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An effective molecular diagnostic system generally requires
the amplification of either target or signal.[1] Target amplifi-
cation provides the ability to achieve an extremely high
sensitivity. However, the only system that has been worked
out thus far is DNA, which can be exponentially duplicated
using polymerase chain reaction (PCR) technology.[2] The use
of PCR in diagnostics also highlights several major problems,
including the complexity of analysis, sensitivity to contami-
nation, and a narrow dynamic range, among others.[3] For
a target other than DNA, signal amplification is necessary
because the sensitivity is limited by the generally low binding
constant of the recognition event. Taken together, the
development of a generic diagnostic technique typically
favors signal amplification as the method of choice. In this
regard, reactivity-based amplification[4] (for example, enzy-
matic catalysis for enzyme-linked immunosorbent assay[5])
has been the driving force behind many of the currently in-use
diagnostic methods. However, the robustness of the assay can
be compromised by the inherent instability and variability
associated with the reaction center (for example, the enzyme
catalysis center).[6] A more straightforward signal amplifica-
tion strategy could, in principle, be created by the translation
of a single binding event into the capture of a multitude of
intact signaling labels, without the involvement of any further
chemical transformation.[3a,7] One such format exploits
directly the signal generated from the collection of labels on
a carrier for readout. This kind of direct readout might not be
ideal because of the undesired effect (for example, fluores-
cence quenching) that can result from such closely packed
labels. Also, the number of labels that can be accommodated
on one carrier is restricted to the available internal space or
sites on the surface. We envisioned that a new diagnostic
strategy, with enormous signal amplification, would be
possible if 1) a nanostructured probe could be directly
assembled from the desired label, and 2) the liberation of
numerous labels in the nanostructured probe in response to
each binding event is highly efficient and reliable.

Building upon our expertise in molecular diagnostics,[8]

herein, we report on a sensitive, selective, and multiplexed

fluorogenic-nanosphere (FNS) assay for the on-chip detection
of DNA (Figure 1). This method takes advantage of a unique
fluorescent property associated with a novel FNS formed by

E-4,4’-di[N-(2-aminophenyl)amino]stilbene (EDAPS) and
Cu2+.[9] The fluorescence of EDAPS is quenched in the FNS
solid state by substoichiometric amounts of Cu2+ ions, but can
be switched on by the dissolution of the constituent compo-
nents of FNSs into the surrounding liquid. By holding a large
number of EDAPS, FNSs can therefore function as latent
fluorophore probes for the binding of any target structure
with the capability to amplify the signal. The high quantum
yield demonstrated for this class of arylamino-substituted
stilbene molecules ensures a good fluorescent readout with
EDAPS.[10] A detection limit of 50 fm has been achieved for
DNA using an on-chip sandwich hybridization format, this is
two orders of magnitude lower than the conventional
fluorophore assay. In addition, the selectivity of our method
is created at the DNA binding stage, wherein the cooperative
behavior imparted by multiple DNA strands[11] on a single
FNS allows for single-base mismatch discrimination using
a facile salt-stringency wash.[3a, 12] Further, our on-chip detec-
tion system also provides the ability to store and retrieve
spatially resolved DNA sequence information and therefore
allows for multiplexed detection of distinct DNA targets
simultaneously.

