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� A ratiometric fluorescent sensor was
developed for ALP detection and
imaging.

� Ratiometric detection endowed the
sensor with high sensitivity and
accuracy.

� The sensor was employed in
lysosome localization and imaging of
intracellular ALP.
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Herein, a ratiometric fluorescent sensor based on MoS2 quantum dots (QDs) and glutathione-capped gold
nanoclusters (AuNCs) was developed for determination and imaging of alkaline phosphatase (ALP). The
sensor was developed by covalently linking QDs with AuNCs to form stable MoS2@AuNCs nanohybrids
that exhibited the blue fluorescence of MoS2 QDs and the red fluorescence of AuNCs. In the presence
of Ce3+, the fluorescence intensity of AuNCs was increased due to the aggregation-induced emission
enhancement (AIEE), while that of MoS2 QDs remained unchanged, thus could be used as a reference sig-
nal. After adenosine 50-monophosphate (AMP) and ALP were introduced into the system, AMP was hydro-
lyzed to adenosine and phosphate ions (PO4

3�). Owing to higher affinity between Ce3+ and PO4
3�, the AIEE

effect was inhibited, in turn resulting in the decrease of AuNCs fluorescence. The developed ratiometric
fluorescent sensor had a linear response to ALP concentration ranging from 0.5 to 50 U L�1 with a detec-
tion limit (LOD) of 0.08 U L�1. Moreover, the sensor had low cytotoxicity and was successfully employed
in lysosome localization and bioimaging of intracellular ALP in living cells.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction vital role in signal transduction and in the regulation of intracellu-
Alkaline phosphatase (ALP), a membrane-binding enzyme, is
widely distributed in biological tissues, such as liver, kidney, bone,
intestine and placenta [1–3]. ALP can hydrolyze phosphate groups
in small molecules, proteins and nucleic acids [4,5]. It also plays
lar processes, including cell growth and apoptosis [6,7]. An abnor-
mal serum ALP level is found to closely linked to many diseases,
such as bone disease, liver dysfunction, prostate cancer and other
diseases [8,9]. In addition, ALP, as a secretory protein, can also
reflect the biological activity of cells [10,11]. Real-time monitoring
of intercellular ALP allows the distinguishing between normal and
abnormal cell behaviors [12]. Therefore, developing a sensitive,
reliable and convenient method for determination and bioimaging
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of ALP is of great significance. Up to now, numerous methods have
been employed for ALP detection, including colorimetry [13,14],
electrochemistry [15,16], surface-enhanced Raman scattering
[17,18] and fluorometry [19,20]. Among these methods, the fluo-
rescence method is attractive due to its many advantages, includ-
ing simple operation, high sensitivity and ability in real-time
monitoring of living cells [21]. Furthermore, dual-signal readout
analysis method has attracted much attention because of its ability
to reduce interferences from complex matrixes and its high sensi-
tivity [22]. It is necessary to develop a new ratiometric fluorescent
method with low toxicity using simple preparation processes for
detection and bioimaging of ALP.

The unique optical properties of MoS2 quantum dots (QDs)
allow them to become the ideal candidates for optical sensors
[23]. Moreover, due to their good cell permeability, low toxicity
and excellent biocompatibility, MoS2 QDs are widely used in living
cell imaging [24]. Gold nanoclusters (AuNCs), as a type of fascinat-
ing luminescent nanomaterials, have long luminescence lifetime,
good photostability and aggregation-induced emission enhance-
ment (AIEE) characteristic [25]. AuNCs with AIEE characteristic
have been successfully applied in optical sensors and cell imaging
[26]. However, most of the existing methods depend only on the
fluorescence intensity changes of individual components in the
system. In contrast to single channel fluorescence assays, ratiomet-
ric fluorescent techniques have built-in interference correction
ability [27]. Thus, constructing a ratiometric sensor by combining
QDs with AuNCs can be of great significance.

