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Ascorbic acid (AA) and alkaline phosphatase (ALP) serve as an important coenzyme and enzyme in mul-
tiple biological metabolism reactions, respectively, and abnormal levels of these substrates have been
associated with several diseases. Herein, a new and simple fluorescence strategy has been developed for
AA and ALP sensing by exploiting CdTe quantum dots (QDs) as an effective signal indicator. This method
is mainly based on the selective fluorescence-quenching reaction between Ag™ and CdTe QDs, as
opposed to silver nanoparticles (Ag NPs); Ag* can be reduced to Ag NPs by AA. Furthermore, by taking
advantage of AA as a mediator, this strategy is further exploited for ALP assay given that ALP can cause the
hydrolysis of L-ascorbic acid-2-phosphate (AAP), which yields AA. Under optimal conditions, controlled
generation of Ag NPs and the selective recognition-based sensing system exhibit high sensitivity toward
AA and ALP with limits of detection (LODs) of 3 uM and 0.25 U L™ and linear ranges of detection from 0O
to 800 pM and 1 to 1000 U L™ respectively. Moreover, the sensor was successfully used for assaying AA
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in fruit juice and ALP in human serum. The results demonstrate that the proposed fluorescence strategy
has significant advantages, such as its simplicity, cost-effectiveness, and rapid runtime, and the oper-
ational convenience of this label-free method further demonstrates its potential for constructing effective
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1. Introduction

Monitoring the concentrations of reactive small molecules and
enzymes is critical to explore their biological functions and
their impact on living organisms, and assist in the diagnosis
of related diseases. Among them, ascorbic acid is a key reactive
biological molecule that has many roles: as an antioxidant
protects against oxidative damage, it functions as an enzyme
cofactor, etc."” Alkaline phosphatase can cause dephos-
phorylation reaction for small molecules and proteins.**
Development of a simple and efficient strategy for assaying AA
and ALP levels has become a critical subject of current chemi-
cal research. In the past few decades, several approaches have
been used for AA and ALP detection, such as fluorescence,’
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sensors with biochemical and clinical applications.

colorimetric,® electrochemical,” magnetic relaxation switching
(MRS),® surface-enhanced Raman scattering (SERS),” and so
on. Among these methods, the fluorescence strategy has sig-
nificant advantages due to its ease of use, high sensitivity,
rapid analysis, and good reproducibility. Consequently, it has
received extensive attention. To date, many fluorescence
methods were developed for AA and ALP detection using
materials, such as carbon dots (CDs),'® cerium metal-organic
frameworks (MOFs),"* gold nanoclusters (Au NCs),"> quantum
dots (QDs),"* DNA-templated silver nanoclusters (Ag NCs),"*
poly(thymine)-templated copper nanoclusters (Cu NCs),"
MnO, nanosheets,'° etc.

Semiconductor QDs exhibit unique properties, e.g., width,
symmetry, size-tunable emission spectra, broad absorption
spectra, long photoluminescence lifetimes, and significant
photo-stability, which allow for fascinating applications in
sensing, bioimaging, etc.'”'® Additionally, cation exchange
reactions have led to the development of a series of research
methods for quantitative assays,'® which can be used to
analyze the characteristics of nucleic acids,®® proteins,*
single-nucleotide polymorphisms (SNPs),>* and other sub-
strates. These reaction conditions are mild, and strong acids
and complex steps were not involved.**** Subsequently,
researchers discovered that CdTe QDs can selectively dis-
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Scheme 1 Schematic illustration of the fluorescence AA and ALP assay
based on the controlled generation of silver nanoparticles and selective
quenching reaction.

tinguish Ag" from Ag NPs. Various detection methods have
been developed based on this phenomenon.>® However, the
selective recognition reaction of CdTe QDs has not been used
for assaying AA and ALP.

In this study, by combining the reduction reaction-
mediated formation of Ag NPs and the selective recognition
reaction between Ag' and CdTe QDs, a novel and simple
sensor was designed for the highly sensitive assay of AA and
ALP. AA can reduce Ag' to form Ag NPs, inhibiting the occur-
rence of a fluorescence quenching reaction, leading to the
high fluorescence intensity of CdTe QDs. Therefore, the detec-
tion of AA was achieved using a fluorescence turn-on mode
strategy. Furthermore, ALP enables the removal of PO,*~ from
L-ascorbic acid-2-phosphate, which does not act as a reducing
agent, and yields AA, which can then reduce Ag" to Ag NPs.
Therefore, with AAP as a bridge, assay of ALP was successfully
realized (as shown in Scheme 1). Subsequently, this sensing
strategy was used for the analysis of AA (fruit juice) and ALP
(human serum) in real samples, and satisfactory results were
achieved. The proposed strategy of AA and ALP activity pos-
sesses advantages such as its ease of use, cost-effectiveness,
convenience, and sensitivity.

