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On-chip nanohole array based sensing: a review
Carlos Escobedo®

The integration of nanohole array based plasmonic sensors into microfluidic systems has enabled the
emergence of platforms with unique capabilities and a diversified palette of applications. Recent advances
in fabrication techniques together with novel implementation schemes have influenced the progress of
these optofluidic platforms. Here, we review the advances that nanohole array based sensors have
experienced since they were first merged with microfluidics. We examine established and new fabrication
methodologies that have enabled both the fabrication of nanohole arrays with improved optical
attributes and a reduction in manufacturing costs. The achievements of several platforms developed to
date and the significant benefits obtained from operating the nanoholes as nanochannels are also
reviewed herein. Finally, we discuss future opportunities for on-chip nanohole array sensors by outlining
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1. Introduction

Microfluidic-based technology was anticipated to assume a
significant role in the progress of micro total analysis
systems.™” With almost two decades of development, lab-on-
a-chip systems serve now a vast number of applications in
biology, chemistry and medicine.*® Established microfluidic
practices now range from single-operation microfluidic units,
such as valves and mixers,”'° to entire lab-on-chip systems
assaying routines of significant complexity.*"'™** Importantly,
microfluidic systems have served as base platforms for
integrating sensing elements.'>'*""” This ability has increased
the functionalities of microfluidic systems in biomedical
diagnosis applications, making them potential participants
in an existing US$50 billion global in vitro diagnostic market."®
The Canadian medical device market alone totals around US$7
billion in annual sales at present, with a steady growth rate of
~6% per year."® Throughout the years of development of lab-
on-chip sensing technology, there has been a particular
interest in biomedical applications that incorporate micro-
fluidic environments and sensing elements.”*~>* The methods
of detection in these microfluidic-based sensing platforms are
usually classified into three major categories: optical, electro-
chemical and mass spectrometry methods."®>* Optical detec-
tion methods, light properties are directly
scrutinized, are predominant in microfluidic platforms.'”>*
Within this broad category, various techniques offer valuable
attributes for diagnostics-related applications, such as low

in which

“Chemical Engineering Department, Queen’s University, Kingston, K7L 3N6, Canada.
E-mail: carlos.escobedo@chee.queensu.ca

"Department of Biosystems Science and Engineering, ETH Ziirich, Basel, CH-4058,
Switzerland

This journal is © The Royal Society of Chemistry 2013

potential applications and the use of the abilities of the nanostructures beyond the optical context.

limits of detection (LOD) and the possibility of performing
label-free analyte sensing.”®>°

Surface plasmon resonance (SPR) is an optical phenom-
enon that has been widely exploited in sensing applications,
holding explicit merits for the label-free detection of biomo-
lecular interactions.>®*® In order to achieve the resonance
conditions required for plasmon excitation, several techniques
have been developed over the past years.”’ Some of these
techniques take advantage of an optical phenomenon referred
to as extraordinary optical transmission (EOT) at periodic
nanostructures in films made from perfect conductors.>*** In
EOT, the transmission of light through otherwise opaque
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Fig. 1 Schematic of the on-chip nanohole array based sensing concept. A
nanofabricated gold-on-glass layer is integrated with a microfluidic system. The
integrated chip has microfluidic components and optical access from both the
top and the bottom. The sensor can be operated by transporting fluid over or
through the nanoholes. The platform further includes an external interface
comprising a reader unit with a light source, a detector and means for fluidic
actuation and recording.

metallic films occurs at plasmon resonant wavelengths upon
the confinement of surface plasmons to the near-interface
region between the metal and the dielectric.® Particularly,
ordered arrays of nanoholes in metal films facilitate reso-
nance-induced field enhancement without the need of addi-
tional optical instrumentation.>®** The sensitivity of surface
plasmons to near-surface refractive index has been the central
aspect employed in nanohole array sensing schemes based on
SPR.>®?%3%:3¢ Ag sensing elements, nanohole arrays present
unique advantages, including a high reproducibility level,
small footprint, multiplexing capabilities and the possibility
for collinear optical integration.”®*” Overall, these advantages
make nanoholes particularly well suited to planar integration
into microfluidic environments in on-chip formats.*®*° This
on-chip nanohole array based sensing scheme, shown sche-
matically in Fig. 1, has evolved rapidly from single-array,
single-channel, to multiple arrays of nanohole arrays with
complex fluidic structures for multiple and parallel analyte
sampling.’™**> Operating nanohole arrays as nanochannels,
also illustrated in Fig. 1, offers additional benefits in terms of
time response, sensitivity and LOD, and the possibility of
employing them as nanosieves."® Recently, the capabilities of
on-chip metallic nanohole arrays have been extended towards
the active concentration of an electrically charged analyte,**
demonstrating the versatility of this type of platform and
opening new windows for future applications.

In this review, advances in nanohole array based sensors
integrated into microfluidic environments are surveyed. The
perspective of this review accounts for the natural time

2446 | Lab Chip, 2013, 13, 2445-2463

View Article Online

progression along the development and implementation of
nanohole arrays, their integration with microfluidic platforms
and their relevance in sensing applications. With basis in the
recent advancements in fabrication techniques and different
operation methodologies, we review on-chip nanohole arrays
operating in flow-over and flow-through modalities. Finally, we
discuss current challenges and outline future opportunities for
on-chip nanohole array based sensors.

2. Fabrication of nanohole array sensors

In general, several aspects influence the successful implemen-
tation of new technology, including materials and fabrication
costs. As precious metals are commonly used in the fabrica-
tion of nanohole array plasmonic sensors, the associated
materials cost is frequently a source of debate. Gold price, for
instance, has markedly increased over the past decade,
reaching the 1800 USD per troy ounce mark in 2011.**> This
is around 57 USD per gram of gold. The amount of metal
utilized in the fabrication of a nanohole array, however, is
small. As an example, a nanohole array with a footprint of 10
by 10 microns, hosting about 400 nanoholes of 300 nm
diameter with 500 nm spacing would occupy a volume of ~7
x 10~ '* m®. The cost of the gold required for this particular
case would be around 10~ ® USD. In other words, the cost of
the gold required to fabricate ~100 million nanohole array
sensors is 1 USD, which is competitive compared to other
sensing technologies.

In the past two decades, several techniques for the
fabrication of nanohole arrays have been reported. These
techniques include both novel schemes and variations to
already available practices. This review covers relevant
techniques for the fabrication of (i) dead-ended nanohole
arrays and (ii) through nanohole arrays. This classification is
intended to provide a lucid contrast between the two different
nanohole array operation modalities and to emphasize the
advantages provided by modern methodologies. Dead-ended
holes are used in a flow-over operation mode, in which the
fluid containing the analyte is transported over the nanohole
array. Through-hole nanoholes are used fundamentally as
nanochannels, in a so-called flow-through modality, enabling
the nanoconfinement of analyte inside the nanoholes.
Fundamental differences between both approaches, from a
fluidics perspective, are illustrated in Fig. 1 and discussed in
detail in the following sections of this review. In general,
nanofabrication techniques have been widely reported and
reviewed in the past.**>° A full coverage of nanofabrication
methodologies has been recently covered in detail by
Lindquist et al,”" and is beyond the scope of this review.
Here, we include techniques closely related to on-chip nano-
hole array based sensing. We focus on techniques that
originally facilitated the fabrication of nanohole arrays, as
well as techniques that advanced their optical attributes.

