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Abstract

Over the past decade, optofluidics has established itself as a new and dynamic research field for
exciting developments at the interface of photonics, microfluidics, and the life sciences. The strong
desire for developing miniaturized bioanalytic devices and instruments, in particular, has led to
novel and powerful approaches to integrating optical elements and biological fluids on the same
chip-scale system. Here, we review the state-of-the-art in optofluidic research with emphasis on
applications in bioanalysis and a focus on waveguide-based approaches that represent the most
advanced level of integration between optics and fluidics. We discuss recent work in photonically
reconfigurable devices and various application areas. We show how optofluidic approaches have
been pushing the performance limits in bioanalysis, e.g. in terms of sensitivity and portability,
satisfying many of the key requirements for point-of-care devices. This illustrates how the
requirements for bianalysis instruments are increasingly being met by the symbiotic integration of
novel photonic capabilities in a miniaturized system.
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1 Introduction

The recent emergence of the new field of optofluidics has led to a surge in activities aimed at
harnessing light-matter interactions in integrated devices with unprecedented and/or
dramatically improved capabilities. In its earliest incarnations [1, 2], optofluidics was
envisioned to lead to a new class of reconfigurable devices such as lasers [3], new
manipulation techniques for nanoparticles and microparticles [4], and new biophotonic
applications such as optofluidic microscopy [5]. In addition, it was speculated that full chip-
scale optofluidic systems would be built in modular fashion from different layers for light
guiding, fluid handling, and control, respectively [1]. This original vision has largely held
true, although recent reviews show that applications of this technology have gravitated away
from classical optical communication devices toward biological and chemical sensing — in
other words, away from emphasizing the photonic reconfigurability toward focusing on the
contents of the fluids that made up the device [6-9]. Moreover, additional potential
application areas such as energy harvesting were identified and a number of topical reviews
on various aspects of the field are now available [10-16]. Bioanalysis applications have
received so much attention due to the much larger efforts that have been initiated in the lab-
on-chip community for creating miniaturized instruments that help deal with the ever-
increasing need for biomedical testing. Infectious diseases, for example, are constantly
threatening humans and are among the leading causes of deaths across the globe [17].
Integrated virus detection systems need to fulfill several requirements to satisfy the needs of
the medical community. These include low limits of detection of viral or bacterial loads,
large dynamic range, and the ability for multiplex detection of multiple targets at once [18].
Other secondary factors, such as time-to-result, cost, ease-of-use, and experimental
complexity, also need to be considered, and the latest optofluidic solutions can now address
all these challenges successfully. Similarly, recent progress in optofluidic particle
manipulation and trapping promises another type of powerful and easy-to-use instrument for
use in laboratory and clinical diagnostics. It is, therefore, the perfect time to pause and take
stock of the most recent trends and achievements in optofluidics. In this review, we
emphasize optofluidic approaches that involve optical waveguides, either planar or fiber-
based, as this provides the ultimate level of integration between optical and fluidic elements
and functions. We will first highlight fundamental work in devices that implement canonical
optofluidic principles and functions. (For an in-depth review of the scientific underpinnings
of micro-fluidic and integrated optics, see [8]). Developments in a wide range of optically
reconfigurable photonic devices and their incorporation in chip-scale platforms are
presented. Notably, we will describe several examples of “hybrid integration” that rely on
combinations of different layers and functionalities following the original spirit of
optofluidic integration. We will then discuss current areas of applications with a focus on
two areas: particle manipulation and bioanalysis. We will see that the performance of
optofluidic devices, for example, in terms of sensitivity at the single particle limit down to
single nucleic acids and compatibility with portable carrier platforms such as smartphones,
has reached levels that are highly competitive with existing commercial products. We
highlight how practical needs for a bioanalytic application drive the photonic device design
and conclude with an outlook to possible future developments.
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2 Reconfigurable optofluidic devices and systems

The fact that liquid or gaseous fluids are nonsolid enables their movement and even
complete replacement using external pressure or other means. This distinctive property is the
driver behind creating reconfigurable photonic devices, which was an early focus of
optofluidics [1, 2]. One natural choice for such a device is a reconfigurable on-chip light
source. Consequently, optofluidic lasers were developed early on, demonstrating key
hallmarks of reconfiguration. These include the use of organic dyes in microchannels as the
gain medium [19, 20] or the dynamic tuning of the laser emission wavelength using
mechanical deformation of the microfluidic chip [21, 22]. More recently, the attention in
optofluidic light sources has shifted toward new, biologically inspired gain media. For
example, Wu et al. [23] used luciferin, a light-emitting molecule produced by many
organisms, to show that photonic devices can be created using biosynthesized materials as
the active medium with possible applications in intracavity sensing. It was even possible to
create a laser based on fluorescence resonance energy transfer (FRET) using luciferin and
rhodamine 6G molecules as FRET donors and acceptors, respectively. In a similar vein,
Figure 1A illustrates the demonstration of using vitamin B2-doped gelatin films as gain
media for distributed feedback (DFB) lasers [24]. Here, it was shown that the deposition of
an optically active layer composed of gelatin from porcine containing riboflavin at 1.3 mm
concentration is compatible with the fabrication workflow of an optofluidic laser. DFB
grating was designed to fulfill the Bragg resonance condition in second order to achieve
vertical emission. When optically pumped with an external parametric oscillator, the device
exhibited single-mode emission at 543 nm for a grating period of 368 nm.

