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ABSTRACT: In this work, a bottom-up strategy is developed to synthesize water-soluble molybdenum disulfide quantum dots
(MoS, QDs) through a simple, one-step hydrothermal method using ammonium tetrathiomolybdate [(NH,),MoS,] as the
precursor and hydrazine hydrate as the reducing agent. The as-synthesized MoS, QDs are few-layered with a narrow size
distribution, and the average diameter is about 2.8 nm. The resultant QDs show excitation-dependent blue fluorescence due to
the polydispersity of the QDs. Moreover, the fluorescence can be quenched by hyaluronic acid (HA)-functionalized gold
nanoparticles through a photoinduced electron-transfer mechanism. Hyaluronidase (HAase), an endoglucosidase, can cleave HA
into proangiogenic fragments and lead to the aggregation of gold nanoparticles. As a result, the electron transfer is blocked and
fluorescence is recovered. On the basis of this principle, a novel fluorescence sensor for HAase is developed with a linear range

from 1 to SO U/mL and a detection limit of 0.7 U/mL.
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1. INTRODUCTION

As one kind of layered two-dimensional (2D) nanomaterial,
molybdenum disulfide (MoS,) with 2D building blocks (S—
Mo—S layers) weakly bound by van der Waals force has
attracted great attention."” Because of its unique chemical,
mechanical, and electronic properties,3 MoS, is widely used as a
lubricant and hydrogen evolution and photocatalytic material.*
Recently, band-gap tuning of MoS, from an indirect-band-gap
bulk material to a direct-gap semiconductor has been realized
by adjusting the numbers of layers, and photoluminescence
arising from the quantum confinement effect in d-orbital-
related interaction in a MoS, monolayer is strong evidence of
the band-gap transition.”~” Moreover, while the size of MoS$, is
controlled to be less than 10 nm, zero-dimensional MoS,
quantum dots (QDs) can be synthesized. Because of quantum
confinement and edge effects,”” MoS, QDs possess unique
optical and electronic properties and are potentially applicable
in fluorescence sensing,'’ catalysis,”'" bioimaging,'*™" etc.
To date, several strategies have been developed to synthesize
MoS, QDs, generally including “top-down” and “bottom-up”
routes. As for the “top-down” method, physicochemical
strategies are used to engineer the size and dimension of

-4 ACS Publications  © 2016 American Chemical Society

layered bulk MoS, materials. Through a microexfoliation
technique, monolayer MoS, nanosheets were obtained, and
photoluminescence was reported for the first time in 2010.”
After that, various exfoliation methods were developed to
synthesize MoS, QDs. 1116720 For example, Stengl and
Henych reportedly prepared MoS, QDs by refluxing the
exfoliated single- or few-layered MoS, nanosheets in ethylene
glycol.'® Zhang et al. demonstrated the synthesis of
monodisperse transition-metal dichalcogenide nanodots, in-
cluding MoS, QDs, through a combination of grinding and
sonication.'® They declared that the shear/compress force of
grinding and the high energy sonication were able to break up
the covalent chemical bonds and disintegrate bulk crystals. Very
recently, MoS, QDs with up-conversion and down-conversion
properties were synthesized through a tetrabutylammonium-
assisted sonication route.'* As for these “top-down” ap-
proaches, hazardous reagent, organic solvent, or a long-time
pretreatment are typically required. As for the “bottom-up”
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Scheme 1. Schematic Representation of the Detection of HAase
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route, the size of the QDs can very easily be confined by
controlling the chemical reaction conditions. For example,
using DNA as the biotemplate, well-crystallized MoS, QDs
were synthesized through a reaction between MoCl and Na,S
in the DNA matrix. However, no photoluminescence was
observed from the as-prepared nanoclusters.”’ Wang and Ni
reportedly synthesized MoS, QDs using sodium molybdate and
cysteine as precursors, and the obtained QDs were used as
fluorescence probes for the detection of 2,4,6-trinitrophenol.10
MoS, QDs with excellent hydrogen evolution activity were
prepared by a hydrothermal route using sodium molybdate and
dibenyl disulfides as Mo and S sources, respectively.”* However,
these methods may suffer from the formation of C dots during
the high-temperature hydrothermal process. It is because the
thiol-containing organic molecules may act as S and C sources
simultaneously during the process of chemical reaction. Very
recently, Lin et al. prepared MoS, QDs using ammonium
tetrathiomolybdate as a precursor and oleylamine as a reducing
agent. However, the resultant MoS, QDs are hydrophobic."
Even though the QDs could be transferred from an organic
solvent to water with the help of cetyltrimethylammonium
bromide (CTAB), it may result in a decrease in the quantum
yield. In addition, CTAB is reported to possess cytotoxicity and
is not suitable for biological applications. So far, the as-prepared
MoS, QDs have been used as catalysts for hydrogen evolution
reaction,”' "'”?** and the fluorescent probe has been used for
bioimaging.'>'>"> The synthesis and application of MoS, QDs
in biosensors are in their preliminary stages and need to be
further explored.”

