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A fluorescent ‘‘turn off–on’’ pattern for the detection of herring sperm DNA (hsDNA) had been designed
through utilizing the interaction between polymyxin B sulfate (PMBS) and hsDNA as an inherent perfor-
mance and the fluorescent transformation of glutathione (GSH)-capped CdTe quantum dots (QDs) as an
external manifestation. Due to the occurrence of the photoinduced electron transfer from the QDs to
PMBS, the fluorescence of GSH-capped CdTe QDs could be effectively quenched by PMBS, causing the sys-
tem into ‘‘off’’ state. With the addition of hsDNA, the quenched fluorescence of GSH-capped CdTe QDs
could be restored for the reason that PMBS embedded into hsDNA double helix structure to form new
complex and peeled off from the surface of GSH-capped CdTe QDs, leading the system into ‘‘on’’ condi-
tion. Corresponding experimental results illustrated that the relative recovered fluorescence intensity
of GSH-capped CdTe QDs–PMBS system was near proportional to the concentration of hsDNA within
the range of 0.059–15.0 lg mL�1. This proposed method demonstrated a good linear correlation coeffi-
cient of 0.9937 and a detection limit (3 r/K) of 0.018 lg mL�1 for hsDNA. This dual-directional fluorescent
biosensor overcame the selectivity problem commonly existed in the traditional mono-directional
fluorescence detection mode and owned perfect analysis applications in biochemical DNA monitoring.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

Deoxyribonucleic acid (DNA) plays an extremely important role
in the process of human life, which serving as the carrier of genetic
information and gene expression of the material basis. The devel-
opment of novel effective probes for the detection of DNA and
the interactions of drugs with DNA have been the focuses, on
account of they may be conducive to realizing the effective
mechanism of drugs and the design of new specific DNA-targeted
drugs [1–3]. DNA with their evenly stacked base pairs and shallow
(minor) and deep (major) grooves are attractive targets for some

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcis.2015.02.034&domain=pdf
http://dx.doi.org/10.1016/j.jcis.2015.02.034
mailto:heyq@swu.edu.cn
http://dx.doi.org/10.1016/j.jcis.2015.02.034
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis


Fig. 1. Chemical structures of (A) polymyxin B (DAB, a, k-diaminobutyric acid; Thr,
threonine; Phe, phenylalanine; Leu, leucine) and (B) glutathione.
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drug molecules. The interaction between DNA and drug can cause
changes to the structure of DNA, thereby affecting the function of
gene-specific regulation and expression in pharmacological activ-
ity. Several methods for detection trace amounts of DNA have been
established, including fluorescence [4], chemiluminescence [5],
electrochemistry [6], and so on. Among them, fluorescence based
analytical method are used extensively for its handy, rapid, selec-
tive, and the reagents are easily obtainable.

Polymyxin B sulfate (PMBS, molecular structure given in
Fig. 1(A)) is an antibiotic widely used in the treatment of infections
caused by gram-negative bacteria, which is due to its stronger
antibacterial capacity. Previous researches have shown that PMBS,
it by itself contains two Thr-OH and five DAB with carbonyl group,
can invade lipoprotein through the molecule lipophilic groups and
damage the shielding effect of the cell plasma membrane, causing
the huge loss of cell sap and the bactericidal effect [7,8]. Neverthe-
less, whether it can combine with DNA and affect the structure of
DNA still unclear.

Among the rich family of inorganic nano-scale building blocks,
quantum dots (QDs) attract the attentions of many researchers in
recent years. QDs have unique functional and structural properties,
such as small size, large absorption cross sections, narrow and
Gaussian emission spectra, size- and composition-tunable emis-
sion and high photobleaching threshold [9,10]. All of these proper-
ties provide important advantages for QDs becoming excellent
candidates in the development of novel and sensitive sensors in
current researches. Earlier studies related to the interactions of
QDs with some compounds have revealed that the interactions
make a profound effect on the photophysical properties of QDs
[11,12].

