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ABSTRACT: Since the early 2000s, extensive research has been
performed to address numerous challenges in biochip and
biosensor fabrication in order to use them for various biomedical
applications. These biochips and biosensor devices either integrate
biological elements (e.g., DNA, proteins or cells) in the fabrication
processes or experience post fabrication of biofunctionalization for
different downstream applications, including sensing, diagnostics,
drug screening, and therapy. Scalable lithographic techniques that
are well established in the semiconductor industry are now being
harnessed for large-scale production of such devices, with
additional development to meet the demand of precise deposition
of various biological elements on device substrates with retained biological activities and precisely specified topography. In this
review, the lithographic methods that are capable of large-scale and mass fabrication of biochips and biosensors will be discussed. In
particular, those allowing patterning of large areas from 10 cm2 to m2, maintaining cost effectiveness, high throughput (>100 cm2

h−1), high resolution (from micrometer down to nanometer scale), accuracy, and reproducibility. This review will compare various
fabrication technologies and comment on their resolution limit and throughput, and how they can be related to the device
performance, including sensitivity, detection limit, reproducibility, and robustness.

KEYWORDS: large-scale lithography, biosensors, biochips, high throughput, DNA microarray, protein array, high resolution, plasmonic,
nanopore sensors, electrochemical sensing

In the past 20 years, increasing attention has been turned to
the fabrication of “biodevices” such as biological arrays and

biosensor devices, where biomolecules are integrated with
conventional inorganic components consisting of metallic,
semiconductor, and dielectric materials.1 In such devices, an
external stimulus (e.g., biomolecule binding, pH change, etc.)
leads to a change in the physicochemical properties at the
biomolecule−device interface, which in turn transduces a
signal that can be detected and quantified spectroscopically or
electronically.2−6 Here, biological arrays can be generally
defined as surface substrates upon which are placed arrays of
micrometer-scale features consisting of biological components
(e.g., DNA, protein, or cells). These arrays are sometimes
colloquially referred to as “biochips” and are widely employed
for the parallelized (and thus high-throughput) detection of
biomolecular and cellular interactions. They have thus found
applications in basic research for cell and molecular biology,
clinical diagnostics (genotyping and biomarker identification),
drug screening, and tissue engineering.7−14 Biosensors instead
are devices that include a biological component in the
fabrication process but are used for the sensing of biomolecules
or biological phenomena.15−17 For example, biosensors that
generate an electronic output (“bioelectronic” devices) are also
widely used in molecular sensing for health monitoring. For

example, amperometric blood glucose meters based on
immobilized glucose oxidase (GOx) have long been
commercialized for diabetic self-monitoring.18

A key aspect in the development of biochips and biosensor
devices for practical applications is the ability to manufacture
them on a large scale and at acceptable cost and time scales.
Indeed, scalable manufacturing with high reproducibility is
required to produce chips or devices for large-scale deploy-
ment and validation (e.g., for clinical use8). Moreover, another
important aspect of device development is the capability to
generate micro- and nanostructures, to provide desirable
properties such as plasmon enhancing structures, single
nanopores, and miniaturized fluid channels for lab-on-chip
devices. In addition, the need to integrate “hard” materials with
“soft” organic or biological molecules, together with the
diversity of parts and techniques required to assemble biochips
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and biosensors, makes the fabrication extremely complex.19

The main fabrication challenges are attributed to creating
biochemical patterns/structures at the desired location with
precise design architectures (i.e., size, shape) and retention of
their bioactivity. Furthermore, the need to obtain high
sensitivity with low sample volumes has further driven the
increasing exploration into micro- and nanoscale fabrication
technologies.20−22

Lithographic approaches are widely used for biochips and
biosensors production, as they are capable of producing
complex micro/nanoscale structures with high-resolution
topography, and can be adapted for the localized deposition
of soft molecules while retaining their bioactivities.19,23,24 Even
so, the harnessing of lithographic processes25 in biochip and
biosensor fabrication remained in its infancy until the early
2000s mainly due to the limited accessibility of facilities and
the complexity of operation. This situation has only changed
more recently as a result of increased multidisciplinary
collaborations between physical and life sciences, more
investment in advanced R&D facilities, increased access to
fabrication tools, and lower costs of production.
One of the main advantages of lithographic methods is their

high spatial resolution. Feature sizes down to <10 nm are now
possible, which cannot be realized by printing-based methods
(Table 1). This capability permits a larger number of structures
to be placed on a substrate (i.e., the packing density), thus
reducing device size and possibly the amount of material
required for fabrication. It also allows reductions in the
amounts of reagents, analysis volumes, and processing times,
decreasing the overall cost of the analysis, while maintaining
high sensitivity.26,27 Furthermore, features on the micro/
nanoscale more closely match the size regime of biological
environments and are relevant for a range of applications
involving cell and tissue interactions: for example, in devices
for drug delivery or tissue engineering (see section on cell-
based features).22 In addition, some lithographic techniques
are able to deliver large patterned areas (>10 cm2), maintaining
cost effectiveness and high throughput (>100 cm2 h−1) (Table
1), which are key considerations for manufacturability (see
following section).19,28,29

Nanoscale features can also be patterned by interference
lithography that employs interference patterns of two or more
light beams to create nanoscale areas of illumination.30 This
method is capable of large area patterning and has been

demonstrated for diagnostic device fabrication.31 However, its
main limitation is that it is only capable of repetitive periodic
patterns, not arbitrary (user-defined) patterns that are
desirable for complex multicomponent devices. Very small
nanoscale features, with dimensions between 2 and 10 nm, can
also be obtained using “bottom-up” molecular self-assembly
methods (e.g., by phase segregating block copolymers).32−34

However, the precise control of the resulting nanostructures’
orientation and positioning on the substrate, and its
reproducibility, is not possible without also harnessing
lithographic methods capable of arbitrary patterning to
template the self-assembly.
This review aims to discuss the production of biochips and

biosensors through micro- and nanolithographic methods that
are capable of arbitrary patterning, are scalable to large areas
(from 10 cm2 to m2),28,29,35 and are applicable for “soft”
biological molecules or biologically compatible materials. For
this purpose, the review is organized in terms of the type of
material patterned on the device surface, and how the various
lithographic methods are employed so that they enable the
devices to fulfill their desired function. In particular, the review
will emphasize the resolution, scalability, throughput, accuracy,
and compatibility of the lithographic techniques for bio-
molecules, highlighting the advances brought by these
improvements in the biochip and biosensor field. Due to the
very large number of papers related to this topic, it is
regretfully not possible within this concise review to discuss the
many high-quality reports in the literature. Rather, a smaller
subset of papers that exemplify innovative lithographic
methods, especially when combined with advanced surface
chemistry, will be discussed. It should also be noted that
nonlithographic printing methods are also widely used for the
fabrication of devices; readers interested in these methods are
referred to other reviews on that topic.36−39

■ LITHOGRAPHIC TECHNOLOGIES FOR SCALABLE
FABRICATION

The concept of lithography covers a very broad and varied
family of surface fabrication methods. Thus, selection of the
most appropriate method for a particular application requires
the user to balance considerations of resolution, throughput,
and cost.
Of the commonly available techniques, the highest

resolutions can be achieved by scanning probe lithography

Table 1. Overview of the Lithographic and Nonlithographic Methods and Highlights of Their Most Common Features

capability

method
interconnected
structures

minimum
feature
size advantages limitations ref

EBL/IBL Yes ∼2 nm High-resolution, Mask or mold not
required

Not suitable for mass production 40−43
SPL Yes ∼10 nm

Photolithography Yes ∼50 nm Widely available, Well-controlled large
area structures, Suitable for mass
production

Expensive systems if nanoscale resolution is required, New
mask needed when feature design change

23,28,44

Soft lithography Yes ∼30 nm No clean-room environment needed,
Suitable for mass production, Suitable
for rigid and flexible surfaces

Defects given by stamp deformation during the process,
Master needed to generate the stamp, New master/stamp
needed when feature design change

45−47

NIL Yes ∼5 nm Use of hard materials more resistant to
deformation, Suitable for mass
production, High resolution

New mold needed when feature design change 24,48−50

Printing Yes ∼1 μm Fully automated, Suitable for mass
production

Low resolution 36,51−53

Self-assembly No ∼2 nm Inexpensive, High resolution Random position of nanostructures (unless combined with
top-down methods)

20,44
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(SPL)42,54−56 and electron/ion beam lithography (EBL/
IBL),41,57 which are capable of achieving features sizes of
<10 nm. These techniques are “maskless”, in that they do not
require a master, so offer the flexibility of turning over many
different designs quickly. However, they are currently
considered inappropriate for mass production because of the
low fabrication throughput (quantified by area that can be
patterned per unit time), typically achieving 10−7−10 cm2 h−1

(Figure 1).23,29,40,43,58−60

In order to achieve both high-volume production and high
resolution at relatively low cost, other methods are necessary,
such as photolithography,61−63 soft lithography,58 and nano-
imprint lithography (NIL).49,64 These methods employ masks,
stamps, and molds, respectively, to permit the simultaneous
transfer and/or replication of identical patterns. These
methods are capable of fabrication throughputs of >10 cm2

h−1 that are relevant for commercial production.
Photolithography. Photolithography is the most mature

and dominant method for micro- and nanofabrication in the
semiconductor industry.63 In the photolithographic process,

UV light is used to transfer a pattern defined on a photomask
onto a photosensitive resist coated on the substrate. Over the
years, several different types of photolithography have
emerged, depending on the position of the mask relative to
the photoresist layer and the UV light source.
Contact and proximity photolithography (Figure 2A,B) were

the first methods that were demonstrated, and they remain
widely used even at the current time, but they offer a relatively
poor resolution of ∼1 μm.23,65 Improvements in resolution and
edge contrast were then subsequently achieved with improved
exposure tools (e.g., projection lens) and changes in irradiation
wavelengths and photoresists, leading to projection photo-
lithography, whereby a lens is employed to focus the mask
patterns to smaller areas (Figure 2C).
The current state-of-the-art projection systems are able to

reach resolutions down to a few tens of nanometers.66 On the
other hand, projection photolithography requires complex
systems that are less widely available, with higher running costs
compared to contact and proximity photolithography.65,67

Regardless of the particular method, many decades of
continuous process optimization in photolithography have
now enabled the cost-effective patterning with high-throughput
(∼104 cm2 h−1).42,67 The maturity of the technology and its
wide availability mean that it remains one of the main routes to
the mass production of biodevices.67

Soft Lithography. Soft lithography encompasses a broad
range of related methods that generate patterned features using
an elastomeric stamp, from which the desired pattern is
transferred (Figure 2D,E). The elastomeric stamp, typically
made of silicone (polydimethylsiloxane, PDMS), is produced
by casting the prepolymer against a hard mold that itself is
produced by photolithography or EBL. The stamp can be
“inked” with the molecules of interest and stamping leads to
the direct transfer of patterns of molecules defined by the
topographical structure of the stamp.22

From this basic concept, several patterning processes have
been developed.58 Microcontact printing (μCP) is the most
mature soft lithography process where the elastomeric stamp is
inked with the molecules that, when deposited on the substrate
upon stamping, are able to form self-assembled monolayer
(SAM) films (Figure 2D).68−72 In some examples, the stamp

Figure 1. Graph of feature resolution versus fabrication throughput
showing the relative location of various lithographic and printing
processes.23,29,40,43,58−60

Figure 2. Schematic representation of large-area methods: (A) Contact, (B) proximity, and (C) projection photolithography. (D) Microcontact
printing (μCP). (E) Microtransfer molding (μTM) and (F) replica molding (REM). (G) Thermal NIL and (H) UV-NIL.

ACS Sensors pubs.acs.org/acssensors Review

https://doi.org/10.1021/acssensors.0c02704
ACS Sens. 2021, 6, 2002−2024

2004

https://pubs.acs.org/doi/10.1021/acssensors.0c02704?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c02704?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c02704?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c02704?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c02704?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c02704?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c02704?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c02704?fig=fig2&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.0c02704?rel=cite-as&ref=PDF&jav=VoR


has been mounted on a microscope5 or a motorized system,73

leading to greater precision, repeatability, and higher
throughput.
Another technique derived from μCP is microtransfer

molding (μTM) (Figure 2E).45,46,70,74 In this approach, a
liquid prepolymer is applied to the PDMS stamp, which is then
brought into contact with a substrate. The molded prepolymer
in the desired shape is then irradiated, heated, or treated with
gelling agents to cure (solidify) the polymer. The elastomer is
then lifted off to furnish the desired microstructures.
A variation on this approach is to use the soft stamps as a

mold instead. In the replica molding (REM) method, a
prepolymeric material (e.g., polyurethane, PDMS) is coated
onto the stamp and cured (Figure 2F).75 Removal of the stamp
thus yields the pattern of the solidified polymer, generating a
negative copy of the stamp. In principle, this new copy can
then be used as a stamp for other soft lithographic processes
such as the previously mentioned μCP or μTM, or as a
patterned substrate. Compared to μCP, both REM and μTM
have the advantage of allowing three-dimensional (3D)
topology transfer in a single step, whereas μCP only gives a
molecular layer of ink. Moreover, higher pattern-transfer
fidelity and resolutions are more easily achievable using
REM.76

Soft lithographic methods can be implemented in a high-
throughput manner (102−103 cm2 h−1)77,78 through the use of
large reusable molds/stamps (cm2 areas) and automation of
the process, and they can generate surface patterns with feature
size down to 30 nm.45 Moreover, they are not subject to
optical considerations related to diffraction and transparency
that are limiting for photolithography.70 The use of a soft
stamp also offers the advantages of allowing the transfer of
patterns multiple times not only on rigid substrates, but also on
flexible, curved, or soft surfaces. It also provides routes to
complex patterns due to the isotropic mechanical deformation
of PDMS.70 On the other hand, soft lithography is limited by
the properties of PDMS. Specifically, patterns in the stamp
may be distorted due to deformation of the elastomer.71 To
address this issue, PDMS can be substituted with the stiffer
poly(methyl methacrylate) (PMMA), giving a more rigid
stamp that allows higher aspect ratios and fewer defects that
may result from stamp deformation.79

Another limitation is that though producing the elastomeric
stamp does not require specialized equipment or expensive
materials, a silicon “master” mold is still needed to produce the
stamp. Since this master is produced using photolithography or
EBL, its cost and fabrication time need to be considered in the
overall soft lithography process.19

