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Protein and DNA microarrays hold the promise to revolutionize the field of molecular diag-
nostics. Traditional microarray applications employ labeled detection strategies based on the
use of fluorescent and chemiluminescent secondary antibodies. However, the development of
high throughput, sensitive, label-free detection techniques is attracting attention as they do
not require labeled reactants and provide quantitative information on binding kinetics. In this
article, we will provide an overview of the recent author’s work in label and label-free sens-
ing platforms employing silicon/silicon oxide (Si/SiO,) substrates for interferometric and/or
fluorescence detection of microarrays. The review will focus on applications of Si/SiO, with
controlled oxide layers to (i) enhance the fluorescence intensity by optical interferences, (ii)
quantify with sub-nanometer accuracy the axial locations of fluorophore-labeled probes teth-
ered to the surface, and (iii) detect protein—protein interactions label free. Different methods of
biofunctionalization of the sensing surface will be discussed. In particular, organosilanization
reactions for monodimensional coatings and polymeric coatings will be extensively reviewed.
Finally, the importance of calibration of protein microarrays through the dual use of labeled
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and label-free detection schemes on the same chip will be illustrated.
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1 Introduction

The progressive demand for high-throughput detection of
biomarkers has sped up the development of a large vari-
ety of biosensors [1]. In the last decade, microarray tests
providing multiple, parallel, protein and nucleic acid mea-
surements on the same specimen have grown in popularity.

Correspondence: Dr. Marcella Chiari, Consiglio Nazionale delle
Ricerche, Istituto di Chimica del Riconoscimento Molecolare
(ICRM), Via Mario Bianco, 9 20131 Milano, Italy

E-mail: marcella.chiari@icrm.cnr.it

Fax: +39-02-28501239

Abbreviations: APTES, 3-aminopropyl(triethoxysilane); ATRP,
atom transfer radical polymerization; CaFE, calibrated fluores-
cence enhancement; DMA, N,N-dimethylacrylamide; NAS, N-
acryloyloxysuccinimide; POEGMA, PEG-like polyoligo(ethylene
glycol)methacrylate; RAFT, reversible addition-fragmentation
chain transfer polymerization; SSFM, spectral self-interference
fluorescent microscopy; WL, white light

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

One of the key issues for the successful protein microarray
translation into diagnostics is the ability to control the quan-
tity and the integrity of surface-immobilized proteins. The
challenge of specific analytical and quality control requires
the development of tests to confirm the attachment density
and proper folding for all proteins arrayed on the surface [2].
This article reviews recent publications detailing the devel-
opment of microarray sensing platforms employing silicon
oxide/silicon (Si/SiO,) substrates of variable thickness and
surface chemistries for interferometric and/or fluorescence
detection. Si/SiO, substrates enable (i) the enhancement of
surface fluorescence intensity by optical interference, (ii) the
quantification with sub-nanometer accuracy of the axial lo-
cation of fluorophore-labeled probes tethered to the surface,
and (iii) the label-free detection of biomolecular-binding in-
teractions by optical interferometry. In addition, a section of
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the article will review different approaches of biofunctional-
ization of the SiO,. Finally, the calibration of protein microar-
rays through the merger of labeled and label-free modalities
will be reported.

2 Modulation of fluorescence intensity by
construction of optical interferences on
oxidized silicon substrates

In the field of molecular biology, fluorescence measurement
of labeled secondary probes bound to targets is the prime
mode of detection for microarrays [3—6]. For highly sensitive
detection, this technique relies upon the difference in the ab-
sorption and emission spectrum of fluorophores called the
Stokes shift. After a photon is absorbed by a fluorophore,
some energy is lost before emission, lowering the photon’s
energy. Spectral isolation of the emission spectrum leads to a
low background. With a minimized background, further ad-
vancement in the LOD must be pursued through maximizing
the collected signal.

The strength of the collected signal is controlled by two
factors: the emitted intensity and the collection efficiency.
To improve the emitted intensity, a more powerful excitation
source can be implemented to drive the fluorophores through
more absorption and emission cycles. However, turning up
the source intensity will offer limited improvement due to
more rapid photobleaching effects. The collection efficiency is
limited by the collection optics, which only collects a fraction
of the omnidirectional intensity emitted by fluorophores.

The implementation of a reflective substrate to redirect the
emitted photons typically lost in the glass substrate toward the
collection optics has demonstrated an enhancement of the
fluorescence signal [7,8]. A reflective substrate often includes
a transparent spacer layer on the surface of the substrate
to generate constructive interference of the excitation wave-
length for enhanced emission [9, 10]. Reflective substrates
can also be crafted into a complex structure, such as a pho-
tonic crystal, to confine and direct the excitation and emis-
sion wavelengths for more than 100-fold enhancement of the
fluorescence signal over than glass substrate [11-13]. These
configurations prove that glass substrates for fluorescence
microarrays are not the optimized platform for sensitive de-
tection. The selection of an alternative scheme, which is com-
patible with existing chemistries and processes, can provide
immediate improvement to existing systems.

A particularly promising replacement for glass slides is
Si/SiO, substrates. This layered substrate configuration is
widely available, inexpensive, compatible with established
glass surface chemistries, and provides a tuneable wavelength
enhancement [14]. The optically transparent SiO, acts as a
spacer to bring the fluorophore into the plane of construc-
tive interference. By varying the thickness of the SiO, layer,
the emission wavelength of any fluorophore of choice can
be enhanced by constructive interference. Using the dipole
emission model [9, 15, 16] to simulate fluorophore emitters
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Figure 1. Simulated fluorescence enhancement of 100-nm SiO,,
320 nm SiO,, and glass for commonly used fluorophores. Repro-
duced with permission from [17].

near a dielectric interface on a layered substrate, the structure
can be designed and optimized for a range of wavelengths
(Fig. 1).

