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Abstract In this paper, a rapid, simple and highly sensitive
method with dual-readout (colorimetric and fluorometric)
based on the nanometal surface energy transfer (NSET) be-
tween nitrogen-doped carbon quantum dots (NCQDs) and
gold nanoparticles (AuNPs) for detection of biothiols is de-
scribed. Highly luminescent NCQDs were prepared via a sim-
ple one-step hydrothermal method by applying sucrose and
glycine as carbon and nitrogen sources. The results showed
the obtained NCQDs had an average particle diameter of 5 nm
and highly luminescent. The maximum emission wavelength
was 438 nm with an excitation wavelength of 360 nm. In this
system, NCQDs and AuNPs were respectively treated as en-
ergy donors and energy acceptors, which enable the
nanometal surface energy transfer (NSET) from the NCQDs
to the AuNPs, quenching the fluorescence. However, biothiols
was used as a competitor in the NSET by the strongly Au-S
bonding to release NCQDs from the Au surface, which sub-
sequently produces fluorescent signal recovery and the red-to-
purple color change quickly. This probe showed rapid re-
sponse, high selectivity and sensitivity for biothiols with dual
colorimetric and fluorescent turn-on signal changes. The low
detection limit was calculated as 20 nM by using L-cysteine
acted as target melocules. The method was also successfully
applied to the determination of biothiols in human serum sam-
ples, and the results were satisfying.
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Introduction

Biological thiols (biothiols), such as glutathione (GSH), ho-
mocysteine (Hcy), and cysteine (Cys), plays a critical role in
biological systems because of its wide distribution in living
cells [1–3]. It has been noticed that abnormal levels of
biothiols are linked to many diseases. Deficiency of cysteine
is usually associated with a number of clinical situations, such
as hair depigmentation, edema, skin damages, lethargy and
loss of muscle and fat [1, 4, 5]. GSH usually serves as an
antioxidant and protects cells from oxidative stress.
Abnormal levels of GSH can lead to disturbance of physio-
logical functions such as heart disease, stroke, and other neu-
rological disorders.An elevated level of Hcy in human plasma
is a risk factor for induce disorders including cardiovascular
and Alzheimer’s disease. Thus, pursuing an a sensitive, reli-
able, and convenient approach for trace analysis of biothiols is
of great significance in biological, medical, and clinical stud-
ies and attract considerable interest in recent years. To date,
many methods have been established for the determination of
biothiols, such as electrochemistry [6], high-performance
liquid/gas chromatography [7, 8], mass spectroscopy [9] and
capillary electrophoresis [10]. Although some of these
methods have more selective and sensitive, some inherent
issues still cannot be avoided, such as expensive bio-
molecular reagents, complicated pretreatment of samples, or/
and skilled operators. Up to now, more and more attentions
have been paid to develop novel fluorescent method for rapid,
technically simple, and efficient detection of biothiols without
any expensive apparatus [11–14].
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Nanometal surface energy transfer (NSET) is a kind of
energy transferring from an energy donor to an acceptor
(AuNPs) through nonradioactive dipole–dipole coupling.
Compared to fluorescence resonance energy transfer
(FRET), NSET has a higher energy transfer rate from the
organic donor to the AuNPs acceptor and a longer quenching
distance. So it has been widely used in various research areas
[15–17].

Carbon quantum dots (CQDs) as new carbon
nanomaterials were ideal fluorophores, and recently attract
considerable attention. Compared with conventional heavy
metal (e.g., Hg, Cd, Pb) -based inorganic semiconductor
QDs and organic dye, CQDs with higher photostability and
lower toxicity have shown excellent performances in bio-
applications [18–20], especially in development of biosen-
sors. Until now, many methods have been utilized for the
preparation of CQDs, such as electrochemical exfoliation
[21, 22], thermal decomposition or oxidation [23, 24], laser
ablation [25], thermal dehydration [26], and microwave irra-
diation [27]. Nevertheless, most methods are not ideal for
practical applications because of their low quantum yields,
expensive equipment and/or intricate processes. Thus, it is of
great significance through surface modification to achieve
high fluorescence efficiency of CQDs.

In the present work, the highly luminescent nitrogen-doped
quantum dots (NCQDs) was prepared by a facile one-pot hy-
drothermal route using sucrose and glycine as carbon and
nitrogen sources. We designed a highly sensitive, simple and
naked-eye method using as-prepared NCQDs for dual read-
outs (colorimetric and fluorometric) detection of the low level
of biothiols based onNSET technique. The dual-readout assay
combining colorimetric characteristics of AuNPs with fluo-
rometric sensitive measurement of NSET can be used to visu-
ally detect trace amounts of biothiols. Moreover, this method
shows rapid response, cost-effective, much better sensitivity
and can thereby be a reliable option to determine the concen-
tration of biothiols in real samples.