While more and more researches have been focusing on the
exploration of QDs utilized as fluorescent ‘‘turn-off’’ sensors, very
few studies about QDs-based fluorescent ‘‘turn off–on’’ sensors
are reported [13,14]. For example, Fang et al. developed a graphene
oxide (GO)-based multicolor fluorescent ‘‘turn-off’’ probe to detect
DNA targets in homogeneous solution which was depending on the
interaction between GO and DNA molecules [15]. Since a variety of
factors rather than analytes can induce the ultimate fluorescence
‘‘off’’ state, a fluorescent ‘‘turn off–on’’ model is designed to over-
come this problem and effectively lessen the chance of false judg-
ment. Meanwhile, this ‘‘turn off–on’’ pattern is amenable to
complex situations, for instance, the simultaneous exclusively
detections of sorts analytes [16]. In this study, we had realized a
new fluorescent sensor to detect hsDNA (herring sperm DNA)
based on the reversible ‘‘off–on’’ fluorescence change of GSH
capped-CdTe QDs. PMBS was utilized as it could efficiently quench
the high fluorescence of GSH capped-CdTe QDs which causing the
system into ‘‘off’’ state. This approach was relied on the electrostat-
ic interaction between the oppositely charged substances of PMBS
and GSH-capped CdTe QDs, giving rise to the electron transfer from
the photoexcited QDs to PMBS. On the other hand, the high affinity
of PMBS to hsDNA enabled PMBS to intercalate into the hsDNA
double helix structure and peel off from the surface of GSH-capped
CdTe QDs. Therefore, this intercalation reaction hindered the pro-
ceeding of the electron transfer from the QDs to PMBS, while
recovering the fluorescence of the QDs and leading the system into
‘‘on’’ condition. The principle of this designed fluorescent biosensor
for the determination of hsDNA was illustrated in Scheme 1. This
dual-directional regulation fluorescence mode of GSH-capped CdTe
QDs resolved the selectivity problem existing in traditional mono-
directional fluorescence detections. Since it required no modifica-
tion or coupling of QDs, the drug molecular and DNA were all
under the original state, the developed fluorescent ‘‘turn off–on’’
biosensor exhibited the advantages of fast, simple, sensitive and
selective for hsDNA monitoring.
2. Materials and methods

2.1. Apparatus

A Hitachi F-2500 fluorospectrophotometer (Tokyo, Japan) was
used for measuring the fluorescence with the excitation wave-
length of 350 nm and the scattering intensities. The absorption
spectra were recorded by making use of a UV-2450 spectropho-
tometer (Tianmei Corporation, Shanghai, China). JEOL JEM-2100
transmission electron microscopy (TEM, Hitachi, Japan) was used
to observe the appearance and size of quantum dots. The ZF-5 Por-
table UV analyzer was available to observe the fluorescence inten-
sity change of the reaction system under open-air condition
(Jiapeng Corporation, Shanghai, China). The pH values of the aque-
ous solutions were measured though utilizing a PHS-3C pH meter
(Leici, Shanghai, China).

2.2. Materials and reagents

In present study, the main chemical reagents adopted were
CdCl2�2.5H2O (Shanghai Chemicals Reagent Co., Shanghai, China),
tellurium (Te) powder (Sinopharm Chemical Reagent Co., Shang-
hai, China), NaBH4 (Tianjin Huanwei Fine Chemical Co., Tianjin,
China). Glutathione (GSH) and all of the amino acids used in this
paper were purchased from Aladdin Reagent Co. (Shanghai, China).
Herring sperm DNA (hsDNA), yeast ribonucleic acid (RNA), bovine
serum albumin (BSA), glucose, urea and collagen were obtained
from Sigma (St. Louis, MO, USA). The solutions were buffered with
Tris–HCl buffer solution, which was prepared by dissolving 0.1 M
HCl and 0.1 M tromethamine (Tris) solution together in certain
percentage. Unless stated, all reagents used were of analytical
grade without further purification. Deionized distilled water pre-
pared from a water purification machine was used throughout.

2.3. Synthesis of GSH-capped CdTe QDs

Aqueous colloids of GSH-capped CdTe QDs solution were pre-
pared according to the previously described methods [17]. Under
Ar atmosphere and magnetic stirring, Te powder (0.0383 g) was
reacted with excessive sodium borohydride in deionized water to
produce the colorless solution of sodium hydrogen telluride
(NaHTe). CdCl2�2.5H2O (0.1028 g) and GSH (0.1844 g) were dis-
solved in 150 mL deionized water. With the slow Ar flow and vig-
orous stirring, the pH of the mixture was adjusted to 10.5 by using
the dropwise addition of NaOH solution (1.0 M). The solution was



Scheme 1. (A) Schematic illustration of the proposed GSH-capped CdTe QDs–PMBS system based biosensor for detecting hsDNA. (B) Photograph of the corresponding
fluorescent ‘‘turn off–on’’ reversible change of the biosensor under UV light at the same time (GSH-capped CdTe QDs, 2.0 � 10�4 M; PMBS, 14.0 lg mL�1; hsDNA,
10.0 lg mL�1).
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deaerated by Ar bubbling for about thirty minutes. Under stirring,
H2Te gas generated by the reaction of the solution of NaHTe with
diluted H2SO4 (0.5 M) was passed through the oxygen-free Cd2+

solution together with the slow Ar flow. Then the resulting solution
mixture was heated to 369 K and refluxed for one hour under
open-air condition with condenser. The salmon pink CdTe solution
was obtained. Finally, the concentration of CdTe QDs was
2.0 � 10�3 M (determined by the Te2� concentration) [18].

