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DNA functionalization of colloidal II–VI semiconductor
nanowires for multiplex nanoheterostructures†

Zhengtao Deng, Suchetan Pal, Anirban Samanta, Hao Yan and Yan Liu*

Building controlled and tunable multiplex nanoheterostructures (NHSs) is critical for renewable energy and

biosensor applications. In this paper, we demonstrate a facile and highly efficient method to functionalize

one-dimensional (1D) colloidal II–VI semiconductor nanowires with a high coverage of single-stranded

DNA (ssDNA) for the construction of multicomponent, multidimensional NHSs. Our strategy relies on

the Watson–Crick base-pairing between complementary ssDNA displayed from the surface of one-

dimensional semiconductor ZnTe/ZnS core/shell nanowires and zero-dimensional (0D) plasmonic Au

nanoparticles or fluorescent CdTe/CdS core/shell quantum dots. This strategy may lead to solution-

processed construction of versatile multiplex heterostructures.
Fig. 1 Schematic illustrating single-stranded DNA functionalization of the
colloidal nanowires and subsequent directed self-assembly of 1D–0D NHSs. First,
ZnTe nanowires are synthesized in oleylamine (OAm) in the presence of tribu-
tylphosphine (TBP). Next, ligand exchange replaces the original TBP and OAm
surface ligands with formamide (FA) to obtain water-soluble ZnTe nanowires.
Then, during the growth of the ZnS shell, these nanowires are functionalized with
phosphorothioated DNA (po–ps-DNA), 50-A28-G*G*G*G*G*G-30 , where *
Introduction

Multiplex semiconductor and metallic nanoheterostructures
(NHSs) have attracted considerable attention for renewable
energy and biosensor applications.1 For example, NHSs
composed of CdSe/CdS core/shell nanorods (or GaP nanowires)
and Pt nanoparticles were reported for photocatalytic hydrogen
production by water splitting.1c,d In a different report, NHSs
built from zero-dimensional (0D) quantum dots conjugated
one-dimensional (1D) SnO2 nanowire probes were used for
single-cell endoscopy.1e

Several methods have been used to construct multiplex
NHSs, including epitaxial growth,2a cation exchange,2b,c and
chemical self-assembly.2d–f Among these, DNA-directed self-
assembly through complementary Watson–Crick base-pairing
is a particularly appealing strategy because it offers control over
the components, and their spacing, orientation, and chirality.3

In contrast to the numerous research efforts that are focused on
0D nanoparticles,4 reports of DNA functionalization and
directed self-assembly of 1D semiconductor nanowires are
scarce. Although the conjugation of ssDNA to Si5a,b and GaN5c

nanowires has been studied, to the best of our knowledge there
are no reports of the reliable and efficient functionalization of
II–VI semiconductor nanowires by single-stranded DNA.

Herein, we demonstrate for the rst time an efficient strategy
to functionalize colloidal II–VI semiconductor nanowires with a
high coverage of single-stranded DNA oligonucleotides (ss-DNA)
for the purpose of constructing NHSs. We exploited DNA-
directed assembly to synthesize discrete, multicomponent,
emistry and Biochemistry, Arizona State
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0

1D–0D NHSs that are composed of 1D ZnTe/ZnS core/shell
semiconductor nanowires densely covered by 0Dplasmonic gold
nanoparticles oruorescent CdTe/CdS core/shell quantumdots,
as schematically shown in Fig. 1.
Results and discussion

Zinc telluride (ZnTe), a well-studied II–VI semiconductor with a
direct optical bandgap energy of 2.3 eV at room temperature,
has important applications in optoelectronic devices.6 Here, we
used ZnTe nanowires as the model to construct 1D–0D NHSs.
First, we used a “seed-free” colloidal method7 to synthesize high
represents the substitution of one non-bridging oxygen atom in the phosphate
backbone by a sulphur atom. Finally, the DNA functionalized ZnTe/ZnS core/shell
nanowires are mixed with either 10 nm Au nanoparticles displaying comple-
mentary ss-DNA (50-T28/3ThioMC3-D/-30), or highly fluorescent 5 nm CdTe/CdS
core/shell QDs functionalized with complementary ss-DNA (50-A28-
G*G*G*G*G*G-30) in 1� phosphate buffered saline (PBS) buffer, yielding 1D–0D
NHSs.

