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We demonstrate the fabrication and the detection of protein microarrays and nanoarrays, which
are tagged by using colloidal CdSe/ZnS quantum dots (QDs), for the purpose of optical readout
of those biochips. A microarrayer and a dip-pen nanolithography technique were used for the fabrication of QD-labeled protein microarrays and nanoarrays, respectively. The optical readout of
those biochips was conducted by using a microchip scanner and a confocal scanning microscope in
the case of the microarrays while an atomic force microscope was employed for characterizing the
nanoarrays. We also report a possible way of reducing the ‘doughnut phenomenon’ in microarrays
by varying the spot size from 300 µm to 100 µm, wherein the fluorescence intensity distribution
becomes more uniform with decreasing spot diameter.
PACS numbers: 81.05.Dz, 87.14.Ee, 87.64.Ni
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I. INTRODUCTION
The past two decades have witnessed much excitement
concerning the potential applications of fluorescent quantum dots (QDs) in the field of biological applications [1,
2]. They are fast becoming a versatile tool for biologists in diverse areas of applications, such as cell labeling [3], in-vivo imaging [4], DNA detection [5, 6], multiplexing beads [7], and efficient donors in fluorescence
resonance energy transfer mechanisms [8]. The key advantages of QDs over organic dyes are their bright luminescence, high quantum yield, photostability, continuous
absorption profile (this allows different QD emissions to
be excited simultaneously using a single wavelength), resistance to photobleaching, and their narrow emission
wavelengths (which increase the possibility of multicolor
labeling). Thus, the discovery of these QDs can provide
a means of overcoming the shortcomings exhibited by
organic fluorophores.
In the field of proteomics, although protein microarrays have gained popularity, still there exist some prob∗ Current
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lems that need to be dealt with, especially the problem
of the ‘doughnut effect.’ This effect pertains to spots
of proteins or even DNA microarrays in which there is a
nonuniform ring formation in each microarray spot. This
effect can lead to artifacts during the quantitative analysis of the fluorescence signal arising from the microarray
labeling.
In this paper, we show the fabrication of QD-protein
conjugated hybrid biochip microarrays (with varying
spot size) and nanoarrays. Microarrays having two spot
sizes were fabricated. With decreasing microarray spot
size, a dramatic reduction was observed in the doughnut
effect. In order to create high-throughput biochips, we
also considered fabrication of QD-protein hybrid nanoarrays by using a dip-pen nanolithography (DPN) technique wherein we were able to pattern QD-conjugated
protein nanoarrays of size varying between 200 − 300
nm on gold-coated silicon surfaces.

II. EXPERIMENTS
Colloidal CdSe/ZnS QDs were activated with succinimidyl-4-[N-maleimidomethyl] cyclohexane-1-carboxylate
(SMCC), yielding a maleimide-QD surface [1]. The disul-
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Fig. 1. (a), (b) Fluorescence and (c), (d) confocal images obtained by using a microchip scanner and a confocal microscope,
respectively, from QD-protein hybrid microarrays with a spot diameter of 300 µm. (e), (f) and (g), (h) are the fluorescence and
the confocal images, respectively obtained from microarray spots with a diameter of 100 µm. Images (b), (d) and (f), (h) are
magnified images of (a), (c) and (e), (g), respectively.

fide bond of human immunoglobulin G (hIgG), a protein
antibody, was cleaved with dithiothreitol (DTT). The
conjugation of the antibodies to the QDs was performed
using the maleimide active surfaces of the QDs and the
thiol surfaces of antibodies. The final concentration of
hIgG-conjugated QDs was about 1.5 µM [9]. QD labeled protein microarrays were fabricated on aldehydefunctionalized glass slides.
A microarrayer (CM-1000, Proteogen, Korea)
equipped with two types of stealth pins (300 µm and
100 µm) was utilized for the microarray spotting process
while a DPN technique was conducted by using an
atomic force microscope (AFM). The characterization
of the microarray samples was conducted by using a
microchip scanner (Genepix 4000B) and a confocal
microscope (Leica TCS SP2 AOBS). The excitation
wavelength used in the microchip scanner was 488 nm,
while in confocal system, wavelengths of 405, 458, 476
and 488 nm were used.

