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An ultrasonic assisted approach was developed for rapid synthesis of highly water soluble phosphor-

escent adenosine triphosphate (ATP)-capped Mn-doped ZnS QDs. The prepared ATP-capped Mn-doped

ZnS QDs allow selective phosphorescent detection of arginine and methylated arginine based on the

specific recognition nature of supramolecular Mg2þ–ATP–arginine ternary system in combination with

the phosphorescence property of Mn-doped ZnS QDs. The developed QD based probe gives excellent

selectivity and reproducibility (1.7% relative standard deviation for 11 replicate detections of 10 mM

arginine) and low detection limit (3 s, 0.23 mM), and favors biological applications due to the effective

elimination of interference from scattering light and autofluorescence.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Arginine is an important component in biological systems,
serving as a precursor for the synthesis of not only nitric oxide
but also proteins, urea, proline, polyamines, glutamate, agmatine
and creatine [1]. The main products of arginine methylation
reactions are NG, NG-dimethylarginine (ADMA) and NG, NG0-
dimethylarginine (SDMA) and these methylated arginine are
liberated in the course of protein turnover and breakdown [1].
With the discovery of novel pathways for arginine catabolism and
synthesis in humans, there is growing recognition that arginine is
a conditionally essential amino acid in adult humans, particularly
in cases of trauma or disease [2]. Owing to their biological
importance, quite a few methods have been developed for the
determination of arginine and methylated arginine in biological
fluids based on high-performance liquid chromatography [3],
capillary electrophoresis [4], enzymatic end-point analysis [5],
thin-layer chromatography [6], amino acid analyzers [7], ion
exchange paper chromatography [8], high-temperature paper
chromatography [9], and voltammetry [10]. Even though, a simple,
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highly selective and sensitive, and instantaneous response method
for the detection of arginine and methylated arginine is among the
urgent and emerging challenges.

Photoluminescence spectrometry is the technique of choice for
detecting arginine and methylated arginine owing to the apparent
advantages of fluorescent probes over other methods in virtue of
sensitivity and convenience. Miura et al. [11] reported the applica-
tion of organic dyes as photoluminescence probe for highly specific
detecting arginine. Quantum dots (QDs) offer unique advantages
over organic dyes such as great photostability, high photolumines-
cence efficiency, size-dependent emission wavelengths, broad exci-
tation and sharp emission profiles, thus QDs have been widely
explored for bioanalysis [12–17]. However, to the best of our
knowledge, no work on the utilization of functionalized QDs for
detecting arginine and methylated arginine has been reported so far.

The supramolecular interactions of Mg2þ and arginine with
adenosine-triphosphate (ATP) have been investigated to under-
stand the precise function of arginine and Mg2þ in the specific
cleavage mechanism of the ATP at the molecular level. ATP
hydrolysis is catalyzed by arginine and Mg2þ , which is involved
in the catalytic mechanism, acting as a binding site for ATP or as a
cofactor. Selective non-enzymatic catalysis of ATP hydrolysis in
complicated biological system based on Mg2þ–ATP–arginine
ternary system have received great attentions [18–24].
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Here we show ultrasonic assisted synthesis of ATP-capped Mn-
doped ZnS QDs for rapid, selective and sensitive detection of
arginine by taking the advantages of the outstanding optical
properties of Mn-doped ZnS QDs and the Mg2þ–ATP–arginine
ternary system for specific recognition of arginine. The ultrasonic
approach was used for the synthesis of ATP-capped QDs because
of its rapid, simple, low cost, and efficient merits [25]. Mn-doped
ZnS QDs were used as photoluminescent probe due to their low
toxicity and their long lifetime of phosphorescence which allowed
an appropriate delay time to avoid interference from any back-
ground fluorescence emission and scattering light [26–28]. The
choice of ATP as capping ligand in synthesis of functional QDs
provided a powerful means of rationally controlling Mn-doped
ZnS QDs properties. ATP could render Mn-doped ZnS QDs stable
against aggregation and water-soluble, and retain the nucleotides
structure needed to specially bind to its target [29]. The specific
binding of ATP-capped Mn-doped ZnS QDs to arginine in the
presence of Mg2þ led to highly selective quenching of the
phosphorescence of the QDs, allowing selective detection of
arginine with a detection limit of 0.23 mM.
2. Experimental section

