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� The stable and cadmium-free DNA
functionalized ZnS:Mn2þ QDs were
successfully synthesized through a
facile one-step route.

� We constructed a novel FRET system
based on one-step synthesized DNA-
ZnS:Mn2þ QDs (donor) and WS2
nanosheets (acceptor).

� The FRET-based strategy was applied
for the detection of streptavidin and
folate receptor by combining TPSMLD
and Exo III.
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DNA functionalized quantum dots (QDs) are promising nanoprobes for the fluorescence resonance en-
ergy transfer (FRET)-based biosensing. Herein, cadmium-free DNA functionalized Mn-doped ZnS (DNA-
ZnS:Mn2þ) QDs were successfully synthesized by one-step route. As-synthesized QDs show excellent
photo-stability with the help of PAA and DNA. Then, we constructed a novel FRET model based on the
QDs and WS2 nanosheets as the energy donor-acceptor pairs, which was successfully applied for the
protein detection through the terminal protection of small molecule-linked DNA assay. This work not
only explores the potential bioapplication of the DNA-ZnS:Mn2þ QDs, but also provides a platform for the
investigation of small molecule-protein interaction.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Quantum dots (QDs) have been widely used in various appli-
cations in the past decades, because of their unique optical prop-
erties relative to the traditional organic dyes [1e3]. From the
perspective of the science and technology, in most cases, it is
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necessary and desirable to synthesize the surface-functionalized
QDs, particularly for the DNA functionalized QDs [4,5]. The clas-
sical approaches for preparing DNA functionalized QDs are elec-
trostatic attraction, biotineavidin coupling and covalent bonding
through amino/carboxyl groups [6e9]. However, these methods
still have some disadvantages, such as non-specific adsorption,
high cost, decreased fluorescence and multi-step process. One-step
synthesis of DNA functionalized QDs was thus developed by using
the phosphorothiolate phosphate DNA (Ps-DNA) as ligands during
the preparation of CdTe QDs [10e13]. However, a major concern for
the DNA functionalized CdTe QDs is their potential toxicity due to
the existence of cadmium element. In order to address this issue,
NA functionalized cadmium-free quantum dots and its application in
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we have synthesized Zn-doped DNA functionalized CdTe QDs to
reduce the toxicity of QDs stemmed from cadmium [14]. Despite
the great success of one-step synthesis of DNA functionalized QDs,
it is necessary to solve the problem of the intrinsic
toxicity from the cadmium source, which limits the biological
applicability of these DNA functionalized QDs. In light of this,
exploring a facile approach for synthesizing cadmium-free DNA
functionalized QDs is crucial to meet the requirement of biosensing
and bioimaging.

Recently, as one of the emerging two-dimensional (2D) nano-
materials, transition metal dichalcogenides, such as WS2, have
attracted great interest due to their unique electrical and me-
chanical properties, as well as their potential applications in the
fields of catalytic reactions, solar cells, lithium ion batteries, and
field-effect transistors [15e19]. Most recently, WS2 nanosheets
were used in the biosensing because of its differential affinity to-
wards single-stranded DNA (ssDNA) and double-stranded DNA
(dsDNA) [20e25]. These assays were utilized for fluorescence
resonance energy transfer (FRET) between organic dyes as energy
donors and WS2 as the energy acceptor. Compared with conven-
tional organic dyes as energy donors, QDs are promising candidates
in FRET-based assays, since they possess several advantages,
including high quantum yield, excellent photostability, size-
dependent fluorescence spectra and tunable absorption and
emission [26]. However, the relatively low quenching efficiency of
the fluorescence of QDs using organic dyes as quenchers is a major
problem for the QDs-based FRET [27]. Although gold nanoparticles
and carbon nanomaterials have given high quenching efficiency
[28], the former needs to be labeled and the latter has difficulty in
the large scale synthesis compared to WS2.

