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Abstract 

Uniform water soluble MoS2 quantum dots (WS-MSQDs) are synthesized via a 

sequential combination of sintering/etching/exfoliation method and solvothermal 

route. The obtained WS-MSQDs with average size of approximately 3.4 nm exhibit 

sufficient water solubility and remarkable fluorescence properties. The WS-MSQDs 

have been utilized as a probe for detection of Fe
3+

 ions with high selectivity and 

specificity. Furthermore, the WS-MSQDs exhibit high fluorescence stability under 

different conditions. Finally, the WS-MSQDs are successfully applied for the 

fluorescence imaging of Fe
3+

 in living cells, which exhibited practical potential for 

biomedical applications.   
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1. Introduction 

Two-dimensional (2D) transition-metal dichalcogenides (TMDCs) have 

drawn tremendous attention and shown great promise for various applications 

in energy storage and conversion, electronic devices and biomedicine[1-3]. 

When the lateral dimensions of 2D TMDCs are reduced into quantum dots, 

unique optical and electronic properties are introduced into TMDCs quantum 

dots owing to quantum confinement and edge effects[4].
 
Among the large 

family of TMDCs quantum dots, Molybdenum disulfide (MoS2) quantum dots 

(MSQDs) are the most representative and have shown remarkable applications 

in biology, catalyzing, electrochemical and optoelectronic devices[5].  

In widely applications, especially biology, MSQDs need to possess good 

water-solubility, fine photo-stability, low cytotoxicity and excellent 

biocompatibility[6]. The above advantages promote their widespread 

applications in fluorescence sensing[7, 8] and bioimaging[9, 10] etc. Wu et al. 

have obtained MSQDs by a top-down method and the MSQDs with strong 

fluorescence, good cell permeability and low cytotoxicity are used as probes for 

in vitro imaging[11]. Recently, luminescent MS nanosheets based fluorescent 

sensors are applied to detect metal ions (Fe
2+

, Hg
2+

)[12]. Hence, MSQDs have 

potential to be novel fluorescent probes for metal ions. Among the metal ions, 

Fe
3+

 plays crucial roles in the growth and development of biological 

systems[13-16] and amounts of analysis strategies have been developed to 

qualitatively and quantitatively detect Fe
3+

 ion in biological systems for the early 

identification and diagnosis of these diseases[17-19].In past two decades, 

fluorescence spectrometry is gradually drawing considerable attention to 

directly detect Fe
3+

 because of its advantages of high sensitivity, excellent 
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reproducibility, rapid response and good selectivity[20-24].Up to date, a series 

of quantum dots-based fluorescent Fe
3+

 probes have been fabricated. Among 

them, MSQDs-based nanoprobes are representative. Ruan et al. synthesized high 

water-solubility MSQDs (WS-MSQDs) by the combination the 

ethylenediamine-assisted exfoliation and hydrothermal process[25].Yu et al. 

prepared MSQDs from one-step hydrothermal exfoliation procedure[26].These 

obtained MSQDs exhibit excellent fluorescence and are effective fluorescent 

probes for detecting Fe
3+

 ions with excellent sensitivity, selectivity, and fast 

response. However, these synthesis methods still suffer from low yield of the 

WS-MSQDs. Hence, it is necessary to develop a simple approach for mass 

production of WS-MSQDs for fully developing their properties. 

In past few years, a variety of strategies have been employed for synthesizing 

WS-MSQDs, including top-down and bottom-up methods. For top-down 

approaches, the lateral size of layered MS is reduced through physical or 

chemical methods, including sequential combination of salt-assisted 

ball-milling and sonication-assisted solvent exfoliation method[27], 

electrochemical approach[28],ultrafast laser ablation[29], combination of 

grinding/hydrothermal process and sonication[30], liquid exfoliation[31] and 

sodium-ion intercalation-assisted approach[32] etc. In these methods, the 

in-plane chemical bonds of bulk MS are broken by external forces or chemical 

cutting processes and then the weak interlayer van der Waals interactions are 

broken by liquid exfoliation. So these approaches suffer from time-consuming, 

rigorous conditions, tedious post-treatment and low yield of the QDs. For 

bottom-up approaches, the WS-MSQDs are synthesized by hydrothermal and 

solvothermal method[33-35] using different molybdenum and sulfur sources. 
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However these methods also suffer from cumbersome post-treatment. The 