Figure 1. Scheme of FNS-based DNA detection. Gray box: latent
DNA1-FNS probe, with the fluorescence of EDAPS molecules
quenched by substoichiometric amounts of Cu2+ ions. A glass slide
spotted with DNA2 is allowed to react with DNA1-FNS in either the
absence or presence of target DNA3. A grayish-blue spot, comprised
of a layer of captured DNA1-FNS, is generated only when DNA3 is co-
hybridized with DNA1-FNS and surface-anchored DNA2. The amplified
fluorescence signal is achieved through the dissolution of FNSs and
release of EDAPS upon incubation with N-butylmorpholine.
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The FNS assay system is comprised of two key compo-
nents besides the target DNA: a DNA-derivatized FNS and
a DNA-modified glass slide (Figure 1). The sequences of the
DNA strands on the FNS and glass slide should be designed
such that they form a contiguous, sandwich structure with the
target DNA. As an initial test, a target sequence (DNA3,
Supporting Information, Table S1) associated with the
anthrax lethal factor[8] was selected for a proof-of-concept
demonstration of the assay. For this target, an aminated DNA
(DNA1, Table S1) and a thiolated DNA (DNA2, Table S1)
were used to functionalize the FNS and the glass slide,
respectively (Figure 1). One key to the successful implemen-
tation of our FNS method was the fabrication of a robust
DNA1-modified FNS (DNA1-FNS). To this end, an approx-
imately 96 nm FNS (Figure S1 A), with an EDAPS/Cu2+ ratio
of 17.9:1,[9] was made that presents the amino groups of the
EDAPS on the surface of the sphere. Conjugation of DNA
was then carried out by reacting the amino groups on DNA1
and the FNS with the aldehyde groups on bifunctional
glutaraldehyde. The successful modification of FNSs with
DNA1 was confirmed by the change of z potential from
+ 38 mV to �26.6 mV (Table S2). The as-prepared DNA1-
FNS conjugate was treated with poly(vinylsulfuric acid)
potassium salt (PVSK), and allowed to further react consec-
utively with sulfosuccinimidyl acetate and 2-(2-
aminoethoxy)ethanol for the passivation of excess amino
and aldehyde groups, respectively. The final DNA1-FNS
probe (Figure S2 A), which was individually dispersed in 0.3m
phosphate-buffered saline (PBS) solution (0.3m NaCl, 10 mm

phosphate buffer, pH 7.0)/PVSK (2 mm)/sodium dodecyl
sulfate (SDS, 0.1 wt%), as confirmed by dynamic light
scattering measurements (Figures S1B and S2 B), contains
on average approximately 7.8 � 105 EDAPS and approxi-
mately 57 DNA molecules per sphere (Supporting Informa-
tion). In principle, these numbers are sufficient to provide
fluorescence signal amplification and single-base mismatch
discrimination capabilities. The modification of glass slides
with DNA2 was performed using the following method: the
hydroxy-rich glass slide was reacted initially with 3-amino-
propyltriethoxysilane (APTES) and subsequently with succi-
nimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate;
excess amino groups were passivated with hexanoic anhy-
dride; DNA2 was coupled to the glass slide surface by
reaction of the thiol group with the maleimido moiety; finally
the excess maleimido groups were passivated with 1-hexane-
thiol.

With the two assay components assembled, we next
evaluated the feasibility of our system for DNA detection. A
glass slide spotted with DNA2 was challenged in one-step
with both target DNA3 (1 mm, in 0.3m PBS solution) and
DNA1-FNS probe. The hybridization reaction enabled the
surface confinement of the DNA1-FNS probe and formation
of a grayish-blue spot at the DNA2-derivatized area (Fig-
ure 2A). In either the absence of target DNA3 or the
presence of non-complementary DNA4, no signal could be
detected. With the FNSs intact, no fluorescence could be
observed under 365 nm UV irradiation owing to the highly
effective quenching of the EDAPS signal by Cu2+ ions. By
dissolving the FNSs and liberating the EDAPS in 0.5 mL N-

butylmorpholine, a strongly fluorescent readout was pro-
duced (Figure 2B). Pure EDAPS and the EDAPS released
from the DNA1-FNS exhibit similar fluorescence spectra,
with excitation maxima located at approximately 370 nm
(Figures S3 and S4 A). The blue fluorescence signal could
therefore be easily generated with a commercially available,
handheld UV lamp (365 nm) and imaged with a digital
camera to record the assay results. Additionally, it is
important to understand the kinetics of FNS dissolution and
the fluorescence generation. Thus, a DNA1-FNS sample was
placed on a silicon wafer, dried, and incubated in N-
butylmorpholine for various periods of time. Scanning
electron microscopy revealed two key stages in the dissolu-
tion process, which took about eight minutes: 1) an initial
change of the morphology from the spherical shape to a rod-
like form and 2) a complete dissolution of the rod-like
structure (Figure S5). Concomitant with the dissolution
process was the emergence of the fluorescence signal, which
plateaued within a short timeframe, as revealed by both
fluorescence spectral measurement (Figure S4 B) and spot
image analysis (Figure S6). The increase in fluorescence
signal for a single-layer DNA1-FNS probe on a glass slide
featured even faster kinetics, showing a plateau within two
minutes. This quick fluorescence increase allows for a fast
fluorescence readout. As expected, the fluorescence signal
came only from the spot where target DNA3 was present,
thus demonstrating the effectiveness of the FNS assay.