Mn-doped ZnS QDs is one of the most extensively investigated
cadmium-free fluorescent materials. Herein, we prepared DNA
functionalized Mn-doped ZnS (DNA-ZnS:Mn2þ) QDs by one-step
synthesis for the first time, and then, the as-prepared QDs and
WS2 nanosheets were utilized as novel energy donoreacceptor
pairs to construct the FRET-based assay system. Recently, as one of
the most commonly used methods for protein detection, terminal
protection of small molecule linked DNA (TPSMLD) has attracted
considerable attention [29e32]. It is based on the fact that the small
molecule-linked ssDNA can be protected from degradation by
exonuclease I once the small molecule binds to the target protein
[28]. Taking the biotin-streptavidin (SA) and folate-folate receptor
(FR) interactions as models, the as-constructed FRET system was
further developed for protein sensing based on the principle of
TPSMLD.

2. Materials and methods

2.1. Chemicals and reagents

N-acetylcysteine (NAC), poly(acrylic acid) (PAA, MW ¼ 2000),
Mn(Ac)2$4H2O, Zn(Ac)2, Na2S$9H2O were purchased from Aladdin
Industrial Corporation (Shanghai, China). SA was purchased from
Amresco (USA). Exonuclease III (Exo III) was purchased from Takara
Biotechnology Co., Ltd. (Dalian, China). FR was obtained from
Biosynthesis Biotechnology CO., Ltd. (Beijing, China). Albumin (BSA)
was purchased from Sigma-Aldrich (St. Louis, MO, USA). Thrombin
was purchased from Wenhan Technology Development Co., Ltd.
(Hubei, China). The other chemicals not mentioned here were of
analytical-regent grade or better. Sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) gel preparation kit was
purchased from Solaibao Biological Technology Co., Ltd. (Shanghai,
China). SYBR green 1 and Immunoglobulin G (IgG), and all oligo-
nucleotides with different sequences were purchased by Sangon
Biotechnology Co., Ltd. (Shanghai, China).
Please cite this article in press as: C. Zhang, et al., One-step synthesis of DNA
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Ps-DNA: 50-TATATGGATGATGTGGTATTAAAAA*G*G*G*G*G*G
*G*G*G*G-3’ (* indicates the phosphorothioate linkage)
Biotin-DNA: 50-AATACCACATCATCCATATA-biotin-30

Folate-DNA: 50-AATACCACATCATCCATATA-FA-30

Complement DNA (CDNA): 50-AATACCACATCATCCATATA-30
2.2. Characterization

Transmission electron microscope (TEM), high resolution TEM
(HRTEM) and selected area electron diffraction (SAED) images were
performed using HT-7700 TEM (Japan). Atomic force microscope
(AFM) image was acquired by a tapping mode in air using Multi-
mode 8 atomic force microscope (VEECO, USA). X- ray diffraction
(XRD) was measured on a Bruker D8 advance X-ray diffractometer
(Germany). UVevis absorption spectra were taken using a Shi-
madzu UV-2550 spectrophotometer (Japan). Fluorescence spectra
were measured on a Hitachi F-7000 fluorescence spectrophotom-
eter (Japan). The Energy-dispersive spectrum (EDS) was recorded
with a scanning electron microscopy (SEM) (FEI Quanta 200). Dy-
namic light scattering (DLS) and zeta (z) potential measurements
were performed on a Zeta sizer Nano ZS90 nanoparticle size and z
potential analyzer (Malvern, U.K.). PAGE analysis was obtained from
EPS 300 electrophoresis apparatus (Tanon, Shanghai) with 120 V
for 90 min. A Spectro Genesisi FEE inductivity coupled plasma
optical emission spectrometer (ICP-OES) (Thermo Electron Corpo-
ration, USA) was used for the determination of Zn concentration in
solution.