Hyaluronidase (HAase) is an endoglucosidase that can cleave
hyaluronic acid (HA),”*** a linear glycosaminoglycan with
repeating D-glucuronic acid and N-acetyl-p-glucosamine dis-
accharide units,”® into proangiogenic fragments. It has been
reported that HAase is relevant to many physiological and
pathological processes, for example, embryogenesis, inflamma-
tion, and wound healing.”’ "> Recently, overexpression of
HAase was found 1n many mahgnant tumors, such as
bladder,*>* prostate, brain,®® and colorectal®® cancers.
Thus, evaluation of the activity of HAase has drawn wide
consideration because HAase might be a potential tumor
marker. Especially, the development of sensitive HAase
detection is of great importance for clinical diagnosis and
therapy of cancer at its early stage. However, traditional
detecting methods, such as viscosimetry,37 turbidimetry,38
colorlmetry,% 3940 and zymogmphy,41 usually lack sensitivity
and selectivity. Although immunoassay is very sensitive and
selective for HAase detection,™ expensive antibodies and
tedious steps limited its application. A fluorescence technique is
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appropriate for HAase quantification because of its distinct
advantages, such as ease of operation, high sensitivity, capability
of real-time monitoring, and suitability for high-throughput
screening. Generally, fluorophore-labeled HA is designed to
form a donor—acceptor pair, and fluorescence of the
fluorophore is quenched. In the presence of HAase, cleavage
of the HA chain and recovery of fluorescence are realized.**~*
Very recently, an up-conversion nanoprobe for HAase was
developed through coupling of the HA-bearing up-conversion
fluorescent nanoparticles with poly(m-phenylenediamine)
nanospheres via covalent linkage.”” Although these strategies
were reported to investigate the activity of HAase, modification
of the substrate was time-consuming and might affect the
activity of HAase. In order to overcome these issues, a label-free
fluorescent probe was developed to evaluate the bioactivity of
HAase. For instance, Liu et al. developed a surface energy-
transfer system between amino-functionalized C dots and HA-
stabilized gold nanoparticles (AuNPs) for the detection of
HAase based on its ability to degrade HA.*® Compared with
these HAase detection strategies using fluorophore-labeled HA,
the label-free strategy is simple, flexible, and versatile. Thus, the
development of label-free fluorescent HAase probes with high
stability, selectivity, and sensitivity is urgent for bioactivity
evaluation, clinical diagnosis, and early therapy.

In this study, we report a “bottom-up” strategy to prepare
high-quality water-soluble MoS, QDs through hydrothermal
reaction using ammonium tetrathiomoybdate [(NH,),MoS,]
as Mo and S sources. The as-prepared MoS, QDs were used to
develop fluorescent probes for HAase using HA-functionalized
AuNPs (HA-AuNPs) as fluorescence quenchers (shown in
Scheme 1). In the nanoassembly of MoS, QDs/HA-AuNPs, the
fluorescence of MoS, QDs was quenched by HA-AuNPs by
photoinduced electron transfer (PET). With the addition of
HAase, HA was cleaved into proangiogenic fragments, which
led to dismantlement of the nanoassembly and aggregation of
AuNPs due to the loss of protection from HA. Owing to the
absence of quenchers (AuNPs) in the sensing system,
fluorescence of MoS, QDs was recovered.

