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Glass slide was first patterned with hydrophobic

hexadecyltrimethoxysilane (HDS) and then microspotted with
hydrophilic ZnO nanoparticles in aminopropyltriethoxysilane (APS)
matrix. The resulted HDS-ZnO-APS microarray could present the
capability of suppressing the formidable “coffee-ring” effects
through its hydrophobic pattern so as to allow for the fabrication
of ZnO-APS testing microspots with highly dense and uniform
distribution. Lotus-like “self-cleaning” function could also be
expected to effectively curb the crossing contamination of the
multiple sample droplets. More importantly, the introduction of
ZnO nanoparticles could endow the testing microspots with the
substrate-enhanced fluorescence leading to the signal-amplication
microarray fluorometry. The practical application of the deveoped
HDS-ZnO-APS microarray was investigated by the sandwiched
fluorometric immunoassays of human IgG, showing a linear
detection range from 0.010 to 10.0 ng mL™. Such a throughput-
improved fluorometric microarray could be tailored for probing
multiple biomarkers in the complicated media like serum or
blood.

Fluorometric microarray technologies have sparkled increasing
interests of the practical research applications for the analysis
of multiple samples.l'6 For example, antibody microarray has
been widely developed by coupling with the fluorescent signal
amplification for the fluorometric analysis of massive biological
targets.6 It is widely recognized that the detection throughput
and analysis sensitivity can play vital roles in the analysis
performances of microarrays. However, the detection
throughput can be generally limited by the distribution density
of testing microspots on the microarrays and the risk of
formidable fouling or crossing contamination of multiple
samples. Accordingly, many efforts have been devoted to the
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improvement of the detection throughput of the microarrays
or microchips.7'11 For example, Roy and co-workers etched the
fluorocarbon layer by photolithographic way to build dense
microspots toward a high throughput microchip for the
microRNA detections.® Levkin et al. fabricated the hydrophobic
barriers for the hydrophilic testing areas by the UV-initiated
masking technique to prevent the cross-contamination of the
multiple samples between adjacent microspots for genome-
wide cell screens.” On the other hand, the detection sensitivity
of microarray can mostly depend on the signal amplification of
the responses to targets. In recent decades, many signal
enhancement protocols have been developed to realize the
highly sensitive microarray detections, most known as the
enzyme-triggered chemiluminescence,12 rolling-circle
amplification,13 tyramide-based signal amplification,14
photoelectrochemical or electrochemiluminescence methods,ls'
7 and immune-gold silver staining.18 Although various
microarray fabrications and signal amplification strategies
have been developed, they might suffer from some
disadvantages such as the complicated fabrication procedures,
tedious signal amplification steps, time-consuming operations,
and serious background interferences.

Recent years have witnessed the wide applications of
nanomaterials of metals (i.e., silver nanoparticles) and metal
oxides (i.e., ZnO nanomaterials) for improving the fluorometric
performances especially the signal enhancement of
fluorometric analysis.lg'23 For example, Alam et al. utilized
silver nanoparticles to enhance the fluorescence of terbium
complexes for probing the catecholamine.?’ Punnoose’s group
employed ZnO nanoparticles to achieve the fluorescence
enhancement of dye via the energy transfer. Such a
straightforward fluorescence-enhancement protocol
circumvent the disadvantages of most of the complicated
signal amplification strategies aforementioned. Unfortunately,
we initially tried to employ ZnO nanoparticles to fabricate the
testing microspots of microarray, the ring-staining or donut-
like testing spots were observed with very poor distribution
density and uniformity, as also reported for other kinds of
nanoparticles elsewhere. "% Herein, ZnO nanoparticle

can
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Scheme 1 Schematic illustration of the fabrication procedure of HDS-ZnO-APS
microarray created first with the hydrophobic HDS and then with the hydrophilic
ZnO-APS microspots.

droplets on the microarray would be carried to their edges to
form ring-like deposits along the perimeter after the solvent
evaporation, most known as the “coffee-ring” effects.”’
Historically, the “coffee-ring” effects were improved typically
by introducing surfactants or polymers to optimize the
spotting solutions for the microarray fabrications.”® # Very
recently, Stauber et al*® theoretically demonstrated that the
hydrophobic surfaces could influence the evaporation of
droplets both in the constant contact radius and contact angle
modes, which is expected to suppress the “coffee-ring” effects
on the hydrophobic substrates.

