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Abstract In this work, large-scale and single-crystalline
ZnO nanotubes were fabricated by a simple technique from
an aqueous solution at a low temperature of 65 °C.
According to detailed morphology, structural and compo-
sitional analyses showed that the ZnO nanotubes [diameter
~200 nm (wall thickness ~50 nm); length ~1 µm] have
single-crystallite with wurtzite structure. As-prepared ZnO
nanotubes showed an effective fluorescence quenching for
the detection of calf thymus DNA. In particular, increasing
DNA concentrations (5–50 µM) into the fixed concentration
of ZnO nanotubes (50 µM) progressively quenched the
intrinsic fluorescence of nanotubes, which showed that the
nanotubes fluorescence was efficiently quenched upon
binding to DNA. At the highest ZnO-DNA molar ratios of
1:1.8, around 50.1 % of fluorescence quenching of DNA
was observed. Significance of this study provides simple,
cost-effective, and low temperature synthesis of ZnO
nanotubes revealed better fluorescence property toward a
platform of DNA sensor.

Graphical Abstract ZnO nanotubes with diameter of
~200 nm (wall thickness ~50 nm) and length of about 1 µm
prepared at low temperature (65 °C) showed fluorescence
was efficiently quenched upon binding to DNA. In parti-
cular, around 50.1 % of DNA fluorescence quenching at the
highest ZnO-DNA molar ratios of 1:1.8 was observed.
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1 Introduction

The existence and quantity of biological markers including
carbohydrates, proteins, and DNA are often essential signals
of some specific disease states and physiological processes,
and have a unique advantage in that they may be used for
the precise and sensitive warning of damage at low levels
[1]. Numerous applications of DNA detection have been
found in gene expression pro-filing, clinical disease diag-
nostics and treatment, it is thus extremely important to
develop rapid, cost-effective, sensitive and precise detection
methods [1]. The increasing accessibility of nanostructures
has produced extensive interest in their diagnostic applica-
tion [2, 3] and a diversity of nanostructures has been suc-
cessfully used for this purpose [4]. Many efforts have been
made to developing fluorescence assays based on fluores-
cence resonance energy transfer (FRET) or quenching
mechanism for nucleic acid detection [5]. The use of
nanostructure as a “nanoquencher” has a notable advantage
in that the same nanostructure can quench dyes of different
emission frequencies, consequently, the selection issue of a
fluorophore–quencher pair is eliminated from the
nanostructure-involved system [5, 6].

Nowadays, one-dimensional (1D) nanostructures
including nanorods, nanowires, nanobelts, and nanotubes
attracted enormous interest [7–11] for the fabrication of
nanoscale devices. Zinc oxide (ZnO) with a wide energy
bandgap of 3.37 eV and large exciton binding energy of
60 meV at room temperature is a remarkably significant
semiconductor, and has attracted enormous consideration
[12]. Among the 1D nanostructures of ZnO, tube-shaped
ZnO crystals have paying attention due to advantages of
their larger specific surface area (SSA) with special hollow
structure than that of other crystal shapes. Therefore, the
tube-shaped ZnO used various applications such as dye-
sensitized solar cells (DSSCs), sensors, catalysts, and

hydrogen storage [13], optoelectronics, sensors, transdu-
cers, and biomedical devices [14].

Several methods were developed to prepare ZnO nano-
tubes, such as hydrothermal [15–17], template-based
growth [18], thermal evaporation [19], plasma-molecular
beam epitaxy [20], and metalorganic chemical vapor
deposition [21]. Though, to realize low temperature growth
of ZnO nanotubes with controllable sizes and dimensions
for large scale production is still a challenge. In comparison
with other synthesis methods to obtain ZnO nanotubes, low-
temperature synthesis in solution form has been realized
because of its simplicity [22]. Ki-Woong Chae et al. [23]
reported that nanotubes were formed when the solution was
first heated at 90 °C for 3 h followed by cooling down to 60
and 50 °C and maintained for 20 h. They showed that a
drastic transformation of all of the ZnO nanorods to ZnO
nanotubes was observed. This shape transformation sug-
gests that a decrease in the reaction temperature might be
one of the key features which affected the ZnO crystal
morphology resulted to nanotubes. However, they have
designed another experiment to see the formation of the
ZnO nanotubes by decreasing the growth time and tem-
perature. In that synthesis, firstly ZnO-seeded substrate was
used to grow nanocrystals at 90 °C for 3 h and then at 60 °C
for 5 h, which resulted to only nanorods. In Vayssieres et al.
[24] report, the formation of ZnO microtubes was explained
on the behalf of a selective dissolution of the metastable
polar (001) face of the ZnO microrods. According to their
aging mechanism, 2 days were required to convert ZnO
nanotubes from nanorods.