Nanoimprint Lithography. Contemporaneously with the
development of soft lithography, in 1996 Chou et al.80

reported a stamp-based lithographic method which they
termed nanoimprint lithography (NIL).49 Conceptually, NIL
is based on replica molding, but instead of directly transferring
the pattern to the substrate material, the stamp is pressed into
a conformable resist material that covers the substrate. The
resist is then cured and the stamp is removed. Any residual
resist material can be removed by etching processes in order to
complete the pattern transfer into the substrate (Figure
2G,H).49 Compared to REM, the mold used in NIL is
typically of a hard material (e.g., Si) which is more resistant to
deformation during the patterning process, and can thus
achieve greater resolution and pattern fidelity. Indeed, the
current state-of-the-art NIL systems have realized feature sizes

down to 5 nm.49 Currently, two variations of NIL are widely
used: thermal NIL and UV-NIL.19,49,64,81 These create patterns
by deformation of imprint resist using heat or by curing a soft
resist by UV light exposure, respectively. Resists used in
thermal NIL are thermoplastic polymers formulated so that
they can be spin-coated in a uniformly thick layer and be
molded and demolded during the imprinting process. A
commonly used resist for thermal NIL is PMMA, due to its
low cost and availability in a wide range of molecular weights
and polydispersities.49 UV-NIL instead uses low-viscosity UV-
curable monomers as resists, which cross-link after the
exposure to UV light to form a rigid polymer. A wide range
of proprietary photocurable resist formulations are available,
with the most widely used being Amonil and SU-8 (see
examples below).23

The simultaneous use of thermal and UV curing has also
been demonstrated.16,50 In this simultaneous thermal and UV
NIL (STU-NIL), the applied heat softens the resist to give
better conformation to the mold, followed by UV curing. STU-
NIL offers the advantages of eliminating the need for cooling
time prior to mold lifting, and minimizing deformation due to
thermal expansion differences.50

Since these approaches were described, further development
of NIL has been driven by the desire to increase their
throughput. For example, UV-NIL has since been elaborated
into step-and-flash imprint lithography (S-FIL), which is a
step-and-repeat method.82 In addition, in 2008 a new approach
called “roller NIL” was described where the mold was set on a
cylinder that is rolled over the substrate to imprint patterns,
which enables continuous “roll-to-roll” processing.48

As the infrastructure and equipment needed to implement
NIL is relatively simple, it has begun to emerge as one of the
most promising nanoscale manufacturing technologies83 for
the mass production of low-cost, high-throughput (∼103 cm2

h−1), and high-resolution micro/nanoscale patterns. Moreover,
it can also be applied fabrication of complex 2D and 3D
nanostructures.17,84

■ APPLICATIONS OF LARGE-SCALE LITHOGRAPHIC
TECHNOLOGIES

Lithography for Biochip Fabrication. As noted above,
biochips are substrates where biomolecules (typically oligonu-
cleotides or proteins) or whole cells are immobilized in an
array format. These arrays can be fabricated by nonlithographic
methods that provide micron-scale feature sizes. Mechanical
printing, whereby a series of metal pins loaded with the sample
solutions are used to deposit nanoliter volumes on the
substrate, was one of the earliest methods described for the
generation of microarrays. This is a mature technology that is
still widely used, as the equipment needed to perform printing
in this way is readily available and well-optimized for this
purpose.51,52,85 Subsequently, deposition methods based on
inkjet printing have also been developed to allow the
noncontact printing of a variety of materials including
oligonucleotides,86 proteins,87 biomaterials,88,89 and even live
cells.90

However, these “wet” methods suffer from a number of
drawbacks that can limit the quality of the printed features and
the density of features per unit surface area. First, these
methods require a carrier solvent that evaporates after printing,
which can result in irregular feature shape and uniformity.
Another drawback of inkjet printing is that the distance
between the spots on the array surface must be large (tens of
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micrometers) to prevent the droplets from being ejected by the
inkjet printer from coalescing. Moreover, the resolution of each
feature is limited by the printhead nozzle diameter, leading to a
minimum feature size of ∼1 μm.19,91,92 As a consequence,
printed microarrays can achieve only relatively low feature
densities of <30,000 features per glass slide (∼2.5 × 7.5
cm2).51 In comparison, the superior spatial resolution offered
by lithographic methods has now been shown to be capable of
arrays with densities of >500,000 features per glass slide (see
below).61,93

Lithography of Oligonucleotide Features. DNA or
RNA microarrays, often colloquially referred to as “DNA or
RNA chips”, consist of substrates upon which thousands of
micrometer-scale oligonucleotide features are deposited. Each
feature on the chip surface can either be a different
oligonucleotide sequence or the same sequence. In both
cases, the identity of the sequence and its location on the
substrate are known; i.e., each location on the chip
corresponds to a known sequence. These chips can be used
in a variety of ways to determine the genetic, transcriptomic, or
proteomic profile of a biological sample, primarily by using the
deposited oligonucleotide to capture its complementary
oligonucleotide from the sample or by the in situ translation
of the gene to the corresponding protein.51,94 From the

perspective of fabrication, the main technical issues are the
generation of high densities of features whereby each feature
consists of only one sequence. Furthermore, those nucleotides
must be deposited in a manner that maintains their biological
function.
Here, two large-area lithographic approaches can be

envisaged: stepwise synthesis of the oligonucleotide strands
(one nucleotide at a time) on the chip, and the one-step
printing of complete strands that have been synthesized
elsewhere.

Oligonucleotide Features Fabricated Using Photolithog-
raphy. Currently, photolithography is the most widely used
method for the stepwise synthesis of DNA directly onto the
individual microarray features, since it is possible to address
specific locations on their surface, and to incorporate multiple
exposure steps to build up the desired nucleotide sequence.
This process has been exploited by Affymetrix (now Thermo
Fisher Scientific),95 which has demonstrated high-density
oligonucleotide microarray with ∼25-mer DNA strands. This
technology forms the basis of their commercial products and
has since been automated to give a high level of
reproducibility,96 with a typical 1.28 cm2 Affymetrix microarray
containing more than 1.4 million features. This array density
compares favorably to microarrays produced by Agilent based

Figure 3. (A) Schematic representation of the photolithographic process and capture of long DNA strands. In this approach, the surface presenting
amines blocked with a photolabile protecting group are subjected to photolithography, which removes the protecting group. The exposed areas are
then functionalized with biotin. Subsequent immobilization of streptavidin then allows the capture of biotinylated DNA strands. Redrawn by the
authors from ref 100. (B) Scheme of one-step photolithography on immobilized hairpin DNA loops containing a photocleavable linker. Light
exposure results in the release of the hairpin, enabling the hybridization and capture of an incoming DNA strand. Redrawn by the authors from ref
14. (C) Schematic diagram of the DNA double-write process. In this approach, the exposed thymine bases form dimers (marked as X) which
prevent the hybridization of probes containing adenine, leading to the first “write” step. The second write step is performed by hybridizing a
different complementary DNA sequence, which does not include adenine, on the exposed areas. Redrawn by the authors from ref 99.
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on stepwise oligonucleotide synthesis by an inkjet printing that
can only achieve ∼25,000 features on 18.75 cm2.97

Two limiting characteristics of the current stepwise photo-
lithographic synthesis of oligonucleotide strands are that (i)
the chemistry is not sufficiently robust for the production of
sequences that are longer than ∼25 nucleotides, while inkjet
printed microarrays allows the formation of up to 60-mer
strands; and (ii) it employs contact or proximity photo-
lithography (Figure 2B) which provides a feature size of ≥0.5
μm.95,98,99

In order to address the first issue, more recent development
has worked toward using a single-step photolithography that
produces exposed areas for the capture of longer DNA strands
sourced from conventional methods. In one example,
fabrication begins with a SiO2 substrate coated with an
organosilane film that presents an amine protected with a
photocleavable o-nitrobenzyl group. Photoexposure results in
the cleavage of the protecting group to reveal the amine, which
is then functionalized with biotin. Incubation with streptavidin
followed by biotinylated DNA strands then results in the
immobilization of the DNA onto the exposed areas (Figure
3A).100 This approach enables the fabrication of DNA chips
with long strands of up to ∼2000 nucleotides. These long
strands can further be subjected to in vitro translation, to
produce the protein that is encoded by the DNA, thus enabling
the creation of protein microarrays from the corresponding
DNA microarray. Using this approach, the fabrication of a
simple two-stage biomolecular signaling pathway was demon-
strated, where a protein produced at one location diffuses to
regulate the synthesis of another protein at a second location,
proving the concept of on-chip biochemical circuits.100

Another single-step photolithographic method has been
recently presented that uses a surface presenting DNA hairpin
loops containing a photocleavable linker (Figure 3B).14 In this
case, light exposure cleaves the linker and opens the hairpin to
enable the hybridization (and thus capture) of complementary
DNA strands subsequently pipetted on the surface. In this
approach, all the steps were performed in physiologically
compatible conditions, ensuring the compatibility with a wide
range of biomolecular agents. As with the previous method, the
immobilized DNA strands could also be translated to their
corresponding protein.
These single-step methods, however, all rely on the capture

of the incoming DNA by various noncovalent interactions
(e.g., biotin−streptavidin interaction, DNA hybridization) that
are relatively weak. In order to produce robust DNA

immobilization, cinnamate-modified linkers can be employed,
whereby UV light exposure results in the covalent cross-linking
of hybridized DNA strands.98

In all these one-step methods, a synthetic photocleavable
protecting group or linker is necessary, which complicates the
design of the immobilization process and cost. More recently, a
method has been reported that achieves selective DNA
hybridization using standard DNA strands, without the need
for nonbiological DNA cross-linkers or modifications.99 This
method relies on the photolytic dimerization of adjacent
thymidine nucleotides upon UV irradiation, which prevents
hybridization of an otherwise complementary strand. Thus, on
surfaces bearing a short DNA strand that contains a
polythymidine sequence, photolithography results in patterns
on which there is no capture of the incoming strand pipetted
on the surface after the lithographic step (Figure 3C). This
results in “negative tone” lithography (i.e., DNA capture occurs
in the unexposed area), which contrasts with the other
photolithographic method discussed so far in this section. In
addition, further UV patterning can be carried out in both the
UV exposed and nonexposed areas by designing different
complementary DNA sequences, which makes this approach a
“double-write” process (i.e., two sequential immobilizations on
the same area).
In regard to RNA microarrays, these were historically

prepared by the printing of RNA sourced from conventional
methods, or from the in situ transcription of the corresponding
DNA microarrays.85 However, the relative chemical instability
of RNA compared to DNA has meant that these methods for
microarray production were generally inefficient. Stepwise
RNA synthesis is also more chemically complex than the
corresponding process for DNA, and it has only been within
the last 2−3 years that stepwise photolithographic preparation
of RNA microarrays has reached efficiencies comparable to
their DNA counterparts.61,101 The most recent reports have
demonstrated RNA strands of up to 30 nucleotides in length,
in 14 × 14 μm features with a maximum achievable density of
786,432 features per array.61

Oligonucleotide Features Fabricated Using μCP.
Where large arrays of features are required consisting of
identical DNA sequences, stamp-based methods can offer
simple and low-cost alternatives to photolithography. It is also
possible to achieve submicrometer resolution by μCP.102 μCP
has the advantage of printing homogeneous and thin films
compared to droplet or ink jet printing methods, offering
better resolutions and using lower quantities of DNA.70,73,102

Figure 4. (A) Photographs of a printing device with an array of 64 μCP stamps, each with an array of 160 μm features. (B) Fluorescence
microscopy image of multiplexed DNA printing, showing each individual stamp depositing a different ink. Figure adapted from ref 73. CC BY 4.0.
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Indeed, it has been demonstrated that DNA strands printed by
μCP enables a greater amount of the immobilized DNA to be
accessible by the incoming test samples. This effect arises from
the fact that μCP is a “dry” (solvent free) method that gives
rise to better organized and densely packed molecules.102

Another important advantage of μCP is that since only very
small amounts of molecules are deposited with each contact, a
single stamp inked once can be used for multiple printing
steps, yielding uniform surfaces with excellent edge defi-
nitions.102,103

However, in this method of printing, the deposition of the
ink molecules is very dependent on the intermolecular
interactions between the ink, stamp, and surface. The attractive
interactions between the stamp and the negatively charged and

highly polar DNA must be sufficient to enable the DNA to be
spread onto the stamp during inking, but not bound so
strongly that the DNA is not transferred to the substrate upon
contact printing (i.e., the adhesion of the DNA to the substrate
must be stronger than to the stamp). In an example where the
stamp surface can be tailored for DNA printing, the stamp was
silanized with (aminopropyl)triethoxysilane to expose positive
charges on its surface, before incubating it with DNA
solution.103 This DNA-inked stamp was then shown to be
able to deposit the DNA onto positively charged amine glass
slides, with resolutions down to 1 μm.
There has also been a demonstration where μCP was used

to fabricate large arrays of features with different DNA
sequences by using a stamp made of 64 pillars, each mounted

Figure 5. (A) Scheme of DNA microfeature fabrication via REM. The PDMS microwells are filled with the prepolymer solution of PEG-diacylate
and DNA, covered with a PDMS-coated glass slide, and UV light is used to trigger the polymerization. This approach can be used to generate either
an array of 2D structures immobilized on the substrate or 3D suspended microparticles. Redrawn by the authors from ref 104. (B) Scanning
electron microscopy (SEM) image showing shape and dimension of DNA-conjugated hydrogel microdisks fabricated via REM. Scale bar represents
50 μm. Reproduced from ref 104. Copyright 2010 American Chemical Society.

Figure 6. Illustrative scheme of NIL for the generation of (A) negative and (B) positive tone DNA features. Redrawn by the authors from refs 105
and 106.
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with 50 circular micropatterns (spots) of 160 μm diameter at
320 μm pitch (Figure 4). The stamp was inked by immersion
in a microtiter plate, where each pillar fits one well of the
microplate and can potentially be inked with a different DNA
sample by varying the DNA content of each single well of the
plate.73 Thus far, a resolution of only 160 μm (feature
diameter) has been reported, but it is anticipated that greater
resolution can be achieved with further optimization.
Oligonucleotide Features Fabricated Using REM. In

one notable example where REM was applied for the
fabrication of biomolecular arrays, it was used to mold arrays
of DNA-conjugated polyacrylamide hydrogel features.104 Here,
REM was used in combination with UV photopolymerization:
a prepolymer solution, made of ssDNA, poly(ethylene
glycol)(PEG)-diacrylate, and a photoinitiator are added into
the PDMS microwells covered with a PDMS-coated glass
cover, followed by UV exposure. Using this method, each
feature could be molded to form 3D structures such as discs,
cubes, and prisms, with dimensions of ∼50 μm. The method
also enabled the generation of suspensions of these structures
by lift-off from the substrate post-lithography (Figure 5). In all
cases, it was demonstrated that the conjugated DNA strand
retained its ability to hybridize with complementary strands.
The authors proposed that these microstructures could be used
for applications in high-throughput biosensing with low sample
volume and rapid detection.
Oligonucleotide Features Fabricated Using NIL. In

cases where nanometer resolution of features is required, NIL
can be employed. The main disadvantage of applying NIL for
this purpose is that since it is a method for molding stiff
materials, it does not directly deliver the biomolecules, and a
multistep process is required to generate the final DNA-
presenting features. Nevertheless, several examples harnessing
NIL for DNA arrays have been reported.
In the earliest report using NIL (Figure 6A),105 DNA was

first coated over the entire surface of a substrate followed by a
coat of poly(vinyl alcohol) (PVA). Thermal NIL was then
performed on the PVA layer to generate the desired pattern,
which then acted as a resist for an oxygen plasma etching step
that removed the residual PVA and underlying DNA from the
stamped areas. Finally, the remaining water-soluble PVA was
then removed by washing to furnish the final substrate with
patterned DNA. Using this method, negative tone features
(i.e., features in areas not contacted by the NIL stamp) with
line widths of 700 nm and space widths of as low as 800 nm
were demonstrated. Despite the multiple processing steps that
involved heating and plasma exposure, it was found that the
DNA features remained apparently intact and could be
selectively visualized by subsequent labeling with a DNA-
intercalating fluorescent dye.
In order to generate positive tone DNA features, an

alternative approach is required whereby NIL is used to define
surface features that are subsequently able to capture incoming
DNA. In the reported example, a silicon dioxide substrate was
coated with a hydrophobic trimethylsilyl monolayer, upon
which thermal NIL was performed using PMMA as the resist
(Figure 6B).106 Subsequent etching then resulted in the
removal of the trimethylsilyl layer, revealing the underlying
(more polar) silicon dioxide substrate with the pattern defined
by the NIL stamp. Finally, immersion with a solution of DNA
resulted in the DNA adsorbing to the silicon dioxide features.
Using this process, patterns of 100 nm with space widths of
500 nm were achieved.

