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a b s t r a c t

N-Acetyl-L-cysteine (NAC) and L-cysteine (Cys) capped Mn doped ZnS quantum dots (NAC-Mn/ZnS QDs
and Cys-Mn/ZnS QDs) are firstly prepared by hydrothermal methods. These QDs display strong
phosphorescence emission peaks at 583 and 580 nm upon excitation at 315 and 306 nm, respectively.
Since their room-temperature phosphorescence is efficiently quenched by L-ascorbic acid (AA), they have
been employed as phosphorescence probes for detecting AA. The linear working ranges are 2.5–37.5 and
2.5–47.5 mM and the limits of detection are 0.72 and 1.38 mM for NAC-Mn/ZnS QDs and Cys-Mn/ZnS QDs,
respectively. The possible quenching mechanisms have been discussed in detail. The QDs probes are
highly selective to AA over other common ions, amino acids, glucose and bovine serum album. Finally,
they have been applied successfully for detection of AA in human urine samples with satisfactory results.
The recoveries are 98–104%. Our work provides a simple and convenient phosphorescence method to
determine AA in real samples.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

L-Ascorbic acid (AA) is usually found in body fluids at relatively
high concentrations as a vital antioxidant and plays an important
role in balancing the oxidative stress of human body. It also takes
part in a lot of biochemical processes, e.g., as an enzymatic cofactor
for the synthesis of carnitine, catecholamine and myelin [1,2].
In addition, AA serves as a medication for scurvy, allergic reactions
and atherosclerosis, and helps promote healthy cell development,
calcium absorption and normal tissue growth in the clinic [3].
However, excessive intake of AA can result in diarrhea, hyperacid-
ity and kidney calculi [4].

So far numerous analytical techniques for the determination of
AA including UV–vis absorption spectrophotometry [5], spectro-
fluorometry [6], enzymatic analysis [7], electroanalysis [8], colori-
metry [9–11], chemiluminescence [12] and high-performance
liquid chromatography (HPLC) [13] have been proposed. But these
methods, to certain extent, suffer from some complicated extrac-
tion procedures, expensive cost and long operation time. As such,
efforts have been continued to spend in order to improve the
ll rights reserved.
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simplicity, sensitivity, selectivity and utility in pharmaceutical
industry and clinical analysis [14].

Colloidal semiconductor nanocrystals as quantum dots (QDs)
benefit from many unique properties such as high luminescence
efficiency, wide and continuous excitation spectrum, narrow and
symmetric emission spectrum, adjustable color, and good photo-
chemical stability. Moreover, these QDs offer the possible applica-
tion in fluorescent sensing. The direct interaction between certain
analytes and the surface of QDs can influence the efficiency of the
electron–hole recombination process [15]. Thus, QDs have been
widely applied to detect different kinds of analytes including ions
[16], small molecules [17], and biological macromolecule [18,19].
Most of the detection methods are relied on the fluorescence
properties of these QDs. To our knowledge, there is not much work
on making use of the inherent phosphorescence properties of QDs.

Room-temperature phosphorescence (RTP) as a powerful tool
for optical sensing has increasingly attracted much attention since
it affords many advantages over fluorescence. The triplet excited
state of phosphorescence provides several virtues, for instance,
longer emission lifetime, wider gap between the excitation and
emission wavelengths, and minimum interference from the short-
lived auto-fluorescence and scattering light [20,21]. At the same
time, selectivity of detection can be improved because phosphor-
escence is a less usual phenomenon than that of fluorescence [22].
It is well known that doped semiconductor nanocrystals, replacing



Scheme 1. Schematic illustration of the sensor design.
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the cadmium in cadmium chalcogenide QDs with zinc as the
absorption zone and importing the transition metals (Mn or Cu) as
the emissive center [23], cannot only retain most of the out-
standing properties of QDs, but also alleviate the toxicity puzzles.
Especially, impurities introduced intentionally can strongly modify
the optical properties of bulk semiconductors [24]. Yan et al. has
demonstrated that RTP of doped ZnS QDs can be applied to
determine DNA, persistent organic pollutants in water, glucose,
enoxacin and other drugs in biological fluids [25–29]. Wu and Fan
also found that doped ZnS QDs can act as phosphorescence
sensors for detecting raceanisodamie hydrochloride and atropine
sulfate in biological fluids [30]. It is postulated that the construc-
tion of hybrid QDs as the phosphorescence sensing platform is
desirable and viable.