As compared with the Ki-Woong Chae et al. [23], low
growth temperature of 65 °C and short reaction time of 2 h
were used in the present work for the growth of highly
crystalline ZnO nanotubes. And, long-term aging process is
not required as it is necessary in Vayssieres et al. experi-
ment [24]. Also, heating the solution at 90 °C for 3 h is
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not required to form ZnO nanorods and to transform to
nanotubes which make the synthesis procedure more com-
plex. In contrast to other methods, wet chemical route
offers the advantage of low cost, low processing tempera-
tures, potential for high quality nanostructures. The proce-
dure employed in this work was simpler than
established methods, since the starting solution consisted
of zinc nitrate precursor and HMT was prepared in deio-
nized water as the solvent. In this work, ZnO nanotubes
were synthesized via a low temperature (65 °C) wet che-
mical method using water as a solvent which is more
environment friendly and cheaper than other solvent. These
nanotubes were successfully used for fluorescence
quenching DNA detection.

2 Materials and methods

The fabrication procedure consists of two steps: (a) pre-
paration of seeds (nanoparticles) and (b) growth of nano-
tubes. In the first step, a seed solution was prepared by
mixing 0.03M sodium hydroxide in methanol, and 0.01M
zinc acetate in ethanol in a round-bottom flask at 70 °C for
2 h, when a white suspension of ZnO seeds was obtained. In
the second step, a 5 ml suspension of ZnO seeds was added
to an aqueous solution of hexamethylenetetramine (0.035M)
in another flask and heated to 65 °C. Then, an aqueous
solution of zinc nitrate (0.5M) was slowly injected into the
flask with vigorous stirring, and the reaction was kept at 65 °C
for 2 h. Finally, as-prepared ZnO nanotubes were thoroughly
washed with deionized water, and dried in air at 80 °C for
24 h before characterization.

The phase purity of the as-obtained product was char-
acterized by X-ray diffraction using a Phillips X’pert (MPD-
3040) X-ray diffractometer with Cu Kα radiations of
1.5406 Å operated at a voltage of 40 kV and a current of
30 mA. Morphological images were obtained using field-
emission scanning electron microscopy (FESEM) by MIRA
II LMH microscope. The elemental composition of ZnO
was determined by energy dispersive X-ray spectroscopy
(EDX, Inca Oxford, attached to the FESEM). Transmission
electron microscopy (TEM) micrographs, selected area
electron diffraction (SAED) pattern and high-resolution
transmission electron microscopy (HRTEM) images were
obtained using a FE-TEM (JEOL/JEM-2100F version)
operated at 200 kV. To prepare samples for TEM examina-
tion, ZnO nanotubes were dispersed in an ethanol solution,
followed by an ultrasonic treatment for 10min. A minute
drop of ZnO suspension was cast onto a carbon-coated
copper grid with subsequent drying in air before transferring
it to the microscope. In order to perform the phonon vibra-
tional study of the ZnO nanotubes, micro-Raman spectro-
meter (NRS-3100) was used with a 532 nm solid-state

primary laser as an excitation source in the backscattering
configuration at room temperature. Room temperature optical
absorption spectra were recorded in the range of 200–800 nm
using a UV-vis spectrophotometer (Agilent-8453). Fourier
transmission infrared (FTIR) spectra of the powders (as
pellets in KBr) were recorded using a Fourier transmission
infrared spectrometer (Nicolet Impact 410 DSP) in the range
of 4000–400 cm–1 with a resolution of 1 cm–1.