2.4. Analytical procedure

1.0 mL as-prepared GSH-capped CdTe QDs, 1.0 mL Tris–HCl
buffer solution (pH = 7.2) and an appropriate amount of PMBS
were dispersed in a 10 mL volumetric flask, then diluted with
deionized water to the mark. Each increment of the added
PMBS concentration (cPMBS) was from 0 to 14.0 lg mL�1. These
samples were used for investigating the fluorescence quenching
phenomenon. In addition, the mixture of GSH-capped CdTe QDs
and PMBS (14.0 lg mL�1) was applied to analyze the fluorescence
enhancement phenomenon of the solution by the introduction of
hsDNA. The concentration range of hsDNA (chsDNA) was from 0 to
15.0 lg mL�1. Furthermore, these two stage analysis processes all
needed incubation for ten minutes at room temperature to obtain
final fluorescence intensity. The resulting solutions were studied
by means of TEM, fluorescence (FL), ultraviolet–visible (UV–vis)
absorption and resonance rayleigh scattering (RRS).
Fig. 2. (A) TEM image, (B) UV–vis absorption (a) and fluorescence spectra (b) of
GSH-capped CdTe QDs dispersed in water.
3. Results and discussion

3.1. Characterization of the synthesized GSH-capped CdTe QDs

The TEM image which revealed the morphology and diameter of
the aqueous GSH-capped CdTe QDs was shown in Fig. 2(A). It was
quite evident that the nanoparticles’ shapes were approximately
spherical and the sizes were uniform in diameter of about 3 nm.
Meanwhile, it was also reasonable to analyze the UV–vis absorp-
tion and FL emission spectra of GSH-capped CdTe QDs. As shown
in Fig. 2(B), the characteristic absorption peak of GSH-capped CdTe
QDs was located at 520 nm and the excitonic absorption was
strong (curve a). Since QDs had the property of size- and composi-
tion-tunable emission, the excitation wavelength of 350 nm was
chose to obtain the apparent spectrum. Under the condition of
excitation wavelength of 350 nm, the fluorescence spectrum of
GSH-capped CdTe QDs (curve b) demonstrated that the full width
half maximum (FWHM, about 62 nm) was narrow and exhibiting
good symmetry, and the investigated fluorescence band was
centered at 554 nm.



Fig. 3. Fluorescence spectra of GSH-capped CdTe QDs in the absence and presence
of PMBS in Tris–HCl buffer solution (pH 7.2, 0.1 M), the concentration of PMBS was
(lg mL�1, curves a–h): 0, 2.0, 4.0, 6.0, 8.0, 10.0, 12.0 and 14.0, separately; the inset
revealed the relationship between the quenched fluorescence intensity of the QDs
and the concentration of PMBS (0, 2.0, 4.0, 6.0, 8.0, 10.0, 12.0, 14.0, 16.0, 18.0 and
20.0 lg mL�1).

Fig. 4. Stern–Volmer curves for the GSH-capped CdTe QDs–PMBS solution system
at three different temperatures in Tris–HCl buffer solution (pH 7.2, 0.1 M).

Table 1
Stern–Volmer quenching constants for the GSH-capped CdTe QDs–PMBS solution
system at different temperatures in Tris–HCl buffer solution (pH 7.2, 0.1 M).

Temperature
(K)

Sterm–volmer linear
equation

Ksv

(L mol�1)
Ra S.D.b

289 F0/F = 0.9238 + 1.7809 [Q] 1.7809 0.9972 0.0555
296 F0/F = 0.9566 + 1.5113 [Q] 1.5113 0.9933 0.0733
303 F0/F = 0.9576 + 1.3208 [Q] 1.3208 0.9976 0.0382

a R is the correlation coefficient.
b S.D. is the standard deviation for the Ksv values.
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The measurement of fluorescence quantum yield (QY) was a key
step in the characterization of photoluminescent GSH-capped CdTe
QDs, for the reason that it provided a direct measure for the effi-
ciency of the conversion of absorbed photons into emitted photons
[19]. The QY of GSH-capped CdTe QDs which was calculated by uti-
lizing the following equation with rhodamine 6G (QY = 95%) as a
criterion was about 54.5%.

Yu ¼ Ys �
Fu

Fs

� �
� As

Au

� �
� n2

u

n2
s

� �
ð1Þ

The subscripts u and s refer to the referential and standard sub-
stances respectively. Yu was the QY of the unknown solution to be
measured while Ys was the reference sample. F denoted the inte-
gral intensity, A represented the absorption values, and n was the
refractive coefficient of solvent.

