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Abstract: In this work, tris(hydroxymethyl)aminomethane (i.e. Tris) is reported to be an 

effective protecting agent to stabilize 2D nanomaterials in water for various enhanced 

applications. As demonstrated, molybdenum sulfide (MoS2) nanosheets are first exfoliated 

from MoS2 bulk under a low-energy sonication in the assistance of protein bovine serum 

albumin (BSA), and then BSA molecules are replaced with Tris to stabilize the exfoliated 

MoS2 nanosheets. The Tris-stabilized MoS2 nanosheets have a robust dispersibility to resist 

long-term storage (e.g. 2.5 years), high temperature (e.g. 220 ○C) and high speed 

centrifugation (e.g. 12,000 rpm). Furthermore, they also exhibit high biocompatibility and 

promising photothermal effect, which provide a better performance in photothermal therapy 

for inhibiting the growth of tumour. In addition, the surface Tris molecules readily introduce 

the grafting of polydopamine (PDA) on MoS2 nanosheets to form a universal platform for 

coating of other functional polymers on nanosheets. Overall, this work not only brings more 

opportunities to exploit the outstanding applications of 2D nanomaterials, but also suggests a 
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new and effective route to prepare the composite of nanosheets and functional polymers for 

their synergistic properties. 

1. Introduction

Due to high surface-to-volume ratio, mechanical flexibility and quantum confinement effect, 

ultrathin two-dimensional (2D) nanomaterials exhibit fascinating exotic physical and 

structural properties, which have more superiorities in a variety of applications as compared 

to their bulky materials.[1-7] For example, graphene, the thinnest as well as most popular 2D 

nanomaterials, has a very high thermal conductivity of above 3000 W mK−1, over five orders 

of magnitude than amorphous carbons.[4] Meanwhile, graphene has also the excellent 

characteristics in electron mobility and intrinsic strength.[5, 6] However, the lack of an 

electronic bandgap limits the applications of graphene in photo-responsive areas such as 

photoelectronics, photocatalysis and photo-to-energy conversion.[8-10] An important 

alternative, transition-metal dichalcogenide (TMD) nanosheets in single and few layers, have 

a layer-dependent bandgap in the range from 0.8 eV to 2.4 eV (the thinner layer corresponds 

with the larger bandgap), which provide a wide photo absorption window from the infrared to 

visible regime.[11, 12] Specifically, bulk MoS2 is a semiconductor with narrow indirect 

bandgap of about 1.3 eV, while MoS2 monolayer possesses a large direct bandgap of 1.9 

eV.[13] Driven by this unique property as well as its abundance in nature as molybdenite, 

MoS2 nanosheets have been becoming a new class of promising nanomaterials for 

fundamental studies and outstanding applications.[14-17]

 Natural MoS2 crystals are commonly found in the 2H (hexagonal) phase with a layered 

structure:[18] the hexagonal layers bind to each other through weak van der Waals 

interactions and each single layer of MoS2 contains three atomic layers (S–Mo–S) with a 

thickness of 6.5 Å. Owing to the layered structure similar to graphene, most of the methods 
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used for isolation or preparation of graphene are also effective for MoS2 nanosheets, including 

micromechanical cleavage,[19, 20] chemical vapor deposition,[21-23] ion intercalation-

assisted[24, 25] and sonication-assisted liquid exfoliation. Among them, sonication-assisted 

liquid exfoliation is the most convenient and cost-effective technique for the scalable 

production of MoS2 nanosheets at high yield.[26, 27] Sonication generates bubbles in the 

solution via liquid cavitation and then the collapse of bubbles causes an intensive tensile 

stress on the MoS2 grains when microjets and shock waves pass through them, which leads to 

the exfoliation of thin layers from bulky MoS2 crystals into nanosheets.[28] In the early 

researches, the sonication-assisted exfoliation of MoS2 nanosheets was only realized in a 

special solvent, N-methyl-pyrrolidone that has a surface energy similar to MoS2.[29] 

Whereas, in other solvents the exfoliated MoS2 nanosheets aggregated into sedimentation due 

to the dissimilar surface energy between solvent and MoS2.[28] To obtain MoS2 nanosheets in 

these “poor” solvent, some special surfactant or biomolecules must be introduced to adjust the 

surface energy of solvent or stabilize MoS2 nanosheets via surface adsorption 

(electrostatically or sterically stabilized).[30-37] Typically, few-layered MoS2 nanosheets 

were successfully exfoliated under sonication in the aqueous solution of ionic surfactants 

sodium cholate, where surfactant would bind onto MoS2 nanosheets via van der Waals force 

and subsequently stabilize the nanosheets due to the electrostatic repulsion.[33-36] Recently, 

various biomolecules have also been demonstrated for the exfoliation and stabilization of 

MoS2 nanosheets in water.[30-32] In particular, we found that protein bovine serum albumin 

(BSA) was very effective to exfoliate various TMD nanosheets due to its rich functional 

groups.[37] After adding BSA into MoS2 solution, the nonpolar groups in BSA can firmly 

bind on the surface of MoS2 bulk while the polar groups are exposed to water, which 

facilitates the exfoliation process under sonication to produce monolayer nanosheets. The 

resulting concentration of MoS2 nanosheets could reach 1.36 mg/mL, which is much higher 
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than 0.3 mg/mL obtained by using N-methylpyrrolidone, and 0.5 mg/mL by using 

surfactant.[37] 

