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Abstract
Optofluidics – the synergistic integration of photonics and microfluidics – has recently emerged as
a new analytical field that provides a number of unique characteristics for enhanced sensing
performance and simplification of microsystems. In this review, we describe various optofluidic
architectures developed in the past five years, emphasize the mechanisms by which optofluidics
enhances bio/chemical analysis capabilities, including sensing and the precise control of biological
micro/nanoparticles, and envision new research directions to which optofluidics leads.

Optics has long been used to analyze bio/chemical samples. In recent decades, optical
sensing systems have evolved from bulk systems, such as flow cytometers and microplate
readers, to microdevices, such as waveguides and resonators on a chip. In parallel to this
development, microfluidics has emerged, which enables small volume sample handling and
delivery, and can perform a number of automated functions, such as particle sorting and
separation, cell culture, and concentration gradient formation. The synergy of the recent
technological advances in both photonics and microfluidics leads to optofluidics, where
photonic and microfluidic architectures are organically integrated to enhance each entity's
function and performance.

Since its debut few years ago, optofluidics has quickly found a broad range of applications,
as described in the accompanying review articles by Erickson, et al., and Schmidt and
Hawkins, in this Nature Photonics issue, as well as a few review articles and books
published recently1–4. In particular, optofluidics is well suited for bio/chemical detection
and analysis in extremely small detection volumes (fL-nL) due to the complementary
integration of the sample preparation and delivery with the analytical mechanism. As
illustrated by many examples presented in this article, microfluidics is not merely an add-on
accessory to an optofluidic device, but rather, an integral part of it5–8. Such integration
creates a number of unique characteristics that can be leveraged for bio/chemical analysis.
Many optical properties, such as refractive index (RI), fluorescence, Raman scattering,
absorption and polarization, can be exploited individually or in combination to generate the
sensing signal. Detection can be carried out in either the linear 5–8 or non-linear optical
regime9–11. Adaptation of traditional analytical chemistry technologies such as
chromatography and electrophoresis to optofluidic devices further increases their
functionalities in bio/chemical analysis12–16. Additionally, optofluidic microsystems can
employ optical forces in concert with microfluidics to trap and manipulate targets to enhance
the analytical capabilities17.

This article overviews the state-of-the-art of optofluidic architectures in bio/chemical
analysis. Based on the analytical mechanisms, it is grouped into four sections, i.e., RI
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detection, fluorescence detection, SERS detection, and optical trapping and manipulation.
Emphasis is given on how optofluidics can enhance the overall analytical performance. At
the conclusion, potential advancement of optofluidics in bio/chemical analysis is discussed.

Optofluidic sensors with RI-based detection
RI detection has been one of the most popular bio/chemical analysis methods used in
optofluidic sensors. It is primarily distinguished as a label-free sensing technique, as
opposed to fluorescence labeling. Optofluidic RI sensors measure RI changes of bulk
solution due to the homogeneous presence of analytes, or near the sensor surface due to the
attachment of analytes, as those analytes typically have different RI (or excess
polarizability) from the background solution. RI detection is particularly attractive for
optofluidic sensors having extremely low detection volumes, as the RI signal scales with the
analyte bulk concentration or surface density, rather than the total number of molecules. In
many optofluidic RI sensors, the electric field can be confined within a small volume (fL-
nL), thus enabling the detection of molecules of ultra-low quantity. To date, various
optofluidic architectures, including metallic nanohole array based plasmonics6, 18–22 (see
Fig. 2a), photonic crystals (PCs) and photonic crystal fibers (PCFs)7, 23–32 (see Fig. 2b and
c) as well as interferometric structures, such as ring resonators33–38 (see Fig. 2d and e),
Mach-Zehnder interferometers 39, 40 and Fabry-Pérot (FP) cavities8, 41–43 (see Fig. 2f), have
been explored to maximize light-analyte interaction while satisfying other requirements in
bio/chemical analysis.