2.3. Preparation of DNA-ZnS:Mn2þ QDs

Zn(Ac)2 (5.75 mM), Mn(Ac)2$4H2O (0.17 mM), PAA (4.5 mg) and
NAC (6.8 mM) were added into a three-necked flask containing
10mL deionizedwater. Then, 625 mL of 0.1 MNa2S was injected into
the solution and adjusted to pH ¼ 9 with NaOH. The reaction so-
lution was stirred for 10 min, and then DNA solution (20 mM) was
added into the above-mentioned solution. The mixture was incu-
bated at 90 �C for 2 h and gradually cooled to the room tempera-
ture. The final solution was further purified by ultrafiltration (an
Amicon Ultra-4 centrifugal filter device with a MW cut off of
30 kDa).

2.4. Synthesis of WS2 nanosheets

Briefly,WS2 powder (160mg) and CTAB (80mg) were added to a
250 mL beaker containing 160 mL of deionized water and the
mixture was sonicated for 3 h. Then, the dark green dispersion was
centrifuged at 3500 rpm for 10 min to remove large-size masses.
The supernatant was washed with water by centrifugation at
12000 rpm for 10 min. The as-obtained supernatant was further
centrifuged at 16000 rpm for 5 min to remove the redundant CTAB.
Then WS2 nanosheets were dispersed in water and stored in the
refrigerator for further use.

2.5. Procedure for the detection of SA

7.5 mL of 1 mg/mL DNA-ZnS:Mn2þ QDs, 12.5 mL of 10 mM biotin-
DNA and different concentrations of SA in PBS buffer (0.02 M,
pH ¼ 7.4, containing 50 mM NaCl and 10 mM MgCl2) were kept at
37 �C for 45min. Then 80 U Exo III was added into the hybridization
solution and the mixtures were kept at 37 �C for another 45 min
with gentle agitation. After that, 18 mL of 2 mg/mLWS2 were added
with a final volume of 500 mL and incubated for 1 min before
measurement. Finally, the fluorescence intensity of the incubated
solution was measured at 575 nm with excitation at 330 nm.
functionalized cadmium-free quantum dots and its application in
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3. Results and discussion

3.1. Synthesis and characterization of DNA-ZnS:Mn2þ QDs and WS2
nanosheets

As shown in Scheme 1, DNA-ZnS:Mn2þQDswere synthesized by
one-pot route, in which Ps-DNA [10] (two domains: phosphor-
othiolates binding with the ZnS:Mn2þ QDs surface and recognition
sequence for targeting biomolecular) and NAC were used as the
coligand. Fig. 1A shows the TEM image of DNA-ZnS:Mn2þ QDs, and
the average diameter is ~3.8 nm based on the size histograms
(Fig. 1B). According to HRTEM (inset in the Fig. 1A), QDs is highly
crystalline. The XRD pattern displays that these nanoparticles
possess a cubic zinc blende structure [33] (Fig. 1C). The results
preliminarily indicate the successful synthesis of DNA-ZnS:Mn2þ

QDs. We further investigated the effect of surface ligands on the
hydrodynamic size and surface charge of the QDs. As shown in
Fig. S1A, the hydrodynamic size of the ZnS:Mn2þ -QDs (only NAC),
PAA-ZnS:Mn2þ QDs (NAC and PAA) and DNA-ZnS:Mn2þ QDs (NAC,
PAA and DNA) were 6.11, 8.38 and 11.19 nm, respectively. The dif-
ference in diameter could be attributed to the different
surface species of as-prepared QDs in aqueous phase. Because of
the presence of DNA and PAA, it could increase the diameter of QDs.
As shown in Fig. S1B, zeta-potential measurements of the
ZnS:Mn2þ-QDs, PAA-ZnS:Mn2þ QDs and DNA-ZnS:Mn2þ QDs
were �21.7, �30.8 and �45.3 mV, respectively, indicating the sur-
face charge were dominated by negative NAC, PAA and DNA on the
surface of QDs.