Comparative Analysis of Fabrication Methods for
Oligonucleotide Features. Overall, each of the large-scale
lithographic methods for oligonucleotide feature fabrication
provides several distinctive capabilities. Photolithography is
capable of producing arrays of individually addressable features
(i.e., each bearing a different biomolecule), with the current
commercial examples containing ∼25,000 unique sequences
on a single chip.107 However, this method requires relatively
high cost and specialized equipment that is not widely available
outside dedicated microarray manufacturers. Currently, the
limitations of conventional far-field optics mean that features
below ∼200 nm are not readily achievable by this lithographic
method, though future widespread implementation of more
sophisticated projection photolithography techniques (e.g.,
extreme ultraviolet interference lithography) may enable sub-
100 nm resolutions while maintaining high throughput.
The μCP methods, on the other hand, have resolutions in

the micron range. Indeed, there are now credible examples of
parallelization and automation of μCP to enable the printing of
arrays presenting multiple DNA sequences on a single chip.73

Although its resolution is inferior to that offered by
photolithography, the low cost of implementation, together
with the fact that the PDMS stamp can be used for multiple
times without being re-inked (thus conserving DNA material),
are significant advantages.7,102

NIL-based fabrication processes could offer a low-cost route
to the fabrication of high-resolution (down to 100 nm readily
achievable) and high-density oligonucleotide arrays. However,
many technical challenges remain to be addressed in order to
achieve the scale of parallelization that has been demonstrated
with photolithography: for example, streamlining the multistep
processes needed to generate the final oligonucleotide
microarray, and developing new strategies to enable the
fabrication of arrays bearing multiple sequences on a single
chip.

Lithography of Protein and Short Peptide Features.
By analogy to the oligonucleotide microarrays, protein and
peptide microarrays are devices where these biomolecules are
site-selectively immobilized onto a solid surface. “Peptides
arrays” presenting short sequences of amino acid residues
(typically 3−12 residues)108−110 are mostly used to study cell
behavior, such as cell differentiation or adhesion, since cell
surface receptors primarily recognize only small areas on
extracellular matrix proteins. “Protein arrays” that present
whole protein molecules have found a wider range of
applications including protein interaction studies, immune
profiling, vaccine development, biomarker discovery, and
clinical diagnostics. As a result, enzyme and antibody
microarrays are the most commonly reported in the scientific
literature.19,22 In addition, there are now emerging applications
for protein chips in the discovery of biomaterials compatible
with drug release, medical implants, tissue engineering, and
regenerative medicine.111−113

From the perspective of their fabrication, in addition to the
considerations that apply to oligonucleotide chips discussed
above, the process involved must be able to maintain the
correct protein folding and hence their biochemical function.52

A widely adopted method for the production of functional
protein microarrays involves in situ transcription and trans-
lation of DNA arrays, which was first reported in 2004 by
LaBaer et al. and termed “nucleic acid programmable protein
arrays” (NAPPA).11,114 In NAPPA, the translated proteins are
captured under physiological conditions (see following
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section), and the translation is carried out only immediately
prior to analysis, thus avoiding the loss of protein integrity or
activity, while offering reproducibility and throughput.115−122

Other approaches involve the deposition onto the chip surface
of short peptides or proteins produced from standard methods
(see following sections).
In all cases, the surfaces of these arrays must also be

engineered so that they avoid nonspecific protein adsorption
that may interfere with subsequent application or analysis.
Protein and Short Peptide Features Fabricated Using

Photolithography. In conventional NAPPA, one limitation
has been the relatively low densities of protein features that are
achievable (>600 μm between each protein “spot”). This
relatively large interfeature distance is needed since in vitro
transcription and translation generate mRNA and protein in
solution, which can diffuse some distance before being
immobilized on the substrate. Thus, in order to achieve higher
densities, modification of the standard planar substrates is
necessary. For example, contact photolithography has been
employed for the fabrication of arrays of “nanowells” (250 μm
diameter, 75 μm depth) so that the reagents for transcription
and translation could be confined within the wells by inkjet
printing.12,123 Arrays of these nanowells thus enabled the
distance between each feature to be reduced to 125 μm,
allowing a 4-fold increase in array density.
In order to prevent nonspecific protein adsorption

(“biofouling”) in the unprinted areas, photolithography can
be employed in conjunction with coatings that are resistant to
protein adsorption, whereby photoirradiation results in the
removal of the coating and/or generation of a functional group
that enables immobilization of the protein (Figure 7A). This

process, repeated on different areas of the surface, can
potentially lead to the immobilization of different proteins
on the same microarray. In an early example of this approach,
the substrate was coated with an organosilane film presenting
hydrophilic PEG chains that resisted nonspecific protein
adsorption.124 These PEG chains were attached to the
underlying substrate with o-nitrobenzyl photocleavable linkers,
so that cleavage of the linker resulted in the loss of the PEG
chain and the generation of an aldehyde group. The incoming
protein could then be immobilized by imine formation with
these aldehydes on the exposed areas, thus generating negative
tone features (i.e., biomolecules are present in the areas that
were photoexposed). Using this type of surface chemistry and
simple proximity photolithography equipment, protein lines of
∼1 μm in width and ∼2 μm apart were readily achieved.
In addition to negative tone features, photolithographic

methods can generate positive tone features overall (i.e.,
biomolecule patterns are present in the areas that are not
exposed) by using materials that are resistant to protein
adsorption, but can be degraded and removed by photo-
exposure to reveal the underlying substrate for protein
immobilization.125,126 Examples of bioresistant materials that
have been used to generate positive tone features include
poly(2,2-dimethoxy nitrobenzyl methacrylate-r-methyl meth-
acrylate-r-poly(ethylene glycol) methacrylate) (PDMP) and
PVA, both of which generate water-soluble byproducts upon
photodegradation. In the former example, PDMP was used as
the resist above a biotin-functionalized glass substrate, thus
revealing the biotin after photolithography and washing.125

The strong biotin−streptavidin interaction was then exploited
to immobilize proteins in the exposed areas (Figure 7B). Here,

Figure 7. Schematic representations of the photolithographic generation of protein features. (A) For negative tone photolithography, the substrate
is functionalized with PEG chains that linked to the substrate via a o-nitrobenzyl photocleavable linker. Photoirradiation results in the cleavage of
the linker to reveal an aldehyde that is used for subsequent protein immobilization by imine bond formation. The linkage can then be rendered
irreversible by reduction of the imine under mild conditions. (B) For positive tone features, PDMP is photoirradiated to generate a water-soluble
byproduct, which can be washed away to expose the underlying biotin-functionalized substrate for protein binding. Redrawn by the authors from
(A) ref 124 and (B) ref 125.
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using a simple microscope projection photolithography system,
multiple exposures were demonstrated that enabled immobi-
lization different proteins after each exposure, as well as facile
fabrication of features with resolution down to 1 μm.
The concept of using photocleavable linkers to control the

release of groups for subsequent protein immobilization is not
limited to thin film materials. In another example, the same o-
nitrobenzyl linker was used in a 1-mm-thick polyacrylate
hydrogel layer, where proximity lithography was exploited to
create patterns within the hydrogel that was impregnated with
a variety of proteins with lateral resolutions of 100−200 μm.127

The ability to perform lithography within the volume of a
hydrogel material is particularly useful for biochips that are
intended for interfacing with cells, since these hydrogels mimic
the physicochemical properties of the extracellular matrix.128

Moreover, it is possible to use multiple exposures and protein
immobilization steps to generate complex designs where
different areas present different proteins (Figure 8).

Recently, direct patterning of protein films was obtained
using chemically modified proteins without significant change
in protein structure and function, representing a new strategy
for the scalable photolithography of structural pro-
teins.112,129−131 Here, films of silk fibroin or wool keratin
functionalized with methacrylate groups were used as the
photopolymerizable resist material. Contact photolithography
enabled the generation of 2D microstructures with sizes down
to 1.5 μm over macroscale (cm2) areas. These silk fibroin-
based “photoresists” offer high mechanical strength and
biocompatibility,129,130 but had relatively poor repeatability
and low pattern contrast due to the wide molecular weight
distribution of the naturally extracted protein. However,
subsequent use of only the refined fibroin light chain showed
improved pattern resolutions and contrast.112 More recently,
the use of wool keratin for the same application has also been
reported.131 This material had similar lithographic character-
istics to silk fibroin, but the unpolymerized proteins can be
dissolved in water (silk fibroin requires the use of toxic
solvents, such as hexafluoro-2-propanol or trifluoroethanol),
making its processing completely water-based, making it
cheaper to use and more environmentally friendly. These silk
fibroin and wool keratin patterns were subsequently applied to
study cell behavior, such as the spatial guidance of fetal neural
stems cells, and tissue engineering.
As noted above, cell culture substrates that have surfaces

presenting microscale features of a single short peptide have
been widely used to investigate cell responses to their
microenvironment and to culture cells for therapeutic purposes
(e.g., replacement cells in regenerative medicine). Such

peptide-patterned substrates are readily fabricated by photo-
lithography. Conceptually, the approach is similar to the other
biomolecular arrays mentioned above, whereby light exposure
is used to direct the subsequent immobilization of the peptides
to specific locations on the surface. In one example, RGD and
BMP peptides that promote cell adhesion and differentiation,
respectively, have been micropatterned on glass substrates.132

These substrates were fabricated by first functionalizing the
surface so that it presented maleimide groups, upon which was
coated a positive photoresist. Removal of the resist in the
photoexposed areas revealed the maleimide groups that were
used to capture thiol-presenting peptides. These substrates
were then used to investigate how the patterned substrates
resulted in altered human mesenchymal stem cell (hMSC)
differentiation, in comparison to the unpatterned surface.
Large-area lithographic methods are particularly relevant for

this type of experiment, since relatively large areas must be
fabricated in order to culture sufficient numbers of cells for
statistical analysis and/or downstream biochemical analysis by
standard methods (e.g., Western blotting, sequencing).
Furthermore, the ability to fabricate arbitrary patterns is also
beneficial in order to investigate the effect of different shapes,
aspect ratios, or sizes of the features on cell behavior. For
example, in the same study it was found that triangular and
square BMP features of 10 and 7 μm and aspect ratios of 1 and
0.7, respectively, enhances the osteogenic differentiation of
hMSCs in the absence of any induction media, compared to
randomly distributed peptides on unpatterned surfaces.

Protein Features Fabricated Using μCP. Where high-
throughput yet low-cost printing is required at medium
resolution (10−2 to 10−7 m), μCP is an attractive option.
The avoidance of harsh conditions such as UV light (in
photolithography) or high temperatures and pressures (in
NIL) is also desirable, as it reduces the likelihood of protein
denaturation during the lithography process.5,7

A widely used application of μCP is in the printing of
proteins onto substrates that are used in cell biology studies. As
an example, 12-mm-diameter glass substrates printed with
proteins were used in neuronal cell development studies.133

Here, the generality of the method was demonstrated by the
printing of a range of signaling proteins including Semaphorin
3A, nerve growth factor (NGF), brain-derived neurotrophic
factor (BDNF), and Netrin-1. 50-μm-wide stripes spaced 50
μm apart were obtained, which were reported as optimal
dimensions for the subsequent demonstration of how these
patterns affected the biochemistry of the cultured neurons.
Apart from direct deposition of the protein of interest, μCP

can also be used to print templates from which a second
protein can then be used to backfill the unprinted areas to give
“indirect” fabrication of protein features. Both direct and
indirect strategies have been demonstrated in the fabrication of
glass diffraction gratings for biosensing, where the grating
consisted of stripes of antibody features 140 nm in width at a
555 nm pitch.72 Here, the antibodies were printed either
directly by μCP or indirectly by first printing bovine serum
albumin by μCP and coating the unprinted areas with the
antibody (Figure 9). These methods therefore offered
contrasting positive and negative tone patterning. An addi-
tional advantage of indirect patterning is that it avoids exposing
the protein of interest to the stresses associated with printing.

Protein and Short Peptide Features Fabricated Using
NIL. Since NIL is not a method that involves the transfer of
materials, fabrication strategies for proteins thus rely on the

Figure 8. Epifluorescence microscopy images of multiprotein patterns
produced using photolithography. Red lines: Rhodamine-labeled
bovine serum albumin; green squares: fluorescein-labeled hydrogel;
blue squares: Alexafluor-405-labeled avidin. Figure adapted with
permission from ref 127. Copyright 2018 John Wiley and Sons.
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formation of template patterns by NIL followed by the
deposition of the protein of interest onto the patterned areas.
Typically, NIL is used to generate patterns in an etch resist.
Etching of the substrate under the patterned areas then allows
for the selective functionalization and protein immobilization
via a range of bioconjugate chemistries.111,134,135

Compared to photolithography and other soft lithographic
methods, NIL has the major advantage of reaching higher
resolutions and densities. In one example, NIL was exploited to
generate an actin−myosin motor system whereby myosin
immobilized on the substrate transported actin filaments
traveling above it. To enable unidirectional movement of actin,
it was necessary to fabricate narrow myosin tracks (<300 nm),
and thus, UV-NIL was used to mold 200 nm channels in a TU-
7 resist, with the base of each channel exposing the underlying
silicon dioxide substrate.136 Silanization of the exposed
substrate then enabled myosin to be selectively immobilized
in these channels. NIL was found to be particularly
advantageous in this application, since the patterned TU-7
resist showed an improved actin sliding velocity compared to
channels made using the CSAR 62 resist patterned through e-
beam lithography.
In the most extreme example, sub-10 nm peptide features

with pitches down to 40 nm were produced, which are relevant
in order to investigate molecular-scale protein−protein and
protein−cell interactions.111 Here, thermal NIL is used as part
of the process to generate arrays of AuPd alloy “nanodots” (on
either silicon or glass substrates) that template the attachment
of proteins. The desired patterns were generated by NIL of
PMMA. Ti is then deposited at a tilt of 45°, which leads to a
metal mask whose features are narrower than those originally
defined by NIL. Subsequently, the surface is treated with

oxygen plasma to remove the residual resist, and AuPd is then
deposited by thermal evaporation in patterned areas.
Functionalization by a mixed alkylthiol SAM of ethylene-
glycolundecylthiol and biotinylated ethylene-glycol-undecylth-
iol then enabled biomolecule immobilization via an avidin
linkage. This example is particularly significant, as it
demonstrates a route to features that are smaller than can
typically be achieved by routine NIL.
In the above examples, NIL has been used to pattern a

conformable etch resist material, which then serves as a
template for the subsequent patterning of the protein.
However, an alternative application of NIL is to use a protein
film itself as the conformable material, thus directly producing
topographic features on the protein film. One study has shown
that BSA, hemoglobin, and lysozyme could be patterned on
silicon wafers with thermal NIL,137 to generate protein features
with widths of 303 nm, periods of 606 nm, and groove depths
of 190 nm. These topographical protein films can then be used
in cell biology studies. This direct use of protein mixtures as a
conformable material suggests a route to more straightforward
fabrication processes. However, it remains unclear if this
approach is readily applicable to a wider range of proteins since
the conditions employed by NIL may result in the
denaturation of more delicate proteins.

