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Abstract The application of portable, easy-to-use and highly
sensitive lab-on-a-chip biosensing devices for real-time diag-
nosis could offer significant advantages over current analytical
methods. Integrated optics-based biosensors have become the
most suitable technology for lab-on-chip integration due to their
ability for miniaturization, their extreme sensitivity, robustness,
reliability, and their potential for multiplexing and mass produc-
tion at low cost. This review provides an extended overview of
the state-of-the-art in integrated photonic biosensors technology
including interferometers, grating couplers, microring resonators,
photonic crystals and other novel nanophotonic transducers.
Particular emphasis has been placed on describing their real
biosensing applications and wherever possible a comparison
of the sensing performances between each type of device is
included. The way towards achieving operative lab-on-a-chip

Integrated optical devices for
biosensing applications

platform incorporating the photonic biosensors is also reviewed.
Concluding remarks regarding the future prospects and poten-
tial impact of this technology are also provided.

lab-on-a-chip

M.-Carmen Estevez, Mar Alvarez and Laura M. Lechuga’

1. Introduction

Biosensors are devices able to detect a specific substance
by converting the recognition from a biological entity (i.e.
DNA, antibody, enzyme, ...) into an electrical signal that
can be further processed and related to the concentration
of the substance under analysis. Biosensors can provide se-
lective, sensitive, fast, direct and cost-effective analyses. In
addition, they can perform tests in real-time without using
fluorescent labels or amplification steps and with a mini-
mum volume of samples and reagents [1]. As compared to
standard techniques that are usually time consuming, expen-
sive and require labelling and trained personal, biosensing
technology offers clear advantages.

Lab-on-a-chip (LOC) are miniaturized devices in which
all functionalities are integrated in the same platform, from
sample preparation to signal delivery [2]. Ideally, a LOC
device should contain enough hard-wired intelligence and
robustness to be used by nonskilled personal and should
deliver the results directly to a central monitoring station.
It is clear that achieving a small, portable and easy-to-use
lab-on-a-chip device for diagnostics could offer significant
advantages over standard methods. Although significant
progress has been accomplished at the LOC field during
recent years, very few standalone devices have emerged [3].
Most current devices are simple planar microfluidic devices
that do not incorporate the detection and after the reaction
has taken place, the readout must be done with complex in-
strumentation in laboratory settings. That is the main reason
why incorporating “on-chip” detection by using biosensors

is a new technology that shows great promise. The main
application fields of this technology can be clinical diag-
nostics, environmental monitoring, chemical and biological
warfare surveillance, food industry and veterinary and indus-
trial process control, among others. By using this advanced
technology, diagnosis in developing countries could become
an important achievement for the near future.

Photonic biosensors are well-established technologies
for the sensitive monitoring of molecular interactions. They
could afford the requirements for the “on-chip” detection
in lab-on-a-chip platforms due to their outstanding char-
acteristics of sensitivity, label-free and real-time detection.
The detection principle of most optical biosensors is based
on the evanescent field detection. In the evanescent wave
mechanism (see Fig. 1), a bioreceptor layer is immobilized
onto the surface of a waveguide; the exposure to the partner
analyte produces a biomolecular interaction affecting the
guiding properties of the waveguide (specifically, a varia-
tion of the refractive index) via the modification through the
evanescent field. The variation of the refractive index can
be evaluated by any of the waveguiding optical properties
(intensity, phase, resonant momentum, polarization, ... ) and
this variation can be correlated with the concentration of
the analyte and with the affinity constant of the interaction,
resulting in a quantitative value of the interaction.

As the evanescent wave decays exponentially while it
penetrates into the outer medium, it only detects changes
taking place on the surface of the waveguide, since the inten-
sity of the evanescent field is much higher in this particular
region. For most waveguide systems, this decay length is of
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the order of 0.1-1 um. For that reason, it is not necessary to
carry out a prior separation of nonspecific components (as
in conventional analyses) because any change in the bulk so-
lution will hardly affect the sensor response. Therefore, the
most significant advantages of evanescent-based mechanism
are the highly sensitive and specific label-free detection of
target molecules or biochemical reactions in real time, with
reduced nonspecific binding, which makes this detection
mechanism one of the most useful for detection of targets
in complex real samples.

The most common optical evanescent wave biosensor is
the surface plasmon resonance (SPR) device [4] based on
the variation of the reflectivity on a metallic layer in close
contact with a dielectric media. The SPR biosensor has been
widely developed and commercialized and hundreds of pub-
lications have demonstrated its outstanding performance to
evaluate complex biosensing interactions [4]. But, a SPR
sensor has a relatively large size and its miniaturization in
lab-on-chip platforms is complex. Moreover, the sensitivity
is usually limited to the nanomolar range, which is extremely
useful in diverse applications [5—7] but not enough for ap-
plications requiring lower detection levels (pM-fM or even
single molecule), which are usual in clinical practice.

Photonic sensors based on integrated optics (I0) could
solve the aforementioned SPR problems, as they can be
easily miniaturized and they offer high potential for chip
integration; moreover, by using evanescent wave as the de-
tection mechanism, sensitivities can be extremely high (pM
in a label-free scheme). Moreover, integrated optics allows
a great flexibility in the materials and structures selection
and fabrication of arrays of sensors with the same char-
acteristics within the same chip for multiplexing analysis
can be afforded. Materials employed in IO devices are Si,
Si3Ny, SiON, SiO; or polymers, and techniques such as ion
diffusion in glass, chemical vapor deposition, spin-coating,
nanoimprinting, electron-beam lithography, etc. are com-
monly employed for the fabrication. By using silicon pho-
tonics technology, additional advantages such as robustness,
reliability, low power consumption and potential for mass
production with consequent reduction of production costs
are added. Other technologies such as III-V compounds or
lithium niobate, often used in optical telecommunications,
have shown less suitability for IO biosensors as they are
more complex and expensive.

External medium

Figure 1  (online color at: www.lpr-journal.org)
Scheme of the evanescent field sensing. A
biomolecular interaction taking place at the wave-

guide surface within the evanescent region induces

a change in the effective refractive index of the

transmitted light mode. The evaluation of this op-

tical change gives a measure of the number of
substrate

molecules which has been detected.

Most of the refractive-index IO sensors rely on the
induced changes of the effective refractive index by the
biomolecular interaction in the evanescent area. In order to
achieve the highest sensitivity, the waveguiding structure
must be optimized by looking for a maximum change of the
effective refractive index due to the sensing biolayer. Sensi-
tivity is a complex parameter involving geometry, material
and working wavelength of the waveguide, and also other
aspects such as the chemical activation of the surface, the
biofunctionalization method and the resolution and noise
of the optical readout system. In addition, fluidics must be
taken into account (i.e. flow-cell volume, means of sam-
ple injection, diffusion, dispersion). Each of these aspects
must be properly designed and optimized before delivering
a functional biosensor device. Integrated optical sensors
such as grating-couplers, interferometers, photonic crystals,
microring resonators, slot waveguides or silicon wires have
been extensively studied in recent years [8—12], but so far
only a few of them are commercially available.

One of the main advantages of the 10 technology is the
possibility to integrate all the functions (chemical, optical,
microfludics and electronics) in one single platform offering
an ideal solution for the implementation of true lab-on-a-
chip devices. This area is still in its infancy, but remarkable
progress has been achieved during recent years [3, 13]. This
is reflected in the increasing number of publications address-
ing new or optimized sensing configurations.

In this chapter, an overview of the main integrated op-
tical sensors will be presented with special focus on the
most relevant ones in terms of sensing performance and
integration capability, and whose feasibility for label-free
biosensing has been proven. For each of them, a brief de-
scription of its operating principle, design, fabrication and
readout resolution will be presented, and, when reported, the
biosensing dynamic range and detection limit will be sum-
marized. Application in clinical diagnostics, environmental
monitoring, or in the food and agroalimentary industries
will be included as well as a brief section describing the
commercial devices already on the market. One of the cru-
cial aspects that will be discussed is the way towards a truly
lab-on-a-chip integration, although few examples of com-
pletely integrated platforms can be found in the literature.
Finally, an outlook of the future prospects of this technology
will be given.
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Figure 2  (online color at: www.lpr-journal.org) General scheme for the activation of the sensor surface and common strategies for

biofunctionalization: surface cleaning (1), chemical activation of plain surface (2), immobilization of the specific bioreceptors (3) and final
detection of the target molecule (4). The bioassays depicted in (3) and (4) are the following: (a) Mixed self-assembled monolayer (SAM)
with reactive and non-reactive silanes compounds with specific antibodies covalently immobilized for protein recognition; (b) hydrophilic
and biocompatible reactive monolayer based on pegylated-silane or dextran compounds with proteins covalently immobilized for
antibody recognition; (c) Affinity tags immobilized on the surface (i.e. protein A, or streptavidin onto biotinylated surface) to achieve
appropriate orientation of specific antibodies for protein recognition; (d) covalent immobilization of DNA or RNA probes (together with

non-specific spacers) for hybridization with complementary DNA/RNA strands.

2. Biofunctionalization and immobilization
strategies

The selection of an appropriate procedure to immobilize
the biological element on the sensor surface has become a
critical step in the biosensor area, and enormous efforts are
continuously invested in order to optimize novel strategies
according to the application. The immobilization process
should not only guarantee an efficient coverage of the trans-
ducer surface with the biomolecules, while keeping intact
their properties (functionality, structure, biological activ-
ity, affinity, specificity ...), but it should also ensure their
stability for storage and regeneration. Moreover, most of
the applications, such as clinical and medical diagnosis,
agroalimentary analysis, or environmental field surveillance,
require well-defined surfaces with biocompatible properties,
minimizing nonspecific adsorption when analyzing com-
plex real samples. The choice of the most effective strategy
of immobilization that combines the above considerations
usually becomes the key factor that turns a sensing device
into a valid and applicable analytical tool with the required
quality standards. Moreover, the bioreceptor layer directly
affects the reproducibility, selectivity and resolution of any
sensor device.

A wide variety of biomolecules can be used as biore-
ceptors, i.e. antibodies, nucleic acid sequences, peptides,
enzymes, cell receptors and many others. The selected
biomolecule is dictated by the application and must be cho-
sen to be highly specific for the target molecule and stable

enough to be immobilized without losing functionality. Sev-
eral types of routes can be used to biofunctionalize the
sensor surface: (i) physical adsorption by direct deposition
of the biomolecule; (ii) covalent binding of the biomolecule
to the surface (using a crosslinker previously immobilized
on the surface or following more complex strategies [14]);
(ii1) noncovalent interactions to a previously deposited ac-
tive layer, either by nonspecific electrostatic interactions or
by noncovalent affinity binding (i.e. biotin-avidin systems,
His-Tag system, Protein A/G for antibodies) (iv) physical
entrapment in a polymer layer. Figure 2 summarizes the
general immobilization strategies.