This journal is ª The Royal Society of Chemistry 2013
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quality ZnTe nanowires. In our method, a tributylphosphine–
tellurium (TBP–Te) precursor is mixed with a Zn(AC)2–oleyl-
amine solution at 120 �C and the temperature is subsequently
raised to 250 �C and held for 3 hours (details in Experimental
section).

The lengths of the synthesized ZnTe nanowire products are a
few to hundreds of microns with diameters of 20 to 40 nm as
shown in Fig. 2a. A typical HRTEM image of a single ZnTe
nanowire (Fig. 2b and S1†) shows lattice spacings of 0.349 nm
and 0.214 nm, corresponding to the (111) and (220) planes,
respectively, of the cubic zinc blende phase ZnTe (JCPDS Card
no. 80-0022).6 The indexed fast Fourier transform (FFT) of the
HRTEM image (inset in Fig. 2b) reveals that the ZnTe nanowire
is single-crystalline cubic zinc blende phase projected along the
h211i direction; the growth direction of the nanowire is along
the h111i. The EDS spectrum (Fig. 2c) contains only Zn and Te
peaks (the Cu signal is derived from the TEM grid). Quantitative
EDS analysis conrms that the atomic ratio of Zn : Te is
50.4 : 49.6, indicating the composition of the as-synthesized
products is pure ZnTe. A room-temperature Raman-scattering
spectrum of the ZnTe nanowires (Fig. 2d) shows four longitu-
dinal optical (LO) modes at 206 (1LO), 409 (2LO), 616 (3LO), and
821 (4LO) cm�1. These Raman shis are in agreement with
literature reports of high quality zinc-blende ZnTe crystallites.8

As shown in Fig. S2,† the UV-vis absorption spectrum and plot
of (ahn)2 versus photon energy (hn) of the ZnTe nanowires
indicates a direct band gap of 2.3 eV, also consistent with the
reported literature values.6 In addition, the ZnTe nanowires do
not exhibit uorescence emission, similar to the reported
result.6a
Fig. 2 Characterization of organic ligands capped colloidal ZnTe nanowires. (a)
TEM and SEM (inset) images of the nanowires. (b) HRTEM image and the corre-
sponding indexed fast Fourier transformation (FFT, inset) of the nanowires. (c)
Energy-dispersive X-ray spectroscopy (EDS) spectrum of the nanowires. The Cu
and C signals are derived from the ultrathin carbon coated copper TEM grid. A
portion of the C signal may also come from the organic surface ligand. (d) Raman
spectrum of the ZnTe nanowires.

This journal is ª The Royal Society of Chemistry 2013
Next, we performed ligand exchange9 to replace the non-
polar organic ligands, TBP and OAm, with short polar form-
amide ligands, as shown in Fig. 3a. Here, the formamide acts as
both the surface ligand and the solvent. A solution of puried
ZnTe nanowires dispersed in nonpolar hexane was mixed with
polar formamide (2 : 1 volume ratio). The biphasic mixture was
vortexed and sonicated (in a water bath) for approximately 2
minutes. Aer settling, complete transfer of the nanowires from
the nonpolar to the polar phase was observed (Fig. 3a). Aer the
ligand exchange, the nanowires could be easily dispersed in DI
water. Fourier transform infrared spectroscopy (FTIR) spectra of
the ZnTe nanowires taken before and aer the ligand exchange
(Fig. 3b) revealed that the transfer of ZnTe nanowires from
hexane to formamide resulted in the complete disappearance of
the bands at 2852 and 2921 cm�1, which correspond to C–H
stretching in the initial organic OAm or TBP ligands.9 These
results conrmed that the organic ligands were completely
removed, yielding water-soluble colloidal ZnTe nanowires.