2. Experimental
2.1 Materials and instruments

Silver nitrate (AgNOj), glycine (Gly), glucose, ascorbic acid
(AA), r-ascorbic acid 2-phosphate trisodium salt (AAP), alkaline
phosphatase (ALP), human serum albumin (HSA), transferrin,
trypsin, pepsin, papain, and thrombin were purchased from
Sigma-Aldrich (St Louis, MO, USA). High purity NaNO;, Mg
(NO3),, HCl, NaOH, CdCl,, KBH,, and trisodium citrate were
obtained from Kelong Reagent Factory (Chengdu, China). 3-[N-
Morpholino] propanesulfonic acid (MOPS) was ordered from
Solarbio Technology Co., Ltd (Beijing, China). Na,TeO; and
3-mercaptopropionic acid (MPA) were obtained from Aladdin
Reagent Co., Ltd (Shanghai, China). A MOPS buffer solution
(10 mM, pH 7.0, 100 mM NaNOj3, 2.5 mM Mg(NO3),) was used
in this work. High purity deionized water (18.2 MQ cm,
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Chengdu Pure Technology Co., Chengdu, China) was used in
this work. The commercial ALP kit was obtained from Roche
Pharmaceuticals (Germany). Human serum samples were pro-
vided by the Department of Laboratory Medicine, West China
Hospital of Sichuan University (Chengdu, China).

The F-7100 spectrometer (Hitachi, Japan) was used to
record the emission spectra and the signal of CdTe QDs at a
365 nm excitation wavelength. Absorption spectra of CdTe QDs
were recorded on a Hitachi U-1750 UV-vis spectrophotometer
(Shimadzu, Kyoto, Japan). High-resolution transmission elec-
tron microscopy (HR-TEM) measurements of CdTe QDs were
carried out using a Tecnai G2F20 STWIN TEM at an accelerat-
ing voltage of 200 kV (FEI Co., USA).

2.2 Synthesis of CdTe QDs

A one-pot synthetic method was adopted to obtain CdTe QDs
with slight modifications.*® Firstly, a 50 mL solution contain-
ing CdCl, (0.5 mmol) and trisodium citrate (0.2 g) was pre-
pared. Then, MPA (52 pL) was instantly added into the above
solution, and the solution pH was adjusted to 10.5 using NaOH.
Later, Na,TeO; (0.1 mmol) and KBH, (50 mg) were added into
the above solution, and then this solution mixture was refluxed
for 1 h to obtain the CdTe QDs solution. Subsequently, high
purity CdTe QDs were obtained via precipitation with n-propanol
and centrifugation (11000 rpm). The purified CdTe QDs were
redispersed in high purity water before use.>” The fluorescence
and UV-vis absorption spectra were recorded (Fig. 1C). The
MPA-CdTe QDs were kept at 4 °C.

2.3 AA assay

As per the sensing assay of AA shown in Scheme 1, different
concentrations of AA (50 pL) were mixed with Ag" (50 pL, 5 pM)
in 100 pL MOPS buffer in the dark at room temperature (RT)
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Fig. 1 TEM images of CdTe QDs before (A) and after (B) the addition of
Ag™ in the quenching reaction. (C) The spectra of the UV-vis absorption
(black curve) and the fluorescence emission (FL, blue curve) of the
CdTe QDs. (D) and (E) Both show the feasibility of the AA assay based on
the controlled generation of Ag NPs and selective quenching reaction.
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for 20 min to form silver nanoparticles (Ag NPs). The same
reaction mixtures without the target AA were used as negative
controls. Then, 10 pL CdTe QDs (a 10-fold dilution of the orig-
inal CdTe QDs solution) was mixed with the above solution
and further incubated in the dark for 10 min at RT. Finally,
the resulting solution was diluted to 1 mL and fluorescence
measurements were performed immediately. All of the
measurements were performed at least three times.