Comparative Analysis of Fabrication Methods for
Protein and Peptide Features. A range of large-scale
lithographic methods have been demonstrated for the
generation of micro- and nanoscale protein and peptide
biochips. In terms of photolithography, a great advantage of
this method is its addressability (i.e., the ability to expose
specific arbitrary locations), so different proteins can be site-
selectively immobilized on different areas of the device after
subsequent exposure-immobilization steps.125,127 Since pro-
teins generally do not interact with light, several methods have
also been described for the direct exposure of protein films
while retaining protein structure and function.112,131 Photo-
lithography further offers the advantage of being applicable to
both thin and thick (e.g., hydrogels) film materials, provided
the material is transparent to the appropriate wavelengths
being employed. Even so, the wider application of these
methods to other proteins should in all cases incorporate the
appropriate validation experiments to confirm that the
immobilized proteins retain their desired biological function.
Photolithography can of course be employed for the

fabrication of substrates, which in turn can be exploited with
other protein deposition methods. In the case of in situ
translated NAPPA, the lithographic fabrication of “nanowells”
to confine the produced proteins has enabled higher feature
densities compared to arrays produced from planar substrates
(giving up to a 4-fold increase in feature density12,123). In
principle, however, other lithography methods could be
employed to fabricate these nanowells and methods with a
higher resolution, such as NIL that may in future yield even
greater feature densities.
In comparison, μCP can be used for the direct deposition of

proteins onto the substrate (i.e., additive fabrication), though
both direct and indirect methods have been reported.
Nanometer feature resolutions are also possible with these
methods.72 Moreover, μCP has the great advantage of avoiding
harsh chemicals and conditions, such as UV-light or high
temperatures, during the fabrication process, with less difficulty
in retaining protein activity compared to photolithography and
NIL.

Figure 9. (A) Scheme of the fabrication process using direct and
indirect μCP. The μCP stamp (blue) was used to print the first
protein (red) onto the substrate (gray). In direct μCP, the first
protein (red) is the probe, bound by the target, while the second
protein (yellow) is the backfilling protein which is physisorbed onto
the gaps. In indirect μCP, the first protein (red) is the backfilling,
while the second protein (yellow) physisorbed is the probe, bound by
the target. Redrawn by the authors from ref 72. (B,C,D) AFM
topographic images of the different stages of indirect μCP. In (B),
initial BSA patterning was indicated by raised features (brighter
contrast). Subsequent backfilling with probe anti-IgG (C) resulted in
the average height difference decrease, which increases again (D) after
the incubation with target IgG, indicating probe−target interaction.
Figures adapted from ref 72. CC BY 4.0.
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As mentioned in the section on lithography of oligonucleo-
tide features, NIL is the large-area lithographic method of
choice when high resolutions (<100 nm) and high feature
densities are required.111 One limitation of NIL is that it is
typically not used to directly print proteins, but to create the
patterns that template subsequent protein immobilization.
Nevertheless, direct molding has been recently obtained using
protein film as a conformable material,137 even if this approach
seems unlikely to be applicable to many proteins.
Lithography of Cell-Based Features. Cell microarrays

are devices that allow for the interrogation of living cells
immobilized on the surface of a solid support. In these arrays,
individual features may capture individual cells, or more
commonly colonies of cells in 3D architectures.138,139 These
devices can then be used for studies of cellular physiology,
cytotoxicity, drug screening, and tissue engineering.138,140

Indirect Lithography for Cell-Based Feature Fabrica-
tion. Due to the delicate nature of living cells, direct
patterning remains a significant challenge even with soft
lithographic methods. Thus, the typical approach whereby
such arrays are fabricated is by printing the surface with various
materials (including proteins or peptides using some of the
methods described above) that can direct the attachment of
cells on specific areas of the device.
In one example, proximity photolithography was employed

to initiate the polymerization of PEG-diacrylate on allyl-
functionalized glass slides, to create grids of PEG-polyacrylate
hydrogels that were resistant to protein and cell adhesion (i.e.,
negative tone, Figure 10A).141 The unexposed areas were then
coated with collagen to promote cell adhesion. By using the

polymer grids to confine 30 × 30 μm2 “wells”, it was
demonstrated that arrays of a single fibroblast or hepatocyte
cell per well could be produced. In this case, the size of these
wells was chosen to match the size of the mammalian cells, and
does not represent a limit of the microfabrication process.
However, 3D microstructures with embedded cells are of

particular interest in the area of cell biology and tissue
engineering, since hydrogels more closely mimic the micro-
environment of the extracellular matrix in vivo.143 As a result, a
number of lithographic methods have been researched to
enable the fabrication of such structures.
In one example, μTM was used to pattern 3D features

consisting of Matrigel, an animal-derived proprietary hydrogel
that is widely used for cell culture.144 Here, PDMS stamps
coated with poly(2-hydroxy-ethyl methacrylate) (poly-HEMA)
were used to pattern a layer of Matrigel on a glass slide. It was
found that the poly-HEMA coating was crucial as it reduced
the adhesion of the Matrigel to the stamp upon lift-off and
enabled the formation of high-aspect-ratio structures. It was
reported that features with an 80 μm height and 100 μm width
could be produced using this process. Even so, good pattern
fidelity was difficult to achieve using this approach, with
residual Matrigel often found in unwanted areas surrounding
the patterns. These Matrigel structures were then seeded with
epithelial cells, and it was shown that they organized into 3D
epithelial tissue, demonstrating that the hydrogel provided an
environment that mimicked the extracellular matrix and
enabled tissue organization.
This self-organization of cells is particularly significant in the

tissue engineering of “organoids”, where colonies of cells
recapitulate the complex architecture of an organ. However,
the production of such organoids requires the fabrication of
biomaterials scaffolds composed of multiple components. For
this purpose, REM has been used to produce millimeter-scale
molded components with micrometer resolution.142 Here,
REM (with a PDMS stamp) was used to prepare ∼1 mm star-
shaped structures with a thickness of 150 μm consisting of
poly(lactide-co-glycolide) (PLGA) impregnated with vascular
endothelial growth factor (VEGF). Several of these structures
were then sandwiched between a QGel disks (a proprietary
PEG-based matrix metalloproteinase-sensitive hydrogel), with-
in which human umbilical vein endothelial cells (HUVEC) and
hepatocytes were able to organize into liver lobule organoids
(Figure 10B). The use of REM in this application was
particularly suitable, as it is capable of generating relatively
large (millimeter scale) 3D objects at scales sufficient to
construct the PLGA-QGel sandwiched structures.

Direct Lithography of Cell-Based Materials. Despite
the difficulties in attempting to apply lithography processes for
the direct patterning of delicate living cells, examples of the
lithography of materials containing live cells have recently been
reported.
A photolithographic approach has been reported for the

fabrication of a gelatin-methacrylate (GelMA) hydrogel layer
with breast cancer cells embedded within the hydrogel to study
cell migration.145 Here, a process involving two photolitho-
graphic steps was described, whereby the live cells were mixed
with a GelMA prepolymer solution placed into a spacer with
500-μm-diameter features, 750 μm spacing, and a depth of 100
μm. This layer was then patterned by contact photolithography
to polymerize the methacrylate groups, generating solid
hydrogel discs within which were embedded the cells. Washing
of the unpolymerized materials, application of a fresh GelMA

Figure 10. (A) Process for the fabrication of PEG hydrogel
microstructures. Redrawn by the authors from ref 141. (B) Schematic
representation of the process used to produce a liver lobule organoid.
(C) Representative SEM image of the array of single fibroblasts with
91% cell occupancy (×150) generated with the process in (A). The
inset shows a higher-magnification image of confined fibroblasts
(×1200). Reproduced from ref 141. Copyright 2003 American
Chemical Society. (D) Cross-sectional fluorescent images of the
engineered liver lobule, where hepatocytes and HUVEC were
indicated as red and green (scale bar: 300 μm). (B) and (D) adapted
with permission from ref 142. Copyright 2012 John Wiley and Sons.
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(without cells), and a second round of photoexposure then
furnished the completed cell array in a continuous hydrogel
layer. A particular feature of this approach was that since two
photolithographic steps are used, they can be separately tuned
to give different degrees of cross-linking (and hence gel
stiffness) between the two areas. Considering that matrix
stiffness is a crucial biophysical aspect of the tumor
microenvironment, this approach enables the study of cell
behavior as they transition between matrices of differing
stiffness. Using this approach, it was found that the cells had
around 93% viability upon encapsulation, which decreased to
∼82% after 5 days of culture, indicating that the dose of UV
light employed (360−480 nm, 800 mW cm−2) and the
presence of prepolymer material had minimal effect on overall
cell survival. Though this cell array was produced to study
cancer cell migration, the same fabrication methods could be
used to make embedded cell arrays for other applications such
high-throughput drug screening and the development of
personalized medicine.
REM and μTM have also been used for the fabrication of

alginate or chitosan hydrogel microstructures containing live
cells.146 To produce the alginate structures, the liquid pregel
with cells was shaped using an agarose gel stamp impregnated
with a gelling agent (CaCl2 solution), whereby the pregel was
solidified in the mold by diffusion of the calcium out of the
mold and into the alginate (Figure 11A). The same process

was demonstrated for chitosan, which was gelled upon contact
with agarose impregnated with a 5% w/v NaOH solution (high
pH). A variation of this concept, where the stamp was used as
a mold in a similar way to μTM, allowed the fabrication of
microparticles upon release of the hydrogel from the mold
(Figure 11B). Topographical features with lateral dimensions
between 5 and 2000 μm and vertical dimensions between 10
and 200 μm could be fabricated using these methods. Thus,
the use of chemical gelling here provides an orthogonal
approach to photolithography, by allowing access to the
fabrication of materials that are not photoreactive and avoiding
exposure of the cells to UV light that may be damaging.
Indeed, the entire fabrication process can be carried out under
mild physiological conditions, maintaining high cell viability
(>80%).
Comparative Analysis of Fabrication Methods for

Cell Patterning. In general, indirect methods where the
structures are fabricated prior to the introduction of the cells

are readily achievable with minimal modifications of existing
lithography methods. Nevertheless, photolithography, REM,
and μTM have been demonstrated for the fabrication of
microstructures containing live cells. These methods exploit
the properties of photo- and chemically cross-linkable
hydrogels to form the cell-containing structures, which
mimic the extracellular matrix and offer an in vivo-like
environment that is conducive to cell viability.
Stamping or molding methods (REM and μTM) are of

particular note for the direct fabrication of structures
containing live cells, since they are easy to implement, do
not use physically or chemically harsh conditions, and can be
used to create 3D objects of the size that is appropriate for
housing cells within the structures. These cell-containing
objects can then be used as components for the construction of
more multicomponent architectures that mimic tissue
organization.
Even so, soft lithographic methods have yet to reliably

demonstrate throughputs that rival that of photolithography,
which remains the benchmark technology. Efforts have
therefore been made to apply photolithography directly to
cell-containing materials, and some evidence of cell viability
postexposure has been shown. However, more detailed studies
are required since UV light may damage the cells’ DNA
(potentially resulting in alterations in cell genotype and
phenotype) without necessarily reducing cell viability.128

Lithography for Biosensor Device Fabrication. In
general, sensors are devices that perform signal transduction,
taking one type of stimulus (e.g., optical, mechanical, electrical,
or chemical) and converting it into another. In the context of
biological sensing, “biosensors” typically convert a signal of
biological origin to an optical or electronic signal that can be
quantified, reorded, and analyzed by an external circuit for the
purposes of gaining information about that biological system.
The aim of this section is to highlight the fabrication processes
for biosensors and their interaction with the biological
components involved.