III. RESULTS AND DISCUSSION
Figure 1 shows the fluorescence and the confocal images obtained from the microarray patterns consisting of
a QD-hIgG hybrid conjugate directly immobilized on the
substrate. The microarrays have a spot diameter of 300
µm [Figures 1(a)−1(d)], and 100 µm [Figures 1(e)−1(h)].
We could obtain similar images of QD emission by using
single or multiple excitation wavelengths amongst 405,
458, 476, and 488 nm because of the broad and continuous absorption spectral properties of the QDs.
Figures 1(a) and 1(b) shows fluorescence chip scanner

images of QD-protein hybrid microarrays having a spot
diameter of 300 µm, and Figure 1(b) is a magnified image of Figure 1(a). We found that the intensity at the
edge of the 300-µm spot was higher than that at the center of the spot. This kind of nonuniform distribution in
the fluorescence emission intensity has been termed as
the ‘doughnut effect.’ In the case of substrates that have
been dried after the microarray spotting process, various
factors, such as the surface tension, an increase in the
rate of evaporation at the droplet edges resulting in a
higher amount of bound molecules at the edge, a slower
binding reaction between the protein molecules, surface
functional groups on the substrate, etc., have been reported to give rise to the doughnut effect. To analyze
further the problem of the doughnut effect we conducted
confocal imaging as shown in Figures 1(c) and 1(d). The
confocal images also show a higher luminescence intensity at the edges than at the center.
A decrease in the microarray spot size from 300 µm
to 100 µm in diameter may be an alternative for reducing the doughnut effect. Figures 1(e) and 1(f) represent
the fluorescence emission images obtained by using a microchip scanner while Figures 1(g) and 1(h) are the confocal images of the QD-conjugated protein microarrays
with a spot diameter of 100 µm. It is clearly observed
that 100-µm-diameter spots exhibit a uniform fluorescence emission intensity distribution as compared to the
300-µm-diameter microarray spots. Thus, a decrease in
the microarray spot size from 300 µm to 100 µm diameter
may be a step towards minimizing the doughnut effect.
Wavelength-dependent scanning of confocal images
shed more light on the fact that a decrease in the microarray spot size from 300 µm to 100 µm could lead
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Fig. 2. (a), (b) Confocal images of single microarray spots with diameters 300 µm and 100 µm, respectively. (c), (d)
Wavelength scans conducted at different positions in each microarray spot.

to a reduction in the doughnut effect, as seen in Figure
2. Wavelength-dependent spectra recorded in different
areas in a single microarray spot in case of a 300 µm
spot size reveal that the fluorescence intensity at the
edge (∆I1 = 45) is nearly four times the intensity at
the center (∆I2 = 12) of the spot. However, a 100-µm
microarray spot reveals a gradual variation in the fluorescence intensity from the edge (∆I1 = 35) to the center
(∆I2 = 24). Thus, ∆I (= ∆I1 − ∆I2 ) represents the difference in fluorescence intensity values between the edge
and the center (for 300 µm and 100 µm, ∆I = 33 and 10,
respectively) while the ratio ∆I/∆I2 is representative of
the standard deviation in the fluorescence intensity between the edge and the center of the spot in terms of
percent. The ∆I/∆I2 value is estimated to be about 73
% in the case of the 300-µm spot size whereas it is only
29 % in the case of the 100-µm spot size. This difference
of percents in these two types of spots clearly indicates
that the doughnut effect is quite significant in a 300-µm
microarray spot, but is dramatically reduced as the spot
size is decreased to 100 µm. The present study of application of QDs in microarrays can be further extended
to a study of real clinical systems, such as systems for
the detection of cancer, wherein QDs can be applied for
optical readout of biochips.
Fabrication of QD-conjugated protein nanoarrays by
using DPN was also considered in order to increase the

density of the protein arrays. These kinds of nanoarrays were fabricated on functionalized gold-coated silicon
substrates. A functionalized AFM cantilever tip was utilized for the patterning process. After the completion of
the patterning process, another non-functionalized AFM
cantilever was used in the non-contact mode for the topographic scanning of the patterns. The AFM image
obtained is shown in Figure 3(a), and the corresponding
height profiles of the various spots are shown in Figure
3(b). From the AFM images, a feature size of 200 − 300
nm with a height of 10 − 20 nm was observed. This
implies that there is only one monolayer of proteins in
each nanoarray spot.

IV. CONCLUSION
We demonstrated the effective application of colloidal
CdSe/ZnS QDs in protein biochips. The effect of size
variation on the fluorescence intensity distribution in
QD-conjugated hybrid protein microarrays and nanoarrays was also studied. By decreasing the microarray spot
size from 300 µm to 100 µm, we could significantly reduce
the doughnut effect associated with microarrays, which
leads to artifacts in the fluorescence emission intensity
in protein microarray chips, thereby leading to the fabrication of uniform QD-conjugated hybrid protein chips.
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Fig. 3. (a) Topographical AFM images in the non-contact mode of QD-conjugated protein nanoarrays fabricated by using
DPN. (b) Height profiles of various spots depicting a spot diameter of 200 − 300 nm and a height of 10 − 20 nm.

The formation of QD-conjugated protein nanoarrays by
using DPN was also successfully demonstrated, which
could further lead to detection of biomolecular interactions at the molecular level.
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