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ARTICLE INFO ABSTRACT

Herein, a ratiometric fluorescent method was developed for alkaline phosphatase (ALP) detection based on near-
infrared (NIR) Ag,S quantum dots (QDs) and calcein through the competitive approach. The system based on
Ag>S QDs and calcein shows green (maximum emission at 512nm from calcein) and near infrared (NIR)
fluorescence (maximum 798 nm from Ag,S QDs) under the same excitation wavelength (468 nm). In the pre-
sence of Ce>", the fluorescence intensity of calcein is decreased due to static quenching, while the fluorescence
intensity of Ag,S QDs is enhanced through aggregation induced emission (AIE). The p-nitrophenyl phosphate is
hydrolyzed by ALP, and the yield phosphate ions bind with Ce®** with higher affinity than these of Ag,S QDs and
calcein. Therefore, the green fluorescence from calcein is recovered while NIR fluorescence from Ag,S QDs is
decreased. On the basis of these findings, a ratiometric fluorescence assay was developed for the measurement of
ALP activity. The ratio of fluorescence intensity at 512 and 798 nm (Fs;»/F,9g) was well associated with the ALP
concentration ranging from 2 to 100 mU/mL with the detection limit of 1.28 mU/mL. The method was suc-
cessfully applied for detecting ALP in human serum with an acceptable recovery and bioimaging intracellular

Keywords:

Ratiometric detection

Alkaline phosphatase

Near infrared fluorescence probe
Quantum dots

Calcein

ALP with good performance. In addition, the approach was also employed for the screening ALP inhibitor.

1. Introduction

As one of the essential phosphate group hydrolases, alkaline phos-
phatase (ALP) is widely presented in biological system, which can
catalyze hydrolysis of phosphate ester groups of various substrates,
such as small molecules, proteins and nucleic acids (Coleman, 1992;
Harris, 1990; Alonso et al., 2004; Lalles, 2014). ALP plays critical roles
in many physiological processes, such as signal transmission, cell
growth and apoptosis (Julien et al., 2011; Choi et al., 2007). The ab-
normal level of ALP in serum is tightly related to many diseases, such as
bone disease (Couttenye et al., 1996), liver dysfunction (Colombatto
et al., 1996; Ooi et al., 2007) and prostate cancer (Lorente et al., 1999).
Moreover, as a kind of secreted proteins, the bioactivity of ALP also
indicates the state of local cells. The real-time monitoring of ALP in cells
can distinguish normal and abnormal behavior of cells (Arai et al.,
2013). Therefore, it is of great significance to develop a sensitive, se-
lective and reliable method for detecting ALP activity in biological
system.

So far, a number of methods have been developed for ALP detection,
including electrochemistry (Ino et al., 2012; Goggins et al., 2015),
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colorimetry (Jiao et al., 2014; Deng et al., 2013), fluorometry (Qian
et al., 2015a; Ma et al., 2016), chemiluminescence (Blum et al., 2001)
and surface-enhanced Raman scattering (Ruan et al., 2006). Among
them, the fluorescent method is extremely attractive because of its easy
operation, high sensitivity, noninvasive and real-time monitoring in
living cells and organisms (Lu et al., 2016a; Deng et al., 2011; Li et al.,
2014; Hu et al., 2014). However, many fluorescent methods for ALP
detection are performed using ultraviolet or visible light as excitation
source, which limits their applications in bioimaging (Tong et al., 2018;
Xiang et al., 2016). Recently, some near-infrared (NIR) organic probes
were developed for the bioimaging of endogenous ALP in living cells.
For example, Lee's group developed two organic dye-based NIR probes
with a phenolic dihydroxanthene fluorophore core and a phosphate
with sulfonate group for the imaging of endogenous ALP in HelLa,
HepG2 and MC3T3-E1 cells (Park et al., 2018). Li et al. reported a NIR
fluorescent probe based on hemicyanine dye for highly sensitive de-
tection and imaging of ALP in HeLa cells (Li et al., 2017). Wang's group
demonstrated a dicyano-based ratiometric fluorescent probe for ALP
sensing in HeLa cells (Lu et al., 2016b). However, organic fluorophores
usually suffer from poor water solubility, underlying photobleaching
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and complex synthesis procedures. Furthermore, dual-signal readout
analytical strategy has attracted great attention, because it can decrease
the interference from the complex matrix and improve the sensitivity
(Dai et al., 2015; Shi et al., 2012; Fan et al., 2016). To the best of our
knowledge, few ratiometric fluorescent probes with the NIR fluores-
cence emission have been reported for ALP sensing and imaging in
living cells.