Using biomolecules as active media can provide additional novel features as demonstrated
by reversible switching of the lasing wavelength using DNA Holliday junctions in an
optofluidic ring resonator (OFRR) based on the chemical environment [25]. Most recently,
the use of green fluorescent proteins within a single cell embedded in an external
microcavity was shown to create lasing action while keeping the cell alive [26], and lasing in
blood was also shown [27]. The latter example is illustrated in Figure 1B. The left image
shows schematically the excitation geometry for optical pumping of indocyanine green
(ICG) dye flowing through an OFRR capillary. Here, ICG in micromolar, biocompatible
concentration binds to low-density lipoproteins (LDL). Figure 1B (right) shows the
appearance of a clear laser threshold under optical pumping with an external parametric
oscillator. A more extensive discussion of the current state and potential of such bioinspired
optofluidic lasers can be found in [28].

Another canonical element that is used in photonic devices is a resonator that typically
provides a narrow-band optical response whose changes can be used for sensing
applications. In the past, various types of OFRRs, both planar and capillary-based, were
demonstrated [6, 29, 30]. These were used for constructing lasers, particle traps and sorters,
and interference devices [29-31]. Freestanding high-Q microcavities were also demonstrated
to show highly sensitive resonances in an agueous environment with possible applications
for biosensing [32]. A recent example for this approach is the use of nanoporous polymer
ring resonators that allow molecular targets to penetrate into the resonator volume for
increased light-target interaction and increased sensitivity [33]. A more recent trend in the
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resonator arena is the combination of optofluidics and (cavity) optomechanics, which
focuses on the interaction of light with mechanically resonant structures [34]. The
optomechanic properties of microfluidic resonators have been studied [35, 36], and their use
as sensors for pressure, inertia, mass, and temperature was investigated. For example, Kim
and Fan demonstrated that vibrational frequency changes in microfluidic optomechanical
ring resonators can be translated into mass detection limits as small as 83 pg/mm? [37].

A third representative area of reconfigurable optical devices is that of optofluidic lenses and
light shaping. Early work included liquid microlenses based on electrowetting [38], lenses in
liquid-core liquid-cladding waveguide channels [39], and tunable gradient refractive index
(RI) lenses [40]. More recent examples are the demonstration of an optofluidic bi-concave
lenses that allow tuning a light beam from focusing to diverging [41] and a tunable
microlens that is controlled via an active pressure of an air-liquid interface [42]. A very
innovative development is the demonstration of an optofluidic light splitter based on
transformation optics [43]. A bidirectional gradient index is created by advection in a liquid
flow stream. The medium then has an inhomogeneous RI distribution whose properties can
be modeled via transformation optics. The power of this approach was demonstrated by
creating a Y-splitter that can be operated at splitting angles up to 30°, which can be
asymmetric and reconfigurable by tuning the fluid and flow properties.

As individual optofluidic elements and devices have reached higher performance levels and
maturity, reconfigurability on the system instead of the device level has recently started to
garner more attention. System-level reconfigurability is enabled by some form of different
elements. In its most direct form, this involves the hybrid integration of two or more chips,
each optimized for a different purpose and often made with different materials and
fabrication processes. Parks et al. [44] reported the first example of hybrid optofluidic
integration by combining polydimethylsiloxane (PDMS) microfluidic chips with silicon-
based optofluidic waveguide chips for implementing key sample processing steps with
sensitive optical particle detection, respectively. Demonstrated capabilities included mixing,
size filtering, and fluidic distribution of dielectric microbeads into multiple detection
channels exclusively using pressure-based flow in the microfluidic device layer. System
reconfigurability was implemented using nonpermanent connections between the different
device layers. A similar approach was demonstrated by Testa et al. [45] who also created a
3D system by combining PDMS and silicon chips and demonstrating fluorescence detection
of dyes at nanomolar concentrations. Subsequently, Parks et al. [46] further expanded on the
capabilities of the optofluidic system using active valve control in the microfluidic layer.
Specifically, interconnected lifting-gate microvalves (“automata” [47, 48]) were used to
create a network of submicroliter volumes that can be activated and transported across the
chip using pneumatic control. This was used to implement a solid-phase extraction assay to
selectively bind and label oligomers with an Ebola virus sequence to magnetic microbeads,
which can then be detected on a connected optofluidic chip [49]. System-level integration
can be taken even further if optofluidic elements are connected to larger, highly functional
elements. This is nicely illustrated by the increasing number of reports that use attachments
to portable cellphones to accomplish a particular task [50-53]. Clearly, the growing efforts
on the system and instrument level show that the commercialization of optofluidic systems is
imminent.
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3 Applications