2.4 ALP assay

The sensitive fluorescence detection of ALP started with the
addition of 50 pL AAP (1 mM) and 50 pL ALP (various concen-
trations), which were added into MOPS buffer (100 uL). Later,
the above solution mixtures were incubated for 30 min at
37 °C. Then, Ag" solution (5 pM, 50 pL) was added into the
mixtures, which were further incubated in the dark at RT for
20 min to form Ag NPs. Then, 10 pL CdTe QDs (a 10-fold
dilution of the original CdTe QDs solution) was added into the
above solution and further maintained in the dark for 10 min
at RT. Finally, the resulting solution was diluted to 1 mL and
the fluorescence measurements (with excitation at 365 nm)
were performed immediately. All of the measurements were
performed at least three times.

2.5 Real sample preparation

The fruit juice sample was diluted 100-fold with high purity
water before analysis.

Healthy human serums were prepared with a 50-fold
dilution with high purity water, and then filtered using a
30 kDa ultrafiltration membrane to remove the interfering
macromolecules and small molecules. The ultrafiltrates were
spiked with ALP (1, 10, 100, and 1000 U L™, final concen-
trations). For the ALP assay, the spiked diluted serum samples
served as the standard solutions as described in the ALP assay
procedure.

3. Results and discussion
3.1 Sensing principle

The principle of our proposed selective fluorescence quench-
ing reaction-based strategy for AA and ALP sensing is illus-
trated in Scheme 1. Its mechanism is mainly based on Ag"
being reduced by AA to generate Ag NPs, and the ability of
CdTe QDs to selectively differentiate Ag" and Ag NPs. In the
absence of the corresponding targets, Ag" can effectively
quench the fluorescence of CdTe QDs by a rapid cation
exchange reaction and an obvious reduction in the fluo-
rescence signal can be recorded. However, in the presence of
the target AA, Ag NPs can be formed from Ag' via AA
reduction. The CdTe QDs stay intact and have a strong fluo-
rescence signal. Because the increasing degree of the fluo-
rescence signal is proportional to the concentration of AA,
target AA can be successfully detected through the fluo-
rescence change of the CdTe QDs. Furthermore, by taking
advantage of AA as a mediator, this sensing platform was

This journal is © The Royal Society of Chemistry 2019
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extended to ALP detection due to the ability of ALP to catalyze
the hydrolysis of AAP to yield AA. Therefore, the AA and ALP
assay used a turn-on mode strategy, and the concentration of
CdTe QDs was proportional to the amount of AA and ALP; this
enabled the conversion of the target reaction events into a
detectable signal of the CdTe QDs via a fluorescence
spectrometer.

3.2 The feasibility of the AA assay

In accordance with the principle shown in Scheme 1, the feasi-
bility of AA sensing was investigated. The TEM images of the
CdTe QDs and the products from the cation exchange reaction
indicate that the spherical CdTe QDs (Fig. 1A) become Ag,Te
aggregates (Fig. 1B), thus verifying the cation exchange reac-
tion between CdTe QDs and Ag'. To further confirm the feasi-
bility of this strategy, AA of different concentrations (100, 250,
500, 1000 pM) were added into the Ag' solution. After the
addition of CdTe QDs the selective quenching reaction was
triggered, and the fluorescence signal changes were recorded.
As shown in Fig. 1D and E, the fluorescence signal of CdTe
QDs increased significantly when the concentration of AA
increased (Fig. 1D-b vs. 1D-c, d, e, f). The above results indi-
cate that AA can reduce Ag" and inhibit the quenching of CdTe
QDs. Thus, the feasibility of this technique has been demon-
strated for AA sensing while displaying its advantages, such as
its simple operation and rapid response.

3.3 Detection of AA

To ensure the strategy presented in this work for sensitive
detection of AA, the sensing conditions were first optimized.
An Ag” volume of 50 pL (5 uM) (Fig. S17), a 20 min duration of
Ag NPs formation by AA reduction of Ag" (Fig. S21), and a
10 min duration for the selective quenching reaction (Fig. S371)
were finally adopted for subsequent experiments. Under the
optimized conditions, when the concentration of AA increased,
the fluorescence intensity also increased (Fig. 2A). Fig. 2B
describes the relationship between the signal enhancement
and the concentrations of AA; the inset of Fig. 2B shows a
good linearity (R* = 0.992) from 0 to 800 pM with a LOD of
3 pM (30, n = 11). The comparison of AA detection with other
methods is summarized (Table 1). Although our method does
not have the highest sensitivity, it has the advantages of
simplicity in both design and operation, as well as its low cost.
In addition, a series of eleven repetitive measurements of
100 pM AA were used for estimating the precision of this
method, and the resulting RSD value was 2.9%.

