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TTE DNA–Cu NPs: enhanced fluorescence and
application in a target DNA triggered dual-cycle
amplification biosensor†

Guangfeng Wang,* Jing Wan and Xiaojun Zhang *

A crowded TTE DNA structure for the preparation of Cu NPs with

enhanced fluorescence was prepared and applied for the ultrasen-

sitive detection of target DNA.

Biotemplated metallization has drawn increasing attention for
the construction of nanoscale assemblies and hybrid structures
because of their specific applications in fluorescence, catalysis,
biological labeling and optical sensing.1 Due to its unique nanosized
structure, excellent programmable properties, and rich functional
groups including heterocyclic nitrogen atoms, amino groups, and
phosphate groups, deoxyribonucleic acid (DNA) represents a particu-
larly good biotemplate candidate, which can bind with specific metal
ions and provide nucleation sites for the growth of metallic nano-
particles. Recently, DNA templated fluorescent nanomaterials as
sensitive reporters have been investigated, such as DNA templated-
gold nanoclusters (Au NCs),2 -silver nanoclusters (Ag NCs)3 and -Cu
nanoparticles (Cu NPs).4 Among them, DNA-templated Cu NPs (DNA–
Cu NPs) have attracted considerable attention as fluorescent probes in
biosensing for the advantages of label-free operation, good biocom-
patibility, low-cost, ease of preparation, low-toxicity and excellent
fluorescence properties.5 Since the discovery of fluorescent DNA–Cu
NPs in 2010,4a the fluorescent DNA–Cu NPs have gained much
progress and fall into two major categories according to the DNA
template used. The first one is double stranded DNA–Cu NPs (ds
DNA–Cu NPs) first prepared by Mokhir et al.4a They used random ds
DNA as an efficient template to prepare fluorescent Cu NPs with a low
concentration of CuSO4. Thereafter, several research studies on
fluorescent Cu NPs with various ds DNA templates to enhance the
fluorescence have been reported. By introducing the rolling circle
amplification (RCA) mechanism, Wang and co-workers developed a
novel long concatemeric ds DNA as a template for the preparation of
Cu NPs with enhanced fluorescence properties, which were further

applied to detect microRNA.6 By combining with the hybridization
chain reaction (HCR), another novel long chain ds DNA as a template
for fluorescent Cu NPs was explored, and the fluorescence has been
efficiently amplified for label-free and ultrasensitive sensing of a series
of analytes.7 Further, Qu’s group has successfully applied the fluores-
cence enhanced Cu NPs on HCR engineered ds DNA templates in a
novel enzyme-free amplified platform for the selective and quantita-
tive detection of cancer cells and microRNA.8 Besides elongation of
the chain length of ds DNA, the regulation of the sequences to
enhance the fluorescence of Cu NPs has also been studied. Ouyang’s
group in 2015 discovered that, compared with random ds DNA,
increasing the pairs of adenine–thymine (AT) sequences could
enhance the fluorescence of the ds DNA–Cu NPs.9 Despite the
development of Cu NPs with various ds DNA templates including
random-, RCA-, HCR-, AT base-based ds DNA, etc., the enhancement
of the fluorescence efficiency of ds DNA–Cu NPs is still limited.

The second category of fluorescent DNA–Cu NPs is templated on
single stranded DNA (ss DNA) with polythymine (polyT), first devel-
oped by Wang and co-workers in 2015.10 They proposed a novel single
strand polyT ss DNA template, realizing the controllable preparation
of Cu NPs in which the size of Cu NPs was dependent on the length of
polyT. The polyT ss DNA templated Cu NPs (polyT–Cu NPs) exhibit
more highly efficient fluorescence and their mega-Stokes shift was
more advantageous for the removal of interference from background
signals of the complex source than ds DNA–Cu NPs.9 Based on the
results of Wang’s group, the vast majority of research focuses on the
exploration of polyT–Cu NPs as fluorescent probes in biosensors. For
example, Qing’s group developed a novel fluorescence strategy for a
hydrogen peroxide assay using polyT–Cu NPs as probes.11 Ou’s group
reported polyT–Cu NPs as effective fluorescent probes to develop a
simple and sensitive fluorescence assay for trypsin, cytochrome c
(Cyt c) and Pb2+.12 Wang’s group also proposed polyT–Cu NPs as
fluorescent probes for thiol-containing drug, Hg(II) ion and protein
detection.13 A very recent study and application of the polyT–Cu NP
probe also included the sensing of alkaline phosphatase (ALP) in real
samples by Dai’s group.14 (The development and application of
fluorescent ds DNA or polyT ss DNA templated Cu NPs are summar-
ized in Table S1 (ESI†).)
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Generally, these works utilized the excellent fluorescence proper-
ties of polyT–Cu NPs to fabricate a series of novel biosensors.
However, little work has been reported on strengthening the fluores-
cence intensity of polyT–Cu NPs, except for a recent work of Lu’s
group in 2016.15 In their work, to increase the efficiency of fluor-
escent polyT–Cu NPs, they explored a novel hairpin DNA as a
template which is a ‘‘hybrid’’ of ds DNA and polyT ss DNA. Despite
the improvement of the fluorescence of Cu NPs at 615 nm, which
may have originated from polyT–Cu NPs, there existed some limita-
tions such as the effect of fluorescence at 580 nm from ds DNA–Cu
NPs and the embarrassment of different incubation times of ds DNA
and ss DNA templated Cu NPs. Thus, it is necessary to develop a
novel strategy to enhance the fluorescence of polyT–Cu NPs.

