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Abstract

Emerging two-dimensional (2D) nanomaterials, such as transition-metal dichalcogenide (TMD) 

nanosheets (NSs), have shown tremendous potential for use in a wide variety of fields including 

cancer nanomedicine. The interaction of nanomaterials with biosystems is of critical importance 

for their safe and efficient application. However, a cellular-level understanding of the nano-bio 

interactions of these emerging 2D nanomaterials (i.e., intracellular mechanisms) remains elusive. 

Here we chose molybdenum disulfide (MoS2) NSs as representative 2D nanomaterials to gain a 

better understanding of their intracellular mechanisms of action in cancer cells, which play a 

significant role in both their fate and efficacy. MoS2 NSs were found to be internalized through 

three pathways: clathrin → early endosomes → lysosomes, caveolae → early endosomes → 
lysosomes, and macropinocytosis → late endosomes → lysosomes. We also observed autophagy-

mediated accumulation in the lysosomes and exocytosis-induced efflux of MoS2 NSs. Based on 

these findings, we developed a strategy to achieve effective and synergistic in vivo cancer therapy 
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with MoS2 NSs loaded with low doses of drug through inhibiting exocytosis pathway-induced 

loss. To the best of our knowledge, this is the first systematic experimental report on the nano-bio 

interaction of 2D nanomaterials in cells and their application for anti-exocytosis-enhanced 

synergistic cancer therapy.
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Over the past decade, two-dimensional (2D) nanomaterials such as transition-metal 

dichalcogenides (TMDs) have attracted tremendous attention for a wide range of 

applications (e.g., electronics/optoelectronics as well as energy storage and conversion).1–6 

More recently, these emerging 2D nanomaterials have shown great potential for various 

biomedical applications due to their extraordinary physical, chemical, and biological 

properties.7–12 For example, 2D nanosheets (NSs) possess ultrahigh surface-to-volume ratio, 

making them invaluable for drug delivery systems that require extensive surface interactions 

on a small scale.13,14 The ultrathin thinness of these 2D NSs also enables them to respond 

rapidly to external stimuli (e.g., light and pH), which has proven utility in multiresponsive 

drug-release and various optical-therapy strategies (e.g., PTT, photodynamic therapy). 

Moreover, NSs are exceptionally promising for optimizing the mechanical properties of 

biomedical nanocomposites because of their typically high surface-area-to-volume ratios 

and modulus values.15 Notably, theranostic 2D NSs have shown significant promise 

especially in applications for cancer nanomedicine.12–14,16–20

Despite impressive preliminary findings, the current literature on 2D nanomaterials also 

reflects complex challenges, namely safety concerns regarding their impact on biosystems 

and patient health.16,21–23 These issues are closely related to both the ways in which they 

interact with cells and their intracellular fate.24 Therefore, a fundamental understanding of 

those interactions is essential for their safe biomedical applications, eventually allowing us 

to reap the maximum benefits of these materials while limiting their adverse effects.25–28 

Moreover, once we understand the intracellular mechanisms and fate of 2D nanomaterials in 
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detail, different strategies may be developed for more-precise diagnostics and therapies, 

especially in cancer nanomedicine. However, because of the intrinsic complexity of cellular 

trafficking vesicles and nano-bio interactions, the detailed intracellular mechanisms affecting 

2D nanomaterials, which play a significant role in their fate and efficacy, are not yet fully 

understood. While a recent study has shed some light on the receptor-mediated transport of 

2D nanomaterials via computer simulation and theoretical derivation,24 there has been no 

experimental report of a systemic study of the detailed molecular mechanisms and kinetic 

pathways of these 2D nanomaterials until now.