This journal is © The Royal Society of Chemistry 2013
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2.1 Focused ion beam

Focused ion beam (FIB) milling was first used to fabricate
nanohole arrays in metal films.’* The FIB technique utilizes a
beam of low energy ions to remove material from a sample by
collision and is capable of achieving resolutions on the order
of 10 nm.>>*>** The most common source metal ion used in
FIB milling is gallium, but Au-Si-Be and other alloys may also
be used when lighter mass ions are required. FIB milling is a
maskless, direct-writing technique in which the incursion
depth of the ions can be finely tailored by adjusting the ion
energy, facilitating the fabrication of multidimensional struc-
tures, including nanoholes.>***® The mechanisms and
parameter dependency of FIB milling involve two processes,
sputtering and redeposition, and have been recently discussed
by Zhou and Yang.”” During sputtering, high-energy ions
remove material as they enter the substrate, reducing their
momentum while doing so. The milling depth and volume
may be estimated as a function of materials parameters and,
importantly, the ion-beam current.””* During redeposition,
the removed material from the substrate is either relocated
onto the surface of the substrate or sputtered away. The
redeposition volume may also be estimated in terms of ion
beam and substrate parameters.>*” With basis on the above
two processes, the time required for FIB milling may be
estimated as t = Vy,/(Vy — Vi), where V,, is the total milled
volume, V; the sputtered volume rate and V; the redeposition
volume rate.>” These FIB milling parameters have been
broadly assayed in the past in order to achieve nanohole
arrays with excellent optical and mechanical attri-
butes.>¢?03437:41,6070 Rie 23 shows a picture of nanoholes
fabricated by FIB milling. Compared to other fabrication
techniques, FIB milling requires specialized equipment and it
is recurrently regarded as time consuming and less cost
effective, especially when nanoholes are sequentially fabri-

(a) (b)

(c)

Fig. 2 Nanohole arrays fabricated by focused ion beam lithography (FIB). (a)
SEM image of an array of non-through nanoholes. This nanohole array was
fabricated in a 100 nm thick film of gold supported by a glass substrate through
a Ti-W adhesion layer. (b) SEM image of an array of through nanoholes. This
nanohole array was fabricated through a 100 nm thick film of gold supported
by a SisN4 membrane of 100 nm thickness. (c) Image sequence of the
fabrication of a nanohole through an Au-on-SisN, membrane. The time interval
between the images is ~0.2 s.
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cated. Especially, FIB is not well-suited for mass-production.
FIB, however, can be employed for a wide variety of materials,
including metals and semiconductors; it can make use of
mask patterning to fabricate entire nanohole arrays at once
and, consequently, it is commonly used nowadays.**’%73
Additionally, FIB can be employed in the fabrication of
through nanoholes in free-standing gold-on-nitride films,
which presents advantages in terms of sensing as discussed
later in this work.”® Fig. 2c shows an image sequence of the
fabrication of a through nanohole using FIB. Milling through
the 100 nm Au layer (t; through t;) is relatively fast (<1 s)
compared to milling through the nitride layer (~3 s) as
expected. Fig. 2b shows an SEM image of an array of through
nanoholes fabricated via FIB from the nitride side.

2.2 Electron beam lithography based techniques

Another general technique employed in the fabrication of
metallic nanohole arrays is electron beam lithography
(EBL).">**7* EBL may have variations or may be combined
with other fabrication procedures, such as chemical etching
methods, depending on the desired final nanostructures. EBL
is derived from scanning electron microscopy (SEM) and
utilizes a focused beam of electrons to enable fabrication by
either direct-writing or by lift-off procedures.”>’® The latter is a
common practice with benefits in terms of versatility by
employing a layer of either positive or negative tone photo-
resist. When using positive tone resist, for instance, the
e-beam irradiated resin is chemically removed to develop the
final structure. In most cases, EBL, as with lithographic
techniques in general, involves three steps: coating a substrate
with the photoresist, electron beam (e-beam) exposure and
chemical development.”” The photoresist is spin-coated over a
flat substrate, commonly glass, and soft-baked and subse-
quently patterned with nanostructure using an e-beam.
Chemical development exposes the negative resist pattern on
the substrate. The next step is metal deposition that can be
achieved through intermediate metallic adhesive layers. A
common procedure, for example, consists in the deposition of
a thin layer of Cr (~5 nm) followed by the deposition of a
thicker layer of Au (~100 nm). To obtain the Au nanohole
array, the remaining photoresist layer (i.e. the sacrificial layer)
is finally lifted off. Overall, EBL is well-suited for the high-yield
nanohole fabrication of structures on the lower tens-of-
nanometre scale.”®’” EBL then, is a highly versatile fabrication
technique with the capability of using both positive and
negative tone photoresists, and for fine-tailoring both the size
and pitch of the nanoholes.

2.3 Lift-off-free evaporation (LIFE) technique

A lift-off-free procedure, based on single layer e-beam
lithography, reactive ion etching (RIE) and the deposition of
metallic layers has been recently reported by Yanik et al.”® for
the fabrication of free-standing nanohole arrays. A schematic
representation of the nanofabrication of nanohole arrays with
this approach is shown in Fig. 3a. In this technique, free-
standing silicon nitride (SiN,) films are used as substrates. The
films are produced by low pressure chemical vapour deposi-
tion of SiN, on a silicon wafer, and subsequent optical
lithography and dry/wet etching. The nanohole array pattern is

Lab Chip, 2013, 13, 2445-2463 | 2447
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Fig. 3 (a) Schematic of the LIFE fabrication technique. First, e-beam lithography
is carried out on a PMMA-coated free-standing nitride membrane. A
subsequent RIE process conveys the nanohole array outline to the nitride. The
nanohole array is then extended through the nitride by oxygen plasma
exposure. A final metal deposition step generates the Au nanohole array onto
the nitride membrane; (b) SEM image of an array of through holes fabricated
using the LIFE technique;®® adapted with permission from A. A. Yanik, M.
Huang, O. Kamohara, A. Artar, T. W. Geisbert, J. H. Connor and H. Altug, Nano
Letters, 2010, 10, 4962-4969. Copyright 2010 American Chemical Society; (c)
resonance peaks of the transmitted light spectra from nanohole arrays
fabricated using the LIFE technique, for different solutions with different indices
of refraction: air, deionized water (DI, n = 1.333), isopropyl alcohol (IPA, n =
1.377) and chloroform (n = 1.49).”® Adapted with permission from A. A. Yanik,
M. Huang, A. Artar, T. Y. Chang and H. Altug, Applied Physics Letters, 2010, 96,
021101. Copyright 2010 American Chemical Society.

then created on spin-coated positive resist on the free-standing
film by standard EBL, and subsequently extended to the
nitride film using RIE. After the resist is removed using oxygen
plasma, an Au film, with thickness on the order of 100 nm, is
deposited via a thin Ti adhesive layer (~5 nm) to reveal the
final gold-on-nitride arrays of through holes. The nanohole
arrays fabricated using LIFE had high-quality plasmonic
resonances, with full width at half maximum (FWHM) of
~20.”% Fig. 3b and 3c show, respectively, a picture of the
fabricated nanoholes and the optical response of LIFE-
fabricated nanohole arrays to solutions of different refractive
indices, as reported by Yanik et al.”® The bulk refractive index
sensitivity of the nanohole arrays fabricated with this
technique was 600 nm/RIU, which is markedly superior to
sensitivities of nanohole arrays fabricated with other techni-
ques®®?03H374359 and almost half of the highest reported
previously.” The reported figure of merit (FOM) for the
nanohole arrays fabricated through the LIFE technique was
~40.%°
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2.4 Nanoimprinting

