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Biosensors containing quantum dots (QDs) as fluorescent
markers have been employed for immunoassays, gene expres-
sion, genomic analysis, and fluorescence imaging[1] because
QDs have superior properties to traditional organic fluoro-
phores, such as higher quantum yield and much sharper emis-
sion spectra.[2] Recently, the use of QDs as fluorescence reso-
nance energy transfer (FRET) donors to detect DNA, RNA,
or proteins[3] was reported, where an amplification of the de-
tected fluorescent signal was achieved by exploiting FRET.
One particularly promising strategy in this context involves
funneling energy from strongly light-harvesting species to-
wards a reaction center, because energy is always transferred
from a species with a larger bandgap to a species with a small-
er bandgap.[4] In this way, a cascaded-energy-transfer struc-
ture based on QD assembly has been constructed with a high
photoluminescence (PL) intensity originating from the center
layer.[5]

The use of QDs as biomarkers to functionalize nanotubes
(NTs) has been also reported,[6] as a new and active field of
research. It is known that the preparation of functionalized
NTs, for example, inside an ordered porous alumina mem-
brane,[7] can yield hybrid systems containing a large number
of aligned and functionalized channels for biological applica-
tions.[8] For example, NTs functionalized with QDs have

found promising applications as drug carriers, biomarkers,
and biosensors.[6] Hence, taking advantage of the superior
properties of QDs described above, we describe in this Com-
munication a novel approach to designing functionalized NTs
with a cascaded-energy-transfer architecture by incorporating
graded-bandgap QDs into ordered porous alumina mem-
branes (Scheme 1) and their use as highly sensitive biosensor
component for the detection of DNA hybridization through
energy transfer.

The incorporation of QDs into the NTs was performed by
the well-known approach of layer-by-layer (LBL) deposi-
tion.[9] Mercaptoundecanoic acid (MPA) ligand coated
ZnCdSe alloy QDs with luminescence maxima at k = 561 nm
(QD561) (d = 6.6 nm), 594 nm (QD594) (d = 6.1 nm), and
614 nm (QD614) (d = 5.5 nm) were used.[10] Their PL emission
and UV absorption spectra of aqueous suspensions are shown
in Figure 1A and Figure S1 (Supporting Information), respec-
tively. Several advantages of ZnCdSe alloy QDs compared
with other types of QDs, for example, core/shell QDs, are
summarized here:[11] 1) There are very few surface defects
around the luminescent particles owing to the high crystallini-
ty. 2) They have large particle sizes, hardened lattice struc-
tures, and decreased interdiffusion. 3) ZnCdSe alloy QDs can
produce atomically abrupt jumps in the chemical potential,
which can further localize free exciton states in the alloy crys-
tallites. Therefore, the fluorescence stability of ZnCdSe alloy
QDs can be greatly improved.

As a matrix forming the walls of the NTs we used globular
N,N-disubstituted hydrazine phosphorus-containing dendri-
mers of the fourth generation having 96 terminal groups with
either cationic [G4(NH+Et2Cl–)96] (G4

+) or anionic [G4(CH-
COO–Na+)96] (G4

–) character.[12] The two dendrimers possess
a controlled shape and well-defined external and internal sur-
faces. The multilayer structures consisting of the two dendritic
polyelectrolytes show a lower degree of interpenetration than
multilayer systems composed of common linear polyelectro-
lytes. Therefore, they are ideal components for constructing
compartmentalized NT walls, in which different functional
species, such as water-soluble QDs with different size or com-
position in the case of the alloy particles used in this experi-
ment, can be deposited with high spatial precision.[13]

For LBL deposition in an ordered porous alumina mem-
brane, the pore walls were first coated with the positively
charged 3-aminopropyl dimethylethoxysilane (3-APS),
further allowing the deposition of a negatively charged den-
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drimer layer. Then, alternating layers of the positively
charged dendrimers and negatively charged dendrimers or
QDs were achieved by LBL deposition. Considering the
quenching that occurs between the QDs and the pore walls,[14]

three bilayers of oppositely charged dendrimers were as-
sembled before the first QD layer was deposited in our ex-
periments. Afterwards, the positively charged dendrimers and
negatively charged QDs were deposited alternately. This cycle
was repeated five times for each type of QD. In the final step,
negatively charged QDs that formed the inner surface of the
NTs were deposited for further functionalization (Scheme 1).