Lithography of Solid-State Nanopores. Solid-state
nanopore sensors are a type of device that mimics biological
ion channels and have been identified as a potential tool for the
detection and analysis of individual biomolecules. In these
sensors, biomolecules are electrophoretically driven through a
nanoscale pore (0.5−100 nm), and the transit of the
biomolecule is detected as a transient change in current.147

By analyzing the current signature (e.g., magnitude and
timespan), physicochemical information on the molecule can
be obtained (e.g., conformation, polarity) from which its
structure can be inferred.6,148 The use of nanopore-based
devices for DNA sequencing is now well-established, and active
efforts are ongoing for a range of other applications.147

The general approach toward the fabrication of nanopore-
based devices centers on the generation of pores of the desired
size on the substrate, which is typically directed by various
lithographic methods (and may include etching steps). The
overall fabrication process must therefore be capable of
achieving precise pore sizes with high aspect ratios. It should
also ideally be capable of producing a range of pore sizes and
shapes. Currently, EBL remains the most widely used method
for addressing the location(s) of the nanopores on the
substrate, since it can easily reach resolutions <10 nm. The
initial pattern generated by EBL is then used to template a
subsequent etching process, either by reactive ion etching
(RIE) or by electrochemical etching, to “drill” through the

Figure 11. (A) Scheme of the two controlled-release molding
processes, REM and μTM. Redrawn by the authors from ref 146.
(B,C) SEM images of the (B) patterns produced with REM and (C)
microparticles produced with μTM. (B) and (C) reproduced from ref
146. Copyright 2006 American Chemical Society.
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substrate and generate the pore.149−152 In order to achieve
large-scale device fabrication, efforts have turned toward
harnessing photolithography. Indeed, examples of solid-state
nanopore sensors produced on SiO2 and Si3N4 wafers with
diameters of up to 10 cm have been reported.153,154 In order to
generate these pores, photolithography followed by plasma
etching is employed to generate inverted pyramids on one side
of the wafer. Subsequently, anisotropic etching is used to
obtain truncated pyramids on the opposite of the wafer.
Finally, finely controlled electrochemical etching is used to
open a nanopore between the two sides, with diameters down
to 20 nm (Figure 12A). Devices made using this process were
then verified to be suitable for the study of DNA translocation
through the pore,153 and to investigate DNA length by
discriminating the capture rate of the different DNA molecules
in the nanopore, achieving a limit of detection down to 200 bp
(the smallest DNA length difference tested).154

To date, there has also been one example of the application
of thermal NIL to fabricate polymer-based nanopore sensors.6

Here, a silicon “microneedle” mold with a tip diameter of 25
nm and height of 9 μm were imprinted on a double resist layer
via lift-off resist (LOR) and SU-8 resist above the LOR. The
NIL is followed by a heating step to reflow the polymer, which
resulted in smaller and more consistent pores. Subsequently,
the SU-8 layer is cured with UV light and released by
dissolving the LOR layer, generating a freestanding SU-8
membrane with nanopores (Figure 12B). Using this process,
arrays of 6 and 12 nm nanopores could be produced. In
contrast with other methods, this report is significant, as it
demonstrates the fabrication of nanopores on a low-cost soft
material.
Lithography of Plasmonic Nanostructures. The field of

plasmonics has advanced immensely over the years and has
now transitioned from a topic of fundamental research to

practical applications. In the area of sensing, alterations of a
metal’s surface plasmons upon binding to an analyte can be
quantified (by spectral changes to the incident light on the
metal) and used to detect and quantify that analyte. Plasmonic-
based sensing is particularly attractive in biosensing, since it
does not require the analyte to be derivatized with an easy to
detect moiety (i.e., it is “label-free”). In practical terms,
avoiding the need for a labeling step means than any
biomolecular analysis can be simplified, saving time, cost,
and analyte; and avoids the risk that the labeling may alter the
properties of the analyte.155,156 Furthermore, the fabrication of
arrays of plasmonic devices can be readily carried out on a
single substrate to enable multiplexed sensing (i.e., sensing of
multiple analytes simultaneously).31,157 Two general ap-
proaches have been described: (1) sensors employing
propagating plasmons on a planar metal substrate, and (2)
sensors that employ nanoscale structures that have a localized
surface plasmon resonance (LSPR).158−160

Large-area lithographic methods, especially NIL, are
particularly applicable to the fabrication of nanoplasmonic
sensor devices, since they typically require large arrays of
metallic nanostructures for LSPR sensing. In one example of a
LSPR biosensor, thermal NIL is used to pattern an array of
nanoscale high-aspect-ratio cylinders (“nanopillars”) consisting
of cyclo-olefin polymer, which were subsequently coated with a
gold layer to give plasmonically active structures (Figure
13A).83 Here, the thermoplastic polymer is used as part of the
device structure, instead of being only exploited as a temporary
resist material. Highly dense nanopillars with diameters
between 30 and 70 nm and pitches of approximately 200 nm
were obtained. The gold layer could then be further conjugated
with anti-human-immunoglobulin G (IgG), which enabled the
selective binding of IgG and hence its detection. It was

Figure 12. (A) Fabrication of silicon nanopores with photolithography and plasma etching, followed by anisotropic etching and electrochemical
etching. Figure adapted with permission from ref 153. Copyright 2006 John Wiley and Sons. (B) Schematic diagram for the fabrication of
perforated nanopores in a freestanding polymer membrane via NIL and polymer reflowing. Figure adapted with permission from ref 6. Copyright
2019 Springer Nature.
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subsequently found that the device achieves an IgG detection
limit of 1.0 ng mL−1.
In another example, thermal NIL was used to fabricate a

substrate with an array of nanoscale holes for LSPR-based
protein sensing (Figure 13B). In this sensor, adsorption of the
analyte to the array surface results in a shift in the wavelengths
transmitted through the “nanohole” array.161 The fabrication
of these arrays followed the standard NIL imprinting process
(with a silicon stamp) of a thermoplastic resist coated on glass
wafers (Figure 2G). After the imprinting and etching of the
residual resist layer, a 50 nm gold layer is deposited followed
by the resist lift-off, resulting in a grid of 185-nm-diameter
nanoholes with a periodicity of 450 nm. Using this biodevice,
the detection of BSA adsorption onto the nanohole array was
demonstrated, with a sensitivity of 126 nm RIU−1. This value is
similar to that which can be achieved by arrays manufactured
with EBL162,163 and much higher than the values obtained with
non-nanostructured sensors (∼500−12000 nm RIU−1).164

These results demonstrate that NIL is a viable alternative to

EBL for this application, with implications for higher
throughput and lower cost.
In order to further reduce the cost of the overall imprinting

process, UV-NIL processes have been introduced as an
alternative to conventional (thermal) NIL to produce
plasmonic nanostructures. The cost advantage arises from its
use of PDMS stamps that are cheaper than the rigid molds
used by thermal NIL, and can be used several times at very low
contact pressures (typically <1 kbar), while maintaining high
resolutions and reproducibility.2,165 In one example, this
method was used to generate gold nanodiscs (Figure 13C)
for the plasmonic sensing of antibodies, where the imprinting
was performed on a proprietary UV-curable AMONIL resist
layer deposited on a PMMA resist.2 Using 365 nm UV
exposure, nanoholes of 160 nm diameter and a periodicity of
500 nm were obtained in the AMONIL layer. After etching the
residual AMONIL layer and the underlying PMMA, a gold
layer was deposited. Finally, PMMA on unpatterned areas was
removed, furnishing an ordered array of gold nanodiscs. These
discs were then immersed in a solution containing thiolated
polypeptides modified with a biotin molecule that can be
recognized by anti-biotin antibodies. These devices were found
to be extremely sensitive with the best results achieving limits
of detection of 1.02 × 105 antibodies, on 30 × 30 μm2 surface
areas, which correspond to just 30 antibodies per nanodisc.
NIL can also be applied to fabricate more complex

multilayered structures that exhibit enhanced LSPR, which in
turn can be used to enhance the fluorescence emission of
molecules bound on these structures. Thus, they can be used
to increase sensitivity of conventional fluorescence-based
assays. These structures generally consist of features ∼100
nm in width, assembled from alternating noble metal (e.g.,
gold) and dielectric films (e.g., SiO2). As an example, NIL has

Figure 13. SEM images of nanostructures generated with NIL,
including (A) nanopillars, (B) nanoholes, and (C) nanodiscs. (A)
reproduced from ref 83. Copyright 2012 American Chemical Society.
(B) adapted from ref 161. CC BY 4.0. (C) adapted with permission
from ref 2. Copyright 2010 Elsevier.

Figure 14. Schematic diagram of the fabrication process for (A) 2D, (B) quasi-3D, and (C) 3D photonic crystals by STU-NIL. Redrawn by the
authors from ref 16. (D,E,F) SEM images of (D) 2D, (E) quasi-3D, and (F) 3D photonic crystals. (D,E,F) adapted from ref 16 with permission
from The Royal Society of Chemistry. Copyright 2018.
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been used to fabricate an array of nanodiscs consisting of an
Au and SiO2 sandwich structure (Au/SiO2/Au), to enable
LSPR-enhanced fluorescent detection of proteins.166 Such
nanostructures are obtained by the coating of glass surfaces
with PMMA and a UV cross-linkable polymer imprinted with
UV-NIL. Both the remaining UV-polymer and underlying
PMMA are then etched, and alternating films of Au/SiO2/Au
are deposited. The final PMMA lift-off furnished the array of
multilayered nanodiscs, each of which was 100 nm in diameter
with a periodicity of 500 nm.
In order to demonstrate enhanced protein detection, these

discs were functionalized with anti-IL-2 antibodies. Here, the
binding of IL-2 to allophycocyanin (APC) conjugated anti-IL-
2 antibodies results in a strong fluorescence emission when
imaged by optical microscopy. In the presence of nanodiscs,
the fluorescence signal was enhanced 117-fold compared to
areas lacking nanodiscs. Notably, this sensitivity was sufficient
even to detect the quantities of IL-2 secreted by individual cells
grown on these disc arrays, which enabled submicron
resolution quantitative mapping of cytokine secretion.
Lithography of Photonic Crystals. Photonic crystals are

periodic dielectric nanostructures that are designed to either
allow or block the propagation of electromagnetic waves of
certain wavelengths, making them attractive optical materials
for controlling and manipulating light.15,167 The propagation of
light though photonic crystal structures results in a number of
features that are potentially exploitable in biosensing. For
example, a biochemical interaction (e.g., binding) on the
photonic crystal surface causes a change in the effective
refractive index that shifts the resonance wavelength peak,
which can be correlated to target molecule concentrations with
high sensitivity without time-consuming labeling proce-
dures.168

Photonic crystal structures can incorporate different geo-
metries, such as cavities, multilayered thin films, slabs, and
pores, and different methods have been reported for their
fabrication, including self-assembly and lithography.168 In this
regard, the application of STU-NIL for the fabrication of a
range of “2D” (i.e., monolayer materials with “zero” thickness),
“quasi-3D” (1−5 periods thick), and thick “3D” plasmonic−

photonic crystals nanostructures has been reported (Figure
14).16

To create “2D” arrays of nanoholes, NIL was use to imprint
a TU-7 resist layer and that was coated on a layer of PMMA.
After removal of the residual resist and PMMA by RIE, a thin
film of Cr (2 nm) and Au (20 nm) was deposited. The removal
of all remaining TU-7 then furnished the array of nanoholes on
the film of Au/Cr (Figure 14A). Using this approach,
nanoholes of various shapes with a size and pitch of 350 and
535 nm, respectively, were produced. To produce the quasi-3D
structures, a thick layer of TU-7 was imprinted with the same
nanohole shapes. RIE was then used to etch the resist and
PMMA at different rates so that the holes were undercut (i.e.,
the bottoms were wider than the top). Cr was then deposited
to ensure metal coating throughout the bottom of the
nanoholes and used as a mask to subsequently etch the Si
substrate. Thus, Cr/Au were evaporated on these quasi-3D
nanoholes with 350 nm width and 535 nm pitch and 350 nm
depth to generate two different plasmonic layers (Figure 14B).
3D nanostructures were obtained performing UV-NIL on an
SU-8 resist that was placed on top of an existing quasi-3D
nanohole array. RIE of the residual SU-8 followed by metal
deposition then gave the final structures (Figure 14C).
These complex nanostructures confine and enhance electro-

magnetic field intensity through the hybrid coupling of
plasmonic and photonic crystal modes, resulting in very large
plasmonic enhancements of 276, 946, and 1376 nm RIU−1 for
the 2D, quasi-3D, and 3D structures, respectively. In order to
demonstrate biosensing, the 3D structures were functionalized
with anti-epithelial cell adhesion molecule (anti-EpCAM)
antibodies, which enabled them to bind vesicles (exosomes)
derived from fibroblast cells. It was found that the detection of
as low as 104 exosome particles mL−1 of analyte sample was
achieved. The ability to detect and quantify exosomes is
significant, since they are released in higher quantity by cancer
cells, thus representing a promising target for early cancer
detection and diagnosis.

Lithography of Components of Electrochemical
Biosensors. Electrochemical biosensors transduce biochem-
ical information, such as analyte concentrations, into an
electrical signal (either a current or change in voltage) that can

Figure 15. (A) Schematic diagram of the redox cycling sensor fabrication process. The photolithographic fabrication process leads to the
generation of an array of individual electrochemical cells. Figure adapted with permission from ref 173. Copyright 2015 The Royal Society of
Chemistry. (B) Process flow for the generation of gold nanowires by LPNE. Redrawn by the authors from ref 176.

ACS Sensors pubs.acs.org/acssensors Review

https://doi.org/10.1021/acssensors.0c02704
ACS Sens. 2021, 6, 2002−2024

2017

https://pubs.acs.org/doi/10.1021/acssensors.0c02704?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c02704?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c02704?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c02704?fig=fig15&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.0c02704?rel=cite-as&ref=PDF&jav=VoR


be recorded and analyzed.169 Large-scale lithographic
techniques have been widely used to fabricate electrochemical
biodevice components, such as channels or electrodes. In these
cases, lithographic methods with high precision and resolution
are necessary in order to construct devices that are highly
miniaturized yet contain multiple components. For example,
the i-STAT hand-held blood analyzer commercialized by
Abbott consists of an array of microelectrodes that use
photolithography during their fabrication process.170 The
engineering of electrode surfaces is also important, since
nanostructured electrodes can give rise to higher surface areas,
which in turn permits higher performance with smaller
electrodes. Furthermore, device miniaturization is also
desirable for implantable devices where size is an important
consideration.171

One application where high-resolution lithography is needed
is in the fabrication of redox cycling sensors.172−174 These
sensors detect the presence of redox active molecules by
repeatedly oxidizing and reducing them between two closely
positioned electrodes. This allows multiple reactions of a single
molecule at the electrodes, resulting in an amplified electro-
chemical signal. The sensitivity of this method depends on the
average number of cycles a molecule performs before it escapes
from the volume between the two electrodes. Thus, it is
strongly influenced by the geometry and size of the device,
with typical distances between the two contacts of ∼65−230
nm. In the context of biosensing, these devices can be used for
the direct sensing of redox active molecules such as
neurotransmitters,172 or nonredox biomolecules that trigger
an enzymatic generation of redox molecules.173,174

In terms of the fabrication, photolithography is currently the
method of choice since the multistep (and multiexposure)
processes used to fabricate semiconductor devices can be
adapted to generate the complex designs with internal cavities
needed to separate the electrodes. In one representative
example (Figure 15A),173,174 the fabrication first involved the
deposition and photolithography of Ti/Pt bottom electrodes
on a glass substrate, followed by a sacrificial Cr layer, and then
Cr/Pt top electrodes. A SU-8 resist layer is subsequently spin-
coated on the surface, and photolithography is used to pattern
“microwells” with 150 μm diameter. Finally, the Cr sacrificial
layer is etched to form nanocavities. By using nanocavities with
a 190 nm distance between the electrodes fabricated by this
process, limits of detections for endotoxins of 0.2 and 0.5 EU
L−1 are obtained for reaction times of 1 h and 30 min,
respectively.174 These values are 5- and 2-fold lower than those
obtained with conventional endotoxin assays, making this
biosensor highly sensitive.
Apart from the direct fabrication of device components,

photolithography can be used to produce patterns in resist
materials that can then act as a template for the electro-
deposition of metallic features. This indirect approach enables
the fabrication of objects with sizes or structures that are not
accessible to photolithography alone. For example, by using a
technique termed lithographically patterned nanowire electro-
deposition (LPNE), metallic nanowires can be produced with
dimensions smaller than the resolution limit of photo-
lithography.175,176 In LPNE, the substrate is first coated with
a sacrificial metal followed by a photoresist. Photolithography
is then performed whereby the edges of the features define the
final paths of the nanowires, and the sacrificial metal is then
etched (Figure 15B). Crucially, the etching is performed such
that the sacrificial metal is undercut to produce a “horizontal

trench”, within which the desired metal can then be
electrodeposited. Removal of the remaining resist and
sacrificial metal then furnishes the final nanowires. In the
best examples, nanowires with thicknesses of <10 nm over
millimeter lengths can be produced.175

