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Introduction

The unique properties of quantum dots (QDs), such as com-
position- and size-dependent emission wavelength, broad
and intense absorption band, narrow and symmetric emis-
sion profile, and good resistance to photobleaching, have at-
tracted considerable interest in diverse fields.[1–3] QD-based
optosensing is one of the widely explored fields owing to the
abstruse surface chemistry of functionalized QDs. To date,
QD-based fluorescent sensors have been studied much more
extensively than QD-based phosphorescent sensors owing to
the more usual phenomenon of QD-based fluorescence over
phosphorescence.[4] However, phosphorescence provides
several important advantages over fluorescence, such as

long emission lifetime, wide gap between excitation and
emission spectra, and minimal interference from short-lived
autofluorescence and scattering light.[4,5] Consequently, QD-
based room temperature phosphorescence (RTP) sensors
are promising for practical applications in complex matrixes
such as environmental, food and biological samples.

Recently, RTP of QDs has received increasing attention
for optosensing applications.[4b, 6] Owing to the long RTP life-
time, any scattering light and the autofluorescence of the
complex matrix can be effectively avoided.[6] Thus, the QD-
based-RTP probes can detect the targets in biological fluids
and environmental water without the need for tedious
sample pretreatment.[6] However, previous QD-based-RTP
probes are exclusively based on the RTP quenching mecha-
nism, and such signal-quenching probes suffer from high
background, which usually results in higher limits of detec-
tion (LODs). In contrast, the turn-on probes can have lower
background, development of novel QD-based enhanced
RTP probes is therefore of great significance for improving
the detection capability.[7]

Ascorbic acid (AA) is an essential nutritional factor, par-
ticipating in many life processes as an important enzyme co-
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factor and antioxidant.[8a] The reported strategy for AA de-
tection has spanned electrochemical,[8] spectrophotometric,[9]

as well as chromatographic[10] methods. Among them, fluo-
rescent probes/sensors possess the merits of higher sensitivi-
ty and convenience. Recently, several optosensors for de-
tecting AA have been reported, such as a microplate calori-
metric biosensor with a LOD of 0.8 mm,[11] a water-soluble
off-on spin-labeled QD conjugate based sensor with a LOD
of 4.33 mm,[12] and a QD-based off-on fluorescent probe
modulated by a simple chemical oxidation with a LOD of
74 nm.[13]

Herein, we report a novel AA induced RTP enhancement
system based on sodium tripolyphosphate capped Mn-doped
ZnS (STPP-ZnS-Mn) QDs. To the best of our knowledge,
this is the first report of the QD-based RTP turn-on system.
We employed various techniques, such as photofluorometry,
inductively coupled plasma mass spectrometry (ICP-MS),
and cyclic voltammetry to gain an insight into the mecha-
nism of the AA-induced RTP enhancement of STPP-ZnS-
Mn QDs. We also explored the STPP-ZnS-Mn QD-based
turn-on RTP system for rapid, cost-effective, and selective
detection of AA in biological fluids.

Results and Discussion

Preparation and characterization of STPP-ZnS-Mn QDs :
Both thiols (e.g., mercaptopropionic acid,[6c,d,14]

l-cysteine,[6a]

and cysteamine,[15]) and non-thiols (e.g., polyphospha-
tes[16,17a]) have been employed to synthesize water-soluble
Mn-doped ZnS QDs. Compared with thiols, which are readi-
ly oxidized and have strong affinity to the metals in QDs,
polyphosphates are not only difficult to oxidize, but also
show weak affinity to the metals in QDs, thereby leaving
more chance for the analytes to interact with QDs. So, in
this work we also used a non-thiol, STPP, as the ligand to
synthesize the STPP-ZnS-Mn QDs, as was reported by
Warad et al.[16] All steps of the synthesis were carried out in
water at room temperature or in an ice bath without the
need for a protective atmosphere. Compared with a previ-
ous procedure for the preparation of STPP-ZnS-Mn QDs,[16]

room temperature agitation of the mixture of the ligand and
the acetates used in this work rather than heating to reflux
resulted in convenient operation.

