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Abstract: Protein microarray technology has gone through numerous innovative
developments in recent decades. In this review, we focus on the development of protein
detection methods embedded in the technology. Early microarrays utilized useful
chromophores and versatile biochemical techniques dominated by high-throughput
illumination. Recently, the realization of label-free techniques has been greatly advanced
by the combination of knowledge in material sciences, computational design and
nanofabrication. These rapidly advancing techniques aim to provide data without the
intervention of label molecules. Here, we present a brief overview of this remarkable
innovation from the perspectives of label and label-free techniques in transducing
nano-biological events.
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1. Introduction

Microarrays are now recognized as powerful tools for predictive and early disease diagnosis, as well
as research in many biological fields. In each microarray, also known as ‘biochips’, thousands of reaction
spots (capturing agent spots) are arrayed onto a few square centimeters. It is a remarkably versatile
and useful platform, particularly when dealing with very limited sample volumes in genomics [1],
proteomics [2—4], transcriptomics [5,6], glycomics [7-9], metabolomics [10], and cellomics [11]
research. Partially automated dispensing systems, condition controlling systems and automated signal
readouts enable sophisticated experiments to be carried out by non-specialized technicians.

Protein microarrays are mainly constructed to achieve two primary objectives [12,13]: (i) to identify
and quantify protein abundance, which has been applied in a range of cancer studies, specifically in
screening and searching for biomarkers and protein drugs, as well as the diagnosis of particular cancers
by distinctive fingerprints; and (ii) to study protein (or biomolecular) functions, which involves the
intermolecular interactions that reveal new insight into molecules of interest or/and important
characteristics such as binding parameters, enzymatic functions and novel biomolecular interactions.
Consequently, numerous protein microarrays have been developed. In addition to DNA/RNA
microarrays [14] and whole protein microarrays, such as antibody/antigen microarrays [15] and
whole-proteome scale microarrays [16], small molecule microarrays [17] and peptide microarrays
including a-helical peptides [18,19], B-turn peptides [20], sugar modified peptides [21], and peptides
from protein sequences [22], are also the promising tools for protein analysis.

Protein microarrays are supported by three key technologies: (i) production of functional capture
agents; (ii) surface chemistry; and (iii) development of high-throughput detection methods. These
technologies must be tied with one another in order to provide valuable protein detection. To date,
dozens of exciting reviews on protein microarrays have been reported (for example [12,13,23-26]);
these reviews have already described the concepts of such microarray technologies and have focused
on the production of microarrays and the development of capture agents. Meanwhile, we have
designed peptide libraries composed of various secondary structures to use for protein microarray
technologies, and in parallel, novel techniques for detection have been also developed. In this
mini-review, we focus on the “new and old” technologies for detection in protein microarrays. We also
present a brief overview of these remarkable innovations from the perspective of label and label-free

techniques in transducing nano-biological events.
2. “New and Old” Detection Technologies

A good detection method that can be applied to microarray usage generally offers: (i) high
signal-to-noise ratio; (ii) high spatial resolution; and (iii) good reproducibility. While offering broad
practicality, methods need to have low instrumentation costs, rapid determination and robustness,
while producing good qualitative results. Although there is not yet a general sensing method that can
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be ubiquitously applied to detect the cluster of biomolecules in various samples, there are several
candidates that can be considered.

In this review we focus on five candidate label detection methods, namely, (1) fluorescent labeling,
(2) isotopic labeling, (3) chemiluminescent labeling, (4) electrochemically active probe labeling, and
(5) nanoparticle labeling, and five candidate label-free detection methods, namely, (6) mass spectrometry
(MS), (7) microcantilevers, (8) quartz-crystal microbalance (QCM), (9) surface plasmon resonance
(SPR) and localized surface plasmon resonance (LSPR), and (10) anomalous reflections of the gold
surface (AR). The features of the different methods with respect to their availability for protein
microarrays are summarized and discussed below. Table 1 summarizes the main advantages and
disadvantages of label and label-free approaches.

A label is defined as any foreign molecule that is chemically or temporarily attached to the
molecule of interest to detect molecular presence or activity, which can potentially alter its intrinsic
properties. It requires a labeling process as a preparation step that is usually low yield, combining
synthesis and purification. Fluorescent, chemiluminescent, and nanoparticle labeling usually involves
covalent bonding through coupling chemistries, while some of electrochemically active probe labeling
requires only temporary attachment of intermolecular bonding. Isotopic labeling implicates “light” and
“heavy” elements being incorporated into target molecules to result a detectable difference.

