Developing optofluidic technology through
the fusion of microfluidics and optics
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We describe devices in which optics and fluidics are used synergistically to synthesize novel functionalities.
Fluidic replacement or modification leads to reconfigurable optical systems, whereas the implementation
of optics through the microfluidic toolkit gives highly compact and integrated devices. We categorize
optofluidics according to three broad categories of interactions: fluid-solid interfaces, purely fluidic
interfaces and colloidal suspensions. We describe examples of optofluidic devices in each category.

Optofluidics refers to a class of optical systems that are synthesized
with fluids. Fluids have unique properties that cannot be found in solid
equivalents, and these properties can be used to design novel devices.
Examples of such properties include: the ability to change the opti-
cal property of the fluid medium within a device by simply replacing
one fluid with another; the optically smooth interface between two
immiscible fluids; and the ability of flowing streams of miscible flu-
ids to create gradients in optical properties by diffusion. Most optical
systems are currently made with solid materials such as glasses, metals
and semiconductors, but there are cases in which it has been advanta-
geous to use fluids. The oil-immersion microscope', liquid mirrors for
telescopes, liquid-crystal displays® and electrowetting lenses* are good
examples. Here we describe the various methods used to implement
optofluidic devices with recently developed microfluidic technologies
that allow accurate control of liquids on small spatial scales. Integra-
tion and reconfigurability are two major advantages associated with
optofluidics. Whereas microfluidics has made it possible to integrate
multiple fluidic tasks on a chip, most optical components, such as the
light source, sensors, lenses and waveguides, remained off the chip.
Optofluidic integration combines optics and microfluidics on the same
chip by building the optics out of the same fluidic toolkit. The second
advantage of optofluidics lies in the ease with which one can change the
optical properties of the devices by manipulating fluids.
Microfluidics is a burgeoning field with important applications in
areas such as biotechnology, chemical synthesis and analytical chemis-
try. Many of these applications of microfluidics are discussed elsewhere
in this issue, and for the purposes of this Review we emphasize only a few
salient points. First, there is now an extensive body of literature on how the
physical properties of fluids that are available only on small spatial scales
can be exploited for device functionality’”. Many of these effects can also
be used to control optical properties. Second, technological advances in
device fabrication have made it possible to build miniaturized devices
with complex networks of channels, valves, pumps and other methods
of fluidic encapsulation and manipulation®. This creates a powerful set
of tools for fluidic control, and because the feature sizes in these systems
are shrinking over time, they will inevitably approach the wavelength of
visible light. When this convergence happens, optofluidic-device applica-
tions will increase dramatically, just as the ability to lithographically define
features with dimensions just below the wavelength of light has created a
revolution in photonics. Third, a large anticipated market for microfluidics
lies in portable devices for environmental monitoring, medical diagnostics

Figure 1| A generalized layer construction of an optofluidic device. An
optofluidic device typically consists of three layers. a, The topmost layer
consists of the microfluidic controls. Microfluidic valves and pumps may
be incorporated in this layer. b, The middle layer contains the microfluidic
channels. ¢, The third layer is the optical structure and may contain
photonic crystal structures, sensors, sources and waveguides. d, Light

can be guided within the third layer. e-g, The range of scales™ involved

in the fabricated device will typically span from subwavelength (~tens to
hundreds of nanometres) for the optical structures to tens and hundreds of
millimetres for the microfluidic structures.

and chemical-weapon detection. Optofluidics is helping to realize these
aspirations by combining optical elements into microfluidic devices in
ways that increase portability and sensitivity.