Another technique utilized in the fabrication of nanohole
arrays is based on imprinting a polymeric film with a
mould.®""* Nanoimprint lithography (NL) based techniques
have been used in the fabrication of both dead-ended and free-
standing (i.e. through) nanohole arrays. A negative mould of
the nanostructures is used as a stamp to imprint the pattern
on a layer of either thermoplastic or UV-curable material.>®
After it is released, the mould leaves a reproduction of the
nanostructures on the cured (or set) polymer which can then
be coated by a metallic layer. In nanohole array based sensors,
the metallic layer is commonly gold with a thickness of
between 50 and 100 nm deposited via a thin adhesive Ti layer
of a few nanometres.”>**%* In the case of thermoplastic
resists, NIL requires raising the temperature of the polymer
above its glass transition temperature (T,) prior to imprinting,
and lowering the temperature below T, after releasing the
mould.®*® As discussed by Guo,*® thermal expansion may
limit the applicability and selection of materials for this
technique. Therefore, temperature and pressure control play
an important role in NIL. UV-curable materials are good
candidates to evade these thermal effects. Most common UV-
curable materials nowadays are based on free-radical poly-
merization of acrylic and methacrylic monomers.®
Nevertheless, these materials present drawbacks related to
oxygen sensitivity and post-exposure shrinkage. Alternatives to
these are UV-curable epoxysilicone materials,®> and other
imprintable materials such as cyclic olefin copolymers,®’
fluoropolymers®® and biodegradable polymers, such as poly-
(r-lactic acid) (PLA), for applications requiring biocompat-
ibility.*” Moulds can be fabricated using several materials
including poly(dimethylsiloxane) (PDMS) and SiO, and by
different methods, such as the combination of EBL and RIE,
for instance.®" %! NL is well-suited for large-area pattern
fabrication and allows the fabrication of both free-standing
and over-a-substrate nanohole arrays.’® In terms of cost, NL
involves the use of specialized equipment and otherwise costly
procedures for the creation of the moulds, such as e-beam and
RIE. However, nanoimprint stamps can be enduring and may
be reused repeatedly.®%

2.5 Template stripping

A template stripping approach for the high-throughput
fabrication of inexpensive Ag nanohole arrays has been
recently reported by Im et al®® This method combines
template stripping and atomic layer deposition for the
fabrication of nanohole arrays in Ag films with suitable
thickness and optical properties, comparable to established
techniques. The procedure is illustrated in Fig. 4.°° The
prefabrication of a Si nanoimprint stamp is required prior to
the actual fabrication of the metallic nanohole array. The
stamp is used to imprint the nanohole array pattern on a
thermal resist on a thermally oxidized Si wafer (Fig. 4a). RIE
and deep reactive ion etching are then used to generate deep
nanoholes in the Si wafer (Fig. 4b). A directional Ag deposition
step forms the metallic nanohole arrays (Fig. 4c) which are
subsequently coated with a UV-curable epoxy and covered by a
glass slide. The epoxy is next cured and, as a final step, the

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 Schematic of the template-stripping method for the fabrication of large-
area nanohole arrays. (a) A Si wafer is first coated with resist and subsequently
imprinted with a stamp; (b) an etching step process produces a Si template with
deep holes; (c) an Ag layer is deposited on the Si template; (d) an epoxy film is
applied to the metal coating and then covered with a glass slide. The Ag film is
then peeled off the template to reveal the smooth nanohole array made in the
metal film; (e) SEM image of a template-stripped nanohole array; (f) measured
bulk refractive index sensitivity of nanohole arrays fabricated by the template-
stripped technique.®® Adapted with permission from H. Im, S. H. Lee, N. J.
Wittenberg, T. W. Johnson, N. C. Lindquist, P. Nagpal, D. J. Norris and S.-H. Oh,
ACS Nano, 2011, 5, 6244-6253. Copyright 2011 American Chemical Society.

metal-epoxy-glass assembly is next peeled off the Si template.
The resulting metallic surface is notably smooth and, thus, of
high optical quality for plasmonic sensing.’®°> This approach
represents an excellent alternative for the inexpensive fabrica-
tion of nanohole arrays with substantial surface extension. A
possible drawback of this technique is the use of Ag for
microfluidic applications, due to the reduced biocompatibility
and chemical stability. However, this issue has been effectively
addressed by Im et al. through the deposition of thin layers of
silica®® or alumina.”®> The measured bulk refractive index
sensitivity of template-stripped Ag nanohole arrays is ~450
nm per refractive index unit (RIU), comparable to the
sensitivity of nanoholes fabricated in Au with established
fabrication techniques.®**°° By using Ag instead of Au, this
approach presents a potential reduction of 50-fold in metal
cost, in addition to the financially viable fabrication proce-
dures associated with it. These benefits have exposed new
opportunities for nanohole array based biosensors for real-
world application in which robustness and cost-efficacy are
compulsory.

2.6 Soft interference lithography

Soft interference lithography (SIL) has been used to produce
quasi-infinite arrays of free-standing metallic nanoholes with

This journal is © The Royal Society of Chemistry 2013
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exceptional spectral qualities.”* SIL combines interference

lithography (IL) and soft lithography (SL) techniques to
produce optically smooth nanohole arrays over large areas.
This technique was introduced by Henzie et al.®* in 2007. IL,
reported elsewhere,””*® is used to fabricate large-area, high-
quality silicon masters with arrays of nanoposts with
diameters and pitch matching those of the to-be fabricated
nanoholes. The heights of the posts must satisfy the complete
incursion of an elastomer, such as PDMS, in order to produce
transparent photomasks: 400 nm in the procedure by Henzie
et al.’* Notably, hundreds of defect-free elastomeric photo-
masks with the nanohole array pattern can be produced using
a single IL master. The next step involves SL printing: the SIL
PDMS photomask is then placed in close contact with a thin
layer of photoresist on a Si wafer. A comprehensive review on
SL techniques has been recently compiled by Lipomi et al.®®
Finally, the photoresist pattern is transferred to a free-
standing metal using phase-shifting photolithography, etch-
ing, e-beam deposition and lift-off (PEEL), which is a well-
established soft nanofabrication technique, reported else-
where.”®*'°° A possible challenge to large-area nanohole arrays
on free-standing metal films would be the mechanical
stability, especially in applications requiring fluid transport
through the nanoholes (see flow-through operation in Fig. 1).
However, the use of microstructured scaffolds, fabricated
through established and straightforward methods, for
instance, could be used to avoid the structural collapse of
the metal film. Henzie et al. characterized large-area Au-on-
glass nanohole arrays fabricated by SIL, including the zero-
transmission resonance peak response to the change in the
refractive index of different solutions.’® The arrays fabricated
with SIL exhibited sensitivities of ~300 nm/RIU which are
similar to those of nanohole arrays fabricated using FIB, and
the top FOM of 23.3, for patches (i.e. non-infinite arrays) of Au
nanohole arrays.”*

3. On-chip nanohole array based sensing

Whilst optics and microfluidics merged to produce a new field
referred to as optofluidics,'®* the combination of plasmonics
and microfluidics has emerged as an area with unique
attributes and explicit applicability, particularly, in bioengi-
neering.”®®” Kim recently provided an elegant review on this
new area,*® which he accurately identified as plasmo-fluidics.
On-chip nanohole array based sensing technology participates
in this new stream of technology, sharing challenges and
opportunities. Achieving miniaturization of nanohole array
based sensing technology at the individual device level
requires integration of subwavelength optical components
into microfluidic platforms. The development of such inte-
grated systems has occurred over the past five years and has
progressed rapidly. On-chip nanohole array sensing has
rapidly evolved from single-array, single-channel arrange-
ments to multiple arrays of nanohole arrays with complex
fluidic structures for multiple and parallel analyte sampling.
On-chip nanohole array based sensors have been operated in
two fluidic modalities. Initial on-chip nanohole array based

Lab Chip, 2013, 13, 2445-2463 | 2449
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Fig. 5 (a) Schematic of the on-chip nanohole array platform, detection scheme and fluidic access ports used by De Leebeeck et al.; (b) transmission spectra from the
integrated platform in response to solutions with different indices of refraction; (c) relative spectral peak shift obtained from the sequential addition of biotin,
streptavidin and PBS (rinsing).38 Adapted with permission from A. De Leebeeck, L. K. S. Kumar, V. de Lange, D. Sinton, R. Gordon and A. G. Brolo, Analytical Chemistry,

2007, 79, 4094-4100. Copyright 2007 American Chemical Society.

sensors were operated in flow-over sensing mode, in which the
sample solution containing the analyte flows on top of the
nanohole arrays.>® A flow-through sensing mode was later
proposed, combining the characteristics of nanohole arrays for
both fluidic transport and plasmonic sensing.*>'°* In the
following two sections, we will review recent advances in on-
chip nanohole array based sensing, in the context of their
fluidic operation modality.