Molybdenum disulfide (MoS2) is a highly typical member of the 2D TMD family and has 

been widely publicized for its superior advantages. Examples include MoS2-based 

nanoprobes for biosensors,29 MoS2 photothermal agents for cancer photothermal therapy 

(PTT),30 drug-delivery MoS2 NSs for imaging and combined cancer treatment,16,17,31 and 

MoS2 nanofilms for rapid-onset antibacterial effects.32 Here we utilized MoS2-based NSs as 

representative 2D nanomaterials to explore the relevant intracellular mechanisms in two 

common cancer cell lines (cervical cancer HeLa cells and breast cancer MCF-7 cells) and 

one healthy cell line (human aortic endothelial cells or HAOEC). Different types of 

endocytosis, autophagy, and exocytosis pathway markers were applied to clarify the uptake 

and intracellular trafficking of 2D NSs in the presence or absence of a variety of 

pharmacological inhibitors. As demonstrated below, the NSs were internalized through three 

different endocytosis pathways in cancer cells: clathrin → early endosomes → lysosomes, 

caveolae → early endosomes → lysosomes, and macropinocytosis → late endosomes → 
lysosomes. Autophagy also mediated the accumulation of NSs in lysosomes. Internalized 

NSs were also secreted from cells via exocytosis; conversely, inhibition of exocytosis 

significantly reduced the exocytosis-induced loss of NSs from cancer cells. Inspired by anti-

exocytosis-induced accumulation in cancer cells, a strategy for effective synergistic cancer 

therapy involving anti-exocytosis-enhanced chemotherapy and low-dose PTT was proposed. 

Therefore, our study systematically reveals the intracellular mechanisms that affect the 

therapeutic effectiveness of MoS2-based NSs, which may help build a foundation for the 

emerging field of 2D nanomaterials in biomedicine.

RESULTS AND DISCUSSION

Preparation and Characterization of MoS2-based NSs

As shown in Figure 1a, 2D MoS2 NSs were prepared via a chemical exfoliation method 

according to a previous report.14 To improve stability in physiological solutions, lipoic acid-

conjugated PEG (LA-PEG) containing a disulfide group on the PEG terminal was used to 

functionalize MoS2 NSs simply by mixing them under sonication and incubating at room 

temperature in water. As shown in Figure 1b, PEGylated MoS2 showed no observable 

aggregation even after 48 h incubation in water, PBS, and cell culture medium, 

demonstrating the successful coating with PEG and the superior colloidal stability of 

PEGylated MoS2. X-ray photoelectron spectroscopy (XPS) was conducted to further 

confirm the functionalization of the PEGylated MoS2 NSs (Figures S1 and S2). The XPS 

spectra of the LA-PEG-functionalized MoS2 sample showed characteristic MoS2 peaks as 

well as additional peaks in accordance with LA-PEG, confirming MoS2 functionalization. 
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Atomic force microscopy (AFM) and transmission electron microscopy (TEM) were used to 

further characterize MoS2 NSs after PEGylation. PEGylated MoS2 NSs showed an average 

diameter of 116 nm and an average thickness of ∼2.5 nm (Figure 1c,d). The photothermal 

effect of PEGylated MoS2 NSs was characterized using an IR thermal camera, which 

showed strong concentration dependence, with the highest temperature increase being about 

50 °C after 5 min of irradiation at a concentration of 0.1 mg mL−1, while that of water under 

the same laser power density was only 4 °C (Figures 1e and S3).

Fluorescence Marking of MoS2-based NSs

To characterize the intracellular trafficking network of these NSs, doxorubicin (DOX), 

which can act as both a therapeutic drug and a fluorescent probe, was loaded and tightly 

attached to the surface of MoS2 NSs. After removal of excess free DOX molecules through 

centrifugal filtration, ultraviolet–visible-near-infrared (UV–vis-NIR) spectra were recorded 

to determine the loading ratios on PEGylated MoS2 NSs (Figure 1f). The loading percentage 

of DOX on PEGylated MoS2 NSs reached nearly 100%. As shown in Figures S4–S5, the ζ 
potential of PEGylated MoS2 NSs changed dramatically, while the DLS size distribution 

changed little after DOX loading. To eliminate the influence of the dissociated fluorescent 

probe from NSs, we also checked the release of DOX at two different pH values (7.4 and 

5.0). As shown in Figure 1g, only 2% of fluorescent DOX was released from PEGylated 

MoS2/DOX NSs at pH 7.4 after 2 h of incubation. Even in the acid environment of pH 5.0 

(pH 6.5: tumor extracellular environment; pH 5.0–5.5: endosome or lysosome), only 8% of 

fluorescent DOX was released after 3 h of incubation, similar to a previous report.14 

