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We have developed an optofluidic analysis system that processes biomolecular

samples starting from whole blood and then analyzes and identifies multiple targets

on a silicon-based molecular detection platform. We demonstrate blood filtration,

sample extraction, target enrichment, and fluorescent labeling using programmable

microfluidic circuits. We detect and identify multiple targets using a spectral multi-

plexing technique based on wavelength-dependent multi-spot excitation on an anti-

resonant reflecting optical waveguide chip. Specifically, we extract two types of

melanoma biomarkers, mutated cell-free nucleic acids —BRAFV600E and NRAS,

from whole blood. We detect and identify these two targets simultaneously using

the spectral multiplexing approach with up to a 96% success rate. These results

point the way toward a full front-to-back chip-based optofluidic compact system

for high-performance analysis of complex biological samples. Published by AIP
Publishing. [http://dx.doi.org/10.1063/1.4968033]

I. INTRODUCTION

Cancers rank second among the leading causes of death in the United States, causing tre-

mendous suffering and creating ever-increasing costs for diagnosis, disease monitoring, and

treatment. Recently, molecular biomarkers have gained increased attention as part of the grow-

ing field of personalized and precision medicine which relies on genomic analysis for cancer

diagnosis and treatment.1–3 Among these genomic biomarkers, cell-free nucleic acids (CNA)

that are circulating in the blood stream are particularly promising as they occur at substantially

elevated concentrations in blood (plasma and serum) and other bodily fluids.4,5 Moreover,

higher concentrations of methylated CNA presented in the blood of cancer patients compared

to healthy individuals make CNA detection in blood (“liquid biopsy”) a reliable diagnostic

approach.6–8 For example, elevated concentrations of both total CNA and BRAFV600E muta-

tion CNA were verified as a biomarker for patients diagnosed with melanoma comparing to

controls.7 Mutated CNA has been identified in advanced lung cancer patients through plasma

droplet digital PCR and compared with biopsy for tissue genotyping.8 This blood-based tech-

nique can also alleviate patient stress and pain associated with (repeat) biopsies. However, the

current liquid biopsy approaches usually include state-of-the-art bench-top equipment, such as

complex PCR machines, to provide sufficient sensitivity, specificity, and accuracy for the low

concentration of CNA on the order of few ng/ml.7

Lab-on-chip platforms are ideal candidates for CNA testing as they require only very small

sample volumes, thus minimizing testing costs and complexity, which is important for extend-

ing this technique to less developed regions. Several promising chip-based approaches to CNA

detection have already been reported. A microfluidic single molecule spectroscopy system has

been demonstrated by combining microfluidic chips with confocal spectroscopy, in order to

detect and size CNA from blood serum.9 Another method relies on surface-enhanced Raman

scattering, where silver nanoscale hexagonal columns are generated on a surface of a phosphor
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to detect CNAs from serum.10 Magnetoresistive sensors for detecting CNA on a biochip with

immobilized DNA probes were also demonstrated.11 However, standard blood serum extraction

must be performed before the detection which includes more bench-top equipment. In order to

isolate CNA from blood or plasma on-chip, a dielectrophoretic isolation method to extract

CNA followed by imaging readout from a fluorescence microscope was developed.12 However,

PCR analysis is necessary in the identification of the CNA and the detection microscope is not

portable.

In order to provide sufficient sensitivity, specificity, and accuracy, while minimizing testing

costs and complexity, optofluidic devices that combine both microfluidic handling and optical

analysis of a biological sample in a single system have been developed recently.13,14 Specifically,

hybrid integration approaches in which sample preparation and sensing tasks are carried out in

separately designed and optimized chips with direct, amplification-free detection of the target

nucleic acids have emerged.13,15 Therefore, these approaches have the potential to eliminate the

complexities of benchtop sample preparation steps and the amplification-based PCR process.

Here, we report the use of such a hybrid optofluidic system for chip-based detection of multiple

CNA cancer biomarkers starting from whole blood. Specifically, two melanoma biomarkers based

on single-point DNA mutations, BRAFV600E and NRAS codon 61,7,16 were detected and dis-

criminated. Sample preparation steps were carried out on polydimethylsiloxane (PDMS)-based

microvalve-actuated chips and include blood filtration, sample extraction, target enrichment, and

fluorescent labeling. During the sample extraction process, a novel two-step solid phase extraction

was applied for isolation and purification of DNA from the protein-rich environment. Optical anal-

ysis of the biomarkers was implemented in a silicon-based liquid-core waveguide chip.17 A multi-

mode interference (MMI) waveguide was used to create multi-spot excitation patterns in a fluidic

channel where the number of spots depends on the color of the excitation light. This enables spec-

trally multiplexed discrimination of molecular-beacon labeled BRAF and NRAS biomarkers with

excellent fidelity. This detection scheme requires only a single photodetector for multiple fluores-

cent objects, which minimizes the assay complexity and further reduces the footprint of the future

portable chip-based analysis system. This work represents the first time that DNA biomarkers are

analyzed entirely with optofluidic components starting with whole blood and constitutes a major

step to complete and miniaturized front-to-back chip-based biomarker analysis.