Because nonsolid media are at the core of optofluidics, applications can be conceived around
both gases and liquids. Indeed, several avenues involving gases and vapors such as on-chip
atomic spectroscopy [54], metrology and quantum interference [55] along with chemical
sensors such as gas chromatographs [56, 57] and others have successfully been taken.
However, the largest potential and ostensibly the biggest markets are in the life sciences,
which typically require the analysis of liquid media and their components. For the remaining
portion of the review, we will look at two applications of optofluidics with implications for
the life sciences. The first involves the optofluidic manipulation of microparticles and
nanoparticles, i.e. controlling particle location using physical forces via pushing, trapping,
and/or sorting, and the second is optofluidic particle sensing, i.e. detecting the presence and
nature of a moving or immobilized particle, which has a tremendous potential for diagnostic
tests and instruments.

4 Optofluidic particle manipulation

The ability to use optical forces to physically manipulate particles ranging from dielectric
microbeads to single nanoscale biomolecules on a chip has an been an integral part of
optofluidics since the early days when trap-assisted optical switches [58, 59] and quantum
dot-based optofluidic memaories [60] were considered. In subsequent years, efforts
increasingly focused on manipulating particles of varying size and type using on-chip
waveguide structures on which we will focus here.

Optical particle manipulation is possible because photons carry a linear momentum of p =
h/l, where h is Planck’s constant and | is the wavelength. As a light beam interacts with a
particle via reflection, refraction, or absorption, the photon momentum is changed, resulting
in an optical force Fqpt = dpgor/dt on the particle. This force can be used to control the motion
of the particle. We distinguish two components of the optical force as shown in Figure 2,
which shows a dielectric particle subjected to a propagating light beam with an
inhomogeneous (here Gaussian) intensity profile.

The scattering force Fg acts along the propagation direction of the light beam, and its
magnitude is proportional to the amount of power (intensity) that hits the particle. The
gradient force Fg occurs in beams with spatially varying intensity profiles, and its magnitude
is proportional to the local power (intensity) gradient. For most practical cases (the RI of
particle is larger than the index of surrounding medium), the gradient force pulls the object
to high-intensity regions of the beam. Both types of force are present in integrated
waveguide structures, and one of the attractive motivations for using waveguides for particle
manipulation is the possibility to precisely control the spatial dependence of these forces
with proper fabrication. Optofluidic implementations of these principles can be done in a
variety of ways, involving either solid-core or liquid-core waveguides. In the former
approach, light is guided by total internal reflection in a high index core. Light-particle
interactions take place either near the core surface via the evanescent tail of the guided mode
or over a short channel segment in which the light is not guided. Surface wave optical
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manipulation is implemented using both linear waveguide-based and microresonator-based
devices.

Evanescent waves on the surface of a planar photonic device have been used for the optical
manipulation of microparticles/nanoparticles as early as 1996 [61]. The optical gradient
force can be maximized by ensuring high RI contrast between waveguides and the
surroundings. For example, a silicon nitride (SiN)-water interface with an RI contrast of
~2/1.33 produces up ~20 times higher optical forces on 2 mm microparticles than a glass
waveguide [62]. Such evanescent fields can be used for the optical manipulation of particles
in the tens of nanometer range [63, 64], in which conventional optical tweezers are limited
by the diffraction limit. Thanks to soft lithography technology, planar waveguides on a
photonic chip can be seamlessly integrated with microfluidic channels. For example, SU8
(RI~ 1.57) waveguides were used to optically manipulate microparticles delivered by a
microfluidic channel over the top of the waveguides [65].

A logical extension of moving or trapping a particle on a straight waveguide is to split the
waveguide into two output ports to form a Y-junction. By simply adjusting the input-
coupling fiber positions to differentiate the power between the output ports, 6 mm
polystyrene particles can be trapped by the input waveguide and routed to the preferred
output port with higher guided power [66]. Moreover, 1 x 2 splitters have also been
implemented using multimode interference (MMI) waveguides [67, 68]. Here, the power
ratio between the two output ports can be tuned by wavelength and various particle splitting
ratios were observed [69, 70]. Another clever way to transfer power, and concomitantly
microspheres, between waveguides is to place two waveguides in close proximity. Optical
power is then evanescently coupled back and forth between the input-waveguide and the
coupled waveguide. By the proper design of the coupling gap and coupling length, one can
achieve different output power ratios. Optical manipulation and lateral transfer of 10 mm
polystyrene spheres was achieved on such a waveguide-based directional coupler using the
gradient force across the small gap at a certain interaction length [70]. Because the coupling
length also depends on the input laser wavelength, the coupling transfer efficiency can again
be controlled by tuning the input laser wavelength. By introducing a structural perturbation
near the junction of the coupling region, microparticle sorting on directional couplers was
demonstrated [71].