2.1. Materials and chemicals

All chemicals used were at least analytical grade. Arginine,
tyrosine, lysine, valine, serine, leucine, cystine, proline, aspartate,
alanine, histidine, threonine, phenylalanine, methionine, glutamic
acid, tryptophan, L-cysteine, glutathione and ATP disodium salt were
purchased from Newprobe Biotechnology Co. Ltd. (Beijing, China).
Mg(NO3)2 �6H2O, Zn(CH3COO)2 �2H2O, Mn(CH3COO)2 �4H2O, and
Na2S �9H2O were purchased from Tianjing Guangfu Chemical Co.
(Tianjing, China). ADMA and SDMA were obtained from Sigma
(Steinheim, Germany). Citrulline (CIT) was obtained from Chinese
Medicine Shanghai Chemical Reagent Supply Station (Shanghai,
China). Ultrapure water (18.2 MO cm) obtained from a WaterPro
water purification system (Labconco Corporation, Kansas City, MO,
USA) was used throughout.

2.2. Apparatus

The microstructure and morphology of the QDs were character-
ized by high-resolution transmission electron microscopy (HRTEM)
on a Philips Tecnai G2 F20 microscope (Philips, Holland) operating
at a 200 kV accelerating voltage. The samples for HRTEM were
obtained by drying sample droplets from water dispersion onto a
300-mesh Cu grid coated with a lacey carbon film. Fourier trans-
form infrared (FT-IR) spectra (4000–400 cm�1) in KBr were
recorded on a Magna-560 spectrometer (Nicolet, Madison, WI).
The X-ray diffraction (XRD) spectra were collected on a Rigaku
D/max-2500 X-ray diffractometer (Rigaku, Japan) with Cu Ka

radiation. The UV spectra were recorded on a UV-3600 spectro-
meter (Shimadzu, Japan). The decayed curves of phosphorescence
emission at 595 nm excited by the N2 laser at 337 nm were
recorded on a PTI QM/TM/NIR system (Birmingham, NJ, USA). All
nuclear magnetic resonance (NMR) experiments were carried out
on a Bruker Avance 400 MHz spectrometer operating at 25 1C. The
chemical shifts of 31P NMR spectra in ppm were relative to an
external reference of 85% H3PO4. In a typical experiment, 20% D2O/
H2O was placed in a 5 mm NMR tube. For each sample, the probe
was automatically locked, tuned, matched, and shimmed.

The ultrasonic assisted synthesis of ATP-capped Mn-Doped
ZnS QDs was carried out on XiangHu Microwave-ultrasound
reactor (XH-300 A, XiangHu Science and Technology Develop-
ment Co. Ltd, Beijing, China). The phosphorescence measurements
were performed on an F-4500 spectrofluorometer (Hitachi, Japan)
equipped with a plotter unit and a quartz cell (1�1 cm2) in the
phosphorescence mode. The photomultiplier tube voltage was set
at 950 V. The slit width was 10 nm and 20 nm for excitation and
emission, respectively.

2.3. Ultrasonic assisted synthesis of ATP- capped Mn-doped ZnS QDs

The highly luminescent ATP-capped Mn-doped ZnS QDs were
prepared in an aqueous solution at room temperature under
ultrasonication. Typically, 5 mL of 0.04 M ATP, 5 mL of 0.1 M
Zn(CH3COO)2 and 0.2 mL of 0.1 M Mn(CH3COO)2 were mixed
with 40 mL ultrapure water in a 100 mL three-necked flask under
ultrasonication at a power of 1000 W under argon for 7 min. 5 mL
of 0.1 M Na2S �9H2O was then added and the mixture was
subjected ultrasonification at a power of 1000 W for 30 min to
yield highly luminescent ATP-capped Mn-doped ZnS QDs. The
obtained ATP-capped Mn-doped ZnS QDs was precipitated with
ethanol, and separated by centrifuging at 10,000 rpm for 10 min.
The final product was redissolved in ultrapure water, and diluted
to appropriate concentration before detection. Uncapped Mn-
doped ZnS QDs were synthesized using a similar procedure but
without the addition of ATP.

2.4. Urine sample collection and pretreatment

Human urine samples were collected from healthy volunteers.
The samples were subsequently centrifuged at 3000 rpm for 20 min
to remove particulates. All samples were subjected to a 50-fold
dilution before analysis and no other pretreatments were necessary.