Physical adsorption is a simple strategy based on
hydrophobic and electrostatic interactions between the
biomolecule and the surface, but it can lead to the easy
desorption of the active receptors under flow conditions
and also when regeneration cocktails are applied to break
the interaction event (which usually implies high or low
pH solutions, salt concentrations, organic solvents, etc.).
Moreover, issues related to reproducibility together with
undesired folding of the biomolecules onto the surface are
common drawbacks of this strategy, which makes it not
advisable in most of the cases even despite its simplicity.

Covalent binding can be made through one of the chem-
ical groups of the biomolecule. It is recommended to use
a group whose blocking does not compromise the overall
functionality of the biomolecule. Amino, carboxylic or thiol
groups are the preferred option to couple proteins. For nu-
cleic acid immobilization, it is possible to take advantage
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of the versatility of the DNA synthesis that allows the in-
corporation of reactive groups at the end of the sequence.
Specially difficult is the attachment of antibodies in an ori-
ented way (leaving the affinity binding sites free), which can
be done by controlled binding through the carbohydrates
groups of the constant region or by using affinity proteins
(such as A or G Protein) [15]. Another noncovalent affin-
ity binding strategy is based on the biotin-avidin system,
through the formation of a sandwich-like layer (biotin on
the surface/avidin/biotinylated biomolecule) [14—16].

Before the biofunctionalization step, a previous chemi-
cal activation of the sensor surface is always needed. Silicon,
silicon oxide and silicon nitride are conventional materi-
als commonly used for integrated optical transducers that
can be functionalized using the well-known silane chem-
istry. Silicon-based surfaces require a prior activation step
to oxidize the surface and to expose the silanol groups for
crosslinking with the silane. Whereas silicon oxide is hy-
drophilic, silicon nitride is an electronically neutral non-
porous material, whose modification is usually not straight-
forward. In the case of silicon nitride, methods are based on
an initial etching to remove the native SiO; layer to be fur-
ther oxidized to form a new oxide layer [17]. Other strategies
involve the derivatization of the Si-H and Si-N groups of the
silicon nitride using more drastic conditions [18-21]. The
activated surface is subsequently modified with organosi-
lanes forming a silane layer with exposed reactive groups
susceptible to reaction with the bioreceptor. Hundreds of dif-
ferent organosilanes with a wide variety of structures, length,
functionality and chemical and physical properties are nowa-
days commercially available, although the most commonly
employed are those with short alkyl chain (i.e. propyl, butyl),
ending in amino, thiol, epoxy or carboxylic groups.

As a first step, evaluation of the biosensor capability
is done using purified or spiked samples in buffer. But in
order to assess the real performance of any device, com-
plex samples that contain high concentration of nonspecific
molecules, such as blood, urine, serum, saliva, tears, cere-
brospinal or medullar fluids should be tested. For prepa-
ration of the receptor layer that must avoid matrix effects
and large background signals, less conventional reagents
that provide a more hydrophilic, biocompatible, and an-
tifouling surface are increasingly being used such as dex-
tran polymer [22] or poly(ethylene) glycol (PEG) deriva-
tives [23-28].

Overall, to achieve the full potential of the optical sens-
ing devices, the choice of the surface modification, the bio-
functionalization procedures, and the type and conditions
of the assay become as relevant and crucial as the develop-
ment and optimization itself of the integrated optics-based
sensing structures.

3. Biosensors based on integrated optics

In this section, an overview of the main biosensing tech-
nologies based on integrated optics will be presented. The
main driving force behind the development of integrated
optical biosensors is to push the sensitivity for label-free

detection of minimum amounts of substances, which are the
concentration normally found in human fluids at the start of
a disease (such as cancer) or in contaminated water or food
or in a biowarfare attack: the lower the limit of detection,
the earlier the disease or the pollutant could be detected.
The limit of detection (LOD) and sensitivity are the most
important parameters that define the sensor performance.
The sensitivity is mostly referred to the strength of the light-
matter interaction. Limit of detection can be defined as the
smallest amount of analyte that produces a quantifiable out-
put signal and will depend on the resolution of the optical
readout system and therefore it is strongly related to the
experimental noise. Contributions from laser or light-source
intensity fluctuations, microfluidics, and thermal variations,
among others, can have a strong affect on the overall noise.
Thus, while the sensitivity of a device can be very high, the
associated noise can lead to moderate LOD. Moreover, for
biosensing a receptor must be previously immobilized, and
the biofunctionalization protocol also plays a crucial role
in achieving low detection limits. We have chosen the limit
of detection as the most suitable parameter for comparing
the different IO technologies. Two main ways of specify-
ing the limit of detection can be employed: (i) according
to the bulk sensitivity (expressed as refractive index units
(RIU) as all the evanescent wave sensors are sensitive to any
change in the bulk refractive index of the solution above
the sensor surface; (ii) according to the surface sensitivity,
as the evanescent sensors are sensitive to any accumulation
of mass on the sensor surface, which is an evaluation of
the real biosensing capabilities of a transducer, normally
expressed as surface mass density (pg/mm?). The detection
limit can also be expressed as analyte concentration (i.e. in
ng/mL or molarity), but this value is not directly comparable
among different sensors since it will depend on the target
molecule and its affinity constant. The best resolutions for
bulk refractive-index changes (bulk sensitivity) are within
the range of 107> to 10~8 RIU, which depending on the an-
alyte and transducer mechanism means that concentrations
down to ng/mL or pg/mL can be determined.

Table 1 shows a comparison of the limits of detection
(in RIU and pg/mm?) for the integrated optical sensors de-
scribed in this review.

3.1. Interferometric waveguide sensors

Among the different integrated optical sensors, the interfero-
metric ones are the most attractive for biosensing due to their
high sensitivity and broad dynamic range. Mach-Zehnder
(MZI), Young (YI) and Hartman interferometers are the
usual configurations employed for sensing (see Fig. 3).

In the integrated version of MZI, an input optical wave-
guide is split into two arms that after a certain distance
are recombined again in an output optical waveguide (see
Fig. 3A for general structure and Fig. 3B for a view of an
integrated array of MZI). A biomolecular interaction in
the sensor area within the evanescent field will produce a
variation in the effective refractive index of the light prop-
agating through this area, inducing a phase difference be-
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Table 1 Comparison of limit of detection

Device Mass detection limit ~ RI detection limit  References (LOD) in integrated optical biosensors.
(pg/mm?) (RIU)
SPR? 1-5@b) 10732107 (4]
Grating Couplers
Input and/or/output n.d.© ~2-5.107° [64,66]
0.3 <1076 (82]
Reflected mode 10 3-107° [73,74]
Interferometer
Mach Zehnder n.d. 7-107° [41]
0.06 1-1077 [44]
0.019 2.1078() [12]
n.d. 9.2-1077 [212]
Young n.d. 5.107° [52]
0.75 9.1078 [47]
0.013@ 9.107° (48]
0.020@ 8.5-1078 [54]
Hartman n.d. ~ 1070 [60]
Bimodal waveguide n.d. 2.5-1077 [61]
Microring resonator n.d. ~ 1077 [92]
3.4@ n.d. [112]
15/1.5@ 7.6-1077 [96,97]
Photonic Crystals 0.42 3.4.107° [124]
500 ~1073 [142,143]
2.1@ 6-1074 [145]
7.5@ 71073 [148,150]
1000 n.d. [153]
Silicon Wires
Mach-Zehnder configuration 0.25@ n.d. [161]
Resonator configuration n.d. <2100 [162]
Slot-waveguides 16 n.d. [167]
n.d. 8.8-107° [169]
0.9 5-107° [168]
n.d. 42.10°° [95]
n.d. 7-107° [171]

4 SPR is shown for comparison of the platforms with a standard optical biosensing device.

b

averaged ¢ n.d. not determined d estimated

tween the light travelling in the sensor and the reference
arms. The interferometric modulation at the device output
is described by:

I

1:50 E3 + E} +2EgEg cosAD| . (1)
2nL

AD = e [Mefi, s — Nefit, R] 2)

where E is the electric field propagating along the wave-
guide, ne¢r is the effective refractive index, P is the phase, L
is the detection length, A is the light wavelength and Iy and
I are the light intensity at the input and output, respectively.
The labels S and R stand for the sensing and the reference

arm, respectively. An attractive aspect of this device is the
possibility of using long interaction lengths, thereby increas-
ing the sensitivity. The optimization of the signal-to-noise
ratio implies maximizing the transfer functions and hence
maximizing all partial sensitivities (e.g. dAD/In.s, etc.)
and, at the same time, minimizing all the perturbing effects,
e.g. temperature or wavelength drift. As can be deduced
from Eq. (1), one main drawback of the interferometric sen-
sors is that due to the cosine dependency, the sensitivity
will depend on the position of the interferometric curve,
with higher sensitivity at the quadrature points and strongly
decreasing near the maximum or minimum of the curve. A
modulation system should be an option in order to track the
response to the quadrature position.
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(online color at: www.lpr-journal.org) Several interferometric transducers for sensing: (A) Mach-Zehnder interferometer;

(B) Mach-Zehnder interferometer sensor array with reference channels, reprinted from [210] with permission from IEEE (© 2009, IEEE);
(C) Four Channel Young Interferometer, reprinted with permission from [56]. Copyright 2007 American Chemical Society; (D) Hartman

Interferometer; (E) Bimodal Waveguide Interferometer.

The main condition of an integrated interferometric de-
vice for biosensing application is the single-mode behavior
of the waveguides. Each mode in a waveguide propagates at
a different speed and its evanescent tail is different. Hence,
if several modes, each one having a different sensitivity,
simultaneously propagate in the waveguide, the information
carried by them interferes, resulting in a decrease of the
signal. For a fixed working wavelength, the modal prop-
erties of a guiding structure depend on the thickness of
the waveguide core and on the refractive-index contrast be-

tween the core and the surrounding media (claddings). To
obtain single-mode waveguides, it is required to have a min-
imum difference between the refractive indices (RI) and/or
a decrease of the waveguide dimensions. As a rule, if the
difference between the RI of the core and the cladding is
higher than 10%, single mode can only be achieved with
core thicknesses of hundreds of nanometers. In addition, for
dense packaging of devices or for defining complex devices
(such as Mach-Zehnder interferometers), the waveguides
must have 2D confinement, that is, light should remain con-

© 2011 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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fined in the cross section. There are several possibilities to
achieve this confinement, but the most commonly employed
is to partially etch the waveguide core forming a rib that con-
fines the light in the transversal direction. A careful design
of the rib is required to avoid excitation of lateral modes.
As an example, for high index contrast waveguides (as for
example Si3N4/SiO;), the rib should not exceed several
nanometers in depth to assure single-mode behavior.