Plasmonic-, PC-, and PCF-based optofluidic RI sensors are mainly based on periodic
metallic or dielectric structures to confine and guide the light (see Fig. 2a–c). The voids in
these structures are inherently excellent microfluidic channels to fill with liquid samples for
bio/chemical sensing. The surface detection sensitivity on the order of 1 nm/nm (i.e., 1 nm
spectral shift per nanometer of molecular attachment, where 1 nm increase in height on the
sensor surface corresponds to approximately 1 ng/mm2 of biomolecular attachment44, 45),
has been demonstrated18, 25, 28. Due to the extremely small effective sensing area used,
biomolecules of only fg to sub-fg in mass can potentially be detected25, 27. Unfortunately, in
practice such unprecedented detection capability is often plagued by the rudimental sample
delivery system that is unable to deliver analytes selectively to the place where the light-
matter interaction is the strongest.

Recently, a few optofluidic techniques have been reported, in which the photonic device
inherently integrates with a microfluidic channel for simple and repeatable sample delivery.
The optofluidic ring resonator (OFRR) represents an example of this optofluidic
advancement33–38 (see Fig. 2c and d). OFRRs have been realized using thin-walled
cylindrical capillaries, self-assembled tubes on-chip, glass micro-bubbles, and antiresonant
reflecting optical waveguides (ARROWs). They retain the original excellent ring resonator
sensing capability46 while forming integrated microfluidic structures as well. Detection of
various chemical and biological samples ranging from small molecules such as biotin to
large species such as viral particles has been demonstrated36, 47. The sensitivity is about 570
nm/RIU (refractive index units) and 0.02 nm/nm for bulk RI detection and surface detection,
respectively with the corresponding detection limit of 10−7 RIU and 1 pg/mm236. Similar to
the OFRR, in an optofluidic FP cavity sensor, the liquid channel is also part of the sensing
cavity41–43. FP sensors probe the entire sample volume, enabling “whole body” detection,
which is particularly useful for cell detection (see Fig. 1f). Using this method, Shao, et al.,
differentiated lymphoma cells from normal lymphocytes42.

Another problem faced by photonic sensors, even when integrated with a microfluidic
sample delivery system, is the mass transport of the target molecules to the sensor surface.
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Very recently, an optofluidic “flow-through” strategy in replacement of “flow-over” has
been explored in several designs to mitigate the slow mass transport issues encountered by
most optical sensors. This optofluidic technique integrates nanofluidic channels through the
optical sensing structure such that the entire sample interacts directly with the sensitive
surface. Mass transport to the sensing surface is almost entirely convective instead of
diffusive, which results in a stronger signal in significantly less time. Plasmonic nanofluidic
sensors and PC nanofluidic sensors fabricated by photolithography consist of arrays of
nanoholes, as shown in Fig. 1g6, 7, 21, 22. The wafer substrate is back-etched so that the
liquid can be driven through the thin (~100 nm) holey metal or dielectric membrane. Bulk
RI sensitivity and surface attachment sensitivity of 600 RIU/nm and 2 nm/nm have been
achieved6, 21. 14-fold and 6-fold enhancement in the mass transport rate over the established
flow-over method have been demonstrated for bulk solution and for small molecules,
respectively6, 21 (see Fig. 1g). Guo, et al., developed another flow-through design illustrated
in Fig. 1h8. Thousands of sub-micron sized holes in a capillary form nanofluidic channels as
well as part of an FP cavity. This nanofluidic capillary is similar to the nanoporous
sensor48, 49, but has well-defined flow-through holes fabricated through the drawing
method. Therefore, it has high surface mass sensitivity (10–20 nm/nm) resulting from the
large surface-to-volume ratio, while achieving much more efficient sample delivery.