2.5. Measurement procedures

To a 10 mL calibrated test tube an appropriate volume of
7 mg L�1 ATP-capped Mn-doped ZnS QDs solution, 0.1 mL of
CH3COOH–CH3COONa buffer solution (0.1 M, pH 6.0), 100 mM
Mg(NO3)2 �6H2O and a given concentration of arginine/methy-
lated arginine standard solution or urine sample solution were
sequentially added. The mixture was then diluted to volume with
ultrapure water, mixed thoroughly, and incubated for 5 min.
Finally, the phosphorescence measurements were performed on
an F-4500 spectrofluorometer in phosphorescence mode with the
excitation wavelength of 300 nm.
3. Results and discussion

3.1. Preparation and characterization of ATP-capped Mn-doped ZnS

QDs

The ultrasonic assisted aqueous synthesis of ATP-capped Mn-
doped ZnS QDs was carried out on the basis of the reaction of ATP,
Zn(CH3COO)2, Mn(CH3COO)2 and Na2S at room temperature. A
period of 7 min was found sufficient to mix Zn(CH3COO)2,
Mn(CH3COO)2 and ATP, and to ensure subsequence synthesis of
highly luminescent ATP-capped Mn-doped ZnS QDs (Fig. S1 in the
Supplementary Data). To show the merits of ultrasonic assisted
synthesis of ATP-capped Mn-doped ZnS QDs, traditional method
for synthesis of ATP-capped Mn-doped ZnS QDs based on a
previous publication [30] was also used for comparison. A 2-h
aging of the ATP-capped Mn-doped ZnS QDs was required to
improve the phosphorescence intensity in the traditional method,
whereas no such aging was necessary in our present ultrasonic
assisted approach (Fig. S2 in the Supplementary Data). The
present ultrasonic assisted approach not only provided a much
faster synthesis (37 min versus 170 min), but also gave 2.3 times
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higher phosphorescence intensity than the traditional method
(Fig. S2 in the Supplementary Data).

The prepared ATP-capped Mn-doped ZnS QDs were character-
ized by XRD, FT-IR spectroscopy and HRTEM. The XRD pattern of
the ATP-capped Mn-doped ZnS QDs exhibits a zinc blende with
peaks for (111), (220), and (311) planes (Fig. 1A). The FT-IR
spectra of the free ligand (ATP), ATP-capped Mn-doped ZnS QDs,
and uncapped Mn-doped ZnS QDs were compared to confirm the
coordination of the ATP on the surface of the QDs (Fig. 1B). ATP-
capped Mn-doped ZnS QDs displayed a higher energy shift in the
–NH2 feature from 1713 cm�1 in the free ATP to 1650 cm�1,
suggesting the amine group on the adenine moiety was coordi-
nated to the Mn-doped ZnS QDs surface [31,32]. The feature
bands associated with the phosphate group (ca. 800–1300 cm�1),
the asymmetric stretching vibrations of the PO2

� (ca. 1258 cm�1),
the out of phase symmetrical stretches (ca. 1104 cm�1), and the
P–O stretches of the main chain (ca. 971 cm�1) were all broa-
dened and slightly shifted in ATP-capped Mn-doped ZnS QDs,
confirming the phosphate groups also coordinated to the surface
of the QDs [33]. However, the bands at 1650, 1250 and 971 cm�1

disappeared in the FT-IR spectra of uncapped Mn–ZnS QDs. These
results indicate the successful capping of ATP on the surface of the
QDs, and the –NH2, phosphate groups were involved in the
interactions between ATP and the QDs. The HRTEM images reveal
spherical shape of ATP-capped Mn-doped ZnS QDs with the
diameters of 3–5 nm (Fig. 1C,D).