Then, we conjugated ssDNA to the water-soluble ZnTe
nanowires during the ZnS shell growth process. In a typical
conjugation, 0.5 mg of water-soluble ZnTe nanowires were
dispersed in 100 mL DI water by gentle sonication. Next, 5 mL
Zn2+ solution (25 mM) and 10 mL 3-mercaptopropionic acid
(MPA) solution (25 mM) (as the Zn and S precursors, respec-
tively) were added to the nanowires, vortexed, and gently soni-
cated. 50 mL of 100 nM 50-A28-G*G*G*G*G*G-30 ssDNA (50-AAA
AAA AAA AAA AAA AAA AAA AAA AAA AG*G*G*G*G*G-30) was
subsequently added to the mixture and gently vortexed. The pH
of the mixture was tuned to 12.2 by adding NaOH (1 M). Then,
the reaction mixture was heated at 90 �C for 40 minutes to allow
the ZnS growth over the ZnTe nanowires, and the reaction was
stopped by quickly lowering the temperature to room temper-
ature. Finally, the samples were washed with 350 mL 1� PBS
Fig. 3 Ligand exchange and DNA functionalization of the ZnTe nanowires. (a)
Photographs of solutions before and after transferring nanowires from hexane to
formamide. (b) FTIR spectra of the TBP–OAm, (curve 1) and formamide (curve 2)
capped ZnTe nanowires. (c–e) TEM, HRTEM images and EDS spectrum of the ss-
DNA functionalized ZnTe/ZnS nanowires. The presence of the sulphur signal is
from the ZnS shell, and the phosphorus signal is from the ssDNA.

Chem. Sci., 2013, 4, 2234–2240 | 2235
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Fig. 4 DNA directed self-assembly of 1D–0D ZnTe/ZnS–Au NW–NP NHSs. Inset in
(a) contains a TEM image of the ssDNA functionalized Au nanoparticles before
self-assembly with the nanowires. (a and b) Low-magnification TEM and STEM
images of 1D–0D ZnTe/ZnS–AuNP NHSs. (c–e) High-magnification TEM and
HRTEM images of a single ZnTe/ZnS–Au HNS. (f) EDS spectrum of the ZnTe/ZnS–
Au NHSs. (g) UV-vis absorption spectra of ss-DNA functionalized ZnTe/ZnS
nanowires (curve 1), 10 nm Au nanoparticles functionalized with ss-DNA before
self-assembly with nanowires (curve 2), and ZnTe/ZnS–Au NHSs (curve 3).
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buffer and centrifuged to isolate the ss-DNA conjugated ZnTe/
ZnS nanowires. The washing and centrifugation steps were
repeated four times to remove any unreacted precursors and
free DNA from solution. Aer successfully introducing the ps–
po DNA strands to the nanowires, the conjugates exhibit
stability in high salt conditions. The ps–po chimeric DNA
strands (50-A28-G*G*G*G*G*G-30) displayed from the nano-
wires each contains a stretch of ve G bases with a phosphor-
othioate linkage in the backbone and a segment of 28 standard
DNA bases linked with phosphodiester bonds. The 5 sulfur
atoms in the ps domain afford the DNA very high affinity to the
ZnTe/ZnS NW surface. Since the ZnS shell forms very slowly in
the presence of the ps–po DNA at a relatively low reaction
temperature 90 �C, it is likely that the sulfur atoms in the ps
domain of the DNA become embedded inside the ZnS shell.

The ssDNA conjugated ZnTe/ZnS nanowires were character-
ized by TEM and HRTEM techniques as shown in Fig. 3c and d,
S3 and S4.† The TEM image (Fig. 3c) reveals that the surface of
the core/shell nanowires is not as smooth as the initial ZnTe
nanowires (compared to Fig. 2a). The HRTEM image (Fig. 3d) of
a single ZnTe/ZnS NW clearly shows lattice spacings of 0.349 nm
from the ZnTe (111) core and 0.310 nm from the ZnS (111) shell.
The EDS spectrum (Fig. 3e) of the ZnTe/ZnS nanowires contains
Zn and Te from the ZnTe core, S from the ZnS shells, and P from
the DNA, suggesting that the NWs are composed of ssDNA
conjugated ZnTe/ZnS without other impurities.