The fluorescence quenching titration at increasing ZnO
nanotubes to ctDNA molar ratios has been performed in a
continuous manner. Briefly, to a fixed concentration of ZnO
nanotubes (50 μM), increasing concentrations of ctDNA
(5–50 μM) were added in 10 mM Tris-HCl buffer at ambi-
ent temperature. Fluorescence measurements were carried
out on a Shimadzu spectrofluorophotometer, model
RF5301PC equipped with RF 530XPC instrument control
software, using a quartz cell of 1 cm path length. The
excitation and emission slits were set at 3 and 10 nm,
respectively. The excitation and emission wavelengths at
which the fluorescence of ZnO nanotubes recorded were
330 and 520 nm, respectively. At this wavelength range,
ctDNA alone does not exhibit fluorescence. Fluorescence
quenching in terms of the quenching constant was deter-
mined following the Stern–Volmer Equation [25]. The
slope of the double-logarithm plot (Log [(Fo–F)/ (F–F∞)] vs
Log [ctDNA] in linear range provided the number of
equivalent binding sites (n) however, the value of Log
[ctDNA] at Log [(F0–F)/(F–F∞)] = 0 is equal to the negative
logarithm of the binding constant (Ka) [26].

3 Results

XRD pattern of as-prepared ZnO is shown in Fig. 1,
indexed as the pure hexagonal phase of ZnO and in good
agreement with the reported data (JCPDS, 89–1397). It is
clear from the XRD pattern that the prepared ZnO has a
single-phase nature with a wurtzite structure. Further,
absence of diffraction peaks related to any other impurities
and the sharpness of the peaks related to ZnO indicated that
the prepared ZnO nanotubes have high crystallinity.

Figure 2a, b shows the FESEM images of ZnO nano-
tubes synthesized by low temperature route. Figure 2a
clearly shows that the as-synthesized ZnO are consisted of
tube like morphology which is homogeneously dispersed
without any aggregation. The nanotubes have mean dia-
meter, wall thickness, and length of about 200, 50, and
1 µm, respectively. Inset of Fig. 2b shows an enlarged
FESEM image of a single nanotube where the clear hex-
agonal phase of ZnO nanotubes is visible.

Additional morphological characterization is accom-
plished through the TEM fitted with the SAED, as shown in
Figs. 2c, d. Figure 2c shows the typical TEM image of ZnO
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nanotubes. It is worth noting from TEM images that the
tubes were hollow (Fig. 2c). To confirm the crystal quality
and growth direction, Fig. 2d shows a representative TEM
image of a single ZnO nanotube. The end of the ZnO
nanotube is hollow as shown in the TEM image. The detailed
atomic structure of ZnO nanotubes was characterized via
HRTEM. The HRTEM image in the inset of Fig. 2d shows
that the ZnO nanotubes are well crystalline with an interlunar
distance of about 0.267 nm, which corresponds to the dis-
tance between the (002) planes in the ZnO crystal lattice.
Moreover, the selected area electron diffraction (SAED)
patterns of the ZnO nanotubes (Inset of Fig. 2d) is indexed to

hexagonal ZnO, indicating that ZnO nanotubes are single
crystalline and have growth along [0001] direction.

Generally, the wurtzite ZnO crystal has two polar planes,
i.e., the (001) and (001–) planes. These two planes have
high surface energy and are metastable, while the nonpolar
planes parallel to the c-axis are the most stable planes and
have a lower surface energy [24]. The growth rate of the
polar (001) plane (the top plane of ZnO) is faster than that
of the nonpolar planes (the lateral planes of ZnO). The
following reactions might take place during the develop-
ment of ZnO nanotubes:

C6H12N4 þ 6H2O ! 6HCHOþ 4NH3 ð1Þ

Zn2þþ 4NH3�H2O ! Zn NH3ð Þ4
� �2þþ 4H2O ð2Þ

Zn NH3ð Þ4½ �2þþ 3H2O $ ZnO sð Þ þ 2NH3�H2Oþ NH4
þ

ð3Þ
In the beginning of the reaction scheme, the growth units

in the solution near the surface of ZnO nuclei, are possibly
adsorbed on the positive polar face of the (0001) surface,
which resulted to the quicker growth along the [0001]
direction, thus, ZnO nanorods were formed [27]. The
selective deposition of colloidal Zn(OH)2 at the edge of the
(001) plane of ZnO nanorods resulting in the formation of
ZnO nanotubes.