Glass-based [29-32] and polymer-based MZ interfer-
ometers using NOAS81 [33] or SU-8 resist [34], have been
fabricated, and even assessed for biosensing purposes [35]
with promising results. Recently, Crespi et al. [32] have
reported the fabrication of a 3D MZI inscribed in a fused sil-
ica chip with a previous fabricated microchannel, by using
femtosecond laser writing. However, in spite of the compact-
ness and the high integration reached, the extrapolated LOD
is only of 1.5 x 10™* RIU, and no biosensing results have
been reported. Most common MZ interferometers are based
on silicon nitride as core layer and silica as cladding. Initial
studies with silicon-based MZI were addressed to optimize
the structure and to improve the sensitivities for biosens-
ing applications [36—40]. Two different configurations, one
based on total internal reflection (TIR-based MZI) [37,41]
and another one based on antiresonant reflecting optical
waveguide (ARROW-based MZI) [42,43] have been pro-
posed.

For TIR waveguides using silicon-related materials,
maximum surface sensitivity and single-mode behavior are
achieved for high refractive index contrast and core thick-
nesses of hundreds of nanometers. The reported sensor has a
core waveguide layer of 250 nm (SizNy, n = 2.00), a width
of 4 um and a rib of 3 nm, over a SiO, (n = 1.46) cladding
layer of 2 um. The device is covered with a protective SiO,
layer except for the sensor area, to bring the waveguide into
contact with the environment [41]. Bulk sensitivity for a
device with a sensor window of 15 mm showed a limit of
detection of refractive index of 8 x 10~ RIU, which cor-
responds to a surface sensitivity of around 2 x 10~* nm~".
Preliminary biosensing measurements based on antigen-
antibody interactions showed the feasibility of the device.
Further biosensing real-time experiments of DNA hybridiza-
tion reached detection levels of target complementary DNA
of 10 pM with, high specificity as compared to control se-
quences [44], which means an extremely high surface mass
LOD of 0.06 pg/mm?.

An ARROW-based MZI was also developed [43]. In
this case, the optical confinement of light is based on an-
tiresonant reflections rather than total internal reflections;
these waveguides exhibit low losses and permit larger di-
mensions (micrometers instead of nanometers) for achieving
single mode behavior. An optimized structure with a core
layer (SiO,, > 2 um thickness, n¢ore = 1.485), a second
cladding layer (SiO;, 2 um, n = 1.46) and a first cladding
layer (Si3Ny, 120 um thickness, n = 2.00) was fabricated.
The rib depth was 60% of the core thickness and the wave-
guide width would have to be lower than 8 um to obtain
single-mode behavior [45]. An initial refractive-index de-
tection limit of 2.5 x 107> RIU was obtained [45], further
improved to 2.5 x 10~ RIU [46]. The device was also eval-

uated as immunosensor for the detection of an insecticide,
carbaryl, by using a competitive immunoassay [46].

A Young interferometer (Y]) is another well-explored
interferometric device for biosensing. The YI is a wave-
guide with an integrated Y-junction acting as a beam splitter
and, contrary to the MZI, the two beams are not recom-
bined again. The exiting light from both arms is projected
onto a CCD camera giving an interference pattern. When a
biomolecular interaction takes place on the sensing arm, it
induces a variation in the effective refractive index in this
arm with respect to the reference one (nefr s — nesr, ). The
phase difference of the two interfering rays is given by:

2 d-
D= TE <fx — (Refr, s — Mett, R) 'L> ; 3

where d is the distance between the two branches, f is the
distance between the output sensor and the readout camera
and x denotes the position on the camera. As an output, the
fringe pattern moves laterally. One disadvantage of the YI
device is the distance required from the output to the detector
in order to get a maximum resolution. Advantages of the YI
include the simplicity of the arrangement, the detection of
the complete intensity distribution and the identical length
of the arms that avoids side effects arising from temperature
and wavelength drifts.

Brandenburg and coworkers [47,48] developed a free-
space YI based on a 154-nm thick Ta;Os waveguide with
single-mode behavior. In this configuration, two separate
beams are coupled into the sensing chip via a grating cou-
pler. After propagating through the channels, light from both
beams is coupled out by a second grating and diffracted by
a double slit. The interference pattern is monitored on a
CCD camera. A detection limit based on adsorbed mole-
cules on the surface reached values of 0.75 pg/mm? and a
resolvable variation of effective refractive index of 9 x 1078
RIU [47]. Using this device, two different monoclonal an-
tibodies have been immobilized on both channels and the
specificity has been monitored together with the influence
of samples diluted in complex matrices such as blood [49].
A careful study of an immobilization procedure based on
the noncovalent deposition of bilayers of antibodies was
followed, which guaranteed the absence of adsorption of
interfering substances when spiked blood samples were
added. Although the sensitivity levels were not studied in
depth, it was possible to detect a low molecular weight sub-
stance as methotrexate in a direct way. By incorporating
a two-channel fluidic cell (3 pL. volume) for the reference
and the sensing arm, monitoring of recombinant protein
production was attempted [50]. A methodology based on
the immobilization onto a streptavidin-modified surface of
biotinylated antibodies, which recognize a tag introduced
during the protein expression process, was carried out show-
ing a LOD around 50 ng/mL. This LOD slightly increases
up to 350 ng/mL when cell lysate was used instead of buffer
(as this is the real media from which the produced pro-
tein is extracted). Moreover, the viability of the device for
clinical diagnostics was demonstrated by the detection of
tuberculosis-specific antibodies in undiluted serum samples
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from infected patients [51]. A YI based on a Ta;Os planar
waveguide (150 nm thick) with integrated gratings for in-
and outcoupling of the light, and with a PDMS flow cell
mounted on top, showed a bulk detection limit of 5 x 10
RIU and DNA hybridization sensing of S0 nM [52].

Ymeti et al. [53] have developed a four-channel inte-
grated Young interferometer that enables direct independent
measurements in each sensing area, including one taken as
a reference (Fig. 3C). The refractive-index resolution was
close to 8.5 x 1073 RIU (corresponding to an estimated
protein mass coverage resolution of 20 fg/mm?) [54] which
is one of the most sensitive values so far reported. With
this design it was possible to correct and reduce by ten
times the temperature or setup drift. Moreover, the integra-
tion with microfluidics has reduced the sample volume and
the analysis response time, opening up the possibility to
have a miniaturized system. An immunoassay based on the
immobilization of specific antibodies for herpes simplex
virus type 1 (HSV-1) detection was implemented with this
device. Using one channel as reference and the other one
with an oriented antibody immobilization using protein A, a
limit of detection as low as 850 particles/mL was achieved,
worsening when serum samples were evaluated [55,56].

In the Hartman interferometer (Fig. 3D) a linearly polar-
ized light is incoupled through multiple sensing areas of an
array of interferometers by using a grating fabricated onto
the chip. The viability of the platform for biosensing [57]
was demonstrated by detecting levels of hormones as low
as 0.5 ng/mL in undiluted serum and blood samples, using
an amplified sandwich immunoassay [58,59]. An improved
and more robust prototype integrating the laser diode, the
waveguides, the flow cell and the CCD camera was devel-
oped. The device showed a LOD of 10~ RIU and was
recently used for the detection of avian influenza [60] by
determining the virus antigen (HA, hemagluttination anti-
gen) with the specific antibodies covalently bound onto the
sensing channel.

Contrary to previous designs, in which two arms (a sens-
ing and a reference one) are separated, a novel configuration
based on interferometry but using a single waveguide has
been recently developed. The so-called bimodal waveguide
(BMWQG) [61] is a single waveguide, with two different
zones: a starting one of single-mode behavior and a second-
one that supports two modes (zero- and first-order modes)
that propagate at different velocities depending on the re-
fractive index of the cladding layer (see Fig. 3E). The inter-
ference pattern at the exit of the waveguide changes if the
refractive index varies, for instance, as a consequence of a
biointeraction event. The configuration is significantly less
complex than for conventional interferometers, while the
sensitivity level achieved is comparable (detection limit of
2.5 x 10~7 RIU [61]). The sensing chip was fabricated onto
a silicon substrate using standard microelectronics technol-
ogy. A SizNy layer (n = 2.00, thickness = 350 nm) was de-
posited onto SiO; (n = 1.46, thickness = 2 um) and a ridge-
type waveguide (2 nm height) was formed on top by BHF
etching. The single-mode region was reduced to 150 nm
thickness. The device is covered with a SiO; cladding
layer. The initial design includes chips with dimensions

of 30 x 10 mm? and 26 independent interferometers. A pre-
liminary immunosensing of human growth hormone has
shown an excellent sensitivity of 30 pg/mL (Lechuga et al.,
unpublished results).

3.2. Grating-coupled waveguide sensors

Grating-coupled waveguide sensors are one of the first trans-
ducers earlier developed [62, 63]. A grating coupler is a
system of periodic disturbances in a planar single-mode
waveguide (commonly SiO,-TiO; or Ta;Os). The grating
allows the excitation of a guided mode of the waveguide at
a certain angle of incidence when the incoupling condition
is fulfilled:

. A
Neff = Najr SIN QL+ [ (A) , 4)

where n. is the effective refractive index of the waveguide,
n,ir 18 the refractive index of air, ¢ is the angle of incidence
of the light, [ is the diffraction order, A is the wavelength and
A is the grating period. As can be deduced from Eq. (4), the
incoupling angle is sensitive to any variation in the refrac-
tive index at the surface of the waveguide (n.¢) within the
evanescent field region. Therefore, induced changes in the
coupled angle can be used for sensing. Conversely, it is pos-
sible to evaluate the outcoupling angle of the guided light.
In the input grating coupler device, s- and p-polarized
laser beams are scanned at a variable angle to excite both
TE and TM modes. The grating sensor requires a precise
mechanical movement of the rotation stage that includes the
sensing platform, the fluidics and the photodetectors [64,65].
On the other hand, output grating devices are based on the
monitoring of the outcoupling angle, which does not require
a moving stage, simplifying the setup and decreasing the
response time [66,67]. The in- and output grating configura-
tions were initially developed by Nellen and Lukosz in the
early 1990s, showing a refractive index LOD around 10~
RIU. Some initial biosensing evaluations using model sys-
tems as IgG/antilgG or biotin/streptavidin showed moderate
sensitivities. Years later, more in-depth biosensing experi-
ments were demonstrated, such as competitive immunoas-
says [68, 69], online monitoring of monoclonal antibodies
production [70], the influence of surface biofunctionaliza-
tion [71] or the determination of kinetic rate constants [72].
A new setup configuration based on reflection-mode opera-
tion avoiding any moving part was developed by Branden-
burg et al. [73], which considerably simplified the previous
one. The incident polarized light is focused on the grating
by a lens in such a way that all the coupling angles in the ex-
pected range are included, and the minimum of the reflected
light is followed by a CCD camera. A similar bulk LOD
(3 x 107 RIU) was reached and some biosensing experi-
ments based on competitive immunoassays were reported,
such as pesticide detection [74], optimization of surface
biofunctionalization [49] or DNA hybridization [75,76].
More recently, Grego et al. [77] have used silicon oxyni-
tride (SiO,Ny) deposited by plasma-enhanced chemical va-
por deposition (PECVD) to improve the performance of
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a grating coupled sensor. Two technologies, colloidal self-
assembly and imprint lithography were used in order to
incorporate the gratings on the waveguide. With the last
one, two-dimensional grating structures with optimum pitch
in two orthogonal directions were designed and tested in
input grating coupler configurations by angular and wave-
length interrogation [78]. This 2D structure showed a sen-
sitivity enhancement (a factor of two) as compared with
a conventional one-dimensional grating sensor [79]. Yuen
and coworkers [80] have developed a self-referencing op-
tical detection system, by using novel microfluidics which
efficiently divides the grating in two halves. The grating op-
erates under reflection mode, and the CCD image obtained
can be processed to analyze the separate responses.