The transfer of optical powers via close proximity of two waveguide structures can be
extended to microring resonators coupled to a bus waveguide. Microresonators are attractive
because they can store strong cavity fields, which result in stronger gradient and scattering
forces. Thus, the field enhancement inside the resonator can enable efficient optical
manipulation while keeping the input laser power relatively low. Microresonators can also
greatly expand the functionalities of waveguide-based microparticle/nanoparticle routing and
sorting. The first planar resonator-based optical manipulation was reported by Mandal et al.
[72] using a photonic crystal cavity in 2010. A schematic view and a scanning electron
microscopy (SEM) image of this seminal structure are shown in Figure 3A.

Photonic crystal cavities are formed by introducing well-defined defects into waveguiding
slabs whose RI is modulated by a group of submicron-scale periodic air holes. The defects
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in the photonic crystal act as optical resonators or cavities by creating a pass-band in the
photonic band gap. Small mode volume with large optical field enhancement can be
achieved inside the cavities. The photonic resonator can be evanescently coupled to a single-
mode waveguide. In this example, resonators and waveguides were fabricated from 250-nm-
thick silicon on silicon-on-insulator wafers using electron beam lithography. Light was
coupled into the bus waveguide using an infrared erbium-doped fiber amplifier. The fluidic
interface was provided by bonding PDMS microfluidic channels (120 pm wide and 5 pm
tall) to the chips using plasma treatment and controlling fluid flow via syringe pumps.

When the photonic crystal cavity is resonant with the optical wavelength, a strong standing
wave is formed inside the cavity, which provides a 3D stationary potential well to confine
microparticles/nanoparticles, as shown in Figure 3B, indicating maximum optical (gradient)
forces on the 1D resonator. Figure 3C shows the example of a trapped 500 nm polystyrene
microsphere. The input light is initially tuned to the resonant wavelength, causing a particle
to move along the waveguide. When it reached the resonator, the lateral gradient force pulled
it toward the resonator center. This demonstration showed the integration of nanofabricated
waveguide structures with a microfluidic environment and the use of optical trapping for the
subsequent identification or analysis of a microscale or nanoscale particle down to 48 nm
size.

Large biological bacteria such as Bacillus subtilis and Escherichia coliwere successfully
trapped using a different kind of 1D silicon photonic crystal cavity [73]. With similar design
on an SiN platform using 1064 nm laser wavelength, 22-nm-sized polymer particles were
trapped steadily [74]. More recently, trapping of submicron-sized particles was demonstrated
using 2D hollow photonic crystal cavities on a patterned silicon substrate [75]. This
approach also allowed for detecting the presence of a particle in the trap by monitoring the
resonance wavelength of the device.

Circular and disk-shaped resonators are even more popular in silicon photonics than linear
photonic crystal resonators [76—80]. The spectral selectivity and field enhancement inside of
the resonators enable microresonators to be a versatile and powerful building block for
tunable optical manipulation devices/circuits. For example, a microring resonator on
resonance provides the same trapping capability as the linear input bus waveguide but with
an order of magnitude lower input laser power [30]. Microparticles trapped on the ring
resonator traveled around the microring at hundreds of micrometers per second, producing
periodic revolutions at a few hertz with highly accurate positioning. By coupling a
microresonator to two bus waveguides, more elaborate three-port particle manipulation
devices such as an add-drop filter have been realized [81, 82]. Alternatively, multiple
resonators with different resonance frequencies can be used to route and store dielectric
microparticles on different microrings [83].

Microdisk resonators whose surface comprises the entire disk provide a wider trapping area
than a microring, possibly allowing for parallel processing in optical manipulation.
Microdisk resonators usually support multiple whispering gallery modes (WGM), which
exhibit multiple mode-field maxima (MFM) along the radial direction, resulting in multiple
tracks for particle trapping [84]. Most recently, researchers have begun using the trapping
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approaches that were developed using inorganic microparticles for the active manipulation
of biological objects such as nucleic acids [85], bacteria [86], and proteins [87].

The second conceptual approach to optofluidic particle manipulations is based on the use of
hollow-core or liquid-core waveguides to guide light and particles through the same channel.
This has the advantage that particles experience the full intensity of the optical field over
extended distances. Here, the main challenge lies in creating efficient optical confinement in
a low-index nonsolid core and developing an interface to deliver light and liquid to the
interaction region. A number of liquid-core waveguide types including leaky waveguides
[88], porous cladding waveguides [89], slot waveguides [90], liquid-liquid [91], and liquid-
air waveguides [92], hollow-core photonic crystal fibers (HC-PCF) [93], and liquid-core
antiresonant reflecting optical waveguides (LC-ARROWS) [94-96] have been developed for
this purpose.