above drawbacks impede their practical applications. In our previous work, we 

developed an efficient bottom-up strategy for high-yield production of 

WS-MSQDs by a sintering/etching/exfoliation approach and the yield of 

WS-MSQDs is over 30%[36]. But the water solubility of obtained MSQDs is 

poor. This disadvantage prejudices their biology applications. 

In this paper, we report a simple and efficient method for large scale 

production of WS-MSQDs by a bottom up strategy. The obtained WS-MSQDs 

exhibit sufficient water solubility and remarkable fluorescence properties, 

which have been utilized as a probe for detection of Fe
3+

 ions with high 

selectivity and specificity. Furthermore, the WS-MSQDs are used for the 

fluorescence imaging of Fe
3+

 in living cells successfully. 

2. Experimental Section 

2.1 Materials and Apparatus 

All reagents or solvents were purchased from commercial providers and 

used without further purification. The transmission electron microscope (TEM) 

images were obtained from FEI Tecnai F30 microscope. The atomic force 

microscope (AFM) was performed on an Asylum Research MFP-3D instrument. 

The crystal structure properties of samples were characterized by an X-ray 

diffraction instrument (XRD, Phillips X’pert Pro). Raman spectra of the 

samples were performed on a micro-Raman spectroscope (JY-HR800). The 

X-ray photoelectron spectroscopy (XPS) spectra were measured by HORIBA 

Jobin Yvon LabRAM-HR800 microscope. The UV-vis spectra were recorded 

with an Agilent Cary 5000 spectrophotometer. The luminescence spectra were 
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recorded using a Hitachi F-7000 spectrophotometer. All pH measurements were 

made with a pH-10C digital pH meter. 

2.2 Synthesis of WS-MSQDs  

The WS-MSQDs were synthesised through the methods describing in our 

previous paper with minor modification[36]. In order to improve the water 

solubility of obtained MSQDs, the resulted powder after etching process need a 

solvothermal treatment. Briefly, 50 mg resulted powder was dispersed into 200 

mL N, N-dimethylformamide (DMF). After sonicating in an ice bath for 3 h, 

the dispersion was kept stirring for 4 h at 140 °C. Afterwards, the stabilized 

deep yellow suspension containing amount of WS-MSQDs was obtained by 

centrifuging at 4000 rpm for 15 min. The supernatant was evaporated under 

vacuum at 80 °C and then dispersed in deionized water. The yield of water 

soluble WS-MSQDs is about 30 wt %. 

2.3 Photoluminescence measurement 

All the fluorescence measurements were performed in HEPES (10 mM, 

pH 7.2) buffer solution at room temperature. Stock solution of metal ions 

including Fe
3+

, Ag
+
, Al

3+
, Ba

2+
, Ca

2+
, Cd

2+
, Co

2+
, Cr

3+
, Ga

3+
, Hg

2+
, K

+
, Li

+
, 

Mg
2+

, Mn
2+

, Na
+
, Ni

2+
, Pb

2+
 and Zn

2+
 in acetonitrile were prepared with an 

concentration of 10
-1 

M using their perchlorates, and stock solution of 

WS-MSQDs (100 μg/mL) in deionized water was prepared. In a typical assay, 

200 μL WS-MSQDs stock solution was diluted in 1800 μL HEPES buffer 

solution at a final concentration of 10 μg/mL. For cation competitiveness study, 

10 μL of these metal ions were added into the above solution at a final 

concentration of 500 μM. 

