toxic photoresists.®?:84179-191.199
By completely eliminating photochemical reactions,
environmentally friendly inks are used to generate a
replica mold or a pattern transfer mask. PDMS
molding from a printed substrate, named as Print-and-
Peel, is first introduced by Vullev ef al., and has been
applied to an array of biological applications since,
such as bacterial spore detection,'! capillary electro-
phoresis,®* and capacitance-based cell detection.®
In an alternative route, we have demonstrated that
printed wax images from a solid-ink printer (Xerox
Phaser™) can act as an excellent chemical barrier for
subsequent wet etch and chemical modification.'®”
In addition, a novel folding strategy has been pre-
sented to form multilayer microstructures from one
double-side printed substrate. A recent review from
Vullev’s group covers more details on printer-based
microfluidic fabrication techniques.'”

Moreover, microfluidics has been implemented to
establish micropatterns of specific biological objects.
For example, as shown in Fig. 1c, PDMS microchan-
nels are reversibly bonded onto a bioactive substrate,
through which multi-phenotype cell array is formed.
After peeling the cell-patterning channels, another set
of microfluidic channels is positioned orthogonally to
deliver different chemical stimuli to the cell array for
high-throughput investigations of cell-biomolecule
interactions.”®!"! In addition, a similar technique has
been applied to form hyaluronic acid (HA) patterns on
tissue scaffold templates, which induces regeneration
of cardiac tissues in a 3D fashion.®® Moreover, micro-
patterns of ordered monolayer nanoparticles can be
formed by tuning microflow profiles and interfacial
interactions, which can also be employed to biological
patterning.’’

Soft lithography is another important category of
the out-of-cleanroom lithography, introduced by
George Whitesides’ group in the late 1990s
(Fig. 1d).6:49-51:33.126.154.162 - Gince  then, the replica
molding-based micro-nanofabrication technique has
been widely employed to produce a large variety of
chemical and biological microdevices. Detailed tech-
nical reviews on soft lithography can be found else-
where, 31:53:154.162

In addition to desktop micropatterning, a number
of powerful yet inexpensive lithographic techniques
have evolved and targeted toward patterning nano-
scopic objects (e.g., nanoparticles and biomolecules).
Converted from a regular desktop atomic force
microscope, a nanolithography system—dip-pen nan-
olithography—has been developed to print biomole-
cules with nanometer precision in a serial writing
manner, as schematically illustrated in Fig. le, and has
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FIGURE 1. Direct lithography processes. Schematic illustrations of (a) large-area maskless exposure system. Reprinted with per-
mission from Ref 73. Copyright 2008 American Chemical Society; (b) Stereomask lithography,?' Reproduced by permission of The Royal
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found a group of biomedical implications."”’ Among
those, homogenous nanopatterns obtained by the dip-
pen nanolithography have shown the capacity for
directing mesenchymal stem cell differentiation
with high reproducibility.** Recently, another light-
actuated patterning technique for nanoscopic objects,
referred to as nanopen, has been recently reported by
Wu et al,”” which allows low power actuation,
dynamic optical manipulation as well as high adapt-
ability, as shown in Fig. If. Using the combined effect
of various light-induced electrokinetic phenomena
(including light-actuated AC electroosmosis, electro-
thermal flow, and dielectrophresis), the nanopen is
capable of organizing various nanoobjects, including
metallic nanoparticles and carbon nanotubes, into
arbitrary shapes over an area of thousands of square
micrometers, being highly applicable to biochemical
analysis and sub-cellular manipulation. Moreover,
Jack Judy and his colleagues use micropatterned fer-
romagnetic substrates to achieve intracellular nano-
particle positioning with sub-micrometer precision,
which can be potentially applied to generate localized
chemical or mechanical signaling for high-precision
cellular analysis.'®

