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ABSTRACT When aligned or patterned nanostructures attract great interest, the randomly arranged nanostructures are often ignored.
A nanostructure with randomly oriented ZnO nanorods was prepared on the glass slides using scalable method as a protein microarray
substrate. It demonstrates significant fluorescence enhancement and superior performance over the aligned ZnO nanorods for high
performance protein microarray applications.
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With the completion of the human genome project,
the high-throughput protein microarray has be-
come more important in life science (1-4).

Fluorescence is the predominant detection technique for
microarrays, but it remains a great challenge to sensitively
detect low-abundance proteins, which is particularly critical
in early diagnosis of various infectious diseases. A number
of metal nanostructures known as “nanoantennas”, can
significantly enhance the emission intensity of proximal
fluorophores as large as 50 folders (5-7), but the high cost
of these materials limits their practical applications. Interest-
ingly, ZnO nanorod, an economic material shows the similar
capability to improve the fluorescence intensity, regardless
of the spectral characteristic of fluorophores in close prox-
imity (8-12). However, all the previous works on the ZnO
nanorods for fluorescence enhancement are demonstrated
by using only prepatterned nanostructures, which limits the
detection capacity and, most importantly, requires expen-
sive microfabrication techniques, and is difficult for large-
scale production (8-12). Until now, no reported work uses
ZnO nanorods as a high performance substrate to fabricate
protein microarrays by the robot chip writer, although a wide
variety of ZnO nanostructures have been successfully syn-
thesized by either solution growth or vapor deposition
(13-15).

To utilize the strong fluorescence-amplifying capability of
ZnO nanorods for high-throughput microarray application
while eliminaing the expensive pattern process, we prepared
aligned and randomly oriented ZnO nanorods on glass slides
with mass production methods, respectively. Using cyanine
3 (Cy3)-labeled anti-goat IgG as the model protein, protein
microarrays were printed on these ZnO surfaces with a robot

chip writer (BioRad, VersArray chip writer contact system)
to examine their merits as advanced microarray substrates.

Zinc nitrate and ammonium hydroxide were used as the
zinc source and complexing reagent, respectively to synthe-
size the ZnO nanorods by the conventional solution growth
route (16, 17). The aligned ZnO nanorods with homoge-
neous distribution were grown from the precoated textured
ZnO seeds (16). The scanning electron microscope (SEM)
images of the nanorods in Figure 1 show a hexagonal
structure with an average length and diameter of 1.3 µm and
100 nm, respectively. Growing from the textured ZnO seeds
along the c-axis, the nanorods are vertical to the glass with
their (0001) planes parallel to the substrate, which is further
conformed by the predominant peak at 34.5° corresponding
to (002) facet on the X-ray diffraction (XRD) pattern (Figure
2a).

Randomly oriented nanorods were synthesized on the
permanganate-activated glass (17). Figure 3a depicts the
SEM image of 1 h-grown ZnO nanorods, clearly showing
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FIGURE 1. SEM images of aligned ZnO nanorods grown on glass.
(a-c) top-view; (d) cross-section view
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randomly oriented nanorods with uniform distribution on
the glass. Actually, the whole slide surface (75 cm × 25 cm)
is completely covered by a homogeneous thin gray-azury
layer of the nanorods (inset of Figure 3a). The high-
magnification image (Figure 3b) exhibits sharp tips of nano-
rods. The diameters of nanorods vary from 100 to 200 nm.
The high resolution image of the tips in Figure 3c shows a
hexagonal structure. The sharp tip is formed by the stack of
a serial of hexagonal islands with gradually decreased
diameters. The cross-section image in Figure 3d displays that
the nanorods with average length of 1 µm anchored on a
300 nm amorphous layer on the glass. On the corresponding
XRD pattern (Figure 2b), the peaks assigned to (101), (102),
and (103) facets appear besides the (002) peak, suggesting
the nanorods rest at all angles on the substrate. Compared
with the aligned ZnO nanorod (Figure 2a), this pattern
further proves its random orientation.

