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for spatially-resolved label-free detection
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Ultrafast laser writing of waveguides in glasses is a very flexible and simple method for direct on-chip

integration of photonic devices. In this work we present a monolithic optofluidic device in fused silica

providing label-free and spatially-resolved sensing in a microfluidic channel. A Mach-Zehnder

interferometer is inscribed with the sensing arm orthogonally crossing the microfluidic channel and the

reference arm passing over it. The interferometer is integrated either with a microchannel fabricated by

femtosecond laser technology or into a commercial lab-on-chip for capillary electrophoresis. The

device layout, made possible by the unique three-dimensional capabilities of the technique, enables

label-free sensing of samples flowing in the microchannel with spatial resolution of about 10 mm and

limit of detection down to 10�4 RIU.
1. Introduction

Many different functionalities have already been implemented on

a lab-on-a-chip (LOC), however integration of the analysis

system is still a challenge.1 Optical sensing techniques are very

powerful and widely employed in LOCs; they are immune from

electromagnetic interference, capable of performing non-contact

sensing, and can provide multiplexed detection within a single

device.2 Traditionally, optical detection in LOCs is performed

using bulk equipment, such as mirrors, prisms, lenses and

microscope objectives. Such schemes can provide high sensitivity

but they require accurate mechanical alignment of the optics to

the microfluidic channels and suffer from mechanical vibrations

and drifts. Furthermore, the employment of massive benchtop

instrument undermines many of the advantages of the LOC

approach. In particular, device portability is strongly limited,

hampering in-field and point-of-care applications. Much of the

commercial success of the LOC concept will depend on the

ability to successfully integrate optical detection schemes,

enabling a significant reduction in size, costs and overall

complexity of the system. For these reasons, several efforts have

been made to integrate guided optic devices to perform on-chip

optical detection.1,3 Use of optical waveguides has many clear

advantages with respect to standard free-space detection systems,

in terms of alignment precision, compactness and portability.
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The most commonly used transduction signals in optical

sensing are fluorescence and refractive index. Fluorescence

detection, due to its background-free nature, provides the highest

sensitivity, down to the single-molecule limit.4 However, this

approach suffers from laborious labeling processes that may

interfere with the function of a biomolecule or living cell, or may

prevent on-chip chemical reactions from taking place. On the

other hand, the measurement of refractive index variations

allows label-free sensing, detecting the analyte in its natural form

without any alteration. This detection approach is particularly

suited for monitoring the kinetics of transient processes without

interfering with the reactions.

Various monolithic optical devices for refractive index sensing

have been proposed;5 standard approaches, based on integrated

optics, include Mach-Zehnder Interferometers (MZIs),6 Young

interferometers,7 and Bragg gratings.8 These devices are fabri-

cated by various techniques including plasma vapour deposition,

reactive ion etching, and also liquid-core waveguides.9 However,

all these techniques are only capable of producing two-dimen-

sional optical circuits. In addition, these devices typically exploit

interaction between the evanescent field of the guided mode and

the fluid in the microchannel, requiring long interaction lengths

(millimetres to centimetres) for sensitive detection. On the other

hand, several microfluidic applications call for spatially selective

label-free detection, e.g. when molecules are separated in

a microchannel by capillary electrophoresis or when counting is

required as in cell flow cytometry. In addition, spatially selective

refractive index detection would enable multipoint sensing, e.g.

for monitoring the reaction kinetics in chemical microreactors.10

The integration of optical waveguides or other photonic

components with microfluidic channels is not a straightforward

process. In fact, it requires a local modification of the refractive

index of the substrate, which means adding further lithographic

steps, thus complicating the fabrication process of the chip.

Recently, a novel technique for the direct writing of waveguides

and photonic circuits in glass substrates, exploiting refractive
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index modifications induced by focused femtosecond pulses, has