High delity hybridization between capture strands on the
1D nanowires and complementary DNA strands displayed from
0D nanoparticles was used to generate 1D–0D NHSs. First, the
ssDNA–ZnTe/ZnS NW conjugates were mixed with 10 nm Au
nanoparticles that displayed the complementary ssDNA. The
AuNP–DNA conjugates were prepared by following a newly
developed protocol reported by Liu et al.11 Briey, reduced
thiolated DNA (T28-SH, 50-TTT TTT TTT TTT TTT TTT TTT TTT
TTT T/3ThioMC3-D/-30) was added to 100 mL of 10 nm Au
nanoparticles at pH 3 and gently sonicated for 5 minutes
(experimental details in ESI†). The nal Au nanoparticles were
re-dispersed in 1� PBS buffer. A typical TEM image of the
ssDNA functionalized Au nanoparticles is shown in Fig. 4a
inset; the nanoparticles are well dispersed with no evidence of
clusters or aggregation. For self-assembly of 1D–0D nanowire–
nanoparticle NHSs, 10 mL of ZnTe/ZnS nanowires (conjugated
with A28) was mixed with 10 mL of 10 nm Au nanoparticles
(conjugated with T28) in 1� phosphate buffered saline (PBS)
buffer. The mixture was heated to 37 �C and cooled to 25 �C over
2 hours to allow complete DNA hybridization.

In Fig. 4a, b, S5 and S6,† the low-magnication TEM and
STEM images illustrate that the ZnTe/ZnS nanowires are
decorated with a layer of 10 nm Au nanoparticles. Fig. 4c–d
present high-magnication TEM and STEM images of a single
ZnTe/ZnS–Au NW–NP NHS. The HRTEM image (Fig. 4e, S7 and
S8†) of a single NHS reveals lattice spacings of 0.349 nm from
ZnTe (111) and 0.288 nm from Au (111). We observed a small
portion of aggregation between the NW and NPs from the TEM
images. We speculate that the multiple ss-DNA displayed from
the surface of a single AuNPs may bind to different NWs,
creating cross-linked aggregates. If we increase the
2236 | Chem. Sci., 2013, 4, 2234–2240
concentrations of the NWs and NPs, more aggregates could
form during the self-assembly process. To minimize formation
of aggregates, low concentrations of the NWs and NPs were
used. The DNA spacer length between the Au NPs to the NWs
surface is 28 base pairs. Given that dsDNA makes a helical turn
every 10.5 bp, this length accommodates 2.6 helical repeats,
which is about 8.8 nm. As shown in Fig. S8,† we observed some
NPs with a distance about 6 nm to the NWs. The reduced
separation distance might be due to the drying effect in the
sample preparation for TEM, the orientation of the NPs on the
NW, and the projection of the NW–NP assembly in the electron
beam on the TEM grid.4d,e

A control experiment using non-complementary DNA dis-
played from the ZnTe/ZnS nanowires and the Au nanoparticles
did not produce the NHS product; undecorated nanowires and
individual Au nanoparticles were observed (see Fig. S9†). This
negative result indicates that the association of the Au nano-
particles with the nanowires occurs through the complementary
DNA base-pairing rather than non-specic interactions. EDS
spectra of the assembled NHSs revealed the presence of Zn, Te,
and sulphur from the ZnTe/ZnS nanowires, Au from the Au
nanoparticles, and phosphorus from the DNA (Fig. 4f). Fig. 4g
This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 DNA directed self-assembly of 1D–0D ZnTe/ZnS–CdTe/CdS NW–QD NHSs.
(a) TEM image of ssDNA functionalized CdTe/CdS core/shell QDs before self-
assembly with the nanowires. (b, d and e) TEM, HRTEM and (c) STEM images, (f
and g) transmitted light (633 nm) and confocal fluorescence microscope (405 nm
excitation with a 560 nm long pass filter) images of ZnTe/ZnS–CdTe/CdS NHSs. (h)
EDS spectrum of ZnTe/ZnS–CdTe/CdS NHSs. (i) Photoluminescence spectra of ss-
DNA functionalized ZnTe/ZnS nanowires (trace 1, bulk solution measurement by
afluorometer), ss-DNA functionalized CdTe/CdS core/shell QDs before self-
assembly with nanowires (trace 2, bulk solution measurement by fluorometer)
and a single NHS (trace 3, Lambda scan analysis from a single spot in a fluorescent
image of the nanowire with a confocal fluorescent microscope).
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shows the UV-vis absorption spectra of the ssDNA conjugated
ZnTe/ZnS nanowires with the onset of absorption around 650
nm (curve 1). The ss-DNA conjugated Au nanoparticles exhibi-
ted a characteristic surface plasmon peak at 520 nm (curve 2), as
did the self-assembled NHSs (curve 3). All the spectra show
obvious absorption around 260 nm, indicating the presence of
DNA. The absorption feature between 500–600 nm of the 1D–0D
NHSs reects the combined absorption of the semiconductor
nanowires and the metal nanoparticles. Aer subtracting curve
1 from 3, the Au surface plasmonic peak in the NHSs broadens
and displays a red shi, which is likely due to the small distance
between the Au nanoparticles in the NHSs. An absorption peak
at 355 nm is also present in curves 1 and 3, which might be
assigned to the ZnS shell encapsulating the ZnTe NWs.