Inspired by these pioneering works above, in the present
work, glass slides were first patterned with hydrophobic
hexadecyltrimethoxysilane (HDS) and then microspotted with
hydrophilic ZnO nanoparticles in aminopropyltriethoxysilane
(APS) matrix (ZnO-APS), as illustrated in Scheme 1, resulting in
fluorometric microarray with ZnO substrate-enhanced
fluorescence. Herein, the HDS-patterned hydrophobic surfaces
could, on the one hand, facilitate the amine-derivatized ZnO-
APS microspots to be densely and uniformly distributed on the
microarray with the “coffee-ring” effects largely suppressed.
On the other hand, they could functionalize lotus-like “self-
cleaning” to effectively curb the fouling or cross-contamination
of the samples between the adjacent hydrophilic ZnO-APS
microspots. Also, the HDS patterns are transparent enough to
be tailored for the optical observations or measurements.
More importantly, the resulting fluorometric HDS-ZnO-APS
microarray could achieve the ZnO substrate-enhanced
fluorescence toward the highly-sensitive fluorometric
immunoassays as shown in the microarray photograph (inset).

The “coffee-ring” effects-against performances of the so
prepared HDS-ZnO-APS microarray were investigated by
comparing with those deposited on the normal glass slides,
taking the APS microspots and the blank (none) as the controls
(Fig. 1). As characterized by the fluorescent microscope images
both in light and dark fields (Fig. 1a, the first column), ZnO-APS
microspots could be uniformly distributed on the HDS-
patterned substrates with no significant “coffee-ring” effects.
In contrast, the ZnO-APS microspots constructed on the
normal glass slides without HDS patterns showed obviously
extended edges and ring-staining shapes of solid spots (Fig. 1b,
the first column). Additionally, ZnO nanoparticles in the APS
matrix were found to enable the testing microspots formed
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beyond the surfaces of hydrophobic substrate so as to avoid
any in-between fouling or crossing contamination of sample
droplets, as comparably shown in the photographs of sample
tests (Fig. 1). Furthermore, the performances of the so
developed ZnO-APS microarray against the crossing
contamination of samples were comparably explored by the
sample tests using red rhodamine B (RB) as a visible sample
model (Fig. 1, the third column). The photographic results
illustrated that RB droplets could be uniformly diffused on the
HDS-patterned hydrophobic slides with ideally shrunk shapes
(Fig. 1a, the third column). In contrast, they exhibited the
serious “coffee-ring” stains on the normal glass slides without
HDS patterns (Fig. 1b, the third column). Of note, the HDS-
patterned hydrophobic substrates might provide a self-
cleaning interface between the testing microspots so as to
prevent the possible nonspecific adsorption or background
interference and the crossing contamination from the multiple

1. Images 3. Sample tests 4. Contact angles

2. Microarrays

(C))

HDS-ZnO-APS

HDS-APS

(b)

Fig. 1 The comparison of “coffee-ring” effects-suppressed performances between (a)
HDS-patterned, and (b) normal glass microarray slides modified separately with none
(blank), APS, and ZnO-APS microspots (from bottom to top, each line for tri-replicated
microspots) using 5.0 % HDS and 1.0 % APS or ZnO-APS, characterized by fluorescent
microscope images of light and dark fields (first column), photographs (second and
third column), and contact angles (forth column) measured using 1.0 pL fluorescent RB.