  As the exfoliating agent, surfactant and biomolecules exhibit a remarkable ability in the 

high-yield production of MoS2 nanosheets in aqueous solution, but these large molecules are 

usually unexpected to bind on the exfoliated nanosheets as the stabilizing agent because this 

covering structure inevitably compromises the performance of MoS2 nanosheets in the 

surface-related applications.[38, 39] Herein, we demonstrates an important finding that the 

exfoliated MoS2 nanosheets can be stabilized by tris(hydroxymethyl)aminomethane that has 

one amino and three hydroxyl groups (i.e. Tris). Interestingly, the Tris-stabilized MoS2 

nanosheets have high stability to suffer from long-term storage, high temperature and rapid 

centrifugation, and their excellent biocompatibility provides a better application in 

photothermal therapy for inhibiting the growth of tumour. Inspired by the stabilization, 

dopamine is induced to MoS2 nanosheets and polymerize into polydopamine on MoS2 

nanosheets, which form a universal platform for coating of other polymers on nanosheets. 

Clearly, the production of Tris-stabilized nanosheets is very important for the exploitation of 

outstanding performance and enhanced applications of 2D nanomaterials, and the stabilizing 

mechanism also implies a new way to prepare the composite of nanosheets and functional 

polymers. 

2. Results and Discussion

With low cost, high robustness and suitable pH range, Tris is extensively used in biochemistry 

and molecular biology as a component of buffer solutions.[40, 41] Based on this knowledge, 

it is very significant to develop an effective approach to prepare Tris-stabilized nanosheets for 

more convenient biological applications of 2D nanomaterials. Aiming this goal, we firstly 

investigated the direct exfoliation of MoS2 nanosheets in Tris solution (10 mM) via sonicating 

MoS2 powder, as a result, MoS2 nanosheets could not be exfoliated under sonication due to 
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the small molecular weight of Tris molecule.[37] So, a two-process strategy was developed 

for obtaining Tris-stabilized MoS2 nanosheets: the first step is to exfoliate MoS2 nanosheets in 

BSA solution via sonication, and the second step is to replace BSA with Tris molecules for 

stabilizing MoS2 nanosheets. Experimentally, the second process was carried out via 

centrifuging and washing BSA-adsorbed nanosheets with Tris solution. The resultant Tris-

stabilized MoS2 nanosheets were first characterized by X-ray diffraction (XRD) pattern and 

Raman spectrum.  Compared to bulk MoS2, most of XRD reflection peaks cannot observed 

for MoS2 nanosheets (Figure S1A), indicating that there is little stacking of layers along c 

direction (i.e., ultrathin nanosheets).[42, 43] Meanwhile, Raman spectrum of Tris-stabilized 

MoS2 nanosheets exhibits two peaks at 382 and 408 cm−1 (Figure S1B), which are resulted 

from the in-plane vibration (E1
2g) and out-of-plane vibration (A1g) modes of MoS2, 

respectively.[44] The clear blue-shift in Raman peaks from MoS2 bulk to nanosheets further 

confirms the production of ultrathin MoS2 nanosheets in Tris solution.[45] 

   A more direct evidence for nanosheets is the observation on their morphology. As shown in 

Figure 1A, low-resolution transmission electron microscope (TEM) clearly shows the 

presence of extremely thin 2D flakes with an average size of 100 nm. In high-resolution TEM 

image at the edge (Figure 1B), there is no steps to be observed, indicating the single-layer 

structure of nanosheets. In high-resolution TEM image at center (Figure 1C), we can see 

hexagonally symmetric structure of 2H phase MoS2 and the lattice spacing of 0.27 nm 

assigned to (100) atomic planes of MoS2.[46] Correspondingly, fast Fourier transform also 

shows the hexagonal spot pattern (inset in Figure 1C), signifying that Tris-stabilized MoS2 

nanosheets retain the single crystalline structure of 2H phase MoS2. The optical image of Tris 

solution containing MoS2 nanosheets is shown in the inset of Figure 1D, which displays a 

color of black brown, and becomes yellow after diluted for 8 times. Its UV−vis absorption 

spectrum exhibits three MoS2-related peaks at 400 nm, 605 and 666 nm (black line in Figure 
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1D), which are similar with the BSA-adsorbed MoS2 nanosheets.[37] Compared to the 

solution of BSA-adsorbed MoS2 nanosheets (Figure S2), we noted that Tris solution of MoS2 

nanosheets still has a small peak at ~278 nm from BSA molecules (Tris does not show 

absorption peak at ~278 nm, as presented in Figure S3), which is much weaker than that of 

BSA-adsorbed MoS2 nanosheets (i.e., most of BSA have been removed from MoS2 

nanosheets). In our previous work,[37] we reported that the bound BSA can be removed via 

more rounds of centrifugation, leading to the re-aggregation of the MoS2 nanosheets due to 

the lack of the surface-protective BSA (Figure S4). Therefore, the stabilization of MoS2 

nansoheets in Tris solution should be attributed to the function of Tris molecules rather than a 

small amount of remaining BSA. Through further dilution with Tris solution, we can obtain 

various solution with different concentrations of MoS2 nanosheets, as shown in Figure 1D. 