Electrospinning represents an increasingly impor-
tant nanolithography technique to construct versatile
nanofibrous scaffolds.''® Driven by the complex elec-
tro-fluid—mechanical interactions, an ultrathin polymer
stream ejects from a cone-shaped droplet (known as
Taylor cone) at the tip of a conductive needle charged
to a high electrical potential (thousands to tens of
thousands volts) toward to a grounded collector, as
illustrated in Fig. 1g. By incorporating conducting fil-
ler into the polymer solution, for example, multiwall
carbon nanotubes in PMMA, conductive nanofiber
patterns can be electrospun.'’® Furthermore, coaxial
electrospinning has been established to generate
nanochannels, employing motor oil as a dissolvable
core and a silica sol-gel solution as an exterior shell,
for single molecule detection.'”® In addition, nanofi-
brous membranes fabricated by the electrospinning
technique closely mimics in vivo extracellular matrices
and exhibits excellent biocompatibility, which makes it
an ideal substrate for tissue regeneration as well as bio-
sensing.”®"1%20% Recently, electrospun PDMS/PMMA
nanofibrous membranes have served as a functional
substrate for protein microarrays with an ultralow
detection threshold (i.e., more than 30 times more
sensitive) in comparison with the current standard.>*®

Facile Pattern Transfer

The pattern transfer process aims to construct the
desired features on the target substrate from the
lithographically defined imaging layer. A variety of

techniques, dry or wet, subtractive or additive, have
served for this purpose in the conventional micro-
nanofabrication.'"*!'"” Differing from the precise yet
expensive fabrication techniques, pattern transfer pro-
cesses for desktop micro/nanofabrication usually relay
on simple chemical reactions, unique material proper-
ties or interfacial interactions, and can potentially
combine with the aforementioned direct lithography
techniques. Single-step chemical reactions have been
primarily employed in rapid prototyping processes. For
instance, KOH-based chemicals have been reported to
wet etch microchannels into polymer substrates,'®’
while copper layers are electroplated as electrodes to
monitor impedance variations in a fluid.®® Direct pho-
tochemistry represents another powerful patterning
technique. Unlike the lithographic use, photo-cross-
linked polymers, which include dry-film photoresists,*'*
polyethylene glycol,'® and UV-curable adhesives,*®*°
can form microstructures by themselves.

Recently, unique interfacial phenomena have been
explored to produce special micro-nanoscale patterns
directly. It is known that after exposure to oxygen
plasma, an ultrathin brittle SiO,-like layer emerges on
top of the treated PDMS substrate.'” Using this phe-
nomenon, a tensile strain is applied onto the PDMS
substrate during the plasma treatment, from which
nanowrinkles with periodic sinusoidal waveforms are
resulted in the perpendicular direction to the strain
after release, as indicated in Fig. 2a.%>** The wrinkle-
based nanofabrication technique has been used to
rapidly prototype nanofluidic channels for biological
applications. For instance, nanochannels have been
devised to pre-concentrate target proteins using over-
lapped electrical double layers in the highly confined
space.”” Further investigation shows that stretching an
oxidized PDMS substrate can directly lead to wrinkled
nanometer-size features, which has been employed as a
replica mold in PDMS nanofabrication.'?® In addition,
the interfacial nanoconduits can form different cross-
sectional profiles by simply tuning the strains loaded
onto the substrate, and can be utilized in various
bio-applications, such as tunable sieving and trapping,
dynamic manipulating and in situ fabricating
nanoobjects.®® However, the major limitation of the
interfacial nanofabrication is that the interface-
induced nanostructure formation is only limited to
certain periodic patterns. Another intriguing pattern
transfer strategy employs pre-defined microstructures
to achieve tunable feature sizes. In one recent report,
shown in Fig. 2b, structural collapse of elastomeric
PDMS microchannels has been engineered to produce
nanofluidic features as small as 60 nm under controlled
surface chemistry, which illustrates its potential for
DNA manipulation and surface-enhanced optical
detection.'® In addition, the elastic deformation has
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been utilized to achieve tunable patterns of particle
separation in a microfluidic chip using the determin-
istic lateral displacement principle, where the inter-
obstacle distances among microposts are altered by the
tensile stress applied externally.'® Furthermore, the
heat-induced shrinkage of the aforementioned shape-
memory thermoplastics has been exploited to propor-
tionally reduce the size of patterned features. Polymers
with high shrinkage ratio have been studied for opti-
mal performance of the down-scaled patterning,
including biaxially oriented polystyrene films (e.g.,
Shrinky-Dinks®) and pre-stressed polyolefin sheets.
Moreover, thermal shrinkage is capable of inducing
lincar or biaxial nanopatterns with tunable wave-
lengths at a polymer—metal interface which can be
controlled by the shrinkage ratio (through the time
duration or temperature of the shrinking process),
similar to the interfacial wrinkle formation on PDMS
surfaces. As illustrated in Fig. 2c, it can be utilized as
an alternative nanomolding template.”>>%'%7
Self-assembly processes provide another facile yet
powerful technical platform for bottom-up nano-
structure formation in a bench setup. Organized
nanoscale building blocks, e.g., functional nanoparti-
cles and biomolecules, are of broad interest to emerg-
ing biomedical applications. Highly organized 2D
nanoparticle patterns have been assembled into
microwells relying on the differential interfacial inter-
actions® or adhere to surfaces with pre-defined
geometries utilizing a peel-off method.”'® Monodi-
spersed nanoparticles can be closely packed into
microchannels, functioning as 3D nanofluidic sieves
for biomolecule separation.?'' With tunable pore sizes,
this methodology enables separation of proteins based
on molecular sizes ranging from 20 to 200 kDa and
separation of double-strand DNAs based on lengths
varied from 50 bp to 50 kbp, which is directly appli-
cable to, for example, high-throughput continuous

