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Ultrasensitive Fluorescence Detection of Ascorbic Acid Using Silver
lon-Modulated High-Quality CdSe/CdS/ZnS Quantum Dots
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ABSTRACT: Improving the sensitivity of the fluorescence method for the detection
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of bioactive molecules is crucial in biochemical analysis. In this work, an ultrasensitive "2 g @ x (\0
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sensing strategy was constructed for the detection of ascorbic acid (AA) using high-
quality 3-mercaptopropionic acid-capped CdSe/CdS/ZnS quantum dots (MPA-
CdSe/CdS/ZnS QDs) as the fluorescent probe. The prepared water-soluble QDs
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exhibited a high photoluminescence quantum yield (PL QY) of up to 96%. Further, strong PL Weak PL

the fluorescence intensity of the QDs was intensively quenched through the dynamic
quenching of Ag" ions due to an efficient photoinduced electron transfer progress.
While the existence of AA before adding Ag* ions, Ag" ions were reduced. Thus, the
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interaction of the QDs and Ag* ions was destroyed, which led to the fluorescence 9~ Ag*

distinct recovery. The detection limit of AA could be as low as 0.2 nM using this
sensing system. Additionally, most relevant small molecules and physiological ions had
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no influence on the analysis of AA. Satisfactory results were obtained in orange
beverages, showing its great potential as a meaningful platform for highly sensitive and selective AA sensing for clinical analysis.

1. INTRODUCTION

Ascorbic acid (AA) plays an irreplaceable role in some
physiological processes, including functioning as a free radical
scavenger, collagen synthesis, and human disease preven-
tion."™ As a crucial and resultful antioxidant, AA can hold
back reactive oxide species free radical-caused diseases such as
Alzheimer’s disease.” According to reports in the literature, the
concentration of AA in the human body is dramatically related
to multiple diseases. The lack of AA can give rise to scurvy.
However, the amount of AA is too high, which contributes to
stomach convulsion.”® Given the significance of AA, there is an
urgent need to establish a rapid and sensitive sensing strategy
for the quantitative determination of AA.

At present, a variety of methods have been put forward for
AA testing, including electrochemical,”™'° chemilumines-
cence,'! electrochemiluminescence,'? high-performance liquid
chromatography,13 colorimetric,"*™'® and so on. However,
most of these methods are limited by the complexity of
operations, time consumption, and expensive equipment.
Compared with these methods, fluorescent sensors have
attracted considerable attention owing to their intrinsic
advantages of simplicit?r, real-time imaging, rapid analysis,
and excellent sensitivity. ~'* At present, researchers have paid
lots of efforts to pullulate fluorescent probes for measurement
of AA, including organic fluorescence dyes,zo’21 metallic
clusters (e.g., Au/Cu nanoclusters),”” >* graphene quantum
dots (QDs),”** and carbon QDs.*’** In comparison with
organic chromophores and nanoclusters, QDs have been
generally researched as fluorescent probes owing to their
tunable emission spectra as well as antiphotodegradation.
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Nonetheless, most of these QD fluorescence probes are
fabricated via aqueous-phase synthesis routes, resulting in
relatively low emission efficiency and a wide fluorescence
spectrum due to interior electron—hole traps.”* It is widely
known that the excellent optical properties of QD-based
fluorescent probes are a guarantee for highly sensitive sensing.
Consequently, the development of a convenient and ultra-
sensitive method for detection of AA based on QDs with ideal
optical properties is urgently demanded for further inves-
tigation.