Considering that until now most reported fluorescence
enhancement of the DNA–Cu NPs has been realized by extending
the chain of the DNA template while not in view of the DNA
structure, it is desirable and challenging to explore a novel DNA
structure for favorable growth of polyT–Cu NPs to further enhance
the fluorescence intensity.

The molecular crowding effect, which is important in biology
and biotechnology, on many biochemical reactions has been
investigated.16 There is increasing evidence that the molecular
crowding environment has significant effects on the diffusion rate,
hybridization efficiency, folded structure, structural stability and
interactions of nucleic acids.17 Recently, Qu et al. have studied the
impact of molecular crowding with polyethylene glycol (PEG) acting
as a crowding reagent on the synthesis of fluorescent DNA–Ag NCs.
Although the molecular crowding could enhance the fluorescence
of DNA–Ag NCs by one order of magnitude, the crowding environ-
ment created by the external reagent made the process complex. It
inspired us to speculate the question: why not create a crowding
environment by regulating the DNA spatial structure to prepare
fluorescence enhanced DNA–Cu NPs?

Herein, we first developed a crowded polyT DNA structure as a
template for the preparation of fluorescence enhanced Cu NPs. The
crowded DNA scaffold (polyT DNA tied at two ends, TTE DNA) was
composed of two polyT ss DNA which can hybridize with each other
to form a double-helical DNA at two ends. It may help in creating a
crowded space for the growth of Cu NPs. A graphical representation
of TTE DNA templated Cu NPs (TTE DNA–Cu NPs) is illustrated in
Scheme 1. Both nucleic acids (termed DNA 1 and 2) contained three
regions. Domains a and b in DNA 1 (the names of the oligonucleo-
tides are given in Table S2 (ESI†)) were complementary to domains
a* and b* in nucleic acid 2. The regions of polyT sequences, in the
middle parts of DNA 1 and 2 (domains c and c*), respectively, were
designed as specific regions for the growth of Cu NPs. In addition, in
order to compare with TTE DNA–Cu NPs, DNA 1 was used to prepare
1 templated Cu NPs (1–Cu NPs) under the same conditions. It was
found that TTE DNA–Cu NPs exhibited a strongly red fluorescence
and the fluorescence intensity was twice higher than 1–Cu NPs,
which we described as ‘‘one plus one is greater than two’’. (The TTE
DNA structure and DNA 1 were also analyzed by NUPACK.18)

Since DNA templates with different conformations (TTE and
polyT) play an important role in the synthesis of Cu NPs, circular
dichroism (CD) spectra and gel-electrophoresis were carried out to
gain insight into the DNA templates. As shown in Fig. 1A, the

ellipticity of TTE DNA–Cu NPs (curve a) at 300 nm was more negative
compared with 1–Cu NPs (curve b), indicating the formation of a
rigid structure of the TTE DNA template. The gel-electrophoresis
results (Fig. 1B) showed that TTE DNA–Cu NPs (lane a) moved
significantly more slowly than 1–Cu NPs (lane b), maybe ascribed to
the existence of ds DNA in TTE DNA. Consequently, according to the
results of CD spectra and gel-electrophoresis, TTE DNA and DNA 1
possessed different structures to grow Cu NPs as we designed.

Scheme 1 Schematic representation (left) and NUPACK (right) analysis of
the TTE DNA–Cu NPs and 1–Cu NPs.

Fig. 1 CD investigation (A) and agarose gel electrophoresis image (B) of
TTE DNA–Cu NPs (a) and 1–Cu NPs (b); (C) TEM images of TTE DNA–Cu
NPs (a and b) and 1–Cu NPs (c and d) at different magnifications (insets:
diameter scale size distribution analysis). Fluorescence excitation (a0 and
b0) (lex = 340 nm)/emission (a and b) (lem = 615 nm) spectra (inset: the
fluorescent Cu NPs generated under UV-light excitation) (D) and UV-vis
absorption spectrum (E) of TTE DNA–Cu NPs (a) and 1–Cu NPs (b).