II. MATERIALS AND METHODS

A. Principle

Figure 1 shows the schematic of the elements of our hybrid optofluidic system. The pur-

pose of the microfluidic layers (upper part) is to prepare small volumes of raw sample material

(here blood) for optically multiplexed detection of biomarkers. Here, sample preparation

includes filtration, solid-phase extraction, and fluorescent labeling of nucleic acid targets. To

implement these functions, we used an interconnected array of programmable, lifting-gate

micro-valves (Automaton) as an easy and precise method to control small volumes of liquid on

a chip.18,19 By implementing a sized-based particle filter on an automaton platform (filtration

Automaton), the microfluidic devices are able to process whole blood and extract DNA from it.

A second layer (preconcentration automaton) enables detection of low concentrations of DNA

by preconcentrating and labeling the nucleic acids.

For the optofluidic layer used for multiplexed optical detection (lower part in Fig. 1), we

adopted an antiresonant reflecting optical waveguide (ARROW) platform using orthogonal exci-

tation and collection in the chip plane.20 Fiber coupled laser light was butt coupled to an

ARROW solid-core excitation waveguide (SC-WG, dark green) using single mode fiber.

Fluorescent targets are guided by pressure-based flow in the liquid-core waveguides (LC-WG,

light green) connected with two reservoirs. When fluorescent targets pass through the excitation

volume defined by the optical modes at the intersection between SC-WG and LC-WG, the gen-

erated fluorescence signal is guided inside the LC-WG and propagates orthogonally to the col-

lection SC-WG.22 The light is collected from the SC-WG and analysed by an avalanche photo-

diode (APD).
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Spectrally multiplexed target detection is implemented with a multi-spot excitation

technique on the ARROW chip. Multiple excitation spots are generated using a multi-mode

interference waveguide (MMI) section that supports multiple lateral modes.21 When an MMI is

excited by a single optical mode from a narrow input waveguide (see Fig. 1), all of the MMI

modes inside propagate at different phase velocities. At certain lengths L, well defined patterns

composed of N distinct spots are formed along the MMI. This multi-spot pattern is illustrated

by the seven red lines across the liquid channel in Fig. 1. The product of the spot number N
and the wavelength k is a constant determined by the MMI parameters length (L), effective

width (w), and core refractive index (nc) and given by

N ¼ nCw2

Lk
: (1)

This allows us to design an MMI section that intersects the fluidic channel, where multiple

excitation spots are generated. As a fluorescent target flows past this excitation region, multi-

peak signals in the time domain are produced and recorded. Since Nk is a constant, we can gen-

erate different spot numbers at various laser wavelengths.21 As a result, we can identify differ-

ent dye-labeled targets by their fluorescence pattern when they pass though the “patterned”

excitation volume. This approach has recently been used to detect and identify whole influenza

virus particles in buffer solution.17 Here, we apply it for the first time to the detection of

nucleic acid biomarkers from whole blood.

B. Device design and parameters

Details of the fabrication procedures for each of the three chips are presented in the supple-

mentary material. Here, we provide a brief overview of each.

FIG. 1. Schematic of hybrid optofluidic system. Filtration and preconcentration of PDMS chips utilize interconnected,

cross-shaped lifting-gate microvalves (Automaton). The silicon-based ARROW chip for multiplex detection features inter-

connected solid-core (dark green) and liquid-core (light green) optical waveguides for in-flow detection of particles flowing

through the liquid-core channel.
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1. Filtration automaton

Figures 2(a) and 2(b) show the schematic of the filtration chip. It is composed of two com-

ponents: a blood filter and the Automaton pumping layer. The blood filter layer consists of a

pair of identical circular chambers 8 mm in diameter and 160 lm in height. The filtering mem-

brane in between the chambers is a Whatman nuclepore polycarbonate track-etched membrane

(PTEM) with pore sizes of 0.8 lm in diameter (Fisher Scientific).

The Automaton pumping layer consists of an array of individually addressable lifting-

gate microvalves and pumps, as shown in Fig. 2(a).14,18,19 It is composed of four layers: a

pneumatic layer, fluidic layer 1, fluidic layer 2, and a glass substrate, as shown in Fig. 2(b).