The growth process of the random nanorods was inves-
tigated by SEM, showing that some granular ZnO clusters
with ca. 200 nm dimension composed of 20-30 nm nano-
particles are deposited on the surface after 10 min growth
(see Figure S1 in the Supporting Information). The thickness
of the cluster layer is ca. 300 nm according to the cross-

section image. After 20 min growth, the clusters develop to
initial nanorods with random directions, while the thickness
increases to more than 500 nm (Figure S2 in the Supporting
Information). On the XRD pattern (Figure S3), only a weak
(002) peak appears at 34.5° for 10 min growth, indicating
the polycrystalline nature of the ZnO thin film. With an
extended growth time of 20 min, the peak intensity obvi-
ously rises because of the nanorod growth along the pref-
erential c-axis direction. The SEM and XRD results elucidate
a possible two-step growth mechanism: first formation of
polycrystalline ZnO thin film on the surface, followed by the
growth of ZnO nanorods from the thin layer along the c-axis
direction to produce highly crystalline ZnO nanorods. The
first heterogeneous nucleation step is ultimately crucial for
the successful growth of ZnO nanorods, where the perman-
ganate treatment of glass plays an important role. The
nanorods can be grown reproducibly only when the glass
was pretreated by permanganate. Otherwise, it is very hard
to obtain tethered ZnO nanorods. In most cases, the deposits
are sparse ZnO nanoflowers or scattered ZnO nanorods on
the nonactivated glass (see Figure S4 in the Supporting
Information). It is believed that absorbed manganese hy-
drated oxides (e.g., MnOOH, produced by permanganate
reduction) act as nucleation centers for ZnO growth (17, 18).
The activation method is universal regardless of substrates,
enabling reliable synthesis of ZnO nanorods on various
surfaces. In our laboratory, the random ZnO nanorods have
been successfully grown on various substrates including
some polymer surfaces.

For the protein attachment, the ZnO nanorods were
functionalizedby(3-glycidoxypropyl)trimethoxysilane(GPTS),
of which the trimethoxy silane group reacted with ZnO to
form Si-O-Zn bond (19, 20), whereas the epoxy group
could be used to covalently bind to the amine groups of the
protein (2). The binding between GPTS and ZnO is proved
by the Fourier transform infrared (FTIR) spectroscopy (Fig-
ure 4). On the pristine nanorods, the broad peaks located at
3387 and 1635 cm-1 originate from the O-H stretching and
bending vibrations of trace water on the nanorods. The
strong adsorption at 500 cm-1 could be assigned to the
stretching vibration of Zn-O bond. The incorporation of

FIGURE 2. XRD patterns of aligned (a) ZnO nanorods and (b) random
ZnO nanorods on glass.

FIGURE 3. SEM images of randomly oriented ZnO nanorods grown
on glass. (a-c) top-view; (d) Cross-section view

FIGURE 4. FTIR spectra of (a) pristine ZnO nanorods and (b) GPTS-
modified nanorods.
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carbonate species leads to the peaks at 1385 and 899 cm-1

(21). After modification, three peaks arise at 2921, 2852, and
1461 cm-1 due to the presence of methylene, implying the
successful modification of ZnO.

Four × four microarrays of Cy-3-labeled anti-goat IgG
were written onto the GPTS-modified aligned and random
ZnO nanorods respectively by using the robotic spotter. For
comparison, GPTS-modified glass was used as a substrate
for the baseline. The representative fluorescence images and
the corresponding fluorescence intensities of the microar-
rays are shown in Figure 5. The GPTS-modified glass exhibits
good spot morphology (average diameter of 126 ( 5 µm),
fluorescence homogeneity, and low spot-to-spot deviation
(intensity of 1564 ( 128 au). The aligned ZnO nanorods
enhance the fluorescence more than 1 order of magnitude
(17877 ( 2967 au) in comparison to the plain glass, indicat-
ing the strong fluorescence enhancement effect of ZnO
nanorods. However, the spots have very large diameters and
irregular shapes, and some neighboring spots merge to-
gether. Even in each spot the intensity is nonuniform with
a ring pattern, which cannot be suppressed by adding an
appropriate surfactant (Triton X100) in the printing buffer
as the reported works (22). The poor homogeneity and
morphology of the spots are very likely to originate from a
strong capillary effect in the nanochannels between the
aligned nanorods, resulting in irregular expansion and dis-
order transport of the spotted protein solution. The microar-
ray printed on the aligned ZnO nanorods has significant
intensity variation and thus is difficult to have practical
applications, although it can enhance the fluorescence greatly.
Surprisingly, the microarray on the random ZnO nanorods
shows good morphology and homogeneity with average
diameter of 153 ( 8 µm. This is possibly attributed to the
random orientation, low population density, and low length/
diameter ratio of the ZnO nanorods prepared, which can
significantly reduce the capillary effect. Importantly, in
comparison to the glass and oriented ZnO nanorods, the
random nanorods demonstrate the highest fluorescence