Several observations from our initial optimization of the
method are worth noting: 1) conjugation of DNA1 with FNSs
through another commonly used bifunctional molecule, 1,4-
phenylene diisothiocyanate, was not successful because of the
irreversible aggregation of FNSs under the basic reaction
conditions that are required. 2) PVSK is required for the
fabrication of DNA1-FNS probe in 0.3m PBS solution.
Without the protection of this anionic polyelectrolyte, the
DNA1-FNS probe is not stable at such a high salt concen-
tration. 3) APTES could not be substituted with 3-(2-amino-
ethylamino)propyltrimethoxysilane for the generation of
surface amino groups. Otherwise, significant nonspecific
adsorption of DNA1-FNS probe could be observed even in
the absence of target DNA3. 4) The use of SDS is of

Figure 2. A) Macroscopic image of a glass slide in the absence of UV
irradiation. Left to right: no target, DNA3 (1 mm), and DNA4 (1 mm)
(spots with no fluorescence are designated by the dashed red circles).
B) Macroscopic fluorescence image of a glass slide in the presence of
365 nm UV irradiation. Spots are identical to those in (A) except they
were incubated in N-butylmorpholine.
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paramount importance at the DNA1-FNS probe hybridiza-
tion stage. The pronounced background signal generated
from a “coffee-ring stain”,[13] as well as nonspecific adsorp-
tion, could be effectively nullified by the addition of SDS.
5) N-butylmorpholine is the solvent of choice for the assay
because it has a high boiling point, low evaporation rate, high
fluorescence quantum yield for EDAPS, and no photobleach-
ing within the timeframe of the fluorescence readout.

This optimized method enables the minimization of
background signal and thus allows us to fully explore the
potential of the assay. One measure of the merit of
a diagnostic system is the concentration dependence of the
signal, which gives rise to two key assay attributes—dynamic
range and detection limit. Thus, a glass slide spotted with
a DNA2 array was incubated with target DNA3 of varied
concentrations and the DNA1-FNS probe. At a target con-
centration of either 50 nm or 5 nm, the grayish blue spot
formed by the FNSs could be clearly visualized (Figure S7),
whereas the fluorescence readout can be detected at much
lower concentrations (Figure 3A). Significantly, a monotonic
concentration dependence of the fluorescence intensity

(through either direct visualization, Figure 3A or blue
channel brightness readout, Figure 3B) was clearly observed.
If plotted on a double logarithmic scale, a linear relationship
exists across a concentration range of six orders of magnitude,
indicating a wide dynamic range and good quantification
capability (Figure 3B). With this assay, a 50 fm target could be
unambiguously visualized against the essentially zero back-
ground, which translates to a detection limit of 100 zmol
(2 mL). The detection limit was also validated using blue
channel brightness, by virtue of consistently low background
signal, under either high (Figure 3 B) or low (Figure 4 B, see
below) salt concentration. In principle, using larger FNSs

could provide a more pronounced signal amplification and
therefore allow for further improvement in the sensitivity of
the assay.