2.4 Cell culture 

BHK cells were seeded to the 12-well plates and cultured in culture media 

(Dulbecco’s Modified Eagle Medium) subjoined with 10% FBS (fetal bovine 

serum) at 37 °C in a humidified incubator containing 5% CO2. After 24 h, the 
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cells incubated with 20 μg/mL WS-MSQDs for 1 h and then they were 

incubated with (100 μM) Fe(ClO4)3 for another 1 h. For the control experiment, 

BHK cells incubated only with 20 μg/mL WS-MSQDs for 1 h under the same 

conditions. Before imaging measurement, the cells were rinsed three times with 

phosphate buffered saline. 

3. Results and discussion 

3.1. Characterizations of MSQDs 

MoCl5 (0.5 g) and thiourea (1 g) are used as molybdenum and sulfur 

source to synthesize WS-MSQDs via sintering/etching/exfoliation process 

describing in our previous paper. However, the obtained MSQDs exhibit poor 

water solubility. For improving water solubility of MSQDs, the obtained MS 

nanoplates composing of stripe-like grains were subjected to a solvothermal 

treatment. Finally, WS-MSQDs were obtained by liquid exfoliating of MS 

nanoplates and centrifugation. The production yield of WS-MSQDs exceeds 30 

wt %, indicating the significant competitiveness of the synthetic method we 

proposed toward mass production of the WS-MSQDs.  
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Fig. 1. Morphology characterization of WS-MSQDs. (a-c) TEM images of WS-MSQDs. 

Inset of (a, c): the size distributions and HRTEM pattern of the WS-MSQDs. (d) AFM 

image of the WS-MSQDs. Inset of (d): height profiles along the red lines in (d).  

The WS-MSQDs were characterized by transmission electron microscopy 

(TEM). TEM images (Fig. 1a and 1b) exhibit that the WS-MSQDs are 

uniformly distributed without aggregation and the average size is 3.4 nm. 

Furthermore, the high-resolution TEM (HRTEM) images (Fig. 1c) indicate the 

highly crystalline structure of the WS-MSQDs. The morphology and thickness 

of WS-MSQDs were investigated by atomic force microscope (AFM), which 

confirmed the height of the WS-MSQDs varies from 0.6 to 1.8 nm. The 

energy-dispersive X-ray spectrometry (EDX) spectra, as shown in Fig. 2a, 

indicate that only the elements of Mo and S present in WS-MSQDs. The 

element Cu comes from the copper grid for TEM measurement. Furthermore, 

the chemical state and surface composition of WS-MSQDs were investigated 

by X-ray photoelectron spectroscopy (XPS) measurements (Fig. 2b). As shown 
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in Fig. 2b, no peak for Si was detected, indicating that nano-SiO2 in the product 

were removed completely. Fig. 2c and d depict the high-resolution XPS of the 

WS-MSQDs in the Mo 3d and S 2p. As shown in Fig. 2c, the two main peaks at 

232.1 and 228.8 eV corresponded to Mo
4+

 3d3/2 and Mo
4+

 3d5/2, respectively, 

and the peak at 225.9 eV is S 2s. As shown in Fig. 2d, two peaks at 161.7 and 

162.8 eV corresponded to S 2p3/2 and S 2p1/2, respectively[37]. These results 

indicate that the obtained WS-MSQDs are trigonal prismatic (2H) phase.  

 

Fig. 2. (a) EDX spectrum of the WS-MSQDs. (b) XPS image of the WS-MSQDs. The 

high-resolution XPS spectra of (c) Mo 3d and (d) S 2p. 

 

The phase identity of the WS-MSQDs was confirmed by Powder X-ray 

diffraction (XRD) and Raman spectroscopy measurements. Fig. 3a depicts the 

XRD data for the WS-MSQDs and MS nanosheets is used as a reference. It 

depicts that only two weak diffraction peaks are detected at 32.82° and 58.42° 
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for WS-MSQDs, and the most of other peaks are disappearance. It demonstrates 

the formation of mono- or few-layered WS-MSQDs. Fig. 3b shows that the 

Raman spectra for MS nanosheets presents two distinct peaks at 379.5 cm
−1

 and 

403.4 cm
−1

 for the E1 
2g and A1 

g  vibrational modes, respectively[38]. The E1 
2g 

mode of the monolayer WS-MSQDs is red-shifted compared to that of MS 

nanosheets, which is identical with previous report[39].  