Although any microfluidic fabrication method can, in principle, be
adapted to synthesize optofluidic devices, most of the implementations
thus far have been with soft lithography”** (Fig. 1). Soft lithography
allows rapid fabrication of complex microfluidic structures'” in flex-
ible polymer substrates at a fraction of the cost of traditional glass or
semiconductor manufacturing. Although the most popular polymer is
poly(dimethylsiloxane) (PDMS), many other materials are suitable, such
as photocurable hydrogels"”, thermoset plastics'* and elastomers'’, and
photocurable solvent-resistant elastomers such as perfluoropolyethers
(PFPE)". The optical transparency and good optical quality of PDMS
has been demonstrated in applications such as soft lithographic fabrica-
tion of blazed gratings'"” and solid immersion lenses'’, showing that these
materials are suitable in the optofluidic context.
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Figure 2 | The optofluidic microscope. a, Implementation scheme for

an on-chip optofluidic microscope. The device is uniformly illuminated
from the top. The target sample flows through the channel, and

the transmission through each hole is acquired and recorded. The
composition of the transmission traces creates a transmission image of
the target sample. b, A conventional microscope image of Caenorhabditis
elegans. ¢, An optofluidic microscope (700-nm resolution) image of

C. elegans. d, By staggering the holes along the length of the channel,

the separation between holes can be made equal to the pixel size of the
underlying sensor array and enable the unique mapping of each hole to

a pixel. The lateral displacement of the holes across the channel can be
made arbitrarily small and it defines the resolution of the microscope.
This approach enables the construction of microscopes with resolutions
that are much finer than the pixel resolution of a conventional sensor
grid. e, The transmission trace through two representative holes, a and f,
on the microscope as the sample flows across them.

Optofluidic devices can be categorized into three major groups:
structured solid-liquid hybrids in which the optical properties of both
media are relevant; complete fluid-based systems in which only the
optical properties of the fluids are relevant; and colloid-based systems
in which manipulation of solid particles in liquid, or using the unique
optical properties of colloidal solution, form the basis of the opto-
fluidic devices. Recent progress in this last discipline has led to novel
nanoparticles with interesting optical properties along with methods
to control them in the solution phase.
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Fluids in solids

The interface between materials with differing optical properties is
commonly used for controlling the propagation of light. For example,
the interface between air and a dispersive material such as glass in a
prism separates the colours of an incident beam into different angles.
Another important example can be found in fibre-optic waveguiding, in
which total internal reflection at the interface between the cladding and
a core with a higher index of refraction confines light to the core.

Interfaces between solid and liquid materials can also be used to
synthesize optofluidic devices. This can be done by fabricating a solid
structure with voids whose dimensions are larger than the wavelength
of light. The reflection and transmission of light through the void is
then modified by the insertion of liquids in the voids. Microfluidics
and microfabrication provide the tools for making such devices, of
which the Agilent switch'” is one of the earliest examples. In this case,
inkjet technology was used to introduce or remove an index matching
liquid from the back of a total internal reflection (TIR) mirror. The
transmission of light could thus be switched on and off. More recently,
Campbell ef al.”® demonstrated an exchange-bypass switch using the
same principle. Adaptive lenses can be formed in this way by varying
the fluidic pressure in a soft PDMS encapsulation®"*. Finally, a periodic
array of voids, in which each void can be selectively filled with absorb-
ing dye, can be used to write an arbitrary two-dimensional pattern. This
can therefore serve as a display or memory device. Such a device has
been demonstrated by Quake’s group using an extensive microfluidic
circuit of channels and valves'.

Any adaptive device can be thought of as a sensor if the adaptation is
due to something one wishes to characterize. In this regard, optofluidic
adaptation mechanisms can often be used as sensors. For example, the
compact tunable microfluidic interferometer described in ref. 23, in
which a fluid-air interface is used to provide an optical path difference
in a compact interferometer, can be adapted for biosensing or chemical
analysis. The optofluidic microscope (OFM) is another good example™
(Fig. 2). Compiling the time-dependent changes of the optical transmis-
sion across a fluidic channel gives one the image of the sample flowing in
the channel. The fact that the function of a microscope can be integrated
into an optofluidic chip implies that multiple sensors can also be packed
onto a compact chip and parallel processing of the sample be performed.
Other examples of optofluidic sensors can be found in the compact
resonant integrated microfluidic refractometer” and fibre Bragg grating
refractive-index sensors™.