The high resolution transmission electron microscopy
(HRTEM) image shows that the prepared spherical STPP-
ZnS-Mn QDs have almost uniform size with a diameter of
4.2�0.4 nm (Figure 1 a), in agreement with the estimation
obtained by using the Debye–Scherrer equation from the
XRD pattern (Figure 1 b). Similar to other Mn-doped ZnS
QDs, the STPP-ZnS-Mn QDs also exhibit a cubic structure
(or zinc-blende) with peaks for (111), (220), and (311)
planes of ZnS (Figure 1 b). The FTIR spectra of STPP-ZnS-
Mn QDs also show the characteristic peak of the Zn�S vi-
bration band at 1101 cm�1 (Figure 1 c).[18] ICP-MS analysis
reveals that the prepared STPP-ZnS-Mn QDs contain
0.061 % Mn, 20.3 % Zn, and 2.7 % P. Owing to the small

amount of STPP in the QDs, no obvious bands at 1214,
1147, or 1093 cm�1 (stretching vibration of PO3) of STPP
was observed in the FTIR spectra of the QDs. The peaks of
1634 and 923 cm�1 mostly arise from the residual humidity
in the sample during sample preparation as their intensity
decreased after the QDs and KBr were further dried at
100 8C in vacuum (Figure S1 in the Supporting Information).
The absolute quantum yield of STPP-ZnS-Mn QDs was
17.9 %.

AA-induced RTP enhancement of STPP-ZnS-Mn QDs :
Figure 2 shows the dependence of the RTP emission spectra
of 2 mg L

�1 STPP-ZnS-Mn QDs on the concentration of AA
buffered with 10 mm tris(hydroxymethyl) aminomethane
(Tris)-HCl (pH 7.4). Addition of AA significantly enhances

Figure 1. a) HRTEM image of the prepared STPP-ZnS-Mn QDs;
b) XRD pattern of the prepared STPP-ZnS-Mn QDs; c) FTIR spectra of
STPP and the prepared STPP-ZnS-Mn QDs.
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the RTP intensity of STPP-ZnS-Mn QDs. Moreover, the
AA-induced enhancement of the RTP of STPP-ZnS-Mn
QDs is both AA concentration (Figure 2) and pH depen-
dent (line b, Figure 3). The enhanced RTP intensity (DP) re-
mains unchanged from weak acidic (pH 6.5) to physiological

condition (pH 7.4), but rapidly decreases in the pH range of
8.0–9.0. There are two aspects associated with such a pH
effect. On one hand, the surface state of the STPP-ZnS-Mn
QDs is significantly pH-dependent (line a, Figure 3). On the
other hand, the pH value also has a great influence on the
speciation of AA: AA (pKa =4.2) at pH 6.5–7.4 exists as the
resonance structure ascorbate form, which increases its che-
lating capability with metals; whereas in basic media AA is
easily oxidized and decomposed,[19a] which could be the
reason for the rapid decrease of DP under basic conditions.
Considering the biological activity of AA, the physiological
condition (pH 7.4) was chosen for AA detection.

To evaluate the sensitivity of the STPP-ZnS-Mn QDs for
the RTP detection of AA, the RTP intensity of STPP-ZnS-
Mn QDs at 595 nm was monitored as a function of CAA

(inset of Figure 2). There is a linear relationship between
DP and CAA (DP= 42.7+727.1CAA, CAA in mm) in the range
of 0.05–0.8 mm with a correlation coefficient of 0.9913. More-
over, no change of the relationship between the enhanced
RTP intensity and CAA was observed even after removal of
the dissolved free oxygen in the aqueous solution of STPP-
ZnS-Mn QDs by inert gas purging. The LOD of the devel-
oped RTP probe, which was calculated as the concentration
of AA equivalent to three times the standard deviation for
eleven replicate detections of DP at 0.05 mm AA, was 9 nm,
whereas the relative standard deviation for eleven replicate
detections of 0.1 mm AA was 4.8 %. Since the dynamic range
is narrow similar to other QD-based probes,[6a,b, 13] an appro-
priate dilution is required for real sample analysis.