3.2. Consideration of supramolecular Mg2þ–ATP–arginine ternary

system for QDs based phosphorescence sensing of arginine

The supramolecular interactions of Mg2þ and arginine with
ATP have been investigated in complicated biological system
Fig. 1. (A) XRD pattern of the prepared ATP-capped Mn-doped ZnS QDs; (B) FT-IR sp

(C) and (D) HRTEM images of the prepared ATP-capped Mn-doped ZnS QDs.
[18–24]. In the Mg2þ–ATP–arginine ternary system, the binding
interaction of Mg2þ with ATP involves not only N1 and N7 in the
adenine ring but also phosphate groups of ATP. The binding forces
are mainly cation (Mg2þ)–p interaction and electrostatic interac-
tion. Arginine is fully protonated under physiological conditions,
and enables interaction with phosphate in ATP because of the
strong basic nature of the guanidinium group. The role of arginine
is to stabilize Mg2þ–ATP in the ternary system because the size
and shape of arginine and ATP are compatible with a creation
arrangement. Also, electrostatic interaction and coordination
bonds are possibly involved in the interactions [18]. Such supra-
molecular Mg2þ–ATP–arginine ternary system gives us a hint to
develop selective QDs based phosphorescence sensing of arginine
in the presence of Mg2þ .

To take the advantages of the specific recognition of arginine
based on the Mg2þ–ATP–arginine ternary system and the distin-
guished photoluminescence intrinsic of Mn-doped ZnS QDs, we
designed and prepared ATP-capped Mn-doped ZnS QDs for sen-
sing arginine in the presence of Mg2þ (Scheme 1). ATP not only
renders Mn-doped ZnS QDs water-soluble and stable in aqueous
solution against aggregation, but also retains the nucleotides
structure needed to specifically bind to its target [29].

It is worth mentioning that the phosphorescence of ATP-
capped Mn-doped ZnS QDs was quenched quickly upon addition
of arginine in the presence of Mg2þ , and reached equilibrium
within 5 min (Fig. 2). We ruled out the energy transfer from ATP-
capped Mn-doped ZnS QDs to arginine in the presence of Mg2þ as
the phosphorescence quenching mechanism because of no spec-
tra overlap between the absorption spectra of arginine (and/or
Mg2þ) and the phosphorescence emission spectra of ATP-capped
Mn-doped ZnS QDs (Fig. 3A). The negligible variation in UV and
resonance light scattering (RLS) spectra after adding Mg2þ and
ectra of ATP, uncapped Mn-doped ZnS QDs and ATP-capped Mn-doped ZnS QDs;



Scheme 1. Schematic illustration for the application of ATP-capped Mn-doped

ZnS QDs for phosphorescence sensing arginine based on Mg2þ–ATP–arginine

ternary system.

Fig. 2. Time-dependent phosphorescence intensity of ATP-capped Mn-doped ZnS

QDs (6 mg L�1) upon addition of Mg2þ (200 mM) and arginine (200 mM) in

CH3COOH–CH3COONa buffer (1 mM, pH 6.0) at 595 nm.

Fig. 3. (A) UV–vis spectra of Mg2þ (100 mM), arginine (100 mM), and ATP-capped

Mn-doped ZnS QDs (7 mg L�1) in the absence and presence of Mg2þ (100 mM),

arginine (100 mM), and the phosphorescence emission spectra of ATP-capped Mn-

doped ZnS QDs (7 mg L�1); (B) RLS spectra of ATP-capped Mn-doped ZnS QDs

(7 mg L�1) in the absence and presence of Mg2þ (100 mM) and arginine (100 mM);

(C) Decay curves of the phosphorescence emission of ATP-capped Mn-doped ZnS

QDs (70 mg L�1) alone or in the presence of Mg2þ (1 mM), arginine (1 mM). The

three averaged scans of phosphorescence emission at 595 nm (300 channels) were

recorded under excitation of a N2 laser at 337 nm. All solution were prepared in

1 mM CH3COOH–CH3COONa buffer at pH 6.0.

Fig. 4. Lineweaver–Burk plot for the interaction of ATP-capped Mn-doped ZnS

QDs (7 mg L�1), Mg2þ (100 mM) and arginine.
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arginine to the solution of ATP-capped Mn-doped ZnS QDs
excluded the aggregation of the QDs in the presence of Mg2þ

and arginine (Fig. 3A,B). In addition, the presence of arginine and
Mg2þ led to little change of the emission decay behavior of ATP-
capped Mn-doped ZnS QDs (Fig. 3(C); Table S1 in the Supplemen-
tary Data). Based on the above observations, we assumed that the
arginine and Mg2þ occupied hole sites, and blocked the recombi-
nation process of electrons and holes, thereby decreasing the
density of luminescent centers, and quenching the phosphores-
cence of ATP-capped Mn-doped ZnS QDs without affecting the
decay kinetics radiative and nonradiative processes.

