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This report describes the manipulation of light in waveguides that
comprise a liquid core and a liquid cladding (liq/liq waveguide).
These waveguides are dynamic: Their structure and function de-
pend on a continuous, laminar flow of the core and cladding
liquids. Because they are dynamic, they can be reconfigured and
adapted continuously in ways that are not possible with solid-state
waveguides. The liquids are introduced into the channels of a
microfluidic network designed to sandwich the flowing core liquid
between flowing slabs of the cladding fluid. At low and moderate
Reynolds numbers, flow is laminar, and the lig/liq interfaces are
optically smooth. Small irregularities in the solid walls of the
channels do not propagate into these interfaces, and lig/liq
waveguides therefore exhibit low optical loss because of scatter-
ing. Manipulating the rate of flow and the composition of the
liquids tunes the characteristics of these optical systems.

his report describes the design and operation of a waveguide,

an optical switch, and an evanescent coupler in which both
the light-guiding and cladding structures are liquids flowing at
low Reynolds number (Re =~ 5-500) (1) in microchannels
fabricated in poly(dimethylsiloxane) (PDMS). The liquid/liquid
interfaces in these systems [liquid-core/liquid-cladding (liq/liq)
waveguides] are optically smooth at low Re flow; modest rough-
ness in the PDMS channel walls has little effect on the quality of
this interface. We estimate that the optical loss because of
scattering at the liq/liq interface is <1 dB/cm, A = 400-1,100
nm; this estimate is similar to losses observed in polymer and
inorganic planar optical waveguides (2). Because the dimensions
of the waveguiding region (i.e., the liquid core) in the flowing
liquid streams are smaller than the dimensions of the channel
and because the roughness of the edges of the channel does not
degrade performance, liq/liq waveguides can be fabricated easily
and rapidly in organic polymers by using the convenient tech-
niques of rapid prototyping (3-6). Here we demonstrate the
operation of liq/liq waveguides and show that their properties
can be changed by manipulating the rate of flow and/or the
composition of the liquids they comprise. We believe that these
systems provide the basis for a tunable class of optical devices.
We (7) and others (8-15) have prepared and characterized
liquid-core/solid-cladding waveguides in solid [glass (8, 12, 13,
15) or polymeric (9-11, 14)] microchannels. Liquid-core
waveguiding is commonly used to increase the length of the
optical path (and thus the sensitivity) of chip-based spectro-
photometers (15, 16). Solid-core/liquid-cladding waveguides
have been prepared by pumping fluid through air holes within
the cladding layer of optical fibers (17-19) and by integration
of bare fiber cores with liquids contained in microfluidic chan-
nels (20, 21). Although all of these configurations are useful,
they allow reconfiguration of the optical properties of the system
(e.g., the contrast in refractive index between core and clad-
ding, the geometry of the channels, and the pattern of optical
characteristics of core and cladding) only in limited ways.
Liq/liq waveguides have been fabricated by using the flow
of liquids from concentric glass capillaries into a single, large
glass capillary (22). This method is not applicable to complex
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fluidic systems because it is difficult to change the geometry of
the capillary and to form two or more lig/liq waveguides
simultaneously.

We believe that lig/liq waveguides in PDMS microchannels
have five useful properties. (i) The optical (e.g., refractive index,
absorption, and fluorescence) and physical properties (e.g.,
magnetic susceptibility and electrical conductivity) of both of the
core and the cladding of the waveguides can be changed readily,
continuously, and independently by introducing different fluids.
(i1) Dopants used to control optical properties (e.g., laser and
fluorescent dyes) that degrade by photobleaching can be re-
placed continuously in use or used to create transitory or moving
optical structures. (iii) The size of the liquid core can be changed
dynamically to allow switching between single-mode and multi-
mode waveguiding. (iv) The path of the liq/liq waveguide can be
switched without electrical or thermal input by manipulating the
rate of flow of the several independent liquid streams. (v) The
dimensions and optical properties of the cladding can be changed
to couple two or more cores optically; this ability is the basis for
a fluidic evanescent coupler. To our knowledge, these properties
provide a unique level of tunability of liq/liq optical waveguides.

Materials and Methods

We used deionized water (nq = 1.335) as the cladding and an
aqueous solution of CaCl, (5 M, nq = 1.445) as the core of the
liq/liq waveguide for three reasons. First, water does not swell
PDMS (23) and thus does not affect the mechanical properties
of the PDMS or the dimensions of the microfluidic channels.
Second, the refractive index of the core fluid is greater than
PDMS (nq = 1.40), and thus light will not escape from the liquid
core if it comes close to the walls of the channel. Third, the
interface between the core and cladding fluids is smooth at low
rates of flow.