Taking the advantages of excellent NIR emission, biocompatibility
and photostability, Ag,S quantum dots (QDs) are attractive for appli-
cations in biosensing and bioimaging (Gui et al., 2014; Jin et al., 2017).
Our previous work indicated that the fluorescence intensity of 3-mer-
captopropionic acid (3-MPA) stabilized Ag,S QDs (3-MPA-Ag,S QDs)
could be enhanced by rare earth ions via aggregation-induced emission
(AIE) (Ding et al., 2017). Calcein, as a cheap and commercial dye, can
emit stable yellow-green fluorescence and is often used as a targeting
dye for the cytoplasm (Cheng et al., 2018). The fluorescence of calcein
can be efficiently quenched by Ce®** (Berregi et al., 1999; Tomita et al.,
2008). Herein, we developed a simple, ratiometric fluorescent method
for ALP detection and bioimaging in HelLa cells based on the simple
combination of NIR 3-MPA-Ag,S QDs and calcein. The biosensing
system shows a single-excitation and dual emission fluorescence prop-
erty. As shown in Scheme 1, 3-MPA-Ag,S QDs and calcein can be si-
multaneously excited at 468 nm, and emit red emission at 798 nm and
green light at 512 nm, respectively. When Ce®* ions are existed in the
system, they can bind with carboxyl groups in calcein and 3-MPA-Ag>S
QDs. The fluorescence intensity of 3-MPA-Ag,S QDs at 798 nm is en-
hanced while the fluorescence of calcein at 512 nm is quenched. The
phosphate ions (PO,>”) from the direct hydrolysis of p-nitrophenyl
phosphate (pNPP) by ALP show higher affinity toward Ce>* ions than
these of 3-MPA-Ag2S QDs and calcein. It causes fluorescence recovery
of calcein and fluorescence reduction of 3-MPA-Ag,S QDs. Therefore,
the ratio of fluorescence intensity between 3-MPA-Ag,S QDs and cal-
cein (Fs512/F79g) can be developed for sensitive and selective detection
of ALP. The ratiometric fluorescent strategy has been successfully ap-
plied for ALP inhibitor screening, ALP detection in human serum and
bioimaging in HeLa cells.
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2. Experimental section

Details on experimental section were in the

Supplementary Information.

provided

3. Results and discussion
3.1. Characterization of 3-MPA-Ag,S QDs and calcein

The image of TEM (Fig. 1A) shows that 3-MPA-Ag,S QDs have
uniform spherical shape, and the average particle size is about 2.6 nm
(from the statistics of 250 particles). In addition, the hydrodynamic
diameter of the 3-MPA-Ag,S QDs is about 4.2nm by DLS (Fig. S1),
which is larger than the size observed by TEM due to the presence of the
thin ligand coating (3-MPA) on the surface of QDs (Hocaoglu et al.,
2012). FTIR spectrum of 3-MPA-Ag>S QDs in Fig. 1B shows two ap-
parent peaks at 1563 and 1413 cm™ !, which are attributed to the
asymmetric and symmetric stretching vibration of carboxylate
(Hocaoglu et al., 2012). It proves the existence of -COOH on the surface
of Ag,S QDs. Fig. 1C shows the excitation spectra of 3-MPA-Ag,S QDs
and calcein, indicating that the optimum excitation wavelength of 3-
MPA-Ag,S QDs is at 468 nm and the calcein is at 492 nm. Given that the
relatively low quantum yield of 3-MPA-Ag,S QDs, the excitation wa-
velength of the sensing system is selected as 468 nm for the following
experiments. It can be observed that 3-MPA-Ag,S QDs and calcein are
simultaneously excited at 468 nm, and the corresponding maximum
emission is obtained at 798 and 512 nm, respectively (Fig. 1D).