This concept has been proven with the development of a
100-nm SiO, layer for broadband enhancement and a 320-
nm SiO, layer for the selective enhancement of Cy3 and Cy5
fluorophores [17].

3 Application of resonance to
fluorescence microscopy: SSFM

While fluorescent enhancement chips are developed to im-
prove the detection sensitivity of biomolecules by measuring
fluorescence intensity, spectral self-interference fluorescent
microscopy (SSFM) uses Si substrates with a thick SiO, layer
to measure biomolecule conformational change upon bind-
ing in microarrayed format and provides additional infor-
mation on specific biomolecule interactions. SSFM is an in-
terferometric technique that maps the spectral oscillations
emitted by an ensemble of fluorophores located above a
reflecting interface (Si/SiO, interface) into a precise (sub-
nanometer (nm)) height determination of the fluorophores
in a broad range from a few nanometers to more than 100
nm [16, 18-20]. In contrast to earlier fluorescence interfer-
ence microscopy techniques [21,22], that only rely on intensity
variation of total fluorescent emission, SSFM utilizes spectral
information to provide higher precision in a single measure-
ment. As a consequence, the results of SSFM are immune
from factors that can affect the fluorescence intensity, such
as local fluorophore density, photobleaching, and/or change
of buffer environment. Thus, SSFM allows quantification of
the axial locations and conformations of fluorophore-labeled
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Figure 2. Schematic representation of the interferometric exper-
imental configurations with examples of measured spectra for
each technique. The spectra show normalized interference in-
tensity plotted against wavelengths. The thickness of SiO; in
both cases is 5 um with a roughness of 2 nm. In white light
(WL) spectroscopy interference of light from the top surface and
a buried reference surface results in periodic oscillations (left
panel). SSFM maps the spectral oscillations emitted by a fluo-
rophore located above a reflecting surface into a precise position
determination with sub-nanometer accuracy (right panel). Repro-
duced from [19] Copyright (2006) National Academy of Sciences,
USA.

probes tethered to the surface with sub-nanometer accuracy
(Fig. 2).

Early proof-of-concept results of SSFM have resolved the 5
nm-step between fluorophores atop the protein streptavidin
from those on a bare surface and the different height of center
sources of emission between quantum dots and fluorescein
bound to the surface with sub-nanometer precision [16]. In
combination with white light (WL) reflectance spectrometry,
which detects additional mass on a surface by measuring
optical thickness, the SSFM platform can perform assay of
surface-bound DNA hybridization and study its conforma-
tional change [19]. The following example illustrates one ap-
plication of SSFM combined with WL reflectance spectrom-
etry (Fig. 3). Immobilization of unlabeled ssDNA leads to
an observable increase in the optical thickness of a layered
surface. At this point, the actual conformation of oligonu-
cleotides on the surface is unknown and the WL measure-
ment shows that monolayers of ssDNA of 21 or 50 nucleotides
are 1.0-1.5 and 2.0-2.5 nm thick, respectively. Adding com-
plementary second strands to 50-mers results in an increase
in the film thickness by approximately 1.0 nm corresponding
to a hybridization efficiency of approximately 50%. These sec-
ond strands are fluorescently labeled at either surface distal or
proximal end as shown in Fig. 3(B) and (C), in which incom-
plete hybridization is schematically illustrated. In both cases,
the nonspecific binding of the second strand is very low, so
virtually all of the labels are attached to double helices. The
results demonstrate that whereas ssDNA can go downcoiled

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Schematic representation of surface-bound ssDNA and
dsDNA. (A) Nonlabeled ssDNA covalently bound on the surface
(B) after hybridization with complementary strand labeled at the
5’ (distal)-end and (C) 3 (proximal)-end. The measured white
light (WL) and fluorescence spectra similar to those in Fig. 2
were fitted to an algorithm to deduce biomass heights and fluo-
rophore heights. Reproduced from [19] Copyright (2006) National
Academy of Sciences, USA.

on the surface, dsDNA molecule is rigid and standing up (by
~10 nm for 50-mers) from the surface.

As illustrated in the previous example, SSFM platform al-
lows precise quantification of intrinsic conformations and
conformational changes of DNA on substrate in the native
environment. Other potential applications include quantifica-
tion of protein-induced conformational change of DNA with
SSFM. One example is the detection of binding of integra-
tion host factor to surface-bound dsDNA tagged with a flu-
orophore at the distal end to the surface. Integration host
factor induces a bend of 160° at the binding location of DNA,
resulting in a measurable fluorophore height change. This
measured fluorophore height change allows precise quan-
tification of protein-induced conformational change of ds-
DNA [23]. Therefore, SSFM platform can potentially detect
specific DNA-protein binding and protein-induced confor-
mational change of DNA on thousands of spots in one as-
say, similar to protein-binding microarrays [24]. Such a high-
throughput approach can increase efficiency and decrease
the costs (time and money) required to investigate specific
molecular interactions.

www.proteomics-journal.com
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4 Label-free microarray imaging
techniques

Although techniques using a label have produced highly
sensitive and specific measurements, labeling procedures
can be cumbersome and interfere with biofunctionality. For
decades, numerous efforts have pursued label-free technolo-
gies to provide direct measurements. A successful method of
label-free technology has been through the use of common
path interferometry on layered substrates [25-29]. These op-
tical interrogation techniques utilize a broadband or narrow-
band illumination source to probe the substrate’s interference
signature. Binding of minute amounts of proteins or DNA
to the substrate induce an alteration to the interference sig-
nature. These shifts are then characterized to the amount of
bound mass in order to provide a sensitive, quantified method
of direct detection [30].