In the present study, water-soluble Mn doped ZnS QDs surface-
capped with N-acetyl-L-cysteine (NAC) and L-cysteine (Cys) are
firstly synthesized by a hydrothermal method. Since NAC and Cys
are nontoxic and possess good water-solubility, the as-synthesized
NAC-Mn/ZnS QDs and Cys-Mn/ZnS QDs could be potentially useful
for RTP detection of water-soluble analytes in biological samples.
It was found that the RTP of NAC-Mn/ZnS QDs and Cys-Mn/ZnS
QDs were efficiently quenched by AA. In this work, these QDs have
been successfully applied to determine the AA content in human
urine samples with satisfactory results. The quenching mechanism
has been studied by time-resolved spectroscopy. Our work
demonstrates that the as-synthesized NAC-Mn/ZnS QDs and Cys-
Mn/ZnS QDs probes show potential in biomedical or clinical
analysis via RTP.
2. Experimental

2.1. Chemicals and reagents

N-acetyl-L-cysteine and L-cysteine were purchased from Alad-
din Chemicals (Leonard, TX, USA). ZnSO4 �7H2O, MnCl2 �4H2O and
Na2S �9H2O were obtained from Tianjin Chemical Reagent Com-
pany (Tianjin, China). L-Ascorbic acid was from Shanghai Reagent
Factory (Shanghai, China). Other analytical grade reagents were
purchased from Beijing Chemical Reagent Company (Beijing, China).
Purified water from a Milli-Q-RO4 water purification system (Milli-
pore, Bedford, MA, USA) with a resistivity higher than 18 MΩ/cm
was used to prepare all solutions. All chemicals of analytical reagent
grade or above were used as received. 50 mM Phosphate buffer
solutions (PBS) were prepared by mixing appropriate volumes of
standard solutions of 50 mM Na2HPO4 and 50 mM NaH2PO4.
The buffers were adjusted to required pH with 50 mM H3PO4 or
1.0 M NaOH solutions.
2.2. Synthesis of Mn doped ZnS QDs

N-Acetyl-L-cysteine capped Mn doped ZnS QDs were synthe-
sized in aqueous solution according to a literature method with
minor modifications [31]. Briefly, to a three-necked flask, aqueous
solutions of ZnSO4 �7H2O, MnCl2 �4H2O and NAC were added and
the final volume of the mixture was 50 mL. The pH of the solution
was adjusted to 11 with 1.0 M NaOH. After removal of air with
nitrogen bubbling at room temperature, an aqueous solution of
Na2S �9H2O was quickly injected into the reaction mixture and
stirred. Then the mixture was aged for 2.5 h to obtain the NAC-Mn/
ZnS QDs product. After purification and centrifugation, the as-
synthesized NAC-Mn/ZnS QDs were dried in vacuum. The QDs
product is very water-soluble. Similarly, Cys-Mn/ZnS QDs were
synthesized. (Scheme 1)
2.3. Instrumentation

The absorption and fluorescence measurements were carried
out on a Shimadzu UV-265 absorption spectrophotomter (Tokyo,
Japan) and a Hitachi F-4500 spectrofluorometer (Tokyo, Japan),
respectively. Excitation and emission bandwidths were both set at
10 nm. A 150 W xenon arc lamp was used as the excitation light
source. A standard 1.0 cm quartz cell was used. pH measurements
were taken on a Model pHS-3C pH-meter (Shanghai Rex Instru-
ment Factory, Shanghai, China). Phosphorescence lifetime
measurements were performed on an Edinburgh FLS920 spectro-
meter (Edinburgh, UK). A microsecond pulsed xenon flash lamp
was used as the excitation light source in the determination of RTP
lifetime. Transmission electron microscopic (TEM) images of QDs
were obtained with a JEOL JEM-1011 transmission electron micro-
scopy (Tokyo, Japan) operating at 200 kV. Samples were prepared
by casting and evaporating a droplet of aqueous solution of QDs
onto Agar Scientific 400 mesh copper grids (Essex, UK). Fourier
transform infrared (FT-IR) spectra of QDs and free ligands were
performed on a Perkin-Elmer Paragon 1000 FTIR spectrometer
(Waltham, MA, USA) with the KBr pellet technique ranging 500–
4000 cm�1. All experiments were performed at 2071 1C.