The phosphorescence quenching of ATP-capped Mn-doped ZnS
QDs in the presence of arginine followed the Lineweaver–Burk
equation (Eq. (1)) [34,35]

1=ðP0�PÞ ¼ 1=P0þKLB=ðP0CArginineÞ ð1Þ

where P0 and P are the phosphorescence intensity in the
absence and presence of arginine, respectively, CArginine is the
concentration of arginine, KLB is the static quenching constant
[36–39]. The linear relationship between (P0�P)�1 and the
concentration of arginine in the presence of 100 mM Mg2þ shows
that the phosphorescence quenching in the present ternary
system followed the static quenching (Fig. 4). The static quench-
ing constant KLB was found to be 16.7 from the slope of the
Lineweaver–Burk plot.

1H and 31P NMR spectra were further used to reveal the
interactions of ATP-capped Mn-doped ZnS QDs and arginine in
the presence of Mg2þ . In the Mg2þ–ATP–arginine ternary system,
the binding interaction of Mg2þ with ATP involves not only N1
and N7 in the adenine ring but also b- and g-phosphate of ATP
(Fig. 5A). The guanidinium group of arginine also interacts with
b- and g-phosphate of ATP [18–24]. The 31P chemical shifts of
ATP-capped Mn-doped ZnS QDs, ATP-capped Mn-doped ZnS QDs–
Mg2þ , ATP-capped Mn-doped ZnS QDs–arginine, and ATP-capped
Mn-doped ZnS QDs–Mg2þ–arginine (Fig. 5(B)–(E)) provide the
information on the interaction between the phosphate chain of
ATP-capped Mn-doped ZnS QDs, Mg2þ and arginine. It is clear
that Pb and Pg were involved in the binding interaction in the
ternary system because the chemical shifts of Pb and Pg exhibited



Fig. 5. (A) Structure of ATP; 31P NMR spectra of ATP-capped Mn-doped ZnS QDs

alone (2.8 g L�1) (B), and in the presence of Mg2þ (70 mM) (C), arginine (70 mM) (D),

and Mg2þ (70 mM) and arginine (70 mM) (E), respectively.
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downfield shifts (Fig. 5B–E). The upfield shifts of H8 and H2 upon
addition of Mg2þ and arginine to ATP-capped Mn-doped ZnS QDs
resulted from the interaction at N7 and N1 of ATP (Fig. S3 in the
Supplementary Data). 1H NMR experiments indicate that Mg2þ

and arginine promoted stacking of purine bases in the system. As
a result, a significant difference between the binary (ATP-capped
Mn-doped ZnS QDs and Mg2þ , ATP-capped Mn-doped ZnS QDs
and arginine) and the ternary system (ATP-capped Mn-doped ZnS
QDs, Mg2þ and arginine) in 1H and 31P NMR spectra, indicating
that arginine is essential to the stabilization of the intermediate.
3.3. Factors affecting the sensitivity of the ATP-capped Mn-doped

ZnS QDs for the phosphorescence detection of arginine

Fig. 2 shows the time-dependent phosphorescence quenching
response of the ATP-capped Mn-doped ZnS QDs to arginine in the
presence of Mg2þ in CH3COOH–CH3COONa buffer solution
(1 mM, pH 6.0). The phosphorescence of the ATP-capped Mn-
doped ZnS QDs was quenched by about 63% in 5 min after the
addition of arginine, and remained unchanged with further
increase of detection time, indicating that it was fast to reach
equilibrium for the interaction among arginine, Mg2þ and ATP-
capped Mn-doped ZnS QDs.
The phosphorescence quenching of the ATP-capped Mn-doped
ZnS QDs was pH-dependent. The quenched phosphorescence
intensity significantly increased as pH varied from 3 to 6, rapidly
decreased from pH 6 to 7, and slightly changed with further
increase of pH (Fig. 6A). The pH value of 6 was chosen for the
further experiments due to the most quenching effect on the
phosphorescence of ATP-capped Mn-doped ZnS QDs. It is possible
that the pH effect is associated with the interaction of Mg2þ with
the ATP-capped Mn-doped ZnS QDs due to the pH dependent
ionization or protonation of ATP [18].