Herein, we constructed a ratiometric fluorescent sensor by
covalently linking MoS2 QDs with AuNCs through a condensation
reaction. The fluorescence of MoS2 QDs was nearly unchanged with
time, thus could act as a reference signal. In the presence of Ce3+,
the fluorescence intensity of AuNCs increased due to their
aggregation-induced emission enhancement characteristic [28].
After the addition of adenosine 50-monophosphate (AMP; a sub-
strate of ALP) and ALP, AMP was hydrolyzed to adenosine and
phosphate ions (PO4

3�). Owing to the high affinity between Ce3+

and PO4
3�, the Ce3+-induced AIEE process was inhibited, causing

the fluorescence intensity of AuNCs to decrease. Based on the
above mechanisms, the developed ratiometric MoS2@AuNCs
nanohybrids sensor was able to detect ALP activity. Furthermore,
as the covalent link can ensure that the uptake of the two nanoma-
terials by the cells is constant, thus, the sensor can be used for
quantitative detection of intracellular substances, as well as for
intracellular localization. The sensor was successfully applied in
the bioimaging of intracellular ALP and lysosome co-localization.
2. Experimental section

2.1. Synthesis of MoS2 QDs, AuNCs and MoS2@AuNCs

MoS2 QDs were synthesized by a one-pot hydrothermal method
according to a previous report [29]. Firstly, 0.5 g of Na2MoO4�2H2O
was dissolved in 6.25 mL of water and then ultrasonicated for
5 min. After 1.25 g of cysteamine hydrochloride and 12.5 mL of
water were added, the mixture was further sonicated for another
10 min. After that, the pH of the mixture was adjusted to 6.0 with
0.1 M HCl. The mixture was then transferred to a Teflon-lined
stainless steel autoclave (30 mL), in which the reaction was
allowed to take place for 36 h at 200 �C. After cooling down to
room temperature, the mixture was centrifuged at 11000 rpm for
10 min, and the supernatant was collected and then filtered
through a 0.22 lm microporous membrane. The obtained QDs
were stored at 4 �C for future use.

AuNCs were prepared based on a previously reported method
[30]. Six milliliters of freshly prepared glutathione (10 mM) was
2

mixed with 0.4 mL of HAuCl4 (100 mM) and 13.6 mL of ultrapure
water, and the mixture was vigorously stirred at 25 �C for 5 min.
The solution was further stirred at 450 rpm at 70 �C for 24 h until
its color turned pale yellow. The obtained AuNCs were stored at
4 �C until subsequent use.

To prepare MoS2@AuNCs, 5 mg of EDC and 5 mg of NHS were
reacted with 1 mL of AuNCs for 30 min to activate the carboxyl
groups of AuNCs. After 1 mL of MoS2 QDs was added, the mixture
was stirred for 2 h and then incubated at 4 �C overnight. The pro-
duct was purified by dialysis against deionized water (MWCO of
1000) for 24 h and then dried under vacuum.

2.2. Fluorometric determination of ALP

In ALP determination, 50 lL of Ce3+ (1 mM), 10 lL of Mg2+

(0.1 lM), 10 lL of Ca2+ (0.05 lM), 100 lL of AMP (5 mM), and
100 lL of ALP at different concentrations were mixed in 710 lL
of Tris-HCl buffer (10 mM, pH 8). The mixture was allowed to react
for 40 min at 37 �C and added with 20 lL of MoS2@AuNCs
(5 mg mL�1) thereafter. The fluorescence spectrum was recorded
from 400 nm to 750 nm at an excitation wavelength of 350 nm.

2.3. Cytotoxicity assay and cell imaging

The cytotoxicity of MoS2@AuNCs was examined by MTT assay.
A549 cells (provided by the Life Sciences College of Jilin University)
seeded in a 96-well plate were treated with different concentra-
tions of MoS2@AuNCs (0.025–1 mg mL�1) for 24 h at 37 �C. Subse-
quently, 20 lL of 5 mg mL�1 MTT solution was added into each
well and was removed after 4-h incubation. After adding 150 lL
of dimethyl sulfoxide (DMSO) to each well, the plates were shaken
for 5 min. The plate was subjected to measurement of an absor-
bance at 490 nm using a microplate reader.

For cell imaging, A549 cells were seeded in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) at 37 �C under 5% CO2 atmosphere for 24 h. After that, the
cells were incubated with 1 mg mL�1 MoS2@AuNCs for 4 h. There-
after, the cells were treated with Ce3+ (1 mM) for 5 min, or with
Ce3+ (1 mM) and AMP (20 mM) for 15 min and 40 min. For co-
localization experiments, the cells were incubated with 1 mg mL�1

MoS2@AuNCs for 4 h, followed by LysoTracker Green for another
20 min. The cells were subjected to imaging by a laser scanning
confocal microscope.
3. Results and discussion