Selectivity was investigated by challenging this fluorescence
strategy with potential interferents, including abundant
cations (K, Na*, Ca®>", Mg>", Ba>", Zn>", Ni**, AI**), glucose,
and glycine (Gly). As shown in Fig. 2C and D, 100 pM AA
resulted in the obvious enhancement of fluorescence. In con-
trast, no obvious change in fluorescence was monitored by
adding 100 pM of the other analytes. Therefore, the high
selectivity of the sensor could be attributed to the selective
quenching reaction between Ag'/Ag NPs and CdTe QDs and
the reduction ability of AA towards Ag".

Analyst, 2019, 144, 1147-1152 | 1149
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Fig. 2 The analytical performance and selectivity of this sensor for AA
detection. (A) and (B) Fluorescence spectra and calibration curve for AA
detection. Inset: A linear relationship of the fluorescence signal versus
the concentration of AA ranging from 0 to 800 pM. (C) and (D)
Fluorescence spectra and fluorescence signal of different interferents.
All concentrations were 100 pM. Error bars were estimated from at least
three replicate measurements.

Table 1 Comparison of different fluorescence strategies for the detec-
tion of AA

Method Linear range LOD Ref.

Au NCs* 5-100 pM 5 UM 28

Au NCs-PbS-QDs” 3-40 pM 1.5 pM 12

GQDs* 1-30 uM 270 nM 29

MOF? 0-80 pM 7 nM 11
CoOOH-modified TPNPs® 1-20 pM 170 nM 30
UCNPs/ 0.1-25 pM 0.04pM 31
CD-CoOOH* 0.1-20 pM 50 nM 10
N-CNPs” 0.2-150 uM 50 nM 32

CdTe QDs 0-800 pM 3 M This work

“Gold nanoclusters. ” Gold nanoclusters and NIR PbS QDs. © Graphene
quantum dots. ?Cerium metal-organic framework (ZJU-136-Ce).
®Cobalt  oxyhydroxide nanoflake two-photon  nanoparticles.

JUpconversion nanoparticles. & Carbon dot-modified hexagonal cobalt

oxyhydroxide nanoflakes. ” Nitrogen-doped carbon nanoparticles.

The application of the fluorescent sensor for AA detection
in 1% fruit juice was evaluated using the spiked method, and
the resulting fluorescence spectra and signals were recorded
(shown in Fig. 3). It is observed that the signal of the solution
increased with the increasing concentration of AA from 0.5 uM
to 800 uM; a strong linear relationship was demonstrated in
this range (Fig. 3B, inset). These results imply that the sensor
is capable of being used to detect AA in real samples in a prac-
tical and efficient manner.
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Fig. 3 The analytical performance of this ascorbic acid sensor in 1%
fruit juice solution. (A) Fluorescence emission spectra of the biosensor
upon the addition of different concentrations of AA. (B) Calibration
curve with the inset showing the linear relationship of the fluorescence
signal versus the concentration of AA ranging from 0.5 to 800 pM. Error
bars were estimated from three replicate measurements.

3.4 Assay of ALP

The results of the aforementioned experiments inspired the
extension of applications for this method. Given that ALP can
catalyze the hydrolysis of AAP to generate AA, this property
enabled us to develop a novel strategy for assaying ALP via the
selective quenching reaction. Before evaluating its analytical
performance, the feasibility of the ALP fluorescence assay was
verified. The fluorescence signal was obviously reduced after
the addition of Ag' into the CdTe QDs solution, which indi-
cated that the quenching reaction had been initiated (Fig. 4A-a
vs. 4A-b). At the same time, no significant signal changes were
observed when AAP was added to the above Ag' + CdTe QDs
solution (Fig. 4A-b vs. 4A-c). Later, when different concen-
trations of ALP were added into the blank solutions, the fluo-
rescence signals of the solutions gradually increased (Fig. 4A-d
and A-e); this indicated that AA had been successfully gener-
ated and Ag" was reduced to Ag NPs. Overall, these results
show that the strategy can be extended to the assay of ALP and
the strategy outlined in Scheme 1 works well.