3.2. PMBS as an excellent quencher to GSH-capped CdTe QDs: ‘‘turn-
off’’ process

Under the optimum conditions, the fluorescence emission spec-
tra of GSH-capped CdTe QDs were recorded in the absence and
presence of PMBS with varying concentrations (0–20.0 lg mL�1),
as shown in Fig. 3. Obviously, the fluorescence quenching extent
of GSH-capped CdTe QDs was directly proportional to the concen-
tration of PMBS from 0 to 14.0 lg mL�1. When the concentration of
PMBS was above 14.0 lg mL�1, corresponding fluorescence inten-
sity variation of the system was almost remained unchanged
(shown in the inset of Fig. 3). Videlicet, the concentration of PMBS
at 14.0 lg mL�1 could cause the fluorescence quenching degree of
GSH-capped CdTe QDs to reach a limit. Meanwhile, by comparison,
the maximum emission wavelength (kmax) of GSH-capped CdTe
QDs presented a 9 nm red shift (from 554 to 563 nm). It was to
be proposed that there indeed existed a reaction between
GSH-capped CdTe QDs and PMBS, causing the quenching of the
fluorescence emission of the QDs [20].

Fluorescence quenching mechanisms are commonly divided
into two categories, static quenching and dynamic quenching. Ear-
lier studies have demonstrated that static quenching is due to the
formation of non-luminous complex while dynamic quenching
results from collision between quenching agent and fluorophor
[21]. On the basis of their differing dependence on temperature,
static quenching and dynamic quenching can be distinguished.
The quenching constants decrease with the increasing temperature
for static quenching, whereas the revers effect is observed in
case of dynamic quenching [22]. The fluorescence quenching
mechanism of the GSH-capped CdTe QDs–PMBS system could be
explored by the well-known Stern–Volmer equation [23]:

F0=F ¼ 1þ KSv ½Q � ð2Þ

F0 and F were respectively the fluorescence intensities of GSH-
capped CdTe QDs in the absence and presence of the quencher
(PMBS), [Q] was the concentration of PMBS, and Ksv was the
Stern–Volmer quenching constant. Eq. (2) was applied to describe
the linear regression Stern–Volmer plots of F0/F against [Q] at the
temperatures of 289 K, 296 K and 303 K (as shown in Fig. 4). And
the diverse values of Ksv at various temperatures were listed in
Table 1. Obviously, the values of Ksv were decreased with the
increasing temperatures, indicating that the possible quenching
mechanism was static quenching rather than dynamic quenching.
The results indirectly demonstrated the formation of GSH-capped
CdTe QDs–PMBS complex, as well.

UV–vis absorption spectroscopy of this system was analyzed to
investigate the change of molecular structure and to facilitate
understanding of the complex formation. As illustrated in Fig. 5,
in the spectrum of pure GSH-capped CdTe QDs (curve a), there
existed strong absorption in the UV at the wavelength range of less
than 400 nm, whereas the absorption in the visible was relatively
weak. By comparing the absorption spectrum of PMBS with dis-
tilled water as the reference (curve b) and the absorption spectrum
of PMBS with GSH-capped CdTe QDs as the reference (curve d), an
obviously spectral change of absorbance was presented. It indicat-
ed that there was a strong interaction between GSH-capped CdTe
QDs and PMBS, indicating the generation of a new complex. Name-
ly, the quenching type of this system was static quenching.

To clarify the mechanism further, the RRS spectra of GSH-
capped CdTe QDs–PMBS system was investigated. RRS is an
absorption–rescattering process produced by the resonance
between the Rayleigh scattering and the light absorption with
the same frequency when the wavelength of Rayleigh scattering



Fig. 5. UV–vis absorption spectra of (a) GSH-capped CdTe QDs, (b) PMBS (with
distilled water as the reference), (c) the mixture solution (GSH-capped CdTe QDs
and PMBS) and (d) PMBS (with GSH-capped CdTe QDs as the reference), (GSH-
capped CdTe QDs, 2.0 � 10�4 M; PMBS, 10.0 lg mL�1).