RTP response of STPP-ZnS-Mn QDs to AA-related com-
pounds : Since the chemical and biological functions of AA
are related to the two adjacent hydroxyl groups linked to
the C=C bond, we also suppose that those groups might also
be responsible for the AA-induced RTP enhancement. So,
we first evaluated the RTP response of STPP-ZnS-Mn to
AA-related compounds, including the redox-related and
degradation products of AA (l-dehydroascorbic acid
(DAA), 2,3-diketo-l-gulonic acid (DKG), l-gluonic acid g-
lactone (GAL), xylose, and oxalic acid), and diphenols (dop-
amine, catechol, resorcin and quinol). Figure 4 shows the
different RTP responses of STPP-ZnS-Mn QDs to the se-
lected compounds.

Although DAA, DKG, GAL, and xylose also contain ad-
jacent hydroxyl groups, they induce much less enhancement
of the RTP response of STPP-ZnS-Mn QDs than AA
(Figure 4). Such different RTP responses may arise from the
different properties (such as acidity, reducing and chelating
properties with metals) of the OH groups, which are con-
nected to the C�C bond in DAA, DKG, GAL, and xylose,
as opposed to the C=C bond in AA.

Oxalic acid, however, leads to the RTP quenching of
STPP-ZnS-Mn QDs. Although oxalic acid also contains hy-
droxyl groups, the OH groups link up with a carbonyl
group, which is not the case for AA in which the OH groups
link up with a C=C bond. The RTP quenching of STPP-
ZnS-Mn QDs by oxalic acid is in agreement with the pH-de-
pendent RTP response of AA at pH 8.0–9.0 (line b,
Figure 3) because AA is most likely to degrade into oxalic
acid under basic conditions.[19a]

Dopamine and catechol, with the two adjacent hydroxyl
groups linked to a C=C bond as in AA, also enhance the
RTP emission of STPP-ZnS-Mn QDs, but to a much lesser
extent than AA. However, the induced DP signal by resor-
cin and quinol is negligible owing to the quite different
space position of the hydroxyl groups (1,3- or 1,4-). The rel-
atively small DP induced by dopamine and catechol can be
ascribed to the less favorable interactions resulting from the
neutral form of dopamine and catechol (pKa�9.5) at the

Figure 2. Dependence of the RTP emission spectra of 2 mg L
�1 STPP-

ZnS-Mn QDs under excitation at 316 nm on the concentration of AA
buffered with 10 mm Tris-HCl (pH 7.4). Inset shows the enhanced RTP
intensity of 2 mg L

�1 STPP-ZnS-Mn QDs vs. the concentration of AA.

Figure 3. pH-Dependent RTP intensity of 2 mg L
�1 STPP-ZnS-Mn QDs

in the absence of AA, and the enhanced RTP intensity upon the addition
of 0.5 mm AA.
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working pH of 7.4, as well as the electronic delocalization of
the aromatic benzene, which decreases the negative charges
of the O atoms.

The above-mentioned results indicate that the two adja-
cent hydroxyl groups linked to the C=C bond of AA (in as-
corbate form at pH>4.2) are the most probable sites re-
sponsible for RTP enhancement. This is further ascertained
by the similar RTP enhancement of l- and d-AA (Figure S2
in the Supporting Information), since l- and d-AA have the
same structure except the spatial arrangement of the hy-
droxyl group linked to the asymmetric carbon atom (*;
Figure 4).

Possible mechanisms for the AA-induced RTP enhancement
of STPP-ZnS-Mn QDs : AA is an important biological mol-
ecule with many biological functions, such as the essential
nutritional factor, the antioxidant and the enzyme cofactor.
These significant roles of AA are related to the two adja-
cent hydroxyl groups linked to the C=C bond, the redox
property of which makes AA a well-known antioxidant and
the chelating ability with metals makes AA an important
enzyme cofactor. The above results and the following ex-
periments also show that the redox and chelating properties

of the two adjacent hydroxyl groups linked to the C=C bond
of AA would be the reasons for the RTP enhancement of
the QDs.

