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Abstract
We developed a triple-readout probe for colorimetric, fluorescent, and fluorescence-lifetime sensing of alkaline phosphatase 
(ALP) through the hydrolyzed ascorbic acid phosphate (AAP)–mediated formation of silver nanoparticles (AgNPs) on 
 Ag+-deposited  MoS2 quantum dots (QDs).  Ag+ ions were self-assembled on a monolayer  MoS2 QD surface through the 
formation of Ag–S bonds. When ALP hydrolyzed AAP in an alkaline buffer, the resultant ascorbic acid (AA) triggered the 
reduction of the bound  Ag+ ions into AgNPs on the  MoS2 QD surface. The resultant AgNPs induced an efficient fluorescence 
quenching of the  MoS2 QDs through simultaneous static and dynamic quenching processes, generated an intense surface 
plasmon resonance peak, and triggered a reduction in the fluorescence lifetime of the  MoS2 QDs. Electron microscopy and 
spectroscopic techniques revealed the successful fabrication of  Ag+-deposited  MoS2 QDs and the ALP-mediated formation 
of AgNPs on the  MoS2 QD surface. The linear quantification ranges for ALP were 0.05–2.5, 0.1–4, and 1–4 units  L−1 in the 
fluorescent, colorimetric, and fluorescence-lifetime detection modes, respectively. In addition, the proposed probe integrated 
with an ALP-linked sandwich immunoassay exhibited high sensitivity and selectivity for the fluorescence sensing of rabbit 
immunoglobulin G with a detection limit of 8 pg  mL−1 and linear range of 25–1000 pg  mL−1. The sensitivity of the probe 
is comparable to those of previously reported immunoassays involving ultrasensitive electrochemical detection, hydrogen 
evolution reactions, or electron spin resonance. The probe integrated with the sandwich assay serves as a promising platform 
for the detection of target proteins in clinical samples.
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Introduction

Alkaline phosphatase (ALP), a zinc-containing dimeric 
enzyme, is profoundly connected with phosphate metabo-
lism in biological systems. ALP catalyzes the cleavage of 
phosphomonoester bonds in biomolecules, such as adeno-
sine 5′-triphosphate (ATP) and pyrophosphate [1]. The cata-
lytic activity of ALP depends on environmental conditions 
(e.g., pH and temperature) and substrates [2] and enables the 
evaluation of the number of specific substrates involved in 
biological events in humans. Because the average level of 
serum ALP in adults (46–190 units  L−1) is much lower than 
that in children (> 500 units  L−1) due to bone growth [3], 
ALP has long been recognized as a prominent biomarker in 
the diagnosis of bone diseases [4]. Elevated serum ALP lev-
els are associated with various diseases, including prostate 
cancer [5], breast cancer [6], diabetes [7], and liver dysfunc-
tion [8]. In addition, ALP-linked antibodies are often utilized 
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as signal reporters in enzyme-linked immunosorbent assays 
(ELISAs), which are versatile platforms for the sensitive 
and selective detection of bioactive molecules [9, 10] and 
organic pollutants [11, 12] in aqueous samples. By taking 
advantage of the specific recognition between an antibody 
and antigen, antibody–ALP conjugates trigger the hydrolysis 
of phosphate-containing substrates to produce an amplified 
signal, which allows for the detection of low concentrations 
of the target antigen [13] with high specificity. In addition 
to playing a key role in physiological events, ALP and its 
derivatives often serve as sensing components or reporters 
in bioanalytical studies. Accordingly, the development of a 
reliable, sensitive, and robust method for the identification 
and quantification of ALP in biological samples is a priority.

Traditional methods for detecting ALP activity include 
the ALP-mediated dephosphorylation of radioactive pyroph-
osphate [14] and the measurement of released phosphate 
from the ALP-triggered cleavage of pyrophosphate [15]. 
However, these methods may cause problems related to the 
production of radioactive waste during radionuclide quan-
tification. Recently, a series of sensing strategies have been 
introduced for the determination of ALP activity based on 
the monitoring of ALP-induced hydrolysis of phosphate-
bearing compounds using electrochemical and spectroscopic 
techniques [16–18]. Examples of phosphate-containing sub-
strates include pyrophosphate [19], ATP [20], 4-methylum-
belliferyl phosphate [21], p-nitrophenyl phosphate [22], and 
L-ascorbic acid 2-phosphate (AAP) [23]. In contrast to most 
ALP substrates, AAP can release L-ascorbic acid (AA) with 
reducing ability after the cleavage of phosphomonoester 
bonds in the presence of ALP. Thus, numerous fluoromet-
ric and colorimetric probes have been introduced for ALP 
sensing through AA-mediated reduction. In principle, the 
resultant AA molecules (1) trigger the fluorescence reaction 
with small organic molecules [24–26], (2) induce the fluo-
rescence of metal ion-chelating molecules [27] and nano-
materials [28], (3) inhibit  H2O2-related catalytic reactions 
with colorimetric probes [29], (4) promote the reduction 
of  MnO2 nanosheets [30], and (5) induce the reduction of 
metal ions to form plasmonic metal nanoparticles [31] and 
fluorescent metal nanoclusters [32] in the absence or pres-
ence of a nanostructure surface. Although they exhibit high 
sensitivity and selectivity toward ALP, most of the afore-
mentioned methods generate a single-mode signal output 
during the sensing process. An increasing number of studies 
are employing multidimensional signal probes because they 
provide reliable results for the accurate and precise quanti-
fication of heavy metal ions [33, 34], small molecules [35, 
36], and ALP [37]. For example, Zhao et al. developed a 
colorimetric and fluorometric platform to detect ALP activ-
ity through three successive reactions, namely ALP-induced 
hydrolysis of p-aminoethyl-phenyl phosphate to tyramine, 
tyrosinase-mediated conversion of tyramine to dopamine, 