Communication ChemComm

Pu
bl

is
he

d 
on

 2
6 

A
pr

il 
20

17
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

Sa
n 

D
ie

go
 o

n 
29

/0
5/

20
17

 1
2:

10
:4

3.
 

View Article Online

http://dx.doi.org/10.1039/c7cc02304a


This journal is©The Royal Society of Chemistry 2017 Chem. Commun., 2017, 53, 5629--5632 | 5631

To illustrate the effect of the TTE DNA template on the growth of
fluorescent Cu NPs, the characteristics and optical features of TTE
DNA–Cu NPs were investigated and compared with those of 1–Cu
NPs. First, the prepared TTE DNA–Cu NPs (a and b) and 1–Cu NPs
(c and d) were characterized by TEM at different magnifications
(Fig. 1C). It showed that the Cu NPs could be successfully generated
on both DNA templates. The particle size distribution showed that
the average size of TTE DNA–Cu NPs and 1–Cu NPs increased from
2.3 to 6.3 nm and 2.0 to 6.0 nm (insets of a and c in Fig. 1C),
respectively. Through the calculation of the frequency distribution
histogram of TTE DNA–Cu NPs and 1–Cu NPs, the overall standard
deviations were found to be 10.94 and 14.63, respectively, which
indicated that the discrete characteristic of 1–Cu NPs was greater
than that of TTE DNA–Cu NPs. In addition, from TEM images with
different magnifications, it was observed that the average distance
between the Cu NPs generated on TTE DNA was smaller than that
on DNA 1, indicating TTE DNA–Cu NPs were more aggregated than
1–Cu NPs. Besides the size and distance, the shape of TTE DNA–Cu
NPs was also found to be more uniform than 1–Cu NPs from the
TEM images. Thus, it was suggested that TTE DNA might be more
propitious to the growth of Cu NPs.

Furthermore, by monitoring the fluorescence spectra (Fig. 1D), it
was observed that the emission of both TTE DNA–Cu NPs and 1–Cu
NPs appeared at 615 nm (curves a and b) and excitation at 340 nm
and the spectral shape remained nearly unchanged, which were the
characteristics of the excitation/emission spectra of polyT–Cu NPs
according to the literature. However, the fluorescence intensity of the
Cu NPs grown on the crowded DNA structure (TTE, curve a) was
about twice higher than that on the non-crowded structure (DNA 1,
curve b). The inset of Fig. 1D also shows that TTE DNA–Cu NPs
exhibited a more visibly red fluorescence brighter than 1–Cu NPs
under a UV lamp. Further, these fluorescent Cu NPs were explored
by measuring the photoluminescence absolute quantum yields
(AQYs) based on the use of a commercially available fluorimeter
and an integrating sphere. The AQY of TTE DNA–Cu NPs is 4.7%
(relative to MOPS buffer) greater than 3.9% of 1–Cu NPs. This
indicated that the TTE DNA structure was favorable for the fluores-
cence enhancement of Cu NPs. On the other hand, Fig. 1E shows
that the absorption spectrum of TTE DNA–Cu NPs (curve a) changed
only slightly compared with 1–Cu NPs (curve b) and the intensity
upon maximum absorption of TTE DNA–Cu NPs was even lower
than 1–Cu NPs. These implied that the enhanced fluorescence
emission and quantum yield were not due to the formation of more
Cu NPs, but maybe due to the TTE crowded structure.

Since the characterization showed that the crowded TTE DNA
structure was favorable for the enhanced fluorescence of Cu NPs, the
effect of the crowding extent on the fluorescence of Cu NPs was
further studied. The regulation of the crowding extent in the loop part
for the growth of Cu NPs was realized in two ways: (1) different
numbers of cytosine (C) (0, 5, 10 and 15) were designed next to the T
bases of the polyT region (denoted as (1), (2), (3) and (4) TTE DNA) to
create different spaces in the loop; and (2) different complementary
base pairs were designed to obtain tied parts (double-helical section)
with different lengths. As shown in Fig. 2A and B, the prepared (1), (2),
(3) and (4) TTE DNA–Cu NPs in the loop part were investigated using
TEM and fluorescence spectra. With the gradual increase in the