emerged.11,12 Compared with traditional techniques, femto-

second waveguide writing in a glass chip offers two striking

advantages: (i) it is a direct maskless fabrication technique, i.e. in

a single step one can create optical waveguides or more compli-

cated photonic devices (splitters, interferometers, etc.) by simply

moving the sample with respect to the laser focus; (ii) it is a three-

dimensional (3D) technique, since it allows one to define wave-

guides at arbitrary depths inside the glass. For these reasons, this

technique appears highly suited for the integration of optical

waveguides into LOCs. In fact, the 3D capabilities allow much

more compact layouts and greater freedom in the design. In

addition, this technique can be applied to post-processing of

LOCs fabricated by standard technologies, enabling a straight-

forward upgrade of chips that have already been optimized for

microfluidic functionality.13–15 Femtosecond laser technology

combined with selective chemical etching can also fabricate

directly buried microchannels,16,17 and thus a single laser system

can be used to produce the entire optofluidic device.18–21

In this work we present a monolithic device for label-free and

spatially-resolved optical sensing in a microfluidic chip. Two

possible configurations are explored. In the first one the opto-

fluidic chip is completely fabricated by femtosecond laser tech-

nology in a fused silica substrate (layout is shown in Fig. 1). It

consists of a microchannel integrated with a MZI having the

sensing arm orthogonally crossing the channel and the reference

arm passing over it. The device is capable of refractive index

sensing with a spatial resolution of the order of the waveguide

mode diameter (11 mm). The innovative 3D layout of the MZI,

which is required for spatially-resolved sensing, is only made

possible by the unique capabilities of femtosecond laser micro-

structuring. Since this geometry implies a very small interaction

length with the analyte, evanescent field sensing would provide

a limited sensitivity; therefore, in our configuration, the sensing

arm directly intersects the microchannel. The device is statically

and dynamically tested by filling the channel with glucose solu-

tions and displays a sensitivity down to 10�4 Refractive Index

Units (RIU). The second configuration integrates the 3D MZI
Fig. 1 Schematic of the femtosecond-laser-fabricated microfluidic

channel and integrated MZI. The sensing arm crosses orthogonally the

channel, while the reference one passes over it.
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device in a commercial LOC for capillary electrophoresis. In this

case only the MZI is fabricated by femtosecond laser writing,

while the fluidic part is produced with conventional technologies

in fused silica. Calibration of the optofluidic device is achieved

using glucose solutions and measurements of different concen-

trations of peptides are performed.

2. Materials and methods

A. Microchannel fabrication

Microchannel fabrication in fused silica samples (Foctek, China)

is performed by irradiation with femtosecond laser pulses fol-

lowed by etching with a 20% acqueous solution of hydrofluoric

acid (HF).16 A regeneratively amplified Ti:Sapphire laser (150-fs,

5-mJ pulses at 1 kHz and 800 nm) is astigmatically beam shaped

and focused by a 0.6 NA objective and irradiates a line along the

desired path in the substrate.17,22

High-intensity femtosecond laser irradiation in fused silica

creates self-ordered nanocracks, orthogonally aligned to the laser

polarization.23 When the sample is immersed in the HF solution,

the etchant rapidly diffuses in the nanocracks along the irradi-

ated line and chemically dissolves the surrounding material. This

creates high aspect ratio microchannels with nearly circular

cross-section and diameters of several tens of micrometres,

significantly exceeding the irradiated region, which has a diam-

eter in the order of a few micrometres. Since microchannel

diameter grows with etching duration, immersion time is

controlled to obtain the desired size. The inner wall roughness of

the microchannel is estimated to be less than 500 nm rms, inde-

pendently from the spot size and the irradiation parameters.

Exploiting the 3D capabilities of this technology, a U-shaped

microfluidic channel is fabricated in a single irradiation step

(schematic is shown in Fig. 1). Two access holes connect the

2-mm long and 100-mm buried microchannel to the top surface of

the sample. The average diameter of the microchannel is about

60 mm and external connection to syringes is achieved by gluing

a Luer Lock connector to one of the access holes.

B. Waveguide fabrication

We fabricate optical waveguides in the same fused silica substrate

previously used for microchannel fabrication. The irradiation

intensity for waveguide writing is much lower than that used for

the pre-etching irradiation in the microchannel fabrication, so

that a smooth and uniform refractive index change is obtained

along the irradiation path.23 The mechanism inducing permanent

refractive index changes in transparent materials by ultrashort

laser irradiation is described elsewhere.12,24 Briefly, the focusing

of ultrashort pulses leads to very high peak intensities which

induce strongly nonlinear absorption (due to a combination of

multiphoton and avalanche ionization processes) spatially

confined to a small volume around the focus. This localized

energy deposition can create a permanent increase of the

refractive index, by a variety of mechanisms such as densifica-

tion, color center formation and structural modifications. The

refractive index change is exploited, by moving the laser focus

inside the substrate, to produce light-guiding structures.

Waveguides are written by a mode-locked Yb:KYW laser

producing 350-fs pulses at 1030 nm, with energy up to 1 mJ.25 The
This journal is ª The Royal Society of Chemistry 2010



Fig. 3 Schematic of the unbalanced MZI with h ¼ 50 mm, R ¼ 30 mm

and D ¼ 17 mm.