One particular method of label-free detection is the inter-
ferometric reflectance imaging sensor (IRIS). This platform
is a microarray sensing technique that utilizes an Si/SiO,
biochip for high throughput, multiplexed detection. IRIS uti-
lizes optical interferometry with a buried reference plane to
detect binding of biomolecular interactions on the surface.
Binding interactions are recorded through sampling the re-
flectivity signature of the surface with multiple wavelength
sources and a camera. After a stack of images is acquired,
the reflectivity curves for each area mapped by a pixel are
found through fitting to the Fresnel reflectivity equation
of the silicon chip structure [29]. This technique has been
demonstrated to offer picogram per square millimeter sensi-
tivity, real-time kinetics monitoring, and the binding of mul-
tiple analytes to immobilized probe molecules—all in a sim-
ple platform amenable to high-throughput screening [29, 30]
(Fig. 4).

5 Optical biosensors for nanoparticle
detection

Silicon biochips are not limited to ensemble measurements
of binding interactions, but can also be engineered to en-
able the imaging of single nanoparticle attachment. Moving
away from ensemble measurements and toward single event
measurements offers more information about the surface
to address issues of nonspecific binding. Daaboul et al. have
shown that by thermally growing a thin layer of SiO, on Si, the
signal from individual nanoparticles can be visualized using
a CCD camera [31]. Similar to fluorescence enhancement, the
SiO; layer thickness is designed to enhance the signal from
a nanoparticle. Typically, for a nanoparticle in free space or
on a noninterferometric surface, the detected intensity is only
composed by the scattered electric field, which is proportional
to the radius of the particle to the sixth power. However, by
placing the nanoparticle on an interferometric surface, the de-
tected intensity relies upon three components: the scattered

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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field from the particle, the reference field from the buried in-
terface, and the interference of these two fields. By optimizing
the interference term, the detected intensity is enriched, lead-
ing to a higher nanoparticle contrast in images. Unlike other
interferometric imaging techniques, the phase between the
reference and scattered field is known from the thickness of
the SiO, layer; therefore, the optical response can be calcu-
lated for different nanoparticles radii. If the refractive index
of the nanoparticle is known, the measured optical response
can be correlated to the size of the nanoparticle bound to the
sensor’s surface [31]. Recently, this technique was applied to
detect individual viruses captured on the surface using an an-
tibody array. The authors also show preliminary data on how
virus size and shape can be calculated from the measurement,
which will improve specificity of the sensor by discriminating
against nonspecific binding [32].

6 Surface functionalization of silicon
slides

The surface of silicon biosensing devices, independently
from their sensing principles or surface geometry must be
modified in order to provide a suitable interface between
silicon-based transducer and immobilized biomolecules. A
frequently employed strategy for the preparation of functional
surface layers is by the self-assembly of organic monolay-
ers on solid substrates. Self-assembly of organic monolayers,
produced by organosilanization reactions, introduce chem-
ical moieties reactive toward biomolecules on silicon oxide
surfaces. An alternative approach involves formation of func-
tional polymeric coatings with a high concentration of reactive
groups.

It is generally recognized that the three-dimensional con-
formation, and consequently the activity of a protein on a sur-
face, is greatly influenced by the strategy adopted for immo-
bilization. Compared to other classes of biologically relevant
compounds, proteins tend to bind to surfaces in a disordered
orientation and as a result, may lose their biological activ-
ity [33-35]. The extent of the conformational change of ad-
sorbed proteins depends on the nature of the surface includ-
ing hydrophobicity/hydrophilicity and on the environmental
conditions, such as temperature, pH, and ionic strength of
the solution. For this reason, protein microarrays are gener-
ally more difficult to fabricate than DNA microarrays. Fur-
thermore, to obtain high S/N ratio, proteins must be immo-
bilized in high densities in very small areas in moisturized
environments [36]. Silicon, characterized by its chemical ho-
mogeneity and stability, can be modified with a wide range of
chemical functionalities. However, this material is character-
ized by a lower content of surface silanol (Si-OH) groups
when compared to glass substrates. This lack of anchor-
ing groups may render the functionalization process more
challenging.

www.proteomics-journal.com
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Figure 4. Interferometric reflectance imaging sensor (IRIS) method of detection: (A) theoretical reflectivity for 5-nm shifts in the thickness
onthe surface. The colored Gaussians represent the four LEDs used to sample the curve. (B) Sensor’s imaging path illustrating the grayscale
intensity change due to biomass accumulation. (C) Image of the sensor’s surface with an array of protein spots. (D) Height profile across

dashed line in (C).

6.1 Organosilane coatings

Covalent immobilization, which establishes a strong and
stable linkage from biomolecule to surface, is the pre-
ferred method for attaching proteins to Si/SiO, substrates.
The most widely used method functionalizes Si/SiO, sur-
faces via silane-coupling reactions. Despite reports describ-
ing organosilanization as the simplest approach to build up
biocompatible layers for the attachment of biomolecules to
solid surfaces, successful and reproducible deposition of a
monolayer on Si/SiO, substrates is not a simple task. Fur-
thermore, the mechanism of silanization is still not thor-
oughly understood. In particular, it is difficult to control
the density of silanol groups (Si—-OH) and the presence
of surface water layer, which ultimately controls the prop-
erties of the deposited layer. If excess surface water was
present, an ordered two-dimensional polymerization of the
organosilane with no strong bonds to the surface would oc-
cur. Alternatively, the predominance of surface hydroxyls
would establish a stable anchor for the molecules onto the
surface by chemical bonds [37, 38]. The prevalence of one
condition over the other is the result of different substrate
pretreatments.