 

Fig. 3. (a) XRD patterns and (b) Raman spectra of the MS nanosheets and WS-MSQDs. 

3.2. Optical Properties of MSQDs 

The optical properties of the WS-MSQDs were explored in HEPES (10 

mM, pH 7.2) buffer solution. The UV-vis absorption spectra show an 

absorption peak at 295 nm, which corresponds to the excitonic feature of 

WS-MSQDs, presented in Fig. 4a. The WS-MSQDs emit fluorescence at 

425nm upon the excitation of 340 nm with a quantum yield of 5.9%. Fig. 4b 

shows the fluorescence emission spectra of the WS-MSQDs excited by the light 

with different wavelengths. From it, we can see the fluorescence emission of 

WS-MSQDs exhibited an excitation-dependent behaviour with the excitation 

wavelength change from 270 to 400 nm. This photoluminescence behavior is 

analogous to the previous report[39], which is generated from the high 

homogeneity and good water solubility of the WS-MSQDs. 
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Fig. 4. (a) UV-vis absorption and fluorescence emission spectrum of WS-MSQDs. (b) 

Fluorescence emission spectra of WS-MSQDs at different excitation wavelength. 

3.3. Effects of the pH 

The stability of the fluorescence for WS-MSQDs under different 

conditions was also explored. As shown in Fig. 5a, the fluorescence intensity of 

WS-MSQDs is found to be independent of pH over a wide range (2.5-11.0), 

which indicates the influence of pH on the fluorescence of WS-MSQDs is 

negligible. Furthermore, the fluorescence intensity of WS-MSQDs has no 

significant decline under continuous irradiating at 340 nm for 30 min (Fig. 5b), 

suggesting WS-MSQDs possesses excellent photostability. Therefore, it is 

demonstrated that the fluorescence of WS-MSQDs is stable fairly under 

different conditions and has the potential for biological applications. 

 

Fig. 5. The photostability of WS-MSQDs (a) Fluorescence stability studies of WS-MSQDs in 

different pH solutions. (b) Fluorescence intensity of WS-MSQDs under excitation at 340 nm for 

30 min. 
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3.4. Detection of Fe
3+

 Ions and Selectivity Measurements.  

To evaluate the recognition capability of WS-MSQDs towards Fe
3+

 ions 

over other metal ions (such as Ag
+
, Al

3+
, Ba

2+
, Ca

2+
, Cd

2+
, Co

2+
, Cr

3+
, Ga

3+
, 

Hg
2+

, K
+
, Li

+
, Mg

2+
, Mn

2+
, Na

+
, Ni

2+
, Pb

2+
 and Zn

2+
),  selectivity experiment 

was also carried out. As shown in Fig. 6a, only the addition of Fe
3+

 results 

significant quenching effect on the fluorescence of WS-MSQDs, whereas no 

obvious changes are observed upon the addition of other metal ions under the 

same conditions, which indicating the high selectivity of WS-MSQDs for Fe
3+

 

in aqueous solutions and potential as an effective fluorescence probe for Fe
3+

 

detection. Furthermore, the cation-competitive experiments were conducted in 

the presence Fe
3+

 ions mixed with different metal ions, shown in Fig. 6b. As a 

result, the fluorescence intensity has little change under the condition of these 

ions coexistence, suggesting the competing ions have tiny influence on the 

fluorescence intensity of WS-MSQDs.  

Then, the sensing performance of WS-MSQDs towards Fe
3+

 was 

investigated systematically in HEPES (10 mM, pH 7.2) buffer solution. The 

fluorescence titration spectra of Fe
3+

 to WS-MSQDs are displayed in Fig. 6c. 

