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We introduce a principle of parallel optical processing to an optoflu

electrophoretic separation, the ultra-low limit of detection achieved w

fluorescence from covalently end-labeled DNA molecules. Different

DNA fragments—otherwise rendered indistinguishable by spatio-tem

back to their origin by modulation-frequency-encoded multi-wavelen

detection with a single ultrasensitive, albeit color-blind photomultiplie

As a proof of principle, fragments obtained by multiplex ligation-dep

independent human genomic segments, associated with genetic pred

anemia, are simultaneously analyzed.

1. Introduction

Sorting and sizing of DNA molecules by capillary electropho-

resis (CE) within the human genome project1 have enabled the

genetic mapping of various illnesses.2 By the use of miniaturized

lab-on-a-chip devices,3 on-chip-integrated DNA sequencing4 and

genetic diagnostics5 have become feasible. The inherent advan-

tages of microfluidic6 CE separation of differently sized DNA

molecules,7 high-speed operation and low reagent volumes, in

combination with laser-induced fluorescence detection,8 result in

optofluidic integration9,10 toward on-chip bio-analysis tools11

which aim at solving real-life challenges in medicine, e.g.

identification of genomic deletions or insertions associated with

genetic illnesses.

To enhance analysis capabilities, multi-wavelength fluore-

scence sensing has been implemented,12 e.g. by use of a broad-

band light source and extracting the multiple wavelengths with

monochromators and complex optical schemes. Also the use of

multiple photodiodes,13 external wavelength selective gratings,14

color CCD arrays,15 and external spectrum analyzers16 has been

reported. These approaches have in common that, besides multi-

wavelength excitation, either monochromators or multiple

detectors—frequently limiting the choice of detector type—are

required. Recently, also spatial separation of the excitation

wavelengths has been reported,17 but this set-up has rather

limited multiplexing capabilities beyond the level of two

excitation wavelengths.

Here we introduce a novel principle of parallel optical

processing to an optofluidic lab-on-a-chip. Different sets of
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idic lab-on-a-chip. During

ith our set-up allows us to record

sets of exclusively color-labeled

poral coincidence—are traced

gth laser excitation, fluorescence

r, and Fourier analysis decoding.

endent probe amplification from

ispositions to breast cancer and

exclusively color-end-labeled DNA fragments are unambi-

guously identified by means of modulation-frequency-encoded

multi-wavelength excitation through an integrated optical

waveguide, detection of the encoded signals at different fluore-

scence wavelengths by a single ultrasensitive, albeit color-blind

photomultiplier, and Fourier-domain frequency decoding. As

a proof of principle, fragments from independent human

genomic segments, associated with genetic predispositions to

breast cancer and anemia, are extracted, exclusively color-end-

labeled, and simultaneously analyzed in a single flow experiment.

2. Experimental

A. The optofluidic chip

The commercial CE lab-on-a-chip (LioniX BV), shown

schematically in Fig. 1, had dimensions of 55 mm � 5.5 mm �
1 mm.17 The optical waveguide was inscribed into the bulk of the

microfluidic chip by femtosecond-laser writing18 at a translation

speed of 20 mm s�1, using a 800 nm wavelength Ti:Sapphire laser

with 150 fs, 4 mJ pulses at a repetition rate of 1 kHz.17,19

The obtained waveguide displays a graded refractive index

profile and maximum refractive index increase of 2 � 10�3.

Fiber-to-chip coupling losses of <2 dB and waveguide propa-

gation losses of 0.5–0.9 dB cm�1 at 543 nm were achieved. The

waveguide intersects the CE separation channel orthogonally at

Fig. 1 Schematic of the optofluidic chip; indicated are reservoirs 1–4,

sample injection channel (reservoir 1 / reservoir 2) and CE separation

channel (reservoir 3 / reservoir 4), as well as the integrated optical

waveguide and detection window.
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