3.1 Flow-over sensing

Early experiments by Brolo et al. in 2004 demonstrated the
potential of nanohole arrays as sensing elements.”® In these
early experiments, nanohole arrays were used for the SPR
label-free detection of the formation of a self-assembled
monolayer and the successive adsorption of bovine serum
albumin. In addition, these experiments also demonstrated
key advantages over other SPR-based methodologies, includ-
ing micrometre-scale footprints, simple optical equipment
requirements and, notably, their compatibility with micro-
fluidic schemes. The first on-chip integration of nanohole
arrays came in 2007, when De Leebeeck et al. incorporated
nanohole arrays within a microfluidic chip to detect sequential
refractive index changes, spatial microfluidic concentration
gradients and biochemical binding events.’® This platform,
shown schematically in Fig. 5a, was formed of arrays of 150
nm diameter nanoholes fabricated via FIB milling, with square
footprints in the order of 400 um?, and periodicities ranging
from 350 to 850 nm. The transmitted light spectra from the
integrated platform in response to solutions with different
refractive indices are shown in Fig. 5b. The bulk refractive
index sensitivity was 333 nm/RIU, similar to established
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plasmonic technology reported previously. The device was
capable of detecting a sucrose solution cross-stream concen-
tration gradient and resolving the profile change of the
concentration gradient in response to a change in the flow
rate. As for the detection of biochemical binding events, the
platform was used to monitor the sequential formation of a
cysteamine-biotin-streptavidin complex, in similitude to
bioanalytical practices. The average peak-shift from the
transmitted spectra was ~4 nm, as shown in Fig. 5c. This
first set of experiments demonstrated the potential of on-chip
nanohole array based sensing platforms, which prompted the
exploration of new applications and the continuous innova-
tion that this technology has seen up to now.

During this early optofluidic integration stage, Pang et al.
developed an analytical expression of sensitivity for two-
dimensional nanohole array SPR sensors, based on morpho-
logical and plasmonic characteristics of the arrays.”® This
expression was validated experimentally through the detection
of near-surface refractive changes, and the real-time monitor-
ing of anti-BSA binding to the BSA-functionalized surface of an
Au nanohole array integrated with microfluidic delivery. The
measured sensitivity for the (1, 0) surface plasmon polariton
(SPP) mode reported from these experiments was 1520 nm/
RIU, in close agreement with the 1526 nm/RIU value obtained
from the analytical expression.

Whilst nanohole SPR based sensing has relied extensively
on spectroscopy, the surface plasmon resonance imaging
(SPRI) technique has played an important role in the
advancement of on-chip nanohole array sensing technology
as well.'®7% SPRI finds its roots in surface plasmon
resonance microscopy (SPRM) used in conventional SPR

This journal is © The Royal Society of Chemistry 2013
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Fig. 6 (a) Schematic of the experimental setup; picture of the integrated on-chip nanohole array platform; and SEM images of the nanohole array arrangement
contained within the platform reported by Lesuffleur et a/*' Adapted with permission from A. Lesuffleur, H. Im, N. C. Lindquist, K. S. Lim and S. H. Oh, Optics Express,
2008, 16, 219-224. Copyright 2008 Optical Society of America; (b) real-time kinetics monitoring of streptavidin-biotin binding for different concentrations of
streptavidin; (c) CCD image of the transmitted light from an array of 9 nanohole arrays illuminated with a HeNe laser.'?> Adapted with permission from H. Im, A.
Lesuffleur, N. C. Lindquist and S.-H. Oh, Analytical Chemistry, 2009, 81, 2854-2859. Copyright 2009 American Chemical Society.

techniques in the past,'*™"""

applications involving SPR and microfluidics.
Along this avenue, Lesuffleur et al demonstrated the
possibility of achieving high-throughput SPRI by using on-
chip nanohole array based sensors.*" In this approach, a 16 by
16 array of nanohole arrays with individual footprints of ~30
um?* was integrated into a microfluidic flow cell. The nano-
holes were FIB-milled, 200 nm in diameter and had
periodicities between 380 nm and 460 nm. The experimental
setup, schematically illustrated in Fig. 6a, included a linearly
polarized HeNe laser beam directly illuminating the on-chip
plasmonic platform from the bottom. The light was acquired
via a cooled CCD camera attached to an upright microscope.
The use of collinear transmission imaging in this setup eluded
the time-consuming optical alignment required in techniques
reported previously.?*'**19120 The nanohole arrays were

and has been used in many
42,68,107,112-118

This journal is © The Royal Society of Chemistry 2013

enclosed in a microfluidic chip, using tubing for fluid delivery.
A picture of the integrated on-chip nanohole array sensing
platform is shown in Fig. 6a. The sensing response of this
platform was evaluated through a standard detection proto-
col’?" for monitoring the formation of a SAM from a 4 nm
alkanethiolate solution. The measured time constant obtained
from binding kinetics experiments using this platform was 56
min~ " and the detection sensitivity, measured as the ratio of
the transmitted intensity change over the variation of the
effective refractive index (Ir/An),"** reached 16 600%/RIU.
With this sensitivity and a packing density estimated in the
ball-park of 40k spots cm™ >, this approach presented great
promise for assisting DNA and protein microarray technolo-
gies. Notably, the combined experimental simplicity and
nonparallel multiplexing capabilities of the technique pre-
sented by Lesuffleur et al. opened up new opportunities for on-
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chip nanohole array sensors to inaccessible fields at that time,
such as proteomics, where high-throughput is a must.
Concurrently, on-chip nanohole arrays were used in cell
biology studies in similar high-throughput fashion. Also
employing SPRI, Ji et al. achieved the simultaneous monitor-
ing of glutathione S-transferase (GST) and anti-GST from
multiple nanohole arrays.*® The on-chip platform consisted of
25 arrays of 150 nm-diameter nanoholes with individual
footprints of 3.3 um by 3.3 um, spaced approximately 100 pm
from each other, within a microfluidic encasement. The
plasmonic nanostructures were fabricated by both FIB milling
and direct-write EBL. Successful real-time monitoring of 25
biological binding events with millisecond-scale temporal
resolution and an outstanding sensitivity of ~10~7 RIU were
achieved with this platform. Although only 25 nanohole arrays
were studied in the experiments reported by Ji et al., this type
of platform could afford shorter spacing between sensors. This
would increase the density of nanohole arrays, to host up to
approximately 20 thousand sensors on an area that can be
resolved by CCD imaging techniques.