A phenomenon related to total internal reflection, known as evanescent
waves, also has applications in optofluidic devices. Evanescent waves are
launched in the region of lower index when light undergoes total internal
reflection at an interface. Even though evanescent modes cannot carry
energy away from the interface, light propagation in the region of higher
index can be strongly affected by the evanescent modes. This provides a
non-intrusive mechanism for optofluidic control by introducing liquids
with specific optical properties into the region surrounding the opti-
cal structure. For example, the phase velocity of a dielectric waveguide
depends on the refractive index of the cladding. By selecting the index
of the liquid that is inserted in the region surrounding the dielectric
waveguide, we can adjust the phase delay through the waveguide. This
has many applications in integrated optics, including optical switching
and modulation. For instance, the adjustable phase delay has recently
been used to tune a ring resonator that is constructed as a closed loop of
a dielectric waveguide” (Fig. 3). Besides phase-delay changes, the intro-
duction of an absorbing liquid (a dye, for example) introduces attenua-
tion of the light propagating in the waveguide. Optofluidic devices that
rely on evanescent mode modification can also function as sensors.
Surface-plasmon-based sensors™ > are a well-known example of this.
Other recent examples in this category include the optofluidic sensors
based on the high-Q resonators developed by Vahala’s group™ and the
zero-mode waveguide sensors™.

In our discussion so far, we have assumed that the size of the voids is
significantly larger than the optical wavelength. When the size of the voids
is approximately equal to the wavelength, the effect of liquid insertion

©2006 Nature Publishing Group



Microfluidic
controls

Micro-rings

Transmission (dB)

1,5|52 1,552.5 1,5|53 1,553.5
Wavelength (nm)

1551 15515

Figure 3 | Optical filter based on an optofluidic micro-ring resonator.

a, The optical structure consists of a bus waveguide coupled to a micro-ring
waveguide resonator. Liquid in the microchannel constitutes the upper
cladding of the waveguides. The refractive index of the liquid controls the
resonance wavelength and the strength of the coupling. b, At resonance,
light travelling in the waveguide will be strongly attenuated. The graph
shows that this resonance can be tuned by changing the refractive index of
the liquid. The arrow indicates the increase in resonance wavelength as the
refractive index increases. (Reprinted, with permission, from ref. 27.)
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can become more complex. For instance, a blazed grating immersed in lig-
uid-crystal medium can be turned on and off by modifying the index of the
liquid®. As another example, consider a single-mode optical waveguide
constructed by inserting liquid into a rectangular channel of the appro-
priate size. It would guide light in the liquid when the index of the liquid
exceeds that of the surrounding medium. Such a liquid-core optofluidic
waveguide is useful for measuring the properties of small volumes of lig-
uid samples, because a long or highly structured waveguide can be easily
realized™. The idea can be further extended by introducing a periodic
structure on the walls of the waveguide with period A. This periodic
structure strongly reflects light with wavelengths equal to 2nA/m, where
mis a positive integer and # is the index of refraction for the liquid. The
frequency response of this filter can thus be tuned by modifying the index
of theliquid. Such a structure has been used to show a distributed feedback
dye laser” (Fig. 4) — one of several optofluidic dye lasers that have been
demonstrated recently”**. Asa class of optofluidic devices, these lasers are
useful on their own and constitute an important set of enabling optofluidic
platform tools. Among other advantages, these lasers are highly compact,
widely tunable and robust. Their pump sources can be either an external
light illumination or an on-chip laser diode illumination.