Fig. 6. (A) RRS spectra of GSH-capped CdTe QDs–PMBS system in Tris–HCl buffer
solution (pH 7.2, 0.1 M), the concentration of PMBS was separately (lg mL�1, curves
b–i): 0, 2.0, 4.0, 6.0, 8.0, 10.0, 12.0 and 14.0, and the curve a represented the RRS
spectrum of PMBS (10.0 lg mL�1). (B) Effects of ionic intensity on the GSH-capped
CdTe QDs–PMBS solution system in Tris–HCl buffer solution (pH 7.2, 0.1 M), (GSH-
capped CdTe QDs, 2.0 � 10�4 M; PMBS, 14.0 lg mL�1).
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is located at its absorption band [24]. According to Figs. 2(B) and
6(A), the contrast between the absorption spectrum of GSH-capped
CdTe QDs and the RRS spectra of QDs–PMBS system indicated that
the peaks located at 380 nm and 550 nm were situated in its
absorption band, resulting in the enhancement of resonance scat-
tering. As shown in Fig. 1(B), glutathione (GSH) is a thiol-contain-
ing oligopeptide which molecule contains one amino group and
two carboxylate groups. Thereby, it is used as a stabilizer for the
surface stabilization of CdTe nanocrystals to coate on QD surfaces
and provides surface passivation while maintaining its hydrophilic
capability. Since GSH is prone to thermal decomposition during the
synthesis, most of the free glutathione in the solution decomposed
and lost its thiol group, forming a layer of CdS or CdTexS1�x on the
QD. Hence, under the experimental condition, GSH could self-
assemble on the QD to modify it and donor a negative charge on
the surface of QD. The negatively charged GSH–CdTe QDs might
bind to positively charged peptides [25,26]. Polymyxin B sulfate
(PMBS, molecular structure given in Fig. 1(A)) is an antibiotic pep-
tides. It is well-known that amino acid is composed of peptides.
The buffer solution of Tris–HCl is used in the experiment to provide
a protonation environment. As shown in the molecular structure
(Fig. 1(A)), the –NH2 groups in PMBS were connected to the peptide
chain. Therefore, PMBS could be easily protonated and exist as the
cation form in the neuter and weakly alkaline medium (Tris–HCl
buffer solution, pH 7.2, 0.1 M) which was similar to physiological
pH value [27]. On the basis of it, the negatively charged GSH-
capped CdTe QDs and the positively charged PMBS could react to
form the QDs–PMBS complex through electrostatic forces, result-
ing in the increase of the molecular volume and the enhancement
of RRS intensity.

It could be seen from Fig. 6(A) that the RRS intensity of the sepa-
rate PMBS solution (curve a) or the GSH-capped CdTe QDs solution
(curve b) was very weak. When the QDs and PMBS were mixed
together in Tris–HCl buffer solution (pH 7.2, 0.1 M), RRS intensity
of the system significantly enhanced in the wavelength range of
220–700 nm and reached a maximum at 380 nm. In the meantime,
the effect of ionic strength on the RRS intensity of GSH-capped
CdTe QDs–PMBS system was studied by adding NaCl solution, for
the reason that NaCl was considered as a good ionic strength adjus-
tor. From Fig. 6(B), when the ionic strength was increasing the RRS
intensity decreased but the intensity of fluorescence increased.
According to the effect of ionic strength on RRS intensity and FL
intensity, it could be speculated that electrostatic attraction played
an important role in the reaction of GSH-capped CdTe QDs and
PMBS [28].

When a QD received the excitation light, the electrons would be
excited from its valence band to the conduction band, causing the
excited electron and the oppositely charged ‘‘hole’’ attracted one
another. Moreover, a photon could be emitted in the form of
fluorescence because the excited electron recombined with the
hole [29]. In the process of experiment, the introduced positively
charged PMBS could act as a cationic electron acceptor. This static
association of GSH-capped CdTe QDs with PMBS initiated ultrafast
photoinduced electron transfer from the QDs to the electron accep-
tor (PMBS), preventing the normal recombination of the electron
and hole in QDs and causing the fluorescence quenching of QDs
[30]. Presumably, it could be obtained that PMBS worked as an
excellent quencher for the fluorescent GSH-capped CdTe QDs via
the electron transfer mechanism.
3.3. Optimization of the reaction conditions

3.3.1. Effect of the acidity
According to the previous reports, the pH value of solution has a

great influence on the fluorescence of QDs [31]. During the experi-
ment, Tris–HCl buffer solution was elected to create a physiological
environment and control the acidity of the solution. The effect of
Tris–HCl buffer solution acidity on the GSH-capped CdTe QDs–
PMBS system was investigated from pH 7.0 to 8.0. Maximal
fluorescent change of PMBS-induced the fluorescence quenching
of GSH-capped CdTe QDs was obtained at pH of 7.2. Hence, the
pH of the solution was set at 7.2 in order to achieve a low detection
limit for hsDNA.
3.3.2. Effect of GSH-capped CdTe QDs concentration
Through fixing parameters of the concentration of PMBS and

the pH constant while changing the concentration of GSH-capped
CdTe QDs, the accompanying fluorescence diversification of QDs–