Meanwhile, label-free detection methods utilize molecular biophysical properties such as molecular
weight (e.g., in microcantilever and MS), refractive index (e.g., in SPR, LSPR, and AR) and molecular
charge to monitor molecular presence or activity. Furthermore, these methods can be used to track
molecular events in a real-time manner. In a typical biosensing process, molecular interactions are
transduced as mechanical, electrical, or optical signals, and are thus detectable without any label
probes. The main advantage for label-free detection is that more direct information can be acquired, as
the methods use only native proteins and ligands.

Table 1. Detection methods applicable to the development of protein microarray technology.

. . . Instrumentation L High
Labeling/Preparation  Handling Quantitative
Cost Throughput
Fluorescent probe Yes/Medium Easy Inexpensive Yes/No Yes
Radioisotope Yes/Difficult Difficult Medium Yes Yes/No
2 Chemiluminescent ) )
= Yes/Medium Easy Inexpensive Yes/No Yes
2 probe
]
- Electrochemical ) .
Yes/Medium Easy Inexpensive Yes Yes/No
probe
Nanoparticles Yes/Medium Easy Inexpensive Yes Yes
o8 MS No/Easy Easy Expensive No Yes/No
:T;,' Microcantilever No/Difficult Difficult Expensive Yes No
3 QCM No/Medium Easy Inexpensive Yes No
H SPR No/Medium Easy Expensive Yes Yes
- AR No/Medium Easy Inexpensive Yes Yes
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3. Label Detection
3.1. Fluorescent Labeling

Fluorescent label detection methods are the most common and convenient techniques to transmit
information from molecular events. Fluorescence probes are stable, easily manipulated, and provide
good sensitivity and resolution [27]. These are especially important when incorporated into microarray
technology. Although perturbations in molecular interactions caused by label molecules can lead to
false-positive signals [28], large amounts of data produced from high-throughput studies can be
subjected into statistical data-mining processes that can increase analytical accuracy [29]. In an
antibody sandwich assay system, a fluorescent dye molecule is used as a secondary antibody label. In
this way, one can omit a direct non-native effect on the molecule of interest.

Fluorescence probes are currently available in many forms, from quantum dots and small organic
molecules to fluorescent proteins with a range of brightness and specificity that can be selected based
on need [30,31]. The emergence of advanced fluorescence techniques such as fluorescence resonance
energy transfer (FRET), bimolecular fluorescence complementation (BiFC), and fluorescence
correlation spectroscopy (FCS) has enabled the use of smaller samples (approx. 1 fL) with lower
detection limits. We briefly cover FCS detection in this review. The method provides recording data
for spatiotemporal correlations among fluctuating light signals coupled with the trapping of single
molecules in an electric field. The diffusion times obtained from the fluctuating signals depend on the
molecular sizes of the complex formed. Although the FCS assay system is expected to provide detailed
information on molecular interactions on a proteome-wide scale, there are some disadvantages, such as
strong dependence upon differences in molecular size before and after complexation and relatively
low-throughput measurement [32—34].

We also developed new fluorescent labeling detection methods utilizing the excluded volume effect
of the target molecule or fluorometric/colorimetric changes in the detection moiety (Figure 1). In the
excluded volume effect method (Figure 1a) [35], we proposed a noncompetitive and on-chip immunoassay
format based on the excluded volume effect by a target antibody bound to its epitope on a microarray.
This method is advantageous because only a biotin-conjugated peptide epitope (capture agent) and
fluorophore-labeled-avidin (signal-generating agent) pair are required for signal readout. This concept
would allow fine tuning of the excluded volume and binding rate to the capture agent for improvement
of sensitivity and versatility. In the fluorometric/colorimetric change method (Figure 1b) [36-38], a
chromism-based assay (CHROBA) technique using photochromic spiropyran-conjugated peptides was
established for detection of kinase phosphorylation. This method allowed us to save isolation and/or
substrate-immobilization steps to remove excess reagents including nonreactive isotope-labeled ATP
or fluorescently-labeled anti-phosphoamino acid antibodies from the reaction solution.
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Figure 1. (a) Illustration of non-competitive on-chip immunoassays with target IgG (left)

or without target IgG (right) for detection of non-labeled antibodies based on excluded
volume effect of the target itself. (b) Illustration of homogenous protein kinase assay
(chromism-based assay: CHROBA) platforms that allow both fluorometric and colorimetric
signal readouts.