and reaction of dopamine and resorcinol [38]. The same 
research group also utilized m-hydroxyphenyl phosphate 
as an ALP substrate for the colorimetric and fluorometric 
detection of ALP activity in the presence of dopamine [39]. 
Chen et al. performed a colorimetric and fluorometric dual-
readout assay of ALP based on three concepts: (1) the ALP-
mediated hydrolysis of AAP to AA, (2) the AA-induced 
reduction of  Ag+ ions on the surface of gold nanoparticles, 
and (3) the inner filter effect of silver-coated gold nanopar-
ticles on the fluorescence of graphene quantum dots (QDs) 
[40]. Zhang et al. determined that AA resulting from ALP-
catalyzed hydrolysis of AAP triggers the aggregation of 
4-mercaptophenylboronic acid (4-MPBA)–modified silver-
coated gold nanoparticles, leading to the color change of 
the nanoparticles and the amplification of Raman scattering 
of the 4-MPBA [41]. However, few studies have employed 
multimodal assays of ALP, which are expected to provide 
more accurate results than do the aforementioned methods.

The last several years have witnessed the broad applica-
tion of molybdenum disulfide  (MoS2) QDs in electrocata-
lysts [42], lithium storage [43], bioimaging [44], gas sensing 
[45], and biosensors [46]. Compared with organic fluoro-
phores and nanomaterials,  MoS2 QDs possess unique prop-
erties that include excitation-dependent emission, high pho-
tobleaching resistance, strong two-photon absorption, and 
surface sulfur vacancy sites. Additionally,  MoS2 nanosheets 
with exposed sulfur atoms can be utilized to remove  Ag+ 
ions from an aqueous solution [47]. On the basis of this con-
cept, in this study, we successfully prepared  Ag+-deposited 
 MoS2 QDs and applied them in a trimodal (colorimetric, 
fluorescence, and fluorescence-lifetime modes) sensor to 
detect ALP. After ALP catalyzed the hydrolysis of AAP, 
the resultant AA triggered the reduction of the bound  Ag+ 
ions on the  MoS2 QD surface. The resultant silver nanopar-
ticles (AgNPs) had a new surface plasmon resonance (SPR) 
band in the visible region and quenched the fluorescence of 
and induced a reduction in the fluorescence lifetime of the 
 MoS2 QDs. The integration of the  Ag+-modified  MoS2 QDs 
into an ALP-related sandwich immunoassay was further uti-
lized for the dual-detection of spiked rabbit immunoglobu-
lin (IgG) in human plasma samples. The integration of the 
 Ag+-deposited  MoS2 QDs into an ALP–AAP reaction was 
further utilized for the colorimetric, fluorescent, and fluo-
rescence-lifetime sensing of ALP in human plasma samples.

Materials and methods

Chemicals Silver nitrate, AA, AAP, 4-(2-hydroxyethyl)-
1-piperazineethane sulfonic acid (HEPES), N,N-dimeth-
ylformamide (DMF), anti-rabbit IgG antibody, and ALP 
(from bovine intestinal mucosa), thrombin (from bovine 
plasma), lysozyme (from egg white), glucose oxidase (from 
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Aspergillus niger), horseradish peroxidase (from horserad-
ish roots), human serum albumin (from human plasma), and 
bovine serum albumin (from bovine plasma) were purchased 
from Sigma-Aldrich (St. Louis, MO, USA).  MoS2 ultrafine 
powder was ordered from Alfa Aesar (Ward Hill, MA, USA). 
ALP-labeled anti-rabbit IgG was purchased from AnaSpec, 
Inc. (San Jose, CA, USA). All other chemical reagents were 
of analytical grade. Ultrapure water (Millipore, Germany) 
was used throughout the whole experiment.