However, the relevance of on-chip nanohole array platforms
had still to overcome important challenges in order to
accomplish the forecasts. High-density packing, for instance,
could be detrimental to the sensitivity and overall performance
of the platforms due to plasmonic interference and cross talk
between arrays.'>® Additionally, reduction in the individual
footprints of the arrays could also affect the quality of the
transmission resonance peaks with similar detrimental
effects.'** To overcome these challenges, Lindquist et al.
demonstrated the use of supplementary plasmonic Bragg
structures to overturn the SP waves from densely-packed
nanohole arrays.®® The hybrid plasmonic structures were
fabricated by FIB milling and consisted of square arrays of
3-by-3, 7-by-7 and 16-by-16 nanoholes of 150 nm in diameter,
surrounded by 50 nm-deep and 100 nm-wide square grooves.
The spacing between sensors was ~3 pm. The use of these
plasmonic mirrors facilitated the confinement of the trans-
mitted light within the nanohole array area, resulting in
sharper resonance peaks and increased sensitivity. The real-
time monitoring of biotin-streptavidin was used to demon-
strate multiplex sensing and to compare the performance
between arrays of different sizes.

Im et al. integrated sets of nanohole arrays with different
resonance wavelengths in individual microchannels and
demonstrated multiplex SPR microarray imaging and differ-
ential sensing of binding kinetic events.'* The experimental
sensing assessment used in this study was analogous to the
above-mentioned approach by Lesuffleur et al.** The micro-
array consisted of 252 sensing elements with a packing-density
of 1.45 x 10° arrays per cm”. The multichannel microarray
format was used to monitor specific binding of streptavidin to
biotin, including multiple negative controls in real-time, under
microfluidic flow rates of ~2 pl h™". The limit of detection of
the platform was investigated by monitoring the binding
kinetics of biotin and streptavidin at different concentrations
ranging between 20 nM and 100 nM, as shown in Fig. 6b. The
lower limit value was the minimum concentration for
obtaining a detectable signal and the measured affinity
constant was ~4 x 10° M~'. Fig. 6¢c shows an actual
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transmission image from a 3 by 3 group of nanohole arrays
during a SPRI demonstration by Im et al."*

Having demonstrated the multiplexing capabilities of
integrated arrays of nanohole arrays in microfluidic networks,
Im et al. took a step forward towards the development of
affordable on-chip sensing platforms by employing large-area
nanohole arrays fabricated via template stripping.’® This
technique was first utilized to fabricate massive arrays of
nanoholes made of Ag, which demonstrated not only
competitive optical and on-chip biosensing performance, but
also the potential for a substantial reduction in fabrication
and materials costs. The same fabrication approach was
subsequently used by Im et al. to generate on-chip sensing
platforms with large-area nanohole arrays in Au for investigat-
ing a broad range of antibody-ligand binding kinetics in real-
time with outstanding resolution.'*® The sensing platform
consisted of an integrated array of 200 nm-diameter nanoholes
with 500 nm pitch in a PDMS microfluidic flow cell with
external fluidic actuation. The system was accomplished using
low-cost in-house fabrication procedures, a portable spectro-
meter and off-the-shelf optics. Using the valley around 720 nm
from the transmission spectra, the platform achieved a bulk
refractive index sensitivity of 481 nm/RIU. The extension of the
nanohole array provided enough photon flux per pixel, which
allowed for short acquisition times, low spectral noise and a
resolution in the order of 10°° RIU. The system was
additionally used to investigate the binding kinetics of
single-chain variable fragment (scFv) antibodies, as small as
25 kDa, to the protective antigen (PA) ligand of anthrax toxin.
This platform, assembled from standard and off-the-shelf
components, was able to resolve dissociation constants in a
range of 200 pM to 40 nM, at concentrations as low as 1 nM.

Integration of optical and microfluidic components into
compact and well integrated devices is important for the
development of portable diagnostics.'®” In an attempt to reach
this level of portability and integration, Escobedo et al
reported an optofluidic hand-held SPRI sensing platform
based on a dual-wavelength light source scheme. Fig. 7a and
7b show a picture of the system and a schematic of the sensing
concept, respectively. The dual-wavelength light source was a
two-color LED, used to increase the spectral diversity of the
signal. The wavelengths were selected so as to respond in an
opposite manner to SPRI sensing: the transmitted light
intensity for one of them would increase while the second
would decrease in response to bulk RI changes. This dual
response is shown in Fig. 7c, for bulk RI changes using glucose
solutions. The sensing attributes of the device were assessed
by detecting aqueous ethanolic solutions with incremental
ethanol content. The sensitivity and LOD of the device
obtained from this test were 266 pixel intensity unit/RIU and
6 x 10 * RIU, respectively. The platform was tested in the
detection of dynamic surface binding events. An established
biotin-streptavidin complex was selected for the test. Fig. 7d
shows the biotin-streptavidin binding curve over time for one
nanohole array of the platform. The response of the sensor
showed the characteristic binding profile for this complex,
reaching saturation after ~40 min. It is important to note that
the pixel intensity value was sustained after a final flush
during the experiment due to the high affinity of the analyte

This journal is © The Royal Society of Chemistry 2013
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Fig. 7 Hand-held on-chip nanohole array based sensing platform with a dual-wavelength light source. (a) Picture of the SPR sensing device indicating the different
components; (b) schematic of the sensing device and picture of a nanohole array with a periodicity of 420 nm and hole diameters of 275 nm; (c) proof-of-concept
dual-wavelength bulk refractive index sensing. The transmitted light intensity response is opposite for the 2 wavelengths used in the device; (d) real-time monitoring
of biotin—streptavidin binding using the hand-held device with dual wavelength light source. The solution containing streptavidin is introduced at 10 min, and
saturation is achieved after ~40 min.”® Adapted with permission from C. Escobedo, S. Vincent, A. I. K. Choudhury, J. Campbell, A. G. Brolo, D. Sinton and R. Gordon,
Journal of Micromechanics and Microengineering, 2011, 21, 115001. Copyright 2011 Institute of Physics (IOP).

complex. The integrated nature of this device, in combination
with the availability and low cost of the components involved,
holds great promise for point-of-care diagnostics and field
research.

More recently, Tellez et al. demonstrated that bulk refrac-
tive-index resolution from on-chip nanohole array based
sensors can be optimized by combining computational
simulations with experimental procedures.’*® This approach
made use of numerical simulations to assay different
architectural parameters of nanohole arrays, in order to find
the operational ‘sweet spot’ wavelength. Experimentally, the
sensitivity of the system was increased and the noise level
lowered by adjusting operational parameters of the light
source and the CCD detector. The combination of numerical
simulations, experimental procedures and subsequent numer-
ical filtering of the signal resulted in an unprecedented bulk
resolution of ~10~7 RIU.

The advancements and applications discussed above evi-
dence the tremendous advancement that on-chip nanohole
array based sensing has experienced in just a few years. In
most of these applications, however, only the inherent optical
properties of the nanostructures were exploited, failing to
harness the benefits of nanoconfined fluidic transport
combined with plasmonic sensing. In the following section,
we will review the utilization of on-chip nanohole arrays in

This journal is © The Royal Society of Chemistry 2013

flow-through mode, in which the nanostructures are used not
only as plasmonic sensors, but also as nanochannels.