2.4. Phosphorescence measurement

4.5 mL of 50 mg L�1 Mn/ZnS QDs solution, 5.0 mL of PBS (pH
8.0) and various concentrations of AA standard or urine sample
were introduced into a 10 mL calibrated test tube. Then the
mixture was diluted to the volume with high-purity water and
mixed thoroughly. The tube was stood for 10 min and a portion of
the solution was transferred into a 10-mm silica cuvette for
phosphorescence measurement.

4.5 mL of 50 mg L�1 Mn/ZnS QDs solution, 5.0 mL of PBS (pH 8.0),
50 μL of 0.10 mM AA standard and 50 μL of different concentrations
of interfering components were introduced into a 10 mL calibrated
test tube. Then the mixture was diluted to the volume with high-
purity water and mixed thoroughly. The tube was stood for 10 min
and a portion of the solution was transferred into a 10-mm silica
cuvette for phosphorescence measurement. RTP was taken at an
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excitationwavelength of 306 or 315 nmwith excitation and emission
slit widths of 10 nm.

The urine samples were collected from healthy volunteers. The
samples were diluted 1000-fold with water before analysis. No
sample pretreatments such as deproteinization or centrifugation
were required. The determinations of AA in urine samples were
also conducted by a reference method [5]. The results obtained
were compared with that of our proposed RTP method.
Fig. 1. Effect of pH on the phosphorescence intensity of NAC-Mn/ZnS QDs and
Cys-Mn/ZnS QDs with and without L-ascorbic acid. Plot of P0–P against pH, where
P0 and P are the phosphorescence intensity in the absence and presence of
L-ascorbic acid. The concentrations of QDs and L-ascorbic acid are 22.5 mg/L and
25 mM, respectively.

Fig. 2. Effect of concentration (C) of NAC-Mn/ZnS QDs and Cys-Mn/ZnS QDs in PBS
(pH 8.0) on phosphorescence quenching by L-ascorbic acid. Plot of (P0–P) against C,
where P0 and P are the phosphorescence intensity in the absence and presence of
25 mM L-ascorbic acid, respectively.
3. Results and discussion

3.1. Characterization of Mn/ZnS QDs

The morphologies of NAC-Mn/ZnS and Cys-Mn/ZnS QDs were
assessed by TEM as depicted in Fig. S1 (Supplementary Data). Both
NAC-Mn/ZnS and Cys-Mn/ZnS QDs display nearly spherical shape
and have average diameters of ca. 8–10 nm. The QDs tend to
cluster together under TEM since they are prepared in dry state.
Various spectroscopic techniques were also employed for char-
acterization of the Mn/ZnS QDs. Fig. S2 depicts the FT-IR spectra of
the NAC-Mn/ZnS QDs, Cys-Mn/ZnS QDs and the free ligands NAC
and Cys. The absorption band at 2570 cm�1 corresponding to
sulfhydryl group disappears in the NAC-Mn/ZnS QDs spectrum.
The stretching vibration band of the carboxyl group at 1710 cm�1

of NAC is shifted to 1590 cm�1 after binding to QDs. These results
indicate that NAC has successfully capped on the surface of Mn/
ZnS QDs by the sulfhydryl functionality. Similarly, the S–H vibra-
tion band of Cys at 2600 cm�1 is vanished after it has linked to
the Mn/ZnS QDs. The absorption bands at ca. 1400 (mν COO�),
1550–1600 (sν COO�), and 3500–3000 cm�1 (mν OH, COOH)
corresponding to the carboxylic functionality and 2900–
3420 cm�1 attributing to the amino group are observed in the
Cys-Mn/ZnS QDs spectrum, indicating that Cys has been attached
to the surface of Mn/ZnS QDs.

The as-synthesized NAC-Mn/ZnS QDs and Cys-Mn/ZnS QDs
could disperse well in aqueous solution. The phosphorescence
intensity is stable. No significant changes in their RTP or notice-
able aggregation were observed over several weeks when the QDs
were kept in dark under ambient conditions. The phosphorescence
spectra are easy to acquire without the use of deoxidant or
inducers and is thus superior to the traditional phosphorescence
measurement. Fig. S3A depicts the phosphorescence excitation
and emission spectra of NAC-Mn/ZnS QDs with excitation and
emission maxima of 315 nm and 583 nm, respectively. Fig. S3B
displays the phosphorescence excitation and emission spectra of
Cys-Mn/ZnS QDs. The excitation and emission maxima are at 306
and 580 nm, respectively. There is not much difference between
the phosphorescence spectra of NAC-Mn/ZnS and Cys-Mn/ZnS
QDs. The phosphorescence emission at 580–583 nm corresponds
to the 4T1 (the triplet state)–6A1 (the ground state) transition of
Mn2+ impurity, indicating Mn2+ has entered into the ZnS lattice to
form Mn doped ZnS QDs [32]. The photoluminescence quantum
yields of NAC-Mn/ZnS and Cys-Mn/ZnS QDs were determined as
4.8 and 4.0%, respectively, using rhodamine 6G as the reference.