Comparably slow release of DOX was also confirmed in both cell culture medium and 

serum (Figure S6). Meanwhile, nearly all the fluorescence of the free DOX was localized in 

the nucleus (Figures S7–S8), which was also previously reported by many other groups.33–35 

Therefore, it is safe to conclude that the fluorescence we detected in the cytoplasm was 

actually attributable to the fluorescent NSs (i.e., PEGylated MoS2/DOX NSs), as the 

released DOX was present in the nucleus. It is worth mentioning that, despite the slow 

release of DOX under the above conditions, NIR-triggered burst-release of DOX could be 

achieved with irradiation using an 808 nm laser (Figure S9), which guaranteed the 

detachment of the cargo and thus a valid therapeutic effect when applied in vivo for 

photothermal combined therapy in the studies described below.

Energy-Dependent Nanocell Interaction between NSs and Cells

The potency of the therapeutic/diagnostic molecule-attached MoS2 depends on 

internalization and sustained retention of NSs by cancer cells. Therefore, PEGylated 

MoS2/DOX NSs were utilized to explore this process, with cervical cancer cells (HeLa) and 

breast cancer cells (MCF-7) as model cell lines. As shown in Figure 2a, the fluorescent NSs 

were ingested by both HeLa and MCF-7 cells and became localized in the cytoplasm. 

Additionally, the internalization of MoS2 NSs was time dependent (Figure 2b,d) in both 

HeLa and MCF-7 cells. However, the speed of cellular uptake differed between these two 

cell lines (Figure 2c,e). During the first 10 h, MCF-7 demonstrated faster uptake ratio than 

HeLa. The internalized NSs reached about 32% by the first 3 h and 51% by the first 6 h in 

MCF-7. HeLa demonstrated 14% and 30%, respectively (the intracellular fluorescence at 24 

h is designated as 100%).
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Molecules generally enter cells by passive diffusion, whereas nanomaterials usually require 

endocytosis, which is energy dependent.36,37 To determine whether the internalization of 

these NSs was energy dependent, different metabolic inhibitors, including sodium azide 

(which depletes intracellular ATP)38 and bafilomycin A (which inhibits the v-ATPase 

function)39 were used to examine the effect of energy on MoS2-based NSs uptake. Pre-

incubation with different metabolic inhibitors dramatically suppressed the uptake of NSs 

into cells (Figure 2f,g). It is well-known that proteins involved in endocytosis are sensitive to 

temperature and that endocytosis is reduced at low temperatures.40 Therefore, we incubated 

NSs with HeLa and MCF-7 cells at both 37 and 4 °C for 2 h. Figure S10a–d shows a 

comparison of the intracellular fluorescence of both cell types incubated at these two 

temperatures. Cellular uptake of fluorescent NSs was significantly diminished at the lower 

temperature in both HeLa and MCF-7 cells. These data confirm the contention that the 

cellular uptake mechanism of MoS2-based NSs in HeLa and MCF-7 cells is indeed energy-

dependent endocytosis, rather than simple passive diffusion.

Endocytosis Pathways of MoS2-based NSs

Endocytosis is generally divided into the following pathways: macropinocytosis, clathrin-

dependent, caveolae-dependent, clathrin-independent, or caveolae-independent.37,41 

Macropinocytosis is controlled by Rab34, which is considered a biomarker for this process.
42 Clathrin-independent and caveolae-independent endocytosis primarily includes Afr6-, 

Cdc42-, RhoA-, and Flotillin-dependent pathways. To identify the pathways through which 

MoS2-based NSs enter cells, we transfected HeLa and MCF-7 cells with EGFP-Clathrin, 

Caveolin, Rab34, Arf6, RhoA, Cdc42, and Flotillin and then incubated the cells with 

fluorescent PEGylated MoS2/DOX NSs for 2 h. We observed the co-localization of NS-

positive vesicles with Clathrin-, Caveolin-, and Rab34-positive vesicles in both HeLa and 

MCF-7 cells (Figure 3a–c and 3e–g). We further extracted the intensity of each color in the 

images and performed semiquantitative statistical analysis of Pearson’s correlation 

coefficient to evaluate co-localization between fluorescent MoS2 NSs and different markers 