To demonstrate the organizational power of our DNA-
directed assembly method in creating complex 1D–0D hetero-
structures, we went on to build 1D–0D semiconductor–semi-
conductor nanoheterostructures. The 0D CdTe/CdS core/shell
QDs were functionalized with ssDNA 50-T28-G*G*G*G*G*G-30

(50-TTT TTT TTT TTT TTT TTT TTT TTT TTT TG*G* G*G*G*G-
30) during shell growth (experimental details in ESI†).10 Aer
functionalization with ps–po DNA strands, the CdTe/CdS core/
shell QDs exhibit high stability against aggregation in an
aqueous solution with high salt concentration. Similar to the
DNA conjugated ZnTe/ZnS nanowires, the 5 sulfur atoms in the
backbone of the ps domain impart very high affinity to the core
CdTe QDs surface and may participate in CdS shell growth and
ultimately become embedded within the shell.

The directed assembly of 1D–0D nanowire–QD NHSs is
similar to the previously described assembly of nanowire–NP
NHSs. As depicted in Fig. 5b–e, S10 and S11,† the low-magni-
cation TEM, HRTEM and STEM images show that a 5 nm layer
of CdTe/CdS core/shell QDs surrounds the ZnTe/ZnS nanowires.
The STEM image of a single ZnTe/ZnS–CdTe/CdS NW–QD NHS
(Fig. 5c) conrms the successful formation of the 1D–0D
structure. An EDS study of these NHSs shows the presence of Zn
from the 1D ZnTe/ZnS nanowires, Cd from the CdTe/CdS core/
shell QDs, and P from the DNA (Fig. 5h), supporting the
formation of the NHSs. Confocal uorescent microscope anal-
ysis of the 1D–0D ZnTe/ZnS–CdTe/CdS NHSs show that these
NHSs are highly uorescent (Fig. 5f and g, S12–S15†). The
organic ligand capped ZnTe nanowires and ss-DNA conjugated
ZnTe/ZnS nanowires do not display any photoluminescence
(PL) (Fig. 5i, trace 1). The PL spectra of the ss-DNA conjugated
CdTe/CdS core/shell QDs exhibit the same maximum as that of
single 1D–0D heterostructures (curve 2 and 3). Therefore the
uorescence emission can be attributed to the CdTe/CdS core/
shell QDs bound to the NW surface. The wider emission peak
(obtained via Lambda scan) is due to the lower spectral reso-
lution (10 nm) of the confocal microscope than the uorometer
(1 nm). A control experiment using non-complementary DNA
strands displayed from the ZnTe/ZnS nanowires and CdTe/CdS
core/shell QDs conrms that the nanowires and the QDs remain
separated (Fig. S16†). Given that ZnS is a wide band gap semi-
conductor material that is generally used as a coating material
for II–VI, III–V, and other semiconductors, it is reasonable to
expect that many other semiconductor nanowires with various
This journal is ª The Royal Society of Chemistry 2013
compositions will be compatible with our DNA functionaliza-
tion strategy.
Conclusion

In summary, we demonstrated a facile and efficient strategy to
synthesize single-stranded DNA functionalized ZnTe/ZnS core/
shell nanowires compatible with the DNA-directed construction
of 1D–0D ZnTe/ZnS–Au NW–NP and ZnTe/ZnS–CdTe/CdS NW–

QD nanoheterostructures. This method affords us precise
control of hierarchical assembly, which is not limited by
synthetic challenges related to differences in crystalline phase
and spacing between the various materials. The thermal
reversibility of the DNA assembled semiconductor–metal NHSs
could be used to dynamically study the plasmon enhanced
absorption or photoluminescence, or alternatively, for the
construction of a biosensor. This work may open up opportu-
nities for DNA-directed construction of multiplex NHSs for
energy and biological applications.
Chem. Sci., 2013, 4, 2234–2240 | 2237
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Experimental section
Chemicals