3.2. Optimization of detection of L-ascorbic acid

3.2.1. pH and buffer
The effect of pH (4.0–10.5) on the phosphorescence intensity of

Mn/ZnS QDs in the presence of AA was examined. Several buffer
systems such as Tris–HCl, PBS and Bristton–Robinson buffer were
tested. It was observed that Mn/ZnS QDs were most remarkably
quenched by AA in the PBS system. Thus, PBS was selected as the
optimum buffer solution. Fig. 1 displays the plots of (P0–P) against
pH, where P0 and P are the phosphorescence intensity of Mn/ZnS
QDs in the absence and presence of AA. The phosphorescence
intensity is quenched by AA. The quenching effect (P0–P) increases
dramatically with the increase in pH from 4.0 to 8.0 and decreases
with further in pH. As such, 8.0 was chosen as the optimal pH for
AA determination since it produces the highest quenching effect.
3.2.2. Concentration of Mn/ZnS QDs and reaction time
Fig. 2 shows the effect of QDs concentration on the phosphores-

cence quenching by AA. The phosphorescence intensity is quenched
by AA. The quenching effect increases with the increase in the
concentration of QDs until it reaches the highest at 22.5 mg/L. Further
increase in QDs concentration would cause a decrease in the quench-
ing. When the concentration of QDs is too low, the phosphorescence
intensity will be very weak, resulting in noisy and unstable signal. By
contrast, if the concentration of QDs is too high, the quenching effect is
lower attributing to the self-quenching of the QDs. Thus, 22.5 mg/L of
QDs is chosen for the subsequent work.



Fig. 3. Effect of reaction time on the phosphorescence quenching of 22.5 mg/mL
NAC-Mn/ZnS QDs and Cys-Mn/ZnS QDs in PBS (pH 8.0) with 25 mM L-ascorbic acid.

Fig. 4. Phosphorescence intensity of (A) NAC-Mn/ZnS QDs at various concentrations of
L-ascorbic acid: (1) 0.0, (2) 2.5, (3) 5.0, (4) 7.5, (5) 10.0, (6) 12.5, (7) 15.0, (8) 17.5,
(9) 22.5, (10) 27.5, (11) 35.2, and (12) 37.5 mM. (B) Cys-Mn/ZnS QDs at various
concentrations of L-ascorbic acid: (1) 0.0, (2) 2.5, (3) 7.5, (4) 12.5, (5) 22.5, (6) 27.5,
(7) 30.0, (8) 32.5, (9) 37.5, (10) 35.0, (11) 42.5, and (12) 47.5 mM. The insets display the
Stern–Volmer plots of P0/P against concentration of L-ascorbic acid where P0 and P are
the intensities in the absence and presence of L-ascorbic acid, respectively. The
excitation/emission wavelengths are monitored at 315/583 and 306/580 nm for NAC-
Mn/ZnS and Cys-Mn/ZnS QDs in pH 8.0 PBS, respectively.
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Fig. 3 displays the effect of reaction time on the phosphores-
cence intensity of 22.5 mg/mL Mn/ZnS QDs with 25 mM AA in PBS
(pH 8.0). The intensity drops significantly in the first 10 min and
reaches the lowest at 10 min. The intensity remains more or less
the same for at least 1.5 h. Thus, 10 min is chosen the optimal
reaction time between Mn/ZnS QDs and AA.