Photonic band gap (PBG) structures™ are particularly interesting for
optofluidics because they naturally have voids into which fluids can be
injected. A completely uniform PBG structure is of little practical interest.
Itis the introduction of ‘defects’ that gives PBGs interesting functionali-
ties, such as waveguiding capabilities or resonances. A defect consists
of one or several voids in the periodic structure; typically, the size of the
void varies and is defined lithographically when the device is fabricated.
In the context of optofluidics, defects can be easily created or reconfig-
ured by filling specific voids with liquid*. PBG structures can thus be
reconfigured optofluidically by interfacing the photonic and microfluidic
circuits. An integrated fluidic/photonic device that fluidically switches a
PBG waveguide® has recently been demonstrated (Fig. 1). In addition,
a PBG cavity can be formed by a single defect. The resonant frequency
of the PBG structure can be tuned by the liquid inserted at the defect
site””. Such cavities have been used to build PBG lasers***, sensors* and
slow-light structures*. PBG fibres* are of great interest for optofluidics
as well, because the cladding or the core can contain hollow regions into
which fluids can be inserted, thereby modifying a fibre’s transmission
properties™*.

Figure 4 | An optofluidic distributed feedback
(DFB) dye laser. a, A schematic of the laser. A
microfluidic channel with a distributed feedback
Bragg grating structure is fabricated in PDMS.
A dye solution, which acts as both the core of
the optical waveguide and the gain medium,
can be introduced into the structure through
the channel. An excitation pump light field is
incident on the laser structure. b, An optical
micrograph of the DFB structure. The laser’s
wavelength may be tuned by changing the dye
choice or by stretching/compressing the flexible
PDMS to change the periodicity of the DFB
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Looking forward into the near future we can expect to see optofluidic
systems that are based on porous solid systems in which sub-wave-
length voids or pores are randomly distributed. In such systems, the
voids do not scatter light but collectively modify the effective index of
the homogeneous material. Insertion of a liquid into the voids can tune
the refractive index, absorption and birefringence® of such systems.

Figure 5 | The liquid-core/liquid-cladding (L?) waveguide. a, Schematic
of an L* waveguide. The green and blue regions represent two different
liquids. By choosing the inner-core liquid to be of higher refractive index
(n,) than the refractive index (n,) of the surrounding media, light can be
guided within the inner core. The red arrows indicate the direction of
light input and propagation. hv is the energy quantum of the light.

b-d, The direction of light propagation can be easily altered by altering
the differential flow rates for the liquids to steer the inner-core liquid.
e-g, Experimental verification of light output switching via fluid-core
steering. h, By channelling different fluorescent dyes in the waveguide,
it is possible to create microfluidically controllable light sources.
(Reprinted, with permission, from ref. 67.)
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Fluids in fluids

Our discussion thus far has focused on the use of different combinations
of solids and liquids to elicit changeable optical effects. The replacement
of the solid substrate with a liquid in an optofluidic system can result in
an even greater degree of flexibility. Whitesides’ group’s work on liquid-
core/liquid-cladding (L*) optical waveguides is an excellent example of
such a system™. An L’ waveguide typically consists of a microfluidic
channel in which an optically dense fluid flows within an enveloping
sheath of fluid with a lower refractive index (Fig. 5). In addition to serv-
ing as waveguides, this method can also be used to create tunable light
sources by the addition of dyes to the core fluid™.

Purely fluidic systems have several unique advantages that cannot be
obtained from solid—fluid hybrids. First, the physical profile of the fluidic
system that is optically relevant can be quite independent of the actual
profile of the underlying microfluidic system. For example, in the case of
the L* waveguide, light travelling through this dynamic waveguide can
be directed and steered by simply changing the relative flow profile and
flow rate of the fluid™. Second, and perhaps more importantly, it is pos-
sible to achieve finer features in the composite fluid media. For exam-
ple, ref. 50 reported the establishment of a <10 pum jet stream that was
formed in alarge (>100 um) microfluidic channel. Finally, the interface
between the two fluids can be made optically smooth by either choos-
ing two immiscible fluids or by flowing the fluids next to each other at
low Reynolds numbers. The roughness of the underlying microfluidic
architecture has little impact on the fluid interfaces.