Synthesis and characterization of  MoS2‑related nanomateri‑
als The synthesis of the  MoS2 QDs was conducted according 
to our recently published procedure [46–49]. Layered  MoS2 
materials (0.04 g) were added to DMF (40 mL) in a scintilla-
tion bottle (50 mL); then, ultrasonication (Elmasonic E60H, 
Elma, Singen, Germany) was performed at 150 W for 30 h 
under an ice bath. To remove the multilayered  MoS2 mate-
rials, the as-prepared solution was centrifuged at 6000 rpm 
(25 °C ambient) for 30 min. The obtained supernatant was 
transferred into a round-bottle flask (50 mL) and heated in an 
oil bath (145 °C) for 8 h under vigorous stirring. The dried 
 MoS2 QDs were redispersed in ultrapure water (40 mL) and 
stored at 4 °C for further use. The  MoS2 QDs could then be 
stabilized in an aqueous solution for several months for long-
term storage. The morphology of the  MoS2-related nano-
materials was imaged using transmission electron micros-
copy (TEM; JEM-2100, JEOL, Japan; 200 kV) integrated 
with energy-dispersive X-ray spectroscopy (EDS). The zeta 
potential of the nanomaterials was measured using a Del-
saNano zeta potential analyzer (Beckman Coulter, Brea, 
CA, USA). A small aliquot of the  MoS2 QDs solution was 
removed and dried in an 80 °C oven to determine the weight 
per volume of the  MoS2 QDs. The mass concentration of the 
 MoS2 QDs was 1 mg  mL−1. The estimated number of  MoS2 
QDs per unit volume was 5.6 ×  1017 particles  mL−1 and was 
calculated by dividing the mass concentration by the mass 
of a single  MoS2 QD. According to the data from the TEM 
and atomic force microscopy, the volume (3.14 × r2 × h) of a 
single  MoS2 QD used in this study was 2.8  nm3. Thus, using 
the density (5.06 g  cm−3) of bulk  MoS2, the mass of a single 
 MoS2 QD was determined to be 1.8 ×  10−21 g.

Triple‑channel sensing of ALP activity  To detect ALP activ-
ity, the  MoS2 QDs (1 mg  mL−1, 100 μL) were initially equil-
ibrated with  Ag+ (100 mM, 100 μL) in 20 mM Tris–borate 
buffer (pH 9.8) at ambient temperature for 10 min. When 
the added  Ag+ ions were entirely adsorbed on the  MoS2 
QD surface, approximately 110  Ag+ ions were present on 
each  MoS2 QD. Samples with various concentrations of 
ALP (0–10 units  L−1, 500 μL) reacted with a fixed con-
centration of AAP (32 mM, 300 μL) at 37 °C for 30 min. 
The  Ag+-deposited  MoS2 QDs (200 μL; 0.5  mg   mL−1 
of  MoS2 QDs and 50 mM  Ag+) were introduced into the 

resultant solution. The mixture was vigorously vortexed at 
ambient temperature for 10 min. The fluorescence spectra, 
absorption spectra, and fluorescence lifetime decay of the 
resultant solution were recorded on a fluorometer (Hitachi 
F-7000, Hitachi, Tokyo, Japan) at an excitation wavelength 
of 340 nm, an ultraviolet–visible spectrophotometer (JASCO 
V-670, JASCO, Tokyo, Japan), and a time-correlated single-
photon counting device (Time-Harp 200, PicoQuant, Ber-
lin, Germany) integrated with a 390-nm pulsed diode laser 
(with a pulse width of tens of ps), respectively. To verify 
the selectivity of the proposed system and the substrate 
specificity of ALP, we substituted ALP with other proteins, 
including thrombin (from bovine plasma), lysozyme (from 
egg white), glucose oxidase (from Aspergillus niger), horse-
radish peroxidase (from horseradish roots), human serum 
albumin (from human plasma), and bovine serum albumin 
(from bovine plasma).

Fluorescence immunoassay The sandwich immunoassay 
for detecting IgG was conducted by following the standard 
protocol with slight modification [50]. Briefly, the coating 
solution (100 μL) consisting of anti-rabbit IgG (5 μg  mL−1) 
and 25 mM sodium carbonate (pH 9.6) was pipetted into 
each well (96-well polystyrene plate) and then let stand at 
4 °C for 12 h. Afterward, the coating solution was discarded 
to remove excess anti-rabbit IgG. Each well was incubated 
with the blocking solution (200 μL; pH 7.5, 3% w/v BSA, 
100 mM Tris–HCl, 150 mM NaCl, and 0.05% v/v Tween 
20) at ambient temperature for 1 h. The resulting wells were 
rinsed three times with the washing solution (200 μL; pH 
7.5, 100 mM Tris–HCl, 150 mM NaCl and 0.05% v/v Tween 
20), incubated with rabbit IgG (0.01–5 ng  mL−1, 200 μL) 
at 25 °C for 1 h, rinsed three times again, and treated with 
ALP-labeled anti-rabbit IgG (1:10,000 dilution, 200 μL) at 
25 °C for 1 h. After removing excess ALP-labeled anti-rab-
bit IgG through the washing step, 9.6 mM of 200 μL AAP 
in Tris–borate (20 mM, pH 9.8) was incubated with each 
well at 30 °C for 30 min. Subsequently, an aqueous solu-
tion of  Ag+-deposited  MoS2 QDs (0.1 mg  mL−1 of 25 μL 
 MoS2 QDs and 10 mM of 25 μL  AgNO3) was injected into 
each well. After waiting for 10 min for the in situ growth of 
AgNPs. The resultant solution's absorption and fluorescence 
spectra were measured under the same conditions as those 
mentioned above. To evaluate the complex matrix's effect 
on the proposed system, samples of human plasma (100 μL; 
Sigma-Aldrich, No. P9523) were spiked with different con-
centrations of the normal rabbit IgG (100 μL, 0–4 ng mL-1). 
Subsequently, the rabbit IgG-spiked samples were analyzed 
by the proposed integrated system.
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Results and discussion