Fig. 4 Schematic of the experimental set-up for measuring the trans-

mission spectrum of the MZI. A tunable laser, fiber pigtailed to the chip,

scans the wavelength range of interest. The output power of the MZI is

measured at each wavelength by a power meter.
repetition rate was set to 1 MHz and the second harmonic,

produced by a lithium triborate crystal, was used since this

fabrication wavelength yields smoother waveguides.26 This laser

is preferable to the amplified Ti:Sapphire laser, used for the

microchannel fabrication, since it provides waveguides with

a higher refractive index contrast, thus allowing smaller curva-

ture radii. Recently, it has been demonstrated that this laser can

also be used for microchannel fabrication,27 so that one can

envisage a single laser tool for fabricating the entire device.

The writing beam is focused into the sample by a 50� objective

with 0.6 NA, using an average power of 90 mW. The sample is

moved at a speed of 100 mm s�1 by a three-axis air-bearing stage

(Aerotech FiberGlide 3D). Translation of the sample in the three

dimensions is obtained with a precision on the order of 100 nm,

enabling the fabrication of fully three-dimensional optical

devices with arbitrary shape.

The obtained waveguides display a refractive index contrast

Dn�5� 10�3, corresponding to a single guided mode at the 1.5 mm

wavelength used for the experiments, with 11-mm diameter.

C. Commercial lab-on-a-chip

In addition to the optofluidic device completely fabricated by

femtosecond lasers, we also integrate the 3D MZI into

a commercial LOC (LioniX bv) for microchip capillary electro-

phoresis (MCE). The layout of the microchip is shown in Fig. 2.

Two microchannels are present according to the classical cross

scheme employed in MCE (actually the cross is folded in order to

minimize the footprint of the device). The microchannels are

fabricated in a fused silica substrate by photolithography fol-

lowed by wet etching and have a cross-section with 110 mm width

and 50 mm depth. In the sealed chip the microchannels are buried

at a depth of 500 mm from its surface. Since for MCE applica-

tions the optical detection is required at the end of the separation

channel, the MZIs are fabricated in the area evidenced by

shading in Fig. 2.

3. Results and discussion

A. MZI fabrication and characterization

As a preliminary step to integration with the microfluidic

channel, the MZIs are fabricated in a plain fused silica substrate.

We chose to design unbalanced interferometers, so that we could

detect fringes in the wavelength dependent transmission when

scanning a sufficiently large spectral region with a tunable laser.

The device is realized using a combination of circular (radius

R ¼ 30 mm) and straight segments according to the geometry
Fig. 2 Schematic of the commercial microchip for capillary electro-

phoresis (LioniX bv). MZIs will be fabricated in a region at the end of the

separation channel indicated by the shaded area.
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presented in Fig. 3. The unbalance Ds between the two arm

lengths is 56 mm. The length of the device is D ¼ 17 mm.

Differently from femtosecond laser written MZI devices

reported in the literature,28 the splitter and combiner employ

symmetric Y-junctions instead of directional couplers. This

increases the compactness of the device and avoids any wave-

length dependence of the splitting ratio.

A fiber-coupled tunable laser (Agilent 8164B) emitting 100 mW

is used to measure the wavelength dependent transmission of the

device from 1460 nm to 1570 nm (the set-up is schematically

shown in Fig. 4). The power meter, synchronized with the laser

scan, is a module hosted together with the laser in the same

instrument. This wavelength range is chosen due to the large

availability of compact, widely tunable and stable laser sources.

Theory predicts, for an unbalanced interferometer, a power

transmission T as a function of wavelength l expressed by

T ¼ 1

2

�
1þ cos

�
2p

l
n0Ds

��
(1)

where n0 is the effective refractive index of the guided mode

(n0 z 1.45 in our fused silica waveguides). Fig. 5 shows the

transmission spectrum of the unbalanced MZI together with

a fitting curve following the expression in eqn (1). From the fitting

function one obtains Ds¼ 54 mm which is in very good agreement

with the design value Ds¼ 56 mm. This demonstrates a remarkable

control of the geometric properties of the MZI and of the

refractive index uniformity in the two arms. The overall insertion

loss of the device, measured after butt-coupling two single-mode

fibers at the input and output ports, is 7.4 dB. The fringe visibility
Lab Chip, 2010, 10, 1167–1173 | 1169



Fig. 5 Open circles: measured transmission spectrum of the MZI. Solid

line: least-squares fit of the experimental data.