3.2. The stability of the ratiometric fluorescence sensing system

The stability of the ratiometric sensing system is further assessed
because of the importance for the real applications. As shown in Fig.
S2A (line a and b), the fluorescence intensity of 3-MPA-Ag,S QDs keeps
constant after the addition of calcein. The UV-Vis absorption spectrum
of calcein does not have any changes in the presence of 3-MPA-Ag,S
QDs (Fig. S2B), suggesting the stability of the system. Moreover, the
zeta potentials of 3-MPA-Ag,S QDs and calcein are negatively charged
(Fig. S2C), indicating that no interaction occurs to form a new complex
or composite. In addition, Fig. S2D exhibits the excellent photostability
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Scheme 1. Schematic representation of the ratiometric fluorescent strategy for ALP detection based on NIR Ag,S QDs and calcein.
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Fig. 1. (A) TEM image of 3-MPA-Ag,S QDs and inset

is the corresponding size distribution; (B) FTIR
spectrum for 3-MPA-Ag,S QDs; (C) the excitation
spectra for 3-MPA-Ag,S QDs and calcein; (D) the
emission fluorescence spectra of 3-MPA-Ag,S QDs
and calcein with the excitation wavelength of
468 nm. The concentrations of 3-MPA-Ag>S QDs and
calcein in Fig. 1C and D are 10 pg/ml and 2 nM, re-
spectively.
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of the sensing system within 4 h. The fluorescent intensities for 3-MPA-
Ag,S QDs and calcein remain relatively stable over the range of pH
7.0-8.0 (Fig. S2E), which is beneficial for its application in biological
system. The effect of ionic strength on the fluorescent intensity is also
investigated (Fig. S2F), and the results show negligible influence on 3-
MPA-Ag>S QDs and calcein. All of the results illustrate the good stabi-
lity of the sensing system based on 3-MPA-Ag,S QDs and calcein.

3.3. Feasibility for ALP detection

The feasibility of ratiometric fluorescence assay is also investigated.
Line a in Fig. 2A is the fluorescence spectrum of the system of 3-MPA-
Ag,S QDs and calcein excited at 468 nm. With the addition of Ge**, the
fluorescence intensity at 512nm is dramatically reduced while the
fluorescence intensity at 798 nm is greatly enhanced (line b in Fig. 2 A).
The addition of pNPP or ALP into the system cannot induce obvious
changes of the fluorescence intensity (line ¢ and d in Fig. 2A). While
ALP and pNPP are simultaneously added, the effect of Ce** on the
fluorescence intensity is decreased (line e in Fig. 2A). While pNPP and
ALP are added into the solution containing Ag>S QDs and calcein
without Ce®>*, no obvious change of fluorescent intensity is observed
(line f in Fig. 2 A). These results indicate that the sensing strategy is

suitable for ALP detection.