3.2. Isotopic Labeling

One of the earliest methods for molecular detection involved the use of radioisotopes that enables
accurate quantification of protein abundance [39]. Although radioactivity is also suitable for analyzing
protein activity, particularly for enzymatic phosphorylation due to sensitivity and specificity, as well as
the possibility of fluorescence detection [40], the use of isotope-labeled molecules raises some safety
concerns [41,42]. Therefore, in the long run, these methods are not likely to be adopted for a broad
range of biochemistry experiments.

Very recently, however, Ong et al. introduced stable isotope labeling using amino acids in cell
cultures (SILAC) [43]. They reported the identification of methylation sites using SILAC, which does
not require normal labeling or purification steps. This method is combined with mass spectroscopy to
identify and quantify relative protein abundance between normal and isotope-labeled proteins [44].

3.3. Chemiluminescent Labeling

Chemiluminescence is another vibronic phenomenon that is useful to transduce molecular
interactions into analyzable color information [45]. Obtaining its energy from exoergic reactions,
different wavelengths are emitted during molecular relaxation to its ground state depending
on the amount of energy acquired (e.g., 150 kJ/mol for red light, 300 kJ/mol for blue light).
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Szkola et al. recently demonstrated simultaneous detection of small and large molecules on microarray
immunoassays [46]. They combined sandwich immunoassays and competitive immunoassays on a
flow-through chemiluminescence microarray platform. The chemiluminescence signal was amplified
using a poly-horseradish peroxidase complex (polyHRP), resulting in low detection limits; microgram
or submicrogram levels for both small (<1 kDa) and large (>10 kDa) molecules. The utilization of
chemiluminescent probes in microarray takes advantage of its high sensitivity and a dynamic range of
up to six orders of magnitude [47]. However, the quantum yield of chemiluminescent probes is
about 1% or lower, due to inefficiency in the chemical reaction or poor energy transfer [48].

3.4. Electrochemically Active Probe Labeling

Sensing of electrochemical signals originating from molecular surface charge has been reported for
high-throughput studies [49,50]. This detection method is particularly attractive because of its
sensitivity and robustness, and because it can be miniaturized. The Leiber group has pioneered the
multiplex detection of prostate specific antigen (PSA), PSA-1-antichymotripsin, carcinoembryonic
antigen, and mucin-1 (all are cancer biomarkers) at femtomolar concentrations using FET nanowire
sensors [50]. Goda and Miyahara performed a miniaturized and multi-channeled detection of thrombin
and lysozyme on extended-gate FET [51]. Esfandyarpour ef al. measured changes of impedance using
nanoneedle-sensing electrodes to detect the abundance of charged protein (strapavidin) at nM
concentration [52].

Very recently, Das et al. reported a universal detection technique using the displacement method for
electrochemically active probes (neutralizer displacement assay (NDA)) [53]. The NDA system
utilizes a designed aptamer that loosely binds to the neutralizer, which later functions as a signal
carrier. It induced clear 100 nA amperometric signal differences on adenosine triphosphate (ATP)
detection. Although it is sufficiently sensitive to detect DNA at fM concentrations, manufacturing
highly dense multichannel detection nano-electrodes that can independently function as individual
reaction chambers remains a challenge. In the future, the multiplex detection format may be applied to
lithographic techniques and suitable microchip design [54].

3.5. Nanoparticles: Macro-Labeling

The utilization of nanoparticles (NP) or metal nanoclusters in molecular detection is sometimes
associated with label-free detection methods. However, <10 nm NP are considered to be probes that
assist in molecular detection. The target protein is bound with the NP beforehand, and on molecular
interaction, event signal monitoring is dependent on the NP signal [55]. Thus, it falls into another class
of (macro-)label detection. It is reported that 1.4-nm gold nanoparticle probes that were covalently
attached to antibodies improved immunodetection [56]. Direct molecular absorption to NPs may
induce some molecular distortion that modifies its intrinsic function. To reduce this effect, a self-assembled
monolayer (SAM) with suitable functional group is used as a bio-interfacial surface [57].