Fig. 7 Measured fringe shift for different concentrations of glucose-D in

water (inset: 0 mM solid; 50 mM dashed; 100 mM dotted); the corre-

spondent refractive index increase is also shown in the top axis.
depends on the splitting ratios of the input and output Y-coupler

and on the propagation losses of the guided mode in the inter-

ferometer arms.29 Therefore, the high fringe contrast obtained in

our experiment (up to 13 dB in the considered 110 nm spectral

range), is a clear indication of the high symmetry in the splitter and

combiner sections and of the closely balanced propagation losses

in the two arms.
B. Integration of a MZI with a fs-laser fabricated

microchannel

Unbalanced MZIs are inscribed in a fused silica chip where

a microfluidic channel has been already fabricated by femto-

second laser according to the procedure described in 2A (see

schematic in Fig. 1). The shape and the dimensions of the MZI

are the same as those described in section 3A. The 90� intersec-

tion is chosen in order to achieve spatially selective detection.

This high spatial resolution is obtained at the expense of the

sensing length, which is limited by the channel width. Therefore,

to maximize the phase shift induced by the analyte, direct
Fig. 6 Microscope picture showing the two arms of the MZI crossing

the microfluidic channel. Because of the tilted geometry, the reference

arm (panel A) passes over the channel while the sensing arm (panel B)

crosses the channel.
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intersection of the sensing arm with the microchannel is chosen.

In this way the sensing region is a cylinder with a height equal to

the channel diameter (�60 mm) and a base with a diameter of

�15 mm, approximately equal to the waveguide mode size. To

enable only one arm intersecting the microchannel, the MZI was

inscribed in a plane tilted by 7� with respect to the horizontal.

The sensing arm of the MZI (which is chosen as the shorter one)

orthogonally intersects the microchannel in its center (see Fig. 6,

panel B), while the reference arm passes 20 mm above the

microchannel (see Fig. 6, panel A).

To avoid damaging the channel walls, the writing laser beam is

blocked with a synchronized shutter while inscribing the sensing

arm through the channel. The optical waveguide stops at

a distance of �5 mm from the microchannel wall. The MZI

sensing arm, crossing the microchannel filled with water, expe-

riences an additional loss of about 3 dB, due to both scattering at

the channel walls and lack of waveguide confinement across the

channel. This loss does not significantly affect the device

performance, still allowing fringe contrast as high as 10 dB (see

inset of Fig. 7).

Note that this tilted geometry of the MZI is necessary to

achieve spatially selective sensing, since only one arm has to cross

the channel. This is a clear example of an application where the

3D capabilities of femtosecond laser microfabrication are

needed. In fact, it would have been very difficult to obtain this

geometry with standard integrated optics technologies, which are

intrinsically planar.
C. Operation principles of the interferometric sensor

The transmission spectrum of the MZI crossing the micro-

channel has the following expression, slightly different from eqn

(1),

T ¼ 1

2

�
1þ cos

�
2p

l

�
n0Ds� ðnchannel � n0ÞL

���
(2)

where we have neglected the difference in propagation loss of the

two arms, for simplicity. In particular, the phase difference

between the two arms of the MZI is not only due to a length
This journal is ª The Royal Society of Chemistry 2010



difference (the n0Ds term), but also to a different refractive index

of the content of the microchannel (nchannel) with respect to the

effective index of the guided mode (n0) in the reference arm (the

(nchannel – n0)L term, where L is the microchannel width).

Consequently, the transmission spectrum shows fringes with

peaks positioned at

lm ¼
n0Ds� ðnchannel � n0ÞL

m
(3)

where m is the fringe order.

If the content of the microchannel changes its refractive index

by a quantity Dn, the transmission peaks will shift by

Dlm ¼ �
Dn,L

m
(4)

Considering a limited portion of the transmission spectrum

with m large enough (in our case on the order of 50) we can

assume the Dlm shift constant for all the fringes. As a conse-

quence, the shift in the fringe peaks is proportional to the

refractive index change Dn in the microchannel.