Another example of combining lithography with electro-
deposition is the fabrication of nanostructured microscale
electrodes.177,178 Starting with Au electrical contacts coated
with insulating SiO2, photolithography was used to produce
500 nm apertures in the SiO2 to expose the underlying Au.
Electrodeposition was then used to grow highly textured or
dendritic Pd structures from these apertures. The affinity of Pd
with thiols was then exploited to attach biomolecules, thus
enabling the Pd to act as an amperometric electrochemical
sensing element. It was demonstrated that the degree of
nanostructuring changed the response to a given nucleic acid,
with the most finely textured Pd (dentritic structures 20−50
nm) having limits of detection for the target as low as 10
aM.177 Photolithography was particularly advantageous in this
case because multiple sensor units can be produced in parallel
on the same substrate, for multiplexed sensing.
Recently, approaches for the ultrasensitive direct electro-

chemical detection of biomolecules (i.e., without the need of
amplification) have been developed using advanced carbon-
based nanomaterials such as single-layer graphene sheets. Here,
the rate charge transfer (i.e., current) from the bulk electrolyte
to a redox mediator (e.g., ferrocene) immobilized to the
graphene can be measured by cyclic voltammetry, and is
sensitive to alterations to the local environment. In order to
harness this effect for biosensing, the coimmobilization of a
biomolecular recognition element (e.g., DNA, antibody) that
specifically binds the analyte of interest is also carried out, so
that in the presence of the analyte, binding results in a change
in current. For these sensors, improvements in sensitivity can
be achieved by introducing artificial defects such as controlled
edges to enhance graphene’s electrochemical properties.
In one example, UV-NIL was exploited for the generation of

large areas of single-layer graphene “nanomesh” (i.e., graphene
layer into which an array of nanoscale holes are generated)179

where dangling bonds were present on the hole edges. The
high density of edges achieved through NIL thus results in
bandgap separation and semiconductive properties that are
necessary for sensing.180 To produce this nanomesh, a trilayer
of AMONIL/Ge/PMMA on graphene was deposited and
imprinted using a PDMS stamp, and the 260-nm-wide
nanoholes were transferred on graphene through RIE. In
order to demonstrate the detection of DNA, the graphene
surface was derivatized with a polymer containing ferrocene,
followed by the conjugation of single-stranded DNA. The
presence of another single-stranded DNA that is comple-
mentary to the immobilized strand results in hybridization and
a sensor response. The electrochemical response of the
patterned graphene shows an enhancement in current density
compared to nonpatterned graphene layer, giving limits of
detection down to attomolar levels (femtomolar level with the
unpatterned material).
As an example of μCP use in the fabrication of bioelectrodes,

choline oxidase (ChOx) and GOx are directly printed onto
individual electrodes (40 × 150 μm2 in size) of a micro-
electrode array to provide the first example of an enzymatic
sensor of neurotransmitters.5 The proteins were deposited on a
layer of polyphenylenediamine on the electrodes, exploiting
electrostatic attraction to transfer and immobilize the proteins.
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Significantly, this work demonstrated that multiple proteins
can be printed onto selected electrodes on the array by using
two different stamps (one for each enzyme to be deposited),
with each stamp conforming to the location of the electrodes
where the protein would be deposited.
Summary of Biosensor Component Fabrication.

Large-scale lithographic methods are widely used in the
fabrication process of various components of biosensor
devices, e.g., electrodes, transduces, filters. The examples
discussed show how these methods are able to produce
materials with improved performance through the introduction
of nanoscale features (e.g., nanoholes) compared to the
unpatterned material, resulting in sensors with improved
sensitivity, lower analysis time, and the amount of sample
needed. Indeed, the fabrication of complex 3D photonic crystal
designs by NIL represents a powerful example of how
lithography methods can be employed to fabricate complex
arbitrary designs.
However, many of the examples in the literature generally

lack comprehensive testing of the biosensing that is necessary
for practical applications. A full suite of control experiments is
typically not shown. For example, in the graphene nanomesh
DNA sensor noted above, control experiments using non-
complementary DNA sequences is not shown. Therefore, it is
unclear if good sequence specificity can also be achieved, or
whether the signal is simply the result of nonspecific
adsorption of any DNA molecules to the graphene.

■ CONCLUSIONS AND FUTURE PERSPECTIVES

The increasing interaction between device fabrication,
chemistry, and biotechnology communities is leading to an
increasing number of processes that can be used in large-scale
biochip and biosensor fabrication, which will be necessary for
the practical deployment of such devices in “real world”
applications.
This review demonstrates that a variety of large-scale

lithographic approaches have been applied for both direct
and indirect fabrication of features containing biomolecules. In
this regard, stamp transfer methods such as μCP are notable, as
they can perform direct (i.e., additive) deposition of
biomolecules and employ milder and more physiologically
compatible conditions, compared to photolithography and
NIL, which often include the use of UV-light exposure, high
temperatures, and toxic solvents. There are also a few examples
where the patterning occurred directly on DNA-protein or cell-
based materials have been described, highlighting how
“conventional” cleanroom methods can be adapted to pattern
biomolecules. Examples of both positive and negative tone
lithography of biomolecules have also been demonstrated. This
capability is important, as it enables the flexibility for a wider
variety of substrate designs.
Among large-scale lithographic methods, conventional

photolithography is still the most mature and widespread
lithographic technique when nanometer-scale resolution is not
required. It can draw upon the well-established processing
methods and offers very large area fabrication (Figure 1). In
comparison, soft lithography and especially soft UV-NIL offer
higher resolutions at lower cost. Indeed, comparable nano-
meter resolutions can be achieved through projection photo-
lithography only with sophisticated and more expensive lens
systems. On the other hand, projection photolithography offers
the benefit of avoiding direct contact between the mask and

the substrate, decreasing contamination and enabling the
lithography of very soft materials.
There are still challenges that need to be addressed to

increase the use of large-scale lithographic methods for
manufacturing ex vivo biochips and biosensors. One of the
main drawbacks of large-scale lithographic techniques is the
use of EBL for fabrication of masters, which represents a major
contributor to the time and cost of the entire process.
Moreover, to develop more sustainable lithographic methods,
the development of more bio-based materials is needed. A
further complication in the fabrication of biochips containing
biomolecules is that proteins and DNA exert their function
only at specific interfaces where they bind with other
biomolecules. Thus, the orientation of the binding site with
respect to the substrate must be controlled for the realization
of biochips with high performances.181,182

Currently, many papers where large-area lithographic
methods are applied to device generation are still at the
“proof-of-concept” stage, and not yet demonstrated at true
manufacturing scale. Making chips or devices for real-world
applications requires complex integration of many compo-
nents, each of which may be fabricated by different methods
(e.g., the tissue chips, biosensors). It must be acknowledged
that a method for rapid mass production of any chip or device,
at low cost with nanometer-scale resolution and precision, has
yet to be realized. The examples discussed herein, which only
employ one lithographic method, address only some of these
idealized characteristics in the final biochip or biosensor (e.g.,
in resolution, throughput, compatibility with the biomolecule
of interest). In the future, this might be overcome by further
improvements in lithographic approaches and a better synergy
between lithography, printing technologies (e.g., inkjet and
screen printing, as well as 3D printing),37 and molecular self-
assembly.34,183 Additionally, emerging methods such as
multiplexed scanning probe lithography may in future be
viable at the manufacturing scale.184−186 Indeed, this type of
lithography has already been demonstrated at the 3 in. wafer
scale, and could in future offer a route to low-cost “desktop
fabrication” that is compatible with soft materials and
biomolecules.
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■ VOCABULARY

Lithography, the process of producing patterns on a surface;
resist, a material that is used to transfer a pattern to a surface
by preventing (“resisting”) the etching of the material covered
by the resist material; self-assembled monolayer, a spontaneous
molecular assembly on a surface by adsorption in an ordered
way; cross-linking, the process of connecting two adjacent
chains of atoms in a large molecule, such as a polymer, through
a chemical bond; biomarker, a substance that is measured as an
indicator of normal biological processes, pathogenic processes,
or pharmacological responses to therapeutic intervention;
scalable, the ability of a system to maintain or increase its level
of performance or efficiency even as it is tested by larger
operational demand
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Simó, C.; Cifuentes, A.; García-Cañas, V., Eds.; Elsevier: 2014; Vol.
63, pp 1−23, DOI: 10.1016/B978-0-444-62651-6.00001-5.
(97) Hughes, T. R.; Mao, M.; Jones, A. R.; Burchard, J.; Marton, M.
J.; Shannon, K. W.; Lefkowitz, S. M.; Ziman, M.; Schelter, J. M.;

Meyer, M. R. Expression profiling using microarrays fabricated by an
ink-jet oligonucleotide synthesizer. Nat. Biotechnol. 2001, 19, 342−
347.
(98) Feng, L.; Romulus, J.; Li, M.; Sha, R.; Royer, J.; Wu, K. T.; Xu,
Q.; Seeman, N. C.; Weck, M.; Chaikin, P. Cinnamate-based DNA
photolithography. Nat. Mater. 2013, 12, 747−53.
(99) Song, Y.; Takahashi, T.; Kim, S.; Heaney, Y. C.; Warner, J.;
Chen, S.; Heller, M. J. A Programmable DNA Double-Write Material:
Synergy of Photolithography and Self-Assembly Nanofabrication. ACS
Appl. Mater. Interfaces 2017, 9, 22−28.
(100) Buxboim, A.; Bar-Dagan, M.; Frydman, V.; Zbaida, D.;
Morpurgo, M.; Bar-Ziv, R. A single-step photolithographic interface
for cell-free gene expression and active biochips. Small 2007, 3, 500−
10.
(101) Lietard, J.; Damha, M. J.; Somoza, M. M. Large-Scale
Photolithographic Synthesis of Chimeric DNA/RNA Hairpin Micro-
arrays To Explore Sequence Specificity Landscapes of RNase HII
Cleavage. Biochemistry 2019, 58, 4389−4397.
(102) Thibault, C.; Le Berre, V.; Casimirius, S.; Trevisiol, E.;
Francois, J.; Vieu, C. Direct microcontact printing of oligonucleotides
for biochip applications. J. Nanobiotechnol. 2005, 3, 7.
(103) Lange, S. A.; Benes, V.; Kern, D. P.; Horber, J. K.; Bernard, A.
Microcontact printing of DNA molecules. Anal. Chem. 2004, 76,
1641−7.
(104) Lewis, C. L.; Choi, C. H.; Lin, Y.; Lee, C. S.; Yi, H.
Fabrication of uniform DNA-conjugated hydrogel microparticles via
replica molding for facile nucleic acid hybridization assays. Anal.
Chem. 2010, 82, 5851−8.
(105) Ohtake, T.; Nakamatsu, K.-i.; Matsui, S.; Tabata, H.; Kawai,
T. DNA nanopatterning with self-organization by using nanoimprint.
J. Vac. Sci. Technol., B: Microelectron. Process. Phenom. 2004, 22, 3275−
3278.
(106) Penzo, E.; Wang, R.; Palma, M.; Wind, S. J. Selective
placement of DNA origami on substrates patterned by nanoimprint
lithography. J. Vac. Sci. Technol., B: Nanotechnol. Microelectron.: Mater.,
Process., Meas., Phenom. 2011, 29, 06F205.
(107) Quinones, B.; Lee, B. G.; Martinsky, T. J.; Yambao, J. C.;
Haje, P. K.; Schena, M. Sensitive Genotyping of Foodborne-
Associated Human Noroviruses and Hepatitis A Virus Using an
Array-Based Platform. Sensors 2017, 17.
(108) Zhang, S.; Yan, L.; Altman, M.; Lassle, M.; Nugent, H.;
Frankel, F.; Lauffenburger, D. A.; Whitesides, G. M.; Rich, A.
Biological surface engineering: a simple system for cell pattern
formation. Biomaterials 1999, 20, 1213−20.
(109) Voskuhl, J.; Brinkmann, J.; Jonkheijm, P. Advances in contact
printing technologies of carbohydrate, peptide and protein arrays.
Curr. Opin. Chem. Biol. 2014, 18, 1−7.
(110) Britland, S.; Perez-Arnaud, E.; Clark, P.; McGinn, B.;
Connolly, P.; Moores, G. Micropatterning proteins and synthetic
peptides on solid supports: a novel application for microelectronics
fabrication technology. Biotechnol. Prog. 1992, 8, 155−60.
(111) Schvartzman, M.; Nguyen, K.; Palma, M.; Abramson, J.; Sable,
J.; Hone, J.; Sheetz, M. P.; Wind, S. J. Fabrication of Nanoscale
Bioarrays for the Study of Cytoskeletal Protein Binding Interactions
Using Nanoimprint Lithography. J. Vac. Sci. Technol. B 2009, 27, 61−
65.
(112) Liu, W.; Zhou, Z.; Zhang, S.; Shi, Z.; Tabarini, J.; Lee, W.;
Zhang, Y.; Gilbert Corder, S. N.; Li, X.; Dong, F.; Cheng, L.; Liu, M.;
Kaplan, D. L.; Omenetto, F. G.; Zhang, G.; Mao, Y.; Tao, T. H.
Precise Protein Photolithography (P(3)): High Performance
Biopatterning Using Silk Fibroin Light Chain as the Resist. Adv. Sci.
2017, 4, 1700191.
(113) Wang, L. S.; Duncan, B.; Tang, R.; Lee, Y. W.; Creran, B.; Elci,
S. G.; Zhu, J.; Yesilbag Tonga, G.; Doble, J.; Fessenden, M.; Bayat,
M.; Nonnenmann, S.; Vachet, R. W.; Rotello, V. M. Gradient and
Patterned Protein Films Stabilized via Nanoimprint Lithography for
Engineered Interactions with Cells. ACS Appl. Mater. Interfaces 2017,
9, 42−46.