Fabrication of the  Ag+‑deposited  MoS2 QDs The  MoS2 QDs 
were fabricated through the DMF-induced exfoliation of lay-
ered  MoS2 powder and centrifugation-mediated removal of 
 MoS2 nanosheets. Electron microscopy and spectroscopic 
techniques revealed that the as-made  MoS2 QDs had a lateral 
size of 2.0 ± 0.5 nm (Fig. 1a), interplanar spacing of 0.23 nm 
(Fig. 1b), a topographic height of 0.89 ± 0.06 nm (Fig. S1; 
see Supplementary Information in the Electronic Supple-
mentary Materials [ESM]), and excitation-dependent emis-
sion behavior (Fig. S2, ESM). In addition, the  MoS2 QDs 
exhibited high colloidal stability under conditions of 0–1 M 
NaCl (Fig. S3, ESM), pH 3–11 (Fig. S4, ESM), and long-
term ultraviolet exposure (Fig. S5, ESM). These findings 
suggest that the proposed synthetic method endows mon-
olayer  MoS2 QDs with exceptional optical properties. Given 
that the particle size of the  MoS2 QDs was < 5 nm [51], the 
proposed synthesis procedure was successful in converting 
layered  MoS2 to the  MoS2 QDs. To understand the binding 
effect of  Ag+ on the colloidal stability of the  MoS2 QDs, we 
measured the morphology and surface charges of the  MoS2 
QDs before and after the addition of the  Ag+ ions. According 
to the TEM images, the lateral sizes of the  Ag+-deposited 
 MoS2 QDs were 5.9 ± 1.7 nm (n = 100; Fig. 1c). This indi-
cates that the  Ag+ ions triggered the assembly of the  MoS2 
QDs, leading to an increase in their particle size. To cor-
roborate the aforementioned results, we determined the 
elemental composition of the  Ag+-free and  Ag+-deposited 
 MoS2 QDs using TEM with EDS. The EDS spectrum of the 

 Ag+-deposited  MoS2 QDs exhibited an additional Ag peak 
compared with the EDS spectrum of the  MoS2 QDs (Fig. 1d 
and e). We next examined the surface charge characteristics 
of the  MoS2 QDs in 20 mM Tris–borate buffer (pH 9.8). 
As the  Ag+ concentration varied from 5 to 20 mM, the zeta 
potential of the  MoS2 QDs varied significantly from −31 to 
+6 mV (Fig. 1f). These findings verified that  Ag+ ions were 
firmly attached to the unbound sulfur sites of  MoS2 QDs 
due to the coordination of electron-deficient  Ag+ ions and 
electron-rich sulfur atoms [52]. The deposited  Ag+ ions can 
serve as nuclei to form AgNPs in the presence of suitable 
reducing agents [53].

The  Ag+‑deposited  MoS2 QDs for triplet‑modal sensing of 
ALP The successful synthesis of the  Ag+-deposited  MoS2 
QDs encouraged us to develop a trimodal platform for 
sensing ALP. Figure 2A illustrates the integration of the 
 Ag+-deposited  MoS2 QDs with the ALP-mediated hydroly-
sis of AAP to AA for sensing ALP activity. The proposed 
sensing procedure proceeds in three steps: (1) ALP promotes 
the hydrolysis of AAP to AA in an alkaline environment; (2) 
the resultant AA triggers the reduction of the bound  Ag+ 
ions to AgNPs on the  MoS2 QD surface; and (3) the result-
ant AgNPs exhibit intense SPR in the visible region, trigger 
the fluorescence quenching of the  MoS2 QDs through the 
fluorescence resonance energy transfer process [54], and 
shorten the fluorescence lifetime of the  MoS2 QDs. To vali-
date this procedure, the fluorescence and absorption spec-
tra (illustrated in Fig. 2B and C, respectively) of the  MoS2 
QDs and the  Ag+-deposited  MoS2 QDs were measured in 
the presence of ALP (2.5 units  L−1) and AAP (9.6 mM). A 

