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We describe the integration of an actively controlled programmable microfluidic
sample processor with on-chip optical fluorescence detection to create a single,
hybrid sensor system. An array of lifting gate microvalves (automaton) is fabri-
cated with soft lithography, which is reconfigurably joined to a liquid-core, anti-
resonant reflecting optical waveguide (ARROW) silicon chip fabricated with con-
ventional microfabrication. In the automaton, various sample handling steps such
as mixing, transporting, splitting, isolating, and storing are achieved rapidly and
precisely to detect viral nucleic acid targets, while the optofluidic chip provides sin-
gle particle detection sensitivity using integrated optics. Specifically, an assay for
detection of viral nucleic acid targets is implemented. Labeled target nucleic acids
are first captured and isolated on magnetic microbeads in the automaton, followed
by optical detection of single beads on the ARROW chip. The combination of auto-
mated microfluidic sample preparation and highly sensitive optical detection opens
possibilities for portable instruments for point-of-use analysis of minute, low con-
centration biological samples. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4897226]

1. INTRODUCTION

Chip-scale biosensors have attracted a lot of attention because they allow for highly sensi-
tive and specific determination of a target substance by way of a miniaturized electrical or opti-
cal transduction mechanism.'™ This approach is the foundation of a new generation of instru-
ments that are optimized for analysis at low concentrations and/or small volumes; capabilities
that become increasingly important for molecular analysis of nucleic acids and proteins, single-
cell studies, and point-of-care or point-of-use approaches to personalize medicine.*® The devel-
opment of labs-on-chip originally focused predominantly on integration of the fluidic aspects
and handling of small analyte volumes, while optical readouts remained bulky. Recently, opto-
fluidics has emerged as a field that combines microfluidics and integrated optics in a single
chip-scale system.””” In particular, the incorporation of on-chip excitation and collection of the
optical signal via the use of optical waveguides can provide a path towards a more completely
integrated analysis system. Unfortunately, the requirements and approaches for materials and
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designs that optimize biological sample preparation and optical detection, respectively, are to a
large extent incompatible. This makes it difficult to carry out both tasks on a single chip.

Recent works have focused on optimizing particular portions of a microfluidic/optofluidic
device or have developed sensitive assays for detection of biomolecules. For example, groups
have worked on integrating on-chip micro-lenses—either through laser ablation'® or by incorpo-
ration of microspheres''—for easier excitation and parallelization of measurements. Multiple
detection modalities have been integrated into Microsystems for diverse applications. Examples
include label-free RNA profiling with plasmonic hot spots in gold nanoparticles,'? waveguide-
based glucose sensing via evanescent absorption,'? and fluorescence-based optofluidic flow
cytometry.'*'> In parallel to microfluidic optimization, studies have also focused on using
microfluidic technologies for nucleic acid isolation and detection. Microfluidic assays include
nonspecific silica based nucleic acid adsorption,'® antibody mediated nucleic acid isolation,"’
and bead-based sequence specific hybridization extraction.'®

Optimization of assays and microfluidic/optofluidic functionality simultaneously is possible
through hybrid integration in which a sample handling and a sensing layer are designed independ-
ently in terms of materials and functionality. Recently, hybrid systems combining PDMS (polydi-
methylsiloxane)-based microfluidic layers with a liquid-core waveguide optical detection layer
have been reported.'”*® Optofluidic chips based on antiresonant reflecting optical waveguides
(ARROWs) are ideal for such integration due to their high fluorescence sensitivity and planar
optical layout. These devices are based on a series of alternating dielectric layers that allow for
interference based guidance of leaky modes in low refractive index, liquid-core waveguides.*'~**
While these devices illustrated the basic principle of hybrid integration, they were significantly
limited in their functionality as they were operated purely passively, i.e., fluid was moved contin-
uously through the device using a single, fixed pressure provided by an external syringe pump.