3.2 Flow-through sensing

During the early developmental stage of on-chip nanohole
array based sensors, the upper metallic surface of the
nanoholes was assumed to provide most of the plasmonic
signal. In 2009, however, a study by Ferreira et al. elucidated
the role of the in-hole gold surface in the plasmonic
response.®® In this study, the in-hole surface of nanohole
arrays was addressed by blocking the upper gold surface with
silicon oxide. The plasmonic response from top-blocked
nanohole arrays was compared with conventional nanohole
arrays with metallic upper surface exposed. The bulk refractive
index sensitivity obtained with the top-blocked nanohole
arrays was 650 nm/RIU, comparable to the sensitivity obtained
with naked gold top arrays of ~400 nm/RIU. These results
suggested that the in-hole surface plays a dominant role in the
peak shift employed in sensing. The findings from this work
highlighted two noteworthy aspects from the on-chip nano-
hole array based sensing viewpoint: first, the limit of detection
may be enhanced in nanohole based sensing by employing
only the active in-hole surface; and second, effective transport
of analytes to the in-hole surface is required. In other words,
the potential benefits of exclusive in-hole plasmonic sensing
would be possible by employing the nanoholes as nanochan-
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nels. This flow-through modality required the fabrication
of nanohole arrays on free-standing substrates with enough
mechanical strength to support fluidic transport across.
Silicon nitride (S3N,) films were employed as the base
substrate for fabricating arrays of through holes due to their
excellent mechanical properties and their commercial avail-
ability. Previous studies on the mechanical performance of
Si;N, nanosieves'*” and preliminary studies of nanohole array
flow-through operation using transmission electron micro-
scopy (TEM) nitrides'®> also supported the use of this material.
With the advent of a new flow-through modality, many other
benefits were outlined: enhanced transport of reactants to the
in-hole active area; rapid in-hole cross-stream diffusion of
analytes; flow parallelization and solution sieving; high-
efficiency utilization of analyte; and faster response during
sensing.'%*"3"

The first demonstration of flow-through nanohole array
based sensing was presented by Eftekhari et al. in 2009."* The
sensing platform consisted of arrays of through nanoholes
fabricated by FIB lithography on TEM gold-on-nitride films,
integrated into a microfluidic system. The integrated chip was
interfaced with external pressure-control hardware to facilitate
the delivery of fluid to the arrays from the nitride (i.e. bottom)
side. Schematics of the experimental setup and a SEM image
of the fabricated nanohole arrays are shown in Fig. 8. A
preliminary flow-through test was conducted prior to the
sensing experiments in order to prove fluidic transport
through the nanoholes and to examine differences among
arrays with different milling parameters. This test was
achieved by visualizing a fluorescent dye streaming through
the nanohole arrays while replacing aqueous solution at a flow
rate of ~5 ul min~'. The combination of milling parameters
and nanohole dimensions allowed flow-through from three of
the six arrays during this test, as shown in Fig. 8b. The
visualization test was followed by SPR flow-through sensing for
the detection of bulk RI changes using glucose solutions with
fine refractive index gradations, which indicated a bulk RI
sensitivity of 324 nm/RIU. The biosensing faculties of the novel
flow-through approach were then evaluated through a perfor-
mance comparison against analogous flow-over sensing
schemes. To demonstrate sensing, the flow-through approach
was first employed in monitoring the formation of a
mercaptoundecanoic acid (MUA) monolayer in real-time. The
detected adsorption indicated an observable surface adsorp-
tion constant (k) Of 0.426 min~ ', which denoted an
enhancement compared to the rate in flow-over schemes
reported previously.'*> A second sensing experiment involved
a one-on-one performance comparison of flow-through sen-
sing versus an established flow-over scheme. The comparison
was achieved by monitoring the spectral shift in response to RI
changes from flowing different solutions through the systems
at flow rates compatible with biosensing applications (~1 pl
min~"). The measured spectral shift from this experiment,
shown in Fig. 8¢, indicated a 6-fold enhancement in response
time and a larger resonance shift when using the nanoholes as
nanochannels. In the work by Eftekhari et al., the flow-through
approach was finally used for detecting the sequential
assembly of a dithiobis(succinimidyl) undecanoate (DSU)
monolayer and subsequent adsorption of cancer biomarker
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PAX8 specific monoclonal antibody at a concentration of 80
nM. The results, shown in Fig. 8d, yielded a total spectral shift
of ~3 nm and observable adsorption rate constant of 0.455
min~". Notably, the experiments by Eftekhari et al. introduced
label-free surface-based detection with flow-through nanohole
arrays and proved the viability of the technique towards
biosensing applications.

A subsequent study by Yanik et al. confirmed the benefits of
the nanohole array flow-through sensing approach.”® The
through nanoholes in this case were fabricated on free
standing silicon nitride using the LIFE technique and then
coated with a 5 nm layer of Ti and a 125 nm layer of gold. The
system consisted of a multilayered microfluidic structure
accommodating the plasmonic structure. An arrangement of
two inlets and two outlets at the upper and bottom layers of
the microfluidic chip allowed full fluidic access to the
nanohole array. Fluid delivery through the nanoholes was
achieved by the combined blockage of one inlet and one outlet
at opposite layers of the chip. The spectral shift measurements
from replacing air with DI water under this targeted delivery of
fluid through the nanohole array indicated a bulk RI
sensitivity of 630 nm/RIU. A subsequent side-by-side compar-
ison of the system operating in flow-over and flow-through
modes indicated corresponding mass transport constants of
0.0158 min~"' and 0.2193 min~", respectively. These results
corresponded to a 14-fold improvement in mass transport and
confirmed the potential of the hybrid platform for biosensing
applications.

The benefits and applicability range of flow-through nano-
hole array sensing were studied in 2010 by Escobedo et al.
through scaling analyses and computer simulations."** In this
study, the analyte sieving action, or collection efficiency, of a
nanohole array operating in flow-through mode was quanti-
fied and contrasted with the flat sensor of an identical sensing
surface under flow-over operation in a microchannel. For this
comparison, rapid reaction kinetics at the sensing surfaces of
both models was assumed in order to examine only mass
transport effects. The collection efficiency was a function of
the Péclet number (Pe), which determined the ratio of the total
convective flux of molecules to the diffusive flux at the sensor
as reported previously in the literature.”** From a scaling
analysis, the flow-through nanohole array sensor demon-
strated effective analyte collection (>99%) operating at an
in-hole Pe ~1 or below. In contrast, the corresponding flow-
over scheme, with a Pe ~10>, achieved an analyte collection of
only ~2%. It is noteworthy that the Péclet number is not
susceptible to changes in the dimensions in the microchannel
containing the flow-over sensor. Therefore, the collection
efficiency in such a case may only be improved by decreasing
the flow rate by a factor of 300, at the cost of decreasing
throughput and sensing response.

A computational model in this work offered a detailed
transport analysis of the flow-through operation mode. The
quantification of analyte flux as a function of the total flow
rate from these simulations is shown in Fig. 9a. In this plot,
the continuous line defines the limit for full collection'** and
the dashed line indicates a mass transport asymptotic
solution.®> For the specific comparison used in the scaling
analysis, as indicated in Fig. 9a, the analyte flux in the flow-
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Gordon and D. Sinton, Analytical Chemistry, 2009, 81, 4308-4311. Copyright 2009 American Chemical Society.

through format is 40-fold more than in the flow-over scheme.
However, actual biosensors may operate in scenarios influ-
enced not only by the mass transport but also by reaction
kinetics at the sensing surface. The work presented by
Escobedo et al. further examined the range of applicability of
flow-through nanohole sensors as a function of analyte
diffusivity and the characteristic timescale of the binding
kinetics. Four analyte systems were considered: (1) a small
molecule with favourable binding kinetics; (2) a system with
similar characteristics to cancer biomarker CA125; (3) a small
molecule with fast “on” kinetics; and (4) a small molecule with
slow “on” kinetics. The gains of the flow-through format were
important for systems (1) and (2), demonstrating much faster
response time than the flow-over case. However, only a modest
benefit was found for systems (3) and (4), due to the small