3.3. Phosphorescence quenching of Mn/ZnS QDs by L-ascorbic acid

The effect of various concentrations of AA on the phosphores-
cence of Mn/ZnS QDs was studied. Fig. 4 depicts the emission
spectra of (A) NAC-Mn/ZnS QDs and (B) Cys-Mn/ZnS QDs at
different concentrations of AA. The intensities decrease with the
increase in the concentration of AA and there is no discernible
change in the spectral characteristics of Mn/ZnS QDs, indicating
the dynamic quenching of AA on Mn/ZnS QDs. The insets display
the Stern–Volmer plots of P0/P against concentration of L-ascorbic
acid where P0 and P are the intensities in the absence and presence
of AA, respectively. The curves show linear ranges of 2.5–37.5 and
2.5–47.5 μM AA with correlation coefficients of 0.9983 and 0.9950
for (A) NAC-Mn/ZnS QDs and (B) Cys-Mn/ZnS QDs, respectively.
The linear regression equations are P0–P¼58.366 [AA]+22.703 and
P0–P¼39.078 [AA]+12.214 for NAC-Mn/ZnS QDs and Cys-Mn/ZnS
QDs, respectively. AA shows stronger quenching effect on NAC-
Mn/ZnS QDs than that of Cys-Mn/ZnS QDs. The relative standard
deviations (RSDs) for 11 replicate detections of AA (10 μM) are
1.4 and 1.8% based on NAC-Mn/ZnS QDs and Cys-Mn/ZnS QDs,
respectively. The limits of detection (LODs) are 0.72 and 13.8 μM
AA for NAC-Mn/ZnS QDs and Cys-Mn/ZnS QDs, respectively. The
results indicate that NAC-Mn/ZnS QDs has higher sensitivity and
lower LOD than that of Cys-Mn/ZnS QDs for detection of AA.

3.4. Quenching mechanism

The photoluminescence response mechanism of Mn/ZnS QDs
originates from the recombination of electron–hole pair upon
excitation. Once the radiative recombination is suppressed, photo-
luminescence quenching is usually observed. This phenomenon
could be attributed to interactions of molecules or ions with the
surface atoms of QDs [33,34]. Phosphorescence quenching is usually
divided into static and dynamic quenching. Static quenching takes
place between the quencher and phosphorescence substance in
the ground state, thus generating lightless complexes with a
concomitant decrease in phosphorescence intensity. However, the
lifetime of RTP remains unchanged under static quenching condi-
tion. For dynamic quenching, the interaction is taken place between
the quencher and excited state of the phosphorescence material,
resulting in the decrease in intensity and lifetime of the phosphor-
escence molecule. The dynamic process could be described by
Stern–Volmer relationship as: P0/P¼1+KSV[AA] or τ0/τ¼1+kqτ0[AA],
where P0 and P, and τ0 and τ are the phosphorescence intensities
and lifetimes of Mn/ZnS QDs in the absence and in the presence of
AA, respectively, [AA] is the concentration of the AA, KSV is the
Stern–Volmer quenching constant, and kq is the bimolecular
quenching rate constant. The insets of Fig. 4 show the Stern–Volmer
plots using P0/P against [AA] based on NAC-Mn/ZnS and Cys-Mn/
ZnS QDs, respectively. Both curves display good linear relationship
in the range 2.5–37.5 and 2.5–47.5 μM AA and the KSV are deter-
mined as 9.3�104 and 5.12�103 M�1, respectively. In addition, the
phosphorescence decays were also utilized to confirm the quench-
ing mechanism of AA on Mn/ZnS QDs. The decay of Mn/ZnS QDs in
the absence of AA could be fitted by a biexponential function as:
Ilum¼A1� e�(t/τ1)+A2� e�(t/τ2), where IIum is the photoluminescence