Zinc nitrate tetrahydrate (Zn(NO3)2$4H2O, 99.8%), cadmium
nitrate tetrahydrate (Cd(NO3)2$4H2O, 99.8%), tellurium (Te,
powder, 200 mesh,$99%, powder), sulfur (S, 99.998% powder),
oleylamine (OAm, CH3(CH2)7CH]CH(CH2)8NH2, technical
grade, 70%), tributylphosphine (TBP, CH3(CH2)3]3P, 97%),
3-mercaptopropionic acid (MPA, HSCH2CH2CO2H, $99%),
isopropyl alcohol (IPA, 99%), sodium borohydride (NaBH4,
powder, $99%), hexane ($95%), methanol ($99.5%), and
rhodamine 101 (lem ¼ 589 nm, QY ¼ 100% in ethanol + 0.01
HCl) were purchased from Sigma-Aldrich and used without
further purication.

DNA sequences

Phosphorothiolated backbone modied ps–po-chimeric ssDNA
strands and thiolated ssDNA strands were purchased from
IDTDNA and used without purication. For ZnTe nanowires: 50-
AAA AAA AAA AAA AAA AAA AAA AAA AAA AG*G*G*G*G*G-30;
for 10 nm Au nanoparticles: 50-TTT TTT TTT TTT TTT TTT TTT
TTT TTT T/3ThioMC3-D/-30; for 5 nm CdTe/CdS core/shell
quantum dots: 50-TTT TTT TTT TTT TTT TTT TTT TTT TTT
TG*G*G*G*G*G-30; for control experiments: the ZnTe nano-
wires and 5 nm CdTe/CdS core/shell quantum dots were func-
tionalized with a random sequence: 50-G*G*G* G*G*T TTA GGA
GGA TAG TTC GGT GGC TGT TCA GGG TCT CCT CCT-30.

Synthesis of organic ligand capped ZnTe nanowires

The ZnTe nanowires were synthesized in organic phase as
following: rst, Te precursor solution was prepared in a glove
box, where 10 mmole of Te powder was mixed with 10 mL TBP
and stirred overnight at room temperature. Second, Zn–OAm
complex precursor solution was prepared by adding 12 mmole
(2.64 g) of Zn(AC)2 to 200 mL OAm; the mixture was held at
120 �C and stirred until a uniform mixture was formed. During
heating, the ask containing the mixture was switched between
N2 and vacuum several times to remove the O2 and H2O. Third,
6 mL TBP–Te precursor solution was swily injected into the
Zn–OAm precursor solution through a syringe with continuous
stirring at 120 �C. Aer injection, the reaction temperature was
raised to 250 �C at a speed of 15 �C per minute and the mixture
was maintained at this temperature for 3 hours. Next, the
reaction was stopped by injecting the hot reaction solution into
a mixture of methanol (3 equivalents), ethanol (3 equivalents),
and IPA (3 equivalents) at room temperature. The resulting
solid product was centrifuged at 2500 rpm 4 �C and re-dispersed
in hexane; this wash step was repeated three times. The nal
product was re-dispersed in hexane.

Ligand exchange of ZnTe nanowires

The ZnTe nanowires capped with long chain organic ligands
(OAm and TBP) were dispersed in nonpolar solvent hexane. To
make them water-soluble, the surface ligand is exchanged with
polar formamide, which is immiscible with hexane. In a typical
ligand exchange, 0.5 mg of ZnTe nanowires in 200 mL hexane
2238 | Chem. Sci., 2013, 4, 2234–2240
solution was mixed with 100 mL formamide. The mixture was
shaken and gently sonicated for about 2 min leading to a
complete phase transfer of ZnTe nanowires from the hexane to
formamide phase. The phase transfer was monitored by the
color changes in the hexane (light yellow to colorless) and the
formamide (colorless to light yellow) phases. The formamide
phase was isolated by carefully removing the upper hexane
layer. More washing steps were followed by the addition of more
hexane (formamide : hexane, 1 : 1 ratio), mixing by gentle
sonication, and removing the upper hexane layer. The nal
product was spun down and re-dispersed in 100 mL DI water.