An assay that can discriminate single-base mismatches is
important for screening for genetic diseases. Both a thermal-
stringency wash[3a, 11] (with elevated temperature) and salt-
stringency wash[3a, 12] (with lower salt concentration) have
been developed as methods for single-base mismatch dis-
crimination through selective, preferential de-hybridization
of less thermodynamically stable mismatched hybrids com-
pared to a perfect-match hybrid. As the DNA1-FNS probe
has about 57 DNA molecules per sphere, cooperative binding
behavior should enable the facile distinction of DNA
strands.[3a,11] As a demonstration of the selectivity of our
assay, a perfect-match target and DNA strands with different
single-base mismatch features (SBM1-DNA3, mismatch at
middle; SBM2-DNA3, insertion; SBM3-DNA3, deletion;
SBM4-DNA4, mismatch at end) were tested. A salt-strin-
gency wash was employed to avoid the challenge of an on-
chip temperature control setup.[8a] Indeed, at a salt concen-
tration of 7.5 mm (PBS: 7.5 mm NaCl, 0.75 mm phosphate
buffer, pH 7.0), the DNA1-FNS probe incubated with the
mismatched strands exhibited much lower fluorescence signal
as compared with the perfect-match target, showing the good
mismatch discrimination of the method (Figure 4). Note that
for typical target DNA detection (Figure 3), a higher salt
concentration is routinely used,[3a] because closely related,
mismatched strands are generally absent.

The on-chip assay format associated with our detection
system could allow for spatially resolved parallel storage of
DNA sequence information and therefore enable multiplexed
detection of distinct DNA targets.[14] As a demonstration of
the ability to perform multiplexed analysis, a two-target
sample (DNA3 and DNA7) was subjected to the assay. To

Figure 3. A) Macroscopic fluorescence image of a glass slide for the
identification of DNA3. Target DNA3 concentration (left to right, top
to bottom): 0m, 50 nm, 5 nm, 0.5 nm, 50 pM, 5 pM, 0.5 pM, and 50
fM. B) Fluorescence intensity as a function of DNA3 concentration
(note the logarithmic scale). Error bars indicate the standard deviation
calculated from three independent experiments. Background signal for
a sample with no DNA target: 1.37 � 106.

Figure 4. A) Macroscopic fluorescence image of a glass slide for
single-base mismatch discrimination. Left to right, top to bottom: no
DNA target, DNA3, SBM1-DNA3, SBM2-DNA3, SBM3-DNA3, and
SBM4-DNA3. B) Fluorescence intensity for each of the spots in (A)
(note the linear scale). Background signal for a sample with no DNA
target: 1.56 � 106.
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achieve this, a DNA chip was spotted with both DNA2 and
DNA6, and a second probe, DNA5-FNS, was fabricated.
Analogously, the sequences of DNA6 and DNA5 were
selected such that they could form a sandwich hybrid with
DNA7. The multiplexed analysis proceeds in a background-
free manner similar to the single-target case. Thus, DNA1-
FNS and DNA5-FNS probes were captured to the corre-
sponding DNA spots only in the presence of their respective
targets. At higher DNA concentrations, the captured FNS
probes could be visualized either in the intact form (Fig-
ure S8) or in fluorescence mode (Figure 5), and the two

targets could be readily distinguished. At lower concentra-
tions, the two targets could only be detected using the
fluorescence approach (Figure S9). It should be noted that,
although only sparsely distributed spots were generated and
each spot was individually addressed in this proof-of-concept
demonstration, spot miniaturization and parallel detection
can be easily achieved for our assay owing to the localized
FNS dissolution process, smaller droplet sizes that can be
automatically and precisely dispensed,[15] and an exquisite
fluorescence spot detector that has been developed for gene
chip technology.[16]

In summary, a DNA detection strategy based on FNSs has
been developed. The assay features a latent FNS fluorophore
probe, which gives signal amplification through the release of
multiple fluorophores. The complete division between DNA

hybridization and signal generation allows for simultaneous
high selectivity and high sensitivity. This on-chip assay
provides the ability to perform multiplexed analysis in an
array format. The detection scheme reported herein should be
applicable to a broad range of targets by virtue of the generic
fluorescent signal generated by the FNS probe.
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Figure 5. A) Macroscopic fluorescence image of a glass slide for the
identification of two DNA targets. Left to right: no DNA target, DNA3,
DNA7, and both DNA3 and DNA7. Top row: modified with DNA2 and
challenged with DNA1-FNS probe. Bottom row: modified with DNA6
and challenged with DNA5-FNS probe. The concentration of each
target was 10 nm. B) Fluorescence intensity for each of the spots in
(A). Green: fluorescence intensity for the top row. Gray: fluorescence
intensity for the bottom row.
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