The most probable sites for STPP-ZnS-Mn QDs to inter-
act with AA are through Zn or Mn at the surface of the
QDs. The electron-rich ascorbate form of AA is negatively
charged at the working pH of 7.4, so it is not possible for
AA to interact with the ligand STPP, which is also negative-
ly charged at the working pH. To elucidate these points, we
performed dialysis experiments to evaluate the concentra-
tion of Mn, Zn, and P in the solution of the STPP-ZnS-Mn
QDs in the absence and presence of AA (Table S1 in the
Supporting Information). Mn, Zn, and P were detected in
the dialysate of QDs due to the dynamic dissolution/crystal-
lization equilibrium. The chelation of AA (in the form of as-
corbate at working pH) with the metals makes that equilib-
rium shift towards dissolution, resulting in a significant in-
crease in the concentration of Mn and Zn in the dialysate in
the presence of AA. However, the concentration of STPP
(revealed by P) in the dialysate of QDs in the absence and
presence of AA does not vary significantly, indicating that
addition of AA does not result in the significant flaking of
the STPP ligands off the QDs. Moreover, the concentration
of STPP in the dialysate of QDs is high (about 80 % of the
total STPP attached onto the QDs), indicating the weak
binding of the ligand STPP onto the QDs. The weaker bind-
ing of the ligand gives more chance for AA to interact with
metals of STPP-ZnS-Mn QDs, resulting in higher sensitivity
to AA than thiol-capped ZnS-Mn QDs. The observed de-
crease in the contents of Zn (about 1.9 % of total Zn) and
Mn (about 2 % of total Mn) in the STPP-ZnS-Mn QDs, and
the decrease of the particle size of the STPP-ZnS-Mn QDs
in the presence of AA after dialysis (Figure S3 in the Sup-
porting Information) supports that AA extracts the metals
from the surface of the STPP-ZnS-Mn QDs.

The chelating ability and reducing property of AA are re-
sponsible for the enhanced excitation efficiency of STPP-
ZnS-Mn QDs (Figure S4 in the Supporting Information).
The excitation of the Mn-doped ZnS QDs starts with the
creation of the electron-hole pair,[17] so any factors favorable
for the formation of electron-hole pairs can enhance the ex-
citation efficiency. As shown above, AA extracts some
metals from the surface of STPP-ZnS-Mn QDs, thereby gen-
erating more holes which are trapped by Mn2+ [Eq. (1)]. On
the other hand, the electron-rich ascorbate form of AA
could result in electrons recombining with Mn3+ [Eq. (2)],
resulting in Mn2+ in an excited state. This process is con-
firmed by the cyclic voltammetry of the bare glassy carbon
electrode (GCE), GCE modified with STPP-ZnS-Mn QDs
in the absence and presence of AA (Figure 5). The reduc-
tion peak around �1.5 V of the GCE modified with STPP-
ZnS-Mn QDs disappeared in the presence of AA, indicating
the reduction of Mn3+ to (Mn2+)* by AA.[20] As AA pro-
motes the generation of the Mn2+ excited state, the follow-
ing well-known orange emission of Mn2+ (4T1–

6A1) is en-
hanced [Eq. (3)].