Semiconductor quantum dots (SQDs) as important
luminescent materials have gained considerable attention for
their practical applications such as lasers,” light-emitting
diodes,”™*” and biosensors®® owing to their size-dependent
luminescence, high PL QY, and long fluorescence lifetime.*”
Generally, the high-quality SQDs are synthesized in nonpolar
organic solvents with hydrophobic ligands on their surfaces,
limiting their direct application in biological assays.*’ To make
the SQDs soluble in water, some strategies have been proposed
for constructing water-soluble SQDs, including encapsulation
in amphipathic micelles,*’ coating with Si0,,**** and surface
ligand exchange."*”*° Unfortunately, almost all reported
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Scheme 1. Schematic Illustration of (a) Synthesis of the CdSe/CdS/ZnS Core/Shell/Shell QDs and (b) Its Application for

Fluorescence Turn-On Detection of AA
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methods inevitably give rise to the significant PL QY decrease
compared to the pristine hydrophobic SQDs due to the
formation of surface damage or ligand loss. Thus, the design
and synthesis of water-soluble SQDs with near-unity PL QY
are still a challenging task.

In this work, we managed to overcome the problem of the
PL QY loss during phase transfer by an optical inorganic
structure. The designed trap-free CdSe/CdS/ZnS QDs with
nearly perfect optical properties were prepared in a nonpolar
solvent and then ligand-exchanged with 3-mercaptopropionic
acid (MPA), converting the hydrophobic QDs to be
hydrophilic. Notably, the as-synthesized water-soluble QDs
exhibited a high PL QY of 96% and monoexponential PL decay
curves in aqueous media, originating from the isolation of the
exciton from the defect at the surface by outermost CdS and
ZnS shells. Furthermore, we constructed an ultrasensitive and
convenient “on—off—on” fluorescent sensor for AA detection
utilizing the Ag*-mediated fluorescence signal of the QDs. The
fluorescence of the QDs was efficiently quenched by Ag" ions,
which followed an electron-transfer quenching mechanism
from the QDs to Ag'. However, the pre-existing AA could
generally maintain the PL intensity of the QDs through the
special redox reaction between AA and Ag" ions. Thus, an
ultrasensitive QD-based fluorescent probe for detection AA
was developed. The detection limit was as low as 0.2 nM. This
work demonstrated that the water-soluble QDs had great
potential to serve as a high-efficiency fluorescent probe.

2. EXPERIMENTAL SECTION

2.1. Materials. Silver nitrate (AgNO;), bovine serum
albumin (BSA), cadmium oxide (CdO), sulfur powder (S),
selenium powder (Se), 1-octadecene (ODE), 3-mercaptopro-
pionic acid (MPA), and tetramethylammonium hydroxide
(TMAH) were purchased from Sigma-Aldrich Chemical Co.
(USA). AA was purchased from Shanghai Sangon Biotechnol-
ogy Co.Ltd. (Shanghai, China). Urea, dopamine (DA),
adenosine triphosphate (ATP), glycine (Gly), citric acid,
potassium chloride (KCl), glucose (Glu), uric acid, ferric
chloride hexahydrate (FeCl;:6H,0), sodium chloride (NaCl),
calcium chloride (CaCly), sodium hydroxide (NaOH), and

magnesium chloride were bought from Sinopharm Chemical
Reagent Co., Ltd. (China).

2.2. Characterizations. Transmission electron microscopy
(TEM) images were obtained using a Hitachi 7700 microscope
(Tokyo, Japan). The EDS spectrum was received through a
Thermo Fischer Talos F200x high-resolution TEM (Czech
Republic). FTIR spectra were obtained on a Thermo Nicolet
iS50 spectrometer (Madison, USA). XPS measurements were
performed using the ESCALAB 250Xi (Thermo Fisher
Scientific, USA). The fluorescence spectra and lifetime were
carried out using an FSS spectrometer (Livingston, UK), and
the excitation wavelengths were 400 and 450 nm, respectively.
The absolute PL QY of the hydrophilic QDs was tested by a
QE65000 spectrometer and assembled with an integrating
sphere of an Ocean Optics FOIS-1 integrating sphere. The
ultraviolet—visible absorption spectra were recorded via an
Agilent Cary 60. The hydrodynamic diameter and zeta
potential were tested at neutral pH conditions by a Malvern
Zen 3600 Zetasizer (Malvern, Instruments Ltd., UK). Milli-Q
water (18.25 MQ cm) was used throughout the study.