WS2 were prepared through the ultrasonication in the presence
of CTAB which can stabilize the nanomaterials against aggregation
[34,35]. Bulk WS2 can be easily exfoliated to lamellar forms under
the help of CTAB (shown in Fig. S2A). In addition, the SAED patterns
demonstrate that the as-prepared are polycrystalline (inset in the
Fig. S2A). The thickness of the WS2 nanosheets is less than 3 nm
(Figs. S2C and D), indicating its few-layered nanostructure based on
the height of monolayer about 0.8e1.0 nm [36]. The elemental
composition of the WS2 was identified by EDS, and strong peaks of
W and S were observed (Fig. S2B). The molar ratio of W:S is
calculated as 37.34: 62.66 (z1: 1.7) based on the peak intensities
(inserted table in Fig. S2B), thereby confirming the desired stoi-
chiometry of the nanosheets.
3.2. Optical propreties of DNA-ZnS:Mn2þ QDs

Fig. 2A shows the UVeVis absorption and fluorescence spectra
Scheme 1. Scheme illustration of the one-pot synthesized DNA-ZnS:Mn2þ QDs and the prin
and WS2.
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of DNA-ZnS:Mn2þ QDs, and the corresponding controls are PAA
modified ZnS:Mn2þ QDs (PAA-ZnS:Mn2þ QDs) prepared under the
same condition. It can be easily observed that DNA-ZnS:Mn2þ QDs
display a clear absorption peak at 260 nm, suggesting the existence
of DNA on their surfaces. The fluorescence spectrum of DNA-
ZnS:Mn2þ QDs exhibits little red-shift (approximately 3 nm) and
relatively strong fluorescence intensity compared with PAA-
ZnS:Mn2þ QDs. This phenomenon may be attributed that nucleic
acids can make up the surface defects of QDs and improve the
fluorescence feature of the QDs [37]. Fig. 2B shows the photo-
stability of as-prepared QDs. All colloids were irradiated under
365 nm for 2.5 h. The fluorescence intensities of DNA-ZnS:Mn2þ

QDs (curve a) retain around 90% of the initial value, however, for
PAA-ZnS:Mn2þ QDs and ZnS:Mn2þ QDs, only about 63% and 42%
fluorescence intensities were reserved, respectively. Small mole-
cule ligand (NAC) was easily detached from the surface of QDs
when their surroundings were changed [38]. Polymeric coatings
are effective on preventing aggregation for colloidal nanoparticles
because of the steric hindrance. As a type of water-soluble poly-
mers, PAA was thus utilized as the electrostatic stabilizer to
improve the stability of QDs [39,40]. DNA can also improve pho-
tostability of the QDs by decreasing surface defects [14].
3.3. Confirmation of DNA on the surface of DNA-ZnS:Mn2þ QDs

SYBR green 1 is one of the most sensitive stains for probing
dsDNA because of its preferential binding to dsDNA with high
fluorescence and low fluorescence in the presence of ssDNA. It was
used to test the DNA targeting on the surface of DNA-ZnS:Mn2þQDs
(Fig. 2C). When DNA-ZnS:Mn2þ QDs were incubated with CDNA and
SYBR green 1, the fluorescence peak at 520 nm from SYBR green 1
was observed. Under other conditions, the no or low fluorescent
signal at 520 nm was observed, including only SYBR green 1,
CDNA þ SYBR green 1, DNA-ZnS:Mn2þ QDs þ SYBR green 1. It should
be noted that the broad peak of the mixture of DNA-ZnS:Mn2þ QDs
and SYBR green 1 was attributed to the fluorescence of QDs. The
experiment data show that DNA has been successfully grated on the
surface of QDs. Gel electrophoresis analysis was also employed to
prove DNA on the surface of QDs. As shown in Fig. S3, the migration
shift of DNA-ZnS:Mn2þ QDs (lane a) was decreased compared to
that of CDNA (lane b) in the presence of SYBR Green I fluorescent dye
due to themolecular weight increase of DNA-ZnS:Mn2þ QDs. Lane c
shows a clear fluorescent band, revealing that dsDNAwas obtained
through the hybridization of the DNA-ZnS:Mn2þ QDs and CDNA. The
phenomenon further display DNA has been successfully grafted on
ciple of biosensor for SA detection based on the FRET between the DNA-ZnS:Mn2þ QDs
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Fig. 1. (A) TEM and HRTEM images, (B) the corresponding size distribution, (C) the XRD of the as-synthesized DNA-ZnS:Mn2þ QDs (black line) and the standard pattern of ZnS QDs
(blue line, JCPDs card 12-0688). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. (A) The UVevis and fluorescence spectra of DNA-ZnS:Mn2þ QDs (red line) and PAA-ZnS:Mn2þ QDs (black line) in the same synthesis condition; (B) the photostability of the
DNA-ZnS:Mn2þ QDs (a), PAA-ZnS:Mn2þ QDs (b) and ZnS:Mn2þ QDs (c); (C) fluorescence spectra of DNA-ZnS:Mn2þ QDs and SYBR green 1 before and after interaction, SYBR (black
line, coinciding with the blue line), DNA-ZnS:Mn2þ QDs þ SYBR (red line), CDNA þ SYBR (blue line), DNA-ZnS:Mn2þ QDs þ CDNA þ SYBR (purple line). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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the surface of QDs via one-step synthesis.
3.4. Principle of the sensing platform based on the FRET between
WS2 DNA-ZnS:Mn2þ QDs and WS2 nanosheets