(Figure 3d,h). The Rr ranged from 0.43 to 0.68, indicating good linear relationships between 

pairs of colors and good co-localization between different markers. However, we found no 

merging of NS-positive vesicles with Arf6-, RhoA-, Cdc42-, or Flotillin-positive vesicles 

(Figures S11–S12). We also used siRNA to knock down Arf6 in MCF-7 cells and then used 

FACS to quantify the internalization of fluorescent MoS2-based NSs (Figure S13). Our data 

show that the Afr6-mediated endocytosis pathway was not involved in internalization, which 

indicates our immunofluorescence data are reliable. These data indicate that the uptake of 

MoS2-based NSs in HeLa and MCF-7 cells is predominantly achieved via the clathrin-

dependent, caveolin-dependent, and macropinocytosis pathways rather than the clathrin- or 

caveolin-independent pathways. To further confirm our conclusion, we employed various 

pharmacological inhibitors affecting different endocytic pathways to assess their 

contributions in the two cell lines. We used sucrose and chlorpromazine to block clathrin-

mediated endocytosis,40,43 nystatin to prevent caveolae-mediated endocytosis,40 and rottlerin 

to avoid uptake by macropinocytosis.44 Figure S14 shows the cytoplasmic fluorescence, 

measured by FACS, of HeLa and MCF-7 cells in the presence of different inhibitors. Both 

HeLa and MCF-7 cells were exposed to various inhibitors for 2 h and then incubated with 

fluorescent NSs for an additional 3 h. Although metabolic activity was not influenced by the 
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addition of these inhibitors in either cell line (Figure S15–16), internalization of fluorescent 

NSs was substantially blocked. For example, the caveolae-dependent endocytosis inhibitor 

nystatin drastically reduced the uptake of fluorescent NSs in both HeLa and MCF-7 cells. 

More than 60% of the fluorescent NSs were blocked in HeLa cells, and >70% of fluorescent 

NSs were blocked in MCF-7 cells. The macropinocytosis pathway inhibitor rottlerin 

inhibited approximately 35% and 55% of the uptake of fluorescent NSs in HeLa and MCF-7 

cells, respectively. Likewise, the clathrin-dependent pathway inhibitors sucrose and 

chlorpromazine had the same effect on HeLa and MCF-7 cells, blocking about 30% of 

uptake in both cell lines. We also investigated the interaction of these NSs with healthy cells 

such as HAOEC. We found that NSs entered HAOEC mainly though the caveolae- and 

macropinocytosis-dependent pathways, while the clathrin-dependent pathway was not 

involved (Figure S17). The cellular metabolic activity of HAOEC was also not influenced by 

the addition of different endocytosis inhibitors (Figure S18). Therefore, our results imply 

that clathrin-dependent, caveolin-dependent, and macropinocytosis pathways were involved 

in the internalization of MoS2-based NSs in these two cancer cell lines, with caveolae-

dependent endocytosis making the greatest contribution. Caveolae- and macropinocytosis-

dependent pathways may participate in the internalization of MoS2-based NSs in healthy 

cells. Moreover, cancer cell lines seem to be more sensitive to these pharmacological 

inhibitors, which points to more endocytosis-mediated internalization of MoS2-based NSs.

Accumulation of MoS2-based NSs in Lysosomes

In classical endocytosis pathways, after cellular internalization, nanomaterials are 

transported to early endosomes first, late endosomes shortly afterward, and finally 

lysosomes.45 Rab5 is widely used as a marker of early endosomes and Rab7 as a marker of 

late endosomes. As expected, we found that our fluorescent NSs were transported through 

this pathway in HeLa and MCF-7 cells (Figure 4a,b). We incubated the EGFP-Rab5- and 

EGFP-Rab7-transfected cells with our fluorescent NSs for 2 h and then assessed the co-

localization of fluorescent NSs with Rab5-positive early endosomes and Rab7-positive late 

endosomes. As presented in Figure 4c–f, fluorescent NSs co-localized perfectly with both 

EGFP-Rab5-labeled early endosomes and EGFP-Rab7-labeled late endosomes in HeLa and 