Figure 4. Enhanced RTP response of the 2 mg L
�1 STPP-ZnS-Mn by AA

(10 mm and 0.5 mm) and other structurally related compounds: l-dehy-
droascorbic acid (DAA), 2,3-diketo-l-gulonic acid (DKG), l-gluonic acid
g-lactone (GAL), xylose (Xyl), dopamine (Dpa), catechol (Cat), resorcin
(Res), quinol (Qui), and oxalic acid (Oxa) (all 10 mm).
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Mn2þ þ hþ !Mn3þ ð1Þ

Mn3þ þ e� ! ðMn2þÞ* ð2Þ

ðMn2þÞ* !Mn2þ þ hn ð3Þ

To ascertain whether AA has any effect on ZnS defect-re-
lated emission, the photoluminescent spectra of STPP-ZnS-
Mn QDs in the absence and presence of AA are compared
(Figure 6). Mn-doped ZnS QDs have two photoluminescent
emissions, the blue one at about 425 nm and the orange one
at about 595 nm. The former is short-lived and can not be
observed in phosphorescence mode, whereas the latter ap-
pears in RTP spectra owing to its long lifetime. The photolu-
minescent spectra of STPP-ZnS-Mn QDs were obtained
under excitation at 330 nm instead of 316 nm to avoid the

overlap of the double-wavelength peak of the excitation.
Figure 6 shows that the weak blue emission of the STPP-
ZnS-Mn QDs at 425 nm is much less sensitive than the
orange emission at 595 nm upon the addition of AA, exclud-
ing the possibility of defect-related interaction of AA and
STPP-ZnS-Mn QDs.

The presence of AA also significantly increases the RTP
lifetime of the STPP-ZnS-Mn QDs (Table S2 in the Sup-
porting Information), as revealed by the evident changes of
the decay curves of the orange emission at 595 nm (excited
by N2 laser at 337 nm, Figure 7). These results indicate that

the addition of AA results in either an increase of the Mn2+

emission or a reduction of nonradiative decay of STPP-ZnS-
Mn QDs. The luminescence efficiency (h) can be expressed
as h= (1+D2tR/tNR)�1, in which tR and tNR are the radiative
and nonradiative decay time and D is the volume of a nano-
particle.[21,22] As the particle size diminishes (Figure S3 in
the Supporting Information), the D2 should decrease a lot,
despite the increase of tR (Table S2 in the Supporting Infor-
mation) and decrease of tNR, the h increases. According to
the above mechanism, the STPP-ZnS-Mn QDs based RTP
probe is not reusable because of the extraction of the metals
from the QDs by AA, which, nevertheless, does not limit
the applications of the QD-based RTP probe due to the
easy fabrication and low consumption of the QDs.

Application of the STPP-ZnS-Mn QD-based RTP probe for
detecting AA in biological fluids : To further evaluate the se-
lectivity of the STPP-ZnS-Mn QD-based RTP probe for de-
tecting AA, the effects of the main relevant metal ions and
molecules in biological fluids, and some structurally related
compounds were examined (Table S3 in the Supporting In-
formation). The enhanced RTP due to the addition of
0.1 mm AA was unaffected by a 30000-fold excesses of Na+ ,

Figure 5. The cyclic voltammograms of bare GCE (a), GCE modified
with STPP-ZnS-Mn QDs in the absence (c) and presence (g) of
2 mm AA at 10 mm pH 7.4 Tris-HCl. The potential scanned in the posi-
tive direction from �2.5 to +1.6 V with a scan rate of 100 mV s�1.

Figure 6. The photoluminescent spectra of 2 mg L
�1 STPP-ZnS-Mn QDs

before and after addition of AA buffered by 10 mm pH 7.4 Tris-HCl. The
PL spectra were obtained under excitation at 330 nm. The slit of excita-
tion and emission are both set at 10 nm and the PMT voltage is �700 V.
STPP-Zn-Mn (c), STPP-Zn-Mn +0.5 mm AA (g), STPP-Zn-Mn +

10 mm AA (d).