2. EXPERIMENTAL SECTION

2.1. Reagents and Chemicals. (NH,),MoS, was obtained from
J&K Chemical Ltd. (Shanghai, China). Hydrazine hydrate (N,H,,
85%), tetrachloroauric acid (HAuCl,), sodium borohydride (NaBH,),
and sulfuric acid were purchased from Sinopharm Chemical Reagent
Co. Ltd. (Shanghai, China). HA (from rooster comb) and HAase (400
U/mg) were purchased from Sigma-Aldrich. Quinine sulfate dehydrate
(QS) were commercially available from Aladdin Industrial Co. Ltd.
(Shanghai, China). PBS buffer (10 mM, pH 6.0) was employed in the
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experiment. Deionized distilled water was used throughout the
experiment.

2.2. Characterization. Transmission electron microscopy (TEM)
and high-resolution transmission electron microscopy (HRTEM)
imaging was performed using a HT-7700 transmission electron
microscope (Hitachi, Tokyo, Japan). Atomic force microscopy (AFM)
images were recorded with tapping mode in air using a Dimension
Icon atomic force microscope (Bruker, Karlsruhe, Germany). X-ray
diffraction (XRD) pattern was characterized on a D8 Advance powder
X-ray diffractometer (Bruker, Karlsruhe, Germany). X-ray photo-
electron spectrometry (XPS) spectra were collected on an AXIS Ultra
DLD X-ray photoelectron spectrometer (Shimadzu, Kyoto, Japan).
UV—vis spectra were taken using an UV-2550 spectrophotometer
(Shimadzu, Kyoto, Japan). Fluorescence spectra and fluorescence
lifetime were recorded on a F-7000 fluorescence spectrometer
(Hitachi, Tokyo, Japan) and a C11367 fluorescence lifetime
spectrometer (Hamamatsu Photonics, Shizuoka, Japan), respectively.
The dynamic light scattering (DLS) and { potentials were measured
on Zetasizer Nano ZS90 nanoparticle size and zeta potential analyzers
(Malvern Instruments, Malvern, U.K.).

2.3. Synthesis of MoS, QDs. The MoS, QDs were synthesized
through a one-step hydrothermal route with (NH,),MoS, as the
precursor. In a typical procedure, (NH,),MoS, was dispersed in 40
mL of water. After ultrasonication for 10 min, N,H,, as a reducing
agent,49 was added to the solution. Then, the mixture was transferred
to a S0 mL poly(tetrafluoroethlene) (Teflon) autoclave and kept at
200 °C for 8 h. After being cooled to room temperature naturally, the
mixture was filtered through a 0.22 ym microporous membrane, and
the filtrate was purified by dialysis in water. After that, solid samples
were obtained by evaporating the solvents.

2.4. Synthesis of HA-AuNPs. HA-AuNPs were synthesized by
reported methods with minor modification.***® In brief, 1.3 mL of
HAuCl, (40 mg/mL) was dispersed in S0 mL of a HA sodium salt
solution (0.1 mg/mL) with vigorous stirring. Then, 1 mL of NaBH, (4
mg/mL) was added to the mixture drop by drop, and the color of the
mixture changed from yellow to red purple, indicating the formation of
HA-AuNPs. Then, the solution was ultrafiltered with a 10 kDa
ultrafiltration centrifuge tube. The purified HA-AuNP colloid was
stored at 4 °C for further usage.

2.5. HAase Measurement. The general procedure for HAase
analysis was performed as follows. In brief, 180 uL of HAase with
different concentrations, 20 L of MoS, QDs (0.5 mg/mL), and 40 uL
of HA-AuNP colloids were added to 760 uL of PBS buffer. Then the
mixture was incubated at 37 °C for 45 min, and the fluorescence
emission spectra were recorded for quantitative analysis.

HAase in human urine samples was determined through the
standard addition method. The urine sample was centrifuged for 20
min and mixed with different concentrations of HAase before
measurement to prepare the spiked samples. The protein concen-
tration of the urine sample was measured using Bio-Rad protein
detection kits.

