o
&
S
&
<
S
8
a
E
e
8
@
o
=
S
B
2
=3
3
3
3
<]
=
g
o
g
=
8
I
@
o
©
o
8
°
8
k-l
8
S
=
H
8
a

CrossMark
& click for updates

Optofluidic wavelength division multiplexing for

single-virus detection

Damla Ozcelik®", Joshua W. Parks®', Thomas A. Wall®, Matthew A. Stott®, Hong Cai®, Joseph W. Parks",

Aaron R. Hawkins®, and Holger Schmidt®2

2Department of Electrical Engineering, University of California, Santa Cruz, CA 95064; ®Department of Electrical and Computer Engineering, Brigham Young
University, Provo, UT 84602; and “Department of Chemistry and Biochemistry, University of California, Santa Cruz, CA 95064

Edited by David A. Weitz, Harvard University, Cambridge, MA, and approved September 16, 2015 (received for review June 17, 2015)

Optical waveguides simultaneously transport light at different colors,
forming the basis of fiber-optic telecommunication networks that
shuttle data in dozens of spectrally separated channels. Here, we re-
imagine this wavelength division multiplexing (WDM) paradigm in a
novel context—the differentiated detection and identification of single
influenza viruses on a chip. We use a single multimode interference
(MMI) waveguide to create wavelength-dependent spot patterns
across the entire visible spectrum and enable multiplexed single bio-
molecule detection on an optofluidic chip. Each target is identified by
its time-dependent fluorescence signal without the need for spectral
demultiplexing upon detection. We demonstrate detection of individ-
ual fluorescently labeled virus particles of three influenza A subtypes
in two implementations: labeling of each virus using three different
colors and two-color combinatorial labeling. By extending combinato-
rial multiplexing to three or more colors, MMI-based WDM provides
the multiplexing power required for differentiated clinical tests and
the growing field of personalized medicine.

integrated optics | optofluidics | single-virus detection | biosensing |
multimode interferometer

he ability to overlay multiple electromagnetic waves in the

same physical space by virtue of linear superposition is ar-
guably at the root of modern communication as we know it.
Originally implemented in the radiofrequency regime, this
wavelength division multiplexing (WDM) principle was trans-
ferred to optical wavelengths in the visible and near-infrared
range, which can be carried by a single, low-loss silica fiber (1).
Auvailable in both coarse and dense varieties, terabits of data are
now shuttled between a source and their destination using any-
where from 4 to over 100 wavelengths (2, 3). Here, we transfer
the WDM principle from data communications into a different
realm, that of chip-based biomedical analysis, where much can
be gained by superimposing multiple colors in an optical wave-
guide, albeit for different reasons.

First, one of the key requirements for diagnostic test panels,
aside from high sensitivity and specificity, is the ability to multiplex,
i.e., detect and identify multiple biomarkers simultaneously. A
standard influenza test, for example, simultaneously screens for
eight pathogen types, enabling differential diagnosis of diseases
with similar early symptoms (www.questdiagnostics.com/testcenter/
testguide.action?dc=TS_RespVirusPanel). Current gold-standard
techniques for nucleic acid and protein detection such as PCR and
ELISA use fluorescent organic dyes as a means of signal reporting
(4). Optical detection, by fluorescence or “label-free,” is extremely
sensitive, allowing for single-molecule and even single-dye de-
tection under appropriate conditions (5-11). The availability of
over a dozen dyes across the visible spectrum opens the door to
implementing the desired multiplexing capability with multiple
dyes, i.e., spectral channels (12-14). Secondly, diagnostic tests are
rapidly transitioning toward integrated laboratory-on-chip plat-
forms on which small volumes of biological or chemical samples
can be rapidly analyzed. The WDM principle of routing all spectral
channels through the same physical space is, therefore, ideal for
increasing compactness of an analytic| device. Finally, chip-scale

Www.pnas.org/cgi/doi/10,1073/pnas. 1511921112

integration has recently been advanced by the advent of optofluidic
devices in which both fluidic and optical components are minia-
turized in the same system (15-17).

Here, we implement WDM on an optofluidic platform for on-
chip analysis of single influenza viruses. In place of silica fiber as
the physical carrier, we create a single waveguide structure that
combines multiple spectral channels for fluorescence excitation of
biological targets. Instead of temporally modulating each channel
to transport information, we use this waveguide to produce
wavelength-dependent spatial patterns in an intersecting fluidic
channel. The spatial encoding of spectral information then allows
for direct identification of multiple labeled targets with extremely
high sensitivity and fidelity. The technique is demonstrated in two
implementations for direct counting and identification of indi-
vidual virus particles from three different influenza A subtypes—
HINI1, H2N2, and H3N2—at clinically relevant concentrations.