2.3. Synthesis of CdSe QDs. First, 0.1 mmol of CdO, 0.28
mmol of myristic acid, and 4 mL of ODE were added to a 25
mL flask. The temperature was heated to 250 °C and held for
30 min. 1 mL of Se powder in the ODE (0.6 mmol) was
rapidly injected. The reaction temperature was cooled to 240
°C. After S min, the Se powder in the ODE (0.1 mmol) was
drop by drop instilled into the solution until CdSe QDs with
the needed size were obtained.

2.4. Synthesis of CdSe/CdS QDs. First, 2 mmol of oleic
acid, 0.7 mmol of Cd(Ac),-2H,0, 0.7 mmol of capric acid, and
4 mL of ODE were loaded into a 25 mL flask. Argon pumping
was carried out for 15 min, and the temperature was heated to
160 °C. 500 uL of CdSe core QDs was apace injected into the
solution. Afterward, the temperature was heated to 260 °C.
The sulfur dissolved in ODE (0.1 M) was instilled into the
flask until CdSe/CdS QDs with a needed CdS shell thickness
were obtained.

2.5. Synthesis of CdSe/CdS/ZnS QDs. First, 0.4 mmol of
capric acid, 0.4 mmol of Zn(Ac),-2H,0, 1 mmol of oleic acid,
and 4 mL of ODE were added into a 25 mL flask. Argon
pumping was carried out for 20 min, and the temperature was
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Figure 1. TEM images and the statistical particle size distribution diagrams of (a,d) CdSe QDs, (b,e) CdSe/CdS QDs, and (c,f) CdSe/CdS/ZnS
QDs. The high-resolution TEM image (the inset of (c)) of CdSe/CdS/ZnS QDs. (g) Elemental distribution mapping of hydrophobic CdSe/CdS/
ZnS QDs. (h) FTIR of hydrophobic CdSe/CdS/ZnS QDs before and after surface ligand exchange.

heated to 150 °C. 500 uL of CdSe/CdS QDs was apace loaded
into the solution. Afterward, the temperature was heated to
300 °C. The sulfur dissolved in ODE (0.2 M) was dropwise
added into the reaction flask. The reaction was proceeded until
CdSe/CdS/ZnS QDs with an appropriate ZnS shell thickness
were obtained.

2.6. Synthesis of the MPA-CdSe/CdS/ZnS QDs by
Surface Ligand Exchange. 1 mL of purified CdSe/CdS/ZnS
QDs was dissolved in chloroform, and then 60 uL of MPA was
appended to the above solution. After being ultrasounded for
10 min and then centrifuged, the precipitate was washed more
than twice using hexane. Afterward, the organic solvent was
fully removed in an argon atmosphere. In the end, the powder
was dissolved in water, and the pH was adjusted to 12 using
TMAH.

2.7. Fluorescence Determination of AA. For the
determination of AA, typically, 10 uL of the MPA-CdSe/
CdS/ZnS QDs was added to AA solutions with different
concentrations, Then, 3 uL of Ag* (400 uM) was appended to
the solution. The final concentrations of AA were 0, 1, 10, 20,
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30, 45, 50, 70, 100, 150, and 250 nM. The final solution
volume was set as 3 mL by using deionized water. Notably, the
pH value was fixed at 11. After reaction for 15 min, the
fluorescence spectra of the solutions were recorded for the
quantitative analysis of AA. The limit of detection was
calculated through the formula LOD = (36)/k (1), where &
is the blank sample standard deviation (n = 6) and k is the
fitted curve slope of change in the PL intensity against the AA
concentration. The PL measuring parameter and slot widths
were both set as 5 nm, and the excitation wavelength was 400
nm.