W. Bian et al. / Talanta 116 (2013) 794–800798
intensity, τ1 and τ2 are the time constants of fast and slow decays,
respectively, and A1 and A2 are the weights of each time constant.
The τ1 and τ2 of NAC-Mn/ZnS QDs are determined to be 1.09 and
4.69 ms with relative weights of 24.7 and 75.3%, respectively.
For Cys-Mn/ZnS QDs, the τ1 and τ2 are 1.05 and 4.47 ms with
relative weights of 19.9 and 80.1%, respectively. The lifetimes
of NAC-Mn/ZnS and Cys-Mn/ZnS QDs are long and very close
with each other. Both τ1 and τ2 decrease with the increase in the
concentration of AA. The insets of Fig. 5 display the plot of τ01/τ1 and
τ02/τ2 versus L-ascorbic acid concentration for NAC-Mn/ZnS and
Cys-Mn/ZnS QDs where τ01 and τ02, and τ1 and τ2 are time constant
1 and 2 in the absence and presence of AA, respectively. The plots
exhibit good linear relationships between τ01/τ1 or τ02/τ2 and [AA],
indicating that the dynamic quenching dominates the reaction. kq of
NAC-Mn/ZnS QDs are 4.75�107 and 9.6�106 M�1 s�1 for time
constant 1 and 2, respectively. kq of Cys-Mn/ZnS QDs are
3.04�107 M�1 s�1 and 7.5�106 M�1 s�1 for time constant 1 and
2, respectively. The bimolecular quenching rate constants of NAC-
Fig. 5. Time-resolved spectra of (A) NAC-Mn/ZnS at various concentrations of
L-ascorbic acid (1) 0.0, (2) 5.0, (3) 10.0, (4) 15.0, (5) 20.0, (6) 25.0, (7) 30.0, and
(8) 35.0 mM. (B) Cys-Mn/ZnS QDs at various concentrations of L-ascorbic acid:
(1) 0.0, (2) 5.0, (3) 10.0, (4) 15.0, (5) 20.0, (6) 25.0, (7) 30.0, and (8) 35.0 mM. The
insets depict the plots of τ01/τ1 and τ02/τ2 against concentration of L-ascorbic acid
where τ01 and τ02, and τ1 and τ2 are the time constant 1 and 2 in the absence and
presence of L-ascorbic acid, respectively. The intensities are monitored at excita-
tion/emission wavelengths of 315/583 and 306/580 nm for NAC-Mn/ZnS and Cys-
Mn/ZnS QDs in pH 8.0 PBS, respectively.
Mn/ZnS QDs are higher than that of Cys-Mn/ZnS QDs, inferring that
NAC-Mn/ZnS QDs is better quenched by AA.

The detection of AA by Mn/ZnS QDs can be described by the
following mechanisms. The electron of Mn/ZnS QDs in its valence
band promotes to the conduction band upon photo-excitation,
resulting in the production of a positively charged hole in its
valence band and a free electron in its conduction band of Mn/ZnS
QDs. The phosphorescence emission of Mn/ZnS QDs derived from
the triple transition of Mn2+ (4T1–6A1) is incorporated into the ZnS
host lattice. The excitation of Mn2+ occurs by energy transfer from
the ZnS host with a concomitant generation of the electron–hole
pair. In essence, Mn2+ traps a hole to form Mn3+ (Step 1).
The recombination of Mn3+ with an electron leads to produce
the excited state of Mn2+ (Step 2) with subsequent phosphores-
cence emission (Step 3) as depicted in Fig. 6. Any factors influen-
cing step 1�3 would alter the phosphorescence emission of Mn/
ZnS QDs [35–38]. For instance, the direct oxidation of catechola-
mine results in the quenching of the photoluminescence of
nanoparticles. The hydroxyl groups of catechol are traps of the
holes, which could prevent the recombination of electron and
hole, and thus quench the photoluminescence of nanocrystals [39].
In a similar analogy, the quenching of Mn/ZnS QDs by AA can be
explained by the oxidation of AA to dehydro-AA with Mn3+,
inhibiting the electron–hole recombination at the interfaces of
Fig. 6. Schematic illustration of the mechanism of NAC-Mn/ZnS phosphorescence
quenching in the presence of L-ascorbic acid.

Table 1
Effect of potential interferents on the RTP quenching of Mn/ZnS QDs.

Type of QDs Interferents Ratio of
concentration
of interferent to
L-ascorbic acida

% Change of
phosphorescence
intensity

NAC-Mn/ZnS Na+ 5000 1.3
K+ 5000 0.8
Mg2+ 5000 1.2
Ca2+ 5000 0.9
L-cysteine 500 1
Histidine 500 0.7
Tryptophan 500 1.2
Glucose 500 1.4
BSA 50 �5

Cys-Mn/ZnS Na+ 5000 1.2
K+ 5000 0.9
Mg2+ 5000 1.1
Ca2+ 5000 0.8
L-cysteine 500 1
Histidine 500 0.8
Tryptophan 500 1.2
Glucose 500 1.5
BSA 50 �4.3

a Concentration of L-ascorbic acid is 5.0 μM.



Table 2
Recovery test of L-ascorbic acid in real urine samples using the proposed and reference method.