Three types of NTs containing a sin-
gle type of QD (NT1 containing QD561,
NT2 containing QD594, and NT3 con-
taining QD614) were first prepared; their
PL emission spectra are shown in Fig-
ure 1B. As expected, the emission maxi-
ma of the NTs appear at wavelengths of
around k = 561, 594, and 614 nm
(Fig. 1B, curves 1, 2, and 3), respective-
ly. No spectral overlap from the tem-
plate used is observed in these re-
gions.[14] Then, NTs containing multiple
types of QDs were prepared. To fabri-
cate the NTs containing a cascaded-en-
ergy-transfer structure, the assembly of
QDs inside the template started with
the deposition of QDs with shorter
emission wavelength (green) and pro-
ceeded to those with longer emission
wavelength (red) (Scheme 1). Two

kinds of such NTs, containing two (QD594, QD614; NT4) and
three (QD561, QD594, QD614; NT5) types of QDs, were pre-
pared. Their normalized PL emission spectra are shown in
Figure 1B (curves 4 and 5). It can be seen that they show ex-
clusively an emission peak centered at k = 614 nm, originating
from QD614. Comparing the intensity of the PL band at
k = 614 nm from the NT4 and NT5 gives an enhancement fac-
tor of ca. 4.1 and ca. 14, respectively, compared to that from
the NT3. Here, much less emission from the QDs at shorter
wavelength is observed (inset in Fig. 1B). A similar result has
been reported for CdSe QDs by Franzl et al.[5]
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Scheme 1. Schematic of the NTs containing a graded-bandgap structure prepared by incorporating three types of ZnCdSe alloy QDs. A) Self-as-
sembled porous alumina membrane is used as a template. B) The pore walls are coated with 3-aminopropyl dimethylethoxysilane (3-APS) to provide a
positively charged surface. C) The first negatively charged dendrimer layer is deposited, followed by alternate deposition of positively and negatively
charged dendrimers. Before the first QD layer is deposited, three bilayers of positively and negatively charged dendrimers are deposited. D) The as-
sembly of QDs inside the template started with the deposition of QDs with luminescence maximum at k = 561 nm (QD561, green), then QDs with lumi-
nescence maximum at k = 594 nm (QD594, orange), and finally QDs with luminescence maximum at k = 614 nm (QD614, red). Five positively charged
dendrimer/QD bilayers for each. E) After activation by N-hydroxysuccinimide (NHS) / 1-ethyl-3-(dimethylamino)propylcarbodiimide (EDC), probe
DNA (pDNA) immobilization and hybridization with Cy5-labeled complementary DNA (tDNA) can be achieved inside the NTs (see enlargement).

Figure 1. A) PL emission spectra of QD561- (1), QD594- (2), QD614- (3), and Cy5-labeled (4) target
DNA in aqueous solution. An excitation wavelength of k = 460 nm was used for all the QDs and
k = 630 nm for Cy5. B) PL emission spectra of NT1, containing QD561 (1), NTs2, containing
QD594 (2), NT3, containing QD614 (3), NT4, containing QD594 and QD614 (4), and NT5, containing
QD561, QD594, and QD614 (5). Inset: Enlargement of the PL spectra in the short-wavelength region
of NT3, NT4, and NT5. The peaks of the spectra were normalized to the absorption of the NTs at
K = 460 nm of the different types of NTs shown in Figure S2 (Supporting Information).



The striking result above indicates that an efficient excita-
tion energy transfer takes place from the larger bandgap QDs
to the ones with lower band energy on the inner surface of the
NTs. This occurs, first, because this sequence of QDs ensures
sufficient spectral overlap between the different QD species
for FRET to occur.[4] Second, this QD arrangement is charac-
terized by a decrease of the bandgap energies from the outer
to the inner surface of the NT walls. Therefore, hole and elec-
tron potentials in the walls of the NTs generate an intrinsic
ramp for the energy transfer,[4] which is directed towards the
center of the NTs. As discussed below, this is a key feature for
the enhanced detection sensitivity of DNA hybridization in-
side the NTs.

To investigate the NTs with graded-bandgap architecture as
potential biosensors for detecting DNA hybridization, amino-
group-functionalized probe DNA with 30 nucleobases and
Cy5-labeled complementary 15-mer DNA oligonucleotides
were selected. (Cy5 is a reactive water soluble fluorescent dye
of the cyanine dye family.) The NTs (NT3, NT4, and NT5)
were first activated with N-hydroxysuccinimide (NHS) /
1-ethyl-3-(dimethylamino)propylcarbodiimide (EDC), fol-
lowed by the immobilization of probe DNA. Then, hybridiza-
tion with Cy5-labeled target DNA was performed in the NTs.
The measured, normalized PL emission spectra are shown in
Figure 2A. An emerging shoulder of PL emission at about
k = 670 nm originating from Cy5 can just be observed beside
the dominant peak at k = 614 nm after DNA hybridization in-
side all the NTs. For NT3 (inset in Fig. 2A, curve 1), a small
shoulder of PL emission appears beside the dominant peak at
k = 614 nm. The PL emission intensity of the Cy5 band signifi-
cantly increases once QD594 and QD614 are incorporated
(NT4, inset in Fig. 2A, curve 2) and is even larger if three
types of QDs are present (NT5, inset in Fig. 2A, curve 3). It is
found that this increase in the Cy5 emission is concomitant
with the increase in PL intensity of the peak at k = 614 nm.
Hence, the increased Cy5 emission can be attributed to excita-
tion energy transfers by FRET from the QDs to the Cy5.