In addition to working as a stand-alone sensor, optofluidic RI sensors have been
incorporated with traditional analytical chemistry technologies, such as chromatography and
electrophoresis, for enhanced sample analysis capabilities. Such marriage often leads to a
device acting as separation column and on-column detector, which enables the real-time
detection of the analytes being separated and minimizes connections used in microfluidics.
Two examples of such on-column optofluidic RI sensors have been demonstrated by Wang,
et al., and Zhu, et al., respectively, based on back-scattering interferometry12 and thin-
walled capillary OFRR13, both of which measure the bulk RI change at any pre-determined
location along the column when analytes pass through the detection location.

Fluorescence-based optofluidic sensors
While label-free sensing is advantageous because of the reduced number of biosensing steps,
a number of applications remain in which fluorescence-based sensing is of value. One of the
major research focuses in optofluidic fluorescence detection is to improve the confinement
and guiding of light in low index buffer solution (composed mainly of water) where analytes
reside, which enhances the light-fluorophore interaction and fluorescence collection
efficiency for a better detection limit. To this end, various optofluidic architectures have
been developed, including (1) liquid core waveguides using low index cladding materials,
such as Teflon50, 51 and nanoporous materials52, 53 to guide the light through total internal
reflection; (2) PC structures that enhance the fluorescence signal and provide better
fluorescence collection efficiency54–58; and (3) slot waveguides that confine both liquid and
light within the same sub-micron-sized channel59. Among those, the ARROW (discussed
previously) is one of the most promising optofluidic sensing structures to achieve
confinement and guiding of light and liquid5, 38, 60–64. Used in fluorescence
detection5, 60, 61, 64, the ARROW is able to achieve a sub-pL excitation or detection volume,
thus allowing for sensitive detection down to extremely low analyte quantity. Schmidt,
Hawkins, and co-workers demonstrated detection of a single molecule and a single particle
in free solution directly or through fluorescence correlation spectroscopy5, 60, 64. Recently,
the same team implemented dual color fluorescence cross-correlation spectroscopy to detect
particle co-localization and, in combination with fluorescence resonance energy transfer
(FRET), DNA binding and denaturation61. These achievements may bode well for the
eventual replacement of conventional bulky and expensive fluorescence microscopes with
inexpensive optofluidic devices for rapid and in-situ bio/chemical analysis.

Fan and White Page 3

Nat Photonics. Author manuscript; available in PMC 2011 November 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The optofluidic laser is another versatile and promising platform for bio/chemical analysis.
It usually consists of a microfluidic laser cavity to provide the optical feedback and a
fluorophore solution as the gain medium, which enables intra-cavity detection. In contrast to
other optofluidic fluorescence sensors discussed previously, the optofluidic laser sensor
relies on stimulated emission as the sensing signal and therefore is highly sensitive to any
small perturbations to the laser cavity or the gain medium. While presently most effort has
been focused on the development of the laser itself 65, a few intra-cavity sensing
demonstrations have been reported to reveal the vast capabilities of the optofluidic laser.
Based on a simple optofluidic FP-cavity-based dye laser, Galas, et al., carried out sensitive
intra-cavity absorption measurements using the laser emission change9. More recently, Sun,
et al., employed the OFRR laser in conjunction with FRET for sensitive DNA detection10.
The hybridization of the DNA probe and target causes FRET between the donor and
acceptor labeled respectively on the DNA samples, leading to drastic reduction in the initial
lasing emission from the donor and the emergence of the acceptor lasing and hence a
significantly increased sensing signal in comparison with that in the conventional FRET
method. Moving a step forward, the same group recently reported highly selective single
nucleotide polymorphism detection using the OFRR and molecular beacon (MB)
approach11. In the presence of the target DNA, the OFRR is operated above the lasing
threshold and thus generates strong lasing emission. In contrast, with the single-base
mismatched DNA, the OFRR is below the lasing threshold and only virtually negligible
fluorescence background is observed. Through this analog-to-digital-conversion-like
detection, over two orders of magnitude enhancement in the discrimination ratio between the
target and single-base mismatched DNA has been achieved.