MCF-7 cells. Furthermore, we found that our fluorescent NSs merged well with the 

lysosomes when we marked the vesicle with the protein Lamp1 (Figure 4g,h). Pearson’s 

correlation coefficient analysis further confirmed perfect co-localization with an Rr value 

ranging from 0.58 to 0.73 (Figure S19). These results indicate that these fluorescent NSs 

were taken up by cells through clathrin-dependent and caveolae-dependent endocytosis and 

then transported to early endosomes and eventually late endosomes, finally accumulating in 

lysosomes. However, in the macropinocytosis pathway, we found no co-localization between 

EGFP-Rab34-labeled macropinosomes and DsRed-Rab5-labeled early endosomes in MCF-7 

cells (Figure S20a). In contrast, EGFP-Rab34-labeled macropinosomes co-localized well 

with Rab7-positive late endosomes (Figure S20b). Our previous work also shows that 

EGFP-Rab34-labeled macropinosomes deliver their contents to late endosomes rather than 

early endosomes in HeLa cells.14 Interestingly, we found that in HAOEC, fluorescent NSs 

could also be transported to endosomes and finally accumulate in lysosomes (Figure S21). 

Moreover, in HAOEC, EGFP-Rab34-labeled macropinosomes did not merge with DsRed-

Rab5-labeled early endosomes, but instead merged with Rab7-positive late endosomes 
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(Figure S22). Therefore, our data indicate that fluorescent MoS2-based NSs may accumulate 

in lysosomes through endosomes in both cancer cells and healthy cells. Additionally, 

“macropinocytosis (Rab34-labeled) → late endosomes (Rab7-labeled) → lysosomes” may 

be a possible endocytosis pathway in the turnover of MoS2-based NSs in both cancer cells 

and healthy cells.

Autophagy-Mediated Intracellular Fate of MoS2-based NSs

Various nanomaterials can escape from endosomes and accumulate in cytosol,46–49 

including MoS2-based NSs.47 They may also escape from Rab34-positive macropinosomes, 

which has been attributed to a high rate of leakiness.50 Therefore, it is possible that the 

internalized NSs escape from endosomes and macropinosomes, resulting in the 

accumulation of NSs in cytosol. Autophagy is a cellular process for lysosome-based 

degradation of aggregates, damaged organelles, and invading pathogens.51 In recent years, 

autophagy has been shown to play an important role in modulating the intracellular fate of 

nanomaterials.13 Some studies have reported that autophagy sequesters intracellular leaked 

nanomaterials and delivers them to lysosomes.13,28,52–55 Figure S23 shows that the 

formation of autophagosomes is time dependent after treatment with PEGylated MoS2 NSs. 

To examine the role of autophagy in determining the intracellular trafficking fate of MoS2-

based NSs, we incubated EGFP-LC3-transfected HeLa and MCF-7 cells with fluorescent 

NSs and assessed co-localization between EGFP-LC3-positive autophagosomes and 

fluorescent NSs. We found that autophagosomes can capture these NSs in both HeLa and 

MCF-7 cells (Figure 5a,b; Figure S24a,b). We further found that the NS-captured 

autophagosomes translocated to fuse with lysosomes in HeLa and MCF-7 cells (Figure 5c,d; 

Figure S24c,d). These findings suggest that the autophagosomes sequester the NSs and then 

deliver them to lysosomes. However, we found that the effect of autophagy on autophagy-

mediated lysosomal accumulation of MoS2-based NSs differs between HeLa and MCF-7 

cells. Compared with MCF-7 cells, there were more merged vesicles of EGFP-LC3-positive 

autophagosomes with fluorescent NSs in HeLa cells. About 74% of HeLa cells had more 

than three merged vesicles in the cytoplasm compared to 23% in MCF-7 cells (Figure 5e). 

Therefore, there were many more autophagosomes that could sequester the fluorescent NSs 

in HeLa cells than in MCF-7 cells. Moreover, we found more autophagosomes in NS-treated 

HeLa cells than in MCF-7 cells (Figure 5f). To further confirm our results, we performed 

TEM to identify autophagosomes in PEGylated MoS2 NS-treated HeLa and MCF-7 cells. 