We fabricated the required microchannel systems in PDMS by
using standard procedures (Fig. 1 A-C shows a representative
design) (6). The height of all of the channels used in these
experiments was ~100 wm. The channels were designed to allow
light from an optical fiber to couple easily into and out of the
liq/liq waveguides. The light from an optical fiber was end-
coupled into the guiding liquid before the cladding liquids were
introduced. The refractive index of PDMS is less than that of the
CaCl, solution (core fluid), and thus the PDMS acts as a cladding
layer for the liquid waveguide in this region of the microfluidic
channel (see the supporting information, which is published on
the PNAS web site). The guided light exits the liq/liq waveguide
when the core fluid is forced to turn by 90° with a radius of ~0.5
mm (much less than the critical radius) (24). We imaged the light
exiting the waveguide through an optically transparent window
by using a microscope objective and a charge-coupled device

Abbreviations: PDMS, poly(dimethylsiloxane); lig/lig, liquid-core/liquid-cladding; IG, illu-
minated waveguide; CG, coupled waveguide.
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Fig. 1. Lig/lig waveguide systems. (A) Diagram of the design of a mi-
crofluidic channel used in these experiments. (B-C) Detailed diagrams of
the regions of the microfluidic channel in A highlighted by dashed boxes.
(D) Optical micrograph of the lig/liq waveguide in the region in the dashed
box in C. The core fluid has been dyed for visualization purposes only. (E)
Fluorescence micrograph of the same region of the channel as in D. The
visible fluorescence signal has been produced by excitation with a broad-
band deuterium, fiber-coupled light source leaking into the evanescent
field from the core of the waveguide. The dotted lines indicate the location
of the walls of the microchannel.

camera. We also designed channels that have an additional inlet
for an optical fiber at the end of the channel, and used this design
to couple light from the liq/liq waveguide into an optical fiber.
The efficiency of coupling light into a multimode optical fiber
(step-index fiber, numerical aperture = 0.22, dcore = 105 um,
dowter = 125 pm) from the lig/liq waveguide was ~40%. The
coupling efficiency was measured for multimode light coupled
into multimode fibers. We did not characterize the efficiency of
coupling single-mode light into a single-mode fiber. The light
coming out of the liq/liq waveguide remains polarized in the
input direction to ~100:1; this ratio is indistinguishable from the
light in the input fiber (see the supporting information).

The walls of the PDMS microfluidic channel were relatively
rough (i.e., there was obvious roughness with dimensions >5
pm; Fig. 1D). The roughness of the walls changes the shape of
the liquid-liquid interfaces only by changing the cross-
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sectional area of the channel. When the roughness is <5% of
the total width of the channel, its effect is negligible on the
interfaces between the core and cladding fluids. We doped the
cladding fluid with FITC-dextran (I mg/ml) to image the
evanescent field by fluorescence microscopy (Fig. 1E); in this
experiment, the light in the evanescent field excites the
fluorophore contained in the cladding solution. The interface,
as viewed in this image, is smooth. It is also diffuse. Three
factors contribute to this lack of definition. (i) The intensity of
the light emitted, and thus the signal-to-noise ratio, was low;
these conditions resulted in a low-resolution image. (i) The
interface between the liquids was broadened by diffusion of
Ca?* and Cl~ between the core and the cladding. (iif) The
topography of this interface was not vertical to the floor of the
channel but was curved (25). These characteristics prevent the
quantitative interpretation of the thickness and structure of
the interface between core and cladding (without extensive
work by confocal microscopy) (25).

Results

Single-Mode and Multimode Waveguiding. We demonstrated the
ability to switch the waveguiding from single-mode to multi-
mode by adjusting the contrast in refractive index between
core and cladding and the dimensions of the core. The
refractive index contrast (714 core — "d cladding) between the core
and the cladding fluids decreases along the length of the
channel because of diffusive broadening of the interface
between the core into the cladding. We modeled this behavior
for a liquid core of 10-um width and identified rates of flow
for the core {2.5 wl/min; residence time in the channel [the
volume of the fluid in the channel (cm?)/the rate of flow
(cm3/s)], 7 = 0.12 s} and cladding (10 pl/min, 7 = 0.135 s)
fluids that yielded a contrast in refractive index at the begin-
ning of the channel of ~0.1, but <0.002 (over this width) near
the end of the channel (Fig. 24); see supporting information
for these data. For this contrast, single-mode guiding for light
A = 780 nm is possible only for cores with a diameter of <10
pm (26). We have demonstrated a core diameter of ~8 um by
using a tapered design for the microfluidic channel [Fig. 14;
the taper ranges from 300 pm (inlet) to 100 wm (outlet)] (Fig.
2B). We increased the contrast in the refractive index (Ang >
0.002) and the diameter of the core to >10 um by increasing
the rates of flow of both fluids (=5 ul/min (7 = 0.09 s) for the
core and =20 pl/min (7 = 0.06 s) for the cladding) (Fig. 2 C
and D); we expect multimode guiding for these dimensions and
contrasts of the refractive indices (26).