This journal is © The Royal Society of Chemistry 2013

molecular size of the analyte, which increases diffusive
transport in both formats, and the intrinsic rate-limiting
nature of the systems. Additional simulations quantified the
improvement ratio of the flow-through scheme as compared to
the flow-over format, as a function of the characteristic
binding time scale. The simulations accounted for time scales
spanning 5 orders of magnitude and “on-dominated” kinetics
with adsorption constants ranging between 10> and 10’ M~
s~ ' at a flow rate of 2 ul min~'. Each case was simulated for
three different analyte diffusivities in order to account for
different molecular sizes. The simulation results are shown in
Fig. 9b. From these results, the benefit for small molecules
and “slower” binding kinetics was evident, achieving values of
up to ~20-fold. Particularly, for binding time constants
compatible with many biosensing applications, these results
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10015-10020. Copyright 2010 American Chemical Society.

suggested a benefit of ~10- to 20-fold in response time for
flow-through nanohole array sensors. Significantly, this work
studied not only the benefits, but also the limitations of flow-
through nanohole array sensors.

Early work on flow-through nanohole array based sensing
was soon followed by remarkable demonstrations of the
biosensing capabilities of the optofluidic platform. The
possibility to functionalize the sensitive in-hole surfaces of
the nanoholes, in combination with their reputable near-
surface sensing resolution, made them ideal candidates for
the detection of antigen-antibody reactions and the recogni-
tion of immunoglobulin-based events. The factual significance
of these benefits was consolidated by employing the opto-
fluidic flow-through scheme for the direct detection of
viruses.®® The strategy used by Yanik et al in this work,
involved the functionalization of flow-through nanohole arrays
with antiviral immunoglobulins with common affinity for
glycoproteins (GPs) from viruses of interest: vesicular stoma-
titis virus (8G5), PT-Ebola virus (M-DA01-A5) and Vaccinia
virus (A33L). With this approach, GPs on the viral envelope
from intact viruses would bind specifically at those segments
of the sensor functionalized with antiviral antibodies, as
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illustrated in Fig. 10a. The platform included a total of 12
arrays operating in parallel, from which three were used as
reference sensors. All nanohole arrays were fabricated using
the LIFE technique and achieved outstanding optical attri-
butes, with FOM values of ~40. The platform exhibited a
dynamic range spanning three orders of magnitude, high
reproducibility and the ability to detect the viruses at low
concentrations. Fig. 10b shows the spectral shifts obtained
during the direct detection of Ebola and Vaccinia viruses at a
concentration of 10° PFU mL™'. This platform could be
extrapolated to multiplexed formats in which different patho-
gens contained in a common sample could be selectively
recognized.

In many cases, not the direct recognition of pathogens, but
the detection of toxins secreted by these is required.'**"*’
Exotoxins, for instance, are microbial proteins secreted by
certain types of pathogenic bacteria that promote disease.
These proteins can diffuse away from the bacterium from
which they are secreted."® Lipid bilayer membranes play a
central role in the study of the physiology of many of these
diseases and drug therapies, as microbial toxins first interact
with target cells through surface receptors.'* For instance,
over half of the approved therapeutic drugs available nowadays
target membrane proteins.’*® Therefore, direct interrogation
of biological events involving membrane-bound proteins is
essential in drug discovery and biology research. Several
studies have demonstrated the efficacy of microfluidic
technology for toxin detection and screening.'*'™*** While
immunochemistry detection has been most commonly
achieved with these platforms,'*>'** surface plasmon reso-
nance methods have come into play as well."*® Im et al
reported a SPR biosensing approach based on the integration
of arrays of through nanoholes with pore-spanning lipid
membranes.'®” An illustration of this biosensing approach is
shown in Fig. 10c. This configuration allowed fluid access to
the lipid membrane from the open surface at the top, and
from nanoapertures at the bottom, facilitating the incorpora-
tion of transmembrane proteins into the pore-spanning
regions of the membrane. The lipid membranes, formed by
vesicle rupture,"*® were used to modulate the plasmonic signal
from the nanohole arrays. The platform was used in the
detection of a-hemolysin (#-HL), a cytotoxic protein secreted
by Staphylococcus aureus that binds to the membrane of
mammalian cells."*® The shifts of the minima from the
transmitted spectra were used for sensing. Sequential red-
shifts in the transmitted spectra indicated the following
successive events: formation of the lipid membrane, the
incorporation of o-HL into the lipid membrane and binding
of anti-o-HL to o-HL. Fig. 10d shows the spectral shifts from
this biosensing experiment. The platform was also used to
perform real-time kinetic assays of the binding events using
anti-o-HL concentrations ranging between 50 nM and 200 nM.
The measured dissociation constant and LOD from these
assays were 1.9 x 10~ ° M and 26 nM, respectively. In addition
to the demonstrated biosensing capabilities, the platform
presented by Im et al. offers minimum physical interaction
with the lipid membrane and compatibility with cell plasma
membranes.
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permission from A. A. Yanik, M. Huang, O. Kamohara, A. Artar, T. W. Geisbert, J. H. Connor and H. Altug, Nano Letters, 2010, 10, 4962-4969. Copyright 2010 American
Chemical Society; (c) schematic of the concept of a nanohole array sensor in free-standing gold-on-nitride films. The platform was used for sensing in a suspended
lipid membrane environment through pore-spanning regions of the membrane, in analogy to biological membranes; (d) real-time kinetics measurements for 50 nM
streptavidin labeled with R-Phycoerythrin (R-PE). The different curves correspond to the different concentrations of anti-a-HL antibodies. The insets show fluorescent
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Wittenberg, A. Lesuffleur, N. C. Lindquist and S.-H. Oh, Chemical Science, 2010, 1, 688-696. Copyright 2010 the Royal Society of Chemistry.

The low concentrations at which many biomarkers in
clinical samples are available represent a common challenge
for sensing technology."”®"** In many cases, the concentra-
tion of an analyte may lie beyond the LOD of the sensing
platform in question. In order to overcome this limitation,
many on-chip sensing platforms have incorporated analyte
concentration stages prior to sensing."”>*> Among other
techniques, electric field gradient focusing (EFGF) has been
employed for the concentration of electrically-charged analytes
in microfluidic systems.'>® With this technique, analyte
enrichment is achieved by means of the non-uniform electric
field distribution caused by the presence of a floating electrode
embedded in the microfluidic system. Flow-through nanohole
array sensors are capable of concentrating analyte by EFGF by
using the metallic layer hosting the nanoholes as an electrode.
The ability of flow-through nanohole arrays to perform as
analyte concentrators and SPR sensors was introduced by
Escobedo et al. in a recent study.** In this work, EFGF was
combined with an external pressure bias applied to the fluid in
order to bring a concentrated plug of analyte into the
nanoholes for sensing, as illustrated in Fig. 11a. This
technique was employed first in a proof-of-concept experiment
to concentrate fluorescein. An external electric potential of 50

This journal is © The Royal Society of Chemistry 2013

V and a pressure bias of 4 kPa were used during this test.
Fig. 11b shows the fluorescence image sequence obtained
during the concentration process, as observed from the top
(i.e. gold) of the nanohole arrays. The radial concentration
profile observed was a consequence of the microfluidic
architecture. The concentration process was repeated and
observed from the bottom (i.e. nitride) side of the nanohole
arrays. This second perspective demonstrated the evolution of
the local fluorescence signal collected from each array and the
lack of analyte streaming, suggesting the presence of
concentrated analyte within the nanoholes. Fig. 11c is a plot
of the concentration factor calculated from one of the
nanohole arrays, reaching a value of ~180-fold in one minute.
The platform was then employed for the concentration and
label-free sensing of bovine serum albumin (BSA) in order to
extend its applicability to biomolecules. The surface of the
sensor was functionalized with a DSU monolayer prior to
experiments. Detection was achieved through SPR spectral
shift measurements corresponding to BSA binding to the DSU
monolayer, contrasting the rate of biomolecular binding with
and without (i.e. control) the concentration process. From this
study, the time required to reach equilibrium using the
concentration approach was 10-fold faster than the control.
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Also, the magnitude of the peak-shift in the transmitted
spectrum was 5-fold more under the concentration scheme. A
computational model of the BSA concentration experiment,
combining mass transport and first-order binding kinetics,
predicted an enrichment of ~100-fold. This optofluidic
concentration demonstration opened up new possibilities for
flow-through nanohole arrays to be operated beyond their
intrinsic optical capacities.