It has long been recognized that the optical smoothness of fluid
interfaces can be a useful and cost-effective way to circumvent the
challenges of creating surfaces of similar quality in solid systems. Per-
haps even more interesting in the optical context is the fact that the
meniscus between two immiscible fluids of equal density in a column
is perfectly spherical — a curvature profile that is used in most com-
mercially available lenses. An example of how this optically relevant
interface has been made use of can be found in the variable-focus
liquid lens that was developed by Philips Research Eindhoven®*. The
lens consists of two immiscible liquids of different refractive indices
placed in a cylindrical housing. The lens is designed in such a way that
the curvature of the meniscus and thus the effective focal length of the
lens can be altered by electrowetting™. The same physical mechanism
has also been used for displays by modifying the transmittance of a
pixel through the movement of a dye solution™.

Miscible liquids and their interfaces can also be of significant use in
the optofluidic context™. The diffusion across the interface of two liquids
is another unique property that doesn’t have a direct equivalent in solid-
based devices. Specifically, the diffusion process can create a concentra-
tion and refractive-index gradient. The controllability and flexibility by
which this gradient can be adjusted through flow parameters and fluid
choices enable the creation of novel optical interconnects. For example,
an optical splitter and wavelength filter based on the selective mixing of
two fluid jets in a third fluidic medium has been demonstrated™. Unlike
a conventional beamsplitter, the split ratio of the optofluidic beamsplitter
can be dynamically tuned for any given wavelength by changing the
absorbance properties of the input fluidic jets.

Solids in fluids

There is a third possibility that is optically interesting: the introduction
of solid particles in a fluid. Such colloidal optofluidic systems can enable
large changes in the optical properties of the resulting medium. Further-
more, small particles or colloids within the fluid can be manipulated
with relative ease and precision, thereby creating gradients in the optical
properties or very localized modifications. The ramifications of such
manipulations in terms of synthesizing novel optical functionality are
wide ranging and exploration of these has only begun recently.

Small particles are optically interesting in various ways. For example,
dielectric particles of size comparable to the wavelength can exhibit
significant spectral and angular scattering variations™. Particles that
are significantly smaller than the wavelength can be used to change the
refractive index or absorption coefficient of the medium as a whole™.
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Figure 6 | The all-optical switch based on optofluidic beam manipulation.

a, Schematic of the switch. The trapping beam steers a microsphere between
two single-mode fibres (SMFs). The extent of coupling between the two
fibres depends on the position of the microsphere. On the basis of its
position, the microsphere can either focus the light from one fibre into the
next, or deflect it away. b-d, Simulation illustrating that the beam deflection
depends on the microsphere displacement.

Particles that are significantly larger than the wavelength can be treated
as a spherical focusing lens in the medium®”**, Quantum dots can be
designed to fluoresce or scatter with dramatically improved efficiency™.
It is also interesting to note that quantum dots can be designed to fluo-
resce over a very narrow (~tens of nanometres) and pre-determined
spectral bandwidth. Recently developed crescent-shaped nanoparticles
have enhanced Raman scattering cross-sections® and other optically
interesting properties®'.

There are several methods for optically manipulating the particles.
Optical tweezing, one of the more established and popular methods, has
seen significant improvements over the past decade. At present, up to 400
particles can be simultaneously manipulated®®. In addition to optical
tweezing, particles can be transported in a fluid through electric fields
if they are charged, or through electric field gradients if they have a dif-
ferent electric permittivity from the surrounding medium. Fluidic flows

can also be used to transport and affect the particle concentration. Finally,
if ferromagnetic layers are included in the construction of the particles,
magnetic fields can control their orientation and trajectory. A particularly
interesting method was recently developed in which both light and electric
fields are combined to effect particle manipulation®™. In this approach, an
optical image is projected onto a specially prepared glass substrate. The
light field activates the coated photoconductive layer and creates non-uni-
form electric fields. These fields can either attract or repel particles that are
in the solution above the substrate. This approach of optofluidic particle
manipulation is especially noteworthy in terms of the number of particles
that can be manipulated simultaneously — 15,000 traps were created over
anarea of about 1 mm? in the demonstration experiment.