A protein biosensor was developed by using DNA-ZnS:Mn2þ

QDs as the energy donor andWS2 as the energy acceptor. Biotin-SA
was chosen as the model of protein sensing. As shown in Scheme 1,
in the absence of SA, DNA-ZnS:Mn2þ QDs were hybridized with
biotin-DNA to obtain dsDNA. When Exo III was added into this
system, the biotin-DNAwas hydrolyzed for the stepwise removal of
mononucleotides from the 30 -hydroxyl termini of dsDNA, releasing
DNA-ZnS:Mn2þ QDs into solution. After incubation with WS2
nanosheets, DNA-ZnS:Mn2þ QDs were absorbed on the surface of
WS2 due to their stronger affinity towards ssDNA than that of
dsDNA, which would lead to the fluorescence quenching of QDs.
However, upon the addition of SA, the specific binding of SA to
biotin could avoid the degradation of biotin-DNA in dsDNA by Exo
III based on the principle of TPSMLD. Consequently, QDs with
dsDNA could be kept far away from the surface of WS2, making QDs
retain their fluorescence. Therefore, protein detection could be
easily realized based on the DNA-ZnS:Mn2þ QDs -WS2 nano-
architecture with the aid of TPSMLD.
Fig. 3. Fluorescence spectra of the DNA-ZnS:Mn2þ QDs (a) in PBS buffer, with (b) WS2,
(c) biotin-DNA þ WS2, (d) biotin-DNA þ WS2 þ Exo III, (e) biotin-DNA þ WS2 þ Exo
III þ SA. (DNA-ZnS:Mn2þ QDs: 15 mg/mL, Biotin-DNA: 300 nM, WS2: 72 mg/mL, Exo III:
80 U, SA: 300 ng/mL. Excitation: 330 nm).
3.5. Feasible experiment of the biosensor

To verify this design, the feasible experiment was carried out
Please cite this article in press as: C. Zhang, et al., One-step synthesis of D
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(Fig. 3). Firstly, the original fluorescence intensity of DNA-ZnS:Mn2þ

QDs (curve a) was dramatically decreased to 14.4% in the presence
of WS2 (curve b), suggesting the adsorption of QDs on WS2 and an
impressive fluorescence quenching efficiency of WS2. In the pres-
ence of WS2 and biotin-DNA, a remarkable fluorescence recovery is
occurred because of the formation of dsDNA (curve c). However, the
NA functionalized cadmium-free quantum dots and its application in
.org/10.1016/j.aca.2016.12.024



Fig. 4. (A) Fluorescence spectra of DNA-ZnS:Mn2þ QDs in the presence of various concentrations of WS2 in PBS buffer; (B) the linear curve of fluorescent intensities versus
concentrations of WS2.
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recovery of fluorescence signal was not observed under the con-
dition of coexistence of Exo III (curve d), implying the digestion of
dsDNA by Exo III and the fluorescence quenching of QDs by WS2.
Upon the addition of biotin-DNA, Exo III and SA, an intense fluo-
rescence signal was recorded owing to the specific interaction be-
tween biotin and SA (curve e), which could protect biotin-dsDNA
from the Exo III-catalyzed degradation. The experimental data
demonstrate that it is feasible for the detection of SA by terminal
protection of biotin-linked DNA through DNA-ZnS:Mn2þ QDs -WS2
nanoarchitecture.