Fig. 1  Comparison of the  MoS2 
QDs and  Ag+-deposited  MoS2 
QDs. a, b, c TEM images of 
a, b the  MoS2 QDs and c the 
 Ag+-deposited  MoS2 QDs. 
Inset in b: high-resolution TEM 
image of the  MoS2 QDs. d, e 
EDS spectra of d the  MoS2 QDs 
and e the  Ag+-deposited  MoS2 
QDs. f Zeta potential of the 
 MoS2 QDs as a function of the 
 Ag+ concentration. The concen-
trations of the  MoS2 QDs were 
0.5 mg  mL−1. The reactions of 
the  MoS2 QDs and  Ag+ ions 
were conducted in 20 mM Tris–
borate buffer (pH 9.8)
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comparison of the fluorescence spectra of the  MoS2 QDs 
with those of the  Ag+-deposited  MoS2 QDs indicated that 
the  Ag+ ions slightly suppressed the fluorescence of the 
 MoS2 QDs in the 20 mM Tris–borate (pH 9.8; curves a 
and b in Fig. 2B). This slight quenching could result from 
the  Ag+-promoted aggregation of the  MoS2 QDs [55]. 
The incubation of the  MoS2 QDs with  Ag+ ions in 20 mM 
HEPES, phosphate, or carbonate buffer induced efficient 
fluorescence quenching (Fig. S6, ESM). Curves c and d in 
Fig. 2B indicate that the incubation of the  Ag+-deposited 
 MoS2 QDs with either ALP or AAP exerted a negligible 
effect on their fluorescence intensity. The  MoS2 QDs (curve 
a in Fig. 2C) exhibited absorption profiles similar to those 
of the  Ag+-deposited  MoS2 QDs (curve b in Fig. 2C) and 
of a mixture of ALP and  Ag+-deposited  MoS2 QDs (curve 
c in Fig.  2C). By contrast, the addition of AAP to the 
 Ag+-deposited  MoS2 QDs generated a weak SPR peak, sig-
nifying that a small portion of AAP was hydrolyzed to AA 
(curve d in Fig. 2C). However, a small amount of AgNPs is 
insufficient to quench the fluorescence of the  MoS2 QDs. 
After ALP catalyzed the hydrolysis of AAP, the resultant 
AA activated the reduction of  Ag+ ions to AgNPs on the 
 MoS2 QD surface. Consequently, the AgNPs exhibited a 

strong SPR peak at 403 nm that efficiently quenched the 
fluorescence of the  MoS2 QDs (curve e in Fig. 2B and C). 
The SPR peak at 403 nm indicated that the particle size 
of the resultant AgNPs was approximately 25 nm with an 
extinction coefficient of 8 ×  109  M−1  cm−1 [56]. The fluo-
rescence lifetimes of the  MoS2 QDs and  Ag+-deposited 
 MoS2 QDs measured under the same testing conditions were 
6.22 and 5.91 ns, respectively, which is consistent with the 
results obtained after  Ag+-mediated fluorescence quench-
ing of the  MoS2 QDs (Fig. 2D). Furthermore, the fluores-
cence lifetime of the  Ag+-deposited  MoS2 QDs remained 
almost constant upon the addition of ALP or AAP; how-
ever, when the products from the reaction of AAP and ALP 
were added, the fluorescence lifetime of the  Ag+-deposited 
 MoS2 QDs decreased to 4.91 ns. These results indicate that 
the  Ag+-deposited  MoS2 QDs are well suited for the col-
orimetric, fluorescent, and fluorescence-lifetime sensing of 
ALP. To validate the aforementioned results, the products 
of the reaction of the  Ag+-deposited  MoS2 QDs, AAP, and 
ALP were examined using TEM, high-resolution TEM, and 
dynamic light scattering (DLS; Figs. S7 and S8, ESM). The 
TEM images and DLS spectra revealed that the inorganic 
core size (approximately 10–30 nm) and hydrodynamic 

Fig. 2  Triple-modal sensing of ALP. A Schematic illustration of 
the procedure associated with the integration of the  Ag+-deposited 
 MoS2 QDs and the ALP-mediated hydrolysis of AAP for triplet-
modal sensing of ALP. B Fluorescence spectra, C absorption spec-
tra, and D fluorescence lifetime of solution containing (a) the  MoS2, 
(b) the  Ag+-deposited  MoS2 QDs, (c) the  Ag+-deposited  MoS2 QDs 

and ALP, (d) the  Ag+-deposited  MoS2 QDs and AAP, and (e) the 
 Ag+-deposited  MoS2 QDs, AAP, and ALP. The concentrations of 
the  MoS2 QDs, the  Ag+-deposited  MoS2 QDs, ALP, and AAP were 
0.5 mg  mL−1, 0.5 mg  mL−1, 2.5 units  L−1, and 9.6 mM, respectively. 
All reactions were conducted in 20 mM Tris–borate buffer (pH 9.8). 
“IF” represents “fluorescence intensity”
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diameter (22 ± 5 nm) of the products were much larger than 
those of the  Ag+-deposited  MoS2 QDs. The resultant AA 
was capable of reducing the bound  Ag+ ions to AgNPs on 
the surface of the  Ag+-deposited  MoS2 QDs, which is a 
cause of the aforementioned phenomenon.