Integration of NP labeling (particularly gold NP) with SPR or Raman scattering measurements is
useful for signal amplification because it absorbs more light energy from localizing resonance effects
at a particular wavelength [58,59]. Cao et al. performed multiplexed detection in a microarray format
with AuNP functionalized protein (12 spots/1 mm?) [60]. Recently, Li ef al. studied intracellular kinase
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activity using AuNP probes in a peptide microarray [61]. The method, known as resonance light
scattering (RLS) assay, consequently utilized Au NP probes as seeds for silver staining signal amplification.

4. Label-Free Detection
4.1. Mass Spectrometry (MS)

MS, including MS/MS, allows us to directly identify proteins of interest by means of molecular
mass or mass patterns after tryptic digestion. However, conventional MS has some disadvantages and
low throughput. Surface-enhanced laser desorption/ionization (SELDI) TOF-MS is an innovative
approach that offers on-chip purification of the proteins of interest and subsequent ionization of the
retained molecules to be detected [62]. SELDI-TOF-MS has been applied to screening for tumor
biomarkers [63—65], plant phosphoproteome [66], and the detection of other proteins in a chip format.
Yeo et al. analyzed enzymatic glycosylation on a 2-cm wide biochip comprising an array of 20 peptide
spots [67], and Laurent ef al. also detected the binding of carbonic anhydrase to a benzenesulfonamide
ligand and the binding of glutathione S-transferase-tagged protein complexes to a glutathione
ligand [68]. Several disease-specific marker proteins in real biological samples were also identified:
amyloid B-peptides [69], rat plasma profiling for biomarker discovery [70], downregulated biomarker
identification [71], and liver cirrhosis protein classification [72]. At least two major limitations to the
system are; (i) a bulky and sophisticated setup, and (ii) a calibration curve is necessary to quantify
protein abundance. To the best of our knowledge, there is no specific report that addresses the spatial
resolution for high-density biochip detection limits and mass resolution.

4.2. Microcantilevers

Microcantilevers or Kelvin probes were initially used for surface characterization in atomic force
microscopy. They transduce specific biomolecular recognition into nanomechanical signals, which is a
differential surface stress. Protein interaction causes the cantilever to deform and thus interaction can
be observed by monitoring changes using a laser beam [73,74]. This method has been applied to
monitor DNA-binding proteins [75], to detect the bioterrorism agent anthrax [76], to analyze
biomarkers [77,78], and to weigh individual vaccinia viruses and bacteria [79].

The microcantilever array was demonstrated as a multichannel measurement method for
high-throughput studies in combination with a microfluidic channel. Thompson et al. showed a
multiplexed detection of mismatched oligonucleotides, and antigen-antibody interactions with
a 100 nm spatial resolution kelvin probe device on a chip [80]. At present, several challenges remain to
be resolved: (i) integration of cantilever arrays and microfluidic channel networks is still under
development; and (ii) due to the delicate nature of the cantilever, performance variations are not of an
acceptable standard for commercialization, currently [81].

4.3. Quartz Crystal Microbalance (QCM)

The QCM technique uses acoustic waves, and is a well-established technique for monitoring mass
and film thickness, investigating molecular adsorption, and studying surface reactions in the
monolayer range via monitoring of changes in resonant frequency. As substances are adsorbed by the
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QCM surface (typically a thin gold surface), the effective quartz frequency changes. Due to the
piezoelectric principle, this change results in a detectable electric field.

To date, the technique has proven valuable for studying surface-related processes in liquids
including protein adsorption [82,83], and various biological reactions in real-time observation [84,85].
In contrast to optical techniques, which are not sensitive to water-associated adsorbed proteins,
changes in total coupled mass, including hydrodynamically coupled water provide the f-shift of the
QCM. A recent extension of the technique allows the simultaneous measurement of energy dissipation
and provides new insight into the protein adsorption process. Using QCM, multichannel detection is
possible on a one-chip system [86].