Optofluidic SERS-based analysis
Surface enhanced Raman spectroscopy (SERS) may have the potential to provide the
advantages of the simplicity of label-free analysis and the low detection limits of
fluorescence-based detection, as well as the molecular-specific Raman spectrum for analyte
identification. SERS utilizes the well-understood electromagnetic enhancement provided by
metal nanostructures66 as well as a chemical enhancement due to metal-molecule
interactions, which is not yet well understood67, 68, to achieve several orders of magnitude
increase in the Raman scattering cross section. In fact, SERS has been utilized to observe
Raman scattering from single molecules69, 70. While it has been nearly 35 years since the
first demonstrations of SERS71, 72, the practical applications of this powerful technique are
still quite limited today.

One path to increase the practical use of SERS is to integrate the detection into a
microfluidic system along with other functions. Two common implementations are (1) to
pass the sample through a channel in a metal nanoparticle colloid solution and (2) to
integrate a metal nanostructured surface at the bottom of a microfluidic channel. In general,
however, conducting SERS measurements within a microfluidic environment can be
detrimental to the detection limit because of the reduced number of SERS-active sites in
method (1) and the low mass transport of analyte molecules to the SERS-active surface in
method (2). Optofluidic SERS approaches have emerged in recent years that compensate for
these shortcomings by increasing the number of target analyte molecules that are excited by
the excitation source or that interact with SERS-active surfaces, which, as a result, improves
the SERS performance.

One optofluidic approach to accomplish this is to utilize photonic geometries that extend the
detection volume, thus including a higher number of analyte molecules and SERS-active
sites. For example, PCFs (see Fig. 1c) utilize the holey core or cladding as a microfluidic
channel; the excitation light and the Raman scattered photons propagate along with the
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sample inside the PCF, and thus the detection volume extends for the length of the PCF.
Yang, et al., utilized the hollow core of the PCF as the microfluidic channel73, while Khaing
Oo, et al., utilized a holey cladding as the microfluidic channel74. In each case, the reported
detection limit for Rhodamine 6G (R6G) was 100 pM, which is significantly improved as
compared to reported detection limits using the conventional microfluidic SERS approached
described above. This optofluidic SERS concept was translated to an on-chip
implementation by Measor, et al.75 based on the ARROW structure discussed previously.
This on-chip implementation combines the optofluidic SERS enhancement with the ability
to integrate other on-chip functions with SERS detection.

Another optofluidic approach is to leverage micro- and nano-fluidic techniques to increase
the performance and utility of SERS by concentrating analytes or analyte-nanoparticle
aggregates into the detection volume, which eliminates the reliance on diffusion to carry
targets into the detection volume. This can be done passively by designing geometries that
perform the concentration, as achieved by Wang, et al., who constructed a device that
utilized a 40 nm high channel between the inlet and outlet76. Metal nanoparticles were
trapped at the inlet to the nanochannel, forming a high density of SERS-active sites. Using a
similar concept, Park, et al., reported the detection of a Cy3-labeled DNA sequence marker
for Dengue virus using SERS77. In this case, the authors formed nanofluidic channels as
small as 60 nm using elastomeric collapse in polydimethylsiloxane (PDMS) at the inlet. In
another example of nanofluidics for SERS enhancement, Liu, et al., utilized a nanoporous
polymer monolith within a microfluidic channel to trap and concentrate silver nanoparticles
in a 3-D matrix78. As compared to a conventional 2-D SERS active surface, this design
creates a 3-D SERS-active matrix, eliminating the need for diffusion of analyte molecules to
the surface.