As presented in Figure 5g,h, we consistently found more autophagosomes in HeLa cells than 

in MCF-7 cells. In HAOEC, these NSs also induced formation of autophagosomes (Figure 

S25a,b), which sequestered the NSs and delivered them to lysosomes (Figure S25c,d). Taken 

together, these data support the contention that autophagy plays an important role in the 

autophagy-mediated lysosomal accumulation of MoS2-based NSs and that the effect is much 

more noticeable in HeLa than in MCF-7 cells.

Exocytosis Pathways of MoS2-based NSs

Cells take in nanomaterials through endocytosis and via exocytosis secrete the ingested 

contents through the cell membrane and into the extracellular space using specific secretory 

vesicles. Classic secretory vesicles (marked by Rab3 and Rab26) and GLUT4 translocation 

vesicles (marked by Rab8 and Rab10) aid in the process.42,56 To investigate whether MoS2-
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based NSs can be transported out of cells via exocytosis pathways, we incubated HeLa and 

MCF-7 cells transfected with EGFP-Rab3, Rab26, Rab8, or Rab10 with fluorescent NSs for 

2 h. The fluorescent NSs co-localized with EGFP-Rab3 and Rab26-marked classic secretory 

vesicles (Figure 6-d) as well as Rab8 and Rab10-positive GLUT4 translocation vesicles 

(Figure 6e,h) in both HeLa and MCF-7 cells. The Rr value of Pearson’s correlation 

coefficient analysis ranges from 0.31 to 0.81 (Figure S26), which is consistent with our 

confocal images. These findings indicate that MoS2-based NSs can indeed be secreted to the 

extracellular space via classic secretory vesicles and GLUT4 translocation vesicles in HeLa 

and MCF-7 cells. Since Rab3- and Rab26-positive classic secretory vesicles and Rab8- and 

Rab10-positive GLUT4 translocation vesicles are formed by the Golgi body,42 it is possible 

that the NSs are transported into the Golgi and then sorted into those classic secretory 

vesicles translocation vesicles. Additionally, it is well-known that the Golgi body receives 

the contents of early and late endosomes.42 Rab14- and Rab22-positive vesicles are 

responsible for delivery of these contents from the early endosome to the Golgi, while 

Rab24-positive vesicles are responsible for delivery from the late endosome to the Golgi.
42,57 Therefore, we examined the transportation of fluorescent NSs from the early and late 

endosomes to the Golgi. We incubated EGFP-Rab14-, Rab22-, and Rab24-transfected HeLa 

and MCF-7 cells with fluorescent NSs for 2 h. We then assessed the co-localization between 

fluorescent NSs and EGFP-Rab14, Rab22, and Rab24-positive vesicles. As presented in 

Figure S27a–d, EGFP-Rab22- and EGFP-Rab14-positive vesicles can co-localize with early 

endosomes and fluorescent NSs in both HeLa and MCF-7 cells. As expected, EGFP-Rab24-

positive vesicles are able to co-localize with late endosomes and fluorescent NSs in both 

HeLa and MCF-7 cells (Figure S27e,f). In HAOEC, we found that fluorescent NSs could 

also be secreted to the extracellular space via classic secretory vesicles and GLUT4 

translocation vesicles from both early and late endosomes (Figures S28–S29). However, 

fluorescent NSs did not merge perfectly with different exocytosis markers in HAOEC when 

compared with HeLa and MCF-7 cancer cells, which indicates that exocytosis may be more 

discernible in cancer cells. These data suggest that the Golgi body might receive MoS2-

based NSs from early and late endosomes and then secrete them from the cell via classic 

secretory vesicles and GLUT4 translocation vesicles. There is no difference in exocytosis 

pathways between cancer cells (Figure 7a,b) and healthy cells (Figure S30a).

Blocking Exocytosis Results in More Accumulation of MoS2-based NSs in Cells

In both cancer cells and healthy cells, Rab22- and Rab24-positive vesicles are involved in 

the delivery of MoS2-based NSs from early and late endosomes (respectively) to the Golgi. 

Then Rab3- and Rab26-positive classic secretory vesicles, as well as Rab8- and Rab10-

positive GLUT4 translocation vesicles, help secrete these NSs from the cells via exocytosis. 