Founda (mM) Recovery (%)

Sample Added
(mM)

NAC-Mn/ZnS QDs
method

Cys-Mn/ZnS QDs
method

Reference
method

NAC-Mn/ZnS QDs
method

Cys-Mn/ZnS QDs
method

Reference
method

1 0.0 NDb NDb NDb – – –

2 25.0 24.770.07 25.070.07 25.0870.06 98.8 100 100
3 35.0 34.370.08 34.170.10 35.970.08 97.9 97.2 102

a n¼3.
b ND: Not detected.

Table 3
Comparison of analytical features of the present method with some other methods for the determination of L-ascorbic acid.

Method Linear range (μM) Detection limit (μM) [Ref.]

Voltammetry 6.0–800.0 0.523 [8]
HPLC 41.0–69.0 0.284 [13]
Ultraviolet spectrophotometry 11.0–280.0 7.39 [5]
Kinetic-fluorimetric method 57–680.0 0.0909 [6]
Enzymatic method 0.10–1.0 0.102 [7]
Colorimetric probe 0.044–0.3 0.00301 [9]
Non-aggregation colorimetric sensor 0.1–2.5 0.0489 [10]
Aggregation colorimetric sensor 0.11–85.0 0.0199 [11]
Chemiluminescence based on QDs 0.10–100.0 0.0067 [12]
Phosphorescence using NAC-Mn/ZnS QDs 2.5–37.5 0.72 This work
Phosphorescence using Cys-Mn/ZnS QDs 2.5–47.5 1.38 This work
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Mn/ZnS QDs and thus causing the phosphorescence quenching
[40–42]. In addition, since AA behaves as a vinyl carboxylic acid, its
double bond will transmit electron pairs between the hydroxyl
and carbonyl moieties. AA is most likely to degrade into oxalic acid
under basic conditions which can also induce phosphorescence
quenching of Mn/ZnS QDs [29].

3.5. Interference of co-existing foreign substances

To evaluate the selectivity of Mn/ZnS QDs for detecting AA, the
phosphorescence intensities of Mn/ZnS QDs to the potential
interferents in urine fluid are assessed. Here, the concentration
of AA is 5.0 μM. Table 1 summarizes the % change of the
phosphorescence intensity of Mn/ZnS QDs in the presence of
interferents. The intensities are unaffected by 5000-fold excess
of Na+, Mg2+, K+, and Ca2+. Amino acids such as L-cysteine,
histidine and tryptophan at 500-fold concentration of AA also
show no interference with the detection of AA. Glucose does not
affect the detection at a 500-fold concentration of AA. Only 50-fold
excess of BSA causes a slightly interference. These results demon-
strate that our proposed method can be applied to determine AA
in urine sample.

3.6. Determination of AA in urine sample

It has been reported that biological fluids demonstrate signifi-
cant auto-fluorescent background but insignificant RTP back-
ground [28]. The remarkable advantages of the RTP made it
promising for the analysis of biological fluids. To investigate the
possibility of real application, our proposed method is applied to
determine AA in urine. Table 2 summarizes the recovery tests of
AA in urine samples obtained by the proposed and reference
method [5]. The recovery is 97.2–102% and the results obtained by
both methods are in consistent, demonstrating that the potential
of our as-synthesized Mn/ZnS QDs for detection of AA in urine
samples.
4. Conclusion

In this work, water-soluble NAC-Mn/ZnS QDs and Cys-Mn/ZnS
QDs have been synthesized which possess excellent phosphores-
cent properties. These Mn/ZnS QDs are efficiently quenched by AA
and show high selectivity to AA. The results obtained by the
present method are in complete agreement with that of the
reference method, demonstrating that it can be potentially useful
for determination of AA in urine samples. The Stern–Volmer plot
and phosphorescence decay of Mn/ZnS QDs indicate the dynamic
quenching mechanism. In addition, NAC-Mn/ZnS QDs displays
higher sensitivity and lower LOD than that of Cys-Mn/ZnS QDs
for detection of AA. Comparing with other methods for AA
detection (Table 3), the present method exhibits better character-
istics in terms of long luminescence lifetime, simple sample
preparation procedure, immune to interference from oxygen,
fluorescence and scattering in biological system, excellent bio-
compatibility and low toxicity in biological fluids, although the
sensitivity is not higher than some other methods. It is anticipated
that Mn/ZnS QDs can also be a promising luminescent material for
fabrication of novel phosphorescence nano-probes in biological
systems.
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