We then explored the mechanism underlying the AgNPs-
mediated fluorescence quenching of the  MoS2 QDs using the 
Stern–Volmer equation. To fabricate different concentrations 
of the AgNPs (quenchers) on the  MoS2 surface, samples of 
various ALP concentrations reacted with a fixed concentra-
tion of AAP for 30 min, and the  Ag+-deposited  MoS2 QDs 
were incubated in Tris–borate buffer. The concentration (c) 
of the resultant AgNPs was estimated according to the Beer–
Lambert law, A = ϵbc (where A is the absorbance at 403 nm, 
ϵ is 8 ×  109  M−1  cm−1, and b is 1.0 cm). As illustrated in 
Fig. S9 (ESM), a positively sloped Stern–Volmer plot was 
constructed by plotting the  IF0/IF ratio against the AgNP con-
centration;  IF0 and  IF correspond to the fluorescence intensity 
of the  Ag+-deposited  MoS2 QD at 407 nm before and after 
the ALP-mediated formation of AgNPs, respectively, at a 
fixed concentration of AAP. This nonlinear plot with a large 
positive deviation signifies that the AgNP-mediated fluores-
cence quenching of the  MoS2 QDs involved both dynamic 
and static quenching processes. Moreover, the ratio of the 
fluorescence lifetime of the  Ag+-deposited  MoS2 QDs (τ0) to 
that of the AgNPs–MoS2 QD composites (τ1) increased lin-
early with ALP concentration (Fig. S10, ESM). This linear 
plot verified the occurrence of dynamic quenching between 
the AgNPs and  MoS2 QDs and yielded a dynamic quench-
ing constant (KD) of 1.969 ×  109  M−1. However, an increase 
in the concentration of the quenchers (i.e., AgNPs) led to a 
larger change in the  IF0/IF value than in the τ0/τ1 value. If 
the AgNP-mediated quenching process of the  MoS2 QDs 
was identical to the dynamic quenching process, then  IF0/
IF = τ0/τ1. Thus, our observations imply that the quenching 
of the  MoS2 QDs by the AgNPs mainly resulted from static 
quenching [57]. These results are consistent with those of 
previous studies, which have examined the mixed dynamic 
and static quenching of 4-aryloxymethyl coumarin dyes 
[58], transmembrane proteins [59], and tryptamine [60] by 
AgNPs.

Sensitivity, selectivity, and application To test the sensitivity 
of our proposed platform in different detection modes, we 
conducted a reaction of 0–4 units  L−1 ALP and 9.6 mM AAP 
at 37 °C in 20 mM Tris–borate (pH 9.8) for 30 min. The 
resultant products were incubated with the  Ag+-deposited 
 MoS2 QDs at ambient temperature for 10  min. Conse-
quently, a progressive increase in the ALP activity led to 
a reduction in the fluorescence intensity of the  MoS2 QDs 
(Fig. 3A), an increase in the intensity of the AgNP-related 
SPR peaks (Fig. 3B), and a reduction in the fluorescence 
lifetime of the  MoS2 QDs (Fig. 3C). The  (IF1 −  IF2)/IF1 value 