Experimental

Materials and Instruments

Sucrose, glycine, trisodium citrate dehydrate(98%),
chloroauric acid (HAuCl4·3H2O), and L-cysteine (98%) were
purchased from Sigma-Aldrich Chemical Co. All chemicals
and solvents were obtained from the commercial sources and
used directly without further purification. Ultrapure water
used was purified using a Millipore filtration system
(NANOPure, USA) with a resistivity of 18.0 MΩ cm. All
glassware used in this preparation was thoroughly cleaned in
aqua regia (three parts HCl, one part HNO3), rinsed in doubly
distilled water, and oven-dried prior to use.

Morphology of the synthesized nanoparticles was exam-
ined by a SU3500 scanning electron microscope (Hitachi,
Japan). Absorption spectra were obtained by a UV-1800
UV-vis spectrophotometer (Shimadzu, Japan) using a quartz
cell with the path length of 1.0 cm. Fluorescence spec-
tra were performed with a LS-55 fluorescence spectro-
photometer (PerkinElmer, USA) with a 1.0 cm quartz
cell with 10 nm band width for both the excitation
and emission monochromators. The pH was measured
using a PHS-25 pH meter (Shanghai, China). All optical
measurements were carried out at room temperature un-
der ambient conditions.

Preparation of Citrate-Stabilized AuNPs

Citrate-stabilized AuNPs were prepared following the modi-
fied Frens’method [28]. Firstly, 2 mL of 1% aqueous solution
of HAuCl4 in 48mL of water was heated to boil with vigorous
stirring, and 5 mL of 1% trisodium citrate was added quickly.
The solution turned deep blue within 20 s and the final color
change to deep-red. The solution was then heated for an addi-
tional 10 min. The solution was cooled to room temperature
and stored at 4 °C.

Preparation of Nitrogen-Doped Carbon Quantum Dots
(NCQDs)

NCQDs were prepared by one-step hydrothermal treatment
using sucrose and glycine as both carbon and nitrogen
sources. Briefly, sucrose (2.0 g) and glycine (1.0 g) were
mixed with Nanopure water (25 mL) by ultrasonication. The
solution was transferred to a Teflon-equipped stainless-steel
autoclave and heated hydrothermally at 180 °C for 8 h. After
cooling to room temperature, the brown-yellow product was
centrifuged at a high speed (10,000 rpm) for 15 min. Then, the
supernatant was dialyzed against pure water through a dialysis
membrane (MWCO of 1000) for 1 day and the obtained su-
pernatant was vacuum-dried to collect NCQDs.

Quantum Yield Measurement

The quantum yield (QY) of the as-prepared NCODs was mea-
sured according to a literature procedure [29] by using quinine
sulfate in 0.1 M H2SO4 (literature quantum yield 0.54 at
360 nm) as a standard. Absolute values are calculated using
the standard reference sample that has a fixed and known
fluorescence quantum yield value. The quantum yield of the
NCQDs was determined at the excitation wavelength of
360 nm by the following equation:

ϕx ¼ ϕst
Fx

Fst

Ast

Ax

η2x
η2st
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where Φ is quantum yield, F is the measured integrated
emission intensity, η is the refractive index of the solvent,
and A is the optical density. The subscript Bst^ refers to the
referenced fluorophore (quinine sulfate in 0.1 M H2SO4) with
known quantum yield and Bx^ refers as the samples for the
determination of quantum yield.

Preparation of the NSET System

The NCQDs-AuNPs NSETsystemwas prepared at room tem-
perature in PBS buffer (pH 8.0) [30]. Briefly, a 200 μL stock
solution of NCQDs (0.5 mg·mL−1) and PBS buffer solution
(1.5 mL) were added with stirring into solutions of the as-
prepared citrate-AuNPs (10 nM, 1.0 mL) in a centrifuge tube,
and then diluted to 5.0 mL with deionized water. After 20 min
reaction, the fluorescence spectra were measured at room tem-
perature with excitation at 360 nm.

Detection Procedure of Cys

A 0.1 M stock solution of L-cysteine was prepared in PBS
buffer solution (pH = 7.0), from which various cysteine con-
centrations were prepared by serial dilution. Different concen-
trations of L-cysteine (200 μL) were mixed with a solution of
NCQDs-AuNPs (2mL) and B-R buffer solution (500 μL), then
the mixture was diluted to 5.0 mL with water and kept in the
dark for 20 min. The UV-vis absorption and fluorescence were
measured respectively. The procedures for all the optimization
and control experiments are the same as described above.