The earliest demonstration of moving a particle inside a waveguide was reported in 1995 by
Renn et al. [97] who used a laser guided through a hollow core fiber to move rubidium (Rb)
atoms along the interior of the fiber. The propulsion along the fiber was due to the scattering
force, whereas the atoms were drawn to the center of the waveguide by the gradient force
generated by the guided optical mode. In 2007, Mandal and Erickson pushed 3 pm
polystyrene beads in a liquid-core PCF with a core diameter of 20 um. By shining a 488 nm
argon laser upward particles could be stopped by balancing gravity with the scattering force
and the gradient force due to fiber loss [98]. Over the past decade, several approaches to
trapping particles in liquid-filled channels were developed, starting with a dual-beam trap
made from opposing diverging beams that cross a fluidic channel in between solid
waveguides [99]. In 2009, gradient force-induced trapping of 75 nm polystyrene beads and
L-DNA into nanoscale slot waveguides was reported [100]. Several methods for particle
manipulation were proposed and demonstrated in LC-ARROWS in which the optical
confinement in a low-index liquid is created using dielectric layers of alternating materials
that are antiresonant, i.e. highly reflective, for the transverse wavevector component of a
propagating mode [101]. These examples are illustrated in Figure 4, where blue channels
depict the liquid-core waveguides in which particles are being physically manipulated and
gray and green colors indicate solid-core waveguides interfacing with these channels.

A single beam in the liquid-core channel exerts a scattering force along the propagation
direction and gradient forces toward the center of the confined mode. This allowed for
efficient transport of 1 mm dielectric spheres in the channel and the extraction of the
waveguide loss and mode profiles (Figure 4A) [102]. If two opposing beams are used as
shown in Figure 4B, a loss-based dual-beam trap for the confinement of single [103] or
multiple [104] particles is created. Orthogonally intersecting optical beams can also be used
for confining a particle [105]. The on-chip equivalent of an electro-optical (ABEL) trap
[106] is created if fluorescence is excited via two offset intersecting solid-core waveguides
similar to Figure 4B and then used to identify the direction of particle movement in the
channel. Subsequently, an electrical voltage can be used to apply electrical forces that
compensate for the particle drifting away from the waveguide intersection region. This was
demonstrated using dielectric spheres as small as 100 nm and single £. colibacterium.
Using a wide MMI waveguide, multiple trapping spots can be created in the fluidic channel
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(Figure 4C). This was used to trap multiple 3 mm polystyrene particles simultaneously and
to deliberately move a particle between trapping locations by modulating the trapping spot
location with the wavelength of the trapping beam [107]. Finally, highly efficient
microparticle sorting was demonstrated in the H-shaped liquid-core channel layout shown in
Figure 4D [108]. In this case, balancing the size-dependent optical force with an
independent flow speed provides good selectivity.

Recently, Bellini et al. [109] fabricated an optofluidic-fused silica glass-based chip using a
femtosecond laser to trap and stretch a single red blood cell (RBC). The chip featured two
optical waveguides that intersect with a microfluidic channel. The trapping and stretching
was done with a 1070 nm laser coupled into a fiber and then split between the two
waveguides. Each side’s power can be independently tuned by adjusting variable optical
attenuators that allow the cell position to be changed. Cell elongations up to 25%, which
exceed the elastic limit of the cell, were achieved.

5 Optofluidic biosensing

As discussed above, biosensing is the largest application area for optofluidic devices at the
moment, focusing on the detection and identification of biological targets or parts thereof
[110]. Initially, only imaging using an optofluidic microscope was considered as a
biosensing application [5]. Interest quickly spread to biomarker detection on the cellular and
molecular level particularly because of the natural overlap and synergy with the lab-on-chip
community, which focused predominantly on the miniaturization of sample preparation and
nonoptical sensing modalities.

A lot of initial activity developed around surface-enhanced Raman scattering (SERS)
analysis in which the wavelength shift of photons due to inelastic scattering from
characteristic molecular vibrations is detected [111-114]. Recent activities in this field
include the development of nanoporous SERS microsystems [115], inkjet printed SERS
substrates [116], and point-of-care detection and real-time monitoring of drugs with an
integrated SERS sensor [117].