DNA fractionation.”'® A similar strategy is proposed
to realize reverse-phase liquid chromatography with
sub-micrometer plate height for improved separation
speed and resolution.''® More recently, the closely
packed nanoparticle matrix has shown amplified elec-
trokinetic activities in comparison with those in a
single nanochannel configuration.®® As electrical dou-
ble layers overlap inside the interstitial spaces among
the packed nanoparticles, the electrical conductance,
proportional to the surface charge density, provides a
simple and rapid detection scheme for bio-sensing.'’®
Furthermore, the self-assembly principle can be
extended to micrometer-sized objects. Considering
joint effects from geometry, capillarity, fluidic, elec-
trokinetic and gravitational forces, a large number of
microscopic components ranging from sub-micrometer
to millimeter scales can be self-organized with highly
ordered architecture in a high-yield and programmable
way.'?> This approach has been proposed to build
multifunctional bionic contact lens with integrated
electronic circuitry and bio-sensing capacity.'’

Packaging

Packaging usually comes as the last step in the entire
fabrication process. Conventional MEMS packaging
techniques (e.g., anodic, eutectic, or thermal com-
pression bonding) usually experience high temperature
(a few hundred to more than a thousand degrees),
heavy mechanical load (greater than 1 atm), and/or
strong electric field (a few hundred to a few thousand
volts across the interface), through which hermetic seal
of the device forms as necessary. However, packaging
for biomedical devices confronts completely different
challenges in which bio-compatibility, bio-functional-
ity, reversibility, as well as macro-to-micro interfaces
preclude many of the traditional packaging processes
from being used in traditional microelectronics.
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Surface chemical modification serves as the primary
route to join two bio-functional surfaces. It relies on
the formation of strong intermolecular interactions,
e.g., covalent, electrostatic, or hydrogen bonds,
between two sides.”’> As aforementioned, PDMS-
based microdevices have been widely employed in
chemical and biological applications. The standard
packaging technique to enclose PDMS microfluidic
channels relies on plasma activation of the surface.
When exposed to oxygen plasma, silanol groups
(Si-OH) are introduced to the PDMS surface in place
of methyl groups, which lead to the formation of
covalent bonds with the substrates presenting hydroxyl
groups.*”®® In addition, an irreversible chemical bond
forms between the oxygen plasma-treated PDMS and
a large number of surfaces, including glass, silicon
oxide, quartz, silicon nitride, and various polymers
(e.g., polyethylene, polystyrene, and glassy car-
bon).'”* Recently, an alternative low cost, handheld
corona system has shown to be able to activate PDMS
surface, which achieves comparable bonding strength
to that attained through the use of a plasma reactor,
although the mechanism of this surface activation
approach remains unconclusive.> Besides the dry
activation schemes, wet chemical treatment of surfaces
is another group of packaging methods used for
polymer microdevices. For example, organofunctional
silanes can be used to adhere various plastic substrates,
such as PMMA, polycarbonate (PC), polyimide (PI),
and polyethylene terephthalate (PET), to PDMS,
which offers an expanded material portfolio to the
desktop fabrication.'”'”®  Furthermore, solvent-
assisted bonding, which swells the surfaces prior to the
contact, can also join two polymer substrates seam-
lessly. In another study, PMMA has been reported to
seal by using ethylene glycol dimethacrylate as the
functional solvent, in which microchannels with an
aspect ratio of 0.03 and bonding strength of 3.5 MPa
can be realized.'®™ As alternative bonding strategy,
step control of the curing/polymerization process (e.g.,
altering crosslink ratio or curing time) has also been
explored.””'® As a common practice, incompletely
cured PDMS presents appreciable adhesion to various
biological substrates. Similarly, completely curing
partially crosslinked PEG films led to the hermetic seal
of micro- and nanochannels (with feature sizes as small
as 50 nm).””> In addition, multilayer microfluidic
structures of thiolene can be also fabricated using such
a process.'*