2.8. Analysis of Real Samples. The orange beverages
were purchased from a supermarket as real samples. First, the
beverage was centrifuged and then filtered via a 045 uM
microporous membrane. Subsequently, the resulting solution
was diluted at different times with deionized water (pH = 11)
to confirm the feasibility for detecting AA in real samples. The
procedure was the same as that mentioned in Section 2.7.
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Figure 2. (a) FTIR spectra of hydrophobic QDs before and after surface ligand exchange. (b) XPS full survey spectra of hydrophilic QDs. High-

resolution spectra of (c) C 1s and (d) O Is.

3. RESULTS AND DISCUSSION

3.1. Structural Characterization of QDs. The prepara-
tion of QDs and PL response principle are illustrated in
Scheme 1. The high-quality CdSe/CdS/ZnS QDs had been
prepared by the high-temperature hot injection method."’
Notably, CdS shells were selected as the transition layer,
originating from the crystal strain at the core—shell interface
slightly. Additionally, the core/shell structure QDs could
passivate the surface defects of the CdSe core, which could
significantly improve the PL QY.

TEM images and statistical size distribution histograms are
shown in Figure la—f. The as-prepared QDs were nearly
monodisperse in size (Figure S1). After the addition growth of
wide-bandgap CdS and ZnS shells, the size of the QDs
gradually increased. The average particle sizes were 3.5, 6.4,
and 7.5 nm. Moreover, the high-resolution TEM image (inset
of Figure 1c) showed that the as-prepared CdSe/CdS/ZnS
QDs had an ideal crystalline structure. As shown in Figure S2,
five diffraction peaks were observed, respectively, indexing to
the (111), (200), (220), (222), and (311) planes, suggesting
that the as-prepared QDs had good crystallinity. Moreover, the
elemental composition of the QDs was identified by EDS,
which indicated that the four characteristic elements, Cd, S,
Zn, and Se, are shown in Figure 1g. The Se element almost
existed in the core inside, while the outer shell had Zn and S
elements, demonstrating that the shell epitaxial growth process
was controlled. In addition, the elemental composition of the
QDs was also identified using XPS. The results from Figure 1h
exhibited four representative peaks like Cd, Se, S, and Zn,
suggesting the successfully synthesized CdSe/CdS/ZnS QDs.

3.2. Surface Ligand Exchange. The mercapto groups
could interact with the metal Zn atom via the formation of a
metallic mercaptan bond (Zn-SR), and further, the carboxyl
groups provided excellent water solubility. The surface ligand-
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exchange process was demonstrated by Fourier transform
infrared (FTIR) spectra and XPS. Notably, the characteristic
absorption bands at 2919 and 2849 cm™" were originated from
the C—H vibration of the long-chain hydrophobic alkyl ligand,
while the C—H intensity was significantly reduced after ligand
exchange. The S—H stretching vibration peaks were not found
due to the formation of Zn-SR (Figure 2a). These results
indicated that MPA successfully bound to the surface of the
QDs via sulthydryl groups. To further confirm the surface
chemical states of the QDs, XPS analysis was executed. The
XPS survey spectra exhibited peaks like Zn 2p, C 1s, Se 3d, Cd
3d, S 2p, and O 1s (Figure 2b). Furthermore, the XPS spectra
of C 1s illustrated two species of C—C/C—H and C=O0,
corresponding to 284.6 and 288.3 eV, respectively (Figure 2c).
According to Figure 2d, the analysis of O 1s showed C=0,
C—0-C, and C—OH, which corresponded to 531.2 and 531.9
eV, respectively. The results further demonstrated that MPA
had been successfully modified on the surface of the QDs.
3.3. Optical Properties of QDs. The optical properties of
the obtained QDs were measured. First, as shown in Figure 3a,
the CdSe core QDs exhibited a distinct first exciton absorption
peak and a narrow PL emission spectrum. Additionally, a
strong red-shift of first exciton absorption and fluorescence
emission peak was discovered, which was consistent with the
growth of the CdS shells onto the CdSe core QDs (Figure
S3a). When ZnS shells were further epitaxially grown, the
absorption and PL spectra continuously were further red-
shifted (Figure S4a). Notably, the emission peak was narrow
and symmetric, further confirming a narrow size distribution.
In order to further recognize the carrier dynamics, we recorded
the transient PL spectra during the process of shell growth.
The average PL lifetime gradually increased with the increase
of CdS and ZnS shell thickness (Figures S3b and S4b),
suggesting the perfect passivation of surface trap. Most
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Figure 3. (a) Normalized UV—vis absorption and fluorescence spectra of QDs. (b) PL decay curves of QDs. 7 and yi* represented the
monoexponential fitting lifetime and goodness of fit, respectively. (c—f) Three-dimensional fluorescence mapping of QDs.