The detection of urine sample: The urine sample (1.0 mL)
was diluted by acetonitrile (1.0 mL) for removing the interfer-
ence of proteins and other substances in urine, respectively
[31]. After standing for 10 min to precipitate proteins, the
sample was centrifuged for 10 min at 12000 rpm at 20 °C.
The supernatant was dried by vacuum at 50 °C for 12 h, and
then 100.0 μLTris-HAc buffer was added to re-dissolve sam-
ple and stored at 4 °C until fluorescence analysis.

Results and Discussion

Characterization of AuNPs and NCQDs

The optical properties of the as-prepared NCQDs were exam-
ined by UV–vis absorption spectra and fluorescence spectra
(Fig. 1a). It could be seen that the prepared NCQDs solution
shows an absorption peak centered at 283 nm and a strong PL
emission spectrum centered at 438 nm when it is excited at
360 nm. The bright blue fluorescence emitted from NCQDs
could be seen under UV light (inset of Fig. 1a). The quantum
yields (QY) was obtained to be 9.8%with quinine sulfate as the
reference. When excitation wavelengths was changed in the
range of 340–420 nm in 10 nm increments, the emission peak

of the NCQDs shifts to longer wavelengths (Fig. 1b). The max-
imum fluorescence emission intensity can be obtained when it
is excited at 360 nm. The emission shifts dependence of the
excitation wavelength increases, indicating a distribution of the
different surface energy traps of the as-prepared NCQDs [32].

The Fig. 2a showed the photostability of NCQDs
nanocrystals that were compared against traditional fluorescence
dye – FITC and Rhodamine B. The fluorescence intensity was
measured every 10 min at respective optimal excitation wave-
lengths. The results proved that the NCQDs aremore stable than
fluorescence dye. The fluorescence signature of NCQDs was
not obviously changed, while the fluorescence intensity of fluo-
rescence dye was reduced about 80% within 15 min. The sizes
of the Au nanoparticles were about 13 nmbyTEManalysis. The
SEM image of NCQDs also reveals that the nanocrystals are
irregular spherical and the diameters were mainly distributed in
the narrow range from 4 nm to 6 nm, with an average size of
5 nm (Fig. 2b and Fig. 2c). The functional groups on the surface
of NCQDs were investigated using FTIR spectrometry
(Fig. 2d). Bands at 3100–3500 cm−1 are characteristic absorp-
tion of O-H and N-H stretching vibration, respectively. Bands at
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Fig. 1 UV-Vis absorption and fluorescence spectra of the NCQDs in
aqueous solutions (a). Inset shows images of the obtained NCQDs
under UV light. Fluorescence spectra of the NCQDs at excitation
wavelengths from 340 nm to 420 nm in 10 nm increment (b)
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1639 cm−1 is respectively assigned to stretching vibration of
C = O [33, 34] and C-N [35, 36]. Bands at 1329 and
1407 cm−1 are ascribed to the typical stretching vibration modes
of C = N and C-N heterocycles [37]. Bands at 1036 cm−1 is
assigned to vibration of C-O [38]. These results prove as-
prepared carbon quantum dots are nitrogen-doped. The stable,
monodispersive and highly fluorescent nanoparticles as fluores-
cent probes were studied as follows.

Mechanism of the Dual-Readout Assay for Biothiols

AuNPs have been widely used in the biosensor field because
of the higher extinction coefficient and a broad absorption
spectrum in a visible light. The absorption spectrum of
AuNPs is overlapped with the emission wavelength of
NCQDs which result in highly efficient energy transfer from
the NCQDs to AuNPs. The designed assay principle is illus-
trated in Fig. 3a. In this system, NCQDs can be readily
adsorbed onto surfaces of citrate-stabilized AuNPs via elec-
trostatic interactions to result in highly efficient energy trans-
fer from the NCQDs to AuNPs. Nevertheless, biothiols dem-
onstrates stronger affinity towards AuNPs than NCQDs be-
cause of the Au-S bonding, which renders the biothiols

molecule to encapsulate AuNPs in priority, thus removing
NCQDs from the Au surface to recover the fluorescence of
NCQDs. It also cause the red-to-purple color change in the
process of anti-aggregation of AuNPs color change quickly in
that aggregation of AuNPs, the aggregation state change of
AuNPs induced by Cys can be visualized by the naked eye.