2458 | Lab Chip, 2013, 13, 2445-2463

4. Conclusions and future opportunities

The fusion of nanohole array based plasmonic sensing with
microfluidics has made possible the development of inte-
grated platforms with unique abilities. These faculties have
been enabled not only by integration, but also by advances in
nanohole array fabrication practices. The emergence of new
techniques and the continuous adaptation of established
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methodologies have led to nanohole arrays with improved
FOM and resolution, with reported values as high as 40’ and
1077 RIU,"*® respectively. These figures correspond to an
increase of more than double for FOM and over 3-fold in
resolution in just a few years. Also, massive arrays of
nanoholes with footprints of the order of centimetres have
been fabricated with lower-cost methodologies,"*® facilitating
the incorporation of multiple microfluidic structures onto a
single nanoplasmonic structure. Particularly, the combination
of nanoimprint lithography and template stripping has been
demonstrated as an exceptional alternative for fabricating
smooth large-area Ag nanohole arrays with high-throughput
production scalability potential.®®

On-chip nanohole array based sensing has made use of
both spectroscopic and imaging methods for sensing. The
former exploited spectral-shift measurements from the trans-
mitted light spectrum, while the latter utilized intensity
variations from transmitted monochromatic beams. Both
methodologies have been used to demonstrate label-free
multiplex sensing with on-chip nanohole arrays.***>°!

The introduction of flow-through nanohole array based
sensing awarded these platforms with the benefits of exclusive
in-hole sensing.*’> By employing the nanoholes as nanochan-
nels, on-chip nanohole array sensors demonstrated enhanced
response times of up to 14-fold’® and the potential to extend
this value to ~20-fold."*®* The biosensing capabilities of the
flow-through format have been proved through the detection
of relevant biomarkers** and viruses.*

Overall, the performance demonstrations and applications
surveyed throughout this work evidence the remarkable
progress that on-chip nanohole array based sensing has
experienced during the past decade. The combined reduction
in fabrication costs, added functionality and improved
performance may allow the dissemination of nanohole array
based sensing in the future, as briefly outlined in the next
sections.

4.1 On-chip nanohole arrays for cell studies

The surface extension of nanohole arrays may be designed to
be compatible with the length scales of many cell types. For
instance, nanohole arrays with footprints in the range of 5 to
30 um, which encloses the average size of many mammalian
cells, have been employed in the past for sensing.*®*%**%® This
length scale compatibility would allow the direct interrogation
of single cells through individual nanohole arrays. The study
of specific signal transduction pathways and genetic regulatory
circuits in cancer cells reacting to biomechanical forces,"*” for
instance, could be achieved by addressing individual cells
adhered to functionalized nanohole arrays. Additional oppor-
tunities concerning biomechanical forces from single cells
may include studies on haematopoiesis during embryogen-
esis® and mechanobiology.”>'®® The three-dimensional
compartmentalization of cells and targeted transport of media
required in these cases may be achieved by microfluidics
within the same optofluidic platform. This approach may
assist, for example, in the elucidation of cell behaviour
differences observed in genetically identical cells.'®""*°> The
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in situ investigation of binding kinetics from cellular mem-
branes of living cells may also be possible by depositing or
culturing cells in direct contact with the plasmonic struc-
tures.147,163

From a fluidic viewpoint, the use of through nanoholes
offers the possibility to assay cytotoxicity at the single-cell level
by employing the microfluidic component of the integrated
system to deliver different concentrations of a toxic agent, or
therapeutic drug, through the nanoholes. Single or multiple
arrays could be embedded into separate microfluidic channels
to enable real-time monitoring of the course of cells contained
within. At the same time, control assays could test for
apoptosis and necrosis in separate regions of the platform.
On this same avenue, it is worth mentioning that the study of
apoptosis in microfluidic systems, alone, has been a matter of
intensive research in the past few years.'®*®® Apoptosis is
characterized by a change in the refractive index of the
cytoplasm and the plasma membrane and is thus suitable for
nanohole array based SPR sensing.'®® Some cell studies
require the investigation of intracellular content through the
partial or complete disruption (i.e. lysis) of the cellular
membrane.'”® The injection of lytic agents, as well as the
controlled release of intracellular content may also be possible
using the fluidic capabilities of nanohole arrays.

4.2 Active flow-through nanohole arrays

In addition to their inherent optical attributes used in
plasmonic sensing, flow-through nanohole arrays offer the
possibility to function as active elements. The possibility to
use these optofluidic platforms to actuate their surroundings
or to undertake dynamic morphological changes presents
avenues for further exploration. The underlying mechanisms
of optofluidic concentration, for example, are possible due to
the presence and nature of the metallic nanostructures.** This
concept could be extended, for instance, to a ‘flow-through
switch’, in which analyte with defined electrical properties is
concentrated at one side of the nanohole array and then
transported through it by changing the polarity of the applied
field. In addition, optofluidic concentration is also applicable
to additional sensing methods involving pores in a metal film,
such as zero mode waveguides'’"'”> and nanopore-based
single-molecule detection.'”® Further opportunities may
include the utilization of the mechanical properties of the
substrates in which the nanohole arrays are fabricated.
Development of tunable nanohole arrays on elastic free-
standing substrates, for example, would enable morphological
changes on the nanostructures by deflecting, or contracting,
the substrate.

4.3 Portable on-chip nanohole array based sensing platforms

The inherent small-scales of on-chip nanohole array based
sensors are highly compatible for applications demanding
portability, such as point-of-use diagnostics and remote health
monitoring. The autonomy level required to achieve true
portability requires the integration of the sensing platform
and peripheral instrumentation into a single portable device.
The device would be required to perform complete routines,
including sample introduction and pretreatment, calibration
and sensing per se. A recent attempt to achieve this level of
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integration utilized off-the-shelf components and straightfor-
ward circuitry to control LEDs as light sources and a CCD
camera as detector.”® However, transport of fluids into and
within the optofluidic sensor was achieved by external pumps.
Self-sufficient fluidic actuation may be possible by straightfor-
ward ‘human-powered’ schemes, such as finger-powered
microfluidic pumps,'”* and unidirectional single-use schemes
used currently in leading microfluidic diagnostics.'”> With
respect to light sources, light-emitting diodes (LEDs) have
been used in integrated optofluidic platforms,>®'’® and are
excellent candidates as they are commercially available in a
wide range of wavelengths and powers, and dimensions down
to the sub-millimetre scale. The additional use of telecommu-
nications technology would make possible the use of portable
nanohole array based sensors in applications such as remote
health monitoring, where the transmission of analysis results
to centralized telehealth centres is required.
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