Active microfluidic techniques have also been implemented in optofluidic SERS approaches
to concentrate the nanoparticles, the analyte molecules, or both, prior to SERS detection.
Huh, et al., utilized electrokinetic forces within a microfluidic chamber to attract metal
nanoparticles as a method of concentrating the nanoparticle-target conjugates into the SERS
detection volume79. Electrokinetic forces can also be used for concentration of the analyte at
a SERS-active surface. Cho, et al., created a microfluidic channel on top of a SERS-active
surface and located an electrode at the top of the channel80. With a potential applied
between the electrode and the metal-nanostructured surface, the analyte molecules are
driven to the SERS-active surface, and thus all of the analyte in the entire sample volume
was concentrated at the detection zone (Fig. 2a), again avoiding the need to rely on diffusion
for interaction between the SERS-active surfaces and the analyte. With the tremendous
enhancement created by this microfluidic technique, the authors detected 10 fM adenine.

In addition to increasing the number of analyte molecules that interact with SERS-active
sites in the detection volume, another optofluidic approach that holds great potential for
increasing the performance of SERS is to utilize optofluidic resonators for SERS excitation
within a micro- or nano-fluidic environment. Optical resonators possess enhanced field
intensities at the surface, which can act as high-power excitation sources for SERS.
Although there are a few reports of optical resonators as sources of SERS excitation81, 82,
this optofluidic design concept remains for the most part uncultivated today. Furthermore,
building upon some of the developments in optofluidics, there is a great potential to
integrate the optofluidic resonator approach with the micro- or nano-fluidic concentration
approaches outlined above, which may result in extraordinary SERS performance.

In addition to increasing the detection capabilities, optofluidics is also creating unique
applications of SERS that have not been possible before. For example, building upon the
PDMS nanochannels described above, Choi, et al., have reported the selective detection of
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protein aggregates, which play a role in a number of diseases, including Alzheimer's83. After
nanoparticles form a concentrated network at the inlet of the nanochannel, aggregated
proteins are trapped in the detection zone and thus produce a detected SERS signal, while
monomer proteins migrate through the detection zone and are not detected (Fig. 2b).
Another application of optofluidic SERS recently demonstrated by Lee, et al., is to
incorporate an on-column SERS-based detector with chromatographic separation of metal
ions16. The inside surface of the capillary, which is coated with carboxylated gold
nanoparticles, serves as the separation medium (due to selective adsorption properties of the
metal ions) and also as the SERS-active surface. This eliminates the need for a post-
separation detection mechanism, such as mass spectrometry. It is expected that applications
of SERS will continue to emerge from other new advancements in optofluidics, including
the introduction of optically resonant microfluidic structures, SERS integration with droplet
microfluidics84, and the optical trapping of nano-sized particles.

Optofluidic particle trapping and manipulation
Optical trapping and precise control of biological micro/nanoparticles in microfluidics
improves the analytical capabilities of microsystems because the particles can be delivered
to and held at the sensing/imaging locations, as opposed to relying on brief, transient
interactions. For example, forces in microfluidic channels can be used to hold cells in place
for imaging85 or to focus biomolecules to the sensing region to improve the detection
limit79, 80, 86. In addition, plasmonic-based trapping offers the potential of the analysis of
trapped particles using plasmonic sensors87. The implementation of optofluidic techniques
in combination with optofluidic sensing has led to inherently integrated methods for the
analysis of biological micro- and nanoparticles in microsystems. Many of the recently
reported optofluidic particle manipulation techniques and the physical mechanisms involved
are described in detail in the accompanying review paper by Schmidt and Hawkins, as well
as in a recent comprehensive review17. Below we describe selected applications of
optofluidic micro- and nano-particle manipulation that have been demonstrated for
biological applications.

The ARROW liquid core waveguide device was highlighted above for its unique optofluidic
property of enabling light to propagate along a microfluidic channel with the sample. More
recently, Kühn, et al., have utilized the ARROW structure as a low-power optofluidic trap
for small particles, including E. coli bacteria63. As shown in Fig. 3a, light is coupled into
each end of an optofluidic waveguide; due to the optical power gradient resulting from the
waveguide loss, trapping forces are directed towards the longitudinal center of the channel.
In addition, solid waveguides are located perpendicular and adjacent to the ARROW in
order to conduct fluorescence spectroscopic analysis on trapped particles. In a later design,
the authors reduced the optical power necessary for trapping to approximately 1 μW,
dramatically lower than typical optical tweezer systems64. One could also envision a number
of interesting applications for an integrated optofluidic trapping and analysis device, such as
monitoring the integrity of a particular pathogenic bacterium while antibiotics are passed
through the channel, or dynamically recording the binding of ligands to the receptors of a
trapped biological particle.