Moreover, physical forces, such as magnetic or
vacuum forces, are also utilized to establish reversible
packaging for microfluidic systems. Magnetic forces
can be used to establish reversible seal of microfluidic
devices with reasonable bonding strength (up to

145 kPa), and highly adaptive to integrate a broad
category of bio-functionalized substrates.'”'*" Alter-
natively, vacuum forces have been utilized to achieve on
demand packaging for a group of lab-on-a-chip
devices.'*!'%> Reversible vacuum-assisted bonding can
be employed by including a network of vacuum
microchannels to seal around the microfluidic struc-
tures, which is directly linked to a negative pressure
source (e.g., a facility vacuum line or a vacuum pump).
This concept has been successfully applied to study the
interactions between leukocytes and biochemically/
biologically functionalized surfaces under various shear
flow conditions, in which seal of microfluidic channels
to bio-active surfaces is usually challenging.'®>1°

Another important topic in the biomedical pack-
aging is to establish the world-to-chip connections in
a simple and effective way. Inserting tubes into
through-holes of PDMS layer can directly function as
universal interconnects in microfluidic packaging.'®®
Leakage of this type of connectors is found at the
working pressure of 137 kPa. Tuning the connector
structures as well as applying suitable glues (Fig. 3a),
further improvement on packaging performance has
been reported, i.e., the maximal non-leaking pressure
over 2.2 MPa at an elevated temperature (up to
275 °C)."** Importantly, a “press-fit” strategy as
illustrated in Fig. 3b has been introduced as an
inexpensive, epoxy-free and reusable packaging route
for rapid prototyping.** A trimmed needle is used to
punch through-holes in the PDMS substrate, and
subsequently, a blunt one with the same outer
diameter can be inserted to create a compressed seal
under the elastic deformation of the bulk PDMS
surrounding the needle. The leakage pressures as high
as 700 kPa has been reported for this method, satis-
fying most biofluidic applications. Similar to the
aforementioned magnetic bonding, Fig. 3¢ shows disc
and ring magnets with microfluidic tubing that are
paired up to form reversible fluidic interconnects in
the standard microfluidic devices.” Lately, simple
strategies have been reported to achieve standardized
adhesive-free reversible microfluidic interfaces with
high packaging reliability and high-tubing density as
well as re-workability, referred to as fit-to-flow
interconnects. Analogous to the concept of universal
serial bus in computer peripherals, molded PDMS
blocks integrated with micro-tubes form the female
socket (Fig. 3d), while male plug-in components
with complementary shapes can slide into the opening
and establish microfluidic passage under a mechani-
cal seal reversibly (press-fit or vacuum-fit), which
hold promise for low-cost, easy-to-use, plug-and-play
fluidic connections in rapid growing biofluidic
applications.?
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OUT-OF-CLEANROOM
MICRO-NANOFABRICATION FOR
BIOMEDICAL APPLICATIONS

As above illustrated, the rapid development of out-
of-cleanroom micro-nanofabrication techniques equips
bioengineers, biologists, and medical researchers with
an array of inexpensive, functional, adaptive, and
customized gadgets aimed at specific miniature bio-
objects with micro- to nanometer precisions, which
opens enormous opportunities and possibilities in the
new biomedical era. Here, we highlight a few emerging
areas of active research employing the desktop micro-
nanofabrication platforms.

Point-of-Care Diagnostics

Recent studies aim at development of diagnostic
devices for point-of-care testing. Potential low cost,
rapid outcome, and easy-to-use features of point-of-care
diagnostics make it highly attractive to clinical analysis,
and can be widely employed at the side of patients (e.g.,
outside of the hospital, in the field, and in the developing
world).'”! Enabled by microfabrication and microflui-
dics, point-of-care diagnostics has been explored in a
wide variety of medical situations, including monitoring
disease markers, assessing therapies, and detecting

chemical and biological hazards, and identifying infec-
tious population during pandemics.