The fringe shift Dlm can be accurately retrieved by a Fourier

transform (FT) of the MZI transmission spectrum. In fact, the

FT of the shifted T(l) can be expressed as

F{T(l�Dlm)} ¼F{T(l)}exp(i 2p Dlm f) (5)

where f is the Fourier frequency. Monitoring the phase shift of

the FT at a fixed frequency f (typically chosen as that corre-

sponding to the peak of the FT amplitude) it is possible to easily

retrieve the fringe shift Dlm. This procedure can be rapidly and

automatically performed by standard numerical methods. It is

worth noting that the phase shift Df ¼ 2p Dlm f acquired by the

FT, when the transmission spectrum translates by Dlm, can be

shown to be equal to the phase shift acquired by the light in the

sensing arm Df ¼ 2p/l Dn L, when crossing the microchannel

with a refractive index variation Dn.

Acquisition of device transmission spectra, using a tunable

laser, requires a finite time and is thus particularly suited for

static measurements. Many applications, such as capillary elec-

trophoresis, involve the detection of transient signals, requiring

faster acquisition times. A different approach, enabling much

higher temporal resolution, consists in monitoring the device

transmission at a fixed wavelength, where the fringe shift,

induced by a refractive index change of the analyte, translates to

a change in transmission.

D. Test with glucose solutions

To characterize the sensitivity and the linearity of the interfer-

ometer response, the microchannel is filled with different

concentrations of acqueous glucose-D solutions, and for each of

them the spectral response of the optofluidic device is measured

whilst static (see inset in Fig. 7). Fig. 7 shows the fringe shift

obtained from the Fourier transform of the measured trans-

mission spectrum as a function of glucose concentration. X-axis

top scale represents the corresponding refractive index variation

of the solutions with respect to pure water, based on data

reported in the literature.30

The fringe shift dependence on the molar concentration of the

analyte in the microchannel is estimated by a linear fit and is
This journal is ª The Royal Society of Chemistry 2010
determined to be 28.4 nm M�1. Since the refractive index varia-

tion dependence on concentration is known to be 2.66 � 10�2

RIU/M,30 the device responsivity is estimated at 1070 nm/RIU.

The standard deviation of the data taken from repeated

measurements is s z 3� 10�5 RIU, therefore we can extrapolate

a limit of detection of 1 � 10�4 RIU with a signal-to-noise ratio

z 3. Temperature fluctuations of the analyte (�0.5 �C) are the

limiting factor for device sensitivity, causing most of the noise in

index measurements. In fact, the refractive index variation of

water due to temperature is on the order of 10�4 RIU/ �C. On the

other hand, the device in itself is quite insensitive to temperature

fluctuations; in fact, the thermo-optical coefficient of fused silica

is rather low (10�5 RIU/ �C) and temperature-induced index

changes of the fused silica waveguides are compensated in the

MZI geometry, apart from the relatively small length difference

between the two arms.

The intrinsic device sensitivity was assessed by measuring the

response with an empty microchannel. In this way, refractive

index variations due to sample temperature fluctuations are

minimized since the temperature dependence of the refractive

index of air is much weaker than that of water. From repeated

measurements at room temperature, the RMS noise level is

estimated to be s z 3 � 10�6 RIU. We thus conclude that the

fluctuations in the data of Fig. 7 do not correspond, for the most

part, to a noise induced by the instrument or by the data pro-

cessing technique, but are indeed real variations of the refractive

index of the analyte due to temperature fluctuations. Therefore,

an order of magnitude improvement in sensitivity could be

achieved if the analyte were temperature stabilized.

As discussed in the previous section, in several applications it is

important to follow transient signals. A detection approach

which consists of monitoring the power at a fixed wavelength is

necessary to measure rapidly time-varying signals. At a fixed

wavelength, the spectral fringe shift corresponds to a variation in

the transmission value. To maximize the sensitivity, the detection

wavelength is chosen at an inflection point of the transmission

curve.

The same tunable laser used in spectral acquisition is now

operated at constant wavelength, and the transmission is

acquired via a photodetector at 200 ms intervals. A transient

measurement is performed by driving the flow of a glucose

solution with 30 mM concentration into the channel, which is

initially filled with water. A syringe connected to the micro-

channel is used to apply a constant pressure of 2.2 � 105 Pa,

inducing a flow rate of 3 mL s�1. Fig. 8 shows the transition

between pure water and the glucose solution, occurring in 2 s.