Fig. 8. (A) Fluorescence spectra of GSH-capped CdTe QDs–PMBS–hsDNA system in
Tris–HCl buffer solution (pH 7.2, 0.1 M), the concentration of hsDNA was (lg mL�1,
curves a–g): 0, 2.5, 5.0, 7.5, 10.0, 12.5 and 15.0, separately; the inset revealed the
relationship of the restored fluorescence intensity of the GSH-capped CdTe QDs–
PMBS system with the concentration of hsDNA. (B) Fluorescence spectra of GSH-
capped CdTe QDs in the absence (a) and presence (b) of hsDNA in Tris–HCl buffer
solution (pH 7.2, 0.1 M), (GSH-capped CdTe QDs, 2.0 � 10�4 M; PMBS,
14.0 lg mL�1; hsDNA, 10.0 lg mL�1).
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PMBS system was analyzed. Since the added concentration of GSH-
capped CdTe QDs went beyond 2.0 � 10�4 M, the quenched
fluorescence intensity of the system remained almost unchanged
which was presumably for the reason that limited PMBS molecules
could not occupy all the binding sites of QDs with higher concen-
trations, as shown in Fig. 7. This phenomenon indicated that the
optimum concentration of GSH-capped CdTe QDs was
2.0 � 10�4 M.

3.3.3. Effect of incubation time
The effect of incubation time on the GSH-capped CdTe QDs–

PMBS system under room temperature was studied. The results
drawn from the analysis revealed that the reaction finished within
10 min and the fluorescence intensity of the system could remain
almost unchanged within 60 min. Since the reaction reached a
steady state after 10 min, the time scale of 10 min was chosen as
the detection time throughout this experiment.

3.3.4. Effect of ionic strength
NaCl solution was found to be a good ionic strength adjustor

and a stabilizer for the double helix structure of DNA. Therefore,
the effects of ionic strength on the GSH-capped CdTe QDs–PMBS
systems were investigated by adding NaCl solution and the
experimental results exhibited that the system’s RRS intensity
decreased and FL intensity increased with increasing ionic strength
(Fig. 6(B)). By analyzing the variation of the RRS intensity and the
FL intensity in the reaction system with the in draught of NaCl
solution, it could be demonstrated that low concentration of NaCl
solution was not enough to stabilize the DNA structure and exces-
sive concentration could lead to the enhancement of counterion
separating the GSH-capped CdTe QDs and PMBS. In this case, this
interaction should be under a certain ionic strength concentration,
namely, the 0.005 M NaCl concentration should be added into the
reaction system to decrease the disturbance of nonspecific sub-
stances to ensure the good selectivity of the detection system.
The result demonstrated the electrostatic interaction was a sig-
nificant and decisive factor in this ion-association reaction, as well.

3.4. HsDNA-induced fluorescence enhancement of GSH-capped CdTe
QDs–PMBS system: ‘‘turn-on’’ pattern

As shown in Fig. 8(A), the increasing amounts of hsDNA added
into the GSH-capped CdTe QDs–PMBS system led to the fluores-
cence enhancement of the solution. At the same time, a blue shift
(9 nm) on maximum emission peak was observed (from 563 to
554 nm). However, in the controlled experiments, the fluorescence
Fig. 7. Effect of the concentration of aqueous GSH-capped CdTe QDs on the
quenched fluorescence intensity of the solution system in 0.1 M Tris–HCl buffer
solution at pH = 7.2, (PMBS, 10 lg mL�1).

Fig. 9. RRS spectra of GSH-capped CdTe QDs with addition of 14.0 lg mL�1 PMBS
restored due to the introducing of hsDNA in Tris–HCl buffer solution (pH 7.2, 0.1 M),
the concentration of hsDNA was (lg mL�1, curves a–g):0, 2.5, 5.0, 7.5, 10.0, 12.5 and
15.0, separately.
emission of GSH-capped CdTe QDs was not influenced by the direct
addition of hsDNA, as displayed in Fig. 8(B). It could be inferred
that the fluorescence restoring process was due to the interaction
between PMBS and hsDNA.

Based on the above analyses, PMBS induced fluorescence
quenching of GSH-capped CdTe QDs was attributed to the electron
transfer mechanism which could be easily influenced by the dis-
tance between donor and acceptor. If the PMBS (acceptor) was
far away from the GSH-capped CdTe QDs (donor), the excited elec-
tron could recombine with the hole and a photon in QDs could
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emit in the form of fluorescence. Therefore, with the addition of
hsDNA, PMBS could combine with hsDNA to generate a new com-
plex and move away from the surface of GSH-capped CdTe QDs,
resulting in the interruption of the electron transfer from QDs to
PMBS. In the light of the fact that the maximum emission wave-
length of GSH-capped CdTe QDs was returned to the original value
(554 nm), the fluorescent QDs were set free in the above reaction
process which propelled the fluorescence recovery of the QDs.