Results

Optofluidic WDM with MMI Waveguide. Fig. 14 schematically shows
the principle of WDM fluorescence detection on an optofluidic
chip. A wide solid-core optical waveguide acts as an MMI wave-
guide in which numerous waveguide modes with different propa-
gation constants interfere as they propagate along the structure
(18). At propagation distances where the relative phases of these
modes match up correctly, well-defined images (spot patterns),
including self-images of the original input mode, are created. Here,
we design the MMI such that a fluidic microchannel intersects the
waveguide at a position that corresponds to a well-defined, integer
number of spots for multiple wavelengths. Fig. 14 shows the
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The ability to simultaneously detect and identify multiple bi-
ological particles or biomarkers is one of the key requirements
for molecular diagnostic tests that are becoming even more
important as personalized and precision medicine place in-
creased emphasis on such capabilities. Integrated optofluidic
platforms can help create such highly sensitive, multiplexed as-
says on a small, dedicated chip. We introduce a method for
multiplex fluorescence detection of single bioparticles by creat-
ing color-dependent excitation spot patterns from a single in-
tegrated waveguide structure. Detection and identification of
individual virus particles from three different influenza sub-
types are demonstrated. The principle can be readily applied to
amplification-free detection of nucleic acid biomarkers as well as
larger target numbers using combinatorial color coding.
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Fig. 1. WDM for single-virus detection. (A) Schematic view of MMI waveguide intersecting a fluidic microchannel containing target particles. Targets are
optically excited as they flow past well-defined excitation spots created by the MMI; fluorescence is collected by the liquid-core waveguide channel and
routed into solid-core waveguides (red). (B) Scanning electron micrograph of MMI-based optofluidic chip. (Inset) Photograph of 1-cm by 1-cm chip, showing
two fluidic reservoirs holding microliters of sample volume. (C) Photographs of multispot excitation patterns created in fluidic channel filled with fluorescent
liquid. The entire visible spectrum is covered by independent channels (405 nm/11 spots, 453/10, 488/9, 553/8, 633/7, 745/6). (The original black and white color
scale was rendered in the actual excitation colors.)

example of six spots for excitation in the dark red (745-nm) spectral
range. A particle labeled for excitation at this wavelength creates
six signal emission peaks that are equally spaced in time as it flows
through the channel at constant speed. Emitted photons are cap-
tured and routed to a detector if the channel also acts as a liquid-
core optical waveguide (19-22). This type of multispot excitation
can be used to significantly enhance the signal-to-noise ratio of a
fluorescence assay (13, 23). The SEM image in Fig. 1B shows the
physical implementation of this concept—an optofluidic platform
that combines solid-core and liquid-core antiresonant reflecting
optical waveguides (ARROWs). The full chip, including fluidic
reservoirs for introducing microliters of sample volume into the
channel, is shown in Fig. 1B (Inset). Using single-mode waveguides,
this platform has demonstrated single-particle fluorescence de-
tection sensitivity, e.g., for viruses (19) and nucleic acids (20).

The true power of the MMI approach, however, is to leverage
the large available spectral bandwidth in a single photonic
structure. This is evident if we consider that the product of spot
number N and wavelength 2 for a specific MMI can be derived
from standard MMI theory (18), given by

ncwz

L >

N-2 (1]

where w is the effective MMI width (here, 100 pm), 7. the ef-
fective refractive index of the MMI (here, 1.46), and L the MMI
length (here, 3.4 mm). This allows us to implement on-chip
WDM by creating physically different excitation patterns simul-
taneously from a single MMI. For the device used in this study,
we were able to produce six well-defined spot patterns across the
visible spectrum using wavelengths ranging from 405 nm (11
spots) to 745 nm (6 spots). Fig. 1C shows all of the excitation
patterns created when the intersecting fluidic channel was filled
with solutions containing fluorescent liquid (a seventh channel at
886 nm with five spots was also observed). The number and
spectral positions of these six channels are a perfect match to
the absorption spectra of commercially available fluorescent dyes
(12). The differences in spot number and spacing are evident and
constitute the basis for a new multiplex pathogen analysis tech-
nique. This multiplexing capability is ultimately limited by the
finite absorption bandwidth of the dye labels which can lead to
channel cross-talk if the absorption spectra overlap. However, six
to seven channels can be used with proper design, enabling de-
tection of dozens of targets using the combinatorial technique
described below.