obtained from the  Ag+-deposited  MoS2 QDs increased 
linearly (R2 = 0.9944) as the ALP activity increased from 
0.05 to 2.5 units  L−1 (Fig. 3D);  IF1 and  IF2 correspond to the 
fluorescence intensity of the  Ag+-deposited  MoS2 QDs at 
407 nm before and after adding the AA products, respec-
tively. In addition, plotting the intensity of the SPR band at 
403 nm and the fitted fluorescence lifetime against the ALP 
activity generated linear calibration curves for quantifying 
0.1–4 units  L−1 of ALP (R2 = 0.9980; Fig. 3E) and 1–4 units 
 L−1 of ALP (R2 = 0.9687; Fig. 3F), respectively. The triple-
modal platform allows the fluorescent, colorimetric, and 
fluorescence-lifetime sensing of the ALP activity to achieve 
limits of detection (LODs; signal-to-noise ratio = 3.0) of 
0.01, 0.085, and 0.3 units  L−1, respectively. The LODs of 
ALP measured from the triple-readout probe in this study 
are comparable with those detected by single- and dual-
readout QD-based probes in previous studies, including 
those based on boron nitride (0.8 units  L−1) [61], N-doped 
carbon (1.1 units  L−1) [62],  MoS2 (0.1 units  L−1) [63], sul-
fanilic acid–capped graphene (0.045 units  L−1) [64], CuInS 
ZnS (0.01 units  L−1) [65], and nitrogen- and sulfur-doped 
graphene (0.009 and 0.005 units  L−1) [40] QDs. Moreover, 
a progressive increase in ALP activity caused the probe 
to change color from light brown to dark brown (inset in 
Fig. 3C). The probe allows for naked-eye detection of con-
centrations of ALP activity (0.5 units  L−1) that are lower 
than those reported in studies employing other methods, 
including those using horseradish peroxidase catalytic (for 
colorimetry; 20 units  L−1) [66], azide alkyne functionalized 
gold nanoparticles (5 units  L−1) [67], silver-deposited gold 
nanorods (40 units  L−1) [68], and polydopamine nanopar-
ticle–adsorbed  MnO2 nanosheets (1 unit  L−1) [69]. Specifi-
cally, the probe can differentiate between 0.0, 0.5, 1.0, 1.5, 
and 2.0 units  L−1 of ALP, indicating that its resolution is 
up to 0.5 units  L−1. The selectivity of the probe was evalu-
ated by substituting ALP with other common enzymes and 
proteins, including thrombin, glucose oxidase, horseradish 
peroxidase, human serum albumin, lysozyme, and bovine 
serum albumin. As indicated in Fig. 3G, H, and I, only ALP 
promoted a remarkable increase in  (IF1 −  IF2)/IF1 value, 
absorbance at 403 nm, and fluorescence lifetime. This result 
indicates that the probe is highly responsive to the ALP 
activity in the fluorescent, colorimetric, and fluorescence-
lifetime detection modes. However, the probe may have the 
disadvantage of poor selectivity for ALP in the presence of 
reductive compounds such as cysteine, dopamine, and AA. 
Due to the low molecular weights of reductive compounds, 
interference from such compounds might be suppressed by 
an ultrafiltration membrane process for pretreating the sam-
ple. To verify the effect of the  MoS2 QDs in the colorimet-
ric mode, we used  Ag+ ions in place of the  Ag+-deposited 
 MoS2 QDs. The SPR peak of the resultant AgNPs progres-
sively increased with ALP concentration (Fig. S11, ESM). 
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However, in the absence of the  MoS2 QDs, the LOD and 
linear range for ALP were determined to be 0.17 units  L−1 
and 0.5–4 units  L−1, respectively. This indicates that the use 
of  MoS2 QDs not only allows for use of the fluorescent and 
fluorescence-lifetime detection modes but also facilitates the 
growth of the AgNPs.

Considering that the proposed platform provided the 
highest sensitivity to ALP in the fluorescent detection mode, 
we extended its applicability to an ALP-related fluorescent 
immunoassay. Rabbit IgG was selected to test the sensitiv-
ity of the integrated system using a procedure consisting of 
three main steps. In the first step, the rabbit IgG was captured 
by a sandwich immunoreaction between anti-rabbit IgG as 
a capture antibody and ALP-conjugated anti-rabbit IgG as 
a detection antibody. Subsequently, the conjugated ALP 

catalyzed the hydrolysis of AAP to AA. Finally, the reac-
tion between the resultant AA molecules and  Ag+-deposited 
 MoS2 QDs generated fluorometric and colorimetric dual-
readout signals. Figure 4a illustrates the aforementioned 
sensing procedure of the integrated system. As the concen-
tration of rabbit IgG varied from 0 to 1000 pg  mL−1, we 
observed a progressive reduction in the fluorescence of 
the  Ag+-deposited  MoS2 QDs and a color transition from 
transparent to light brown to dark brown (Fig. 4b). We plot-
ted the  (IF3 −  IF4)/IF3 values against the logarithm of IgG 
concentration over the range 25–1000 pg  mL−1 to gener-
ate a linear calibration curve (R2 = 0.9834), as presented in 
Fig. 4c;  IF3 and  IF4 were equal to the fluorescence intensity 
of the  Ag+-deposited  MoS2 QDs at 407 nm in the absence 
and presence of rabbit IgG, respectively, in the integrated 

Fig. 3  Sensitivity and selectivity of the  Ag+-deposited  MoS2 QDs. 
A, B, C The collected A fluorescence spectra, B absorption spectra, 
and C fluorescence lifetime decay of the  Ag+-deposited  MoS2 QDs 
as a function of the ALP concentration at a fixed concentration of 
AAP. D, E, F Plots of D the  (IF1 −  IF2)/IF1 value, E the SPR band at 
403 nm, and F the fluorescence lifetime versus the ALP activity. G, 
H, I The values of G  (IF1 −  IF2)/IF1, H absorbance at 403 nm, and I 
fluorescence lifetime obtained from incubating the present probe with 
possibly interfering proteins in 20  mM Tris–borate buffer (pH 9.8). 