Figure 7. The decay curves of the RTP emission of 10 mg L
�1 STPP-ZnS-

Mn QDs before and after addition of 10 mm AA buffered by 10 mm

pH 7.4 Tris-HCl. The three averaged scans of RTP emission at 595 nm
(300 channels) were recorded by the excitation of a N2 laser at 337 nm.
The emission slit was set at 10 nm. STPP-Zn-Mn (c), STPP-Zn-Mn fit-
ting (a), STPP-Zn-Mn +AA (g), STPP-Zn-Mn +AA fitting (d).
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15000-fold excesses of K+ , 300-fold excesses of Mg2+ , and a
50-fold excesses of Ca2+ . Amino acids, like arginine and his-
tidine, at a 10000-fold concentration of AA did not affect
the detection of AA, but the co-existence of l-cysteine was
only permitted at a 10-fold excess. Other structurally related
compounds, such as DAA, DKG, and Dpa, at 50-times the
concentration of AA did not affect the detection of AA.
Reducing agents, such as glucose, GAL, xylose, citric acid,
uric acid, and reduced nicotinamide adenine dinucleotide
(NADH) were tolerable at 20000-, 35000-, 200-, 500-, 300-,
and 200-fold concentration of AA, respectively.

The STPP-ZnS-Mn QD-based RTP probe was applied to
the detection of AA in urine and plasma samples. It is re-
ported that both the urine and plasma samples show signifi-
cant autofluorescent background, but negligible RTP back-
ground.[6a] The remarkable merits of the RTP makes it
promising for the analysis of complex samples, such as bio-
logical fluids, avoiding tedious sample pretreatment proce-
dures. To meet the linear range of the proposed STPP-ZnS-
Mn QD-based RTP probe for AA detection, the urine and
plasma samples were diluted 1000-fold, which also ensured
minimum interference from some concomitants such as dop-
amine and l-cysteine in urine and plasma (owing to their
lower concentrations and lower sensitivity). Table S4 (Sup-
porting Information) shows the analytical results of the
urine and plasma samples, with the recoveries of the spiked
AA in the diluted biological fluids from 96 to 105 %. The
above results demonstrate the potential applicability of the
STPP-ZnS-Mn QD-based RTP probe for the detection of
AA in biological fluids.

Conclusion

We have reported the AA-induced RTP enhancement
system based on STPP-ZnS-Mn QDs. The turn-on RTP re-
sponse is related to the two adjacent hydroxyl groups linked
to the C=C bond of AA. The chelating ability allows AA to
extract the Mn and Zn from the surface of the QDs and
to generate more holes that are subsequently trapped by
Mn2+ , while the reducing property permits AA to reduce
Mn3+ to Mn2+ in the excited state, thereby enhancing the
excitation and orange emission of the QDs. This preliminary
mechanism would help to develop other QD-based RTP
turn-on systems. The STPP-ZnS-Mn QD-based turn-on RTP
system shows good performance for AA detection without
the need for tedious sample pretreatment.

Experimental Section

Materials and chemicals : All chemicals used were at least of analytical
grade and were used without further purification. High purity water (18.2
MWcm) was obtained from a WaterPro water purification system (Lab-
conco Co., Kansas City, U.S.A.). Zn ACHTUNGTRENNUNG(CH3COO)2·2H2O, Mn-ACHTUNGTRENNUNG(CH3COO)2·4H2O, and Na2S·9H2O were from Tianjin Kaitong Chemicals
Co. (Tianjin, China), the Second Chemicals Co. of Shenyang (Shenyang,
China), and Tianjin Sitong Chemicals Co. (Tianjin, China), respectively.

AA was purchased from the First Chemicals Co. of Tianjin (Tianjin,
China) and d-AA was from Acros (Geel, Belgium). DAA and DKG
were synthesized according to a literature procedure.[19] GAL and
NADH were from Aladdin (Shanghai, China) and Newprobe (Beijing,
China), respectively. Tris, STPP, oxalic acid, xylose, dopamine hydrochlo-
ride, catechol, resorcin and quinol were obtained from Tianjin Guangfu
Fine Chemical Research Institute (Tianjin, China). The Tris-HCl solution
(0.1 m, pH 6.5–9.0) was used as the buffer solution.