samples on the microarray. As manifested by the data of
contact angles, the so formed ZnO-APS microspots on HDS-
patterned substrate could also present the dramatically
improved hydrophilicity as compared to the APS ones. That is,
ZnO nanoparticles in APS matrix could surprisingly promote
the hydrophilicity of the testing microspots, which is of great
importance for the applications of anchoring and analysis of
biological molecules. Additionally, the ZnO-APS microspots
could provide the functional amine groups necessarily for
immobilizing the biological probes (i.e., antibodies) for the
various applications of biological analysis (i.e., immunoassays).
Therefore, the uniform and dense distributions of the testing
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ZnO-APS microspots on the microarray would be expected for
the better immobilization and throughput-improved detection
of biomarkers with reproducible signal outputs.

Furthermore, the relationship between the hydrophobicity
of the microarray substrates and the suppression of “coffee-
ring” effects was investigated for controlling the distributions
of ZnO-APS microspots on microarray. Fig. 2 shows the
photographic distributions of the ZnO-APS microspots on the
HDS-patterned hydrophobic slides that were fabricated by
using different HDS percents, with the hydrophobicities
reflected by the contact angles. One can find that the “coffee-
ring” effects could be gradually suppressed as the
hydrophobicities of the HDS patterns increased. Again, the
distribution uniformity of ZnO-APS microspots on the HDS

Increasing HDS percents 5

>

0° 120°

Fig. 2 Photographic distributions of ZnO-APS microspots separately on the HDS-

patterned hydrophobic slides constructed with different HDS percents (from left
to right: 0.0, 0.10, 0.25, 1.0, 5.0 %) showing different contact angles.

patterns could depend on the hydrophobicity of the substrate
surfaces. Subsequently, dense and uniform ZnO-APS
microspots could be yielded as the contact angles went
beyond 90° which is thought to be resulted from the
constraining force of hydrophobic HDS-patterned substrate
during the solvent evaporation of the droplets, known as the
Marangoni effects.* Therefore, the construction of
hydrophobic substrates on the microarray could not only
suppress the “coffee-ring” effects for the dense and uniform
deposition of ZnO-APS microspots, but also provide a self-
cleaning interface to minimize the crossing contamination of
samples between the adjacent testing microspots on
microarray. Hence, the throughput-improved fluorometric
microarray analysis could be expected by using the developed
HDS-ZnO-APS microarray with ZnO substrate-enhanced
fluorescence.

The effects of the HDS percents and patterning time on the
hydrophobicities of the microarray slides were further studied
(Fig. 3a). It was discovered that the contact angles could
increase as the increasing HDS percents. They could tend to be
steady as the HDS percents increased over 5.0 %, 3.0 %, and
1.0 % as a function of patterning time of 2.0 h, 8.0 h, and 14.0
h, respectively. Accordingly, 5.0 % HDS and patterning time of
2 h were chosen to construct the desired hydrophobic HDS
substrates in the whole experiments, if no special notice.
Moreover, the APS percents used for the ZnO-APS microspots
were optimized, with the ZnO dosage as a constant (Fig. 3b).
Interestingly, the contact angles could decrease as the APS
percents increased up to 0.30 %, over which they could tend to

This journal is © The Royal Society of Chemistry 20xx

increase with a big increase in hydrophobicities. Herein, too
high amounts of APS matrix might presumably increase the
aqueous alkalinity resulting from the hydrolysis of amine-
derivatized APS, so that the deposited ZnO nanoparticles
would be etched to show the decreasing ZnO amounts,32
leading to the decreasing hydrophilicities of ZnO-APS
microspots on the hydrophobic HDS substrates. However, too
low APS percents might challenge the deposition stability of
the ZnO-APS microspots on microarray. Accordingly, APS
percents of around 0.30 % - 1.0 % are suitable for depositing
ZnO-APS microspots with the high hydrophilicities desirably for
the biological tests.
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Fig. 3 (a) HDS percents-dependent contact angles of HDS-patterned slides, which were
fabricated as a function of patterning time (2.0 h, 8.0 h, and 14.0 h); (b) APS percents-
dependent contact angles of HDS-ZnO-APS microarray slides, of which the ZnO-APS
droplets with increasing APS percents were separately microspotted on the 5.0 % HDS
patterns.