Protein: (a) 1.5 unit  L−1 ALP, (b) 100 nM thrombin, (c) 100 nM glu-
cose oxidase, (d) 100 nM horseradish peroxidase, (e) 100 nM human 
serum albumin, (f) 100 nM bovine serum albumin, and (g) 100 nM 
lysozyme. D–I The error bars represent the standard deviation of 
three independent measurements. “IF” and “Abs” indicate “fluores-
cence intensity” and “absorbance”, respectively. The concentrations 
of the  Ag+-deposited  MoS2 QDs and AAP were 0.5  mg   mL−1 and 
9.6 mM, respectively. All reactions were conducted in 20 mM Tris–
borate buffer (pH 9.8)
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system. Commercially available kits from Abcam (Rabbit 
IgG ELISA Kit, Abcam, Cambridge, UK, catalog number: 
ab187400) and Thermo Fisher Scientific (Easy-Titer Rabbit 
IgG Assay Kit, Thermo Fisher Scientific, Waltham, MA, 
USA, catalog number: 23305) indicated that the quantifica-
tion ranges of rabbit IgG were 0.31–20 and 8–500 ng  mL−1, 
respectively. The LOD and visual LOD of the rabbit IgG, 
detected by the fluorescence immunoassay and the naked 
eye, were 8 and 75 pg  mL−1, respectively. The sensitivity of 
our proposed platform for rabbit IgG is comparable to those 
of immunoassays involving ultrasensitive electrochemical 
detection, hydrogen evolution reactions, or electron spin 
resonance (Table S1, ESM). Moreover, the sensitivity of 
the  Ag+-deposited  MoS2 QDs as signal reporters in the sand-
wich immunoassay was superior to that of the previously 
reported organic substrates and nanomaterials (Table S1, 
ESM). The effect of the sample matrix on the performance 
of the proposed fluorescence immunoassay was evaluated 
by spiking human plasma with a series of rabbit IgG stand-
ards with known concentrations. As expected, the fluores-
cence of the  Ag+-deposited  MoS2 QDs was incrementally 
quenched with increasing spiked concentration of the rabbit 
IgG in the human plasma (Fig. S12, ESM). A linear cali-
bration curve for quantifying 25–1000 pg  mL−1 rabbit IgG 
was constructed by plotting the  (IF3 −  IF4)/IF3 values against 
the spiked concentration of rabbit IgG. The difference in 
the slope of the calibration curve between the standard and 
spiked samples was estimated to be < 10%, indicating that 
the matrix of the plasma sample does not significantly affect 

the sensitivity and selectivity of the integrated system. The 
proposed system provides high visual sensitivity for the 
detection of 75–1000 pg  mL−1 rabbit IgG in human plasma. 
Thus, the probe paired with the ALP-related immunoassay 
may provide a new method for the accurate, sensitive, and 
selective analysis of various biomolecules in clinical sam-
ples through the use of specific antibodies.

Conclusions

We developed a triple-readout probe for the fluorescent and 
colorimetric sensing of ALP activity based on the ALP-
mediated dephosphorylation of AAP to AA and the AA-
triggered in situ reduction of  Ag+ ions to AgNPs on the 
surface of  MoS2 QDs. The  Ag+-deposited  MoS2 QDs were 
fabricated by coordinating  Ag+ ions with sulfur atoms of 
the  MoS2 QDs. The reaction of the AA and  Ag+-deposited 
 MoS2 QDs generated the SPR peaks of the AgNPs, which 
(1) promoted the fluorescence quenching of the  MoS2 QDs 
through a mix of static and dynamic quenching and (2) 
induced the reduction in the fluorescence lifetime of the 
 MoS2 QDs through the dynamic quenching process. Moreo-
ver, the fluorescent detection mode of the proposed triple-
readout probe was determined to be well integrated with the 
ALP-related sandwich immunoassay. The proposed platform 
allows for the fluorescent detection of rabbit IgG in concen-
trations as low as 25 pg  mL−1, which indicates a sensitivity 

Fig. 4  Sensing of rabbit IgG 
by dual-readout immunoassay. 
a Schematic illustration of the 
procedure associated with the 
integration of (1) antibody-
antigen recognition, (2) ALP-
catalyzed hydrolysis of AAP 
to AA, and (3) AA-induced 
reduction of  Ag+ to AgNPs on 
the  MoS2 QDs. b Fluorescence 
spectra and colorimetric images 
obtained from the detection of 
0–1000 pg  mL−1 rabbit IgG 
by the proposed dual-readout 
immunoassay. The arrow 
indicates the variation in the 
fluorescence signal with an 
increased concentration of rab-
bit IgG (0, 25, 50, 75, 100, 250, 
500, 750, and 1000 pg  mL−1). c 
A plot of the  (IF3 –  IF4)/IF3 value 
versus the logarithm of the 
rabbit IgG concentration. The 
error bars represent the standard 
deviation of three independent 
measurements. “IF” indicates 
“fluorescence intensity”
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comparable with that of immunoassays involving ultrasensi-
tive electrochemical detection, hydrogen evolution reactions, 
or electron spin resonance. Additionally, the visual LOD of 
the proposed system for rabbit IgG was 75 pg  mL−1, which 
is lower than the visual LODs of metal nanoparticle–based 
ELISA assays (Table S2, ESM) and commercially available 
kits. Our proposed probe can be directly incorporated with 
commercially available ALP-conjugated antibodies without 
further conjugation of signal reporters. When integrated 
with ALP-related sandwich immunoassays, this probe will 
serve as a sensitive platform for the detection of various 
biological analytes in clinical diagnosis.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00216- 021- 03826-2.
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