The mechanism of fluorescence assay is further evaluated. We re-
ported that rare earth ions can enhance the fluorescence of 3-MPA-Ag,S
QDs through AIE (Ding et al., 2017). Therefore, we infer that the me-
chanism of Ce®* -induced enhancement the fluorescence of 3-MPA-Ag,S
QDs is also attributed to the AIE. The zeta potential for 3-MPA-Ag»S
QDs is about —48.8 mV due to the existence of -COOH. With the ad-
dition of Ce®*, the zeta potential is up to —25.7 mV due to the com-
plexation of Ce®>* with -COOH (Fig. $3). The TEM image of 3-MPA-
Ag,S QDs with Ce®* is shown in Fig. S4. It can be seen that the particle
size is much larger than that of 3-MPA-Ag>S QDs, indicating Ce®*-in-
duced the aggregation of 3-MPA-Ag,S QDs. Moreover, the fluorescence
lifetime of 3-MPA-Ag»>S QDs is increased from 13.2 to 24.1 ns in pre-
sence of Ce>* (line a and ¢ in Fig. 2B). It has been reported that AIE can
prolong the fluorescence lifetime of QDs (Ao et al., 2018; Jia et al.,
2013). Based on the aforementioned results, we can draw a conclusion
that the enhancement of fluorescence at 798 nm is originated from
Ce®*-induced AIE of Ag->S QDs. The fluorescence lifetime of calcein
remains stable before (4.1 ns) and after addition of Ce>* (4.0 ns), in-
dicating static quenching mechanism (Fig. 2C). These phenomena have
been attributed to competitive affiliations of phosphate ions to Ce®™*
against 3-MPA- Ag,S QDs and calcein in the ratiometric sensing system.
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Fig. 2. (A) Fluorescence spectra of 3-MPA-Ag>S QDs and calcein in presence of different substances. (a) none, (b) ce®* (100 uM), (c) ce®* (100 uM) + pNPP
(100 pM), (d) Ce** (100 uM) + ALP (120 mU/mL), () Ce>* (100 uM) + pNPP (100 uM) + ALP (120 mU/mL), (f) pNPP (100 uM) + ALP (120 mU/mL); (B)
Fluorescence lifetimes of 3-MPA-Ag,S QDs in presence of (a) calcein, (b) ce®* (100 uM), pNPP (100 pM) and ALP (120 mU/mL), (c) ce®* (100 uM); (C) Fluorescence
lifetimes of calcein in presence of (a) 3-MPA-Ag»S QDs, (b) ce®* (100 uM), pNPP (100 uM) and ALP (120 mU/mL), (c) ce®* (100 uM).
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Fig. 3. (A) Fluorescence spectra of the sensing system of 3-MPA-Ag,S QDs and calcein toward different amounts of Ce*>* and (B) the corresponding fluorescence
intensity ratio of the system (F,9g/Fs;15) vs the concentration of Ce®™*; (C) Fluorescence spectra of the sensing system toward the level of ALP and (D) the corre-
sponding fluorescence intensity ratio of the system (Fs;2/F79g) vs the level of ALP. Inset in Fig. 3D shows the linear relationship of Fs;5/F79g vs the level of ALP.
Fluorescence sensing system toward various species: (E) AchE, BSA, Trypsin, HRP, LYZ, EXO III, ACP and ALP, the concentration of ALP is 100 mU/mL, and the
others are 5 ug/mL; (F) GSH, L-Cys, AA, Gly, L-Phe, Ca®*, K*, Mg?*, Zn?>* and ALP, the concentrations of GSH, L-Cys, AA, Gly, and L-Phe are 0.5 mM, Ca®*, K*,

Mg?*, and Zn®" are 0.01 mM, ALP is 100 mU/mL.

ALP-directed hydrolysis of pNPP results into the generation of ortho-
phosphate. Ce®* ions tend to bind with PO~ (Ksp ~ 10~2% due to the
stronger affinity than that of carboxylic group (Qian et al., 2015b; Chen
et al., 2018). Therefore, it is reasonable to believe that PO~ ions from
ALP-directed hydrolysis of pNPP can competitively grasp Ce>* from
carboxylic groups of 3-MPA-Ag,S QDs and calcein and cause the
changes of fluorescent intensity.