To verify the mechanism, we prepared NCQDs-AuNPs
solution by allowing an optimized concentration. Herein, pos-
itively charged amino groups (NH2-) of NCQDs can be read-
ily adsorbed on the surface of negatively charged citrate-
AuNPs via electrostatic interaction. As a result, the fluores-
cence of NCQDs can be quenched by AuNPs through NSET
(Fig. 3b). The fluorescence intensity of NCQDs -AuNPs sys-
tem is proportional to the concentration of quencher (AuNPs)
and quenching constant (Ksv) was calculated to be
0.92 × 109 L • mol−1 using the Stern-Volmer equation: F0/
F = Ksv × [Q] + 1 (F and F0 are the fluorescence intensities
with and without the presence of the AuNPs respectively, [Q]
is the concentration of the quencher, Ksv is the quenching
constant). Upon the addition of Cys into a NCQDs-AuNP
solution, the -SH of Cys can bind more strongly onto surfaces
of AuNPs than NCQDs via specific Au-S bonding, accompa-
nied the release of NCQDs and the fluorescence was restored.
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Simultaneously, AuNPs color changed from red to purple,
along with the increase of Cys concentration, −SH that at-
tached onto different AuNP surfaces are able to cause the
aggregation of AuNPs (Fig. 3c). This method shows rapid
response, cost-effective, high selectivity and sensitivity with
dual colorimetric and fluorescent signal changes and can
thereby be a reliable option to determine the concentration
of biothiols in biological samples.

Effect of Concentration of NCQDs

The effect of concentration of NCQDs on the NSET system is
studied (Fig. 4a). For each reaction, 200 μL stock solution of
NCQDs with a concentration ranging from 0.1 to 1 mg·mL−1

and 1.5 mL PBS buffer solution was added with stirring into
solutions of the 1.0 mL AuNPs (10 nM), and then diluted to
5.0 mL with deionized water. The fluorescence spectra of the
NCQDs-AuNPs solutions were measured with excitation at
438 nm. It is obvious that NCQDs -AuNPs fluorescence was
quite weak due to the efficient NSET and there was not obvi-
ously changed in fluorescence intensity when the concentra-
tion of NCQDs was below 0.5 mg·mL−1 (insert, Fig. 4a).

Nevertheless, the fluorescence response is boosted up with
the concentration of N-CQDs over 0.5 mg·mL−1. This indi-
cates that the excess NCQDs cannot contribute to the NSET
between NCQDs and AuNPs, but increase the background
value. So, the NCQDs concentration of 0.5 mg·mL−1 was
selected for all of the experiments.

Effect of Concentration of AuNPs

Concentration of AuNPs has great effect on the performance of
the probe system.We carried out reactions where all parameters
were fixed with the exception of the final concentration AuNPs
in a range from 1 nM to 5 nM. The fluorescence spectra of the
NCQDs-AuNP solution were measured with excitation at
360 nm. As shown in Fig. 4b, there is a continuous significant
increase of theΔF (F-F0, F0 and F are the PL intensities of the
NCQDs at 438 nm in the absence and presence of Cys) in the
presence of Cys until the final concentration of AuNPs reached
2 nM. On the contrary, the flurencence intensity was decreased
when the final concentration was over 2 nM, indicating that
NCQDs would have more opportunities to be closer to the
excess amount AuNPs to cause quenching more thoroughly.
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Effect of Reaction Time

The reaction rate of Au-S bonding is very quickly and the influ-
ence of reaction time was investigated. As shown in Fig. 4c, the
fluorescence was enhanced with the reaction time between 10
and 20 min and the response started to level off above 20 min.
This indicated that the interaction of NCQDs-AuNPs with L -
cysteine had reached equilibrium after 20 min. Accordingly,
20 min was selected as the operating reaction time.

Effect of pH and Buffer

In addition, the fluorescent properties of pure NCQDs solution
and the fluorescent detection are both related to the pH value
of media. The effect of pH on the FL intensity was studied
over the pH range from 5.0 to 9.5. It can be seen that the
fluorescence response reaches the maximum at pH 7.0
(Fig. 4d). In addition, several buffer systems, such as carbon-
ate buffer, phosphate-buffered saline, tris-buffered saline,
britton-robinson (B-R) buffer solution, were tested. It was
found that the best buffer system is phosphate-buffered saline
(PBS). So 10 mmol/L PBS (pH = 7.0) was used as reaction
buffer throughout.