Using the absorption intensity at 400 nm as reference, there is a linear relationship between 

absorption intensity and the concentration of MoS2 nanosheets (Figure S5), which can be used 

to easily estimate the amount of MoS2 nanosheets by absorption intensity. 

    Compared with BSA molecule (66 kDa), Tris molecule has a very small molecular weight 

of 121 Da, which will provide a better performance in surface-dependent application due to 

the little block of features resulted from MoS2 nanosheets.[38] As a typical example, we 

observed and compared the photocatalytic ability of BSA-adsorbed and Tris-stabilized MoS2 

nanosheets via the degradation of organic dye, methylene blue (MB) under irradiation of a 

solar simulator. As shown in Figure 2, the reduction of absorption intensity indicates the 

photocatalytic degradation of MB in the presence of MoS2 samples. Clearly, MB was quickly 

bleached by Tris-stabilized nanosheets, as compared to BSA-absorbed MoS2 nanosheets. 

According to the change of absorption intensity, the percentages of photocatalytic degradation 

are calculated to be 79% and 47% for Tris-stabilized and BSA-adsorbed MoS2 nanosheets, 

respectively. The much higher photocatalytic performance should be attributed to the efficient 
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transport of photogenerated electrons and holes at surface of Tris-stabilized MoS2 nanosheets, 

which converse oxygen into superoxide anions and subsequently oxidize MB.[47] 

    Besides the higher photocatalytic ability, MoS2 nanosheets also have an ultrahigh stability 

in Tris solution. First, we compared the dispersibility of MoS2 nanosheets in Tris solution and 

water with increment of storage time. As shown in Figure 3A, there is no change on the color 

and absorption spectra for the Tris solution of MoS2 nanosheets with the increase of storage 

time up to 60 days, indicating that MoS2 nanosheets is very stable in Tris solution (Indeed, 

MoS2 nanosheets can be stored in Tris solution for 2.5 years and still disperse well as 

presented in Figure S6). In comparison, MoS2 nanosheets are only stable in water within one 

day. If the storage time more than one day, a serious sediment of nanosheets will occur to 

form black precipitate on the bottom of the vial (inset of Figure 3B). Correspondingly, the 

absorption peaks are hardly observed after 60 days. The comparison reveals the critical role of 

Tris on the stabilization of MoS2 nanosheets. Moreover, the stabilization of MoS2 nanosheets 

by Tris is not destroyed at high temperature (e.g. 220 ○C). As previously reproted, protein 

BSA will be decomposed at high temperature.[48, 49] As indicated in Figure 4, the 

absorption peak from BSA disappeared to indicate the complete decomposition of BSA under 

hydrothermal treatment (refer to pink and blue lines). Therefore, BSA-adsorbed MoS2 

nanosheets are not stable after hydrothermal treatment (Figure S7). In comparison, MoS2 

nanosheets still are stable in Tris solution after hydrothermal treatment (Figure 4). At this 

condition, the remaining BSA was completely removed from Tris solution of MoS2 

nanosheets. In addition, we also studied the effect of high speed centrifugation on the 

dispersibility of Tris-stabilized MoS2 nanosheets. As shown in Figure S8A, the centrifugation 

speed at 12,000 rpm will lead to the sediment of MoS2 nanosheets into a small black spot at 

the bottom of centrifuge tube. After removing the supernatant, the black sediment can be re-

dispersed into Tris solution via sonication for 20 min, which are revealed by their UV-vis 

absorption spectra at different storage time (Figure S8B). Whereas, if water is added rather 
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than Tris solution, the precipitate of MoS2 nanosheets cannot be dispersed to form a uniform 

solution. There are also no characteristic absorption peaks from MoS2 nanosheets in their UV-

vis absorption spectra (Figure S8C). The above results and comparison fully prove the 

ultrahigh stability of Tris-protected MoS2 nanosheets, so that their dispersibility is not 

influenced by storage time, heating temperature and rapid centrifugation. 

    In addition to high stability of MoS2 nanosheets in Tris solution, the biocompatibility of 

Tris-stabilized MoS2 nanosheets is also expected for ensuring the safety of MoS2 nanosheets 

in biomedical application. To reveal this property, we first observed the cytotoxicity of Tris-

stabilized MoS2 nanosheets by using three types of human breast cells: epithelial cells 

(MCF10A), adenocarcinoma cells (MCF7) and cancer cells (SKBR3). Figure 5A shows the 

confocal microscopy images of three types of cells after cultured by Tris solution with and 

without 100 μg/ mL MoS2 nanosheets for 24 h. As a result, there are no clear difference 

between the image of MoS2 nanosheets and that of control sample, signifying the low 

cytotoxicity of Tris-stabilized MoS2 nanosheets.[50] For a deeper characterization, we further 

investigated the cell viability and cell apoptosis at different concentration of MoS2 

nanosheets. Using MCF7 cell line as example, different concentration of MoS2 ranging from 5 