Wiki et al. [81,82] developed the so-called WIOS (wave-
length interrogated optical sensor), based on grating cou-
plers (Fig.4A). The approach is based on a single-mode
waveguide structured with two grating couplers, to in- and
outcouple the light, respectively. The change of the refrac-
tive index due to an interaction onto the surface is moni-
tored by scanning the resonance peak at a fixed angle of
incidence by a tunable laser diode and adjusted with a mir-
ror. The emitted light is collected by a multimode fiber and
detected by photodiodes. In order to have different in and
out coupling angles, two different grating configurations
were designed, one with a grating with different periods for
in- and output and the other one based on a single grating
with different thickness layer (see Fig. 4A). Reference pads
close to sensing pads are also included for self-referencing,
thus improving the signal-to-noise ratio. A compact device
including four channels and the laser source, the mirror,

expander, (3) deflection mirror, (4) sensing
chip with fluidic cell, and (5) array of plastic
optical fibers. Reprinted from [82] with per-
mission from Elsevier. (B) Lab-on-a-chip
based on WIOS configuration adapted to
a polymer-based self-contained microflu-
idic cartridge. Adapted and reproduced
from [85] with permission of the Royal So-
ciety of Chemistry.

the flow cell and other components was also developed and
tested for biosensing of low molecular weight analytes, such
as biotin, and large biomolecules, such as antibodies, show-
ing mass detection limits of 0.3 pg/mm?. The device showed
a label-free detection of molecules as small as 200 Da. Fur-
ther development of this integrated device has improved
its multiplexed capabilities by using chips with up to 24
different sensing areas (each one with the input and output
gratings). Adrian et al. [83] have applied the device with
a flow cell of three 7.2-uL channels for the detection of
sulfonamides, a family of antibiotics widely used in vet-
erinary medicine as feed additives. The test was based on
indirect immunoassays where the antigen was covalently
immobilized onto the chip surface previously functionalized
with a photopolymerizable dextran layer to avoid nonspe-
cific interactions. A limit of detection in milk samples of
0.5 pug/L was achieved but an additional amplification step
with a secondary antibody was required. The multiplexed
capabilities of the device were tested for the simultaneous
detection of four different families of antibiotics [84]. By
following a similar protocol as above, four different anti-
gens were spotted in separate sensing areas. The multiassay,
with capability to detect 34 antimicrobials, was done in a
milk sample showing the same sensitivity with high lev-
els of specificity, indicating the potential of the sensor as
a screening analytical tool. The combination of the WIOS
configuration with a polymer-based self-contained microflu-
idic cartridge [85] has added more value to the sensor as a
lab-on-a-chip device to be employed at the agroalimentary
industry (Fig. 4B). Semiquantitative assays for the simulta-
neous detection of three different antibiotic families have
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been developed. Pasche et al. [86] simultaneously detected
three different cytokines using a sandwich immunoassay
and the sensor was also tested in cell cultures for studying
inflammatory processes by the quantification of cytokines
released by the cells. In the field of genomics, it has been
employed to study the kinetics of covalent immobilization
of double-stranded oligonucleotides in order to evaluate the
optimal hybridization efficiency after sequential denatura-
tion [87].

3.3. Ring-resonator sensors

Ring-resonator transducers are increasingly being used for
biosensing due to their high sensitivity and their potential to
be produced in highly dense arrays for multiplexed analysis.
In a ring-resonator configuration, light is coupled by an
input waveguide via the evanescent field into a circular
waveguide. Coupled light propagates through the loop in
the form of whispering-gallery modes in such a way that
constructive interference is generated in the multiple round-
trips over the ring circumference, considerably enhancing
the sensitivity. Detection in a ring resonator is based on
a refractive-index change, which is related to the WGM
spectral position through the resonant condition:

A = 2Ttneger/m, 5)

where m is an integer describing the WGM angular momen-
tum, A is the wavelength; r is the radius of the ring and nes
is the effective refractive index experienced by the WGM. A
change in the effective refractive index of the ring environ-
ment due to biointeractions onto the ring surface shifts the
resonance spectrum, which can be monitored by scanning
the wavelength or by measuring the intensity profile at a
fixed wavelength.

Contrary to straight waveguides, in ring resonators in-
teraction is no longer determined by the length of the wave-
guide but rather by the number of revolutions within the
ring, which is indicated by the resonator quality factor (Q
factor). The effective length (L) is related to the Q factor
by:

Lesr = QA /27n, (6)

where A is the wavelength and n the refractive index of the
ring resonator. High Q factors indicate low optical losses
and long photon lifetimes, which is translated into nar-
row linewidths and high peak resolution (which means a
high sensitivity). Relatively high Q factors of ~ 10° can be
achieved in resonators of a few pm (typically around 50—
200 um), which is equivalent to having planar waveguides of
several cm. For example, a quality factor of 10® means that
the molecule will be sampled more than 100 000 times [91].
Therefore, despite the small size of the resonator, it could
achieve higher sensitivities than straight waveguides, while
using orders of magnitude less surface area. That is the rea-
son why these devices can be subjected to a high degree
of integration.

A few types of integrated optical-based resonating struc-
tures have being explored for biosensing, such as the pla-
nar microring resonators based on microdisks [88-91], mi-
crorings [92-97], or microtoroids [98—102]. Compact ring
resonators with optimal photonic properties and optimal
sensitivity can be fabricated (see Fig. 5) including complex
configurations incorporating multiple resonators. Different
materials such as glass-based [103,104], Si,N,—-SiO, [105]
or polymer-based [106-109] ring resonators have been
reported and applied to DNA, proteins or bacteria detec-
tion [104] (Fig. 5A). Recently, special attraction is gaining
silicon-on-insulator (SOI)-based resonators [110]. De Vos
et al. [92] have described SOI microring resonators (5 pm
radius, Q factor of 20 000) with a bulk refractive index
sensitivity of 70 nm/RIU, which corresponds to a minimal
detectable refractive-index shift of 107> RIU. Biosensing
evaluation of avidin interaction onto a biotinylated surface
led to estimated detection limits around 10 ng/mL [92, 111],
which is comparable to other label-free sensors. Recently,
the same group has reported an array of SOI microring res-
onators [112] based on three series of four rings connected
to a single-input waveguide, one for each series, and each
one with individual output waveguides (Fig. 5B). The incom-
ing and outcoming light is coupled by grating couplers and
the collected signal of the twelve resonators is imaged on
an infrared camera. The four resonators in each series have
different circumference ratios (with variations about 30 nm)
showing independent and not overlapped resonance spectra.
A PDMS flow cell with independent microfluidic channels
(200 x 50 um?) was mounted on top of the chip for sample
delivery. The multiplexed capabilities were evaluated by
immobilizing three different proteins and by successively
flowing two of the three specific antibodies. Due to the opti-
mized surface biofunctionalization, the device showed high
specificity and low nonspecific adsorption (which could be
also corrected by one resonator acting as reference) [111].
With an estimated peak resolution around 0.4 pm and a Q
factor around 2 x 10%, a surface mass detection limit resulted
of 3.4 pg/mm?.

Li et al. [94] proposed a two concentric ring structure in
order to increase the notch depth and the sensing area at the
same time. The sensor was fabricated over a SOI wafer with
an outer radius of 21 um, and an inner radius of 20 um, and
an air gap of 480 nm between them, coupled to a waveguide
of 10 um width tapered down to 480 nm. The estimated Q
factor of this resonator was around 5.1 x 10* and the bulk
sensitivity was considerably high, ~ 683 nm/RIU. Igbal et
al. [96] have recently developed a biosensing platform based
on the integration of 32 ring resonators accessed via a bus
waveguide, which are simultaneously interrogated (Fig. 5C).
24 of them are used as sensing resonators, with an etched
window on the surface for sample interaction, whereas the
reminding eight, left under the cladding layer, are used as
reference for temperature-induced drift. Light is coupled in
and out by grating couplers. The chip is covered with a flow
cell that comprises the fluidic ports, channels, and reservoirs
for fluid delivery to the 32 sensors by using gaskets that de-
fine the channels in each sensing area. The optical setup is
complex but allows simultaneous reading of 24 interactions.
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resonators packaged with PDMS microfluidics. Reprinted from [112] with permission from IEEE (© 2009 IEEE) (C) SEM micrograph of
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American Chemical Society, respectively. (D) Top: Scanning electron micrographs of microtoroids; Bottom: Microtoroids images showing
the tapered fiber for incoupling of the light. Reprinted from [98] with permission from AAAS and from [101].

A RI detection limit of 7.6 x 10~7 was achieved [96], with
good repeatability among the different resonators and an
estimated surface LOD of 1.5 pg/mm? [97]. AntilgG/IgG
and biotin/streptavidin interactions were used as proof-of-
concept systems in order to assess the biosensing capabil-
ities, and a preliminary real-time multiplexed analysis of
DNA hybridization showed the viability of the device [96].
From the strict biosensing point of view, this platform has
been applied a few times for in-depth bioanalytical problems.
For instance, by immobilizing specific antibodies [113], cy-
tokines have been detected at low concentrations (below
0.1 ng/mL in buffer) [114] but incorporating a secondary an-
tibody for amplification of the signal. A sandwich assay was
applied to the detection of cellular secretion of cytokines,
showing the viability of measuring them in cell culture
media, while retaining the sensitivity. Moreover, regenera-
tion of the antibody layer was achieved, a step not always
contemplated in experiments with biosensors. The use of

several microrings (n = 15) diminishes the uncertainties,
and increases the reliability of the tests. Similarly, a cancer
biomarker has been detected by immobilizing the specific
antibodies for carcinoembryonic antigen (CEA) in a single
microring [115] achieving a detection limit around 25 ng/mL
in a complex media like serum, which is close to relevant
diagnostic concentrations. The multiplexed capabilities of
the arrayed resonators were evaluated by immobilizing six
different antibodies (five specific antibodies and one nonspe-
cific as control, four microrings for each one, see Fig. 5C)
for the multiplexed determination of five relevant proteins.
Prostate-specific antigen (PSA), a-fetoprotein (AFP), carci-
noembryonic antigen (CEA), a-tumor necrosis factor (TNF-
), and interleukin-8 (IL-8) were simultaneously detected in
an unknown protein cocktail solution [116]. A fast (10 min),
sensitive (<150 fmol) and simultaneous detection of mul-
tiple micro-RNAs (miRNAs) using single-strand DNA as
immobilized probes onto the microring array (four different
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sequences) has also been recently published [117]. Single-
nucleotide polymorphism could even be discriminated and
expression levels of miRNA in cells were also determined.