importantly, the transient PL spectra of the water-soluble QDs
showed a monoexponential function (Figure 3b). The results
indicated that the fluorescence emission was due to band-edge
excitons, benefiting from the CdS and ZnS shells passivating
the core to reduce surface defects and sensitivity to the
environment. The absolute fluorescence QY of hydrophilic
QDs was calculated to be as high as 96% (Figure SS). To
further explain the excellent optical properties of QDs, three-
dimensional fluorescence mapping was executed (Figure 3c—
f). The fluorescence spectra showed that a high concentrated
center, indicating narrow band-edge PL emission and
originating from the CdS and ZnS shells acting as the surface
passivation layers, enhanced the PL stability of the core QDs.
Additionally, the stability of the hydrophilic QDs was
investigated (Figure S6a). The results showed that the PL
intensity did not significantly fluctuate upon ultraviolet
irradiation, illustrating their excellent photostability. To
evaluate thermal stability, the QD aqueous solution was heated
to different temperatures (0—S0 °C), and changes in the PL
intensity were recorded (Figure S6b). The PL intensity did not
change significantly, indicating the remarkable thermal stability
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of the QDs. These results clearly suggested that the QDs with
perfect PL performances could be constructed as a fluorescent
probe used in a biological system.

3.4. Feasibility and Optimization of the Detection
Condition. The feasibility of QDs as nanosensors to detect
AA was investigated (Figures 4a and S7). After the addition of
Ag" ions to the QD solution, the PL intensity of the QDs was
distinctively quenched. It was interesting that previous addition
of AA to QDs in the presence of Ag” could partially restore the
fluorescence, demonstrating that the QDs/Ag" system could
serve as an “‘on—off—on” fluorescence sensor for AA
determination. To achieve optimal performances, the exper-
imental conditions were explored. The effects of Ag" ion
concentrations on the fluorescence intensity of the QD
solution were investigated (Figure 4b). The PL intensity of
the QDs gradually decreased with the increase of Ag"
concentration and reached a plateau stage at 0.3 yM. The
fluorescence-quenched efficiency was as high as 95% (the inset
of Figure 4b), indicating that Ag* have excellent fluorescence
quenching ability. Fluorescence-quenched efficiency was
calculated using quenching efficiency = (F, — F)/F, (2),
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where F and F; are the PL intensity of the QDs in the presence
and absence of Ag" ions, respectively. Moreover, the effect of
pH on the performance of the sensors was investigated. As
shown in Figure S8, the optimal detection performance could
be obtained under a pH value of 11. Further, the effects of
reaction time with Ag* ions (Figure 4c) and AA (Figure 4d) on
the PL intensity of the QDs were explored. The time of
fluorescence quenching and recovery both was chosen as 15
min.