Analytical Performance

Under the optimum experimental conditions, the effect of L-
cysteine on the NSET system had been investigated. As
shown in Fig. 5a, the FL of the system would be recovered
with increase of the concentration of Cys from 0 to 20 μM.
The FL intensity ratio (F/F0, F0 and F are the PL intensities of
the NCQDs at 438 nm in the absence and presence of Cys)
exhibits a linear response to Cys concentration in the range of
0.05–12 μM, the calibration curve can be expressed as
F/F0 = 1.10022 + 0.11304CCys with the relative coefficient
of 0.9955 (Fig. 5b). The limit of detection (3σ/b) for L -
cysteine is 20 nM, where σ is the known standard deviation
of ten measurements for the reagent blank’s signal and b is the
slope of the calibration curve at low analyte concentration).

Moreover, the aggregation of AuNPs induced by Cys also
can be quantitated by UV–vis spectroscopy. The increase of
Cys concentration resulted in the systematic decrease of the
absorbance at 520 nm, which is consistent with the color
change of AuNPs suspension displayed in Fig. 3a. Figure 6
shows A520 values versus various concentrations of Cys, re-
spectively. The absorbance signal at 520 nm gradually de-
creases with the Cys concentration from 10 to 120 μM
(Fig. 6a), and the A520 decreased linearly from 0 to 100 μM
using the equation A520nm = 0.65976–0.00377CCys with a
linear correlation R = 0.9963 (Fig. 6b).

Table 1 shows the comparison of LOD and linear range
with those of different methods for biothiol analysis. It is
suggested that such NCQDs system as a fluorescent sensor

Table 1 Comparison of methods
for the determination of biothiols Detection method Linear range Detection limit Reference

Colorimetry 10–100 μM Not Given [39]

Electrochemistry 1–400 μM 50 nM [40]

Electrochemistry 0.3–3.6 μM, 3.9–7.2 μM 90 nM [41]

Fluorimetry(FRET) 2–200 nM Not Given [38]

Fluorimetry(FRET) 5.0–50.0 μM 3.6 μM [42]

Fluorimetry(FRET) 0–0.3 mM Not Given [43]

Fluorimetry(NSET) 0.025–4.5 μM 8.0 nM [17]

Fluorimetry(NSET) and colorimetric 0–137 μM 98 nM [44]

Fluorimetry(NSET) and colorimetric 0.05–12 μM

0–100 μM

20 nM Our work
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Table 2 Results of analysis of three human urine samples

sample Biothiols in
samples/(μM)

Concentration found
(μM)) a (mean ± SD)

Recoverya/% RSDa/%

1 0.50 0.52 ± 0.02 104.0% 3.8%

2 2.20 2.26 ± 0.10 102.7% 4.4%

3 3.50 3.43 ± 0.14 98.0% 4.1%

a denotes average of three determinations
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exhibits superior sensitivity for biothiol analysis, wide linear
response range and high possibility for the quantitative detec-
tion of biothiol analysis. Meanwhile, the proposedmethod can
provide both fluorescence and colorimetric signals for the de-
tection of thiols.

The Influences of Coexisting Substances

To verify the performance of our sensor for biothiol detection
in practical applications, we investigated the effect of the other
essential amino acids at a concentration of 10 μ M under the
optimum experimental conditions. The experimental results
are shown in Fig. 7. It is clear that only GSH/Cys/Hcy showed
significantly higher fluorescence intensity and no apparent
enhancement of fluorescence intensity for other amino acids
compared to the blank. The results confirmed the mechanism
that only -SH can be used as a competitor in the NSET to bind
onto surfaces of AuNPs and recover the fluorescence of
NCQDs.

Real Sample Determination

To prove the feasibility and practicality of the method, the
present method is applied to directly detect total biothiols in
the human urine samples. The results are listed in Table 2. The
analytical results show that the values found from the three
samples by this proposed method are identical with the
Cysteine Assay Kit (Enzyme labelling method), and the re-
covery results ranged from 98.0% to 104.0% with a satisfied
relative standard deviation (RSD 3.8%–4.4%) indicating that
no significant interference for the biothiols determination in
urine samples. Therefore, this proposed dual-readout assay for
detecting biothiols is applicable.

Conclusions

The highly luminescent NCQDs were synthesized by a facile
one-pot hydrothermal route and a simple and flexibile method
based on the NSET between NCQDs and AuNPs with dual-
readout detection for biothiols is proposed. The dual-readout
assay combining colorimetric characteristics of AuNPs with
fluorometric sensitive measurement of NSET can be used to
visually detect trace amounts of biothiols. Under the optimum
conditions, when Cys acted as target melocules, it could be
detected with high sensitivity and low detection limit down to
20 nM. Moreover, the sensors have been successfully
employed for the detection of the total biothiols in human
serum samples with satisfactory results. We expect such a
NSET system between NCQDs and AuNPs has desirable ap-
plications in the analytical areas especially in the development
of bio-sensing systems.
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