A series of exciting phenomenon were noted in succes-
sive tests by varying the growth time and temperature. The
testing was intended initially to grow ZnO nanorods atFig. 1 XRD pattern of ZnO nanotubes prepared at low temperature

Fig. 2 FESEM images a low
magnification, b high
magnification of ZnO
nanotubes. c TEM image of
nanotubes in large area, d single
nanotube, and insets show
corresponding SAED and
HRTEM images
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100 °C for 2 h, and then was cooled down. Figure 3a shows
the FESEM image of ZnO grown at 100 °C for 2 h and
nanorods can be clearly seen. The ZnO grown at 100 °C for
1 h also possess rod like structure in flower shaped
arrangement (Fig. 3b). Interestingly, ZnO grown at 85 °C
produced mixed morphology of nanotubes and nanorods as
shown in Fig. 3c. However, as shown in Fig. 2, tube-shaped
ZnO nanocrystals were formed for the samples that were
grown at 65 °C for 2 h. This behavior implies that the key
factors that changed ZnO crystal morphology is the reduc-
tion in the reaction temperature.

A mechanism of the formation of ZnO nanotubes might
be suggested as follows: The ZnO nanorods are formed at a
relatively high temperature (85 and 100 °C), where the
reaction solution is enriched with colloidal Zn(OH)2 and
thus permit a fast growth of ZnO nanocrystals along the
[001] orientation to form nanorods [28]. A low temperature
(65 °C) reaction yields a supersaturated reaction solution,
resulting in an increase in the concentration of OH− ions in
the solution. Colloidal Zn(OH)2 in the supersaturated
solution tends to precipitate continually. However, due to a
slow diffusion process in view of the low temperature and
low concentration of the colloidal Zn(OH)2, the growth of
nanorods is restricted but might still occur at the edge of the
nanorods due to the attraction of accumulated positive
charges to those negative species in the solution, finally
leading to the formation of ZnO nanotubes. Thus, the
competition between the change of surface energy and
growth rate dictated by the temperature can be assumed to
lead to the ZnO tube structure.

In order to provide additional information on the optical
properties of the as-synthesized sample, the Raman

scattering measurements were used to investigate the
vibrational properties of the ZnO nanotubes at room tem-
perature. The Raman spectra are sensitive to the crystal
quality, structural defects and disorders of the grown pro-
ducts. It is well known that the wurtzite structure ZnO
belongs to the C4(P63mc) symmetry. On the prediction of
group theory, the existence of the following optical modes
at the Γpoint of the Brillion zone: Γopt =A1 + 2B1 + E1 +
2E2. A1 and E1 modes are polar and therefore split into
transverse and longitudinal optical (TO and LO) compo-
nents. The two are both Raman active and infrared active.
The nonpolar phonon E2 modes with symmetry are Raman
active only, which have two frequencies, E2

high is asso-
ciated with oxygen atoms and E2

low is associated with Zn
sublattice, and the B1 modes are infrared and Raman inac-
tive (silent modes). In addition, in an ideal backscattering
configuration, A1 (TO), A1 (LO), E1 (TO), and E2 modes
are allowed in first-order Raman scattering when the inci-
dence direction with respect to the crystal axis is not defined
[29]. The typical room temperature Raman spectrum of the
ZnO nanotubes in the range 100–800 cm−1 is shown in
Fig. 4. The spectrum shows a sharp, strong and dominant
E2

high mode of ZnO located at 437 cm−1, which is the
intrinsic characteristic of the Raman-active mode of wurt-
zite hexagonal ZnO [30]. This result is in good agreement
with the XRD analysis. The peak at 334 cm−1 could be
assigned to the E2

high−E2
low, while the peak at 385 cm−1

correspond to A1(TO) phonon modes. It is generally
accepted that the E1 (LO) is related to the formation of
defects in ZnO. The peak at 584 cm−1 is contributed by the
E1(LO) mode of ZnO associated with the formation of
defects such as oxygen vacancies or other defect states.