3.1. Characterization of MoS2 QDs, AuNCs and MoS2@AuNCs

According to the transmission electron microscope (TEM)
images, MoS2 QDs had a uniform spherical shape with an average
particle size of about 4.1 nm (Fig. 1A), and AuNCs had an average
size of 2.5 nm and were evenly distributed (Fig. 1B). The TEM
image of MoS2@AuNCs nanohybrids (Fig. 1C) showed that they
had conjugated structure. Based on preparation procedures, the
conjugated structure should be attributed to the coupling between
MoS2 QDs and AuNCs. To further prove the coupling in MoS2@-
AuNCs, Fourier transform infrared spectrum (FT-IR spectra) of
MoS2 QDs, AuNCs, and MoS2@AuNCs nanohybrids were recorded.
Fig. 1D displays the FT-IR spectra of MoS2 QDs, AuNCs and MoS2@-
AuNCs. The absorption peaks of MoS2 QDs at 3134 and 3039 cm�1

were due to the stretching vibration of N-H. The peak at 1651 cm�1

was corresponded to the strong N-H deformation, whereas that at
1402 cm�1 was due to the vibration of C-N bond [31]. The charac-
teristic peaks of the S-H stretching band of cysteamine (around
2223 cm�1) disappeared [29]. These results demonstrated the suc-



Fig. 1. TEM image and size distribution histogram (inset) of (A) MoS2 QDs and (B) AuNCs. (C) TEM image of MoS2@AuNCs. (D) FT-IR spectra of MoS2 QDs, AuNCs and
MoS2@AuNCs.
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cessful modification of cysteamine and linkage of amino groups on
the surface of QDs. After AuNCs were formed, the band of sulfhy-
dryl group in pure glutathione at 2526 cm�1 disappeared, which
indicated that the S-Au bond had been formed [32]. AuNCs also
exhibited the peak corresponding to the stretching vibrations of
OAH and NAH at 3431 cm�1, and peak corresponding to the
stretching vibrations of C@O in carboxyl groups at 1629 cm�1

[33]. In addition, the peak located at 1151 cm�1 was ascribed to
the vibrations of CAOAC [34]. For MoS2@AuNCs nanohybrids, the
absorption peaks at 1634 and 1708 cm�1 were assigned to the
C@O stretching vibration of acrylamide [35], and the peak at
1561 cm�1 was assigned to the amide groups (–CONH) [36]. These
results further confirm that amide bonds were successfully formed,
and QDs and AuNCs were successfully combined. Fig. S1 shows the
fluorescence spectra of MoS2 QDs, AuNCs, and MoS2@AuNCs. MoS2
QDs exhibited a blue emission peak at 433 nm, and AuNCs exhib-
ited a red emission peak at 637 nm. After the two materials were
coupled, the resultant ratiometric MoS2@AuNCs exhibited two
well-resolved emission peaks at both 475 nm and 675 nm. Com-
pared to that of QDs and AuNCs, the fluorescence peaks of the
nanocomposite MoS2@AuNCs were red-shifted, indicating that
the obtained nanohybrid fluorescent spectrum was not the result
of the physical mixing between QDs and AuNCs. These results also
confirm the successful coupling between QDs and AuNCs.
3.2. Sensing mechanism of the developed ratiometric sensor

The attractive aggregation-induced emission enhancement
(AIEE) characteristic of thiolated AuNCs allows the sensor to have
higher brightness. According to a previous report, Ce3+ can trigger
the aggregation of glutathione-capped AuNCs and enhance the flu-
3

orescence intensity [28]. Owing to the strong affinity between Ce3+

and carboxylate groups of the glutathione ligands, Ce3+ can drive the
assembly of AuNCs and induce their AIEE characteristic. As shown in
the TEM image of MoS2@AuNCs with the addition of Ce3+ (Fig. S2),
significant aggregation can be observed. The resonance light scat-
tering (RLS) spectroscopy ofMoS2@AuNCswith different concentra-
tions of Ce3+ was shown in Fig. S3. RLS technique is proved an
effective method to investigate aggregate systems, aggregation will
lead to enhanced RLS signal [37]. With the increase of Ce3+ concen-
tration, the RLS intensity increased gradually, this also demon-
strated the aggregation of MoS2@AuNCs. The above results proved
the AIEE process between MoS2@AuNCs and Ce3+. Based on this
principle, we covalently linked amino-modified MoS2 QDs and
glutathione-capped AuNCs to construct a ratiometric fluorescent
sensor MoS2@AuNCs (Scheme 1). In the presence of Ce3+, the fluo-
rescence emission of AuNCs was significantly enhanced, whereas
that of MoS2 QDs (an internal standard) remained nearly
unchanged. AMP is a natural ALP substrate that can be hydrolyzed
to adenosine and phosphate ions (PO4