Synthesis of ssDNA functionalized ZnTe/ZnS nanowires

The above water-soluble ZnTe nanowires (about 0.5 mg) were re-
suspended in 100 mL of DI water. To synthesize ZnTe/ZnS core/
shell nanowires, rst, 5 mL Zn2+ stock solution (25 mM) and 10
mL MPA stock solution (25 mM) were combined with the ZnTe
NWs, vortexed and gently sonicated in a 1.5 mL plastic tube.
The ZnTe NWs are expected to act as the core and seed for ZnS
shell growth. Next, 50 mL of 50-AAA AAA AAA AAA AAA AAA AAA
AAA AAA AG*G* G*G*G* G-30 oligonucleotide stock solution
(100 nM) was added and the solution was gently vortexed. The
pH was tuned to 12.2 by adding NaOH (1 M). The reaction
mixture was placed on a heating block at 90 �C for 40 minutes,
and then cooled down by submerging the tube in a water bath at
room temperature. The reacted solution was spun down using
centrifugation at 7000 rpm for 3 minutes. The washing (each
washing was performed with 1� PBS buffer) and centrifugation
steps were repeated four times. The nal product was re-
dispersed in 100 mL 1� PBS aqueous buffer.

Synthesis of ssDNA functionalized Au nanoparticles

The DNA functionalization of 10 nm Au nanoparticles was
based on the protocol developed by Liu et al.11 with modica-
tions. Briey, 1 mL 10 nm Au nanoparticles (Ted Pella Inc.) were
centrifuged at 15 000 rpm for 30 min and the supernatant was
carefully removed with a pipette. The Au nanoparticles were
then re-suspended in a 0.1 mL solution of DI water. The
concentration of the Au nanoparticles was estimated from the
optical absorbance at �520 nm (with typical OD � 0.1). Mean-
while, the disulde bond in the thiol-modied oligonucleotides
was reduced to monothiol using (tris(2-carboxyethyl)phos-
phine) (TCEP, 20 mM, 1 h) in water. The oligonucleotides were
puried using size exclusion columns (G-25, GE Healthcare) to
remove small molecules. The freshly reduced monothiol
modied oligonucleotides were then mixed with Au nano-
particles in citrate buffer at pH � 3 at a molar ratio � 200 : 1.
Then, the mixture was gently sonicated at room temperature for
10 minutes. Aer that, the Au nanoparticles were fully covered
by thiolated DNA. The reacted solution was loaded into a 0.5 mL
Amicon lter (MWCO 30 kDa), 250 mL 1� PBS buffer water was
added to the lter, and the ssDNA–Au nanoparticle conjugates
were subjected to centrifugation at 7000 rpm for 3 minutes. The
washing (each washing was performed with 350 mL of DI water)
and centrifugation steps were repeated four times. The
concentration of these Au nanoparticle–DNA conjugates was
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3sc00065f


Edge Article Chemical Science

Pu
bl

is
he

d 
on

 1
4 

M
ar

ch
 2

01
3.

 D
ow

nl
oa

de
d 

by
 N

at
io

na
l D

on
g 

H
w

a 
U

ni
ve

rs
ity

 L
ib

ra
ry

 o
n 

28
/0

3/
20

14
 1

5:
19

:5
2.

 
View Article Online
estimated from the optical absorbance at �520 nm. The nal
product was re-dispersed in 100 mL 1� PBS aqueous buffer. The
as-prepared DNA conjugated Au nanoparticles did not precipi-
tate in 1 � PBS buffer aer more than six months. This high
stability makes them suitable for self-assembly with the semi-
conductor nanowires in the next step.