μg/ mL to 200 μg/ mL was incubated with MCF7 cells for 24 h and then the cell viability was 

measured by the ApoLive-Glo assay.[51] The results showed that cell viability was not 

significantly affected by the concentration below 200 μg/ mL, suggesting a very low 

cytotoxicity of the Tris-stabilized MoS2 (Figure 5B). In addition, cell apoptosis (caspase 3/7 

activity) was not influenced by the existence of Tris-stabilized MoS2 nanosheets (Figure 5C), 

which further indicated a good biocompatibility of Tris-stabilized MoS2 nanosheets. Overall, 

Tris-stabilized MoS2 has a low cytotoxicity in normal breast cells and cancer cells at working 

concentration, which is the first priority in developing new biomaterials for medical 

application. 
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    From bulk MoS2 to MoS2 nanosheets, the bandgap will increase to exhibit a stronger near-

infrared (NIR) absorbance intensity, thus making MoS2 nanosheets as a potential NIR 

photothermal agent.[52-57] To investigate the photothermal effects, we studied the 

photothermal property of Tris-stabilized MoS2 nanosheets under continuous irradiation with a 

808 nm laser. As shown in Figure S9, the temperature of MoS2 nanosheets will increase with 

increment of irradiation time. After 4 min irradiation, MoS2 nanosheets (100 µg mL-1) showed 

a temperature of 42 ○C, while Tris solution still showed a temperature of ~ 27 ○C. The strong 

photothermal performance of MoS2 nanosheets thus makes it as a promising photothermal 

agent for photothermal therapy. 

    Furthermore, in vitro photothermal effect was evaluated by direct observation of cell 

viability under a confocal microscope. Two fluorescent dyes, calcein green acetoxymethyl 

(AM) and propidium iodide (PI), were used for staining the live and dead cells, respectively. 

Calcein green AM is a cell-permeant dye that can be used to determine cell viability in most 

eukaryotic cells.[58, 59] In live cells, the nonfluorescent calcein green AM is converted to a 

green-fluorescent calcein after intracellular esterases remove the AM esters. Thus, live cells 

present green fluorescence when calcein green AM is added into cell culture medium. PI is a 

very weak red fluorescent dye and cannot enter cells through the cell membrane when cell 

alive, but its fluorescence can be dramatically increased after it bound to nucleic acids. 

Therefore, we can observe live cells showing strong green stained with calcein green AM and 

dead cells presenting simultaneously green fluorescence disappears and strong red 

fluorescence stained with PI. As shown in Figure 6A, after staining with Calcein green 

AM/PI, MCF7 cells were treated with 808 nm laser at the center zone. Confocal images were 

taken after 30 s and 120 s with excited with 488 nm laser. It is very clear that only the center 

zone of the cells gradually died with the extension of the NIR irradiation time. After NIR 

irradiation for 2 min, almost all cells were dead. It is noteworthy that the same efficacy can 
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also be achieved by a higher power of NIR irradiation in a shorter time. On the other hand, in 

order to exclude the possibility of photocytotoxicity of NIR irradiation, MCF7 cells stained 

with Calcein green AM/PI exposed to 808 nm irradiation following the same treatment, did 

not show significant cell death after the NIR irradiation. 

    Analysis of cell apoptosis was carried out using a combination of Annexin V-fluorescein 

isothiocyanate (FITC) and PI. Annexin V is a kind of protein that binds phospholipids in the 

presence of calcium. During early stages of apoptosis, cell membrane phosphatidylserine is 

transported from the inner plasma membrane leaflet to the outer leaflet, where it binds with 

Annexin V molecules. PI is membrane impermeable to live cells and generally used for the 

detection of DNA fragmentation in nuclei of cells with compromised membrane.[60] 

Therefore, necrotic cells or cells at late stage of apoptosis will be labeled with Annexin V-

FITC (green) and PI (red), cells at the early stage of apoptosis will be labeled with Annexin 

V-FITC only, while live cells will not be labeled by either of them. After staining with 

Annexin V-FITC and PI, MCF7 cells were treated with 808 nm laser at the center zone for 

observation. Confocal images were taken after 30 s and 120 s with excited with 488 nm laser. 

Consistently with cell proliferation assay, almost all cells were dead after NIR irradiation for 

2 min in MoS2 group but not in control group (Figure 6B). However, we found an apoptosis 

stage (only cell membrane staining with green) is only 30 s, suggesting cell undergo apoptosis 

before necrosis. In comparison, there is not significant cell apoptosis and cell death in MCF7 

cells stained with Annexin V-FITC and PI only exposed to 808 nm irradiation without MoS2. 

    With good biocompatibility and promising photothermal property, Tris-stabilized MoS2 

nanosheets will be a desired agent in photothermal therapy. Herein, we deeply studied the 

inhibition of tumor growth by Tris-stabilized MoS2 nanosheets.[61, 62] As shown in Figure 

7A, tumors treated with Tris-stabilized MoS2 nanosheets formed a scab after NIR irradiation. 