It was experimentally found that the APS percents could
also influence the ZnO substrate-enhanced fluorescence of
ZnO-APS microspots, including the shaping stabilities of sample
droplets for the reproducible signal outputs. Fig. 4a exhibits
the evidential photographs for the ZnO substrate-enhanced
fluorescence of RB sample droplets under visible (up slide) and
UV (down slide) light. Herein, different volumes of RB sample
droplets (i.e., 1.0 pL, 2.0 pL, and 3.0 pL from up to down) were
separately added on the ZnO-APS microspots created using
various APS percents. As expected, the dramatically enhanced
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Fig. 4 (a) ZnO substrate-enhanced fluorescence intensities on the ZnO-APS microspots
created on HDS-patterned substrates using increasing APS percents (from left to right)
indicated in Fig. 3b, characterized using different volumes of RB samples droplets
(from up to down: 1.0, 2.0, 3.0 pL) under visible (up slide) and UV (down slide) light; (b)
ZnO concentration-dependent fluorescence enhancement of RB sample droplets on the
HDS-ZnO-APS microarray using different ZnO concentrations (insert: the photograph).

fluorescence of RB sample droplets were obtained on the

surfaces of ZnO-APS microspots, in contrast to the APS
deposited ones. Accordingly, the ZnO-APS microspots created
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Scheme 2 Schematic illustration of the detection protocol of the microarray-based sandwiched fluorescence immunoassays with ZnO substrate-enhanced

fluorescence for IgG in human serum as a target model, of which the detailed detection procedure was shown in the Experimental.

with the APS percents of 1.0 % and 3.0 % could offer the
relatively larger enhancement of fluorescent intensities of RB
sample droplets. Moreover, the ZnO-APS testing microspots
fabricated using the two APS percents could allow for the RB
droplets deposited with no significant change of droplet
shapes, despite different volumes of sample droplets were
introduced. Here, it is thought that the hydrophobic substrates
might exert favorably strong surface tension forces to restraint
RB sample droplets within the testing areas of ZnO-APS
microspots by balancing the gravity of the sample droplets,
resulting in the well consistent shapes of sample droplets to
promise the reproducible signal outputs. By compromising the
optimal substrate-enabled fluorescence enhancement and the
hydrophilicity for the modification of biological molecules
above, 1.0 % APS was thereby selected for the fabrication of
the ZnO-APS microspots on microarray. More importantly, ZnO
concentration-dependent enhancement of RB fluorescence
was observed (Fig. 4b), as shown in the corresponding
photograph of RB sample droplets (insert). Accordingly, the
fluorescence intensities of RB sample droplets on the ZnO-APS
microspots could increase with the increasing ZnO
concentrations till attaining the saturate at 0.050 mol L'l,
which was thus selected for the fabrication of the ZnO-APS
microspots on microarray. Remarkably,
intensities of RB sample droplets were about 10 fold larger on
the ZnO-APS microspots than on the APS-coated ones without
ZnO nanoparticles. The possible mechanism responsible for
the fluorescence signals enhanced on the ZnO substrate might
involve two pathways of the ZnO-triggered reduction of
resonance energy transfer between the fluorophores
3334 and the enhancement of evanescence wave

the fluorescence

themselves
and wave-guiding nature of the metal
fluorescent labels.®?’ Moreover, the scanning electron
microscope (SEM) imaging was conduct to explore the
resulting ZnO-APS microspots (Fig. 5a). A uniform and dense
distribution of ZnO-APS nanocomposites on the microarray,
which served as the testing microspots, was observed,
showing the average particle size of about 30 nm.