The phosphorescence quenching of the ATP-capped Mn-doped
ZnS QDs also depended on the concentration of CH3COOH–
CH3COONa buffer. The quenched phosphorescence intensity of
the QDs decreased as the concentration of CH3COOH–CH3COONa
buffer increased. To keep the QDs as stable as possible and to
ensure sensitive determination of arginine, 1 mM of CH3COOH–
CH3COONa buffer solution was used (Fig. 6B). The concentration
of ATP-capped Mn-doped ZnS QDs influence the quenched phos-
phorescence intensity caused by arginine (Fig. 6C). 7 mg L�1 of
ATP-capped Mn-doped ZnS QDs gave the highest sensitivity. The
quenched phosphorescence of ATP-capped Mn-doped ZnS QDs
varied with Mg2þ concentration (Fig. 6D). The quenched
phosphorescence intensity of the QDs increased rapidly as the
concentration of Mg2þ increased from 10 to 100 mM, and
remained unchanged with further increase of the concentration
of Mg2þ . Therefore, 100 mM of Mg2þ solution was used for the
rest experiments.

3.4. Characteristic data of the ATP-capped Mn-doped ZnS QDs for

the phosphorescence detection of arginine

Under the above optimal conditions, the phosphorescence
intensity of the ATP-capped Mn-doped ZnS QDs gradually
decreased as the concentration of arginine increased in the
presence of Mg2þ (Fig. 7A). Statistical analysis of the quenched
phosphorescence intensity versus the arginine concentration
(CArginine) revealed two linear ranges for arginine sensing
(Fig. 7B). The quenched phosphorescence intensity (DP) linearly
increased with arginine concentration from 1 to 10 mM with a
calibration function of DP¼171.3CArginineþ158.7 (R2

¼0.992), and
from 10 to 35 mM with a calibration function of DP¼50CArginine

þ1349.5 (R2
¼0.997). The phenomenon of two linear ranges for

arginine sensing probably resulted from the integration of the
Mg2þ–ATP–arginine ternary system and the hydrolysis of ATP
catalyzed by Mg2þ and arginine. However, the exact reasons are
still not clear at the present stage and need further investigation.
The developed ATP-capped Mn-doped ZnS QDs gave the detection
limit (LOD) (3 s) of 0.23 mM for arginine with the relative
standard deviation of 1.7% for eleven replicate detections of
10 mM arginine.

3.5. Selectivity of the ATP-capped Mn-doped ZnS QDs for the

phosphorescence detection of arginine

To demonstrate the selectivity of the ATP-capped Mn-doped
ZnS QDs for the phosphorescence detection of arginine based on
Mg2þ–ATP–arginine ternary system, the phosphorescence
response of the ATP-capped Mn-doped ZnS QDs to arginine,
methylated arginine (ADMA and SDMA), other 17 species of
amino acids and glutathione were investigated (Fig. 8). Tyrosine,
lysine, valine, serine, leucine, cystine, proline, aspartate, alanine,
histidine, threonine, phenylalanine, methionine, glutarnate, tryp-
tophan, citrulline, and cysteine were chosen since they are the
most studied amino acids in previous QD-based amino acids
probes. As shown in Fig. 8, other 17 species of amino acids and
glutathione caused negligible phosphorescence response. In



Fig. 6. Dependence of phosphorescence quenching of ATP-capped Mn-doped ZnS QDs caused by arginine (200 mM) on: (A) pH (6 mg L�1 ATP-capped Mn-doped ZnS QDs,

1 mM CH3COOH–CH3COONa buffer, 200 mM Mg2þ); (B) concentration of CH3COOH–CH3COONa buffer (6 mg L�1 ATP-capped Mn-doped ZnS QDs, pH 6.0, 200 mM Mg2þ);

(C) concentration of ATP-capped Mn-doped ZnS QDs (1 mM CH3COOH–CH3COONa buffer, pH 6.0, 200 mM Mg2þ); (D) concentration of Mg2þ (7 mg L�1 ATP-capped Mn-

doped ZnS QDs, 1 mM CH3COOH–CH3COONa buffer, pH 6.0). DP¼P0�P denotes the quenched phosphorescence intensity of ATP-capped Mn-doped ZnS QDs.