3. RESULTS AND DISCUSSION

3.1. Characterization of MoS, QDs. A typical TEM image
of the resultant MoS, QDs (Figure 1A) shows that the QDs are
well dispersed with a narrow lateral size distribution ranging
from 1.5 to 4.5 nm. The average diameter is about 2.8 nm. The
highly paralleled and ordered lattice fringe was observed in the
HRTEM image (Figure 1B), confirming the high crystallinity of
the MoS, QDs. The lattice fringe spacing is about 0.21 nm,
which is in well agreement with the work of Gan et al.>' The d
spacing of the MoS, QDs matches well with the (006) lattice of
the hexagonal crystal MoS,.'”**> AFM was performed to
further investigate the morphology and thickness of the as-
prepared QDs. As shown in Figure 1C, the thickness of the
MoS, QDs ranges from 1.4 to 2.5 nm, demonstrating that the
MoS, QDs are few—layered.53 According to the theoretical
monolayer thickness (about 0.7 nm) for the S—Mo—S
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Figure 1. (A) TEM, (B) HRTEM, and (C) AFM images of the MoS,
QDs. (D) XRD patterns of bulk MoS, (blue line), MoS, QDs (red
line), and the standard MoS, (JCPDS card 37-1492; black line). The
insets of parts A and C show the size and height distributions of the
MoS, QDs, respectively.

structure,'® the as-synthesized MoS, QDs are about 2—4
layers. Figure S1 shows the Raman spectrum of the MoS, QDs,
and two Raman peaks can be observed at 380.9 and 405 cm™,
corresponding to the in-plane (Elzg) and out-of-plane (Alg)
vibrations of the Mo—S$ bonds in 2H-MoS,.” The frequency
difference of those two peaks is about 24.1 cm™, indicating the
thin-layer structure of the MoS, QDs.>* This is well consistent
with the result obtained from AFM measurement. The crystal
structure was investigated through XRD with bulk MoS, as a
reference. Compared to bulk MoS, (the blue line in Figure
1D), the (002) diffraction peak at 26 = 14.4° disappears in the
MoS, QDs, which is attributed to the thin-layer structure of the
QDs."" Rao et al. also reported the disappearance of the
characteristic (002) diffraction peak for monolayer MoS,
nanosheets, which is due to the lack of interlayer action.>
The two weak peaks at 20 = 32.6° and 58.4° in the XRD
pattern of the MoS, QDs are attributed to the (100) and (110)
diffractions, respectively.

XPS measurements were performed to investigate the
chemical state and composition of the QDs. As shown in the
XPS spectrum of MoS, QDs (Figure S2), Mo and S could be
detected and the atomic ratio of Mo:S was about 1:2.09,
confirming the formation of MoS, QDs. As shown in the high-
resolution Mo 3d spectrum (Figure 2A), two characteristic
peaks at 229.3 and 232.5 eV belong to Mo'" 3ds/, and Mo""
3d;,, respectively. This suggests that the dominance of Mo is
the 4+ oxidation state.”'""” The peaks around 226.6, 163.4,
and 162.2 eV in Figure 2A,B are attributed to S 2s, S 2p, 5, and
S 2p;, orbitals of divalent sulfide ions.'"”** The small peaks
located at 235.7 and 168.6 €V are ascribed to Mo®" and S%,
which may result from slight oxidation during the reaction
process.”

3.2. Optical Features of MoS, QDs. Figure 3A shows the
UV—vis spectrum of as-prepared MoS, QDs. We can see a
shoulder peak located at 306 nm, which is assigned to the blue-
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Figure 2. High-resolution peak-fitting XPS spectra of Mo" 3d (A) and S 2p (B).
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Figure 3. (A) UV—vis spectra of the MoS, QDs. The inset is a digital photograph of a QD aqueous solution (0.5 mg/mL) under UV light (365 nm).
(B) Fluorescence emission spectra of the MoS, QDs at different excitation wavelengths.
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Figure 4. (A) Fluorescence emission spectra of (a) MoS, QDs, (b) MoS, QDs + HA-AuNPs, and (c) MoS, QDs + HA-AuNPs + HAase. (B) Effect
of the amount of HA-AuNPs as quenchers on the fluorescence of the nanosystem.

shifted Z, C, and D excitonic peaks.”'”** The fluorescence
spectra of the QDs were measured under different excitation
wavelengths. As shown in Figure 3B, the emission peak is red-
shifted from 387 to 433 nm, with the excitation wavelength
varying from 300 to 360 nm. The excitation-dependent
fluorescence emission is consistent with other reports.m‘“’17
It may be attributed to the hot fluorescence from the K point of
the Brillouin zone and the polydispersity of the MoS,
QDs.'*'%%? Under excitation of UV light, a blue luminescence
can be easily observed by the naked eye (inset of Figure 3A).
The pH-dependent fluorescence property was also studied. It
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can be seen in Figure S3 that the fluorescence intensity of the
as-prepared QDs is relatively stable over pH values ranging
from 2 to 12.