We present a significant advance to optofluidic integration by introducing a hybrid system
that combines an actively controlled microfluidic layer with an optical sensing chip with single
particle fluorescence detection sensitivity. Active control is achieved by employing an intercon-
nected array of nanoliter microvalves called an automaton. This technology allows for complex
sample processing steps and reconfigurable operation that can implement multiple functions in
sequence via customized software control. The optofluidic chip, on the other hand, is able to
detect fluorescence from single biomolecules.'®*** We demonstrate the functional integration
of the microfluidic automaton with an optofluidic chip and the implementation of sample prepa-
ration steps required for nucleic acid analysis used in genomic studies and disease detection
based on single particle fluorescence detection in flow. Specifically, we show on-chip mixing of
multiple fluorescent agents as well as sequence-specific solid-phase extraction and detection of
synthetic viral nucleic acid targets.

Il. MATERIALS AND METHODS
A. Microfluidic automaton fabrication and parameters

Fig. 1(a) shows the integration of the active microfluidic fluid handling (automaton) layer
and the on-chip optical detection (ARROW chip) layer. Lifting gate microvalves and pumps are
the core components of the programmable microfluidic automaton portion of the system.?
Each automaton is composed of three layers: a substrate, fluidic, and pneumatic layer. Both flu-
idic and pneumatic layers are made of PDMS, which were molded using conventional SUS li-
thography.?®*’ In the case of the fluidic layer, a deformable membrane containing fluidic pat-
terns was molded at a thickness of 300 yum and a channel depth of 100 um by spin-coating the
PDMS mixture (Sylgard 184, Dow Corning) at 350 rpm on the SU-8 2025 (MicroChem) mas-
ter.”® For the pneumatic layer, a 3mm thick PDMS replica was created on the SU8 master
mold by pouring and subsequent degassing. Once baked for 2 h at 60 °C, the pneumatic layer
was peeled from the master. Inlets/outlets (2mm diameter) were punched, followed by align-
ment and bonding to the top of the fluidic layer by oxygen plasma activation (30 W for 30 s).
A UV-ozone treatment was used to reversibly bond the assembled two-layer PDMS device to
the substrate glass slide (see supplementary material®® for cross-sectional view).”° Prior to use,
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FIG. 1. Hybrid integration of automaton and ARROW chips principle and implementation. (a) Schematic of hybrid opto-
fluidic device and connections and (b) photograph of assembled device. The white scale bar in (b) represents 1 cm.

the automaton was filled with 10 mg/ml bovine serum albumin (BSA) and incubated for 15 min
in order to minimize nonspecific adsorption to the channel walls.

For external pressure control of the valves, the automaton was connected to a control box
via a custom acrylic manifold consisting of two clamping pieces of plastic that made conformal
connections to the pneumatic and substrate layers of the automaton. Furthermore, 3 mm diame-
ter air ports (designed to be aligned with pneumatic layer exits) were available for press fit con-
nection to 3mm outer diameter (OD) tygon tubing (EW-95702-01, Cole Palmer). This tubing
was in turn connected to solenoid valves (SO70M-6DC-32, ADI), which were electrically con-
trolled via a switchboard (ULN2803, Elexol), data acquisition board (NI USB 6501, National
Instruments), and a custom Labview program.31 A simple mixing program has been included as
supplementary material to demonstrate automaton actuation.”’