An alternative method for creating high intensity optical power gradients for trapping in
microfluidic environments is to leverage the properties of optical resonators, which can
create a high intensity at the resonator surface with a decaying field extending into the
fluidics. Earlier in this review, we described the use of 1-D photonic crystal resonators
coupled to waveguides for RI sensing. Light of a resonant frequency forms a standing wave
in the resonator with a high intensity field at the defect. Mandal, et al., demonstrated the use
of this resonator for the trapping of particles as small as 48 nm88. Similarly, Arnold, et al.,
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and Lin, et al., have respectively shown that a whispering gallery mode of an optical ring
resonator can trap nanoparticles and move them along the ring resonator89, 90. Both of these
resonator-based traps can use either RI or fluorescence mechanisms to conduct analyses of
trapped particles in real time. As an example, Arnold, et al., demonstrated that the
microsphere carousel trap could determine the size of the trapped particle; refractive-index-
based signal fluctuations caused by the radial Brownian motion of the nanoparticle reveal
the radial trapping potential and thus the nanoparticle size89.

For manipulation of larger biological particles, such as mammalian cells, laser tweezers
have been the typical tool of choice. While useful combinations of laser tweezers and
microfluidics have been demonstrated85, 91, the systems can be cumbersome and can require
high optical power. An alternative has been developed that enables the simultaneous optical
control and manipulation of a large number of cells within a microfluidic chip. Chiou, et al.,
first reported the use of a technique called optoelectronic tweezers (OET), which utilizes
photocurrent-induced dielectrophoresis across a microfluidic environment (Fig. 3b)92. A
microfluidic channel is sandwiched by an ITO layer and a photoconductive layer, while an
AC voltage is applied across the two planes. Illuminating the photoconductive material
converts it into a conductive electrode, and as a result, dielectorphoretic forces due to
electric field gradients within the liquid medium arise. Moreover, projecting an optical
image onto the photoconductive layer results in electric field gradients referenced to the
illuminated areas only; this enables the dielectrophoretic control of cells in the pattern of the
projected image (Fig. 3b). The authors reported the creation of 15,000 parallel traps using
this approach while utilizing an optical power five orders of magnitude lower than typical
optical tweezers. This technique has the potential to greatly advance the capabilities of
optofluidic imaging and analysis by performing complicated steering as well as parallel and
selective trapping of cells prior to analysis. One can envision the use of MEMS-based video
technology to create dynamic images to perform the simultaneous trapping and complex
manipulation and sorting of an unprecedented order of magnitude of cells.

Outlook
The overview presented thus far undoubtedly shows that optofluidics represents one of the
most significant and active advances in the use of photonics for bio/chemical analysis. We
believe that in the next five years the concept of optofluidics will be accepted by end-users
outside the sensing community, and that a number of optofluidic microsystems and
technologies currently under research will be commercialized to better solve actual
biochemical and biomedical problems in a simpler, more cost-effective way. To take full
advantage of optofluidics, we envision the following new thrusts:

(1) Imaging Optofluidics has been used extensively to develop a high-resolution
(sub-micron) and low-cost imaging system (or optofluidic microscope) that may
replace the traditional bulky and expensive microscope93, 94. It usually relies on
microfluidics for sample transport, CCD/CMOS chips and masks for imaging,
and post-analysis computer algorithms for reconstruction of high-resolution
images. These imaging techniques have a great potential for cellular analysis in
remote or resource-limited locations.