It may be due that the skin near the tumor burned when photothermal conversion induced by 
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MoS2, which will play a critical role in tumor regression. As shown in figure 7B and 7C, 

tumor volume of control group (treated with irradiation only) increased to be 342  158 mm3, 

indicating a large tumor growth; however, after treated with MoS2, tumor volume decreased 

to be 13  12 mm3 under NIR irradiation, indicating a significant regression of tumor volume 

(only 1/26 of the control sample). We also noted that both groups exhibited no significant 

weight loss during 7 days’ treatments, indicating the non-adverse effect by the treatment of 

mice with MoS2 and irradiation (Figure 7). Histological changes was further investigated by 

slicing tumors into frozen sections and staining with hematoxylin and eosin. As shown in 

figure 7D, no many necrosis or apoptosis were found in control group, but the sample treated 

with MoS2 and irradiation showed significant apoptosis and necrosis, confirming that MoS2 

nanosheets has a significant inhibition efficiency on tumor growth under NIR irradiation.[62, 

63] 

    As demonstrated above, the stabilization of Tris-protected MoS2 nanosheets benefits from 

the function of Tris molecule that has two types of functional groups: amino and hydroxyl 

groups. Based on the calculated result by density functional theory, the binding energy of 

amino group on MoS2 layer is higher than that of hydroxyl group.[37] So, we can suppose 

that Tris molecule will bind on MoS2 nanosheets via amino group while three hydroxyl 

groups expose to water for the stabilization of MoS2 nanosheets. Due to having the same 

functional groups with Tris, dopamine can also adsorb on MoS2 nanosheets, which can further 

polymerize into polydopamine (PDA) on MoS2 nanosheets. Figure S10A show the adsorption 

and polymerization process for grafting PDA on MoS2 nanosheets. Seen from their UV-vis 

absorption spectra (Figure S10B), PDA layer can be formed on MoS2 nanosheets in Tris 

solution (pH 8.5) after mixed for 40 min.[64-67] And, the presence of PDA cannot damage 

the crystalline structure of MoS2 nanosheets (Figure S10C,D). Further, the PDA-grafted MoS2 

nanosheets (MoS2@PDA) can be coated with other polymer on MoS2 nanosheets. For 
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example, via simply mixing the MoS2@PDA nanosheets and polyethylene glycol (PEG) or 

polyethylenimine (PEI), their composite will be obtained after centrifugation (Figure 8). In 

the UV-vis absorption spectra, the composite materials still show the characteristic peaks 

from MoS2 nanosheets (Figure 8A), and the core-shell structure can be clearly observed in 

their TEM images (Figure 8B and C), indicating the production of hybridized 2D 

nanomaterials. Meanwhile, their FTIR spectra also confirmed the composition of various 

products including MoS2@PDA, MoS2@PDA@PEG and MoS2@PDA@PEI nanosheets 

(Figure S11).[68-70] These results will provide an effective route for functionalize 2D 

nanomaterials with other polymers. 

3. Conclusion

In conclusion, we developed a two-step strategy for the large-scale production of Tris-

stabilized MoS2 nanosheets at high yield, which are achieved via the protein-induced 

exfoliation of MoS2 nanosheets and the subsequent removal of protein by washed with Tris 

solution or hydrothermal treatment in Tris solution. With multiple functional groups, Tris 

molecules readily bind at MoS2 layers to provide an ultrahigh stability of MoS2 nanosheets. 

Moreover, the bound Tris molecules did not compromise the inherent property of MoS2 

nanosheets due to its small molecular weight, which is more superior to protein-adsorbed 

nanosheets in practical applications such as photocatalytic degradation of organic dyes. 

Furthermore, Tris-stabilized MoS2 nanosheets have good biocompatibility and promising 

photothermal property, which were ideally used in photothermal therapy for inhibiting the 

growth of tumour. Having similar functional groups as Tris, dopamine can also be induced to 

the surface of MoS2 nanosheets for grafting PDA layer on MoS2 nanosheets, and further 

coating of other polymers on nanosheets. Overall, this work provide an effective route to 

prepare stable 2D nanomaterials and their composite materials that exhibit promising 

properties for the outstanding performance in practical applications. 
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4. Experimental Section

    Materials: MoS2, BSA, Tris, dopamine, Poly(ethylene glycol) diamine (PEG-NH2, Mn = 

2000 g/mol,  Polyethylenimin (PEI, Mn = 1500 g/mol), MB, PI, FITC, ethanol, hydrochloric 

acid and sodium hydroxide were purchased from Merck. Phosphate buffer powder (pH=7.4) 

were obtained from Honeywell. The cell lines used in this study were obtained from ATCC, 

USA. All chemicals were used without further purification, and their aqueous solutions were 

prepared using distilled water. 

    Exfoliation and stabilization of MoS2 nanosheets: An ultrasound machine, Elma Elmasonic 

E100H was used to offer a sonic bath with a low energy density. Typically, 150 mg of MoS2 

powder was added into 10 mL of aqueous solution containing 20 mg of BSA. The mixed 

suspension was sonicated for 72 h and vortexed every 3 hours. After centrifuged at 5000 rpm 

for 45 min, the collected precipitant was dispersed into 10 mL of Tris buffer (10 mM) via 

sonication for 15 min. The centrifugation and re-dispersion processes were repeated for twice, 

so that BSA molecules were mostly removed from MoS2 nanosheets. Finally, MoS2 product 

was re-dispersed into 10 mL of Tris solution and the resultant solution was centrifuged at 

1500 rpm for 45 min to collect the supernatant containing Tris-stabilized MoS2 nanosheets. 