Depending on the application, SiO, layers on Si may be
added via thermal oxidation, chemical vapor deposition, or
sputter deposition. In many sensor applications, the oxide
layer presents levels of defects that diminish the optical or
electrical signals needed for detection [39]. Thermal growth
of oxide on silicon provides the best oxide quality. The abil-
ity to tightly control the growth rate results in highly re-
producible oxide thickness, an important feature when the
thickness of the oxide layer is critical for the sensing princi-
ple. However, thermal oxide films produced by dry oxidation
on silicon have a lower surface content of hydroxyl groups

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and are more difficult to modify [40, 41]. To facilitate subse-
quent functionalization, activation steps, which do not alter
the topology or thickness of the oxide layer, are needed. A
number of different protocols for wet cleaning and activation
of thin silicon oxides have been investigated. Han et al. [42]
discuss the efficiency of several cleaning methods studied by
contact angle measurements, atomic force microscopy, and
Fourier-transform infrared spectroscopy. Furthermore, x-ray
photoelectron spectroscopy was used to characterize the ox-
ides after the cleaning and silanization procedures. Reliability
and repeatability of silanization conditions has also been ex-
tensively studied in reference [43].

Following the proper pre-activation step, functional
trialkoxysilanes of general structure (RO);Si(CH;)nX or
trichlorosilanes are then usually used to introduce func-
tional groups on the surface [44—47]. A large variety of silane
reagents are commercially available, bearing amine, thiol, car-
boxy, epoxide, and other functionalities for subsequent mod-
ification steps. Various protocols of silanization can be found
in the literature, implying deposition of silanes from aque-
ous or organic solutions, from the gas phase, or by chemical
vapor deposition [48]. Silane-coupling reactions are capable
of providing high surface loading (10'? molecules/cm?), and
the oxide interface typically shows good thermal stability [49].
Compared to adsorption, covalent immobilization of protein
provides higher irreversible surface loading and improved
stability to operational conditions [50]. However, it must be
pointed out that the attachment of proteins to the surface
is always driven by a combination of covalent and adsorp-
tion mechanisms. There are evidences in the literature that
the dominant “loss” mechanism of covalently immobilized
protein is the continuous desorption of noncovalently bound
protein left from incomplete washing after the immobiliza-
tion procedure [51].

www.proteomics-journal.com
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In some cases, such as using amino-terminated organosi-
lanes, the introduction of chemical moieties that are use-
ful in biological applications is hindered by the fact that
they introduce more complexity into the silanization pro-
cess. In a recent publication, an extensive investigation on
the characteristics of a silicon surface modified with 3-
aminopropyl(triethoxysilane) (APTES) was reported [52]. The
surface silanization was performed mainly via APTES hydrol-
ysis followed by surface condensation reaction with the hy-
droxyl groups of the hydrophilized silicon surfaces. As clearly
shown by x-ray photoelectron spectroscopy, a film with short
APTES hydrocarbon chains terminated with NH, groups that
pointaway from the surface siloxane network is formed. How-
ever, an alternative, although less effective, coupling mecha-
nism was also identified with protonated amino groups point-
ing toward (charged) silicon. The interaction between amino
and surface hydroxyl groups makes it difficult to form ordered
layers as NH, groups act like build-in catalyst for the reaction
of alkoxy [53] and chlorosilane [54]. When the functionali-
ties to be introduced conflict with the silanization process,
an alternative approach is to modify a less problematic silane
monolayer using chemical surface reactions. This method
offers the possibility to introduce a wide range of terminal
end groups on well-defined base monolayers. A recent review
highlights a selection of chemical surface reactions, i.e. nu-
cleophilic substitution, click chemistry, and supramolecular
modification, which have been used for the functionalization
of solid substrates [55].

6.2 Polymeric coatings

Silane coatings are normally classified as monodimensional
coatings [56]. In this type of coating, steric hindrance may
significantly reduce the reaction between surface functional
groups and probe molecules leading to poor grafting density.
In addition, the direct attachment of a protein to a surface
without a spacer can cause steric constraint of the protein’s
reactivity or interaction capability compared to the protein
in solution [57]. Moreover, multiple direct contacts with the
surface can induce denaturation or partial denaturation. By
introducing a spacer between the protein and the reactive
group on the surface, these effects can be minimized. An
effective way to space a protein from the surface is by the
introduction of a polymeric coating [58], which, besides re-
ducing steric hindrance, increases the density of protein per
unit area by providing a three-dimensional binding scaffold.

Polymers can be immobilized on a surface by physisorp-
tion, chemisorption, or covalent grafting. Many methods to
immobilize PEG on surfaces have been developed based on
each of these different approaches [59-66]. However, PEG
brushes usually bear only one reactive group per chain. To
increase the density of reactive groups, other types of radi-
cal homo- and block-copolymers brushes bearing chemical
functionality for the covalent attachment of biomolecules ob-
tained by “grafting to” or “grafting from” methods were intro-

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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duced [67]. Most approaches that aim at attaching polymers
to a surface use a system where the polymer carries an “an-
chor” group either as an end group or in a side chain. This
anchor group can react with appropriate sites at the substrate
surface, thus yielding surface-attached monolayers of poly-
mer molecules (termed “grafting to”). Another technique is
to carry out a polymerization reaction in the presence of a
substrate onto which monomers had been attached leading
to the so called “grafting from” approach. The “grafting from”
approach is particularly advantageous as it allows to obtain
high graft density of polymer chains.