A second area to which significant efforts have been devoted is the development of surface
plasmon resonance (SPR) sensors [118] and other plasmonic devices. Generally, these
devices rely on detecting wavelength shifts in narrow SPRs upon binding of a target analyte.
If this binding process is target specific, identification can take place without a fluorescent
label. Commercial SPR instruments for applications in antibody detection, binding kinetic
analysis, or epitope mapping exist (e.g. GE Biacore), but they typically rely on prism-based
approaches (Kretschmann configuration) to optically excite surface plasmon polaritons
(SPP), which is not ideal for miniaturization and low-cost production. Recently, numerous
optofluidic implementations of this principle for the detection of viruses and other targets
have been demonstrated [119-129]. One recent example that elegantly combines
nanophotonic principles with biological sample analysis is an interferometric biosensor that
relies on a nanostructured slit-groove design in which alternating slits and grooves (~100 nm
width and 70 nm depth) are defined by a focused ion beam in a 350-nm-thick silver film on
a glass substrate (Figure 5A) [130]. When illuminated from the bottom with TM-polarized
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light, SPPs are launched at the slit and propagate toward the grooves. Light reflected from
the grooves interferes with light directly transmitted through the slit as shown in Figure 5B.
The transmission intensity that is produced based on this interference depends sensitively on
the RI on the surface, which changes based on target adsorption. This approach is ideal for
creating small footprint sensors. The device was successfully applied to detect proteins, as
illustrated by the anti-BSA to BSA binding on the surface in Figure 5C.

Resonance linewidths as low as 7 nm and an RI resolution of 10~ RIU were achieved.
Moreover, an array of these sensors was used to implement real-time multiplex sensing.
Moving increasingly toward instruments that are viable in the field, Cetin et al. [131]
recently reported a handheld device that uses plasmonic microarrays coupled with a lens-
free imaging system for high-throughput multiplex protein detection. Additional future
possibilities arise from the combination with more sensitive materials as illustrated by the
recent demonstration of protein monolayer detection relying on the tight light confinement
in graphene membranes [132].

Biosensing modalities such as SERS and SPR that are based on surface-bound optical
techniques have shown to be sensitive, but they do not usually reach the single biomolecule
limit, except in extreme cases requiring extraordinary fabrication and calibration precision.
One way to reach this ultimate sensitivity limit is to use wide-field imaging-based methods,
where the optical readout path is not integrated on the microchip but incorporated with
standard, even portable, imaging systems such as smartphone cameras [51, 133]. More
broadly, due to its ubiquity and built-in imaging features, the smartphone has been emerging
as a desirable component of a handheld optofluidic analysis system. Other examples include
rapid blood analysis [50], a diagnostic test reader platform [52], and a high-throughput
instrument for the detection of single HIN1 viral particles [134]. Figure 6 shows a
particularly powerful, recent approach that involves the use of biocompatible wetting films
to form liquid nanolenses by self-assembly. In this case, liquid nanolenses are formed by a
biocompatible buffer liquid that assembles around nanoparticles and is stable for more than
1 h. With their help, individual nanoparticles can be identified by light scattering as the
nanolens acts as a spatial phase mask that produces a holographic diffraction pattern. Figure
6A shows the holographic image produced by individual HLN1 viruses on the surface of the
lens array selected from a large (20.5 mm?2) image. The signal can be further processed using
a phase reconstruction algorithm to yield the location of the viruses with high accuracy as
seen in Figure 6B. This illustrates how effective signal processing algorithms can produce
images with quality comparable to standard, bulk microscopy equipment.

The utility of smartphone-based portable system is now being put to the test. In 2014, Jiang
et al. [53] reported the integration of solar-powered polymerase chain reaction (PCR)
amplification for nucleic acid detection with microfluidics to minimize the need for external
power sources in the field and/or low-resource settings. Figure 6C shows a photograph of
this portable system and its components, including the microfluidic chip on which the PCR
process is implemented and the smartphone used for optical analysis. Figure 6D shows
simulations of the temperature distribution across the microfluidic channel disk, which
shows that the temperature range required for implementing all steps of a PCR cycle can be
reached over only 1.5 cm. It was also shown that a standard cell phone battery was able to
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provide up to 70 h of power to the system, which was successfully used to detect herpesvirus
in skin biopsies via smartphone-based fluorescence detection.

Methods based on the specific binding of a target analyte to a surface are common but do
face some challenges in the context of miniaturization. These include insufficient limit of
detection due to the ineffective transport of target particles to the binding sites, nonspecific
binding, limited dynamic range, and surface deterioration. If optical readout is desired,
typically the evanescent field penetrating from a solid waveguide surface into the analyte
space must be used, which is inherently inefficient. Optical sensing of biomarkers with both
high sensitivity and wide dynamic range can be accomplished by detecting targets in flow,
similar in spirit to a flow cytometer for the investigation of cells by light scattering,
fluorescence, and absorption as they flow by one or more laser sources. This approach all
but eliminates the challenges described above. An intermediate step between flow- and
surface-based optofluidic biosensing is the OFRR [113] — a glass capillary through which
analytes can flow and whose walls sustain WGM. These ring resonator frequencies can be
monitored with an adjacent optical fiber and indicate target binding or proximity to the
capillary surface via a spectral shift. Low limits of detection and large, strongly sublinear
dynamic range for bacteriophage detection were demonstrated. Another recent example for
semi-integrated, capillary-based analysis in flow is the detection of 20 nm dielectric particles
and single, 26 nm cowpea chlorotic mottle virus (CCMV) virions in single-mode silica fiber
having a subwavelength, nanofluidic channel by illuminating the targets along the fiber and
collecting scattered light with an objective from the side [135].