For comparison, BSA-adsorbed MoS2 nanosheets were also obtained through directly 

dispersing the MoS2 precipitate after the first-round centrifugation into water and 

subsequently collecting the supernatant after centrifugation at 1500 rpm. 

    Coating of PDA and other polymers on MoS2 nanosheets: To graft PDA on MoS2 

nanosheets, 13 mg of dopamine was added into 10 mL of Tris buffer solution of MoS2 

nanosheets to form a dopamine concentration at 1.3 mg/mL. After vortexed for 5 min, the 

mixed solution was adjusted to pH=8.5 with 0.1 M NaOH solution and then incubated on 

mixer for 40 min. The resultant solution was centrifuged at 5000 rpm and washed with 

ethanol for two times. The final precipitate was re-dispersed into Tris solution (10 mL) to 
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obtain MoS2@PDA nanosheets. The MoS2@PDA nanosheets were further used for coating 

other polymers on MoS2 nanosheets. For example, a PEI solution at 1 mg/mL was first 

prepared in Tris solution and then mixed with the solution of MoS2@PDA nanosheets at a 

volume ration of 1:1. After incubated in a shaker at 60 C for 3 h and in a mixer at room 

temperature for 16 h, the obtained solution was centrifuged and washed with water for three 

times, and finally the product was dispersed into water to form the solution of 

MoS2@PDA@PEI nanosheets. Following the similar procedure, MoS2@PDA@PEG 

nanosheets were also prepared via mixing MoS2@PDA nanosheets and PEG-NH2 solution. 

    Photocatalytic degradation of MB by MoS2 nanosheets: After removal of free BSA, the 

concentration of exfoliated MoS2-BSA nanosheets was determined by weighting 2 mL of 

MoS2-BSA solution before and after the complete drying. Meanwhile, the same concentration 

of MoS2 was also obtained in Tris solution via centrifuging and washing MoS2-BSA 

nanosheets with the same volume of Tris solution. Further, various solution with different 

concentration MoS2-BSA or MoS2-Tris can be obtained via simple dilution with water or Tris 

solution. For photocatalytic degradation, 20 μL of MB (1 mM) solution was added to 1.98 mL 

of MoS2 solution (0.5 mg/mL) and the mixed solution was irradiated under a solar simulator 

for 20 min. After centrifuging at 10 000 rpm for 10 min, the absorption spectrum of MB in 

supernatant was recorded. The photocatalytic activity of MoS2 nanosheets was determined by 

comparing the absorption intensity of MB in supernatant to that of 10 μM MB in water. 

Meanwhile, the photocatalytic degradation of MB by BSA-adsorbed nanosheets was also 

performed for comparison. 

    Cell viability and apoptosis: Cytotoxicity experiments of MoS2 were conducted by 

measuring cell viability and apoptosis in human breast adenocarcinoma cell line SKBR3 and 

cancer cell line MCF7 as well as normal breast epithelial cell line MCF10A using ApoLive-

Glo™ (Promega, US) according to manufacturer’s protocol. Cells were seeded at a density of 
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1.0×104 cells per well in 96-well plates for quantitative cytotoxicity experiments. Cells were 

incubated with the culture medium containing various concentrations of MoS2 in five 

replicates at 37 °C in a humidified atmosphere containing 5% CO2. After incubation for 24 h, 

the cells were washed with PBS. Twenty microliters of viability reagent were added to each 

well, and the cells were incubated at 37 °C for 30 min. Cell viability was measured by reading 

fluorescence at an excitation wavelength of 400 nm and emissions wavelength of 505 nm 

using a microplate reader (Infinite® 200 PRO, Tecan). After that, 100 µl of Caspase-Glo® 

3/7 reagent was then added and incubated at room temperature for 30 min. Cell apoptosis 

(Caspase 3/7 activity) was measured by reading luminescence of each wells using a 

microplate reader (Infinite 200, Tecan). Cell nuclear was stained using Hoechst 33342 

(Thermo Fisher, US) and observed under confocal microscope (Nikon A1R). 

    Photothermal effect of MoS2 nanosheets. MoS2 nanosheets were continuously irradiated by 

808 nm laser (1 W cm-2) for 5 min. The temperature was detected by an infra-red (IR) camera 

(FLIR, US). Furthermore, photothermal effect was assessed using live/dead cell viability 

assay (Invitrogen, US) according to the manufacturer's instruction. Briefly, MCF7 cells were 

incubated with 100 μg/ mL MoS2 for 3 h at 37 °C, 5% CO2. Tris buffer was used as a negative 

control while MoS2 was dissolved in Tris buffer. Non-internalized MoS2 were washed away 

with PBS twice. To assess cell viability, 60 μL of Calcein Green (1 μg/ mL) and PI (2 μg/ 

mL) mixture were added to each well for 10 min before confocal imaging. The samples were 

imaged by confocal microscope (Leica TCS SP5X) equipped with an argon laser for an 

excitation wavelength of 488 nm and an emission wavelength of 514 nm using a 40× 

objective. The samples were also imaged after irradiation with a multiphoton laser 

(Chameleon Ultra II, Ti-Sapphire with a tuning range of 680–1080 nm) equipped with the 

confocal microscope. For the irradiation, the laser wavelength was set at 808 nm and its 
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output was measured with a power meter (Thorlabs PM100D). Samples were irradiated with 

near interfered laser (808 nm) for 2 min to study the photothermal effects of MoS2 on cells. 