B. Optofluidic chip fabrication and parameters

The optofluidic chips are based on liquid-core ARROWSs fabricated using established
microfabrication techniques.*'*> More specifically, these chips rely on the intersection of solid
and liquid core waveguides to form an orthogonal fluorescence detection scenario (see Fig.
1).¥ These optofluidic devices have been shown to provide single biomolecule fluorescence
sensitivity.'”*** Recent correlated optical and electrical detection of single nanospheres and
virus particles has proven the single particle nature of ARROW chip detection.®® The planarity
of the ARROW chip allows for easy vertical integration of microfluidic processors, a scenario
that still allows for the detection of single nucleic acids.'® The present device was created by
depositing alternating dielectric layers of silicon dioxide (SiO,, refractive index n=1.47) and
tantalum oxide (n=2.107) on a silicon wafer to ensure optical guiding in the low-index liquid
core. The thicknesses of the cladding layers, starting with SiO, in order of deposition, were
265/102/265/102/265/102 nm, designed for broadband low-loss transmission between 400 and
800 nm.*> Liquid-core waveguides were formed on top of the layers using SUS8 sacrificial layers
with dimensions of 5 x 12 um (height x width) using self-aligned pedestals*® and a single layer
over coating oxide with transmission optimization.”’® After the single 6 um thick over coating
SiO, film was deposited, solid-core ridge waveguides were formed using reactive ion etching.
Solid-core waveguides were etched to 4 um widths and 3 um ridge heights (see supplementary
material® for cross-sectional view). The orthogonal excitation solid-core waveguide and liquid-
core waveguide define an optical excitation volume of 100 fl. Finally, the SUS8 sacrificial core
was removed using optimized piranha etch procedures to create the hollow liquid core wave-
guide channel.”

C. Integration of microfluidic and optofluidic layers

The ARROW optofluidic chip and microfluidic automaton were connected as follows: first,
a cylindrical brass connector of 2mm OD was glued to the ARROW liquid-core waveguide
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chip inlet. A stretchable 1.5mm inner diameter (ID) piece of tygon tubing was then placed
around the connector. Finally, a 2mm OD, 130 um ID tygon tubing was press fit into the tygon
adapting tubing at one end and the 2 mm punched PDMS outlet of the automaton at the other,
creating a perfect seal, as seen in Fig. 1(b). Direct integration by attaching the automaton to
ARROW chip connectors is also feasible.'® This setup provides full reconfigurability (i.e., flu-
idic and optical chips can be swapped out for different experimental tasks) while adding only a
small amount of dead volume on the order of 5 ul.

D. Optical detection setups

Fluorescence detection was performed using orthogonal excitation and collection in the
chip plane (see Fig. 1(a)).>® In detail, fiber coupled laser light from a 632.8nm HeNe and
488 nm Ar-ion laser was butt coupled to the ARROW solid-core excitation waveguide using
single mode fiber. Upon the generation of fluorescence inside the liquid-core ARROW wave-
guide, light propagated orthogonally through the liquid-core waveguide to the collection solid-
core waveguide. The light was collected from the waveguide by a microscope objective, spec-
trally separated by a dichroic mirror (3RD640LP, 3rd Millenium), filtered for background (blue
and red fluorescence filtered by 513BP17, Semrock and 660BP20, Omega, respectively), and
sent to single photon avalanche photodiodes (SPAPDs).

Ill. RESULTS AND DISCUSSION

We first demonstrate functional connections and fluidic control between these two compo-
nents with very dissimilar fluidic resistances (see Fig. 1). To this end, an inlet of the automaton
was filled with a solution containing 1 um Tetraspeck fluorescent spheres (diluted to 1 x 10
particles/ml), which was in turn introduced into the hybrid system via automaton pump actua-
tion.*>*! Briefly, any three connected microvalves in the array formed a standard microfluidic
pump, where sequential activation moves fluid along the channel, creating pressure. Adding a
fourth microvalve creates a loop, enabling circular mixing (for detailed pumping explanation,
see supplementary material®®). Alternating forward and reverse automaton pumping programs
(20 s in length, 600 ms/pump cycle) repeatedly moved fluorescent microbeads through the opti-
cal excitation volume as illustrated in Fig. 2(a).

As the particles move through the excitation volume, they produce characteristic fluores-
cence signals such as those seen in Fig. 2(b). Upon reversing the pumping direction, the same
particles are redetected as confirmed by direct, top-down observation using a microscope. The
reverse signal has different respective peak heights due to Brownian motion of the beads and
the resulting position change in the excitation volume.**** This experiment clearly demon-
strates the ability of the hybrid optofluidic system to controllably transfer analytes between the
interconnected chips with their drastically different fluidic impedances.