3.3. HAase Measurement. HA-AuNPs were synthesized
by reducing HAuCl, with NaBH, in a HA solution. The
negatively charged HA on the surface of AuNPs improves the
stability and dispersion of HA-AuNPs, and a characteristic
surface plasmon resonance (SPR) absorption peak around 530
nm is observed (as shown in Figure S4A, black line). The size
distribution of HA-AuNPs was characterized using DLS, and
the average size is about 44 nm (Figure S4B). The
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Figure S. (A) Fluorescence spectra of MoS, QDs/HA-AuNPs incubated with different concentrations of HAase (0, 1, 2, 6, 10, 1, 20, 25, 30, 35, 40,
45, 50, 55, 60, 65, and 70 U/mL). The inset shows the dependence of fluorescence on the concentrations of HAase. (B) Linear plots of fluorescence

versus concentrations of HAase over the range from 1 to 50 U/mL.

concentration of HA-AuNPs is about 1.0 nM based on the SPR
absorption and the average DLS size of HA-AuNPs.”® The
TEM image (Figure S4C) shows that AuNPs are well-dispersed
with a linear network. This might be ascribed to the linear chain
structure of HA. From the TEM image of MoS, QDs/HA-
AuNPs (Figure $4D), it can be seen that MoS, QDs are closely
located with HA-AuNPs, indicating the formation of a
nanoassembly.

The feasibility of evaluating the bioactivity of HAase is
further investigated based on the MoS, QD/HA-AuNP
nanosystem. As shown in Figure 4A, MoS, QDs possess
strong fluorescence intensity at an excitation of 330 nm [Figure
4A(a)]. The formation of a MoS, QD/HA-AuNP nano-
assembly leads to fluorescence quenching [Figure 4A(b)] due
to electron transfer from donors (MoS, QDs) to acceptors
(HA-AuNPs). The quenching efficacy is about 75% when 40
uL of HA-AuNPs was added to 1 mL of MoS, QDs (Figure
4B). The overlay of the absorption of HA-AuNPs and the
fluorescence emission of MoS, QDs is very weak (as shown in
Figure S4A), indicating that fluorescence quenching might be
based on the PET mechanism. Moreover, the fluorescence
lifetime of MoS, QDs is calculated to be 6.9 ns. After the
formation of a MoS, QD/HA-AuNP nanoassembly, the lifetime
is not changed (as shown in Figure SS), indicating that the
process belongs to static quenching.

The { potentials for MoS, QDs and HA-AuNPs are about
—14.5 and —22.1 mV, respectively. This indicates that there is
an electrostatic repulsion interaction between the negatively
charged MoS, QDs and HA-AuNPs. Thus, the driving force to
form a nanoassembly should be other interactions. We
speculate that the formation of a MoS, QD/HA-AuNP
nanoassembly might result from coordination between the
Mo atoms on the edge of the QDs and the carboxyl groups of
HA>” as well as the noncovalent interaction between Mo and N
on the chain of HA. These coordinating and noncovalent
interactions could overcome electrostatic repulsion between
MoS, QDs and HA-AuNPs, leading to the formation of a
nanoassembly (Figure S4D). This hypothesis was confirmed by
the XPS spectra of HA-AuNPs and MoS, QDs/HA-AuNPs
(Figure S6). Compared with the XPS survey for HA-AuNPs
(Figure S6A), additional peaks of Mo and S can be observed in
the XPS spectrum of MoS, QDs/HA-AuNPs (Figure S6B). It
also indicates the formation of a nanoassembly. Moreover, the
binding energies at 229.3 and 232.5 eV (Figure 2A) in the Mo
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3d region for MoS, QDs are positively shifted to 229.7 and
232.9 eV for those of Mo 3d in MoS, QDs/HA-AuNPs (Figure
§7). On the other hand, relative to the binding energies in the
N Is region (400.3 and 399.4 eV; Figure S6C) for HA-AuNPs,
a negative shift of the binding energies (400.2 and 399.3 eV;
Figure S6D) for MoS, QDs/HA-AuNPs is observed. The
negative shift of the binding energy of N 1s and the positive
shift of the binding energy of Mo 3d may be attributed to
electron transfer between Mo and N due to the significant
difference in the electronegativity. This is similar to the
observation of noncovalent interactions between Co in a CoP
nanowire and N in free nucleobases of HIV.>®