To test whether the strategy could be used for quantitative
detection of target ALP, the fluorescence signals observed with
various ALP concentrations were first measured to evaluate the
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Fig. 4 Feasibility of the alkaline phosphatase fluorescence assay based
on the controlled generation of silver nanoparticles and the selective
quenching reaction.
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sensitivity of the sensor under the previously optimized con-
ditions (shown in Fig. S4, see the ESIf). The fluorescence
signals of the biosensor increased with the increasing concen-
trations of ALP ranging from 1 to 1000 U L™" (Fig. 5A). A cali-
bration plot of ALP activity is shown in Fig. 5B (inset), and the
correlation equation was Y = 1218 log Carp + 3568 (C is the con-
centration of ALP, R* = 0.993). The limit of detection can be
reached at a low concentration of 0.25 U L™, and the LOD of
this ALP detection is comparable to that of other methods
(Table 2). A series of eleven repetitive measurements of
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Fig. 5 The analytical performance and selectivity of this sensor for ALP
detection. (A) Fluorescence spectra of the obtained CdTe QDs in the
presence of ALP using different concentrations. (B) Calibration curve for
ALP detection with the inset displaying the linearity of the fluorescence
intensity with respect to logarithmic ALP concentrations. Fluorescence
spectra (C) and the fluorescence signal (D) of the fluorescence assay of
ALP (10 and 100 U L™ and interferents (100 nM). Error bars were esti-
mated from at least three replicate measurements.

Table 2 Comparison of different strategies for the detection of ALP

Method Linear range; LOD Ref.
Fluorescence (PolyT-Cu NPs) 0-70UL ' 1UL™" 15
Fluorescence (silver nanoclusters) 30-240 UL %;5UL™" 33
Colorimetric (Au NPs) 0-6.8 pM; NM” 6
Colorimetric (Au/Ag core/shell 5-100UL;3.3U0L™" 34
nanorods)
Electrochemical 0.1-10UL %01 UL™ 35
Photoelectrochemical 0.5-40 UL % 0.33 UL™ 36
Magnetic relaxation switching 29.3-3750 UL 042 UL 8
SERS* 0.72-3 UL %001 UL™" 37
Fluorescence (CdTe QDs) 1-1000 UL 025 UL™! This
work

“ Surface-enhanced Raman scattering. ” Not mentioned.
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Table 3 Determination of ALP in human serum samples

ALP kit This method Added, Found, Recovery”,
Samples (UL™") (UL uL?t  uLt %
1 65 60 100 158 £5 98
2 71 75 200 270 £15 97
3 97 100 300 388 +23 96
4 72 67 500 570 £ 15 100
5 88 83 750 830 £ 15 99
6 100 105 900 1000 + 23 99

“Mean and standard deviation of results (n = 3). b Recovery (%) =
(CFound/CAdded) X 100%.

100 U L™" ALP were used for estimating the precision of this
method, and the resulting RSD value was 3.6%.

The selectivity of the selective quenching reaction-based
strategy was investigated using pepsin, papain, thrombin,
trypsin, transferrin, and human serum albumin as interfering
substances. A significant increase in fluorescence was only
observed with the target ALP (10 and 100 U L™'); in contrast,
there was no increase observed when using the other com-
pounds, which were employed at comparatively higher concen-
trations (100 nM, Fig. 5C and D). These experimental results
indicated that the simple turn-on method possessed high
specificity for the ALP assay, which was mainly due to the
highly specific catalytic hydrolysis of AAP by ALP.

To evaluate the general applicability of the sensor to clinical
samples, this sensor was used in a complex sample matrix of
human serum. It is noteworthy that the interference from Cu>*
can be eliminated in real samples by using an ultrafiltration
membrane in sample pretreatment. A similar signal curve was
observed when the sensor was introduced to 2% serum in
comparison with the curve of the buffer solution, which was
observed under the same experimental conditions (Fig. S57).
Furthermore, the designed CdTe QDs-based method was used
to detect the concentrations and recoveries of ALP by spiking
50-fold dilutions of human serum samples with a series of
known ALP concentrations. The experimental results of the
two methods (our method and the commercial ALP kit colori-
metric method) are comparable; moreover, satisfactory recov-
eries were obtained (96% to 100%, Table 3). Therefore, the
above experimental results have demonstrated that this
method has potential for practical sample analysis.

4. Conclusions

In summary, we have developed a simple and novel strategy for
the detection of AA and ALP by exploiting CdTe QDs as an
effective signal indicator. In the assay, the reduction reaction-
mediated formation of Ag NPs and the selective quenching reac-
tion between Ag'/Ag NPs and CdTe QDs were utilized. This
method has the following advantages: (1) mild reaction conditions
without any rigorous operation; (2) rapid response (completes in a
few minutes); and (3) good analytical performance, and it has
been successfully applied to real samples. Given these advantages,
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this simple, new strategy may hold great potential for further
applications in biomedical research and disease diagnosis.
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