This demonstrates the capability of our device of monitoring fast

refractive index transients in the microchannel.
E. Integration of MZIs in a commercial LOC

After demonstrating the proof of concept of spatially-selective

label-free sensing in an optofluidic chip completely fabricated by

femtosecond laser micromachining, a further step toward

application of our approach to LOC devices is performed by

integrating a MZI in the commercial LOC described in section

2C. Fig. 9(a) shows four MZIs, fabricated with the same layout

detailed in section 3A, at the end of one channel (see shaded area

in Fig. 2). Also in this case the sensing arm is crossing the
Lab Chip, 2010, 10, 1167–1173 | 1171



Fig. 8 Transient measurement performed by driving a flow of glucose

solution with 30 mM concentration into a channel originally filled with

water.

Fig. 9 (a) Picture of the commercial LOC with 4 MZIs inscribed across

a microchannel; the grid of microchannels at the bottom of the chip

facilitates the sealing of the device and has no fluidic function. Micro-

scope images of (b) the reference arm passing over the microchannel and

(c) the sensing arm crossing it.
microchannel, while the reference arm is passing above it

(Fig. 9(b) and (c)). Measurements are performed with the same

set-up reported in Fig. 4, pigtailing optical fibers to the input and

output of one MZI. The high-quality dicing procedure employed

by LioniX to sever the different chips in the wafer provides side

facets with a sufficient quality to allow coupling the fibers to the

waveguides without further polishing.
Fig. 10 Measured fringe shift for different concentrations of FMOC-

Pro-OH in ethanol (diamonds) and correspondent refractive index

increase. The refractive index scale has been calibrated with the data

related to glucose in water (triangles).
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Sensitivity characterization and device calibration are per-

formed by filling the chip with aqueous glucose-D solutions at

different concentrations. Fig. 10 shows the fringe shift calculated

from the experimental data, as a function of the glucose

concentration. From these measurements the device responsivity

is estimated to be 1500 nm/RIU, larger than the one of the device

presented in section 3D. The reason for the increased respon-

sivity is the larger width of the microchannel (increased from 60

to 110 mm), thus implying a greater interaction length of light

with the fluidic sample (as inferred from eqn (4) the responsivity

does not scale linearly with the interaction length L because also

m increases with L, see also eqn (3)). Repeating the measurement

several times at each concentration a standard error s z 4.8 �
10�5 RIU is estimated, which is very similar to that obtained in

section 3D. This allows to extrapolate also for this device a limit

of detection of �1.5 � 10�4 RIU (equivalent to about 5 mM of

glucose-D) for a signal-to-noise ratio SNR ¼ 3.

Having assessed the performance of the device, we have used it

to detect biochemically relevant molecules such as peptides, used

for drug synthesis in the pharmaceutical industry. Fig. 10 shows

the concentration dependent signal of the monopeptide FMOC-

Pro-OH in ethanol. The previous calibration, based on glucose

solutions, quantitatively associates a refractive index increase to

the measured phase shift. Thus, the refractive index dependence

on concentration for FMOC-Pro-OH can be determined, and

results to be linear with a slope of 8.2 � 10�5 RIU/mM. In this

case, given the higher temperature dependence of the refractive

index of ethanol with respect to that of water, a standard error of

2.6� 10�4 RIU is measured. Therefore, we can estimate a limit of

detection of 9 mM for the peptides. This value is very well suited

for MCE assays of the products of chemical reactions, which are

typically in the tens of mM range, and that can be thus monitored

in a label-free way thanks to the integrated MZI.
4. Conclusions

A compact and highly integrated interferometric device has been

demonstrated, which allows refractive index sensing of the

content of a microfluidic channel. The specific device geometry

enables measurements with high spatial resolution. The device

was tested with glucose solutions, determining a sensitivity of 1�
10�4 RIU that corresponds to a limit of detection of 4 mM.

However, it should be noted that the above sensitivity is mainly

limited by temperature fluctuations of the analyte, while the

intrinsic sensitivity, measured with an empty channel, is one

order of magnitude better.

The combination of label-free sensing and high spatial reso-

lution is uniquely enabled by the femtosecond laser writing

technique, which allows the fabrication of a 3D interferometer in

which only one arm crosses the microchannel. An additional

advantage of our technique is the possibility of integrating

photonic devices in microfluidic chips, fabricated by standard

techniques, without affecting their manufacturing process. To

prove this point, an MZI has been fabricated in a commercial

lab-on-a-chip for capillary electrophoresis and several concen-

trations of a monopeptide have been detected. A limit of detec-

tion of �10 mM for the peptide has been demonstrated which

makes the device well suited for assaying the products of chem-

ical reactions. Work is in progress to integrate this device in
This journal is ª The Royal Society of Chemistry 2010



a microreactor for monitoring the efficiency of chemical

synthesis.
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