A complete transition to on-chip flow-based optical biosensing calls for the use of
integrated, planar waveguides for light delivery and/or collection. As early as 2004, Lien et
al. [136] reported the development of monolithically integrated buried-channel waveguides
for exciting dielectric microspheres in a fluidic channel followed by reports of their use for
microbead detection in an array arrangement for enhanced signal-to-noise ratio (SNR) [137].
Subsequently, Bliss et al. [138] demonstrated the fabrication of PDMS waveguides for
electrophoretic separation and detection of a BK virus PCR product on an optofluidic chip.
Over the past few years, a number of liquid-core waveguide types have been constructed that
allow for efficient optical interactions and light guiding in the fluidic channels themselves.
Specifically, hollow-core ARROWS have been developed [139, 140]. Alternating dielectric
layers surrounding a nonsolid core can enable low-loss light propagation by choosing the
appropriate thicknesses for light confinement [101]. These hollow-core ARROWS can be
interfaced lithographically with standard solid-core ARROWSs to form 2D photonic networks
for advanced biosensing [140, 141]. The single particle fluorescence detection can be
reached because intersecting ARROWS create optical excitation/detection volumes on the
order of ~10 fl, slightly larger than that of commercial scanning confocal microscopes [142—
144]. This concept is illustrated in Figure 7A, where a beam guided by a solid-core
waveguide (light gray) is shown to cross a fluidic channel, exciting targets that are flowing
through this optical excitation region.

In addition, multiple steps to optimize light transport and interfaces were taken, including
the use of low fluorescent cladding materials [145], thermal annealing of the chips [146],
and optimization of waveguide intersection regions [147]. As a result, this approach has
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recently enabled digital detection, i.e. direct counting, of single biomarkers such as viral
nucleic acids and whole virus particles. Strain-specific detection of nucleic acids from Zaire
Ebola virus from clinical samples has been demonstrated in optofluidic ARROW chips with
a limit of detection of 0.2 pfu/ml and a dynamic range of 13 orders of magnitude (Figure
7B) [49]. This suggests the possibility to eliminate the need for nucleic acid amplification
altogether with its requirements on sample processing, reagents, and potential error sources.
Moreover, ARROWS were recently shown to enable a new multiplexing technique with
enhanced SNR based on wavelength division multiplexing [148]. Using a multimode
interferometer waveguide [31, 68] section to intersect the fluidic channel, color-dependent
spatial excitation patterns are generated that lead to multipeak signals in the time domain as
a fluorescent target flows past this excitation region. Figure 7C shows a schematic
illustration of this excitation configuration along with the excitation patterns created by three
colors in a dye-filled channel, showing 6, 7, and 9 spots, respectively. This transformation of
spectral information into a spatial pattern allows to distinguish multiple targets labeled with
different (combinations of) dyes by the number and spacing of the peaks in the detected
signal (Figure 7D). This technique was able to discriminate between three influenza
subtypes with single virus sensitivity and can be extended to creating different spot patterns
in multiple fluidic channels for increasing throughput or the level of multiplexing. The fact
that MM waveguides result in well-defined spot patterns with equal distances allows for
taking advantage of the SNR enhancement techniques that have been demonstrated using
well-defined spot patterns [136, 149, 150]. Essentially, the fact that the temporal signal
created by a target particle is determined by the physical spot pattern allows for signal
processing methods to be applied to the detected time trace. The efficiency of this approach
for MMI-based particle detection on an ARROW chip and exponential SNR improvement
with the number of spots was recently demonstrated [148, 151]. Planar integration of the
optical elements required for sensing has additional advantages, particularly in the context of
hybrid integration. Silicon-based ARROW devices have successfully been combined with
PDMS microfluidic chips to incorporate sample processing steps as described above [44-46,
49]. Moreover, their capabilities have also been expanded toward dual electro-optical
detection of single nanoparticles by incorporating solid-state nanopores on the same chip.
Nanopore-based electrical sensing is one of the leading candidates for next-generation
sequencing and relies on the identification of a target particle based on the change in ionic
current it creates as it passes through a nanoscale opening in a membrane [152]. Nanopores
in solid-state membranes such as SiN have the advantage that their size and shape can be
defined over a wide range and thus adapted to a specific nanoparticle. Successful integration
of a nanopore in a silicon-based ARROW chip was demonstrated a few years ago, but
recently this approach was combined with the aforementioned single particle optical
detection to implement dual-mode correlated sensing of individual nanoparticles such as
DNAs and virus particles [153-155]. This shows that optofluidic biosensing can be
integrated and advanced further by adding other detection modalities. Finally, it has recently
been shown that both micro-valve-based particle handling and optical sensing can be
combined in a single PDMS chip relying on lifting-gate valves and integrated waveguides
[156]. This allows for taking advantage of the flexible nature of PDMS to create
reconfigurable photonic elements such as MMIs and for designing the microvalves
themselves as movable waveguide segments. Such “lightvalves” may form the basis of
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future, large reconfigurable optofluidic systems in the spirit of the original vision for the
field.