Among those, microfluidics-based immunoassays
have been studied for use in public health monitoring
over the past decade, originally proposed by Yager
et al”*® T-shaped microchannels, fabricated by single-
step laser micromachining in a PET film (Mylar®),
have been employed for high-sensitivity immunodiag-
nostics based on rapid diffusion of biomolecules
(within a minute).®' For instance, integrated with SPR
detection, the T-sensor is capable of quantitative
analysis of phenytoin with concentrations varying
from 75 to 1000 nM within 10 min.'*® In addition,
reagents preserved by filtrating through microfluidic
membranes from urine samples can be applied to
multiplexed quantitative immunoassays.'”*

More recently, building multiplexed diagnostics on
inexpensive substrates serves as another appealing
direction. Paper-based microfluidic analytical devices
introduced by George Whitesides and his team have
been extensively studied as a disposable low-cost
diagnostic platform.”®'** Soaking chromatography
papers in photoresist followed by lithographic
patterning, chemical reagents can be loaded and
confined in desired regions on the biofunctional
papers, known as lab-on-a-paper.”®'?* 3D microfluidic
devices have been developed on paper devices with
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the help of adhesive tapes, as shown in Fig. 4a.'?!1*

Alternatively, solid ink printing followed by ther-
mal reflow treatment can be exploited to replace
the photolithography step, leading to a completely
cleanroom-independent process.>> By cutting nitrocel-
lulose membranes with a CO, laser, two-dimensional
paper networks (2DPNs) have been developed by
Yager’s group for self-propelled microfluidics'** and
chemical signal amplification.”® Methods for flow
visualization, analytical measurement,*® and biomolecule

patterning'** based on the paper networks are also
developed to facilitate the implementation of point-of-
care diagnostics. Compatible with a commercially
available glucometer, the latest paper-based microflu-
idic device can quantitatively analyze a variety of
biochemical compounds, such as glucose, cholesterol,
lactate and alcohol electrochemically.’*® As an
emerging technology alternative, the paper-based
analytical systems have demonstrated their potential as
inexpensive, easy-to-use, disposable bioassays for
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multiple analytes, which can be widely deployed in
developing countries in the foreseeable future.'*’

Meanwhile, several groups have extended the power
of high-definition digital imaging chips of consumer
cameras (e.g., CMOS imaging chips) to lens-free
microscopic detection units integrated with microflu-
idic platforms. Yang and coworkers have achieved
submicrometer resolution of biological imaging using
an optofluidic scanning technique, as indicated in
Fig. 4b.%° Recently, groups in UC Berkeley and UCLA
have independently reported integrated versions of the
lens-free microscopy on cell phone platforms, which
can be of immediate use to screen blood cells or detect
water-borne parasites using an optically modified cell
phone. Moreover, the digital diagnostic information
can be transmitted to and processed in remote medical
centers through wireless networks, from which the
follow-on instruction and treatment plan are to be
provided. Due to the dominant popularity of cell-
phones worldwide, cell phone-based diagnostics could
be a vital tool to improve health conditions in the
developing countries or remote villages.?*%%!43-168.186
In brief, the emerging concepts for point-of-care
diagnostics, quickly evolving with customized enabling
micro-nanotechnology, may play a leading role in
future global health care.

On-Chip Cell Culture

Integrated cell culture, permitting on-chip screening
and diagnostics, quantitative biophysical and bio-
chemical analyses, high-throughput bioreactions, and
controlled cell interaction assays, has been extensively
investigated in both fundamental and translational
biomedical researches. A wide range of out-of-clean-
room fabrication techniques have been developed due
to the demand of highly customized designs. In par-
ticular, single or multiple cell arrays have been placed
and aligned in integrated culture platforms, which are
microfabricated by various biomaterials as aforemen-
tioned (e.g., PEG and PDMS).?*:158182 Recently, the
on-chip cell microarray is extensively used to create
stem cell aggregates (such as an embryoid body or
neurosphere) with defined sizes and shapes in regen-
erative medicine, leading to better control of stem cell
differentiation and proliferation.?*-8>8%13%131 More-
over, Beebe and coworkers have built a simple
self-operated microfluidic platform for controlled cell
culture and high-throughput screening using the stan-
dard soft lithography technique. Utilizing the Laplace
pressure gradient generated by surface tension under
geometric variation, the lab-on-a-chip device elimi-
nates both complicated control units and external
energy sources.''**'%> Further investigations show
successful incorporation of control logics and timing