3.4. Fluorescence detection of ALP

In order to achieve the best performance of the ratiometric fluor-
escent system, we have optimized the experimental conditions for ALP
detection. With the addition of Ce*>* into the solution containing 3-
MPA-Ag>S QDs and calcein, the fluorescence intensity at 512nm is
decreased while the signal at 798 nm is enhanced (Fig. 3A). The ratio of
fluorescence intensity (F,9g/Fs12) is gradually increased along with the
increasing concentration of the cedt (Fig. 3B). When the concentration
of Ce3* is up to 100 uM, the ratio of F,os/Fs1» reaches its maximum.
Therefore, 100 uM Ce>™ is selected for the following experiment. Then,
the reaction time for the ALP-directed hydrolysis was investigated in
the presence of excessive substrates. As shown in Fig. S5A, the values of
Fs12/F,9g is increased with the lasting of the reaction time. After re-
action for 40 min, the ratio keeps almost constant. Therefore, we choose
40 min as the optimized time for ALP-directed enzymatic reaction. The
concentration of pNPP in the system is further optimized. Fig. S5B
shows the changes of the ratio Fs;5/F,9¢ with the different concentra-
tions of pNPP. It can be observed that Fs;5/F9g is increased over the
range of 0 to 100 uM of pNPP and then remains stable. Thus, 100 uM of
PNPP is selected in the sensing system. In addition, the performance of
the sensing system under different pH is also been tested (Fig. S6), and
it shows excellent performance at pH 8.0.

Under optimal conditions, the performance of the sensing system for
ALP assay has been investigated. The fluorescence intensities at 512 nm
gradually increase while the fluorescence intensities at 798 nm decrease
with the addition of different concentrations of ALP (0-120 mU/mL)
(Fig. 3C). The corresponding fluorescence intensity ratio (Fs;2/F79g) is
shown in Fig. 3D. The linear relationship is over the range of 2 to 100

mU/mL with the detection limit of 1.28 mU/mL. The performance of
this ratiometric fluorescent assay is comparable to other methods for
ALP detection, which are listed in Table S1.

The selectivity of the sensing system has been further studied. As
shown in Fig. 3E, proteins and enzymes, including AchE, BSA, Trypsin,
HRP, LYZ, EXO (III), and ACP, have no interference on the ratio of
fluorescence intensity (Fs12/F79g). As for the application in cell ima-
ging, the selectivity for other potential interferences including small
biomolecules (i.e., GSH, L-Cys, AA, Gly and L-Phe) and inorganic ions
(Ca®*, K*, Mg®* and Zn?%) are evaluated. Fig. 3F shows that these
substances do not affect the detection for ALP as well.

3.5. Application in screening ALP inhibitor

The system can be used to screen ALP inhibitor based on the sensing
principle. Levamisole, a common inhibitor for ALP (Kim et al., 2011;
Chang et al., 2011), was used as a model in our experiments. As shown
in Fig. S7A, with increasing the concentration of levamisole from 0 to
200 pM, the fluorescence intensities of calcein are gradually decreased,
while those of 3-MPA-Ag,S QDs are increased. The inhibition efficiency
can be used as a key factor to screening ALP inhibitors. The inhibition
efficiency was defined by the following equation:

_ [(®512/Fr98)no inibitor — (Fs12/Fro8)inhivitor |
[(FSIZ/F798)DD inhibitor — (FSIZ/F798)0]

Inhibition efficiency(%) X 100

(Fs512/F798) inhibitor aNd (F512/F798) no innibitor Tefer to the fluores-
cence intensity ratio of the ALP assay in the presence and absence of
inhibitor, and (Fs12/F79g)o refers to the fluorescence intensity ratio of
sensing system without ALP and inhibitor. The relationship between
inhibition efficiency and the concentration of inhibitor is shown in Fig.
S7B. The half maximal inhibitory concentration (ICso) is calculated to
be 55.0 uM for levamisole. It is consistent with the reported value (Kim
et al., 2011). These results reveal that the ratiometric fluorescent sen-
sing system can be used to screen ALP inhibitors.
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Fig. 4. The viability of Hela cells incubated with different concentrations of (A) 3-MPA-Ag,S QDs, (B) Ce®* with 75 ug/mL 3-MPA-Ag,S QDs, and (C) pNPP for 24 h.

Green Red

ELH

R T

A _Bright

Merge

.