6 Outlook

We have reviewed the current state of optofluidics in the context of the field’s relatively
young history. The field initially focused on demonstrations of canonical photonic devices
that incorporate and take advantage of nonsolid media to provide reconfiguration. Most
photonic elements can be implemented using an optofluidic approach, although an
electrically pumped, chip-scale optofluidic laser source has remained elusive. Much of the
current research focuses on ever closer connections between optical devices and biological
substances as well as on the commercialization of proven optofluidic approaches to
biological and chemical sensing. The full integration of sensing and sample preparation
steps in a single system has taken center stage, be it via hybrid integration of dedicated chips
or by developing interfaces with a full-fledged instrument such as a smartphone. In the
future, even more advanced integration, particularly with integrated electronic circuits for
the control of the optofluidic system and reporting and analyzing its output, is sure to come
into focus. In recent years, optofluidic devices and instruments have started making their
way into commercial products, mostly via startup companies. As these products mature, a
clear-cut comparison to established products that are not only defined by their underlying
technology but also other constraints such as packaging and fabrication costs will emerge.
At the same time, new research ideas for uniting photonics and microfluidic are coming to
the fore, ensuring lasting vibrancy and excitement.
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Figure 1.

Bioinspired optofluidic laser sources.

(A) Left: schematic view of DFB laser with vitamin-doped gelatin layer as active medium;
right: corresponding lasing spectrum (inset: L-I curve) showing single-mode emission under
optical pumping (after [24]). (B) Left: schematic view of optically pumped “blood laser”
realized in OFRR illustrating components in serum (GLB, globulins; HAS, human serum
albumin; ICG, active dye medium; WBC, white blood cells); right: corresponding L-I curve
under optical pumping (after [27]).
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Figure2.
Optical forces on dielectric particle generated by a Gaussian beam.

For typical conditions (the particle index is larger than that of surrounding medium), the
beam generates a scattering force Fg along the light propagation direction and a gradient
force Fg pulling the particle toward the high-intensity regions.
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Figure 3.
Photonic crystal resonator for on-chip particle trapping.

(A) Schematic (top) and SEM (bottom) of 1D optofluidic photonic crystal resonator. (B) 3D
FEM simulation showing strong field confinement within the 1D resonator cavity (red color
indicates large forces). Black ARROWSs: direction and magnitude of the optical forces. (C)
500 nm polystyrene particle (yellow circle) trapped on top of the waveguide [72].
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Figure 4.
Schematic of liquid-core ARROW chips: (A) used for pushing [101], (B) used for trapping

and detection [102], (C) used for multiparticle trapping [107], and (D) used for sorting
[108].

Blue channels indicate liquid-core waveguides carrying microscale and nanoscale particles
and gray/green channels show solid-core waveguides.
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Figureb.
Plasmonic biosensor [130].

(A) Schematic of the plasmonic interferometer based on nanoscale slits and grooves in silver
film. (B) Side view of the interferometer structure showing interference between directly
transmitted light and surface plasmons reflected at grooves to create index-dependent
transmission signal. (C) Time-dependent sensor response upon BSA adsorption to the sensor
surface and subsequent specific protein binding between BSA and anti-BSA.
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Figure®6.
Lensfree pixel super-resolved holographic detection of individual influenza A (H1IN1)

viruses.

(A) Lensfree super-resolved holographic image and (B) lensfree phase reconstruction (after
[134]). (C) Bench-top component for solar-assisted PCR holding lens, PCR chip, and a
rotational stage. (D) Simulations showing thermal profiles across microfluidic disk for
carrying out PCR (after [53]).
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Figure7.
Optofluidic bioanalysis with liquid-core ARROW devices.

(A) Schematic view of the intersection of liquid- and solid-core waveguides in which target
particles are excited by a traversing optical mode in a femtoliter volume. (B) Concentration-
dependent detection of single viral nucleic acids on ARROW chip with high specificity
(inset: top-down view of chip layout; adapted from [48]). (C) Optofluidic wavelength
division multiplexing: MMI waveguide creates multispot pattern in fluidic channel; bottom:
experimental observation of distinct spot patterns at three different wavelengths. (D)
Multiplex detection of three influenza subtypes using MMI multispot excitation; each trace
originates from a single virus particle (after [148]).
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