3�). After incubating ALP with
AMP, Ce3+ can be desorbed from the surface of MoS2@AuNCs
because the affinity between Ce3+ and PO4

3� is higher than that
between Ce3+ and carboxylic group [38,39]. Thus, the fluorescence
intensity of AuNCs decreased with increasing ALP concentration,
while that of MoS2 QDs was constant and could serve as a reference
signal. Based on the results and analysis mentioned above, a ratio
fluorescence assay for determining ALP activity was developed.
3.3. Optimization in ALP detection

To achieve a ratiometric sensor with the best performance, the
ALP detection conditions were optimized. In the presence of Ce3+,



Scheme 1. Schematic illustration showing the ALP detection mechanism of
MoS2@AuNCs.

Fig. 2. (A) Fluorescence spectra of MoS2@AuNCs, MoS2@AuNCs + Ce3+, MoS2@AuNCs + C
Concentrations: MoS2@AuNCs, 0.1 mg mL�1; Ce3+, 50 lM; AMP, 0.5 mM; and ALP, 50 U
concentrations. (C) Fluorescence spectra of MoS2@AuNCs in the presence of ALP at diffe
concentration. (F675/F475)0 and F675/F475 are the fluorescence intensity ratio before and a
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the fluorescence intensity at 675 nm of MoS2@AuNCs increased
gradually, while that at 475 nm (the reference signal) was constant
(Fig. 2B). When the concentration of Ce3+ reached 50 lM, the fluo-
rescence intensity ratio (F675/F457 ratio) reached its maximum
value; thus, 50 lM Ce3+ was used in the following experiment.
Fig. S4 shows the change of F675/F457 ratio with AMP concentration.
At the AMP concentration of 0.5 mM, the F675/F457 ratio was con-
stant; therefore, 0.5 mM AMP was sufficient to meet the experi-
mental requirement. The performance of the sensor at different
pH was further examined (Fig. S5), and the results showed that
the sensor had the best performance at pH 8.0. As shown in
Fig. S6, after incubating for 40 min, the F675/F457 ratio reached
the plateau, indicating that the optimal reaction time was 40 min.
3.4. Ratiometric determination of ALP

The feasibility in detecting ALP of the ratiometric fluorescent
sensor was investigated. As shown in Fig. 2A, upon the addition
of Ce3+, the fluorescence intensity at 675 nm increased, while that
at 475 nm remained nearly unchanged. After the addition of AMP,
the fluorescence of the ratiometric sensor was not obviously chan-
ged. However, when ALP was added into the solution, the fluores-
cence intensity at 675 nm decreased, and that at 475 nm was
e3+ + AMP, and MoS2@AuNCs + Ce3+ + AMP + ALP (incubated at 37 �C for 40 min).
L�1. (B) Fluorescence spectra of MoS2@AuNCs in the presence of Ce3+ at different
rent concentrations. (D) Linear relationship between (F675/F475)0-F675/F475 and ALP
fter the addition of ALP, respectively.
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unchanged, thus could act as a reference signal and a built-in inter-
ference correction. The performance in ALP detection of the ratio-
metric sensing system was assessed under the optimal conditions.
Fig. 2C shows the change of fluorescence intensity of MoS2@AuNCs
with ALP concentration ranging from 0.1 to 60 U L�1: while the flu-
orescence intensity at 675 nm decreased, that at 475 nm was
Fig. 3. Viability of A549 cells incubated with MoS2@AuNCs.

Fig. 4. Confocal fluorescence images of A549 cells. (A-B) Cells treated with MoS2@AuNC
(D) Merged image of (A)–(C). Concentrations: MoS2@AuNCs, 1 mg mL�1.

5

almost unchanged. As illustrated in Fig. 2D, the linear detection
range of the ratiometric sensor was 0.5–50 U L�1 with the regres-
sion equation: (F675/F475)0 - F675/F475 = 0.004 [ALP] + 0.0788
(r = 0.9964), where (F675/F475)0 and F675/F475 are the ratio of the flu-
orescence intensity at 675 nm and that at 475 nm without and
with the addition of ALP, respectively. The detection limit (LOD)
of the sensor was calculated to be 0.08 U L�1. The comparison
between the performance in ALP determination of the present
ratiometric fluorescent sensor and that of other methods was listed
in Table S1.
3.5. Selectivity and determination of ALP in human serum samples

To determine the selectivity towards ALP of the developed
ratiometric sensor, the influence of some interferences, including
inorganic ions (Na+, K+, and Ca2+), small biomolecules (cysteine
(Cys), glutathione (GSH), and glucose (Glu)), proteins and enzymes
(bovine serum albumin (BSA), IgG, horseradish peroxidase (HRP),
glucose oxidase (GOx), tyrosinase (TYR), trypsin (Tryp), and acid
phosphatase (ACP)) on the fluorescence of MoS2@AuNCs was
investigated. As displayed in Fig. S7, other than ALP, these interfer-
ences had no obvious effects on the fluorescence of MoS2@AuNCs.
The above results indicate that the sensor had high selectivity
towards ALP.