The ability to optically control particles can be used to create a range of
novel optofluidic devices. A clear and elegant example is the optofluidic
beam manipulator demonstrated by Dumachuk et al.”’. The general
concept is as follows. An optically trapped microsphere that is placed in
front of the exit port of a waveguide can function as an optically movable
lens for beam manipulation. By steering the microsphere, the output
beam can be deflected in a range of directions. Dumachuk et al.”® used
the method to create an all-optical switch by steering the microsphere
between two mutually facing waveguides that are separated by a short
distance (Fig. 6). The transmission of light from one waveguide to the
other is enhanced when the microsphere is well centred and functions
as a focussing lens. Individual particles can also be used to store bits of
information. In a recent demonstration, a nanoparticle memory was
synthesized by electrically transporting quantum dots to selected sites
in a substrate. The spectral composition of the quantum-dot cocktails
represents the stored information (Fig. 7).

The simple presence of the particles in a solution modifies its opti-
cal properties. This effect was used to demonstrate a liquid-liquid
waveguide in which the core is a colloidal suspension surrounded by a
cladding of pure solvent. By changing the diameter and volume fraction
of the particles, it was possible to alter the propagation properties of the
waveguide. The presence of nanoparticles in a liquid also affects the
nonlinear optical properties of the medium. For example, the plasmon
resonance of metal nanoparticles enhances the field locally by two or
three orders of magnitude. The increase in the field strength leads to an
enhancement of the nonlinear response of the medium, a property that
has been used for surface-enhanced Raman scattering. Thermal non-
linearities introduced by metal nanoparticles in a solvent were recently
used to demonstrate holographic recording in a fluid®.

Figure 7 | An optofluidic memory system based
on nanowells and quantum dots. a, An array

of electrically addressable nanowells is used to
trap quantum dots with resolution smaller than
an optical wavelength. Data can be encoded by
the presence or absence of photoluminescence
in each region, or by spectral codes consisting of
cocktails of quantum dots with distinct emission
spectra in a single region. b, The microfluidic
mixing circuit used to supply multiple quantum
dots with different photoluminescence
wavelengths to the nanowell array. ¢, A
fluorescence image of the mixing of three species
of quantum dots. Here the flow rate of each
channel can be controlled to vary the relative

concentrations of the types of dot, to generate
distinct spectral codes. d, A spectrogram of
two separate codes produced by the mixing
circuit. Each peak in the spectrum represents a
single base M digit, where M is the number of
distinguishable intensity levels. A memory with
N species of quantum dots gives an information
density of Nlog,(M) bits per nanowell.
(Reprinted, with permission, from ref. 68.)
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The ability to optically manipulate colloidal particles can be used as a
mechanism for optically controlling the fluidic flow. An example of this
is the recent work by Lee’s group®. In this work, the enhanced optical
absorption and subsequent heat generation of metallic nanoparticles is
used. The method is simple and direct. Nanoparticles are added to the
liquid of interest. A light beam is then introduced at the air-liquid inter-
face. Due to the enhanced optical absorption and heat generation, the
liquid evaporates and condenses beyond the edge. Subsequent conden-
sation of the droplets wets the region adjacent to the air-liquid interface
and causes a shift of the entire liquid body.

Looking forward

We conclude by noting that optofluidics is a field still in its infancy.
It is full of promise, but few devices have been successfully commer-
cialized as of yet. Many technological elements and even some funda-
mental concepts are just now being developed. As technological tools,
optofluidic devices are good complements to micro-electromechanical
systems (MEMS). Where MEMS physically actuate solid components
to achieve reconfigurability, optofluidic devices reconfigure themselves
through fluidic controls. Finally, as we have described in this Review,
the synergy between optics and fluids is particularly rich. One currently
understudied area that is especially noteworthy is the optical control of
fluids. Such controls can dramatically simplify fluid manipulation by
completely removing the need for on-chip plumbing. |
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