3.6. Optimization of the experimental parameters

To further optimize the performance of the biosensing system,
The effect of the concentration of WS2 on the DNA-ZnS:Mn2þ QDs
fluorescence was investigated. As shown in Fig. 4, the fluorescence
intensity decreased dramatically with an increase in WS2 concen-
tration from 0 to 88 mg/mL. About 88% original fluorescence in-
tensity was quenched with a WS2 concentration of 72 mg/mL.
Consequently, 72 mg/mL WS2 was chosen as the optimized con-
centration for bioassay. And then, we also optimize the reaction
time between DNA-ZnS:Mn2þQDs andWS2, as shown in Fig. S4, the
fluorescence of DNA-ZnS:Mn2þ QDs couled be quenched by WS2 to
88% within 1 min. The results exhibit the high quenching efficiency
of WS2.
Fig. 5. (A) Fluorescence spectra of the DNA-ZnS:Mn2þ QDs upon the addition of increasing c
relationship between the fluorescence increase intensity and the SA concentration (5, 10, 20
72 mg/mL. Excitation: 330 nm.
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Subsequently, the concentrations of biotin-DNA and Exo III were
further optimized. The fluorescence signal of QDs was improved
with the increasing concentration of biotin-DNA from 0 to 250 nM
while the concentrations of DNA-ZnS:Mn2þ QDs and WS2 were
fixed (Fig. S5). At higher concentration, the fluorescence intensity
was almost unchanged. In addition, the amount of Exo III in this
assay also affects the sensitivity of the biosensor. As shown in
Fig. S6, when the concentration of DNA-ZnS:Mn2þ QDs, WS2 and
biotin-DNAwere fixed, the fluorescence intensity was reducedwith
the increasing concentration of Exo III and reached a plateau with
80 U of Exo III. Therefore, 250 nM of biotin-DNA and 80 U of Exo III
were selected for SA assay.

3.7. The FRET-based biosensor for SA detection

Fig. 5A depicts the fluorescence responses of DNA-ZnS: Mn2þ

QDs for different SA concentrations. The fluorescence signals in-
crease intensely with the increasing concentration of SA and tend
to reach saturation at high SA concentration (Fig. 5B). There is a
good linear relationship between the fluorescence intensities and
the concentration of SA in the range of 5e150 ng/mL with the linear
equation y ¼ 5.2 x þ 401.4 (R2 ¼ 0.9976) (inset of Fig. 5B). The
detection limit was calculated as 2.8 ng/mL (3Sb/S, where Sb is the
standard deviation for the blank solution (n¼ 11) and S is the slope
for the range of linearity), which is comparable to the reported
oncentrations of SA (0e500 ng/mL); (B) Calibration curve for SA detection (inset, linear
, 50, 75, 100, 125, and 150 ng/mL). DNA-ZnS:Mn2þ QDs: 15 mg/mL, Exo III: 80 U, WS2:

NA functionalized cadmium-free quantum dots and its application in
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Fig. 6. Relative fluorescence intensities of the WS2-based assay in the presence of
different proteins: blank control (without SA), BSA: 150 ng/mL, IgG: 150 ng/mL,
Thrombin: 150 ng/mL, SA: 150 ng/mL (F0 and F are the fluorescence intensities in the
absence and presence of proteins, respectively) Excitation: 330 nm.
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florescent assay [41,42]. The good reproducibility of the assay was
also shown according to the standard deviations from independent
measurement (n ¼ 3) (Fig. 5B).