Generally, a variety of drug molecules interact with DNA are
through three modes of intercalating, electrostatic attraction and
groove binding. In this work, the RRS spectra of GSH-capped CdTe
QDs–PMBS–hsDNA system were analyzed to investigate the inter-
action mechanism. As shown in Fig. 9, the RRS intensity of GSH-
capped CdTe QDs–PMBS was gradually decreased with increasing
amounts of hsDNA, indicating the complex of GSH-capped CdTe
QDs–PMBS–hsDNA was not formed. It was good evidence that
the interaction between hsDNA and PMBS was not electrostatic
attraction or groove binding, as well [32]. It could be deduced from
the above analyses that PMBS intercalated into hsDNA double helix
structure and deviated from the surface of GSH-capped CdTe QD.

Absorption spectroscopy is an effective method for detecting
DNA structural transitions and their interactions with micro-
molecules, which can obtained from the spectral features of hyper-
chromism and hypochromism [33]. While hyperchromism
originates from the damage of the DNA doplex secondary struc-
ture, hypochromism is considered as the contraction of DNA in
the helix axis. [34]. Therefore, UV–vis absorption measurement
was performed to monitor the denaturation of the hsDNA duplexes
in the presence and absence of PMBS at various concentrations
Fig. 10. (A) UV–vis absorption spectra of (a) PMBS (with distilled water as the
reference), (b) hsDNA, (c) the mixture solution (PMBS and hsDNA), and (d) hsDNA
(with PMBS as the reference) (PMBS, 14.0 lg mL�1; hsDNA 10.0 lg mL�1). (B) UV–
vis absorption spectra of hsDNA with various concentrations of PMBS in Tris–HCl
buffer solution (pH 7.2, 0.1 M). The concentration of hsDNA was 10.0 lg mL�1 and
the concentration of PMBS was (lg mL�1, curve a-g): 2.0, 4.0, 6.0, 8.0, 10.0, 12.0 and
14.0, separately.
under this experimental environment [35–37]. It was observed
from Fig. 10(A) that the addition of PMBS to the hsDNA solution
induced a strong hyperchromicity effect by comparing curve b
and curve d. Considerable changes in UV–vis absorption spectra
of PMBS upon interaction with hsDNA supported the viewpoint
of the complex formation. As shown in Fig. 10(B), the maximium
absorption peak as well as the characteristic absorption peak of
hsDNA was located at 260 nm was increased in intensity with an
obvious 7 nm red shift. The classical intercalative binding had been
characterized by large changes in the absorbance (hyperchromism)
and an obvious red shift in wavelength (615 nm) [38–40]. As a
consequence, the experimental results made it unambiguous that
an intercalation binding actually existed between hsDNA and
PMBS.

Namely, the PMBS embedded into hsDNA double helix structure
to form more stable complex through intercalation and be dissoci-
ated from the surface of GSH-capped CdTe QDs. The fluorescence
intensity of GSH-capped CdTe QDs could be recovered, on account
that the electron transfer process between the QDs and PMBS was
suppressed by the addition of hsDNA.

3.5. Fluorescence detection for hsDNA with the (QDs–PMBS)-based
fluorescent biosensor

3.5.1. Analytical characteristics
In order to verify the sensitivity of the designed fluorescent

biosensor which was based on the GSH-capped CdTe QDs–PMBS
system, the fluorescence intensity of the QDs–PMBS system was
investigated as a function of various concentrations of hsDNA in
the experimental conditions. As shown in the inset of Fig. 8(A),
the relationship between the restored fluorescence intensity and
the different concentrations of hsDNA was linearly in the range
of 0.059–15.0 lg mL�1, which fitted the following regression equa-
tion: DF ¼ 157:03c � 91:04 (c: lg mL�1). In the above relational
expression, DF was the difference values of F (recovered fluores-
cence intensity) and F0 (fluorescence intensity of GSH-capped CdTe
QDs quenched by PMBS at the concentration of 14.0 lg mL�1). This
equation demonstrated a good linear correlation coefficient of
0.9937, the low limit of linear range (0.059 lg mL�1) was calculat-
ed by 10 r/K, and the detection limit for hsDNA was 0.018 lg mL�1

which was counted by 3 r/K (where r was the standard deviation
for eleven blank samples been measured by experimental methods
and K was the slope of the calibration plot).
Fig. 11. The fluorescence responses of the GSH-capped CdTe QDs–PMBS system to
different interferences in Tris–HCl buffer solution (pH 7.2, 0.1 M). Conditions: GSH-
capped CdTe QDs, 2.0 � 10�4 M; PMBS, 14.0 lg mL�1, hsDNA, 10.0 lg mL�1; K+, Na+,
HPO4