Fig. 3 FESEM images of ZnO
grown at a 100 °C for 2 h,
b 100 °C for 1 h, and c 85 °C
for 2 h
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Therefore, the appearance of E1 (LO) indicated that oxygen
vacancies or Zn interstitials presented in the as-prepared
ZnO nanotubes.

The chemical composition of ZnO nanotubes was
further supported by FTIR spectrum as shown in Fig. 5.
The FTIR spectra of ZnO nanotubes show main absorption
bands near 3422 cm−1 represent O–H mode, those at
2900 cm−1 are C–H mode, band arising from the
absorption of atmospheric CO2 on the metallic cations at
2325 and 1400–1650 cm−1 are the C=O stretching mode.
The double absorption band at 439, and 520 cm−1 are
assigned to Zn-O consistent with the formation on inorganic
ZnO nanotubes [31].

UV–vis absorption spectrum as shown in Fig. 6, is car-
ried out to evaluate the potential optical properties of the as-
prepared ZnO nanotubes. The absorption spectrum of ZnO
nanotubes show well-defined exciton band at ~375 nm
which is red shifted by ~2 nm relative to the bulk exciton
absorption (373 nm) of ZnO [32]. The red shift in the ZnO
nanotube reflected a decrease in the bandgap of the semi-
conductor, indicating the formation of nanoscale ZnO
material with similar optical properties to those reported in
literature for ZnO nanostructures, nanowires, and nanobelts
[33–35]. A band gap of ∼3.30 eV was obtained which is
slightly smaller than the well known band gap of 3.37 eV
for macrocrystalline ZnO [36, 37].

4 Discussion

The high isoelectric point (IEP) of ZnO provides a platform
to immobilize DNA having low isoelectric point through
electrostatic interaction. Several reports are available in
literature using ZnO for biosensing purposes like, Satriano
et al. [38] has reported utilization of ultrathin and nanos-
tructured ZnO based films for fluorescence biosensing;

Khun et al. [39] has utilized ZnO nanorods and thin films
for biosensing applications and ZnO/Chitosan hybrid
nanostructure based biosensor was developed by Zhao et al.
[40]. ZnO nanotubes provide desirable platform for DNA to
immobilize with better orientation thus, giving good stabi-
lity and improved electron transfer kinetics.

Interactions of ZnO nanotubes with DNA were studied
by monitoring the changes in the intrinsic fluorescence of
ZnO nanotubes at varying the concentrations of DNA.
Figure 7a shows the fluorescence emission spectra of ZnO
nanotubes (50 µm) with the varying concentration of DNA
(5–50 µm; interval of 5). Absence of DNA, ZnO nanotubes
exhibit an emission maximum at 530 nm. Presence of DNA
with increasing concentrations to the fixed concentration of
ZnO nanotubes progressively quenches the intrinsic fluor-
escence of nanotubes, which shows that the nanotubes
fluorescence was efficiently quenched upon binding to
DNA.

A quantitative estimation of the quenching in terms of
the fluorescence-quenching constant (Ksv) was analyzed

Fig. 4 Room temperature Raman spectrum of ZnO nanotubes Fig. 5 FTIR spectrum of ZnO nanotubes

Fig. 6 UV-visible absorbance spectrum of ZnO nanotubes
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using the Stern–Volmer equation [25]:

F0
F

¼ 1þ Ksv DNA½ � ð4Þ

Where F0 and F are the fluorescence intensities in the
absence and presence of DNA, respectively, Ksv is the
Stern–Volmer quenching constant, which is a measure of
the efficiency of quenching by DNA. The titration data were
used to construct a plot of F0/F vs [DNA] and shown in
Fig. 7b, and the quenching constants were obtained from
the slope of the Stern–Volmer plot. The Ksv for ZnO
nanotubes was determined for the data points falling in the
linear range and the Ksv calculated was found to be 1.90 ×
104 M−1 (r2= 0.99). The plot of F0/F vs. [DNA] drawn for
ZnO nanotubes showed a linear behavior (Fig. 7b), which
suggest that the quenching occurs, either static or dynamic
quenching. The results exhibit around 50.1 % of DNA
fluorescence quenching at the highest ZnO-DNA molar
ratios of 1:1.8. Moreover, when the molecules bind inde-
pendently to a set of equivalent sites on a macromolecule,
the equilibrium between free and bound molecules is given
by the equation mentioned below [26]:

Log F0 � Fð Þ=F½ � ¼ logKa þ nlog Q½ � ð5Þ
Where Ka is a binding constant, n is the number of

binding sites. Thus, a plot of log (F0−F)/F vs log [DNA]
(Fig. 7b) can be used to determine Ka and n. The slope and
intercept of the double-logarithm plots in linear range
obtained from the experimental data of ZnO nanotubes
indicated the number of equivalent binding sites (n) and

association constant (Ka). The Ka and n values for binding
with DNA were determined to be 1.6 × 104 M−1 and 1. 2 (r2

= 0.99). Consequently, from these results ZnO nanotubes
prepared by low temperature route can be used as a potent
platform for fluorescence quenching-based bimolecular
detection assays.

The interaction of DNA with ZnO nanotubes can be well
understood by the theoretical calculations using self-
consistent-charge density-functional tight-binding (SCC-
DFTB) method reported by Supriya et al. [41]. They
showed that the calculated binding energy order and the
interaction strength of DNA are dependent on the nature of
the nanoparticle surfaces and also different for various
morphology. In most of the cases ZnO prefers to bind either
through the top site of the nucleobases or with the ring
nitrogen atom having a lone pair relative to other binding
sites of the bases. For nanotubes the curvature of the tube
plays an important role in determining the electronic
structure of the systems. Consequently, to examine the
curvature effect on the adsorption of base molecules on
ZnO nanotubes and they considered three single walled
(SW) zig-zag ZnO nanotubes with the diameters of 1.10,
3.31, and 4.41 nm. The optimized bond lengths of Zn–O
bonds in bare ZnO nanotubes were 1.88 and 1.91 Å. After
adsorption of base molecules on the nanotubes surface, the
Zn–O bond lengths varied from 1.88 to 1.97 Å. They con-
sidered all possible interaction sites of base molecules with
ZnO nanotubes. They showed that for high curvature ZnO
nanotubes the energetically most preferable interaction of
the DNA to the nanotubes takes place through N-site

Fig. 7 Fluorescence spectra of ZnO nanotubes in the absence and
presence of various concentrations of DNA; a emission spectra of ZnO
nanotubes (50 µm) with varying DNA concentrations (5–50 µm;

increasing trend from a-k), b exhibits the binding isotherm of log
(F0−F)/F vs. log (DNA)
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whereas for low curvature nanotubes take place through top
site. So they concluded that the stability order very much
depends on the nanotubes curvature. From the band edge
wave function analysis they found that both valance band
(VB) and (CB) of pristine ZnO nanotubes was delocalized
over the whole nanotubes surface and independent on
both diameter and the curvature of the nanotubes. But
when base molecule was adsorbed on ZnO nanotubes sur-
faces then CB was localized on the base molecules and
the VB was delocalized over the nanotubes. When the
diameter of the nanotubes was small i.e curvature was high
then VB was delocalized over the whole nanotubes surface
but they found that for nanotubes of lower curvature, VB
became localized over a particular region of nanotubes, in
particular to the region close to where nucleobases were
absorbed.

5 Conclusion

In summary, a simple and cost-effective method was
developed for synthesize ZnO nanotubes at low temperature
(65 °C). The XRD, Raman, FTIR, HRTEM, and SAED
patterns confirmed the formation of wurtzite hexagonal with
single crystalline ZnO nanotubes. ZnO nanotubes exhibited
the red-shifted absorption at ~375 nm examined by UV–vis
absorption. As-prepared ZnO nanotubes have been proven
to be an effective sensing platform toward fluorescence
quenching for the detection of DNA. This simple and low-
cost process of ZnO nanotubes growth provides a promising
route to prepare an effective DNA sensor and can be used as
a universal strategy for DNA detection.
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