Toroidal-shaped-based microcavities offer resolution
levels significantly higher than previous structures, since
they exhibit ultrahigh Q factors (>10%) [118, 119] while
preserving the same advantages for mass production and in-
tegration capabilities as planar ring resonators. Microtoroids
can be fabricated in arrays over a silicon wafer using stan-
dard lithography techniques (see Fig. 5D) with dimensions
ranging from 30 to 150 ym for the major diameter to 2.5—
6 um for the minor diameter. The structures are coupled to
a low-loss tapered optical fiber and have been evaluated
for biosensing by immobilizing specific antibodies using
protein G for oriented attachment. With this configuration,
cytokines were detected at extremely low levels, with a LOD
around 5aM (5 x 10~'® M), showing a wide working range
of around 12 orders of magnitude in buffer conditions and
with the remarkable capability of resolving single-molecule
detection [98]. The capabilities of the sensor were also evalu-
ated in 10-fold diluted serum. The same group has attempted
the fabrication of low-loss polymer [99] or polymer-silica
hybrid [120] toroids, which, even with a lower Q factors
(10°-107), are still significantly competitive with other ring
resonators. Nevertheless, their biosensing capabilities have
not been shown as yet.

3.4. Photonic-crystal waveguide sensors

Photonic-crystal-based biosensors are a relatively novel
technology that is gaining much attention and is increasingly
appearing in the literature [121, 122]. Photonic crystals are
well-defined nanostructures with periodically repeated vari-
ations in the refractive index in one, two or three orthogonal
directions generating one-, two- or three-dimensional pho-
tonic crystals (1D, 2D or 3D PhC). The lattice structure is
generated on the length scale of the light wavelength, which
generates photonic bandgaps where light cannot propagate
in the crystal. The width and position of the photonic gap
is highly dependent on the refractive-index change between
the dielectric materials and on the periodicity of the struc-
ture [123], which is exploited for sensing.

Integrated photonic crystals have been interestingly ap-
plied in dielectric mirrors, lasers, narrowband optical filters,
microresonators and in waveguide structures and due to
their high degree of integration they are ideal candidates for
lab-on-chip biosensing. Device structures based on linear
gratings and 2-dimensional gratings (i.e. arrays of holes
arranged in checkerboard or hexagonal close-packed grids
along the sensor surface) are the simplest ones in terms of
fabrication and sensing. The introduction of discrete or line
defects on the grating structure generates transducer cavi-
ties with enhanced sensitivity. The strong confinement of
the light in the periodic lattice makes these materials very
attractive not only because of the sensitivity but also due to
their small dimensions, limited to a few pmz, which allows
for low sample consumption.

Cunningham’s group has pioneered the development
of bulk photonic-crystal-based biosensors [124—126]. They
have implemented a one-dimensional subwavelength poly-
mer grating coated with a layer of high refractive index
(TiOy) [127]. White light is perpendicularly impinged on
the sensor surface and the reflected light is collected, which
shifts after a biomolecular interaction takes place. The fab-
rication has been implemented into continuous sheets of
plastic films. The interrogation method can read individu-
ally several areas of the surface, avoiding optical crosstalk
between adjacent sensor regions. The overall technology of-
fers the possibility to produce low-cost, disposable sensing
surfaces with high throughput capabilities [128]. In addition,
the sensing surfaces have been adapted to be allocated at the
bottom of microtiter plates (96, 384 or 1536 formats) [128]
or microarray slides [128]. Moreover, they can be integrated
within microfluidic networks by replica molding of the
photonic-crystal sensors and fluid channels in a simulta-
neous process [129—-131]. The latter configuration permits
kinetic and high-resolution endpoint spatial measurements,
improving the detection time and decreasing the detection
limit as compared to standard in-well detection [132]. Re-
cently, a microfluidic array chip with combinatorial mixing
and on-chip sensing capabilities has also been demonstrated
using AtC (actuate to close) microfluidic networks [133].
The sensors have been exploited for a wide range of bioas-
says [134], including cell-based assays, characterization and
study of cells attachment to surfaces [135—137], protein and
virus detection [132] . [138], study of small molecules aggre-
gation for drug screening [139], or for protein-protein inter-
actions [140], among others. The technology based on stan-
dard microplate-based assays has been commercialized by
SRU Biosystems (www.srubiosystems.com) (see Sect. 4).

Photonic crystals with a defined structure can offer in-
teresting alternatives. Besides a few examples, such as a
pillar-based array of 2D photonic crystals [141] recently de-
veloped but not evaluated for biosensing, most of the work
is focused on hole-array PhC (see Fig. 6A). Planar photonic
waveguides, where a guided wave is generated by missing
holes or defects in the bulk photonic-crystal structure have
been fabricated on a SOI wafer. Unfortunately, and despite
the large effort invested, scarce biosensing examples can be
found in the literature and such examples are only at the
proof-of-concept level. Most of the work is mainly focused
on fabrication, simulation experiments and bulk refractive-
index evaluation to establish the sensitivity of the structures.

Some examples are worthy of mention, such as the work
by Dofner et al. [142, 143] who designed and fabricated
a SOI photonic-crystal waveguide consisting of a hexago-
nal lattice of holes with a single missing row line defect
and point cavities in different arrangements (either a defect
based on three missing holes, a single hole or a shifted line
of holes arranged perpendicular to the waveguide orienta-
tion) (see Fig. 6A, bottom). The optical properties of all the
structures were assessed by TE-polarized light coupled in
and out of the ridge waveguide by a tapered fiber, allowing
in-planar-geometry evaluation. By placing a flow cell on
top of the structure, refractive-index sensing in the most
optimal case (Q factor ~ 3000) gave a bulk LOD of ~ 1073
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from [146] with permission from the Optical Society of America and from [143, 153] with permission from Elsevier. (B) SEM image
of a nanoscale optofluidic array of photonic crystal microcavities with multiplexed capabilities (top) and a scheme of a PDMS fluidic
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optics, output objective, photodetector and alignment camera) and integrated microfluidics. SEM image of the photonic crystal structure

is also included. Reprinted from [154] with permission from Elsevier.

RIU [142]. Surface sensitivity was assessed by physisorp-
tion of BSA or avidin as model proteins, giving a mass
sensitivity around 24.7 nm/pg, with a minimal detectable
mass of around 4 fg and a detection limit of ~ 500 pg/mm?.

Skivesen et al. [144] have fabricated a waveguide with
holes of 240 nm in diameter, a lattice constant of 370 nm
and a length of 25 um, using electron-beam lithography and
inductively coupled plasma etching. A BSA adsorption was
demonstrated under static conditions. A similar structure
has been used for protein and DNA sensing [145, 146]. The
photonic crystal length was 20 um with a lattice constant
and hole radius of 390 and 111 nm, respectively. A 500-nm
wide single-mode access waveguide was employed to ob-
tain a sharp band edge (see Fig. 6A). A LOD of 6 x 10™*
RIU was achieved [145]. Tapered fibers were used for the
in- and outcoupling of TE-polarized light and a flow cell
was mounted on top of the sensing surface. Hybridization of
DNA strands was monitored in the nM range [146]. For pro-
teins, anti-BSA was detected over a BSA-functionalized sur-
face, reaching a mass detection limit of 2.1 pg/mm? (which
means a total mass detection limit of 0.7 fg).

1D photonic crystal microcavities fabricated by X-ray
lithography on an SOI wafer have also been described [147],

introducing defects in the structure by breaking the period-
icity of the holes. The resonant wavelength can be tuned
according to the defect cavity spacing. This type of structure
has been adapted by Erickson’s group for the development
of the so-called nanoscale optofluidic sensor array (NOSA).
This sensor has a microcavity structure (resonator) that is
evanescently coupled to an adjacent single-mode silicon
waveguide. The design of the structure includes parallel
resonator arrays with slightly different cavity spacing and,
therefore, different resonant wavelength and with individ-
ual Q factors between 1000 and 3000, all of them placed
along a single waveguide (see Fig. 6B). Nanotapers were
used for light coupling and a PDMS flow channel running
orthogonally to the array was mounted onto the chip, for
simultaneous and multiplexed detection [148]. A bulk re-
fractive index LOD of 7 x 107> RIU was experimentally
determined, which could be translated into a high sensitivity
for mass detection, when considering the extremely high
confinement in the inner holes. Detection of serotypes of
Dengue virus was demonstrated by immobilizing four dif-
ferent DNA probes in different resonators and subsequently
adding the specific DNA target for one of them [149]. These
experiments only showed a proof-of-concept for nucleic
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acid interaction. Similarly, immunochemical multiplexed de-
tection of interleukins (IL) was also addressed [150]. Three
different specific antibodies for IL4, 6, and 8, respectively,
were immobilized and a sandwich assay was performed by
adding the target followed by a secondary specific antibody
in order to enhance the signal. It is worth noticing that the
device has low sensitivity since it has moderate Q factors
(3000), which may be enhanced by optimizing the crystal
structure (such as the gap and hole dimensions). Although
the sensitivity of this PhC sensor is not high, this is one
of the few examples showing biosensing capabilities while
including a multiplexed configuration.

Lee and Fauchet [151] have also made a strong contri-
bution in this area by developing two-dimensional photonic
crystal-based structures. Biotin-streptavidin interaction and
covalent immobilization of BSA were evaluated and a min-
imum mass coverage of around 2.5 fg was detected [151].
SOI-based wafers were used to fabricate photonic-crystal
waveguides with a defect line in the structure to guide the
light. Recently, a structure where the defect line is generated
adjacent to the photonic microcavities has been proposed in
such a way that the device can operate as a multichannel sen-
sor [152,153]. This structure shows a limited sensitivity with
Q factors around 400 and bulk LOD in the range of 1072
RIU. Biosensing evaluation was done under a static regime,
with incubation steps and evaluation in dry environment.
The surface was covalently modified with antibodies (anti-
IgG) and target antibodies (IgG) were detected, observing a
detection limit around 67 nM (10 ug/mL) that corresponds
to a surface sensitivity of 2.3 x 10° nm/M [153]. Consider-
ing that the major contribution to the signal comes from the
most sensitive area of the region (the defect in the structure
and the surrounding holes) a surface density of 1 ng/mm?
and a minimum mass of 1.5 fg could be detected.