In the presence of HAase, HA is digested into small
fragments and AuNPs tend to aggregate without the protection
of HA. This is confirmed by the red-shifted SPR absorption and
the obvious changes of the solution color (Figure S8). Owing
to the aggregation of AuNPs in the presence of HAase, electron
transfer from MoS, QDs to AuNPs is blocked and significant
recovery of the fluorescence can be observed [Figure 4A(c)].
These experimental data indicate that the measurement of
HAase based on a MoS, QD/HA-AuNP nanoassembly is
feasible. As shown in Figure SA, quenched fluorescence of
MoS, QDs induced by HA-AuNPs can gradually be recovered
with an increase of the HAase concentration. It can be seen
from the inset of Figure SA that the fluorescence intensity
reaches a plateau, while the concentration of HAase is over 55
U/mL. A linear relationship between the fluorescence intensity
and concentration of HAase is obtained over the range of 1—50
U/mL (as shown in Figure SB). The detection limit is 0.7 U/
mL, which is comparable to that of a fluorescein-isothiocyanate-
labeled HA-AuNP system*® and lower than that of colorimetric
assay””*” (Table S1).

3.4. Selectivity and Real Sample Measurements. In
order to test the selectivity of the nanoprobe, various
potentially interfering substances, such as inorganic salts
(NaCl and KCl), small molecules [glucose (Glu), uric acid
(UA), and urea], and biological macromolecules [cytochrome ¢
(Cyt ¢), bovine serum albumin (BSA), and alkaline phosphatase
(ALP)] were examined under the same conditions. As shown in
Figure 6, the nanoprobe exhibits good selectivity.

In order to evaluate the feasibility of the proposed method in
real sample detection, HAase in human urine was measured
using MoS, QDs/HA-AuNPs as a nanoprobe through the
standard addition method. Different concentrations of HAase
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Figure 6. Fluorescence recovery of MoS, QDs quenched by HA-
AuNPs incubated with NaCl, KCl, Glu, BSA, Cyt ¢, urea, UA, ALP,
and HAase.

were added in human urine samples to prepare the spiked
samples. As shown in Table 1, the recoveries are in the range of

Table 1. Determination of HAase in Urine Samples

added detected detected HAase” RSD
HAase HAase (U/ (X10* mU/mg recovery (n =3,
(U/mL) mL) protein) (%) %)
1 S 5.18 + 0.16 337+ 1.0 104.6 3.16
2 25 24.19 + 0.69 1572 £ 4.5 96.8 2.76
3 45 44.07 + 1.3 286.4 + 8.6 97.9 293

“The concentration of HAase was normalized to the protein
concentration in urine, which is measured to be 0.153 mg/mL with
Bio-Rad protein detection kits.

96.8—104.6% with an RSD of less than 5.0%. These results
indicate that the MoS, QDs/HA-AuNPs system can be applied
for real sample measurement with satisfactory reliability.

4. CONCLUSION

In summary, we developed a one-step, bottom-up, hydro-
thermal route to synthesize blue fluorescent MoS, QDs using
(NH,),MoS, as the precursor. The as-prepared MoS, QDs
exhibit a narrow lateral size distribution and good water
solubility. On the basis of the PET mechanism, a sensitive and
selective fluorescent probe is developed for HAase measure-
ment using MoS, QDs as electron donors and HA-AuNPs as
electron acceptors. The experimental results indicate that the
distinct fluorescence emission of MoS, QDs can be utilized as a
fluorescent probe for real sample analysis.
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