In Fig. 2 B-D, the beam is guided along the bottom of the
channel. This position was caused by the difference in density
between the core fluid (pag. cact, = 1.39 g/cm?) and the cladding
fluid (pu,0 = 1 g/cm?). The use of isodense fluids can minimize
the influence of gravity on the system.

We measured the full width at half maximum of the output light
from a 780-nm laser diode coupled into cores of different sizes (Fig.
2E). The dotted line in Fig. 2D corresponds to diffraction-limited,
single-mode operation reached with a core diameter of 8 um (27);
we estimate that the large cores in Fig. 2 C and D guide ~5 and ~40
modes, respectively (26). These data establish that the rates of flow
of the core and cladding fluids dictate the number of modes of light
carried by the lig/liq waveguides.

Optical Switch. We fabricated a microfluidic system that formed
a lig/liq waveguide and then branched into three separate
channels (Fig. 3). The relative rates of flow of the cladding fluids
determined the path of the core fluid and thus the path of the
light. Large differences (>50%) in the rates of flow of the initial
cladding streams caused deformation of the core stream (i.e.,
bowing and narrowing of the stream at the junction point) and
thus loss of light. We added a separate set of inlets to this channel
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Fig.2. Single-mode and multimode waveguiding. (A) Plot of the calculated
refractive index as a function of distance from the center of the lig/liq
waveguide for three positions along a waveguide of 5 mm in length [i.e., the
beginning (solid line), the middle (dashed line), and the end (dotted line)] for
the rates of flow (residence times) and channel dimensions in B. (B-D) Optical
micrographs of the cross section of the outlet of the microfluidic channel
viewed through the transparent window. The dashed box shows the location
of the cross section of the microfluidic channel. The rates of flow (ul/min) (and
the residence time in seconds) of the core and the cladding (clad) are listed.
The guided light was from a fiber-coupled laser with A = 780 nm. (E) Plot of
the radius (rq/c2) of the beam spot as a function of distance (along the axis of
diffraction) away from the location of the minimum spot size (as imaged
through a microscope objective). The radius of the spot was measured only in
the horizontal plane. The squares correspond to the flow rates in B. The open
circles correspond to the flow rates in C. The triangles correspond to the flow
ratesin D. The dotted line is the theoretical prediction of the diffraction (beam
spreading) of a single-mode beam with a minimum beam waist of 8.5 um.

design downstream of the first set of inlets for the cladding fluids
and used these independently controlled inlets to decrease the
width of the core stream and to “push” the flow of the core fluid
to one of the three outlets without generating sources of optical
loss. This device required ~2 s to switch from one output to
another.
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300 um

Fig. 3. Optical switch. (A) Schematic diagram of the microchannel used for
the optical switch. (B-D) Optical micrograph of the top view of the microfluidic
channels. The core fluid (dyed) makes it easily imaged; the dye is omitted in
use. (E-G) Optical micrograph of the light that exits the liq/liq waveguides at
the end of the channel system. The white arrows and lines represent the
location of the ends of the branches of the microfluidic channel. The core fluid
flowed through the center channel when the rates of flow of the cladding
streams and of the push streams were approximately equal (=100 wl/min); it
moved to a side channel when the rates of flow were different (e.g., one
cladding stream at 50 ul/min and the other at 125 ul/min and one push stream
at 5 ul/min and the other at 175 ul/min). The core fluid kinks slightly at the
beginning of the branches in B and D. We did not observe significant optical
loss at this kink because its radius of curvature is greater than the critical radius
(=1 mm).