intensity of 30962 ( 5041 au, a nearly 20-fold of that on
glass and 70% higher than that of aligned ZnO nanorods
even though its population density of nanorods is obviously
lower than that of aligned ZnO nanorods (ca. 20 vs 100 per
µm2 according to the SEM images). In addition, the random
structure is also much superior to the aligned ZnO nanorods
in terms of intensity homogeneity, which is very critical
parameter in microarray application. The ZnO thin film (see
Figure S1 in the Supporting Information) also displays
fluorescence enhancement (9602 ( 571 au, see Figure S5
in the Supporting Information), although much weaker than
the random nanorods, indicating that other ZnO nanostruc-
tures possess the intrinsic fluorescent enhancement effect.

To find out why the random nanorods have higher
fluorescence intensity than the aligned ones, microarrays of
alkaline phosphatase (ALP)-conjugated anti-goat IgG were
fabricated and the attached protein was quantified by
electrochemical method in the substrate (p-aminophenyl
phosphate, PAPP) solution (see details in the Supporting
Information) (23, 24). It is found that the surface densities
of attached proteins on glass, aligned nanorods, and random
nanorods have an approximate ratio of 1:1.9:2.9. It can be
easily understood that the protein density on aligned nano-
rods is higher than that on the glass. Notably, the random
nanorods display highest protein loading density even than
the aligned ones. It is very possible that the surface area of
the random ZnO nanorods could be used much more
efficiently than the aligned ones. From Figure 5, the fluo-
rescence enhancement factors of the random ZnO nanorods
to the aligned ones and plain glass slide is found to be 1.7
and 19.8, respectively. Apparently, the enhancement not
only comes from the ZnO intrinsic fluorescent enhancement
effect, but also the high surface protein loading capacity
caused by its random structure.

Taking into account the good spot morphology and
intensity homogeneity together with the high signal-amplify-
ing ability, the randomly oriented ZnO nanorods are un-
doubtedly an excellent candidate as a fluorescence-enhanc-
ing substrate for protein microarrays. The application of this
platform for sensitive detection of specific biomarkers is
currently ongoing in our laboratory and will be published
separately.

In summary, the orientation of ZnO nanorods has an
essential effect on their microarray applications. Compared
with the aligned nanorods, the randomly oriented ones show
advantageous performance in terms of spot morphology,
intensity homogeneity, and protein loading density because
the capillary effect is effectively eliminated under the ran-
dom configuration. At the same time, the synthesis proce-
dure is much easier for mass production, and the as-
prepared randomly oriented nanorods are compatible with
the mature microarray fabrication technique, offering the
attractive prospect for low-cost and high-performance mi-
croarray applications.
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FIGURE 5. Fluorescence images and corresponding fluorescence
intensities of Cy-3 conjugated anti-goat IgG 4 × 4 microarray
fabricated on glass, aligned nanorods, and random nanorods.
*Because of the irregular spot shape, the average intensity on
aligned ZnO was collected from the biggest circle area on each spot.
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Supporting Information Available: Description of ex-
perimental details, additional SEM images, XRD patterns,
and electrochemical quantification of attached proteins on
three substrates (PDF). This materials is available free of
charge via the Internet at http://pubs.acs.org.
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