    In vivo tumor regression study: All the experiments were in accordance with the Animal 

Care Guidelines of Xiamen University. Six female BALB/c nude mice with weight of 19‒21 

g were fed in an IVC system and supplied with filtered air, sterile food and water. 

Hepatocarcinoma cell: HepG2 cells were dispersed in sterile PBS at a concentration of 1×107 

cells per milliliter and injected into the flank of nude mice at a volume of 100 μL per mouse. 

When the solid tumor volume reached around 100 mm3, mice were divided into 2 groups 

randomly, each group includes 3 mice: Group A: mice were injected with 100 μL MoS2 

nanosheets (1 mg/mL) in situ and irradiated (0.5 W/cm2, 808 nm, 6 min). Group B were 

treated with irradiation only. Tumor volume was measured and calculated by a formula: 

A×B2, where A is the longest size and B is the shortest size. After 7 days, mice were 

euthanized and tumors were removed for further measurement. 15% and 30% sucrose were 

applied for tumor dehydration and optimal cutting temperature (OCT) compound was used to 

embed tumors. Tumors were then sliced into frozen sections and stained with hematoxylin 

and eosin for histological research. 

Characterization: UV-vis absorption was recorded on a Shimadzu UV-3150 

spectrophotometer. X-ray diffraction (XRD) of MoS2 nanosheets were characterized by an X-

ray diffractometer (Bruker D8 GADDS) with Cu Kα (λ=0.15406 nm). Transmission electron 

microscopy (TEM) images were collected on a Philips 300 FEGTEM with the accelerating 

voltage of 300 kV. Raman measurements were conducted with Thermo Fisher DXR Raman 

Microscope equipped with a CCD detector in backscattered configuration using a 10× 

objective, and the Raman spectra were recorded with a 488 nm laser. Irradiances were 

provided by a solar simulator (Steuernagel, Germany model 535) for photocatalytic 
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degradation of dyes. Optical photographs were taken under room light with a Canon 350D 

digital camera. 
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Figure 1. Characterization of Tris-stabilized MoS2 nanosheets: (A) low-resolution TEM image, 

(B,C) high-resolution TEM images at the edge (B) and center (C), and (D) UV-vis absorption 

spectra after dilution by different times. Insets in (C) and (D) are the corresponding fast Fourier 

transform pattern, and optical images of nanosheet solution before and after dilution by 8 times, 

respectively. 

Figure 2. Photocatalytic degradation of methylene blue by MoS2 nanosheets. Blue line is the 

UV-vis absorption spectrum of 10 µM methylene blue. Green and red lines are the UV-vis 

absorption spectra of 10 µM methylene blue after photocatalytic degradation under a solar 

simulator for 20 min by BSA-adsorbed and Tris-stabilized MoS2 nanosheets, respectively. 

According to the change of absorption intensity, the percentages of photocatalytic degradation 

are calculated to be 79% and 47% for Tris-stabilized and BSA-adsorbed MoS2 nanosheets, 

respectively. 
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Figure 3. UV-vis absorption spectra and optical images (inset) of MoS2 nanosheets in Tris 

solution (A) and in water (B) at different storage times. The MoS2 nanosheets used are the black 

precipitate by centrifuging BSA-adsorbed nanosheets at 5 000 rpm for 45 min. The comparison 

indicates the ultrahigh stability of MoS2 nanosheets in Tris solution. 

Figure 4. UV-vis absorption spectra and optical images (inset) for characterizing Tris solution 

of MoS2 nanosheets after the pyrolysis of BSA. The as-obtained solution of MoS2 nansoheets 

was first diluted for two times and then underwent a hydrothermal treatment at 220 ○C for 5 h. 

Sample 1 and 2 are the MoS2 solution before and after hydrothermal treatment, respectively. 

Sample 3 and 4 are 1 mg/mL BSA solution before and after hydrothermal treatment, 

respectively. 
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Figure 5. Biocompatibility of Tris-stabilized MoS2 nanosheets. (A) Confocal microscopy 

images of human breast epithelial cells (MCF10A), adenocarcinoma cells (MCF7) and cancer 

cells (SKBR3) cultured with Tris solution (i.e. control sample) and Tris solution of 100 µg/mL 

MoS2 nanosheets. (B) Viability assay and (C) caspase3/7 activity of three types of cells after 

incubated with different concentration of Tris-stabilized MoS2 nanosheets. Data presents a 

mean value with ± standard deviation (n = 5). 