Evanescent Coupler. The design for a microfluidic-based evanes-
cent coupler includes two liq/liq waveguides that share an
inner cladding stream (Fig. 4 A and B). Light from an optical
fiber is introduced into one of the liq/liq waveguides; we refer
to this waveguide as the illuminated waveguide (IG). The
width of the inner cladding stream can be adjusted by manip-
ulating the rate of flow of the liquid; when this inner stream
is sufficiently thin (or the value of refractive index contrast is
sufficiently low), the evanescent fields of the two cores overlap
and light transfers from the IG to the evanescently coupled
waveguide [the coupled waveguide (CG)]. We used a microflu-
idic channel design with a narrow section (50 uwm wide; Fig. 4C)
to obtain an inner cladding stream of the appropriate width
(<2 um) to observe efficient coupling. We expanded the
channel downstream from the coupling region to separate the
IG and CG liq/liq waveguides and to simplify the character-
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Fig.4. Evanescent coupler. (A) Schematic diagram of the microfluidic chan-
nel for the evanescent coupler. (B) Schematic diagram of the input region of
the microfluidic channel. (C) Optical micrograph of the coupling region. (D)
Optical micrograph of the end of the channel system where the light escaped
and was imaged. The core fluid in C and D was dyed to make its visualization
easy. (E) Plot of the ratio of the intensity of the light emitted from the coupled
guide (Icg) and the illuminated guide (lig). (Insets) Shown are optical micro-
graphs of the cross section of the output of the microfluidic channels viewed
through the transparent window.

ization of the guided light from each waveguide (Fig. 4D). Fig.
4E shows ratios of the intensities of the light emitted from the
end of the channel from each liq/liq waveguide as a function
of the width of the inner cladding stream. It was difficult to
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maintain an inner cladding stream with a width of <1.5 um
with the microfluidic system used here; thus, we did not
observe complete coupling of all of the light from the IG into
the CG.

We modeled the behavior of this device by using the program
FREEBPM (www.freebpm.com). The refractive index contrast
must be ~0.01 for this device to work at the distances between
liquid cores that were observed. The operation of this device
relies on the fact that diffusion of CaCl, from the core to the
cladding lowers the refractive index contrast in the coupling
region. Simple estimates allow tuning of the rates of flow to
achieve the desired refractive index contrast and thus the extent
of coupling. The controlled use of diffusion of ions or dyes to
adjust the refractive index contrast between flowing streams is
unique to liq/liq optical systems.

Discussion

All-fluidic optical systems have three potentially useful differ-
ences from solid-state waveguides. (i) With liq/liq waveguide
systems, it is easy to obtain small (<10 um) single-mode
waveguides by using pressure-driven flow in large (>100 um)
and easily fabricated channels. Solid-state devices require the
use of high-resolution lithographic tools (laser or electron beam
writers) to generate features with the lateral dimensions neces-
sary for single-mode waveguiding; the microfluidic channels
were written by using a high-resolution printer (28). (if) The fluid
flows at low Re generate an intrinsically optically smooth
interface between the liquid core and liquid cladding. (iii) It is
possible to change the properties of the liquid core and liquid
cladding to alter the properties (e.g., the geometry) of the
waveguide.

The disadvantages of the liq/liq systems include (i) the
constant supply of fluids necessary for both the cladding and the
guiding streams (a supply of 250 ml is necessary to run one
stream at 175 ul/min for 24 h); (if) the mechanical stability is
lower than solid-state waveguides; (iif) the inability (using water
and PDMS) to guide light of the wavelengths (A = 1,300-1,600
nm) used in telecommunications applications because of large
absorptive losses in both the fluid streams and in the PDMS; (iv)
the response time of the pressure-based changes in the geometry
of the guides (i.e., speed of optical switching; ~0.1 Hz) is much
slower than switching in conventional planar waveguides (~1-
100 GHz). Many applications of waveguides in optical sensing,
fluorescence microscopy, and bioassays often do not require
high-speed switching.

The performance of the liq/liq waveguides can, in principle,
be optimized continuously by using feedback to change in real
time the rates of flows of the liquid components. The size of the
beam is important for spatially sensitive measurements, such as
illumination of a single cell in a microfluidic channel. The mode
structure of the beam is important to achieve optimum signal-
to-noise ratios. Additional optics (e.g., lenses or pinholes),
therefore, are necessary to shape the beam within solid-state
waveguides. We believe that optical devices based on this
methodology may be useful for on-chip analysis devices that use
optical excitation and detection because it is relatively simple to
change the characteristic (i.e., intensity, shape, and location) of
the beam spot.

This system provides a strategy for the fabrication of tunable
optical devices that have a level of reconfigurability that is
difficult, if not impossible, to obtain with solid-state
waveguides.

We thank J. Christopher Love, Dmitri Vezenov, and James Carey for
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fluidic Integration at the Defense Advanced Research Projects Agency
and a postdoctoral fellowship from the Foundation for Polish Science
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