B

Fig. 5. (A) Confocal images of HeLa cells incubated
with (a) 3-MPA-Ag»S QDs and calcein, (b) 3-MPA-
Ag,S QDs, calcein and 0.5 mM cet, (o) 3-MPA-Ag,S
QDs, calcein and 1 mM Ce®*, (d) 3-MPA-Ag,S QDs,
calcein,1 mM Ce®** and 1 mM pNNP, (e) 3-MPA-Ag,S
QDs, calcein,1 mM Ce®* and 2mM PNNP. (B) The
fluorescence intensity ratio (Fgreen/Frea) shown in
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3.6. ALP assay in diluted human serum samples

The practicability of the ratiometric fluorescent sensing system for
the measurement of ALP is also performed in human serum (10-fold
diluted). The results are summarized in Table S2. An acceptable re-
covery of 100.8-106.2% is obtained and the relative standard deviation
is in the range of 2.2 to 7.3%. These data show that the sensing system
has a great potential for ALP measurement in real samples.

3.7. Bioimaging of ALP in live cells

The ratiometric assay is further applied in bioimaging intracellular
ALP in HelLa cells. Firstly, the cytotoxicity of the system is evaluated by
the standard CCK-8 assay. Fig. 4A illustrates that the viability of HeLa
cells incubated with 3-MPA-Ag>S QDs for 24 h with the concentration
ranging from 25 to 200 pug/mL, revealing that 3-MPA-Ag,S QDs are very
low cytotoxicity. In addition, the cytotoxicity of 3-MPA-Ag>S QDs
(75 ug/mL) in presence of various concentrations of Ce®* is also in-
vestigated (Fig. 4B). The cell viability is not significantly affected by
Ce®*, even the concentration of Ge** is up to 1.5mM. The effect of
PNPP on the viability of HeLa cells is shown in Fig. 4C. It can be ob-
served that the activity of Hela cells is up to 85% even when the con-
centration of pNPP is as high as 4 mM. These results indicate that the
sensing system has good biocompatibility and is suitable for bioimaging

b ¢ d

ALP in cells.

Inspired by the excellent biocompatibility and selectivity, the ra-
tiometric fluorescent assay for intracellular ALP imaging was further
investigated. Firstly, HeLa cells were incubated with 3-MPA-Ag>S QDs
(75 ug/mL) for 12h, and then incubated with calcein for 30 min. The
confocal fluorescent images are shown in Fig. 5A (a). The green channel
shows bright green fluorescence of calcein, and the red channel exhibits
weak red fluorescence of Ag,S QDs. After treatment with different
concentration of Ce>* for 1 h, the fluorescence signal in green channel
is reduced while the red fluorescence is enhanced (Fig. 5A (b) and (c)).
With the addition of pNPP into the cell medium, the fluorescence signal
in green channel is successfully recovered and the red fluorescence is
gradually weakened (Fig. 5A (d) and (e)). It indicates that ALP-directed
hydrolysis of pNPP yields PO4>~, which coordinate with Ce** and lead
to the recovery of fluorescence in green channel and reduction in red
channel. Fig. 5B shows the corresponding fluorescence intensity ratio
(Fgreen/Fred). All of the results indicate that the ratiometric strategy can
be employed for ALP bioimaging in living cells.

4. Conclusions
In summary, we have developed a simple, ratiometric fluorescent

method for ALP detection based on NIR Ag,S QDs and calcein with the
feature of single-excitation and dual-emission. NIR Ag,S QDs and
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calcein can combine with Ce®** through carboxyl group, which leads to
the fluorescence enhancement of Ag,S QDs by AIE and the fluorescence
quenching of calcein by static quenching. PO,®~ released from the
hydrolysis of pNPP by ALP can bind with Ce®** competitively and lead
to the fluorescence recovery of calcein and the fluorescence attenuation
of Ag>S QDs. Based on these findings, ALP can be easily detected
through the fluorescence intensity ratio of calcein at 512 nm and Ag,S
QDs at 798 nm. The detection limit for this strategy is as low as 1.28
mU/mL. Owing to the simplicity, selectivity and sensitivity, the ratio-
metric fluorescent method has been successfully applied for the
screening ALP inhibitor, detection of ALP in human serum and bioi-
maging of ALP in living cells.
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