4.4. Surface Plasmon Resonance (SPR) and Localized Surface Plasmon Resonance (LSPR)

The widespread use of Biacore® instruments, which are based on SPR, has made the SPR one of the
most reliable tools and sources for studying protein interactions, particularly in thermodynamic and
kinetic analyses. The remarkable achievements of SPR analytical tools include 2-cm wide 2-dimensional
micro-fluidic chip format detection [87,88]. SPR was also adapted to protein microarrays via a
modification known as SPR imaging [89-92] or grating-coupled SPR [93]. SPR imaging records the
reflected light for the array in a fixed single incidence angle as a function of time. It can
simultaneously monitor >1000 interactions in real time (1020 spots/108 mm?) [94]. Very recently,
Nand et al. monitored a cell free protein expression and measured interactions between antibody and
the expressed protein using a SPRi technique. The one spot protein synthesis and protein detection was
done in a high-throughput 7 x 6 spots array format [95].

In 2000, the notion of “localized” SPR, known as localized surface plasmon resonance (LSPR), was
introduced [96]. Endo ef al. has demonstrated a 76 x 26 mm chip comprising 300 spots that sensitively
detect antibody-antigen interactions using the LSPR method [97]. Raphael et al. presented a uniform
two-dimensional periodic array of gold nanoparticles with different shapes (rectangles, squares, discs
and ovals) that is suitable for LPR-based biosensing platforms [98]. With current e-beam technology,
it is possible to fabricate highly dense periodic individual nanoparticle arrays with sub-um pitch for a
high-throughput biochip format. The lower fabrication costs of LSPR spectroscopy, as compared to
SPR-based biosensors, make it a good candidate for commercialization. However, some limitations
have bottlenecked the progress of the LSPR biosensor, such as comparatively shorter linear dynamic
range, and the immobilization process of nanoparticles to solid surfaces. More accurate nanomaterial
fabrication with desirable design, and the preparation of LSPR-based biochips for rapid, quantitative
screening are the current challenges for this technology.

4.5. Anomalous Reflection of Gold

Anomalous reflection (AR) of gold was introduced by Watanabe et al. to effectively observe
biomolecular interactions (Figure 2a) [99]. When a molecular layer forms on the gold surface,
significant reductions in reflectivity are observed at wavelengths of 400—500 nm. This allows the
detection of molecular interactions by monitoring for changes in reflectivity. The merits of the AR
technique are as follows: (i) The thickness of dielectric layer on the gold surface can be predicted
using the transfer matrix technique, thus enabling quantitative measurement of surface-bound
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proteins [100-102]; (ii) unlike plasmon techniques that stringently limit the gold thin-film thickness;
the use of semi-infinite gold thin-film (practically over 100 nm) is permitted for AR detection;
(ii1) it has tolerance in incidence angle, which allows the use of incoherent light such as light emitting
diodes (LEDs); (iv) the AR technique does not require any bulky optical set up, thus making it portable
and easy to miniaturize; and (v) for microarray purposes, the spatial resolution of the AR method
is 10 times smaller than that of SPR. Therefore, the AR technique may provide a promising platform
for high-throughput bio-molecular detection. Illumination with LED lights at normal incidence and
direct collection of the reflected light made this method the most suitable for chip-format detection
(49 spots/1.4 mm?) [103]. However, the sensitivity of the method is about one tenth that of the SPR
technique. To demonstrate AR signal enhancement, Syahir ef al. previously reported three different
approaches, as follows:

In gold surface modification approach, in order to improve the sensitivity of detection of
biomolecular interactions in the AR method, three-dimensional (3D) nanostructures on gold surfaces
with a series of well-defined structures of poly(amidoamine) dendrimers (PAMAMs) from generation
2 to 4 (G2, G3, and G4) (Figure 2b) [104]. Surface modification using PAMAM dendrimers revealed
surface roughness root mean square (RMS) values increasing from 0.708 to 4.396 for diamine (flat
model surface) and the PAMAM-G4 modified surface (three-dimensional model surface), respectively.
AR detection resulted in two-fold more protein (avidin) being captured on biotinylated PAMAM
surfaces. For larger protein (antibiotin IgG) assay, the PAMAM G4-modified surface clearly improved
the amount of proteins captured, as compared to that for the flat surface. The well-defined structure of
PAMAM molecules (particularly PAMAM G4) make it possible to calculate surface expansion ratio,
from flat to a three dimensional surface. We observed that the intensification of captured protein on
PAMAM G4 over the diamine (flat) surface was higher than the actual surface expansion for both
atomic force microscopy measurement or by theoretical means. This indicates that an appropriate
surface roughness and density for capturing agents play an important role in on-surface protein
interactions by lowering hindrance effects. In later experiments, it was also proposed that nm surface
roughness played a more important role in molecular interactions for medium-sized proteins when
compared with small or large proteins [105].