To verify the applicability of the present ratiometric sensor in
complex systems, ALP activity in human serum samples diluted
by 20 folds was determined. The results summarized in Table S2
showed that the average recoveries of ALP in spiked serum samples
s (blue and red channels). (C) Cells treated with LysoTracker Green (green channel).



Fig. 5. Confocal fluorescence images of A549 cells. (A) Cells only. (B) Cells incubated with MoS2@AuNCs for 4 h. (C) Cells incubated with MoS2@AuNCs for 4 h, followed by Ce3+

for 5 min. (D-E) Cells incubated with MoS2@AuNCs for 4 h, followed by Ce3+ and AMP for 15 min (D) and 40 min (E). Concentrations: MoS2@AuNCs, 1 mg mL�1; Ce3+, 1 mM;
and AMP, 20 mM. (F) Fluorescence intensity ratio (Fred/Fblue) of images in (A)–(E).
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were 99.7%-102.5% with the relative standard deviation of 0.4%-
2.7%. Furthermore, we measured ALP levels in the above human
serum samples using commercial ALP ELISA kits, and the results
were consistent with the results obtained by our method, demon-
strating that our sensor had satisfactory accuracy.
3.6. Bioimaging of ALP in living cells

The cytotoxicity of the ratiometric sensor was evaluated byMTT
assay. As shown in Fig. 3, the viability of A549 cells incubated with
MoS2@AuNCs (with concentrations of up to 1 mg mL�1) for 24 h
was nearly 100%, indicating that MoS2@AuNCs had low toxicity,
thus is suitable for bioimaging of living cells.

Encouraged by its excellent biocompatibility, MoS2@AuNCs was
further used in lysosome localization and imaging of intracellular
ALP. The subcellular distribution of MoS2@AuNCs was assessed
by co-localization experiments. As shown in Fig. 4, A549 cells trea-
ted with MoS2@AuNCs and LysoTracker Green (a commercial
lysosome-specific fluorescent dye) exhibited blue and red fluores-
cence of MoS2@AuNCs and green fluorescence of LysoTracker
Green. The clear overlap of the above channels indicated that
MoS2@AuNCs had lysosome-targeting ability.

The ability of the sensor in imaging of intracellular ALP was fur-
ther assessed. Cells in group A (blank control, cells only) did not
exhibit fluorescence (Fig. 5A). Cells incubated with MoS2@AuNCs
for 4 h exhibited bright blue fluorescence (blue channel) of MoS2
QDs and relatively weak red fluorescence (red channel) of AuNCs
6

(Fig. 5B). Upon the addition of Ce3+, the red fluorescence was
enhanced while the blue fluorescence was unchanged, which could
be used as a reference (Fig. 5C). After being treated with AMP, the
red fluorescence signal gradually decreased both after 15 min and
40 min (Fig. 5D&E). Fig. 5F shows the corresponding fluorescence
intensity ratio (Fred/Fblue) in Fig. 5A–E. The above results demon-
strate that the developed ratiometric sensor can be applied in
imaging of endogenous ALP in living cells, thus may have a great
potential in clinical diagnostic applications.
4. Conclusion

To sum up, a ratiometric fluorescent sensor based on MoS2@-
AuNCs for ALP detection was developed. The binding between
Ce3+ and the carboxyl groups of AuNCs could induce AIEE, causing
the fluorescence of AuNCs to increase. Meanwhile, the fluorescence
of MoS2 QDs remained constant, thus could be used as a reference
signal. Owing to the high affinity between Ce3+ and PO4

3� produced
from the hydrolysis of AMP by ALP, the fluorescence of AuNCs
decreased with increasing concentration of ALP. The sensor had a
linear response with ALP concentration ranging from 0.5 to
50 U L�1 with an LOD of 0.08 U L�1. With its simplicity, as well
as its high selectivity and sensitivity towards ALP, the sensor was
successfully further applied in biological imaging of intracellular
ALP and lysosome localization, showing that it may have a great
potential in clinical diagnosis and other related medical
applications.
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