Silicon oxide was functionalized with brushes obtained
by surface initiated, controlled radical polymerization [68].
Controlled radical polymerization techniques, including
nitroxide-mediated radical polymerization [69], atom transfer
radical polymerization (ATRP) [70], and reversible addition-
fragmentation chain transfer polymerization (RAFT) [71], are
excellent methods for the preparation of well-defined polymer
structures such as block copolymers, star shape polymers, and
interpenetrating polymer networks [72].

Using ATRP, a technique that affords good control of poly-
merization kinetics, compatible with a range of solvents, PEG-
like poly oligo(ethylene glycol)methacrylate (POEGMA) func-
tionalized polymer brushes were produced [73]. There are a
number of advantages in this procedure: (i) ATRP initiator
can easily be immobilized onto surfaces by various methods,
such as covalent coupling, Langmuir-Blodgett deposition,
plasma grafting, and chemical self-assembly [74-76], (ii) the
POEGMA chains are larger than the initiator and this allows
to form a dense brush coating from a low initiator surface
density, (iii) the polymer graft density and thickness are easy
to control. POEGMA-brush surfaces can be easily function-
alized as they present reactive hydroxyl groups that can be
easily derivatized with complementary reactive moieties.

RAFT polymerization was used to functionalize microar-
ray silicon oxide slides with block polymer brushes of N,N-
dimethylacrylamide (DMA) and N-acryloyloxysuccinimide
(NAS) (graft-polyiDMA-b-(DMA-co-NAS)]) [77]. A polymer
layer with di-block architecture was prepared from a novel
RAFT chain transfer agent bearing a silanating moiety di-
rectly anchored onto the glass surfaces. A schematic rep-
resentation of the reactions involved in the mono-/di-block
coating preparation are shown in Scheme 1. The coating con-
formation was characterized by SSFM. The di-block polymer
has chemical reactive moieties located on the external block
as demonstrated by SSFM which shows different heights for
DNA probes immobilized in the mono block coating (about
10 nm) compared to those in the di-block coating (about
35 nm).

Although surface-initiated polymerization techniques en-
able the synthesis of polymer brushes with a high surface
density and thickness, the synthesis requires several steps
including an initial step of organisilanization to graft a silane
initiator.

In an effort to simplify the coating process, a ter-copolymer
that is the result of an optimized composition of DMA,

www.proteomics-journal.com
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Scheme 2. Sketch of copoly(DMA-NAS-MAPS) coating.

3-(trimethoxysilyl)propyl methacrylate (MAPS), and NAS [78]
(Scheme 2) was used to form a thin film on silicon oxide by a
combination of physisorption and chemisorption. The coat-
ing was prepared by “dip and rinse” approach immersing a
silicon oxide substrate in an aqueous solution of the copoly-
mer (10 mg/mlL) at ambient temperature followed by wash-
ing with water. The substrates were then cured at 80°C for 30
min. When Si/SiO, wafers were immersed in the copolymer
solution for 30 min, ultrathin films of the polymer were gen-
erated with an average thickness of approximately 15nmin a
wet environment [79]. The formation of the layer was not de-
pendent on polymer concentration within a large interval of
values (unpublished data) indicating that the adsorbed poly-

Clean thermal Si/SiO,

Rg = 0.085 nm
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Scheme 1. Schematic synthesis
of the RAFT-mediated brush poly-
mers: mono-block, and di-block

Poby{TDA-b-(DMA-co-NAS)| architectures.

mer layers can limit further attachment of additional polymer
chains to the surface. The surface topography of the polymer
layer on Si/SiO, wafers was examined by atomic force mi-
croscopy. Figure 5 clearly shows the surface of the coating
on Si/SiO, wafers was very smooth with average roughness
of 2 nm in dry conditions [14]. The procedure provides a fast
and robust method for producing hydrophilic functional sur-
faces bearing active esters, able to react with amino groups
in proteins and peptides or in modified DNA. Most of the
applications reported in this review employ this coating.

7 Applications of silicon biochips

The majority of the microarray community utilizes glass sub-
strates as the "gold standard" for biosensing. Two specific
limitations exist with this choice of substrate. First, fluores-
cence assays conducted on simple glass slides (or other high-
index substrates) reduce fluorescence yield. Numerous lay-
ered structure designs for enhanced fluorescence measure-
ment of DNA and protein microarrays have been investigated
to replace glass [7,80-83]. As an attractive layered structure

Polymer coated Si/SiO,

Figure 5. Atomic force mi-
croscopy scanning showing
roughness of bare silicon oxide
(left panel) and copoly(DMA-
NAS-MAPS) coated silicon
(right panel). Rqg, the roughness
parameter is the standard
deviation of the Z values within
a given area. The low Rq value
indicates the smoothness of
the surface before and after the
coating.

i
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for fluorescence enhancement, silicon chips are low cost and
possess well-established and controllable characteristics.

A second important drawback of glass substrates is con-
nected to the challenge of collecting quantitative results in
the standard fluorescence assay. This difficulty arises in the
differences in the amount of immobilized probe on the sub-
strate surface, which has shown to affect target capture and
quantification [84—86]. This variation is primarily due to the
technical issues (array printing, sample processing, etc.) but
also due to the characteristics of the proteins, which exhibit
different reactive groups on their surface [2,87,88]. This vari-
ability is common to both glass and silicon substrates. How-
ever, Si/SiO, substrates allow to calibrate fluorescence for
the amount of probe actually immobilized on the surface as
it will be illustrated in Section 7.3. In the next sections, we
will highlight applications in the fields of protein and DNA
microarray technology in which the use of silicon oxide, flat
substrates has been critical to reach detection performance
and accuracy when using label, label-free, and dual detection
schemes. In particular, Section 7.1 will report on enhanced
labeled detection whereas Section 7.2 exhibits examples of
IRIS, the technology extensively described in Section 3. Fi-
nally, in Section 7.3, the combination of label and label-free
detection schemes will be presented and the advantages pro-
vided by the dual detection scheme will be illustrated.