Figure 6. In vitro photothermal effect of Tris-stabilized MoS2 nanosheets by confocal 

fluorescent microscopy images of MCF7 cells: (A) cell proliferation by counterstained with 

calcein green AM and PI, and (B) cell apoptosis by counterstained with Annexin V-FITC and 

PI. The concentration of MoS2 nanosheets is 100 μg/mL and the wavelength of NIR irradiation 

is at 808 nm. Square zones were the area treated with NIR irradiation (scale bar = 100 μm). 
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Figure 7. In vivo photothermal effect of Tris-bound MoS2 nanosheets for the inhibition of 

tumor growth. (A) Photographs of subcutaneous tumors and (B) typical images of excised 

tumor after treatment by NIR and “MoS2 + NIR” for seven days. (C) Tumor growth and weight 

change curves with time and (D) hematoxylin and eosin staining for the tumor tissues harvested 

from the mice after different treatments for 7 days (scale bar = 50 μm). The experiments were 

carried out by 3 mice for each group and results of Figure C was represented as mean  SD (n 

= 3). 

Figure 8. Coating of polymer on MoS2@PDA nanosheets. (A) UV-vis absorption spectra and 

optical images (inset) of (1) MoS2@PDA@PEG and (2) MoS2@PDA@PEI nanosheets in 

aqueous solutions. (B) TEM image of MoS2@PDA@PEG and (C) TEM image of 

MoS2@PDA@PEI nanosheets. 
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A two-step strategy is developed to obtain tris-stabilized MoS2 nanosheets at high yield, 

which have ultrahigh stability and excellent biocompatibility for better applications in 

photocatalysis and photothermal therapy. Moreover, Tris molecules readily introduce the 

grafting of polydopamine on MoS2 nanosheets to form a universal platform for the coating of 

other functional polymers on nanosheets. 

Keyword: 2D nanomaterial, tris buffer, ultrahigh stability, surface functionalization, MoS2 

composite 
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Supporting Information 

Tris-Stabilized MoS2 Nanosheets with Robust Dispersibility and Facile Surface 

Functionalization 

Guijian Guan, Mingliang You, Xuan Liu, Yun-Long Wu*, Enyi Ye*, and Zibiao Li* 

Figure S1. Characterization and comparison of Tris-stabilized MoS2 nanosheets and bulk 

MoS2: (A) X-ray diffraction (XRD) patterns and (B) Raman spectra. Comparied to bulk MoS2, 

the great reduction in intensities for XRD peaks and clear blue-shift for Raman peaks indicate 

the production of ultratin MoS2 nanosheets in Tris solution. 
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Figure S2. UV-vis absorption spectrum of BSA-adsorbed and Tris-stabilized MoS2 nanosheets. 

Before measurement, the as-obtained solution of MoS2 nanosheets was first diluted for five 

times. 

Figure S3. UV-vis absorption spectrum of Tris solution (10 mM), which does not show 

absorption peak at ~278 nm. 
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Figure S4. UV-vis absorption spectra of solutions obtained by centrifugating BSA-adsorbed 

MoS2 nanosheets at 8 000 rpm and re-dispersing the precipitate into water (red line) and Tris 

solution (green line). 

Figure S5. Linear relationship between the absorption intensity at 400 nm and concentration of 

MoS2 nanosheets. Various solutions containing different concentration of MoS2 nanosheets 

were obtained via diluting the solution of MoS2 nanosheets with Tris solution. (refer to Figure 

1D). 
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Figure S6. UV-vis absorption spectrum and optical image (inset) of MoS2 nanosheets after 

keeping in Tris solution for 2.5 years. The MoS2 nanosheets were prepared in Tris solution on 

11 July 2016, and the measurement and photo taking were carried out on 15 February 2019. 

Before collecting the absorption spectrum, the MoS2 solution was diluted for five times with 

water.    

Figure S7. UV-vis absorption spectra of BSA-adsorbed MoS2 nanosheets before and after 

hydrothermal treatment. 
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Figure S8. Dispersibility of MoS2 nanosheets after centrifugation at 12,000 rpm for 30 min. 

(A) Optical images for showing the centrifugation process. (B,C) UV-vis absorption spectra at 

different storage times after dispersing the centrifuged MoS2 precipitate into Tris solution (B) 

and water (C). The Tris solution of MoS2 nanosheets has an absorption inetensity of ~0.4 at 400 

nm, while the value for the aqueous solution of MoS2 nanosheets is only ~0.01 (i.e., the 

centrifuged MoS2 precipitate cannot be dispersed in water).  

Figure S9. Photothermal property of Tris-stabilized MoS2 nanosheets. (A) Thermalgraphic 

images of MoS2 nanosheets after continuous irradiation for diffeent times. (B) Photothermal 

conversion of MoS2 nanosheets with the irradiation time. 
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Figure S10. Adsorption and polymerization of dopamine on MoS2 nanosheets in Tris solution 

(pH 8.5). (A) Schematic for the grafting of polydopamine (PDA) on MoS2 nanosheets. (B) UV-

vis absorption spectra of PDA-grafted MoS2 nanosheets (MoS2@PDA) at different 

polymerization time. (C,D) TEM images of MoS2@PDA nanosheets after polymerization for 

40 min.  

Figure S11. Fourier-transform infrared (FTIR) spectra of (a) pristine MoS2 nanosheets, (b) 

dopamine, (c) MoS2@PDA nanosheets, (d) MoS2@PDA@PEG nanosheets and (e) 

MoS2@PDA@PEI nanosheets.  
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