ACS Sensors pubs.acs.org/acssensors Review

https://doi.org/10.1021/acssensors.0c02704
ACS Sens. 2021, 6, 2002−2024

2022

https://doi.org/10.1002/adfm.200400295
https://doi.org/10.1002/adfm.200400295
https://doi.org/10.1038/srep10402
https://doi.org/10.1038/srep10402
https://doi.org/10.1038/srep10402
https://doi.org/10.1021/la700572r
https://doi.org/10.1021/la700572r
https://doi.org/10.1126/science.272.5258.85
https://doi.org/10.1126/science.272.5258.85
https://doi.org/10.5772/66028
https://doi.org/10.5772/66028
https://doi.org/10.5772/66028?ref=pdf
https://doi.org/10.1117/12.351155?ref=pdf
https://doi.org/10.1021/ac300307e
https://doi.org/10.1021/ac300307e
https://doi.org/10.1088/0957-4484/27/29/295101
https://doi.org/10.1088/0957-4484/27/29/295101
https://doi.org/10.1088/0957-4484/27/29/295101
https://doi.org/10.1016/j.csbj.2019.06.004
https://doi.org/10.1016/j.csbj.2019.06.004
https://doi.org/10.1002/biot.200800121
https://doi.org/10.1002/biot.200800121
https://doi.org/10.1016/j.jbbm.2007.05.003
https://doi.org/10.1016/j.jbbm.2007.05.003
https://doi.org/10.1016/j.jbbm.2007.05.003
https://doi.org/10.1039/b717932d
https://doi.org/10.1039/b717932d
https://doi.org/10.1002/biot.202000288
https://doi.org/10.1002/biot.202000288
https://doi.org/10.1038/s41598-018-35504-2
https://doi.org/10.1038/s41598-018-35504-2
https://doi.org/10.1038/s41598-019-47105-8
https://doi.org/10.1038/s41598-019-47105-8
https://doi.org/10.1038/s41598-020-62404-1
https://doi.org/10.1038/s41598-020-62404-1
https://doi.org/10.1126/science.1990438
https://doi.org/10.1126/science.1990438
https://doi.org/10.4103/0975-7406.100283
https://doi.org/10.1016/S0076-6879(06)10001-4
https://doi.org/10.1016/B978-0-444-62651-6.00001-5
https://doi.org/10.1016/B978-0-444-62651-6.00001-5
https://doi.org/10.1016/B978-0-444-62651-6.00001-5?ref=pdf
https://doi.org/10.1038/86730
https://doi.org/10.1038/86730
https://doi.org/10.1038/nmat3645
https://doi.org/10.1038/nmat3645
https://doi.org/10.1021/acsami.6b11361
https://doi.org/10.1021/acsami.6b11361
https://doi.org/10.1002/smll.200600489
https://doi.org/10.1002/smll.200600489
https://doi.org/10.1021/acs.biochem.9b00806
https://doi.org/10.1021/acs.biochem.9b00806
https://doi.org/10.1021/acs.biochem.9b00806
https://doi.org/10.1021/acs.biochem.9b00806
https://doi.org/10.1186/1477-3155-3-7
https://doi.org/10.1186/1477-3155-3-7
https://doi.org/10.1021/ac035127w
https://doi.org/10.1021/ac101032r
https://doi.org/10.1021/ac101032r
https://doi.org/10.1116/1.1823438
https://doi.org/10.1116/1.3646900
https://doi.org/10.1116/1.3646900
https://doi.org/10.1116/1.3646900
https://doi.org/10.3390/s17092157
https://doi.org/10.3390/s17092157
https://doi.org/10.3390/s17092157
https://doi.org/10.1016/S0142-9612(99)00014-9
https://doi.org/10.1016/S0142-9612(99)00014-9
https://doi.org/10.1016/j.cbpa.2013.10.022
https://doi.org/10.1016/j.cbpa.2013.10.022
https://doi.org/10.1021/bp00014a010
https://doi.org/10.1021/bp00014a010
https://doi.org/10.1021/bp00014a010
https://doi.org/10.1116/1.3043472
https://doi.org/10.1116/1.3043472
https://doi.org/10.1116/1.3043472
https://doi.org/10.1002/advs.201700191
https://doi.org/10.1002/advs.201700191
https://doi.org/10.1021/acsami.6b13815
https://doi.org/10.1021/acsami.6b13815
https://doi.org/10.1021/acsami.6b13815
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.0c02704?rel=cite-as&ref=PDF&jav=VoR


(114) Ramachandran, N.; Hainsworth, E.; Bhullar, B.; Eisenstein, S.;
Rosen, B.; Lau, A. Y.; Walter, J. C.; LaBaer, J. Self-assembling protein
microarrays. Science 2004, 305, 86−90.
(115) Manzano-Roman, R.; Fuentes, M. A decade of Nucleic Acid
Programmable Protein Arrays (NAPPA) availability: News, actors,
progress, prospects and access. J. Proteomics 2019, 198, 27−35.
(116) Anderson, K. S.; Ramachandran, N.; Wong, J.; Raphael, J. V.;
Hainsworth, E.; Demirkan, G.; Cramer, D.; Aronzon, D.; Hodi, F. S.;
Harris, L.; Logvinenko, T.; LaBaer, J. Application of protein
microarrays for multiplexed detection of antibodies to tumor antigens
in breast cancer. J. Proteome Res. 2008, 7, 1490−9.
(117) Wright, C.; Sibani, S.; Trudgian, D.; Fischer, R.; Kessler, B.;
LaBaer, J.; Bowness, P. Detection of multiple autoantibodies in
patients with ankylosing spondylitis using nucleic acid programmable
protein arrays. Mol. Cell. Proteomics 2012, 11, M9 00384.
(118) Miersch, S.; Bian, X.; Wallstrom, G.; Sibani, S.; Logvinenko,
T.; Wasserfall, C. H.; Schatz, D.; Atkinson, M.; Qiu, J.; LaBaer, J.
Serological autoantibody profiling of type 1 diabetes by protein arrays.
J. Proteomics 2013, 94, 486−96.
(119) Wallstrom, G.; Anderson, K. S.; LaBaer, J. Biomarker
discovery for heterogeneous diseases. Cancer Epidemiol., Biomarkers
Prev. 2013, 22, 747−55.
(120) Arevalo-Pinzon, G.; Gonzalez-Gonzalez, M.; Suarez, C. F.;
Curtidor, H.; Carabias-Sanchez, J.; Muro, A.; LaBaer, J.; Patarroyo, M.
A.; Fuentes, M. Self-assembling functional programmable protein
array for studying protein-protein interactions in malaria parasites.
Malar. J. 2018, 17, 270.
(121) Camacho-Encina, M.; Balboa-Barreiro, V.; Rego-Perez, I.;
Picchi, F.; VanDuin, J.; Qiu, J.; Fuentes, M.; Oreiro, N.; LaBaer, J.;
Ruiz-Romero, C. Discovery of an autoantibody signature for the early
diagnosis of knee osteoarthritis: data from the Osteoarthritis Initiative.
Ann. Rheum. Dis. 2019, 78, 1699−1705.
(122) Tan, Q.; Wang, D.; Yang, J.; Xing, P.; Yang, S.; Li, Y.; Qin, Y.;
He, X.; Liu, Y.; Zhou, S. Autoantibody profiling identifies predictive
biomarkers of response to anti-PD1 therapy in cancer patients.
Theranostics 2020, 10, 6399.
(123) Takulapalli, B. R.; Qiu, J.; Magee, D. M.; Kahn, P.; Brunner,
A.; Barker, K.; Means, S.; Miersch, S.; Bian, X.; Mendoza, A.; Festa,
F.; Syal, K.; Park, J. G.; LaBaer, J.; Wiktor, P. High density diffusion-
free nanowell arrays. J. Proteome Res. 2012, 11, 4382−91.
(124) Nivens, D. A.; Conrad, D. W. Photoactive poly (ethylene
glycol) organosilane films for site-specific protein immobilization.
Langmuir 2002, 18, 499−504.
(125) Kim, M.; Choi, J. C.; Jung, H. R.; Katz, J. S.; Kim, M. G.; Doh,
J. Addressable micropatterning of multiple proteins and cells by
microscope projection photolithography based on a protein friendly
photoresist. Langmuir 2010, 26, 12112−8.
(126) Pavli, P.; Petrou, P.S.; Douvas, A.M.; Makarona, E.;
Kakabakos, S.; Dimotikali, D.; Argitis, P. Selective immobilization of
proteins guided by photo-patterned poly (vinyl alcohol) structures.
Procedia Eng. 2011, 25, 292−295.
(127) Ming, Z.; Fan, J.; Bao, C.; Xue, Y.; Lin, Q.; Zhu, L.
Photogenerated aldehydes for protein patterns on hydrogels and
guidance of cell behavior. Adv. Funct. Mater. 2018, 28, 1706918.
(128) Lee, I. N.; Dobre, O.; Richards, D.; Ballestrem, C.; Curran, J.
M.; Hunt, J. A.; Richardson, S. M.; Swift, J.; Wong, L. S.
Photoresponsive Hydrogels with Photoswitchable Mechanical Proper-
ties Allow Time-Resolved Analysis of Cellular Responses to Matrix
Stiffening. ACS Appl. Mater. Interfaces 2018, 10, 7765−7776.
(129) Kurland, N. E.; Dey, T.; Kundu, S. C.; Yadavalli, V. K. Precise
Patterning of Silk Microstructures Using Photolithography. Adv.
Mater. 2013, 25, 6207−6212.
(130) Kurland, N. E.; Dey, T.; Wang, C.; Kundu, S. C.; Yadavalli, V.
K. Silk Protein Lithography as a Route to Fabricate Sericin
Microarchitectures. Adv. Mater. 2014, 26, 4431−4437.
(131) Zhu, S.; Zeng, W.; Meng, Z.; Luo, W.; Ma, L.; Li, Y.; Lin, C.;
Huang, Q.; Lin, Y.; Liu, X. Y. Using wool keratin as a basic resist
material to fabricate precise protein patterns. Adv. Mater. 2019, 31,
1900870.

(132) Bilem, I.; Plawinski, L.; Chevallier, P.; Ayela, C.; Sone, E. D.;
Laroche, G.; Durrieu, M. C. The spatial patterning of RGD and BMP-
2 mimetic peptides at the subcellular scale modulates human
mesenchymal stem cells osteogenesis. J. Biomed. Mater. Res., Part A
2018, 106, 959−970.
(133) Shelly, M.; Lee, S. I.; Suarato, G.; Meng, Y.; Pautot, S.
Photolithography-Based Substrate Microfabrication for Patterning
Semaphorin 3A to Study Neuronal Development. Methods Mol. Biol.
2017, 1493, 321−343.
(134) Hoff, J. D.; Cheng, L.-J.; Meyhöfer, E.; Guo, L. J.; Hunt, A. J.
Nanoscale protein patterning by imprint lithography. Nano Lett. 2004,
4, 853−857.
(135) Maury, P.; Escalante, M.; Peter, M.; Reinhoudt, D. N.;
Subramaniam, V.; Huskens, J. Creating nanopatterns of His-tagged
proteins on surfaces by nanoimprint lithography using specific
NiNTA-histidine interactions. Small 2007, 3, 1584−92.
(136) Lindberg, F. W.; Norrby, M.; Rahman, M. A.; Salhotra, A.;
Takatsuki, H.; Jeppesen, S.; Linke, H.; Mansson, A. Controlled
Surface Silanization for Actin-Myosin Based Nanodevices and
Biocompatibility of New Polymer Resists. Langmuir 2018, 34,
8777−8784.
(137) Jeoung, E.; Duncan, B.; Wang, L. S.; Saha, K.; Subramani, C.;
Wang, P.; Yeh, Y. C.; Kushida, T.; Engel, Y.; Barnes, M. D.; Rotello,
V. M. Fabrication of Robust Protein Films Using Nanoimprint
Lithography. Adv. Mater. 2015, 27, 6251−5.
(138) Jonczyk, R.; Kurth, T.; Lavrentieva, A.; Walter, J. G.; Scheper,
T.; Stahl, F. Living Cell Microarrays: An Overview of Concepts.
Microarrays 2016, 5, 11.
(139) Lee, J. H.; Ho, K. L.; Fan, S. K. Liver microsystems in vitro for
drug response. J. Biomed. Sci. 2019, 26, 88.
(140) Yarmush, M. L.; King, K. R. Living-cell microarrays. Annu. Rev.
Biomed. Eng. 2009, 11, 235−57.
(141) Revzin, A.; Tompkins, R. G.; Toner, M. Surface engineering
with poly (ethylene glycol) photolithography to create high-density
cell arrays on glass. Langmuir 2003, 19, 9855−9862.
(142) Lee, W.; Park, J. The design of a heterocellular 3D
architecture and its application to monitoring the behavior of cancer
cells in response to the spatial distribution of endothelial cells. Adv.
Mater. 2012, 24, 5339−44.
(143) Hong, H. J.; Koom, W. S.; Koh, W. G. Cell Microarray
Technologies for High-Throughput Cell-Based Biosensors. Sensors
2017, 17, 1293.
(144) Sodunke, T. R.; Turner, K. K.; Caldwell, S. A.; McBride, K.
W.; Reginato, M. J.; Noh, H. M. Micropatterns of Matrigel for three-
dimensional epithelial cultures. Biomaterials 2007, 28, 4006−16.
(145) Peela, N.; Sam, F. S.; Christenson, W.; Truong, D.; Watson, A.
W.; Mouneimne, G.; Ros, R.; Nikkhah, M. A three dimensional
micropatterned tumor model for breast cancer cell migration studies.
Biomaterials 2016, 81, 72−83.
(146) Franzesi, G. T.; Ni, B.; Ling, Y.; Khademhosseini, A. A
controlled-release strategy for the generation of cross-linked hydrogel
microstructures. J. Am. Chem. Soc. 2006, 128, 15064−5.
(147) Yuan, Z.; Wang, C.; Yi, X.; Ni, Z.; Chen, Y.; Li, T. Solid-State
Nanopore. Nanoscale Res. Lett. 2018, 13, 56.
(148) Tang, Z.; Zhang, D.; Cui, W.; Zhang, H.; Pang, W.; Duan, X.
Fabrications, applications and challenges of solid-state nanopores: a
mini review. Nanomater. Nanotechnol. 2016, 6, 35.
(149) Storm, A. J.; Chen, J. H.; Ling, X. S.; Zandbergen, H. W.;
Dekker, C. Fabrication of solid-state nanopores with single-nanometre
precision. Nat. Mater. 2003, 2, 537−40.
(150) Pedone, D.; Langecker, M.; Munzer, A. M.; Wei, R.; Nagel, R.
D.; Rant, U. Fabrication and electrical characterization of a pore-
cavity-pore device. J. Phys.: Condens. Matter 2010, 22, 454115.
(151) Wanunu, M.; Dadosh, T.; Ray, V.; Jin, J.; McReynolds, L.;
Drndic, M. Rapid electronic detection of probe-specific microRNAs
using thin nanopore sensors. Nat. Nanotechnol. 2010, 5, 807−14.
(152) Verschueren, D. V.; Yang, W.; Dekker, C. Lithography-based
fabrication of nanopore arrays in freestanding SiN and graphene
membranes. Nanotechnology 2018, 29, 145302.