The next level of functional complexity is to implement dynamic sample preparation capa-
bilities in the automaton layer, followed by optical detection on the single particle level in the
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FIG. 2. Basic functionality: sealed connection and particle mixing. (a) Bead movement inside the ARROW chip as actuated
by automaton with color coded directions of forward (white) and reverse (orange) pumping; (b) corresponding fluorescence
signal showing four microbeads repeatedly being moved past excitation spot; and (c) simultaneous detection of fluorescent
beads and dye-labeled proteins that were mixed in automaton layer. The different laser excitation wavelengths are indi-
cated; the HeNe laser used to excite the proteins is turned on at t =70s.
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ARROW chip. To this end, mixing functionality—required for important reactions such as
labeling, lysing, and dilution—was shown by filling separate inlets of the automaton with
Dylight 633 nm labeled antibody (diluted to 50nM, Thermo) and streptavidin coated Dragon
Green (excitation 480nm) 220 nm diameter polystyrene spheres (diluted to 1 x 10° particles/ml,
Bangs Labs). These solutions were then mixed by pre-programmed actuation sequences of the
microvalve array, which are described in more detail in the supplementary material.”> The mix-
ing process here is dependent on both convective and diffusive mass transport, whereas straight
channels rely only on the latter.’ This enables faster mixing with identical efficiency as that of
an off-chip experiment.*’ Once the solution was pumped into the ARROW device, an external
vacuum—attached to the exit connector of the ARROW chip—was used to drive the flow,
resulting in the data traces seen in Fig. 2(c). For approximately 70 s, the sample was excited
solely with 488 nm light. In this portion of the trace, only single particle events are detected in
the blue fluorescence trace. After 70 s, excitation light was incident from both HeNe and Argon
lasers (633 and 488 nm) resulting in simultaneous bulk fluorescence (due to the constant pres-
ence of multiple fluorescent antibodies in the excitation volume at any given time) and peaks
(representing single nanospheres) in the red and blue fluorescence traces, respectively. Once
control, mixing, and distribution had been demonstrated, a more complex biological assay for
sequence-specific nucleic acid extraction and detection was developed that takes full advantage
of the active fluid control.

The nucleic acid of interest was chosen here to be a protein-coding region of Zaire Ebola
virus (GeneBank ID AY354458.1). This target region was chosen to be specific to the virus and
of synthesizable length (nt. 6832-6931, see supplementary material®® for sequence). A hairpin
molecular beacon® was designed to recognize a portion of the target nucleotide (nt. 6900-6923
5'-/TYE665/CGCATGGGCCTTCTGGGAAACTAAAAAATGCG/IAbRQSp/-3'). The beacon
was designed to have thermodynamically higher stability when bound to the target oligonucleo-
tide (simulated melting temperature from target Ty, =61.6 °C vs. intramolecular hairpin forma-
tion of T, , =42.6 °C). Finally, a biotinylated “pull-down” oligonucleotide was designed to hy-
bridize to a different portion of the target sequence (nt. 6832-6846, 5'-/BiotinTEG/
AAAGGAGCAATACCA-3') and function as a means of separating target oligonucleotide from
complex sample mixtures. All synthetic oligonucleotides were purchased from Integrated DNA
Technologies.

In preparation for the on-chip assay, pull-down magnetic beads were created.*>*® It is
noted that off-chip, amplification free imaging of captured nucleic acids has been shown on
magnetic beads.*” An aliquot (0.1 mg) of MyOne TI streptavidin coated magnetic beads
(Invitrogen) was washed three times with 1 x T50 (10 mM Tris-HCI pH 8.0, 50 mM NaCl) and
incubated with 100 pmol of pull-down oligonucleotide for 2 h at room temperature on a rotary
mixer. Next, a magnet was used to retain the magnetic beads during a 4x washing cycle with 1
x T50, after which the sample was resuspended in 100 ul of 1 x T50 (with 2mM sodium az-
ide) and stored for later use. Fig. 3(a) shows the complete sequence of the strain-specific solid-
phase extraction protocol to label and isolate the target viral nucleic acids. Part I of the figure
illustrates the magnetic beads coated with the pull-down sequences. In a second preparation
step, beacon and target oligonucleotides were hybridized at a concentration of 1 uM by heating
to 95°C for 5 min in a dry bath (MyBlock), followed by subsequent cooling to room tempera-
ture (Fig. 3(a), part II).