Exocytosis of MoS2-based NSs reduces the number of accumulated NSs in the cells, which 

of course reduces the potency of the therapeutic effect. Therefore, it is possible to use 

inhibitors to block exocytosis and increase the accumulation of MoS2-based NSs in cells. It 

has been reported that 2-(4-fluorobenzoylamino)-benzoic acid methyl ester (Exo1) can 

induce the collapse of the Golgi apparatus and function as a chemical inhibitor of the 

exocytosis pathway.58 Thus, we used Exo1 to inhibit the exocytosis pathway and examined 

the cytoplasmic fluorescence of these fluorescent NSs. Cellular metabolic activity was not 

affected (Figure S31–32). After 2 h pretreatment with Exo1, cytoplasmic fluorescence in 
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HeLa cells increased about 28% after another 3 h incubation with fluorescent NSs (Figure 

7c). In MCF-7 cells, cytoplasmic fluorescence increased about 36% (Figure 7d), confirming 

that the inhibition of the exocytosis pathway significantly increased the accumulation of 

MoS2-based NSs in cells. To further verify these findings, we renewed the culture medium 

after treatment with fluorescent NSs and incubated the cells in the presence or absence of 

Exo1 for 2 h. We then renewed the culture medium a second time and incubated the cells for 

another 3 h, after which the cytoplasmic fluorescence in both HeLa and MCF-7 cells was 

measured. In HeLa cells, we found the cytoplasmic fluorescence to be about 35% lower than 

the control group. However, the Exo1-treated group’s fluorescence was only about 19% 

lower (Figure 7e). In MCF-7 cells, the cytoplasmic fluorescence was reduced about 41% 

compared with controls, but that of the Exo1-treated group was reduced by only about 15% 

(Figure 7f). Similar results were also obtained by testing the concentration of NSs in the 

supernatant (Figure S33), further confirming the obvious effect on exocytosis in HeLa and 

MCF-7 cells. The accumulation of these NSs induced by anti-exocytosis was more readily 

observable during prolonged incubation (24 h) of both cancer cell lines (Figure S34). In 

HAOEC, pretreatment with Exo1 also increased the amount of intracellular NSs (Figures 

S30b,c and S35), but not as much as in cancer cells, indicating that exocytosis may be more 

important than the role it plays in normal cells. In sum, our findings imply that large 

numbers of MoS2-based NSs can be transported out of cells via exocytosis in cancer cells, 

but blocking that pathway can help retain a significant amount of these NSs. Moreover, the 

exocytosis-mediated secretion of MoS2-based NSs is much more noticeable in MCF-7 cells, 

indicating that MCF-7 cells are drastically more sensitive to the exocytosis pathway-

inhibitor Exo1.

Triple-Combination Therapy Strategy Preliminarily Tested in Vitro

Generally, a strong photothermal effect (>50 °C) induces complete cell necrosis, and a mild 

local photo-thermal effect (∼43 °C) increases the fluidity of the cytomembrane, which 

contributes to enhanced cellular uptake for effective delivery of drugs. Moreover, the NIR-

mediated photothermal effect can elicit specific therapeutic results within the irradiated area 

without systemic toxicity and spatiotemporally control drug release from the nanocarrier.
59,60 Since PEGylated MoS2/DOX NSs were eventually expelled from cells via exocytosis 

pathways (systematic investigation of the intracellular fate of MoS2-based NSs summarized 

in Figure 8a), we might further enhance the therapeutic effect and reduce the dose of 

PEGylated MoS2/DOX NSs by inhibiting the exocytosis process soon after increasing local 

concentrations of both the drug (chemotherapy) and the nanomaterial (PTT). Therefore, our 

introduction of Exo1 inhibitors effectively led to a triple-combination therapy strategy. After 

confirming the biocompatibility of Exo1, we conducted different treatments: (1) PEGylated 

MoS2 NSs, (2) DOX, (3) PEGylated MoS2/DOX NSs, (4) PEGylated MoS2/DOX NSs + 

Exo1, (5) PEGylated MoS2 NSs + NIR, (6) PEGylated MoS2 NSs + NIR + Exo1, (7) 

PEGylated MoS2/DOX NSs + NIR, and (8) PEGylated MoS2/DOX NSs + NIR + Exo1 for 

1, 2, or 3 h ([DOX] = 50 μg/mL, [MoS2] = 50.2 μg/mL, [Exo1] = 50 μg/mL), respectively. 