Zlatanovic et al. [154] designed a photonic crystal
(Fig. 6C) structure with a ridge waveguide but with low
Q factors (around 400). Real-time biosensing was demon-
strated by immobilizing biotin-BSA and detecting specific
antibodies against biotin. An excellent limit of detection of
20 pM of antibody was achieved, which in terms of mass
and considering the affinity of the pair antibody/antigen
was found to be around 4.5 fg. Moreover, the experiments
included the regeneration of the bioactive surface. These
results demonstrated that despite the low resolution of the
device (due to the low Q factor), an adequate biofunctional-
ization of the surface could lead to acceptable sensitivities
for biodetection.

Overall, photonic crystal structures still remain as a
promising type of transducers with moderate sensitivities as
compared with other label-free photonic sensors. Better fea-
tures could be achieved by optimizing the crystal and defect
dimensions and also by positioning the bioreceptor only in
the holes (by controlled immobilization), where the confine-
ment is maximum, therefore resulting in highest resonant
shifts. In fact, a growing number of examples are appear-
ing in the literature focused on single-particle detection by
trapping them at the holes; single virus or small pathogens
could be detected in this way [155-157].

3.5. Silicon wires, slot waveguides and other
nanophotonic sensing configurations

In this section we include an overview of the new and emerg-
ing trends in the design and implementation of nanopho-
tonic structures for sensing, which we envisage could be
highly competitive with the ones described in previous sec-
tions, either due to their sensitivity or to their capabilities
towards integration and miniaturization. Among them, slot
waveguide-based structures and silicon wires stand out for
their potential enhanced sensitivity due to the confinement
of the electromagnetic field and for their highly integration
capabilities in compact dense arrays of individual sensors
with versatile geometries. Unfortunately, few biosensing
experiments have been demonstrated with these devices,
and only proof-of-concept experiments with model systems
have been published so far.

Silicon photonic wires are submicrometer channel wave-
guides fabricated by electron-beam lithography and reactive
ion etching on SOI wafers. The high index contrast between
the silicon core (n = 3.5) and silica cladding (n = 1.5) yields
a strong field confinement and allows for sharp waveguide
bends radii of few micrometers with low losses. With this
technology the fabrication of waveguides with higher com-
pactness and higher intrinsic sensitivity (provided by the
TM mode) than the lower-contrast index material counter-
parts is possible. Initially developed for optical switches,
directional couplers and other telecommunications applica-
tions, silicon wires first showed up in the biosensing field by
the pioneer work of Janz’s group. This group first described
a Mach-Zehnder interferometer based on SOI photonic wire
waveguides [158] and a double spiral millimeter-long res-
onator folded within a compact size of 100—-150 um (and a Q
factor of 17 600) (Fig. 7A). Both sensors were fabricated on
SOI wafer with a Si core thickness of 0.26 pym and a buried
SiO; cladding of 2 um. Single-mode wire waveguides of
450 nm width were selected and a SU-8 cover layer was
employed to isolate the nonsensing regions. Bulk sensitivity
and surface biomolecular interactions were evaluated un-
der flow regime (using a PDMS microflow cell). Updated
versions incorporate improvements such as a reference arm
to suppress wavelength and temperature drift [159, 160],
integration of dense arrays of six spiral MZI with an SU-
8 fluidic channel for the delivery of liquids [161], or the
use of four resonators [162], which overall opens up the
possibility to perform multiplexed analyses (see Fig. 7A).
The dimensions of the folded wires are suitable for a con-
trolled surface functionalization using conventional spotters.
The performance of the sensing devices was assessed by
immobilizing two different antibodies in individual sensors
and simultaneously evaluating them with the corresponding
anti-IgG. For the MZI configuration, TM polarized light is
delivered by an optical fiber that splits the light to the six
sensors; parallel readout of the light exiting the six output
waveguides is done by a near-infrared camera. Results have
shown the discrimination between the different biomodified
surfaces, demonstrating the high potential of silicon wires-
based devices for multiplexed biosensing. However, results
are not yet conclusive about the sensitivity of these sensors
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Figure 7

(online color at: www.lpr-journal.org) (A) Silicon photonic wire MZI and resonator sensor arrays. Details of the structures

and the SU-8 microfluidic channels aligned to the sensor windows are shown. Reprinted from [159-161] with permission from the
Optical Society of America. (B) Slot-waveguide ring resonator chip, consisting of 6 sensing channels plus 2 reference ones. Details
of the structures and grating couplers of the resonator array (left) and the compact sensor cartridge for multiplexed sensing (right)
are shown. Reprinted from [168] with permission of the Royal Society of Chemistry. (C) SEM images of fabricated air-slot disk with a
diameter of 15um and an air slot depth of 2 um. Reprinted from [89] with permission from the Optical Society of America. (D) SEM
images of SU-8 nanocolumns lattices. Reprinted from [175] with permission from Elsevier.

and only estimated values of resolvable surface coverage
around 0.25 pg/mm? are theoretically predicted (correspond-
ing to a detected molecular mass of 0.5 fg) [161]. In the case
of resonators, with radius between 20 and 28 um (and im-
proved Q factors of 25 000) and a reference included in the
structure, a bulk sensitivity of 135 nm/RIU (<2 x 10~ RIU)
has been achieved and a surface immunochemical detection
down to 20 pM (resolvable mass of 40 ag) [162] has been
shown so far.

Slot waveguides [163—165] consist of two slabs of high
refractive index materials separated by a nanometer-scale
low refractive index slot region and surrounded by low re-
fractive index cladding materials in such a way that light is
strongly confined in the slot region. A stronger light-analyte
interaction can be achieved within this region as compared
to conventional rib or planar waveguides, which results in
an enhanced sensitivity. Moreover, slot waveguides can be
fabricated within structures such as resonators or interfer-

ometers by employing CMOS compatible materials and
technology, including SOI technology, which enables minia-
turization, and further integration within lab-on-a-chip plat-
forms.

So far, slot-waveguide resonators have been reported by
only two research groups. Barrios et al. [166] pioneered the
slot-waveguide configuration, using Si304—SiO; for the fab-
rication of a slot-waveguide ring resonator structure, with a
radius of 70 pm and slots of 200 nm for both the waveguide
and the resonator. A bulk sensitivity of 212 nm/RIU for a
resonator with a Q factor of 1800 was reached, significantly
better than conventional resonators, indicating a consider-
able contribution from the slot region. Biosensing evaluation
was done off-flow by covalently immobilizing antibodies
onto the surface and detecting their specific target (in this
case BSA was the model system) showing a surface limit
of detection of 16 pg/mm? [167], which indicates a poor
to moderate sensitivity as compared to most of the optical
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biosensors (see Table 1 for comparison). Recently, a highly
integrated chip based on an array of eight slot-waveguide
ring resonators (two references — one for laser alignment
and compensation and another one for control — and six
for parallel analyses) have been fabricated [168], including
the microfluidics integrated with the sensor in a cartridge
(40 mm x 15 mm) and the alignment with the readout in-
strumentation for simultaneous detection (see Fig. 7B). The
incoming light is coupled by fully etched surface grating
couplers, and split by multimode interference splitters to all
the channels (reference and sensing ones included). The out-
coupling is done by imaging the waveguide end faces onto a
photodiode array. Each sensing area is individually reached
using a single PDMS flow cell. The bulk detection limit was
5 x 107® RIU, similar to the one previously reported for
individual sensors, which is very good compared to conven-
tional resonators or the single-slot sensing configuration. A
surface mass detection limit of 0.9 pg/mm? was achieved,
which is significantly better than previous values, mainly
due to the use of reference channels for compensation of
temperature drifts, and to the use of a laser with smaller
wavelength steps [169]. Claes et al. [95] adapted their work
with conventional resonators to the development of a SOI-
based slot waveguide ring resonator. They simulated the
optimum dimensions of the photonic structure (slot and
rib width) in order to obtain the maximum resonance shift
to make it feasible for biosensing. A ring resonator (5 pm
bending radius) with a 104-nm slot width, 268-nm rib and
220-nm height, with two identical bus waveguides was fab-
ricated to get the maximum light coupling via single-mode
fibers vertically coupled with gratings. With this resonator,
a four times better bulk sensitivity (298 vs. 70 nm/RIU) was
reached as compared with a conventional waveguide res-
onator.

Instead of a ring structure with a vertical slot, Lee
et al. [89,90] designed a horizontal air-slotted silicon ni-
tride microdisk resonator. In particular, 15-um diameter mi-
crodisks were fabricated by a multilayer deposition (240 nm
SiN,/40 nm Si0,/240 nm SiN,) on a silicon surface and se-
lective wet etching. A further hydrofluoric acid etch of the
SiO, defines a 2-um deep horizontal air slot from the disk
edge with a thickness of 40 nm. In this way, it is possible
to obtain ultrathin slots with high smoothness in the slot
walls (see Fig. 7C) and an enhancement of the sensitivity
due to the spatial confinement in the slot region. Microdisks
with Q factors of ~ 7000 were obtained. By using a 1-um
tapered fiber to couple the light (TM mode) in and out, sur-
face sensitivity was evaluated by assessing the resonance
shift of the fundamental radial mode at various streptavidin
concentrations added onto a disk previously modified with
biotin groups. A value of 2.5 nm/(ug/mL) was obtained; con-
sidering a system resolution of 78 pm, a limit of detection
of 30 ng/mL can be extrapolated, which indicates a moder-
ate sensitivity. Nevertheless, measurements with microdisks
lacking the horizontal slot would allow extraction of the
contribution of the slot region to the sensitivity.

Recently, Di Falco et al. [170] have combined slotted
waveguides with a planar photonic crystal platform, result-
ing in cavities with extremely high sensitivity as compared

with conventional waveguide photonic crystals, reaching
Q factors up to 50 000 in air (4000 in liquid), a sensitiv-
ity of 1500 nm/RIU, and a detection limit around 7 x 1076
RIU, quite remarkable for photonic crystals, as discussed
in the section above [171]. Unfortunately, no biosensing
experiments with these structures have been performed yet.

Overall, for slot nanophotonic structures, where the en-
hancement of sensitivity comes precisely from the slot area,
a key aspect to address is the controlled and optimum bio-
functionalization only in the slot region. This becomes espe-
cially tricky since the dimensions of the slot, usually around
100-200 nm, can hinder the complete filling of the area
when sample and solutions are delivered. It is of paramount
importance to design optimal micro- or nanofluidics, which,
in combination with proper surface modification, ensures a
complete and uniform delivery of the solution and an appro-
priate wettability of the surface. Until the current technical
limitations are overcome, slot-waveguide sensors will not
be able to show the exceptional performances for biosensing
theoretically predicted.