12934 | www.phas.org/cgi/doi/10.1073/pnas. 1511921112

Multiplexed Single-Virus Detection with Single-Color Labeling. For
the virus detection assays, three deactivated virus types were la-
beled with one or two of the selected fluorescent dyes (for details
see Methods) and up to three of the channels shown in Fig. 1C
were used. The viruses were mixed and a 5-pL aliquot was
pipetted into one of the reservoirs covering the ends of the fluidic
channel (Fig. 1B, Inset). The solution was then pulled through the
channel and past the MMI excitation areas using negative pressure
applied to the second reservoir. Light from up to three lasers was
coupled into single-mode optical fiber and into a single-mode
solid-core waveguide connecting the MMI to the edge of the chip.
The excitation wavelengths (488, 633, and 745 nm) were chosen to
create nine, seven, and six spots, respectively (Fig. 1C).

We implemented two multiplex assays and analyzed them with
two different methods to demonstrate the capabilities of our ap-
proach. For the first assay, each of the three virus types was labeled
with a different dye and all three excitation wavelengths were used.

Fig. 24 shows a representative fluorescence signal F(f) emitted
from a single HIN1 virus at 488-nm excitation, collected along the
liquid-core waveguide channel. Nine distinct peaks are clearly visi-
ble, illustrating both the high quality of the MMI pattern and the
sensitivity of the optofluidic chip to single-virus particles using only
waveguides for excitation and collection. The virus type can be
identified visually by the number of peaks (here, nine), but more
sophisticated analysis algorithms can be applied that are compatible
with rapid and automated signal processing of large numbers of
particles in a clinical setting. For this assay, we used single-particle
autocorrelations for demultiplexing. A virus particle can be de-
tected if its fluorescence intensity exceeds the maximum back-
ground level. This background is due to residual photoluminescence
of the solid waveguide materials, which was minimized by the
choice of cladding materials (Methods). We then set a threshold
level at and above which particles are analyzed to identify the
subtype. This is done by performing an autocorrelation on the single
multipeak signal. The detection threshold was set to 11 cts/0.1ms to
ensure high confidence identification without false positives. Fig. 2B
shows the autocorrelation signal G(z) corresponding to the event of
Fig. 24. As is typical for fluorescence correlation spectroscopy, a
curve with an overall decay due to drift and diffusion is observed
(dashed line) (24). Superimposed on this, however, we observe a
number of distinct peaks that arise at integer multiples of the lag
time At that correspond to the time it takes the particle to travel
between excitation spots. Fig. 2C shows close-ups of the autocor-
relations for each virus type in the region of these cross-correlation
peaks. The drift-induced overall decay seen in Fig. 2B was sub-
tracted from each trace. Corresponding peaks are clearly separated
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Fig. 2. Three-color multiplex virus detection. (A) Representative fluorescence
signal emitted by single HIN1 virus excited at 488 nm showing nine distinct
peaks spaced by Atg. (B) Corresponding single-particle autocorrelation signal.
Multiple peaks are observed at multiples of Atg; dashed line: fit to underlying
flow-limited correlations. (C) Single-particle autocorrelation for three virus
types after subtraction of flow-based contribution. The peak positions depend
strongly on excitation spot number (arrows mark the fifth peak for each virus
type). (D) Segment of fluorescence from virus mixture excited at all three
colors. Events are identified using single-particle autocorrelations. All but one
identified signals (99.2%) agree with manual inspection of events.

(see arrows for fifth peak) and allow for correct assignment of the
virus. By using the delay time for the fifth peaks, we analyzed the
fluorescence trace from a particle mixture over 120 s as shown in Fig.
2D. Note that neither spectral separation nor filtering of the emitted
light was needed. All spectral information was extracted from the
temporally encoded detector signal. The symbols in Fig. 2D indicate
the virus type identified using single-particle autocorrelations. All but
one event (0.8% false positive rate) were correctly assigned as ver-
ified by manual inspection of each signal for peak number and
spacing. Seventy-three events had peak intensities between the
maximum background level and our threshold and were not assigned
to a subtype (false negatives). We note that the individual fluores-
cence signal intensities vary in the form of a Poisson distribution due
to differences in the position of the particles within the waveguide
cross-section (20). This produces variations in the excitation and
collection efficiencies in accordance with the optical mode profiles in
the solid-core excitation and liquid-core collection waveguide (20).
Here, (15 + 2)% of all particles have peak intensities below the
maximum background signal and are not detected, representing a
false negative baseline. The virus concentrations were measured
from the count rates and flow speed (HIN1, 3.2 x 10%mL; H2N2,
2.0 x 10%mL; H3N2, 8.9 x 105/mL). This shows that we were able
to carry out high-fidelity multiplex detection of single viruses at
clinically relevant concentrations (25-28). For the MMI used here
(illuminated volume: 5 pm X 12 pm X 100 pm = 6 pL), limitations
due to simultaneous presence of multiple targets in the excitation
volume do not arise until concentrations exceed 1.67 x 10%/mL—well
above the viral titer range of influenza and other diseases (25-28).