In order to evaluate energy transfer efficiency from the
QDs to the Cy5, the changes of the PL emission spectra in-
duced by hybridization were analyzed. Figure 2B, curve 1 is
the PL emission spectrum of NT5 before the hybridization;
Figure 2B, curves 2 and 3 are the deconvoluted PL emission
spectra of curve 3 in Figure 2A after hybridization in NT5. By
measuring the PL intensity of curves 1 and 2 in Figure 2B at
k = 614 nm, we find that the PL emission intensity is reduced
by ca. 3.2 % after DNA hybridization compared with before.
Therefore, it can be concluded that the energy transfer occurs
from the QDs to Cy5 and the energy transfer efficiency is ex-
pected to be ca. 3.2 %. Since the energy transfer efficiency
strongly depends on the distance between donors and accep-
tors,[15] that from the QDs to Cy5 in the NTs can be further in-
creased by using shorter chain length DNA or tuning the QD
emission. Although the energy transfer efficiency from the
QDs to Cy5 is relatively low here, it is already sufficient to en-
sure sensitive detection of DNA hybridization in the NTs. An
enhancement factor of ca. 15 was found for the sensitivity in
such types of NTs (Fig. S3). Direct comparison with DNA
microarrays containing no cascaded-energy-transfer structure,
for example, dendrimer-based DNA microarrays, was also
performed. Only twofold detection sensitivity was reported
for the dendrimer-based DNA microarrays.[16] The results sug-
gest that NTs containing a cascaded-energy-transfer architec-
ture have potential utility for the detection of trace amounts
of DNA, owing to the enhancement in detection sensitivity, as
reported for nanoparticles for biological detection.[17]

In conclusion, we have developed a versatile approach to
designing functionalized NTs assembled with graded-bandgap
ZnCdSe alloy QDs, which showed high sensitivity for detect-
ing DNA hybridization. The enhancement in sensitivity af-
forded by the NTs provides the ability to confidently detect
small but significant changes of the signal during biological
detection. The detection sensitivity of the NTs was found to
be tunable by varying the assemblies of gradient QDs inside
the NTs. Tunable sensitivity in the NTs can also be expected

by adjusting the distance between the
QDs and DNA or tuning the QD emis-
sion. Taking advantage of the new opti-
cal and electrical properties achieved by
the combination of size quantization
and the gradient nature of the alloy
QDs, NTs containing gradient QD as-
semblies may find a wide range of appli-
cations in various biomedical fields.

Experimental

The pore walls of the ordered porous alu-
mina membranes (diameter 400 nm, depth
100 lm) were coated with 3-APS by placing
the membranes in a closed glass vessel at
135 °C for 3 h. The first negatively charged
dendrimer was deposited on the 3-APS from
aqueous solution (1 mg mL–1) for 50 min,
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Figure 2. A) Normalized PL emission spectra of the NTs after hybridization with Cy5-labeled target
DNA inside NT3, containing QD614 (1), NT4, containing QD594 and QD614 (2), and NT5, containing
QD561, QD594, and QD614 (3). Inset: Enlargement of the PL spectra in the long-wavelength region.
An additional shoulder of PL emission at k = 670 nm, originating from Cy5, is observed beside the
dominant peak at around k = 614 nm for three different types of NTs after the hybridization.
B) 1) The PL emission spectrum of NT5. 2,3) The deconvoluted PL emission spectra of NT5 after
hybridization with Cy5-labeled DNA.



followed by rinsing with Milli-Q water. The first positively charged
dendrimer layer was then deposited from aqueous solution
(1 mg mL–1) for 50 min, followed by rinsing with Milli-Q water. The
deposition of the positively charged dendrimers and negatively
charged dendrimers or QDs (ca. 10–7 M) as a double layer was re-
peated until the desired number of multilayers was obtained.

The COOH groups of MPA-coated ZnCdSe alloy QDs were acti-
vated by immersion in an aqueous solution of 1 M EDC / 0.2 M NHS
for 30 min. The amino-functionalized single-stranded DNA was cova-
lently bonded on the inner walls of the NTs from a 1 lM aqueous solu-
tion (phosphate buffer (PB), pH 7.4) for 30 min, followed by rinsing
with PB [18]. The aqueous solution containing Cy5-labeled target
DNA (pH 7.4, 100 nM) was then applied to the NTs for 30 min at
room temperature. After the NTs had been rinsed with PB and then
Milli-Q water, DNA hybridization was detected by PL experiment.
Probe DNA with 30-mer: 5′-TTT (TTT)4 TGT ACA TCA CAA CTA-
3′. Target DNA: 5′-Cy5-TAG TTG TGA TGT ACA-3′ (MWG-bio-
tech AG, Ebersberg, Germany).

Absorption spectra were collected using a diode array UV-vis spec-
trometer Lambda 900, Perkin Elmer. PL emission spectra were col-
lected using a FL3095SL, J&M TIDAS 9.5, Germany.
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