ACS Sensors pubs.acs.org/acssensors Review

https://doi.org/10.1021/acssensors.0c02704
ACS Sens. 2021, 6, 2002−2024

2023

https://doi.org/10.1126/science.1097639
https://doi.org/10.1126/science.1097639
https://doi.org/10.1016/j.jprot.2018.12.007
https://doi.org/10.1016/j.jprot.2018.12.007
https://doi.org/10.1016/j.jprot.2018.12.007
https://doi.org/10.1021/pr700804c
https://doi.org/10.1021/pr700804c
https://doi.org/10.1021/pr700804c
https://doi.org/10.1074/mcp.M9.00384
https://doi.org/10.1074/mcp.M9.00384
https://doi.org/10.1074/mcp.M9.00384
https://doi.org/10.1016/j.jprot.2013.10.018
https://doi.org/10.1158/1055-9965.EPI-12-1236
https://doi.org/10.1158/1055-9965.EPI-12-1236
https://doi.org/10.1186/s12936-018-2414-2
https://doi.org/10.1186/s12936-018-2414-2
https://doi.org/10.1136/annrheumdis-2019-215325
https://doi.org/10.1136/annrheumdis-2019-215325
https://doi.org/10.7150/thno.45816
https://doi.org/10.7150/thno.45816
https://doi.org/10.1021/pr300467q
https://doi.org/10.1021/pr300467q
https://doi.org/10.1021/la0102307
https://doi.org/10.1021/la0102307
https://doi.org/10.1021/la1014253
https://doi.org/10.1021/la1014253
https://doi.org/10.1021/la1014253
https://doi.org/10.1016/j.proeng.2011.12.072
https://doi.org/10.1016/j.proeng.2011.12.072
https://doi.org/10.1002/adfm.201706918
https://doi.org/10.1002/adfm.201706918
https://doi.org/10.1021/acsami.7b18302
https://doi.org/10.1021/acsami.7b18302
https://doi.org/10.1021/acsami.7b18302
https://doi.org/10.1002/adma.201302823
https://doi.org/10.1002/adma.201302823
https://doi.org/10.1002/adma.201400777
https://doi.org/10.1002/adma.201400777
https://doi.org/10.1002/adma.201900870
https://doi.org/10.1002/adma.201900870
https://doi.org/10.1002/jbm.a.36296
https://doi.org/10.1002/jbm.a.36296
https://doi.org/10.1002/jbm.a.36296
https://doi.org/10.1007/978-1-4939-6448-2_24
https://doi.org/10.1007/978-1-4939-6448-2_24
https://doi.org/10.1021/nl049758x
https://doi.org/10.1002/smll.200700046
https://doi.org/10.1002/smll.200700046
https://doi.org/10.1002/smll.200700046
https://doi.org/10.1021/acs.langmuir.8b01415
https://doi.org/10.1021/acs.langmuir.8b01415
https://doi.org/10.1021/acs.langmuir.8b01415
https://doi.org/10.1002/adma.201502457
https://doi.org/10.1002/adma.201502457
https://doi.org/10.3390/microarrays5020011
https://doi.org/10.1186/s12929-019-0575-0
https://doi.org/10.1186/s12929-019-0575-0
https://doi.org/10.1146/annurev.bioeng.10.061807.160502
https://doi.org/10.1021/la035129b
https://doi.org/10.1021/la035129b
https://doi.org/10.1021/la035129b
https://doi.org/10.1002/adma.201200687
https://doi.org/10.1002/adma.201200687
https://doi.org/10.1002/adma.201200687
https://doi.org/10.3390/s17061293
https://doi.org/10.3390/s17061293
https://doi.org/10.1016/j.biomaterials.2007.05.021
https://doi.org/10.1016/j.biomaterials.2007.05.021
https://doi.org/10.1016/j.biomaterials.2015.11.039
https://doi.org/10.1016/j.biomaterials.2015.11.039
https://doi.org/10.1021/ja065867x
https://doi.org/10.1021/ja065867x
https://doi.org/10.1021/ja065867x
https://doi.org/10.1186/s11671-018-2463-z
https://doi.org/10.1186/s11671-018-2463-z
https://doi.org/10.5772/64015
https://doi.org/10.5772/64015
https://doi.org/10.1038/nmat941
https://doi.org/10.1038/nmat941
https://doi.org/10.1088/0953-8984/22/45/454115
https://doi.org/10.1088/0953-8984/22/45/454115
https://doi.org/10.1038/nnano.2010.202
https://doi.org/10.1038/nnano.2010.202
https://doi.org/10.1088/1361-6528/aaabce
https://doi.org/10.1088/1361-6528/aaabce
https://doi.org/10.1088/1361-6528/aaabce
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.0c02704?rel=cite-as&ref=PDF&jav=VoR


(153) Park, S. R.; Peng, H.; Ling, X. S. Fabrication of nanopores in
silicon chips using feedback chemical etching. Small 2007, 3, 116−9.
(154) Zhang, M.; Ngampeerapong, C.; Redin, D.; Ahmadian, A.;
Sychugov, I.; Linnros, J. Thermophoresis-Controlled Size-Dependent
DNA Translocation through an Array of Nanopores. ACS Nano 2018,
12, 4574−4582.
(155) Anker, J. N.; Hall, W. P.; Lyandres, O.; Shah, N. C.; Zhao, J.;
Van Duyne, R. P. Biosensing with plasmonic nanosensors. Nat. Mater.
2008, 7, 442−53.
(156) Kuttner, C. Plasmonics in sensing: from colorimetry to SERS
analytics. In Plasmonics; IntechOpen, 2018.
(157) Cetin, A. E.; Coskun, A. F.; Galarreta, B. C.; Huang, M.;
Herman, D.; Ozcan, A.; Altug, H. Handheld high-throughput
plasmonic biosensor using computational on-chip imaging. Light:
Sci. Appl. 2014, 3, e122−e122.
(158) Taylor, A. B.; Zijlstra, P. Single-Molecule Plasmon Sensing:
Current Status and Future Prospects. ACS Sens. 2017, 2, 1103−1122.
(159) Mejia-Salazar, J. R.; Oliveira, O. N. Plasmonic Biosensing.
Chem. Rev. 2018, 118, 10617−10625.
(160) Han, X.; Liu, K.; Sun, C. Plasmonics for Biosensing. Materials
2019, 12, 1411.
(161) Martinez-Perdiguero, J.; Retolaza, A.; Otaduy, D.; Juarros, A.;
Merino, S. Real-time label-free surface plasmon resonance biosensing
with gold nanohole arrays fabricated by nanoimprint lithography.
Sensors 2013, 13, 13960−8.
(162) Thio, T.; Ghaemi, H.; Lezec, H.; Wolff, P.; Ebbesen, T.
Surface-plasmon-enhanced transmission through hole arrays in Cr
films. J. Opt. Soc. Am. B 1999, 16, 1743−1748.
(163) De Leebeeck, A.; Kumar, L. K.; de Lange, V.; Sinton, D.;
Gordon, R.; Brolo, A. G. On-chip surface-based detection with
nanohole arrays. Anal. Chem. 2007, 79, 4094−100.
(164) Caucheteur, C.; Guo, T.; Albert, J. Review of plasmonic fiber
optic biochemical sensors: improving the limit of detection. Anal.
Bioanal. Chem. 2015, 407, 3883−97.
(165) Cattoni, A.; Ghenuche, P.; Haghiri-Gosnet, A. M.; Decanini,
D.; Chen, J.; Pelouard, J. L.; Collin, S. lambda(3)/1000 plasmonic
nanocavities for biosensing fabricated by soft UV nanoimprint
lithography. Nano Lett. 2011, 11, 3557−63.
(166) Wang, S.; Ota, S.; Guo, B.; Ryu, J.; Rhodes, C.; Xiong, Y.;
Kalim, S.; Zeng, L.; Chen, Y.; Teitell, M. A.; Zhang, X. Subcellular
resolution mapping of endogenous cytokine secretion by nano-
plasmonic-resonator sensor array. Nano Lett. 2011, 11, 3431−4.
(167) Maka, T.; Chigrin, D. N.; Romanov, S. G.; Torres, C. M.
Three dimensional photonic crystals in the visible regime. Prog.
Electromagn. Res. 2003, 41, 307−335.
(168) Inan, H.; Poyraz, M.; Inci, F.; Lifson, M. A.; Baday, M.;
Cunningham, B. T.; Demirci, U. Photonic crystals: emerging
biosensors and their promise for point-of-care applications. Chem.
Soc. Rev. 2017, 46, 366−388.
(169) Thevenot, D. R.; Toth, K.; Durst, R. A.; Wilson, G. S.
Electrochemical biosensors: recommended definitions and classifica-
tion. Biosens. Bioelectron. 2001, 16, 121−31.
(170) Lee, T. M. Over-the-Counter Biosensors: Past, Present, and
Future. Sensors 2008, 8, 5535−5559.
(171) Mujeeb-U-Rahman, M.; Adalian, D.; Scherer, A. Fabrication
of patterned integrated electrochemical sensors. J. Nanotechnol. 2015,
2015, 13.
(172) Katelhon, E.; Hofmann, B.; Lemay, S. G.; Zevenbergen, M. A.;
Offenhausser, A.; Wolfrum, B. Nanocavity redox cycling sensors for
the detection of dopamine fluctuations in microfluidic gradients. Anal.
Chem. 2010, 82, 8502−9.
(173) Kanno, Y.; Ino, K.; Shiku, H.; Matsue, T. A local redox
cycling-based electrochemical chip device with nanocavities for multi-
electrochemical evaluation of embryoid bodies. Lab Chip 2015, 15,
4404−14.
(174) Ito, K.; Inoue, K. Y.; Ino, K.; Matsue, T.; Shiku, H. A highly
sensitive endotoxin sensor based on redox cycling in a nanocavity.
Analyst 2019, 144, 3659−3667.

(175) Menke, E. J.; Thompson, M. A.; Xiang, C.; Yang, L. C.;
Penner, R. M. Lithographically patterned nanowire electrodeposition.
Nat. Mater. 2006, 5, 914−9.
(176) Xiang, C.; Yang, Y.; Penner, R. M. Cheating the diffraction
limit: electrodeposited nanowires patterned by photolithography.
Chem. Commun. 2009, 859−73.
(177) Soleymani, L.; Fang, Z.; Sargent, E. H.; Kelley, S. O.
Programming the detection limits of biosensors through controlled
nanostructuring. Nat. Nanotechnol. 2009, 4, 844−8.
(178) Stine, K. J. Biosensor Applications of Electrodeposited
Nanostructures. Appl. Sci. 2019, 9, 797.
(179) Yang, J.; Ma, M.; Li, L.; Zhang, Y.; Huang, W.; Dong, X.
Graphene nanomesh: new versatile materials. Nanoscale 2014, 6,
13301−13.
(180) Zribi, B.; Castro-Arias, J. M.; Decanini, D.; Gogneau, N.;
Dragoe, D.; Cattoni, A.; Ouerghi, A.; Korri-Youssoufi, H.; Haghiri-
Gosnet, A. M. Large area graphene nanomesh: an artificial platform
for edge-electrochemical biosensing at the sub-attomolar level.
Nanoscale 2016, 8, 15479−85.
(181) Wong, L. S.; Thirlway, J.; Micklefield, J. Direct site-selective
covalent protein immobilization catalyzed by a phosphopantetheinyl
transferase. J. Am. Chem. Soc. 2008, 130, 12456−64.
(182) Wong, L. S.; Khan, F.; Micklefield, J. Selective covalent
protein immobilization: strategies and applications. Chem. Rev. 2009,
109, 4025−53.
(183) Huang, C.; Quinn, D.; Suresh, S.; Hsia, K. J. Controlled
molecular self-assembly of complex three-dimensional structures in
soft materials. Proc. Natl. Acad. Sci. U. S. A. 2018, 115, 70−74.
(184) Giam, L.; Senesi, A.; Liao, X.; Wong, L. S.; Chai, J.;
Eichelsdoerfer, D.; Shim, W.; Rasin, B.; He, S.; Mirkin, C. Direct-write
scanning probe lithography: towards a desktop fab; Proc. SPIE: 2011;
Vol. 8031, pp 803101−03, DOI: 10.1117/12.884665.
(185) Carnally, S. A.; Wong, L. S. Harnessing catalysis to enhance
scanning probe nanolithography. Nanoscale 2014, 6, 4998−5007.
(186) Rani, E.; Wong, L. S. High-Resolution Scanning Probe
Nanolithography of 2D Materials: Novel Nanostructures. Adv. Mater.
Technol. 2019, 4, 1900181.

ACS Sensors pubs.acs.org/acssensors Review

https://doi.org/10.1021/acssensors.0c02704
ACS Sens. 2021, 6, 2002−2024

2024

https://doi.org/10.1002/smll.200600268
https://doi.org/10.1002/smll.200600268
https://doi.org/10.1021/acsnano.8b00961
https://doi.org/10.1021/acsnano.8b00961
https://doi.org/10.1038/nmat2162
https://doi.org/10.1038/lsa.2014.3
https://doi.org/10.1038/lsa.2014.3
https://doi.org/10.1021/acssensors.7b00382
https://doi.org/10.1021/acssensors.7b00382
https://doi.org/10.1021/acs.chemrev.8b00359
https://doi.org/10.3390/ma12091411
https://doi.org/10.3390/s131013960
https://doi.org/10.3390/s131013960
https://doi.org/10.1364/JOSAB.16.001743
https://doi.org/10.1364/JOSAB.16.001743
https://doi.org/10.1021/ac070001a
https://doi.org/10.1021/ac070001a
https://doi.org/10.1007/s00216-014-8411-6
https://doi.org/10.1007/s00216-014-8411-6
https://doi.org/10.1021/nl201004c
https://doi.org/10.1021/nl201004c
https://doi.org/10.1021/nl201004c
https://doi.org/10.1021/nl2018838
https://doi.org/10.1021/nl2018838
https://doi.org/10.1021/nl2018838
https://doi.org/10.2528/PIER02010894
https://doi.org/10.1039/C6CS00206D
https://doi.org/10.1039/C6CS00206D
https://doi.org/10.1016/S0956-5663(01)00115-4
https://doi.org/10.1016/S0956-5663(01)00115-4
https://doi.org/10.3390/s8095535
https://doi.org/10.3390/s8095535
https://doi.org/10.1155/2015/467190
https://doi.org/10.1155/2015/467190
https://doi.org/10.1021/ac101387f
https://doi.org/10.1021/ac101387f
https://doi.org/10.1039/C5LC01016K
https://doi.org/10.1039/C5LC01016K
https://doi.org/10.1039/C5LC01016K
https://doi.org/10.1039/C9AN00478E
https://doi.org/10.1039/C9AN00478E
https://doi.org/10.1038/nmat1759
https://doi.org/10.1039/b815603d
https://doi.org/10.1039/b815603d
https://doi.org/10.1038/nnano.2009.276
https://doi.org/10.1038/nnano.2009.276
https://doi.org/10.3390/app9040797
https://doi.org/10.3390/app9040797
https://doi.org/10.1039/C4NR04584J
https://doi.org/10.1039/C6NR04289A
https://doi.org/10.1039/C6NR04289A
https://doi.org/10.1021/ja8030278
https://doi.org/10.1021/ja8030278
https://doi.org/10.1021/ja8030278
https://doi.org/10.1021/cr8004668
https://doi.org/10.1021/cr8004668
https://doi.org/10.1073/pnas.1717912115
https://doi.org/10.1073/pnas.1717912115
https://doi.org/10.1073/pnas.1717912115
https://doi.org/10.1117/12.884665?ref=pdf
https://doi.org/10.1039/C4NR00618F
https://doi.org/10.1039/C4NR00618F
https://doi.org/10.1002/admt.201900181
https://doi.org/10.1002/admt.201900181
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.0c02704?rel=cite-as&ref=PDF&jav=VoR