The pneumatic layer has three individual circular chambers with a diameter of �3.7 mm and

a height of �160lm. Fluidic layer 1 is a deformable membrane of 300 lm thick, containing

fluidic channel patterns with a channel depth of �160 lm. Figure 2(a) shows the top-view of

the aligned fluidic layer 1 and pneumatic layer. Fluidic layer 2 has a 6 mm � 4 mm reservoir

aligned with the outlet of fluidic layer 1. The glass substrate is used to seal the Automaton.

In order to have the flexibility of exchanging the blood filters when needed, a 3 mm-diameter

copper tube was used to connect the Automaton and the blood filters instead of permanent

bonding.

We designed a linear array of three microvalves serving as a directional pump to pass

whole blood to the outlet without backflow.14 Once the whole blood reaches the outlet, it settles

at the bottom of the waste reservoir at fluidic layer 2 due to gravity and slowly fills until it

reaches the filtration chip. During the process, heavier cells and platelets sediment out at the

bottom (fluidic layer 2), which minimizes filter clogging.

2. Preconcentration automaton

Figures 2(c) and 2(d) show the schematic of the second microfluidic sample processing chip

- a preconcentration Automaton device. It has three layers: a pneumatic layer, fluidic layer 1, and

FIG. 2. Schematic of (a) top view of the aligned pneumatic layer and fluidic 1 of the filtration Automaton; (b) cross-

sectional view of the filtration Automaton; (c) top view of the aligned pneumatic layer and fluidic 1 of the preconcentration

Automaton; and (d) cross-sectional view of the preconcentration Automaton. For fabrication details see supplemental

material.
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a glass substrate. The device dimension is analogous to the Automaton pumping layer (filtration

automaton, see supplementary material).

We designed the preconcentration Automaton to have four microvalves and one pull-down

reservoir in the middle, as shown in Fig. 2(c). During the preconcentration process, a mixed

solution (filtered blood and magnetic beads) was pumped from the inlet to the pull-down reser-

voir and held for a certain period before being pumped to the outlet. A magnet was attached

below the pull-down reservoir in order to accumulate the magnetic beads from the solution to

the bottom of the reservoir. The pull-down reservoir is designed to have a larger diameter

(�5 mm) than a single microvalve to accommodate a large number of accumulated beads. The

magnet diameter is chosen to be slightly smaller (�3 mm) than the pull-down reservoir to avoid

magnetic beads attachment to the rough side-wall.

3. ARROW chip

The ARROW chip is defined on silicon and has an over-all dimension of �10 mm

� 12 mm. Details for definition of the waveguiding layers and creation of the hollow channel

are given in the supplementary material. The MMI SC-WG was 75 lm wide and 1.9 mm long

and was interfaced to a 4 lm wide single mode input waveguide. The LC-WG cross-section

was 12 lm� 5 lm. The collection SC-WG was 12 lm wide aligned with LC-WG. Two copper

reservoirs were attached to the LC-WG inlets.

C. DNA and magnetic beads parameters

1. Target DNA and molecular beacons

100-bp synthetic BRAF and NRAS single-stranded DNA targets were designed according

to the BRAFV600E mutation and Codon 61 mutation reported in melanoma studies.7,16

Molecular beacons fluorescing under excitation with 633 nm and 750 nm light were designed to

be reverse-complimentary to the BRAF and NRAS mutation regions, respectively.

2. Pull-down DNA

We designed biotinylated pull-down oligos I and II for both BRAF and NRAS DNA

extraction. Shorter pull-down oligos I were designed for a relatively low melting temperature of

�50 to 55 �C during the release step of the two-step solid phase extraction. This reduced the

probability of pull-down oligos falling off from the magnetic beads during the heating period

due to unstable bonds. Longer pull-down oligos II with higher melting temperatures were

designed to provide stronger binding to the target DNA. Table I summarizes the DNA and

molecular beacon sequences for the solid-phase extraction and labelling.