Under the optimized analysis conditions, the feasibility of
the so developed microarray-based sandwiched fluorometry

oxides for the

4| J. Name., 2015, 00, 1-3

was investigated in probing immunoglobulin G (IgG) in human
serum, as a model of biomarker for the clinical disease
diagnosis. The procedure s
schematically Here, anti-IgG
antibodies were covalently immobilized on the amine-
derivatized ZnO-APS microspots on the microarray by
glutaraldehyde cross-linking chemistry. Of note, the intrinsic
fluorescence of ZnO nanoparticles could be quenched rapidly
in the steps of the cross-linking treatment. After the blocking
of any nonspecific protein binding sites, the immunoreactions
could proceed after adding human IgG in serum to the anti-
IlgG-modified microspots. Furthermore, fluorescein
isothiocyanate (FITC) labeled anti-lgG antibodies
introduced to recognize the captured IgG. Fig. 5b shows the
dose-response curve for the microarray-based fluorescent
detections of different IgG concentrations. It was found that
the fluorometric analysis could present a rational change of
fluorescence intensities enhanced by the ZnO substrates

sandwiched detection

illustrated in Scheme 2.
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Fig. 5 (a) Representative SEM image of the resulting surface of HDS-ZnO-APS

microarray created using the optimum 1.0 % ZnO-APS droplets on 5.0 % HDS substrate;

(b) the dose-response curve of the fluorometric sandwiched immunoassays with the

HDS-ZnO-APS microarray for 1gG in human serum, with the corresponding resultant

image of fluorometric results (insert: each 1gG concentration for tri-replicated tests).

depending on the I1gG concentrations, as clearly demonstrated

in the typical photograph of the microarray analysis results (Fig.

5b, inset). A linear relationship was achieved for the
fluorescence intensities versus the 1gG concentrations ranging
from 0.010 to 10.0 ngmL'l, with a limit of detection about 5.0
pg mL™" estimated by the 3c rule. Therefore, the so developed
functionalized microarray could allow for the throughput-

improved and sensitive fluorometric analysis of biomarkers.

This journal is © The Royal Society of Chemistry 20xx
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To summarize, functionalized fluorometric microarray was
successfully fabricated by patterning the glass slides first with
hydrophobic HDS and then microspotting with hydrophilic
amine-derivatized ZnO-APS. The resulting HDS-ZnO-APS
microarray could allow for the sandwiched fluorometric
immunoassays with the substrate-enhanced fluorescence. On
the one hand, the so fabricated hydrophobic HDS patterns
could facilitate the highly dense and uniform distribution of
ZnO-APS testing microspots on microarray by largely
suppressing the “coffee-ring” effects to facilitate the
throughput-improved fluorometric analysis. They could also
functionalize the lotus-like to effectively
minimize the crossing contamination of samples between the
adjacent microspots and any interference of sample
backgrounds, so that the simultaneous detections of multiple
biomarkers in complicated media could be realized. On the
other hand, the introduction of ZnO nanoparticles to work
with the amine-derivatized APS could create the testing
microspots with the greatly improved hydrophilicity for
anchoring the meaningful biological probes. Especially, the
ZnO substrate-enhanced fluorescence signals could be
expected to achieve the high detection sensitivity of the
microarray-based fluorometry. The feasibility of practical
applications of the fluorometric microarray was demonstrated

“self-cleaning”

by the sandwiched immunoassays for IgG in serum samples,
showing a detection limit down to about 5.0 pg mL™% It should
be pointed out that the denser testing microspots would be
created on microarray by a mechanical sample spotter to
achieve even higher throughput of biomarker analysis.
Importantly, the “dip and dry” fabrication procedure is simple
and efficient for various
microarrays with ZnO substrate-enhanced fluorescence,
without the need of any complicated light treatment or
initiator. The developed microarray-based fluorometry may

functionalized fluorometric

promise the potential applications for the analysis of multiple
biomarkers of clinical importance.
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