An original type of integrated photonic structures has
recently been developed by Holgado et al. [172], with sig-
nificant novelties in terms of readout interrogation at mi-
crometer and submicrometer sensing spot sizes. The group
has designed a lattice of submicrometer photonic nanos-
tructures of SiO,/Si or polymer pillars whose fabrication is
compatible with standard semiconductor technology at the
wafer level (see Fig. 7D). Discrete photonic cells based on
(i) cone-shaped holes of 650 nm top diameter and 396 nm
bottom diameter and lattice parameter of 800 nm and (ii) SU-
8 nanopillars of 499 nm height, 136 nm width and 750 nm
lattice pitch [173] have been fabricated. An optical verti-
cal interrogation at the single nanostructure level has been
implemented based on three independent reflectivity mea-
surements (as a function of wavelength by spectrometry,
as a function of incidence angle by reflectometry, and as
a function of phase shift by ellipsometry) [172, 174]. Re-
flectivity measurements are very sensitive to any change of
the refractive index in close contact to the pillars that can
be used for the development of highly sensitive biosensors
after an appropriate biofunctionalization.

This novel label-free biosensing scheme has several ad-
vantages, besides those derived from the microelectronics-
based fabrication: (i) the use of three different readout
techniques improves the reproducibility and the reliabil-
ity of the measurements; (ii) depending on the dimensions
of the nanostructures and the separation among them, the
evanescent field can be strongly confined in those areas,
increasing the surface sensitivity towards biomolecule inter-
actions; (iii) as the optical sensing is based on the use of a
tightly vertically focused beam, light coupling is avoided,
which simplifies the analyses and enables evaluation at spots
of 0.9 um. As the dimensions of individual structures are
submicrometer-sized, it is possible to analyze single struc-
tures. Overall, all these aspects are very attractive for future
commercialization of integrated and disposable chips with
high throughput capabilities.

Besides the characterization of the structure using so-
lutions with different refractive indices [172], preliminary
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biosensing experiments have recently been performed by co-
valent immobilization of BSA onto the nanopillars and the
subsequent biodetection of the interaction with the specific
antibody, reaching sensitivities around 3 ng/mL [175] under
static conditions. Further implementation of an appropriate
microfluidic flow cell and a flow delivery system will allow
the optimum infiltration of the solutions through the whole
sensor lattice. This will be the next step for these promising
devices that could offer multiplexing evaluation of at least
1200 samples per hour.

3.6. Optonanomechanical sensors

Optomechanical (OM) sensing is a novel technology de-
rived from the standard micro- and nanoelectromechanical
systems widely employed during recent years in the biosens-
ing field. Specifically, nanomechanical systems based on
silicon microcantilevers have demonstrated an extremely
high sensitivity in the measurement of frequency [176, 177]
and deflection changes [178] due to mass accumulation or
biosensing interactions [179—183], and in the measurement
of forces between single molecules [184] or even of forces
arising from single electron spins [185].

However, in order to achieve full working prototypes
as lab-on-a-chip biosensors, the commonly used optical
readout method for nanomechanical sensors has severe limi-
tations related to the complex optical alignment of multiple
cantilevers at the same time, and the diffraction constraints
when the size of the cantilever is reduced below the wave-
length. In an optonanomechanical sensor, the cantilever it-
self is an optical waveguide the output intensity of which is
a function of the bending induced by a biomolecular interac-
tion. With this new configuration it is possible to overcome
the aforementioned limitations of standard nanomechani-
cal sensors. These microscale optical waveguide cantilevers
are mainly addressed to sensing applications and several
works have demonstrated their motion sensitivity. The work-
ing principle of the optical microcantilevers do not rely on
refractive-index changes, but on the microcantilever bend-
ing or resonance frequency shift, measured through the light
intensity collected at the cantilever free end. The limit of
detection can be evaluated in terms of analyte concentra-
tion (i.e. in ng/mL or molarity), according to the cantilever
bending (in nm) or frequency change (Hz), or according to
surface mass density (pg/mm?).

The most extended configuration for biosensing is the
end-coupled one, which consists of a microcantilever acting
as a waveguide; the light propagates along the cantilever
until reaching the free end. After crossing a small gap, light
is collected by an output waveguide (see Fig. 8A). Several
parameters can have an influence on the system sensitivity,
such as the distance from the cantilever edge to the col-
lecting waveguide, the coupling efficiency or the cantilever
material and rigidity. Different materials, cantilever shapes,
and light coupling methods have been investigated. The de-
vice fabricated by Zinoviev et al. [186] employs an array
of 20 waveguide silicon dioxide microcantilevers, each one
of them connected with a silicon nitride multimode input
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Figure 8  (online color at: www.Ipr-journal.org) (A) Schematic
representation of the optical waveguide cantilever (OWC) work-
ing principle. Input light is coupled to the cantilever through the
evanescent field of an input waveguide, and output light is col-
lected in a misaligned waveguide after crossing a small gap. (B)
Picture and SEM image of an OWC chip array with 20 waveguide
microcantilevers. Reproduced from [180] with permission of the
Royal Society of Chemistry.

and output waveguide; the light from the input waveguide
is coupled to the cantilever through the overlapping of the
evanescent field (Fig. 8B). With this configuration, the can-
tilever displacement can be detected with a resolution of
18 fm Hz~ /2, sensitivity comparable to the standard optical
lever method, which indicates its suitability for biosens-
ing applications.

A silicon microcantilever etched to form a single-mode
waveguide rib, with a capture asymmetrical multimode
waveguide that terminates in a Y-branch, was proposed by
Noh et al. [187]. The Y-branch forms a differential signal
that is monotonically dependent on the microcantilever de-
flection, achieving a signal sensitivity of 1.4 x 10 nm™!.
More recently, the same group has reported a sensitivity en-
hancement by modifying the mode structure of double-step
rib waveguides used to capture light, reaching a sensitivity
comparable to the optical lever method [188]. Besides the
use of silicon material, there is an increasing interest on
polymeric materials for waveguides fabrication. Employing
SU-8 [189-192] and PDMS [193] polymers several groups
have already developed, integrated optical waveguide can-
tilevers. Indium phosphide has also been employed showing
up as a suitable material for the fabrication of electrostati-
cally actuated end-coupled optical waveguide MEMs [194].
Other works suggest the use of silicon photonic crystals for
guiding the light through the microcantilever [195-197], or
on chip in-plane Fabry-Pérot interferometer readout [198].
Working with arrays of optical waveguide microcantilevers
is more challenging as a multiplexed input of the light in
each cantilever must be achieved. With this aim, different
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strategies have been proposed, such as using diffraction
gratings [199], a network of waveguide splitters [200] or
integrated silicon light sources and detectors self-aligned
to silicon waveguides [201]. A higher integration and scale
reduction of these nanophotonic platforms allow the direct
actuation of MEMs by the force exerted by the propagated
photons. Li et al. [202, 203] suggested two different in-
tegrated photonic platforms designs: an embedded beam
resonator with an on-chip interferometer for the displace-
ment sensing, and a pair end-to-end coupled waveguide
cantilevers. Both platforms include two input/output grating
couplers at the end of the waveguides for light coupling.
A displacement sensitivity of 40 fm Hz~"?> was achieved
with the end-to-end coupled cantilevers working under vac-
uum conditions.

However, to our knowledge, the application of this tech-
nology to the biosensor field is scarce. For example, Koev
etal. [191] were able to detect homocysteine in liquid at a
lowest concentration of 10 uM with a minimum detectable
cantilever bending of 5nm. Nordin’s group [204] has re-
cently demonstrated the integration of a 16 microcantilever
array using in-plane photonic readout with a 2-layer PDMS-
based microfluidic chip that integrated valves to control the
fluid flow through the microchannels. However, only the
study of the transient response of the microcantilevers was
reported. A higher integration and scale reduction of these
mechanophotonic platforms can be easily achieved, pro-
ducing devices with a very small mass and low dissipation,
ideal for fundamental studies [205-208], although with no
biological applications reported so far.

4. Current commercial technologies based
on label-free photonic biosensors

Some of the technologies described in the previous sections
have evolved into commercial platforms for label-free de-
tection, which has exponentially expanded the number and
variety of applications in biotechnology, biology, and clini-
cal analysis. In this section we will give an overview of the
most relevant biosensor devices based on integrated optical

transducers that have been successfully transferred into the
market (see Table 2). As can be appreciated, none of them
has achieved the status of complete “lab-on-a-chip” portable
platform with compact and reduced size. Instead, most of
them are bulky instruments mainly for laboratory use with
a complex and challenging road to achieve point-of-care
status. However, all of them have demonstrated the excel-
lent performances of the integrated optics-based sensors
in terms of sensitivity and automation, and, in some cases,
even in terms of multiplexing (allowing medium to high
throughput analysis).

Farfield

In 2000 the Farfield Group launched onto the market the
AnaLight® interferometer based on dual polarization inter-
ferometry (DPI). Whereas all the interferometric schemes
previously discussed employ only one polarization, DPI
uses both TM and TE polarizations in a sensing transducer
that mimics a Young configuration. By simultaneously mea-
suring both polarizations, determination of the thickness
and the refractive index of a film adsorbed on the sensor
surface can be done under real-time conditions, which in-
creases the versatility of the device for advanced and com-
plex measurements. Sensitivity of the instrument reaches
refractive-index variation of 10~7 RIU, and a mass surface
sensitivity of 0.1 pg/mm?. Two simultaneous evaluations
are possible by a dual-channel flow cell with small sample-
volume capability (<50 uL). A bulkier platform, AnaLight®
4D Workstation (analysis station: 90 x 48 x 35 cm and pump
size 28 x 23 x 16 cm) is also commercialized for automatic
sampling using vials, and 96- and 384-well formats. The
instrument has been exploited for diverse biosensing evalua-
tions, using surfaces already preactivated and functionalized
with appropriate chemistry. Among others, the platform
allows for thermodynamics, kinetics and affinity studies,
such as protein interaction studies, protein conformational
changes, specific biodetection and biomolecular interactions,
surface density evaluation, lipid bilayer formation and char-
acterization, biocompatibility studies and protein or lipid

Table 2 Current commercial technologies based on integrated optics biosensing(®.