3. Magnetic beads

We chose 1lm-sized streptavidin coated magnetic beads (Invitrogen) to immobilize the

various biotinylated pull-down oligos. We prepared four sets of magnetic beads with various

pull-down oligos at a stock concentration of �1� 1010/ml following the suggested protocol.23

III. EXPERIMENT

A. Sample preparation

Samples for multiplex detection of cancer biomarkers were prepared by spiking 300 nM

mutated BRAF and NRAS synthetic DNA into �200 ll of mouse whole blood (Biochemed ser-

vice). The whole blood was first diluted 1:1 with phosphate-buffered saline (PBS) before proc-

essing. Figure 3 schematically illustrates the sample preparation process. The Automaton chips

were sequentially used for whole blood filtering and preconcentrating magnetic beads. Prior to

use, the Automaton chips were filled with 10 mg/ml bovine serum albumin (BSA) and incu-

bated for 15 min in order to minimize nonspecific adsorption to the channel walls.
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Approximately 200ll of filtered solution was collected from the top of the filtration Automaton,

as shown in Fig. 3(a). The first-step solid phase extraction (Fig. 3(b)) was performed before the

preconcentration step (Fig. 3(c)). Due to the aggregation of the magnetic beads in protein-rich

solution (plasma), a second (off-chip) solid phase extraction step was necessary (Figs.

3(d)–3(g)) to prevent the LC-WG of ARROW from clogging during detection. In the final step,

the magnetic beads with cancer DNA biomarkers and fluorescent beacons attached (Fig. 3(g))

were resuspended in buffer solution (1� T50) at a final concentration of �5� 106/ml for detec-

tion. Details of the preparation procedures are presented in the supplementary material.

TABLE I. Summary of the DNA and molecular beacons sequences. Mutated DNA: underlined; Pull-down I region: bold;

Pull-down II region: italic; and Molecular beacon region: gray shading.

Name Sequence (50-30) Length

BRAF DNA CTACACCTCAGATATATTTC
TTCATGAAGACCTCACAGTAAAAAT

AGGTGATTTTGGTCTAG

CTACAGAGAAATCTC

GATGGAGTGGGTCCCATCAGTTT

100

BRAF pull-down I AGATTTCTCTGTAG 14

BRAF pull-down II CACCTATTTTTACTGTGAGGTCTTC

ATGAAGAAATATATCTGAGG

45

BRAF beacon TYE665dye-cgcgcaACCCAC

TCCATCGAGATTTCTCTGTAGCTAG

ACCAtgcgcg-Quencher

35/6stem

NRAS DNA CTTACAGAAAACAAGT

GGTTATAGATGGTGAAACC
TGTTTGTTGGACATACTGGATACAG

CTGGACGAGAAGA

GTACAGTGCCATGAGAGACCAATACAT

100

NRAS pull-down I TCTTCTCGTCCA 12

NRAS pull-down II TATGTCCAACAAACAGGTTTC

ACCATCTATAACCACTTGTTTTCT

45

NRAS beacon IRdye750-ggcggTCTTCTCGT

CCAGccgcc-IRQuencher

13/5stem

FIG. 3. Sample preparation process: (a) Whole blood was passed through the filtration automaton to obtain the plasma solu-

tion; (b) Incubating plasma solution and magnetic beads with pull-down oligo I; (c) The plasma-pull-down I beads solution

was pre-concentrated and washed at room temperature (RT); (d) Target DNA was released through heating up to melting

temperature; (e) Released target DNA was mixed with molecular beacon and heated up to 95 �C for 5 min and cooled down

slowly; (f) Incubating the mixture with magnetic beads with pull-down oligo II; (g) Magnetic beads with target DNA

labeled with molecular beacon.

064116-6 Cai et al. Biomicrofluidics 10, 064116 (2016)

ftp://ftp.aip.org/epaps/biomicrofluidics/E-BIOMGB-10-010606


B. Multiplex cancer biomarker optical detection

The magnetic beads labeled with different molecular beacons were put in a liquid-core

ARROW platform for detection, as shown in Fig. 1. Here, 633 nm and 745 nm lasers were coupled

simultaneously into the MMI single mode input waveguide. The beads holding attached target/bea-

con complexes were pipetted into the liquid-core ARROW channel through one of the reservoirs

connecting the inlet of the channel. Negative pressure was applied to the other reservoir to enable

constant flow inside the ARROW channel. As the beads passed the excitation region, the molecu-

lar beacons attached to the targets on the beads were excited; thus, fluorescence signal was gener-

ated. The fluorescent light is collected from the waveguide by a microscope objective, sent through

a multiband-pass filter to remove scattered excitation light, and analyzed by an APD.

IV. RESULTS AND DISCUSSION

Figures 4(a) and 4(b) show microscopic images of the intersection region between MMI and

the LC-WG filled with Alexa 633 and 755 dye. Upon excitation, 7 (Fig. 4(a)) and 6 (Fig. 4(b))

excitation spots are generated by the MMI in the intersecting fluidic channel by 633 nm and

745 nm laser, respectively. Figure 4(c) shows the recorded fluorescence signal from the magnetic

beads. In order to ascertain proper detection at each wavelength, we first excited the MMI with

only the 633 nm laser for �50s, and then switched to only the 745 nm laser for �50s. During each

period, we detect a sequence of signals that have the correct number of peaks as indicated by the

symbols on top of each signal. Then, we excited the MMI with both wavelengths simultaneously.