Multiplexed Single-Virus Detection with Combinatorial Labeling. For
some applications 3x multiplexing is already sufficient, but ex-
tended differentiation is often desired. Simply increasing the
number of wavelengths quickly reaches a limit due to limited choice
of fluorescent dyes and laser sources as well as overlapping emis-
sion spectra. A combinatorial approach, however, which assigns
multiple labels to a target, can be scaled up favorably. Here, we
demonstrate combinatorial multiplexing with MMI excitation

Ozcelik et al.

using two colors for identifying three virus types. To this end,
HIN1 (blue) and H3N2 (dark red) remained singly labeled (see
Fig. 34) whereas the H2N2 virus was colabeled with both blue
and dark red dye (see Fig. 44). Again, we analyzed a mixture of all
three viruses, now simultaneously excited by two sources. We
implemented a different signal-processing algorithm to demulti-
plex the virus types. Fig. 3B shows the fluorescence signal F(¢)
from a single H3N2 virus. F(¢) is shifted and multiplied with itself
N — 1 times to create a processed signal

N-1
S, a0 =[] Fe—i-a. [2]

=0

S(,At) will take on a large value only at the correct At value(s) for
a given signal, allowing us to define two color channels when Eq. 2
is applied with Atg and Atpg, respectively. This shift-multiply
algorithm also increases the signal-to-noise ratio (SNR) of the
particle detection (23). This SNR improvement is evident in Fig.
3C, which shows S(#,Atr) for the mixed signal of Fig. 3B at Atpg =
0.63 ms (dark red).

Fig. 44 shows the labeling and individual fluorescence signals for
all three virus types under two-color excitation. Most notably, the
signal for the double-labeled H2N2 changes and clearly shows a
superposition of the nine-spot (488-nm) and six-spot (745-nm) pat-
terns. For further analysis, we first identified the average shift times
Atg and Atpg for blue and dark red excitation using single-color
excitation. Then, each event of the mixed assay was analyzed using
Eq. 2 at those At values. Fig. 4B shows that a blue-labeled HIN1
virus only shows appreciable S(f) at Atg. Likewise, an H3N2 virus
shows strong signal in the A¢pg channel. The double-labeled virus,
however, shows large S(¢) in both channels, demonstrating that we
can successfully identify three different viruses with two colors.

Discussion

If we only rely on unique combinations of three colors, we can
distinguish seven targets. With four colors, 15x spectral multi-
plexing is possible, sufficient for the vast majority of diagnostic
panels. The readout fidelity depends on the ratio of spot spacing
(determined by the MMI width w) and the individual spot width
(determined by the width of the input single-mode waveguide w;)
and can be further improved by increasing w/w;. Moreover,
multiple fluidic channels addressed with MMIs of different di-
mensions can further increase the multiplexing power. The
multicolor labeling strategy can readily be extended to fluo-
rescently labeled nucleic acids and antibodies specific to target
surface proteins. The planar optical architecture also allows for
further integration of a dedicated microfluidic layer for upstream
sample processing and distribution (29-31) as well as techniques
for focusing the particles in the center of the fluidic channel (32)
for optimized detection efficiency.

MMI-based WDM is clearly ideal for on-chip bioanalysis,
providing the missing element to turn an optofluidic chip with
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Fig. 3. Analysis of single-virus fluorescence signals. (A) Sketch of fluo-
rescently labeled H3N2 virus, responding to excitation at 745 nm. (B) Fluo-
rescence signal from single H3N2 virus showing six peaks with average
spacing Atpg. (C) Corresponding processed signal using shift-multiply algo-
rithm with Atpg showing dramatically increased SNR.
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Fig. 4. Two-color combinatorial detection of single viruses. (A) Schematic
view of labeling scheme for the three influenza types and their resulting
single-virus fluorescence signals; the H2N2 virus shows a mixture of six and
nine peaks upon blue and dark red excitation. (B) Bar histograms of signals
after shift-multiply processing at Atg and Atpg. Singly labeled viruses appear
in only one At channel, whereas the double-labeled virus creates signal in
both color channels.

single-molecule detection sensitivity into the basis for a powerful
and versatile diagnostic instrument for a variety of bioparticles and
biomarkers. Beyond that, the ability to encode different wave-
lengths into unique spatial light patterns opens the door to new
avenues for integrated photonic and optofluidic devices, for ex-
ample spectrally reconfigurable optical particle traps or distribu-
tion of different colors to different areas on a chip.