Synthesis of ssDNA functionalized CdTe/CdS core/shell
quantum dots

The functionalization of 5 nm CdTe/CdS quantum dots with
DNA was performed according to our recently published pro-
tocol.10a First, small-sized (1.6 nm) CdTe QDs with a photo-
luminescence emission peak at 480 nm were synthesized. The
diameter of the resulting CdTe QDs was �1.6 nm. These small
QDs were puried by adding IPA (1 : 1 in volume ratio), followed
by centrifugation at 15 000 rpm for 15 minutes and were
subsequently re-dispersed in DI water. The concentration of the
core CdTe QDs and amount of additional shell precursor to
obtain specic shell thicknesses were calculated following a
reported method.12 To synthesize 5 nm core/shell QDs with
1.6 nm CdTe core diameter (0.25 nM in 100 mL DI water) and
6 layers of CdS shell, 5 mL Cd2+ stock solution (25mM) and 10 mL
MPA stock solution (25 mM) were combined with the core,
vortexed and gently sonicated in a 1.5 mL plastic tube. Next, 50
mL of 100 nM T28-G5ps strands (50-TTT TTT TTT TTT TTT TTT
TTT TTT TTT TG*G* G*G*G* G-30) was added and gently vor-
texed. The molar ratio of QD : oligonucleotide was approxi-
mately 1 : 200. The pH was tuned to 12.2 by adding NaOH (1 M).
The reaction mixture was placed on a heating block at 90 �C for
45 minutes, and then cooled down by submerging the tube in a
water bath at room temperature. The reacted solution was
loaded into a 0.5 mL Amicon lter (MWCO 30 KD), 250 mL 1�
PBS buffer was added to the lter, and the sample was subjected
to centrifugation at 7000 rpm for 3 minutes. The washing (each
washing was performed with 350 mL of 1� PBS buffer) and
centrifugation steps were repeated four times. The nal product
was re-dispersed in 100 mL 1� PBS aqueous buffer. As shown in
Fig. 5a, the diameter of the CdTe/CdS quantum dots is about
5 nm with a emission peak around 660 nm (see Fig. 5h, curve 2).

DNA directed self-assembly of 1D–0D ZnTe/ZnS–Au NW–NP
and ZnTe/ZnS–CdTe/CdS NW–QD nanoheterostructures

1� phosphate buffered saline (PBS) buffer (150 mM NaCl, 0.1
mM ethylene diamine tetraacetic acid (EDTA), 20 mM sodium
phosphate, pH � 7.4) was used for DNA directed self-assembly.
For self-assembly of 1D–0D NW–NP NHSs, 10 mL of ZnTe/ZnS
nanowires (about 0.05 mg, estimated to be �18 pM, conjugated
with 50-A28-G*G*G*G*G*G-30) were mixed with 10 mL of 10 nM
Au nanoparticles (conjugated with 50-T28/3ThioMC3-D/-30,
estimated from the OD ~1.0 at 520 nm) in 1� PBS buffer, and
the mixture was heated to 37 �C and cooled to 25 �C in 2 hours
to allow complete DNA hybridization to form NHSs. For self-
assembly of 1D–0D NHSs, 10 mL of ZnTe/ZnS nanowires (about
0.05 mg, conjugated with 50-A28-G*G*G*G*G*G-30) were mixed
with 10 mL of 10 nM CdTe/CdS core/shell QDs (conjugated with
50-T28-G*G*G*G*G*G-30) in 1� PBS buffer, and the mixture was
This journal is ª The Royal Society of Chemistry 2013
heated to 37 �C and cooled to 25 �C in 2 hours to allow complete
DNA hybridization to form NHSs.

Characterizations

Ultraviolet-visible (UV-vis) absorption spectra were recorded at
room temperature with a JASCO-V670 spectrophotometer.
Photoluminescence (PL) spectra were measured at room
temperature using a NanoLog spectrometer manufactured by
HORIBA Jobin Yvon equipped with a thermoelectric cooled PMT
(R928 in the range 200 nm to 850 nm). Fourier transform
infrared spectroscopy was measured with a Thermo Nicolet
6700 FTIR (Thermo Fisher Scientic, MA) equipped with Smart
orbit (a diamond single-bounce ATR accessory). Raman scat-
tering spectroscopy was taken from a WITEC CRM200 Confocal
Raman microscope system with a 532 nm laser as the excitation
source. The confocal uorescent images were collected by a
Plan-Neour 40� /1.3 oil DIC using a S3 Zeiss LSM 510 laser
scanning microscope (Carl Zeiss, Gottingen, Germany) con-
nected to a LSM510 laser module with laser HeNe488 (for
uorescence image) and HeNe633 (transmitted light image).
The emission lter for uorescence is LP560. Fluorescence was
recorded as square 8 bit images (512 � 512 pixels). High-reso-
lution transmission electron microscopy (HRTEM), high angle
annular dark eld scanning transmission electron microscopy
(HAADF-STEM), and energy dispersive X-ray spectroscopy (EDS)
were performed on a JEOL JEM 2010F electron microscope
operating at 200 kV. Scanning electron microscopy (SEM) was
performed using silicon as the sample substrate on a FEI FIB/
SEM Nova 200 NanoLab.
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