The signal now consists of a mixture of multi-peak signals which were analysed as described

below.

First, we carried out a negative control experiment to demonstrate the specificity of the

assay. We spiked �1lM mutated NRAS DNA into blood serum and mixed the solution with

magnetic beads functionalized with BRAF pull-down oligos I, II and BRAF beacon. The same

sample preparation process as for the positive sample was followed, and the final solution was

pipetted into the same ARROW chip and optically analysed. As shown in Figure 4(f), we first

excited the MMI with only the 633 nm laser for �25s, and then switched to only the 745 nm

laser for �23s. Then, we excited the MMI with both wavelengths simultaneously for �30s. None

of these periods resulted in any false positive signals. The result shows that the solid-phase

FIG. 4. (a) and (b) Microscopy images of the MMI generated excitation pattern inside LC-WG with (a) 633 nm laser and

(b) 745 nm laser. (c) Measured optical fluorescence signal at various excitation wavelengths: 633 nm (10–60s), 745 nm

(65–115s), and 633 nm and 745 nm (120–180s). (d) Zoom-in view of beads with BRAF target producing 7 peaks. (e)

Zoom-in view of beads with NRAS target producing 6 peaks. (f) Measured optical fluorescence signal for negative control

at various excitation wavelengths: 633 nm (5–30s), 745 nm (32–55s), and 633 nm and 745 nm (60–85s).
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extraction process is highly specific, and no notable non-specific binding between beacon and

magnetic beads in the protein rich environment occurred.

We used the results of this negative control experiment to define the background threshold

at 4 counts/0.1 ms (green dashed lines in Figs. 4(c) and 4(f)) for identification of a target bead

in the positive sample. The highest signal to noise ratio is �6.7. From the single wavelength

control experiment, we recorded � 34 beads (from 10s-60s) with BRAF cancer DNA and

633 nm-excited beacon. Each bead generates 7 peaks, as shown in Fig. 4(d). We recorded �25

beads (from 65s to 115s) with NRAS cancer DNA and 750 nm-excited beacon. Each bead gen-

erates 6 peaks, as shown in Fig. 4(e). From the recorded peak spacing in the time domain, we

can estimate that the flow velocity inside LC-WG is �1.5 cm/s.

For target identification for the positive sample, we counted the peak number for each bead

and labeled the ones with 7 peaks as BRAF (red dots in Fig. 4(c)) and the ones with 6 peaks as

NRAS (orange triangles in Fig. 4(c)). Note that no spectral separation of the fluorescence signal

at the detector is necessary, as the spectral information is encoded in the time domain (spot

number in the multi-peak pattern). According to the single wavelength controls, we successfully

identified 31 out of 34 beads as BRAF with an accuracy of �91%, and 24 out of 25 as NRAS

with an accuracy of �96%. Considering there is no overlap in the excitation profile between

the 633 nm- and 750 nm-excited dyes, we believe that the incorrect identifications come from

the non-uniform excitation profile inside the LC-WG and the positions of the beads such that

one or more peaks are too small to be correctly detected. In the future, this accuracy can be fur-

ther improved by better control of flow speed and particle position inside the liquid-core

ARROW channel to create more uniform optical signals or by applying additional analysis

algorithms that rely on the time spacing rather than the number of peaks.17

V. CONCLUSIONS

We have developed a hybrid optofluidic analysis system that processes and analyzes bio-

molecular samples starting from whole blood. Relevant to future blood-based diagnosis, we

demonstrated detection and identification of the skin cancer melanoma DNA biomarkers

(BRAF and NRAS) in a whole blood sample. Specifically, we extracted 300 nM CNA from

whole blood using programmable microvalves integrated with filters, concentrated the CNAs

using a microfluidic circuit, and detected the two biomarkers using a multi-spot excitation tech-

nique on an ARROW optofluidic platform with up to 96% success rate. Our optofluidic analysis

system can be easily expanded into multiple types of DNA detection from whole blood through

the nucleic acid-based, two-step solid phase extraction and utilizing more excitation colors or

combinations thereof. In the future, we can further improve the sensitivity to a lower CNA con-

centration by optimizing the blood cell filters, reducing the CNA loss in the Automaton and

improving the ARROW chip performance, to reach the state-of-the-art liquid biopsy standard of

few ng/ml concentration range.

SUPPLEMENTARY MATERIAL

The supplementary material includes a detailed description of the fabrication processes for

all chips and the procedure for biological sample preparation.
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