Upon addition of different concentrations of Fe
3+ 

ions, the fluorescence 

intensity of the WS-MSQDs at 425nm decreases gradually linearly. From the 

linear equation (Fig. 6d), the detection limit (LOD) for Fe
3+

 ions was measured 

to be 2.03 μM (3σ per slope) (R
2
 = 0.9904), which met the limit of Fe

3+
 in 

drinking water (5.357 μM) set by U. S. Environmental Protection Agency[40].
 

Therefore, WS-MSQDs could be served as a fluorescence turn-off probe for 

quantitative detection of Fe
3+

 ions. 
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Fig. 6. (a) Fluorescence spectra of WS-MSQDs upon addition of various metal ions (Fe
3+

, 

Ag
+
, Al

3+
, Ba

2+
, Ca

2+
, Cd

2+
, Co

2+
, Cr

3+
, Ga

3+
, Hg

2+
, K

+
, Li

+
, Mg

2+
, Mn

2+
, Na

+
, Ni

2+
, Pb

2+
 

and Zn
2+ 

). (b) Relative fluorescence intensities of WS-MSQDs at 425 nm. (black bars: 

WS-MSQDs; red bars: WS-MSQDs with other metals; blue bars: WS-MSQDs with other 

metals ions and Fe
3+ 

ions). (c) Fluorescence spectra of WS-MSQDs in the presence of 

different concentration of Fe
3+ 

ions. (d) Fluorescence intensity of WS-MSQDs versus 

increasing concentrations of Fe
3+ 

ions. Inset of (d): The linear changes of fluorescence 

intensity of WS-MSQDs at 425 nm upon titration with Fe
3+ 

ions. All spectra were acquired 

in HEPES (10 mM, pH 7.2) buffer solution at room temperature. [WS-MSQDs]= 10 

μg/mL, λex = 340 nm, Slit: 5.0 nm/5.0 nm.  

3.5. Fluorescence imaging 

In addition, considering the positive results in vitro, the fluorescence 

imaging of WS-MSQDs for Fe
3+

 in living cells was studied. As shown in Fig. 

7a, An intense intracellular blue fluorescence could be seen when BHK cells 

incubated with WS-MSQDs (20 μg/mL) for 1 h at 37 °C, which implying that 

WS-MSQDs possessed good cell membrane permeability. However, the cells 

treated with WS-MSQDs 20 μg/mL were further incubated with Fe
3+

 (100 μM) 
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for another 1 h (Fig. 7b), an obvious fluorescence decrease was observed, 

which was in agreement with the Fe
3+

 induced fluorescence response. Taken 

together, WS-MSQDs was biocompatible and suitable for imaging of Fe
3+

 in 

living cells. 

 

Fig. 7. Bright-field and fluorescence images of BHK cells. (a) BHK cells were incubated 

with WS-MSQDs (20 μg/mL) for 1 h. (b) BHK cells were incubated with WS-MSQDs (20 

μg/mL) for 1 h and then further incubated with Fe
3+

 (100 μM) for 1 h. 

4. Conclusion 

In summary, mass production of WS-MSQDs was achieved via a sequential 

combination of sintering/etching/exfoliation method and solvothermal route. 

With such a strategy, uniform WS-MSQDs were produced with a high yield 

more than 30 wt %, indicating the significant competitiveness of the synthetic 

method we proposed toward mass production of the WS-MSQDs. The obtained 

WS-MSQDs with average size of 3.4 nm display sufficient water solubility and 

remarkable fluorescence properties. Furthermore, the WS-MSQDs have been 

utilized as a probe for the selective and sensitive detection of Fe
3+

 ions. The 

WS-MSQDs exhibit highly fluorescence stability under a wide range of pH and 

continuous irradiation. Finally, the WS-MSQDs were used for the fluorescence 
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imaging of Fe
3+

 in living cells, which exhibited practical potential for various 

bio-applications.  
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