Methods

Optofluidic ARROW Chip Fabrication and Waveguide Structure. The optofluidic
chip used in this study was fabricated on a 100-mm silicon substrate on which
a sequence of dielectric layers for optical guiding was sputter deposited.
These cladding layers consisted of Ta,Os and SiO, (refractive index, 2.107 and
1.46) chosen to minimize background photoluminescence (33). Their thick-
nesses in nm starting from the substrate were 265/102/265/102/265/102, where
the material sequence reads SiO,/Ta,05/Si0,/Ta,05/Si0,/Ta,0s. SU8 photore-
sist (SU8-10, MicroChem) was spun on the wafer, patterned, and developed
to define the hollow waveguide channel with a rectangular cross-section
12 pm wide by 5 pm high. The SU8 and a thin nickel layer were used as a
mask to etch a self-aligned pedestal into the wafer using an inductively
coupled-plasma reactive ion etcher (ICP-RIE). The pedestal serves to raise
the SU8 and subsequent hollow core above the wafer surface so it is sur-
rounded by air on its sides. A single SiO, overcoat layer of 6-um thickness
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was deposited over the SU8 by plasma-enhanced chemical vapor deposition.
Three-pm-tall ridges were etched into the SiO, layer, again using the ICP-RIE,
to form MMI and single-mode ridge waveguides that intersect multiple
points of the hollow waveguide as illustrated in Fig. 1B. Fluid inlets into the
hollow channel were exposed with a wet etch through the top SiO, layer
and the SU8 was then removed with a H,S04:H,0,; solution to form the
hollow core. After rinsing and drying, the wafer was cleaved into individual
chips of ~10 x 10 mm?.

Virus Sample Preparation. Three inactivated, whole influenza virus samples
were purchased for testing—p-Propiolactone-inactivated A/PR/8/34 (H1N1)
and UV-inactivated A/2/Japan/305/57 (H2N2) (Advanced Biotechnologies
Inc.) as well as Formalin-inactivated A/Aichi/68 (H3N2) (Charles River). Viruses
were dyed using NHS-activated Dylight fluorophores according to manu-
facturer instructions (Thermo Scientific). Briefly, virus samples were added to
aliquots of dried Dylight dyes and allowed to incubate at room temperature
for 2 h. Samples were then separated from free dye using PD MiniTrap G-25
gel filtration columns (GE Healthcare). Fractions were collected dropwise
and tested for fluorescent virus and free-dye background on a custom total
internal reflection fluorescence (TIRF) microscope. Once identified, the viral
fractions were aliquoted and flash-frozen via liquid nitrogen for later use.
Although manufacturer concentrations were reported, the variable dilution/
fractionation process of gel filtration chromatography leads to an inability
to directly account for virus concentration. However, TIRF-based measure-
ments concluded that virus concentrations were on the order of femtomolar
as observed by direct counting on the chip.

Multiplex Virus Fluorescence Detection Setup and Experiment. A detection
setup was used similar to that previously reported (19, 20, 30). The optical
setup implements three lasers, a 488-nm Ar-ion laser, a 633-nm HeNe laser,
and a Ti:sapphire laser tuned to 745 nm in continuous wave mode. All three
of the laser lines were coupled into a single-mode fiber which then butt-
coupled into a narrow (4-um) single-mode-excitation solid-core waveguide
on the ARROW optofluidic chip. The single-mode waveguide ends in the
center of the 100-pm-wide and 3.4-mm-long MMI waveguide. In the MM,
multiple modes interfere with each other, creating equally separated spots
at the liquid-core waveguide section. Fluorescently labeled viruses passing
through the MMI excitation volume are subjected to the MMI pattern
and thus produce multiple fluorescent signals per virus. These signals
are captured by the liquid-core waveguide, transmitted into the collection
solid-core waveguide, and are collected at the chip facet by an objective. The
signal is collimated, passed through a single penta-bandpass optical filter
(FF01-440/521/607/694/809-25, Semrock) to eliminate the excitation wave-
lengths, and is finally detected by a single-photon avalanche diode (Excelitas).
No spectral filters to separate the emission colors are required.
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