We also developed gold-containing alloy or composite approach. The use of an AR substrate with
an optimized dielectric constant would improve the sensitivity when compared to that obtained with
conventional gold substrates due to an optimal complex reflection coefficient at the surface [106].
Ideally, the gold substrate dielectric constant (at 470 nm wavelength) of gau = —1.567 + 4.764i would
be moved towards €= —1 + i. Subsequently, gold-containing alloys (Au-Ag) or composites (Au-Agx0)
were prepared. Measurement of monomolecular layers with different thicknesses, and biotin-antibiotin
IgG assay confirmed the predicted higher sensitivity as a result of dielectric constant optimization. The
dielectric constants of these newly produced substrates, as measured by ellipsometer, correspond with
theoretically enhanced levels of sensitivity.

In Metal-insulator-metal (MIM) approach, a new AR platform based on a metal-insulator-metal
(MIM) structure (Figure 2c) has been proposed. The MIM thin-layers of Au-PMMA-Au and
Au-PMMA-Ag nano-sandwich structures for the top-middle-bottom layers, respectively, were
constructed [105,107]. The newly devised platform concept enables signal optimization through simple
adjustment of Au or PMMA layer thicknesses empowered by computer simulations. The constructed
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platform had greater sensitivity and mass resolution than the previously proposed conventional AR
platform. Consequently, interactions that could not be detected by conventional Au-only substrates,
such as interactions between small molecules (Mw < 2 kD), were successfully detected. Therein, a
wide range of biological assays including small molecule detection, monosaccharide-modified peptides
with surface-bound lectins, and anti-FLAG IgG with surface-bound FLAG peptides were assayed.
Interactions between calmodulin protein and surface-bound peptides revealed affinity constants
equivalent to those reported on affinity column analysis.

() s (b)
V\rhllc e J
light source
(1) Target

s T Tues  (piotein

-: : Target -

v+ Capturing ! + !

.- agents : . protein : W

i 77}\7177:%%\6\%“1 = ”
b o i M gold
—_ (c)
=]
=
i Target

Target :

z-, protein BrotEin
e
: R
3
% insulator |
= 5old

400 500 600 700
wavelength (nm)

Figure 2. (a) Illustration of AR apparatus, assay images and original image data [103]. (b,c)
Improvement in AR-based array technology with poly(amidoamine)dendrimer-modified
gold surfaces (b) or gold-insulator-gold (MIM) (¢).

5. Concluding Remarks

Observing molecular events requires methods that are highly sensitive to minute changes,
subsequently producing a high signal-to-noise ratio. To date, there are no general sensing platforms
that can be ubiquitously applied to detect the constellation of biomolecules of various samples (saliva,
urine, serum, or cell lysates) with high sensitivity, large linear dynamic range, good speed, low cost
and simple design. Major limitations include problems such as: (i) time-consuming preparation steps;
(i1) non-native signal interference; (iii) unsuitability for in-situ observation; (iv) necessity of
sophisticated, high cost equipment; and (v) need for specialized technicians and motivated researchers
to keep improving or combining principles in detection methods.

The development of label-free methods in recent years has revealed unprecedented information on
molecular interactions, largely because observations are taken based on the characteristics of the
biomolecules themselves. Furthermore, the issues of false positives and conjugated labels can be
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avoided. This could provide more reliable dynamic constant parameters that involve molecular
interactions. From another perspective, detection methods that require no labeling are easily
reproducible. Thus, these methods hold great potential to be further developed into a unique class of
microarray analytical techniques. Nevertheless, stepping up these methods to match the commercial
viability of current labeling methods will remain a challenge.

All examples given here have shown that microarray using label or label-free methods require
assistance from advanced chemistry and material sciences, nano-fabrication and computational design.
In the near future, it is hoped that more practical detection methods will be developed.
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