Fig. 7. (A) Effect of the concentration of arginine on the phosphorescence spectra

of the ATP-capped Mn-doped ZnS QDs in the presence of Mg2þ; (B) Plots of the

quenched phosphorescence intensity as a function of arginine concentration,

showing two linear ranges. Buffer, 1 mM CH3COOH–CH3COONa (pH 6.0); ATP-

capped Mn-doped ZnS QDs, 7 mg L�1; Mg2þ , 100 mM. DP denotes the quenched

phosphorescence intensity of ATP-capped Mn-doped ZnS QDs.
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contrast, only arginine and methylated arginine resulted in
significant phosphorescence quenching of the ATP-capped Mn-
doped ZnS QDs. The above results show excellent selectivity of
the developed probe for arginine and methylated arginine with
same sensitivity (Fig. 8; Fig. S4 in the Supplementary Data).

The ATP-capped Mn-doped ZnS QDs also gave excellent
selectivity for detecting arginine in the presence of main relevant
metal ions, biomolecules and other amino acids in urine samples
(Table S2 in the Supplementary Data). Quenching of the phos-
phorescence emission due to the addition of arginine at 3 mM was
unaffected by 1 mM Naþ , 4 mM Kþ , 800 mM Ca2þ , 500 mM Mg2þ ,
10 mM Zn2þ , 8 mM Mn2þ , 2 mM glucose, 200 mM urea, 30 mM uric
acid, 200 mM ascorbic acid, 100 mM citric acid, 50 mg L�1 HSA,
30 mM tyrosine, 50 mM lysine, 50 mM valine, 50 mM serine, 50 mM
leucine, 30 mM cystine, 50 mM proline, 50 mM aspartate, 50 mM
alanine, 30 mM histidine, 50 mM threonine, 50 mM phenylalanine,
50 mM methionine, 30 mM glutamic acid, 30 mM tryptophan, 6 mM
L-cysteine and 5 mM glutathione. The interference from L-cysteine
and glutathione likely resulted from the strong affinity of the thiol
groups on L-cysteine and glutathione to the QDs surface. As the
concentration of L-cysteine and glutathione in human urine
samples are about 85 and 23 mM, respectively [40], no such
interference was observed when 50-fold dilution of urine samples
were performed before analysis (Table 1). For the analysis of
samples with high concentration of the L-cysteine and glu-
tathione, the interferences from L-cysteine and glutathione can
be eliminated or minimized by using thiol-blocking reagents,
such as N-ethylmaleimide.

3.6. Determination of arginine and methylated arginine in urine

samples

The developed biosensor was further applied to the phosphor-
escence determination of arginine and methylated arginine in
four urine samples. No phosphorescence background from urine
was observed although the fluorescence background from urine
was significant (Fig. S4 in the Supplementary Data). A 50-fold
dilution of urine was found sufficient to obtain a quantitative
recovery (94–100%) of spiked arginine and to use a simple
aqueous standard solution for the accurate quantification of
arginine and methylated arginine (Table 1, Fig. S5 in the Supple-
mentary Data). The results generated by this method correspond
well with previously published data [41].



Fig. 8. Response of ATP-capped Mn-doped ZnS QDs (7 mg L�1) in the presence of Mg2þ (100 mM) to arginine (100 mM), ADMA (100 mM), SDMA (100 mM), other amino

acids (100 mM) and glutathione (100 mM) in CH3COOH–CH3COONa buffer (1 mM, pH 6.0). P and P0 denote the phosphorescence intensity of ATP-capped Mn-doped ZnS

QDs in the presence and absence of arginine, respectively.

Table 1
Analytical results for arginine and methylated arginine in human urine samples.

Sample Concentration found (mean7s, n¼3) (mM) a Recovery (%) b

Urine 1 13476 94.473

Urine 2 148717 97.874

Urine 3 10779 95.873

Urine 4 144728 96.175

a The found concentrations were already adjusted for the dilution factor,

thereby representing the total concentration of arginine and methylated arginine

in the original urine samples.
b For spiking 150 mM arginine in original urine samples.
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4. Conclusions

In summary, we have reported an ultrasonic assisted synthesis
of ATP-capped Mn-doped ZnS QDs for selective detection of
arginine and methylated arginine based on the specific recogni-
tion nature of Mg2þ–ATP–arginine ternary system in combination
with the phosphorescence property of Mn-doped ZnS QDs. The
developed probe gives excellent selectivity and reproducibility,
and low detection limit. The developed phosphorescence probe
favors biological applications since the interference from scatter-
ing light and autofluorescence is effectively eliminated.
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