number of C bases near to polyT in the loop region, enlarging the
growing space of Cu NPs, the distance between particles became
gradually larger and the intensity of the fluorescence signal decreased
gradually. The corresponding fluorescent Cu NPs were observed
under the UV lamp (Fig. 2B inset), clearly showing that (1) TTE
DNA–Cu NPs were brighter red than (2), (3) and (4) TTE DNA–Cu NPs.
Furthermore, the fluorescence intensity of Cu NPs grown on the TTE
DNA structure with different base pairs in the tied part was also
studied. As shown in Fig. 2C, the fluorescence signal intensified with
the increase in tied base pairs from 10 to 30. It may be because a
longer tied section was favorable for creating a more stable and
crowded space for the growth of TTE DNA–Cu NPs. However, when
the complementary pairing bases in the double-helical section were
increased to 40, the fluorescence intensity of the formed Cu NPs
weakened. The corresponding Cu NPs were observed under the UV
lamp (Fig. 2C inset). A possible reason was that a too long tied section
would cause interference to the comfortable growth of Cu NPs.
Therefore, it was suggested that suitable duplexes in two ends and
smaller spaces in the loop caused more crowded room for favorable
growth of Cu NPs.

Herein, an effective combination of the enhanced fluorescence of
TTE DNA–Cu NPs, with an easily available exonuclease III (exo III)19

and an ideal biocatalyst, Zn2+-dependent DNAzyme,20 assisted target
recycling amplification, was explored for ultrasensitive detection of
sequence-specific nucleic acids for the first time (Scheme S1 with a
detailed description provided in the ESI†).

To verify the feasibility of the proposed assay strategy, fluores-
cent signals obtained upon analyzing the target DNA and those in a
series of control experiments are depicted in Fig. S1 (ESI†). Under
optimized experimental conditions (Fig. S2, ESI†), the analytical

Fig. 2 (A) TEM images of Cu NPs on (1), (2), (3) and (4) TTE DNA with 0, 5, 10,
and 15 C bases linking polyT; fluorescence emission of the lex = 340 nm/lem =
615 nm bands of fluorescent Cu NPs synthesized on (1), (2), (3) and (4) TTE
DNA–Cu NPs (curves a, b, c and d) (B) and TTE DNA templates with 10, 20,
30 and 40 base pairs (curves 1, 2, 3 and 4) in the duplex part (C). Insets: The
corresponding fluorescent Cu NPs generated under UV-light excitation.
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performance of TTE DNA–Cu NPs with a dual amplification-based
fluorescence biosensing platform was investigated towards target
DNA under gradient concentrations. As shown in Fig. 3A, it was
found that the fluorescence intensity gradually increased with
increasing concentration of target DNA. Fig. 3B shows the relation-
ship between the DNA concentration and the fluorescence intensity
at the maximum emission wavelength (615 nm). The fluorescence
intensity exhibited a linear correlation with the logarithm of target
DNA concentration from 0.01 to 10 nM. The correlation equation
was F = 144.5 log10

[target 1DNA] + 1451 (R2 = 0.9928) and the detection
limit of target DNA (3d/slope) was approximately 3 pM. A control
experiment was also conducted (Scheme S2, ESI†). As can be seen,
the fluorescence intensity also gradually increased with increasing
concentration of target DNA (Fig. 3C) with a detection limit
corresponding to 0.5 nM (3d/slope) and a calibration function of
F = 165.3 log10

[target DNA] + 963.9 (R2 = 0.9928) (Fig. 3D). The higher
detection limit confirmed that the TTE DNA–Cu NP based dual-
cycle amplification was superior to conventional polyT DNA–Cu
NPs. The sequence discrimination of the autocatalytic dual-cycle
amplification and sample amplifications were investigated and are
shown in Fig. S3 and Table S3 (ESI†).

In this communication, we presented the first attempt to find a
crowded TTE DNA structure for the low-cost and convenient
preparation of Cu NPs with a great improvement in the fluores-
cence intensity compared to conventional polyT–Cu NPs. The TTE
DNA template changes the Cu NPs’ growing environment by
diversifying the structure of the DNA, avoiding the complicated
synthesis or extending the chain of DNA. As a proof of concept, a
protocol based on TTE DNA–Cu NPs with an autocatalytic dual-
cycle amplification strategy was developed for the detection of
target specific sequence DNA with high sensitivity and selectivity. It
is the first time that TTE DNA–Cu NPs have been constructed and
applied in a biosensor. We posit that this strategy by regulating the

DNA crowding extent will open up a new way for enhancing the
fluorescence of DNA–metal nanoparticles and a label-free, efficient
and cost-effective fluorescent biosensor could be extended to
sensitive detection of other sequence-specific DNAs or proteins
by simply changing the corresponding recognition which may
have great potential applications in clinical diagnosis and
biomedical fields.
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