units into the passive networks, which is capable of
conducting multi-step programmable biological pro-
tocols. A series of operations, including culturing,
fixing, and staining cells, have been successfully per-
formed on a culture containing embryonic kidney cells,
as shown in Fig. 4¢.8>°*!8! Digital microfluidics based
on electrowetting-on-dielectrics (EWOD) has also been
implemented to perform mammalian cell cultures in
sub-microliter droplets. The multiplexed digital
microfluidic platform is capable of automatic seeding,
growing, and removing cells on an array of individual
addressable electrodes.'” Recently, a similar system has
been extended to analyze microorganism growth (e.g.,
bacteria, algae, and yeast cells).® Moreover, the paper
substrates have also been introduced to mammalian
cell culture. 3D cell constructs can be formed by simply
stacking paper substrates layer-by-layer to study
molecular and genetic responses at tissue- and organ-
levels under the simulated oxygen and nutrient gradi-
ents.*” Behaviors of breast cancer cells in 3D tumor
spheroids in vitro and tumors in vivo are successfully
recapitulated by this approach.

Co-culture of wvarious cell types represents
another important aspect in engineered cell culture.
Khademhosseini and coworkers have docked cells within
the defined locations by combining PEG-micropatterned
surface with reversibly packaged microfluidic chan-
nels.¥¥ 21139 Multiple cell types, including hepatocytes,
fibroblasts, and embryonic stem cells, can be deposited
onto a single substrate to realize multi-phenotype cel-
lular arrays. Furthermore, by introducing orthogonal
microflow through another set of microchannels on the
cell co-culture platform, a high-throughput strategy for
drug screening has been described.”® In addition,
temporal control of cell-substrate adhesion leads to an
alternative co-culture approach. Electrochemical
switching has been applied to activate chemically inert
molecules, which are self-assembled in a monolayer
configuration. For instance, PEG-thiol patterns can be
controllably stripped off from conductive substrates by
applying electrochemical potentials. Using this meth-
od, different cell types can be patterned on the sub-
strates, following sequential stripping and seeding
steps of pre-patterned electrodes.'!! Patterning fibro-
nectin and HA using this method, cardiomyocytes
adhere, clongate, and align with the electrochemically
defined patterns and form organoids on the conductive
leads of a glass substrate, which can be collected
with synchronized contractility after 3-day culture.®®
Moreover, Revzin and coworkers employs a similar
strategy to passivate optically transparent ITO elec-
trodes on a glass surface with PEG-silane molecules.'®
Micropatterned co-cultures of primary hepatocytes
and fibroblasts are created, which remain functional
after 9 days as verified by the analysis of hepatic
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albumin. Integrating cell culture with micro-nanofab-
ricated substrates empowers modern biological
research with quantitative and multiplexed investiga-
tional platforms of high precision, high reproducibil-
ity, and novel functionality.

Projection-Based Bio-Micromanipulation

The concept to utilize dynamically projected images
to manipulate miniature biological objects becomes an
attractive alternative for microparticle sorting, cell
manipulation, and localized concentration. Ming Wu
and his groups have first demonstrated the capability
of parallel single-particle manipulation using dynamic
digital images from an off-the-shelf projector. The
projected images create high-resolution dielectropho-
resis (DEP) forces on a photoconductive surface,
referred to as optoelectronic tweezers (OET)
(Fig. 4d),*> which permits highly localized electric
fields for single-particle manipulation and requires
substantially less power intensity than conventional
optical tweezers. Importantly, the parallel process-
ability under a large active surface area (~1 mm?)
enables high-throughput operation, as well as complex
multi-step manipulation. This technique has shown
applicable to both polystyrene microbeads and live
blood cells. Later development introduces new pho-
totransistor consisting of single-crystalline bipolar
junction transistors with high photoconductivity in
place of amorphous silicon, which allows the OET
devices operate in integrated cell culture environ-
ments. As a paradigm, efficient cell trapping of live
HeLa and Jurkat cells has been realized in standard
cell culture media (e.g., phosphate buffered saline and
Dulbecco’s modified eagle’s medium).®” In a similar
route, a group in KAIST has turned a regular liquid
crystal display (LCD) into the OET configuration.
Without incorporating any optical component, the
LCD image directly forms virtual particle traps on a
photoconductive layer using the DEP forces.*® Fur-
ther improvement focuses on integration of the LCD-
based OET system and a condenser lens with a con-
ventional microscope platform, from which both
stronger DEP forces and higher virtual electrode res-
olution are achieved. The integrated system has been
successfully applied to the parallel and interactive
manipulation of blood cells.” Moreover, applying the
frequency-dependent DEP forces to various sizes of
micro-particles, rapid selection, and concentration of
micro-objects on the custom OET platform have also
been accomplished.””> Overall, with the simple inex-
pensive setup and high-resolution dynamic perfor-
mance, the projection-based bio-manipulation systems
show great potential for biological screening and
cellular manipulation.