7.1 Enhanced label based detection

Modulation of the fluorescence intensity by the construction
of optical interferences on oxidized silicon substrates was
first demonstrated with immobilized green fluorescent pro-
tein [89] and Cy3 labeled oligonucleotides [90]. This simple
configuration provides fluorescence enhancement close to
that obtained by the sophisticated multilayer substrates re-
viewed in [91].

An optimized layer of thermally grown silicon oxide of a
highly reproducible thickness, low roughness, and fluores-
cence background can be produced to exploit the fluores-
cence intensification due to the constructive interference of
the fluorescence radiation as mentioned in Section 2. When a
100-nm thick silicon oxide surface is coated by copoly-(DMA-
NAS-MAPS), the polymeric coating presents a thickness that
does not alter the optical properties of the silicon oxide, op-
timizes the binding efficiency of the slides, and maintains
a low background due to its antifouling properties, lead-
ing to a high S/N ratio. This approach was demonstrated
first using protein and peptide arrays [14] obtaining a 5-10-
fold enhancement of the fluorescence signals with respect to
glass slides for specific antibody detection. A superior perfor-
mance of copoly-(DMA-NAS-MAPS) silicon slides in compar-
ison to glass slides and commercially available substrates was
demonstrated for allergy diagnosis in real clinical samples
plotting receiver-operating characteristic curves [92]. Figure 6
reports the results of the assay for allergen specific IgE detec-
tion in a pool of sera on microarrays. In this comparative ex-
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periment, silicon substrates provide a fluorescence intensity
that is higher than each signal detected on the other supports
and is the only surface able to correctly diagnose, in the pool
of sera, the presence of IgE specific to the six allergens Alta 1,
Betv 1, Derp 1, Del p 2, Feld 1, and Phl p 1. Even if sensitiv-
ity and precision of this diagnosis would be simply improved
by using higher laser power and PMT gain, the authors un-
derline that there are conditions in which the highest laser
power of commercial scanners is not sufficient to detect low
abundance biomarkers. Moreover, the use of slides capable
of enhancing the fluorescence signals allows the use of less
sophisticated and powerful lasers making possible the devel-
opment of cheaper, simpler, and smaller detection setups.
In this work, analytical robustness on the silicon substrate
was consistently better than on glass as a result of an overall
increase in signal intensity. When background noise is kept
low, enhanced fluorescence produces higher S/N ratios even
for low abundance analytes resulting in a wider concentration
ranges for stable analytical imprecision (CV%). The analytical
performance of the allergen microarray was thus significantly
enhanced, as compared to glass, in accurately identifying al-
lergic patients spanning a wide range of specific IgE titres to
the considered allergens.

In the field of DNA microarrays, an important clinical ap-
plication in which high sensitivity is a key issue is the identi-
fication of minority mutated alleles due to its implications in
early diagnosis, prognosis, and new noninvasive diagnostics.
Minority mutations (i.e. a few mutants within a high excess
of wild-type alleles) are important in early tumor detection
and molecular genetics. Fetal DNA released into maternal
plasma is an example of minority mutation that allows not
invasive, prenatal diagnosis of genetic diseases. The discrim-
ination between fetal and maternal sequences differing by
as little as one base pair is challenging. Despite the scarcity
of fetal DNA in maternal plasma, due to optimal extraction
protocols and new detection schemes, the identification of
genomic sequences, which belong to the fetus, such as those
inherited from the father, can be performed with an accuracy
close to 100%. One way to overcome the problem of the unbal-
anced concentration of the two alleles is to use an enrichment
strategy based on the inhibition of the amplification of the
predominant sequence. To this aim, peptide nucleic acid, a
DNA analogue, is used to bind maternal wild-type DNA that
represents over 95% of total plasma DNA thus interfering
with its amplification while still allowing the mutant DNA
amplification. Fluorescence enhancement on Si/SiO, coated
by copoly-(DMA-NAS-MAPS) was exploited in the noninva-
sive prenatal diagnosis of beta-thalassemia [93]. In this work,
the sensitivity in detecting low concentrations of mutated se-
quences by hybridization was assessed and compared to that
provided by phyrosequencing, a technique [94] that monitors
the incorporation of nucleotides in a primer-directed poly-
merase extension reaction. Both approaches, microarray and
phyrosequencing, were able to monitor the variation of wild-
type-to-mutated allele fluorescence ratio in the presence of
different amounts of wild-type peptide nucleic acids.
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SuperEpoxy 2

Copoly (DMA-NAS-MAPS)
coated glass

The lowest detectable amount of mutated DNA was
assessed by adding decreasing amounts (from 100 to
6.25 pg) of genomic DNA from a homozygous subject carry-
ing the mutation to 1 ng of DNA from a wild-type homozygous
subject. The system based on Si/SiO, microarrays coated by
copoly-(DMA-NAS-MAPS) was able to detect the presence of
12.5 pg of mutated DNA in 1 ng of wild-type DNA. A similar
result was also obtained with commercial slides (ready-to-coat
dual-color AmpliSlides 570/670 Genewave, Paris, France) [95]
that were also proposed as substrates with optimal optical
properties. However, in this case, a more complex strategy
was adopted to achieve fluorescence enhancement based on
the use of multiple layers of materials with different refractive
index.