3.8. Specificity and interference of the assay towards SA

To verify the specificity of the biosensor, some other proteins
were examined, including BSA, IgG, and thrombin. Fig. 6 displays
the fluorescence of the FRET-based system, and few changes are
observed for BSA, IgG and thrombin, respectively, except for SA. The
phenomenon is attributed to the specificity between biotin and SA.
Furthermore, the performance of the biosensor for complex system
was further evaluated. As shown in Fig. S7, the response of the
biosensing system for SA is almost the same as that of the mixture
of SA with other proteins including BSA and IgG. These experi-
mental data clearly show that the selectivity of the biosensor is very
well and has potential application for protein detection in
complicated system.

3.9. The FRET-based biosensor for FR detection

To validate the expanded application of our sensing platform,
we have also used this method to detect FR by simply changing the
Fig. 7. (A) Fluorescence spectra of the DNA-ZnS:Mn2þ QDs upon the addition of increasing c
relationship between the fluorescence increase intensity and the FR concentration (5, 15, 30,
WS2: 72 mg/mL. Excitation: 330 nm.
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small molecule (biotin) to folate. As shown in Fig. 7A, there is a good
linear relationship between the fluorescence intensity and the
concentration of FR as well. The calibration curve for FR detection is
shown in Fig. 7B, and the linear range is from 5 to 325 ng/mL with
linear equation y ¼ 2.45 x þ 248.6 (inset of Fig. 7B), where y is the
fluorescence intensity of DNA-ZnS:Mn2þ QDs at 575 nm and x is the
concentration of FR (regression coefficient R2 ¼ 0.9954). The
detection limit is estimated to be 1.02 ng/mL. It clearly shows that
the DNA-ZnS:Mn2þ QDs - WS2 nanoarchitecture can be used to
detect other proteins by changing the small molecule at the ter-
minus of DNA. It is a versatile and general platform for protein
detection and suitable for the investigation of small molecule-
protein interaction.

3.10. Specificity and interference of the assay towards FR

We further investigated the specificity of the folate-FR model.
BSA, IgG, thrombin were added into the reaction system with the
same concentration of FR, respectively. As shown in Fig. S8A, low
fluorescence intensity was observed in the presence of BSA, IgG,
thrombin, which was slightly higher than that in the blank sample.
Whereas, a significant increase of fluorescence intensity was
measured with adding into FR. The results displayed that the bio-
sensing platform was also suitable for the folate-FR model. In
addition, we also evaluated the applicability of the biosensor when
the protein and mixture of protein were present (Fig. S8B). It had
obviously shown the strong anti-interference capability of the
assay.

4. Conclusions

In summary, a facile and one-step approach was developed to
synthesize DNA-ZnS:Mn2þ QDs. The QDs are cadmium-free and can
deracinate the toxicity from heavy metal ions. Importantly, the
photostability of QDs have been greatly improved with the help of
DNA and PAA. Then, the as-prepared QDs andWS2 nanosheets were
utilized as energy donor-acceptor pairs for the first time to detect
protein based on TPSMLD. WS2 nanosheets exhibited high
quenching efficiency towards the fluorescence of QDs. Taking the
biotin-SA system as a model, the DNA-ZnS:Mn2þ QDs - WS2
nanoarchitecture was successfully developed for the SA detection
in the range of 5e150 ng/mL with a detection limit of 2.8 ng/mL.
Furthermore, the nanosensor could also be applied to evaluate the
interaction of other small molecule with protein (FR and folate).
oncentrations of FR (0e800 ng/mL); (B) Calibration curve for FR detection (inset, linear
60, 90, 120, 160, 200, 275 and 325 ng/mL). DNA-ZnS:Mn2þ QDs: 15 mg/mL, Exo III: 80 U,

NA functionalized cadmium-free quantum dots and its application in
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The DNA terminal protection and the novel energy donor-acceptor
pairs for the protein-small molecule interaction show great po-
tential in biological applications.
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