3.5. Analytical Performance of the Sensing System.
The detection performance of the QDs/Ag" system for AA was
further investigated under optimal experiment conditions.
Figure Sa shows that the intensity of the QDs was gradually
increased with enhancing the AA concentration, which may
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result from the fact that Ag" ions were reduced by AA. The
inset of Figure Sb represents the linear fitted curve between
intensity and the AA concentration ranging from 1 to 70 nM.
In the figure, F and F; denoted the intensity of the QDs in the
presence and absence of AA, respectively. The regression
equation was y = 1843.5x + 1051.7, and the corresponding
correlation coeficient R* = 0.9962. The detection limit for AA
was estimated to be as low as 0.2 nM. Table S1 lists the
comparison of this method and other research for AA testing.
Our work provided a lower detection limit, which was superior
to those previously reported sensors. This outstanding
analytical performance could be attributed to the excellent
optical properties of the hydrophilic QDs.
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3.6. Selectivity of the Developed System. To further
investigate the specificity of the proposed method, the effects
of a series of physiologically related reactive species on the
intensity of the QDs were evaluated under the same conditions
(Figure 6a,b). The fluorescence signal change resulting from
ions (Na*, K, Mg*, Ca®, Fe**, Zn**, Cd*, and CI") and
biological small molecules (urea, Gly, UA, CA, Glu, ATP, BSA,
and DA) were ignorable, even if their concentrations were 10-
fold higher than AA. These results demonstrated that this
detection system showed excellent selectivity for AA by the
fluorescence “on—off—on” process. Accordingly, the QDs/Ag"
hybrid system could be regarded as an ultrasensitive and
selective fluorescence sensing platform for AA detection.

3.7. Fluorescence Quenching Mechanism. Previous
reports had revealed that metal ions were fluorescence
quenchers via nonradiative ground-state complex formation,**
aggregation,” inner filter effect,” fluorescence resonance
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energy transfer,”® and electron transfer.’’ As shown in Figure
S9, the fluorescence spectrum of the QDs and the absorption
spectrum of Ag' ions were absence overlapped. Thus, the
fluorescence quenching mechanism could not be energy
transfer. Moreover, Figure S10 shows that the particle size of
the QDs upon the addition of Ag® did not change,
demonstrating that the PL quenching was not due to the
aggregation. The peak locations of the absorption and
fluorescence spectra of the QDs remained almost invariant in
the presence of Ag" ions (Figures Sa and 7a). Thus, there was
no possibility of desorption of the thiolate ligand from the
surface of the QDs. To further investigate the quenching
mechanism, the fluorescence lifetime experiments were carried
out (Figure 7b). The PL lifetime of the QDs was distinctly
decreased from 39.6 to 23.5 ns in the presence of Ag" ions.
However, after adding AA, the PL lifetime of the QDs was
significantly recovered. These results revealed that the
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quenching mechanism of the QDs by Ag" ions was dynamic
quenching. Further, the zeta potential of the QDs before and
after adding Ag" ions was measured (Figure 7c). The zeta
potential increased from —29.7 to —0.8 mV when Ag" ions
were added into the QD solution; originating from the QD
surface functional groups, they were negatively charged, Ag"
ions were tended to coalesce with the surface carboxyl
functional groups. After adding AA, the zeta potential was
decreased. Accordingly, the fluorescence quenching mecha-
nism was considered to be electron transfer, which induced the
disruption of radiative electron—hole recombination. In order
to facilitate the understanding, the detection mechanism is
depicted in Figure 7d.

3.8. Detection of AA in Real Samples. Orange beverages
were selected for exploration to prove that the developed
sensing system had practical applicability for AA detection in
real samples. These orange beverages were diluted in different
amounts with deionized water (pH 11). Based on the results
from Figures Sa and S11, the calculated amounts of AA were
0.75 and 0.4 mM, respectively. Thus, the proposed method
was suitable for the analysis of AA in real samples.

4. CONCLUSIONS

In conclusion, we successfully synthesized the high-quality
water-soluble MPA-CdSe/CdS/ZnS QDs with high PL QY
and monoexponential PL decay dynamics by rational surface
passivation with wide-band gap shells. The fluorescence of the
QDs was distinctly quenched once Ag' ions were added
through the electron transfer. A highly sensitive and low-cost
fluorescent sensor was successfully developed for AA detection
based on the “on—off—on” strategy, originating from the redox
reaction between Ag” ions and AA. The detection limit of AA
could be as low as 0.2 nM, which was much lower than that of
previously reported methods. This work could provide a guide
for designing an excellent optical performance fluorescent
probe based on water-soluble QDs.
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