The high intensity of the fluorescence detected on Si/SiO,
slides was also exploited in protein microarray experiments.
Silicon slides with an oxide layer coated by copoly-(DMA-
NAS-MAPS) provided antibodies detection with femtomolar
sensitivity. The fluorescence was measured with a conven-
tional laser scanner without the use of any sophisticated detec-
tion strategy. This astonishing sensitivity was achieved only
overcoming mass transport limitations [96]. LODs of 45 and
54 pg/mL (lower than that obtained by ELISA using the same
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FgG-CyB Figure 6. Results of the assay
for allergen-specific IgE detec-
tion in the pool of sera on mi-
Feld1 croarrays analyzed at 60% laser

power and PMT gain. The up-
per panel reports the results of
the analysis of the pool of sera
on SuperEpoxy 2 and MirrorE-
poxy substrates (Arrayit, Sunny-
vale, CA, USA) the lower panel
the results on copoly(DMA-
NAS-MAPS) coated glass and
silicon. In the detection con-
ditions used, MirrorEpoxy sub-
strates reveal the presence of
IgE specific to the allergen Fel
d1 that was not detected on Su-
perEpoxy 2. The superior per-
Betwv1la formance of MirrorEpoxy sub-
strates is clearly visible from the
enhanced fluorescence of the
reference Cy3 labeled IgG (red
circles) and is due to the fluores-
cence enhancement produced
by its reflective backside mirror
coating. Similarly, signals of IgE
specificfor Betv 1 and Phlp 5 are
detectable on silicon substrates
but not visible on glass slides
and the intensity of fluorescence
of the reference Cy3-labeled IgG
(red circles) is higher on silicon
than on glass. Reproduced with
permission from [92].

Phip5

antibodies) were achieved for hepatitis B superficial antigen
and Human Immunodeficiency Virus (HIV) p24 antigen, re-
spectively. In this work, once calibration curves were built,
LODs were extrapolated from the fluorescent value of blank
samples plus three standard deviations (30).

7.2 Label-free detection and IRIS

Development of label-free biosensors that can simultaneously
monitor multiple molecular interactions is of great interest
to biomedical research and clinical applications. Detection
of DNA-DNA, DNA-protein, and antibody-antigen interac-
tions has been established using fluorescent microarrays.
Label-free technologies can be advantageous because they
monitor the interactions directly and alleviate the need for
labeled detection probes, which are costly and may interfere
with biomolecule functionality [97].

Technologies have been developed based on silicon chips
that use a thin silicon dioxide film to form a common path on-
chip interferometer [25,98]. The advantage of silicon chip in-
terferometric techniques is that the glass surface chemistries

www.proteomics-journal.com



2972 M. Cretich et al.

developed for the well-established fluorescent microarrays
may be used.

Si/SiO, substrates are applied to label-free detection of
protein—protein interactions by spectroscopic ellipsometry
[99] and by interferometric detection schemes for monitoring
biomolecular interactions [29]. Ozkumur et al. have shown
single nuclear polymorphism detection by monitoring with
IRIS the melting of DNA complexes [100]. Recently, advance-
ment has shown that IRIS platform can be further simpli-
fied by replacing the tuneable laser source with discrete LED
sources making it translatable to a point of care device [101].
IRIS has been continuously verified through the detection of
viruses [102], protein binding [101], and surface effects due
to buffer interactions [103].

7.3 Dual detection schemes

Silicon technology and tuned modulation of the oxide layer
facilitate dual detection of label-based and label-free detection
schemes on a single chip. This combination chip is of high
practical utility during the assay development process to im-
age arrays of proteins, check consistency and quality of the
spotted array, quantify the amount of immobilized probes,
and detect fluorescence of bioassays. Awareness of real im-
mobilization yields for different proteins in distinct immobi-
lization conditions can help in developing consistent protein
chips. The absolute amount of immobilized material, the ac-
tivity of the immobilized proteins, and the specificity of the
secondary antibodies will ultimately determine the sensitivity
and reproducibility of protein microarrays.

This dual detection scheme is particularly effective for al-
lergen chips, which suffer from large immobilization vari-
ability that may result in underestimation or failure of de-
tection of captured targets [84, 86]. To address protein mi-
croarrays reproducibility issues, the calibrated fluorescence
enhancement (CaFE) method, which integrates quantitative
IRIS label-free sensing and enhanced fluorescence measure-
ment, has been developed. Two CaFE platforms have been
designed and optimized for dual label-free and fluorescence
detection based upon the dipole emission model and label-
free modeling [17, 104]. The first platform consists of two
oxide islands, one optimized for fluorescence detection for
all fluorophore emission wavelengths and one optimized for
IRIS (label free) sensing. In this particular silicon biochip,
a spot located on the label-free oxide island is used to cal-
ibrate a spot of the same protein located on the optimized
fluorescence island and was shown to be useful in the assay
development process [104]. In Fig. 7, the silicon chip and the
concept of dual detection is shown. The chip is a 15 x 15
mm square silicon slide divided into four quarters (panel a),
three regions of the chip exhibit a silicon oxide layer of 100
nm, whereas one region displays an oxide thickness of 500
nm. Each quarter of the chip is spotted with the same protein
array within the same spotting session. After binding of pro-
teins and blocking of unreacted sites, the quarter of the chip
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exhibiting the 500-nm oxide layer is imaged using the LED-
based IRIS and the amount of immobilized probe for each
condition is quantified; the morphology and consistency of
spots are also verified by visual inspection of the images gen-
erated by the IRIS setup. After the interferometric imaging,
that quantifies the amount of surface immobilized probe, the
chip undergoes a conventional fluorescence assay. The sil-
icon biochip for dual label-free and fluorescence detection
proposed can be of high practical utility during the microar-
ray assay development process. Without altering the standard
microarray protocol, the new tool can be implemented in a
routine use as an internal quality control for protein array
production.