(2) Gas analysis. In addition to operating on analytes in liquid, optofluidics is
applicable in gas detection. One architecture is PCF that guides both gas and
light along the long PCF to maximize light-analyte interaction. Both RI- and
absorption-based gas detection with PCF have been demonstrated95, 96.
However, RI detection lacks specificity and absorption detection, while
absorption, though highly specific, requires the laser to cover the wide spectral
range for various gas molecules. To address those issues, recently the OFRR in
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conjunction with micro-gas chromatography (μGC) have been employed for
rapid and specific gas analysis. The OFRR serves as both GC column and on-
column optical gas sensor14, 15, thus minimizing the number of connections and
the dead volume in conventional μGC configurations. Separation and detection
of twelve gas analytes in four minutes have been demonstrated15.

(3) Enhancement of light-matter interaction while reducing sample volume. With
better photonic and microfluidic engineering, the light and sample may be
confined in an extremely small volume (~fL), which represents a 100- to 1,000-
fold decrease in the sample volume that most optofluidic devices use. Such
strong interaction in a small volume may lead to detection of single molecules
based on label-free or SERS detection without the need for fluorophore labeling.

(4) System integration using optofluidics. The development of optofluidic systems
or subsystems (rather than components) by adaptation and incorporation of other
technologies in sample separation, purification, and pre-concentration, such as
chromatography16, electrophoresis12, 13, photophoresis97, and nanopores62, will
significantly enhance the bio/chemical analysis capability. Additionally, multi-
modal detection involving combinations of RI, fluorescence, and SERS in the
linear and non-linear regime may also be used to provide complementary
information in bio/chemical analysis.

(5) Advancement of synergies between particle control and sensing. While
optofluidic particle control and sensing can be applied to detection, we envision
that its largest impact will be related to bioprocess discovery at the cellular and
molecular level. For example, this technique may replace the use of large laser
tweezer systems that are used today for studying protein folding energy
landscapes and protein binding energies.

In addition, the broad reach of optofluidics may result in unforeseen thrusts. What is clear,
however, is that microfluidics research is no longer simply the miniaturization of fluidic
components, while photonics-based analysis has moved beyond the goal of smaller bio/
chemical sensors. Optofluidics has synergistically linked the two fields, and the result is
smarter microsystems that are enabling new applications in biological and chemical
analysis.
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Fig. 1. Various optofluidic devices used in RI detection
a, Metallic nanohole array based plasmonic sensor19 (Reprinted with permission from
American Chemical Society. Copyright 2008). b, Dielectric planar PC sensor25 (Reprinted
with permission from Optical Society of America. Copyright 2007). c, PCF based sensor28

(Reprinted with permission from Optical Society of America. Copyright 2006). d, Capillary
based OFRR sensor. e, ARROW based OFRR38 (Reprinted with permission from American
Institute of Physics. Copyright 2010) f, FP interferometric sensor for cell detection40

(Reprinted with permission from American Institute of Physics. Copyright 2007). g, Flow-
through vs. flow-over plasmonic sensor and the corresponding sensing response6 (Reprinted
with permission from American Chemical Society. Copyright 2009). h, FP sensor with flow-
through micro/nanofluidic channels8 (Reprinted with permission from American Institute of
Physics. Copyright 2011).
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Fig. 2. Optofluidic SERS techniques
a, Electrokinetic concentration of analyte molecules at the SERS-active surface in a
microchannel80 (Reproduced by permission of The Royal Society of Chemistry). b, Size-
selective detection of protein aggregates using a nanofluidic channel83 (Reproduced by
permission of The Royal Society of Chemistry).
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Fig. 3. Various optofluidic devices for nanoparticle trapping and manipulation
a, Particle trapping and fluorescence analysis using a liquid core ARROW waveguide
structure63 (Reproduced by permission of The Royal Society of Chemistry). b,
Optoelectronic tweezers for the parallel control of cells in a microfluidic channel92

(Reprinted by permission from Macmillan Publishers Ltd: Nature copyright 2005).
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