Synthesis of STPP-ZnS-Mn QDs : The STPP-ZnS-Mn QDs were synthe-
sized according to a literature procedure,[16] but with modifications. Typi-
cally, all steps of the synthesis were carried out in water at room temper-
ature or in an ice bath. In a 100 mL flask, Zn ACHTUNGTRENNUNG(CH3COO)2 (125 mmol)
was dissolved in high purity water (30 mL), to which STPP (250 mmol)
and Mn ACHTUNGTRENNUNG(CH3COO)2 (5 mmol) were added. After the mixture was stirred
at room temperature for 30 min, Na2S aqueous solution (10 mL, 12.5 m)
was added dropwise and kept stirring in an ice bath for 10 min. Then, the
mixture was stirred at room temperature for 2 h. Finally, the resultant
STPP-ZnS-Mn QDs were centrifuged, washed with high purity water and
absolute ethanol three times, and dried in a vacuum.

Instrumentation : FTIR spectra (4000–400 cm�1) in KBr were recorded on
a Magna-560 spectrometer (Nicolet, Madison, WI). The XRD spectra
were collected on a Rigaku D/max-2500 X-ray diffractometer with CuKa

radiation (Rigaku, Japan). The morphology and microstructure of STPP-
ZnS-Mn QDs were characterized by HRTEM on a Philips Tecnai G2
F20 microscope (Philips, Holland). The samples for HRTEM were ob-
tained by drying sample droplets from a dispersion in water onto a 300-
mesh Cu grid coated with a lacy carbon film. The decayed curves of RTP
emission at 595 nm excited by the N2 laser at 337 nm were recorded on a
PTI QM/TM/NIR system (Birmingham, NJ). The absolute quantum yield
was measured on a FLS920 spectrometer (Edinburgh, UK). The cyclic
voltammograms were monitored with a Model LK98BII microcomputer-
based electrochemical analyzer (Tianjin Lanlike High-Tech Company,
Tianjin, China). A traditional three-electrode system was employed with
Pt wire as the counter electrode, Ag/AgCl/KCl as the reference elec-
trode, and a 3 mm diameter GCE as the working electrode. The GCE
was polished and ultrasonically cleaned in ethanol and water before use.
The STPP-ZnS-Mn QD-modified GCE was prepared by dropping 5 mL
of 0.4 mg L

�1 of the QDs on the surface of the clean GCE and then dried
in the dark at room temperature.

For the determination of the Mn, Zn, and STPP content in the solution
of the QDs, STPP-ZnS-Mn QDs (320 mg L

�1, 5 mL) in the absence and
presence of 2 mm AA were dialyzed by using a dialysis bag with a molec-
ular weight cut-off of 12000–14000 (ShangHai DingGuo Biology, Shang-
hai, China) in 80 mL of 10 mm Tris-HCl buffer (pH 7.4), and the dialysate
after acidification with 1% HNO3 was analyzed on an X series ICP-MS
instrument (Thermo Elemental, Cheshire, UK). For the determination of
the Mn, Zn, and P in the solid QDs, STPP-ZnS-Mn QDs (1.6 mg) was
dispersed in 80 mL of a 10� 10�3

m Tris-HCl buffer (pH 7.4) and acidified
with 1 % HNO3 before ICP-MS determination.

Phosphorescence measurement : The phosphorescence measurements
were performed on an F-4500 spectrofluorometer (Hitachi, Japan)
equipped with a plotter unit and a quartz cell (1 � 1 cm). The excitation
wavelength was 316 nm when the spectrofluorometer was set in the phos-
phorescence mode. The slit widths of excitation and emission were 10 nm
and 20 nm, respectively. The PMT voltage was set at �950 V. An STPP-
ZnS-Mn QDs suspension (400 mg L

�1) was prepared and stored under
ambient conditions. The RTP signal of the QDs was stable for at least
three months. A 10 mL mixture of 2 mg L

�1 STPP-ZnS-Mn, 10 mm Tris-
HCl buffer and a given concentration of analyte standard solution were
mixed thoroughly before RTP measurements.

Samples : The urine samples were collected from two healthy volunteers
and the plasma samples were donated by a local hospital. An appropriate
dilution of urine and plasma (1000-times) were adopted before detection.
No further complex pretreatment and deproteinization procedures were
needed for sample preparation.
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