However, this platform relies on repeatability within a chip.
The second platform [17] consists of a single oxide thick-
ness designed to operate in both label-free and enhanced
fluorescence modalities. In this platform, each spot is mea-
sured with both fluorescence and label-free measurements,
and therefore calibrated, effectively accounting for any spot-
to-spot variation frequently reported in microarrays. In this
particular case, this platform was optimized for Cy3 and Cy5
fluorescence enhancement due to these fluorophores exten-
sive use in the literature. Both platforms are realizations of
the CaFE method; one platform uses optimized oxide islands
for enhanced fluorescence measurement that is calibrated by
the label-free IRIS measurement, while the second platform
calibrates the enhanced fluorescence measurement of a spe-
cific fluorophore to the label-free IRIS measurement on the
same spot.

By combining sensitive fluorescence measurement with
the quantified probe measurement, the CaFE method ad-
dresses variation of microarrays by (i) quantifying probe with
IRIS, (ii) measuring fluorescence enhancement of secondary
detection antibodies, and (iii) self-calibrating fluorescence
signal to quantitative assessment of probes with IRIS. This
method is applicable to any microarray assay that utilizes a
ligand-analyte detection scheme. Improving upon quality and
quantity control in microarrays, the CaFE method demon-
strates (i) a linear correlation between immobilized probe
density and fluorescence signal despite chip-to-chip variation
and (ii) the importance of quantifying probes (i.e. major aller-
gens) to ensure reproducibility of fluorescence measurement
due to the possibility to calibrate fluorescence resulting from
the bioassay by the amount of immobilized probe.

Figure 8 illustrates how the dual detection platform im-
proves assay precision in the diagnosis of allergy. In panel
(a), the fluorescence of the anti-IgE detection antibody is plot-
ted against allergen spotting concentration (Ara hl peanut
allergen on the left and Phl p1 timothy grass allergen on the
right). In panel (b), the fluorescence of anti-IgE antibody is
divided by the effective amount of probe immobilized de-
tected by IRIS. The fluorescence is corrected for the actual
amount of surface probe. The CaFE platform, panel (b), pro-
vides calibrated linear responses for allergy testing analysis
compared to traditional semiquantifiable analysis in panel
(a). In addition to the CaFE method, a separate dual detection
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A

Silicon chip consisting of areas coated by Composite image of fluorescence
oxide layers with different thicknesses and label free imaging
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Figure 7. The silicon chip is a 15 x
15 mm square silicon slide divided
into four quarters (panel A), three
regions of the chip exhibit a sili-
con oxide layer of 100 nm whereas
one region displays an oxide thick-
ness of 500 nm. Each quarter of the
chip is spotted with the same pro-
tein array within the same spotting
session. The quarter of the chip ex-
hibiting the 500-nm oxide layer is
imaged by the LED-based interfer-
ometric reflectance imaging sensor
(IRIS), the other three quarters are
analyzed by a fluorescence scan-
ner. Panel B reports a composite
image obtained, for the same aller-
gen microarray, before the serum
incubation (label-free detection of
immobilized allergens) and after in-
cubations with an allergic patient’s
serum and fluorescent secondary
antibody. Reproduced with permis-
sion from [105]

platform for combined chemiluminescence and label-free de- detection as an analytical tool on a platform that is amenable
tection was developed to quantify hepatitis B superficial anti- to becoming a clinical diagnostic platform using labeled de-
gen [105]. The dual detection system presented in this work tection without necessitating a change in surface, chemistry,

enables high density arrays to be developed using label-free or format.
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Figure 8. (A) The standard calibration of secondary antibody for diagnosis of allergy is measured as the degree of fluorescence as a
function of spotting concentration is shown for Ara h1 peanut allergen (left) and Phl p1 timothy grass allergen (right) for two chips.
Using the self-calibration method provided by CaFE (B), results show calibrated, linear responses for allergy testing analysis compared to

traditional semi-quantifiable analysis in (A). Reproduced with permission from [17]
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8 Conclusion

The article reviews the recent work of the authors in label and
label-free sensing platforms employing Si/SiO, substrates
for interferometric and/or fluorescence detection of microar-
rays. This widely available, inexpensive material, compati-
ble with established glass surface chemistries is suitable as
microarray substrate in the interferometric detection tech-
niques. Si/SiO, layered substrates find application in label
and label-free biosensing platforms. By varying the thickness
of SiO,, it is possible to enhance the emission of any fluo-
rophore of choice by constructive interference with significant
improvements in detection sensitivity.

The material finds application in SSFM, an interferomet-
ric technique that allows to measure the height of an ensem-
ble of fluorophores located above a reflecting interface with
sub-nanometer precision. This technique supports conforma-
tional study of DNA and proteins immobilized on surfaces.

The article discusses working principles and applications
of IRIS, a platform amenable to high-throughput screening
for label-free multiplexed detection. This technique provides
picogram per square millimeter sensitivity, real-time kinet-
ics monitoring of multiple analytes binding to immobilized
probe molecules.

Finally, modulation of the oxide layer enables the devel-
opment of dual label-based and label-free detection schemes
on a single chip. This combination chip is of high practical
utility during the assay development process to quantify the
amount of probe immobilized on a surface. This informa-
tion, generally not available in glass microarray technology,
is crucial to determine consistency and quality of the spotted
array.

Whatever the modulation of the oxide layer thickness is,
surface chemistry of silicon substrates plays a fundamental
role in bioprobe immobilization and in suppression of non-
specific interactions. Hence, the paper presents an extensive
review of organosilanization reactions as well as polymeric
coatings useful for biofunctionalization in microarray tech-
nology.
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