Company Instrument Technology Format Throughput  Webpage

Farfield AnaLight Young Interferometry Flow conditions Low www.farfield-group.com

SRU Biosensing  BIND Biosensor  Photonic Crystal Cartridge (16) Very High www.srubiosystems.com

Microplate (96-1536)

Corning EPIC System Waveguide Resonant Microplate (384) High WWwWw.corning.com
Grating

Axela DotLab Optical Grating Flow/static conditions ~ Medium www.axelabiosensors.com

Microvacuum OWLS Optical Grating Flow conditions Low www.owls-sensors.com
Couplers

Genalyte Maverick Ring resonators Consumable with 1 to ~ Medium www.genalyte.com

128 resonators

 Sensitivity levels are in the low ng/mL range in all the cases.
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aggregation analyses. The main disadvantage is the limita-
tion to only two samples due to the microfluidics system
and the readout electronics.

SRU Biosystems

SRU Biosystems, Inc. has developed the BIND™ Biosensor,
based on the use of photonic crystals in a grating config-
uration. The platform offers high multiplexed capabilities
in a microplate format (up to 1536 wells). The instrument
has a high level of resolution (in the pm level) and a broad
dynamic range, which ensures the analysis of both small
molecules and large entities such as cells or bacteria. The
sensing surfaces are modified following optimized proto-
cols to enable both cell-based and biochemical assays with
excellent performance. Different readers are available both
for single-point mode and imaging mode. The instrument
has fast detection times (96-well in 30 s, 384-well in 1 min,
1536-well in 3 min), or even faster with an advanced readout
mode (96-well in 8 s, 384-well in 15, 1536-well in 45 s).
Among others, the platform has demonstrated its useful-
ness in diverse applications such as for cell morphology and
adhesion assays, ion-channel assays, small-molecule and
fragment screening, and for the analysis of interactions of
large genomic, protein, peptide or antibody libraries against
a wide range of biochemical targets.

Corning

A quite similar technology to BIND™ Biosensor has been
marketed by Corning. Epic® System is a high through-
put screening platform based on waveguide resonant grat-
ings. This device reaches a detection limit around 5 pg/mm?
and has a broad dynamic range. Some functionalized sur-
faces are available (three types: cell-based, biochemical or
fibronectin coated, also for cell assays). The instrument can
be coupled to an automatic liquid handler in order to en-
hance its throughput performance and has a rate analysis
of 6 s/microplate requiring sample volumes of 15-80 L.
A main disadvantage is related to the dimensions of the
whole instrumentation (0.83m x 1.15m x 1.98 m) and its
high price, which can limit its implementation in laborato-
ries and other institutions. A benchtop version of the reader
(EnSpire®Multimode Plate Reader, in collaboration with
Perkin-Elmer) is also currently commercialized, with more
convenient features, which allows for label free detection as
well as for fluorescence, absorbance, and luminescence mea-
surements.

Axela

Axela group has launched the dotLab® System, an instru-
ment based on diffractive optical gratings. The grating is
fabricated on the lower area of a prism-shaped surface,
which is integrated in a 10 uL flow channel disposable plas-
tic chip. Each dot lab sensor contains eight assay spots

aligned with the linear flow channel for multiple assays.
The fluidic controller can work under static, continuous-
flow or constant-mixing mode. The samples and solutions
are delivered to the sensor by an automated sampling sys-
tem (from reagent bottles or 96-well microplates), allowing
real-time evaluation. The dotLab® is provided with several
attachment chemistries (i.e. streptavidin-modified, Protein
G, Goat-Anti-Mouse-Fc or for covalent binding) which in-
creases the flexibility for the coupling of bioreceptors to
the surface. Features of the device include label-free and
quantitative evaluation within a broad dynamic range. The
dimensions are comparatively smaller than for SRU and
Corning instruments (43.5cm H x 57.9cm W x 69.3cm D)
but the multiplexed capabilities are more limited, since the
analysis time is slower and only eight simultaneous tests
are possible. The instrument can be used for protein-protein
interaction studies, epitope mapping, or for the detection
and quantification of proteins, among others.

Microvacuum

Microvacuum Ltd. manufactures the OWLS System based
on optical waveguide lightmode spectroscopy [63]. In this
sensor, polarized light is coupled by an input grating and
guided by total internal reflection to the end of the wave-
guide where it is detected by the photodiodes. The light
mode spectrum can be obtained by varying the angle of
incidence, whereas the flow cell is fixed over the grating
coupler waveguide sensor chip. From the mode spectra it is
possible to determine the physical parameters of the cover
medium (thickness, refractive index, density, etc.). The chip
is mounted on a precision goniometer that provides the
adjustment of the angle of incidence. It operates under con-
tinuous flow for real-time evaluation. The instrument has
a compact small-to-medium size and includes the optome-
chanical system, the electronics, temperature control and
the sensor holder, together with the injection unit (with sev-
eral volume sample loops), although the fluidic pump is
external. The data acquisition and the software evaluate the
refractive index and thickness of the adsorbed layer, and
provide qualitative kinetics information. The instrument
can be applied for biomolecular interaction studies (protein-
protein, nucleic acids, membrane protein-lipid bilayer .. .),
cell-based assays, surface coverage characterization, drug
screening or kinetic analysis. The sensor surface has general
features that can be modified on request to improve perfor-
mance (i.e. dimensions of the chip, dielectric coatings of the
surface, passivation or functionalization with silanes). The
instrument can be combined with two additional units: an
electrochemical system and a fluorescent measuring system.
Unfortunately, the instrument has very limited throughput
capabilities since it can only perform single measurements
on relatively large chips (around 12 mm x 8 mm).

Genalyte

Relatively recently, Genalyte has started commercializing
the Maverick Detection System based on an array of micror-
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Figure 9  (online color at: www.lpr-journal.org) Envisioned
lab-on-a-chip platform with on-chip detection using integrated
optics-based transducers. In the figure, an array of Mach-Zehnder
interferometers are integrated with individual microfluidics chan-
nels, grating couplers for the in and output of the light in each
sensing channel, read-out photodetectors and CMOS electronics
for data processing.

ing resonator silicon sensors. The instrument currently in
the market is the third generation and has a compact design,
which delivers the samples (typically less than 25 pL) from a
96-well plate into the plastic chip consumable that contains
the sensing surface, consisting of an array of silicon micror-
ings (from 1 up to 128 in each surface, including 8§ controls).
The system can perform simultaneous measurements in real
time, and results are available on a timescale between 5—45
min, depending on the concentration to be detected. Some
of the features of the instrument are the possibility to per-
form kinetics measurements (using 2 flow channels which
deliver samples to 16 sensors each) or end-point measure-
ments using a 96-well footprint; it has a wide dynamic range
up to eight orders of magnitude, with sensitivities close to
0.1 ng/mL, a limit of detection around 0.1 fg and it is able
to measure targets of molecular weight of only 10 Da.

5. Integration in lab-on-a-chip platforms

The major challenge in the silicon photonic biosensor field
is to achieve a fully operative lab-on-a-chip platform with
on-chip detection. Further efforts are addressed to keep
a high level of sensitivities and to develop complete Si
CMOS-compatible integrated devices that incorporate the
photonic systems with microfluidics and the optoelectron-
ics [46,209,210]. For the development of a complete pho-
tonic lab-on-a-chip device, several units must be incorpo-
rated on the same platform: (i) the photonic sensors, (ii) the
flow cells and the flow delivery system, including miniatur-
ized valves and pumps (iii) the light sources and photode-
tectors array or miniaturized CCD cameras (iv) processing
electronics (i.e. CMOS) and, (v) final packaging with the re-
quired firmware and software (see Fig. 9). Integration could
be monolithic (all functionalities are incorporated in one
single chip) or hybrid (functionalities are separated on sev-
eral chips). In the monolithic approach photodiodes and
lasers can be embedded in the waveguides. Due to eco-

nomic and technical reasons the hybrid approach is mostly
preferred, where the components are settled apart. Even if
the individual components are well known, the subsystem
interfaces between them are difficult to optimize and these
are still the major barriers to be overcome. With the hybrid
arrangement, the optoelectronics and the readout system can
be reusable and only the cartridge containing the sensing
chip with the microfludics for independent applications can
be interchanged.

Most of the work done so far mainly includes the integra-
tion of the sensors and the fluidics (which has emerged as a
new discipline called “optofluidics”) and the development of
discrete components for future integration [211]. Few exam-
ples can be found in the literature of complete lab-on-a-chip
developments. For instance, Jokerst and coworkers [212]
have developed an integrated evanescent-field multimode
Mach-Zehnder interferometric sensor fully compatible with
Si-CMOS process with a LOD of 2.5 x 10~% RIU. In further
refinements a fully integrated version was put in place with
interferometric sensors of only 5 mm length that reached a
refractive-index sensitivity of ~9.2 x 107 RIU [212]. Un-
fortunately, this device has not been tested yet for biosens-
ing applications.

A monolithically integrated interferometric lab-on-a-
chip biosensor is under development within the framework
of a European project [213]. The principle of operation of
the PYTHIA lab-on-a-chip is based on broadband Mach-
Zehnder interferometer sensors and including lasers, pho-
todetectors and microfluidics. Femtosecond laser microma-
chining is nowadays an emerging tool for the fabrication of
monolithic optofluidic devices, allowing the direct fabrica-
tion of integrated optical devices and microfluidics in fused
silica chips [32,214].

Lab-on-a-chip with the on-chip detection is still very
much a work in progress, but recent advances in integrated
optics-based biosensors and optofluidics indicate that they
could eventually be achieved in the near-medium future.
Cutting-edge technological progress will give rise to a robust
product that could run on an automated system minimizing
operator skills.

6. Future outlook

During recent years a myriad of different developments at
the biosensor field using many diverse technologies and de-
vices has been appearing, such as nanomechanical or MEMS
resonators sensors, semiconductor-wire-based transducers,
highly integrated microelectrodes, carbon-nanotube-based
sensors, localized surface plasmon resonance or SERS in
metal nanostructures, but none of them has shown the excel-
lent performances for label-free sensing achieved by pho-
tonic and nanophotonic devices based on integrated optics,
as can be deduced from their excellent limits of detection
in real biosensing (shown throughout this review). Some
commercial optical biosensors have been introduced into
the market but most of them are bulky and expensive and
only offer a general technology, with a limited number of
dedicated applications.
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Integrated optics technology is opening the way towards
truly portable lab-on-a-chip platforms that could be em-
ployed outside the laboratory. But still limitations in the
technology, problems in the integration of all the compo-
nents in one single microsystem and the connection with
real-world applications should be overcome. In the near
future, we will employ lab-on-a-chip biosensor devices for
assessing the safety of our food or beverages, for fast envi-
ronmental pollution identification and for the fast identifi-
cation of illness in emergencies or by diagnostics people at
the doctor’s office in a more comfortable way than is done
today. Due to the intensive research effort that is being done
in public institutions and at small, medium and large private
companies there is no doubt that lab-on-chip hand-held de-
vices will be a reality in our future society and will impact
very positively our lifestyle.
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