FUTURE PROSPECTS

The past decade has seen a significant growth of
research publications relating to the development of
novel out-of-cleanroom micro-nanofabrication tech-
niques toward biomedical applications. Although most
of them are still in the early stages of development, the
new implementations, offering distinct advantages (e.g.,
simplicity, low cost, compatible size, and quick turn-
over) over the conventional counterparts, hold the
promise for modern biology studies and translational
clinical researches. For instance, the nanoengineered
physiologically relevant chemical, fluidic, or mechanical
environments can be of extreme use to discover signal
pathways in cell biology, for the investigation of disease
mechanisms, and testing of drug efficacy and toxicity.'”°
On-chip integration of quantitative analysis and detec-
tion considerably extends the capacity to understand
fundamental biological processes in a high-precision
and high-throughput manner. Moreover, development
of point-of-care diagnostics by flexible fabrication
schemes provides fast, efficient, and inexpensive
responses to a wide variety of pandemics worldwide. In
addition to the current area of active research, nano-
engineered personal medicine, general public nanofab-
rication education, and home-use nanofabrication
stations would be long-term hopeful directions for bio-
nanoengineers to pursue in the future. Furthermore, the
multifunctional or multiplex techniques to study com-
plex microenvironment would be highly attractive, e.g.,
combining construction of various biochemical and
biophysical cues in the same cell culture, which can be of
particular use to investigate cascaded bio-signaling and
compare significance among cues.'®?

Besides all aforementioned complimentary aspects
where the out-of-cleanroom bio-oriented micro-
nanofabrication has shown significant potential, there
are many technical challenges and open scientific
questions in the transition process from traditional
cleanroom fabrication to the desktop setup.

First of all, scalability is always one of the most
crucial issues involved in any fabrication process. In
principle, the aforementioned desktop fabrication
techniques are directly associated with the precision of
specific electronic components (e.g., printers, projec-
tors, and came:ras),l79’213’214 and therefore, the
advances in electronics manufacturing in turn push the
fabrication precision forward. Furthermore, novel
interfacial phenomena (physical or chemical) facilitate
the development of inexpensive nanofabrication tech-
niques, among which electrospinning and electroki-
netic manipulation have illustrated their potential
capacities.''*!7

Although it offers great flexibility in material selec-
tion for biological applications, the drastic expanded
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material portfolio causes potential problems in system
integration and process compatibility. For example,
bonding between two different materials could be a
very challenging task (e.g., inorganic to organic sub-
strates, or high-energy to low-energy surfaces). Fur-
thermore, outcome of the non-standard fabrication
and material processing could be inconsistent and
incompatible with large-scale system integration and
industrial production.

In addition, metallization process, as a necessary
step in many bio-sensing and actuation applications, is
neither well established in a regular laboratory setting
nor fully compatible with the typical soft lithography
process. Inexpensive yet reliable metallization meth-
ods for non-conductive polymeric surfaces are highly
in demand for the out-of-cleanroom applications. A
recent report on the electroless plating on elastomer
reflects an effort in this direction.'*

Moreover, establishing reliable interfaces between
the micro-nanoengineered systems and mesoscale
operations are always problematic and challenging,
such as electrical wiring, mechanical packaging, and
fluidic connection.?® Individual considerations with the
dedicated design and special processing usually need to
be placed. More universally applicable techniques and
approaches are still under further investigation.

Last but not the least, this type of research requires
not only in-depth knowledge of micro-nanofabrication
and material science, but also essential understanding
of the underlying biological or medical problems.
Bridging the multidisciplinary fields could facilitate and
strengthen the collaboration between micro-nanoengi-
neers and biologists/clinicians, which can further
unleash the actual potential of micro-nanofabrication to
investigate biological matters as well as to implement
clinical translation in the coming decades.
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