On-chip, the assay was conducted as illustrated in Fig. 3(a) (steps III and IV). First, three
inlets of the automaton were filled with the pull-down bead solution (~1 X 107 beads/ml), oli-
gonucleotide mixture (target or non-target oligonucleotide with molecular beacon, each at a
concentration of 1 uM), and 1 x T50 buffer, respectively. Each valve actuation (~125 nl) then
corresponds to dispensation of about 1250 microspheres or 125 fmol of each nucleic acid.
Single valve volumes of the pull-down and beacon-target solutions were circularly mixed for
30 s in the microvalve array (step III, see supplementary material* for details). The solution
was then pumped to a separate valve under which a magnet was fixed and was allowed to rest
for 10 s in order to pull down the beads along with any bead-hybridized beacon-target com-
plexes. Buffer was then used to wash the automaton to remove any unbound and potential
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FIG. 3. Advanced functionality: viral nucleic acid detection using on-chip solid-phase extraction and detection. (a) Solid
phase nucleic acid pull-down assay—(I) prepared “pull-down” magnetic beads and (II) nucleic acid target are mixed on au-
tomaton (III); washed magnetic particles are sent to the ARROW chip (IV). Particle detection for (b) negative (pull-down
non-cognate)—see I—and (c) positive (pull-down cognate) nucleic acid samples—see IV. Single bead signals are marked
by arrows in the figure inset.

carryover materials, sending them to the waste outlet. The retained solution containing only la-
beled target nucleic acids is shown in part IV of Fig. 3(a). This entire cycle takes 60 s for proc-
essing. It is possible to detect bead signal from a single program cycle—using only 100 nl of
nucleic acid sample; however, here steps III and IV (see Fig. 3(a)) were repeated 50 times
(without removal of the magnet) in order to accrue larger concentrations of magnetic beads for
analysis. After completion of these cycles, the magnet was removed and the beads were
pumped to the ARROW chip for optical analysis. Signal traces for experiments containing non-
target oligonucleotide plus beacon (negative control) and beacon-target hybrids are shown in
Figs. 3(b) and 3(c), respectively. It is clear that the magnetic beads, under negative control con-
ditions (Figure 3(b))—no target or completely non-complementary contaminating oligos, in this
case a 100nt. HIN1 synthetic oligonucleotide—yield on average 3 counts/ms per particle. In
contrast, beads that are subjected to mix with beacon bound targets have an average signal of
15 counts/ms per particle (up to a maximum of 50 counts/ms per particle), corresponding to a
signal-to-noise ratio of 5 and allowing for specific detection of the viral target. As ARROW
devices have single nucleic acid sensitivity,'” the limit of detection (LOD) of this devices is de-
pendent only on the counting time of the assay. These results demonstrate the ability of the
hybrid optofluidic system to process and extract small volumes (about 5 ul) of target nucleic
acid material with sequence specificity. It is notable that the signal for target-beacon bound
beads is high for each individual bead. Therefore, it would be possible to further reduce the
sample volume, and thus the number of fluorescent targets per bead.

IV. CONCLUSION

In summary, we have introduced a hybrid chip-scale system combining automated micro-
fluidic processing with highly sensitive on-chip optical detection. Actively controlled manipula-
tion of fluidic volumes is necessary to carry out the complex sample preparation tasks required
for realistic molecular diagnostic tests. We implemented this active control using programmable
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microvalve arrays and demonstrated that these can be fluidically coupled to a liquid-core wave-
guide analysis layer. In addition to basic functions such as reversible pumping, valving, and
mixing processes, we implemented an assay for molecular diagnosis of viral nucleic acids from
complex solutions. The target nucleic acids were extracted and isolated in the microfluidic layer
and optically detected in the optofluidic layer. The simultaneous miniaturization of both fluidic
and optical components thus allows for highly sensitive and specific detection of minute quanti-
ties of target molecules in complex biological fluids.
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