2�, NO3
�, S2O3

2�, 150 lg mL�1; Ca2+, 50 lg mL�1; L-Cysteine, L-Isoleucine, L-
Proline, L-Threonine, L-Tryptophan, L-Valine, L-Alanine, 200 lg mL�1; glucose, urea,
collagen, 200 lg mL�1; RNA, 40.0 lg mL�1; BSA, 20 lg mL�1.



Table 2
Determination of hsDNA in synthetic samples.

Sample Added
(lg mL�1)

Foreign substances
(lg mL�1)

Found
(lg mL�1)

Recovery
(n = 5%)

R.S.D.
(n = 5%)

1 10.0 KCl, NaNO3,
sarcosine, glucose

10.10 101.0 1.56

2 10.0 CaCl2, Na2SO3,
L-Threonine, urea

10.06 100.6 1.66

3 10.0 NaCl, Na2HPO4,
L-Valine, collagen

9.93 99.3 1.89
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3.5.2. Selectivity of the biosensor for hsDNA monitoring
To investigate the selectivity of this (QDs–PMBS)-based ‘‘turn

off–on’’ fluorescent biosensor for hsDNA determining, a series of
interferential experiments were carried out. A variety of biological-
ly relevant chemical species such as ions, amino acid, organic com-
pounds, hsDNA, RNA and BSA were introduced to the GSH-capped
CdTe QDs–PMBS system (Fig. 11). The ions, including K+, Ca2+, Na+,
HPO4

2�, NO3
� and S2O3

2�, did not exhibit a significant effect on the
fluorescence of the GSH-capped CdTe QDs–PMBS system. Amino
acid, such as L-Cysteine, L-Isoleucine, L-Proline, L-Threonine, L-
Tryptophan, L-Valine and L-Alanine, did not cause any interference
to the biosensor. RNA which lacks the double helix structure of
hsDNA could not specifically combine with PMBS and thus hardly
had influence on the emission fluorescence of this biosensor, as
well. Large protein molecules exemplified by BSA could be allowed
at high concentration in the system without any obvious interfer-
ence. Other organic matters, such as glucose, urea and collagen,
had also been brought into the biosensor and the consequence
illustrated that they have no prominent influence on it. The corre-
sponding results demonstrated that only hsDNA could recover the
fluorescence of the GSH-capped CdTe QDs–PMBS system and
enable this (QDs–PMBS)-based fluorescent biosensor to be turn-
on, implying good selectivity of the designed biosensor for
monitoring hsDNA. Apparently, nonspecific binding that common-
ly associated with biosensor development was not a problem in
this study.

3.5.3. Analytical applications
A series of detection experiments were implemented to evalu-

ate analytical performance of this proposed (QDs–PMBS)-based
fluorescent biosensor for detecting hsDNA in synthetic samples.
The samples were containing inorganic salt, amino acid and organ-
ic compounds. As could be seen from Table 2, the recoveries (from
99.3% to 101%) of the added hsDNA were satisfactory and the rela-
tive standard deviations (R.S.D.) were less than 5.0%. Therefore, this
(QDs–PMBS)-based ‘‘turn off–on’’ fluorescent biosensor was reli-
able and practical to be applied to the rapid monitoring of hsDNA.

4. Conclusions

A novel and sensitive biosensor for the determination of hsDNA
which was based on fluorescent reversible ‘‘turn off–on’’ change of
GSH-capped CdTe QDs had been established. With the introduction
of PMBS, original fluorescence of GSH-capped CdTe QDs was
markedly quenched which was ascribed to the occurrence of the
photoinduced electron transfer from the QDs to PMBS. On account
of the fact that PMBS could embed into hsDNA double helix struc-
ture to form more stable complex through intercalation and then
dissociate from the surface of QDs, the fluorescence of GSH-capped
CdTe QDs would be restored. This designed biosensor with a good
linear correlation coefficient and a low detection limit exhibited a
high sensitivity of hsDNA detection. Interferences caused by metal
ions, inorganic anions, amino acid and organic matters hardly had
effect on the determination of hsDNA, conforming the good selec-
tivity of this biosensor. Concurrently, the proposed biosensor
demonstrated a high sensitivity for detecting hsDNA in synthetic
samples. These satisfying results also threw light on the prospec-
tive probability of investigating the interaction mechanism of
antibiotics with DNA.
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