NIR treatment consists of irradiation with an 808 nm laser at a low power density of 0.4 

W/cm2 for 5 min after different incubation times. As shown in Figure 8b,c, only the 

PEGylated MoS2 NS treatment showed no toxicity in either cell line due to the low dosage. 

For the chemotherapy groups (“PEGylated MoS2/DOX NSs” and “PEGylated MoS2/DOX 
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NSs + Exo1”), the Exo1-pretreatment group showed higher toxicity than the group without 

pretreatment (e.g., 40.5% vs 69.4% of viability after 3 h incubation in MCF-7 cells) due to 

the higher localized concentration of drugs. For the PTT groups (“PEGylated MoS2 NSs + 

NIR” or “PEGylated MoS2 NSs + NIR + Exo1”), with the treatment of these NSs and 

inhibited exocytosis, albeit at a low dose and power density (0.4 W/cm2), PEGylated MoS2 

NSs with Exo1 pretreatment still showed therapeutic effect (e.g., 75.8% of viability after 3 h 

incubation in MCF-7 cells), while the group without Exo1 pretreatment showed no obvious 

therapeutic effect (e.g., 90.1% of viability after 3 h incubation in MCF-7 cells) due to the 

gentle increase in temperature at a low dosage and power density.

The enhanced therapeutic effect may be explained as follows (Figure 9). Although the same 

level of heat was generated, the inhibition of Exo1 allowed more PEGylated MoS2 NSs to 

accumulate in the cancer cells, and the gentle heat generated by these NSs directly damaged 

the organelles and proteins inside the cells. However, without the inhibition of Exo1, a 

certain fraction of the NSs was expelled from the cells. Because of the protection of the cell 

membranes and cellular homeostasis, the gentle heat generated by these NSs did not directly 

influence the organelles or proteins inside the cells. The in vitro effectiveness of this anti-

exocytosis-enhanced synergistic therapy strategy was confirmed in both HeLa and MCF-7 

cells, as the “PEGylated MoS2/DOX NSs + NIR + Exo1” group demonstrated significant 

therapeutic effects (i.e., more than 90% cancer cells were killed in both cell lines) at a low 

MoS2 concentration, low power density (0.4 W/cm2), and short incubation time (3 h).

In Vivo Triple-Combination Therapy with Low Doses

Encouraged by the effectiveness of this anti-exocytosis-enhanced synergistic strategy in 
vitro, we then carried out in vivo experiments to further explore its potential applications. 

We first performed an H&E-stained histological study to test the toxicity of Exo1 in vivo. 

No noticeable tissue damage in the major organs could be observed at our tested dose and 

time (Figure S36). MCF-7 breast tumor-bearing nude mice were treated with Treatment 1 

(Saline), Treatment 2 (Exo1), Treatment 3 (DOX), Treatment 4 (PEGylated MoS2/DOX 

NSs), Treatment 5 (PEGylated MoS2/DOX NSs + Exo1), Treatment 6 (PEGylated 

MoS2/DOX NSs + NIR), or Treatment 7 (PEGylated MoS2/DOX NSs + NIR + Exo1). The 

doses of PEGylated MoS2, DOX, and Exo1 were 4.01, 4, and 4 mg/kg, respectively. 

PEGylated MoS2 and PEGylated MoS2/DOX NSs were administrated via intravenous (i.v.) 
injection, while Exo1 was administered via intratumoral (i.t.) injection. After 8 h, NIR 

treatment (Treatments 6 and 7) was performed via irradiation under an 808 nm laser (0.4 

W/cm2) for 15 min at the tumor sites. Temperature changes in the tumor sites were 

monitored by an IR thermal camera during irradiation (Figure 10a). After 15 min irradiation, 

the temperature increases in the tumor sites in Treatments 6 and 7 were similar (∼14 °C), 

while those of Treatments 1–5 maintained a constant body temperature (Figure 10b). During 

the treatment process, tumor volumes of the different groups were calculated every 2 days 

based on the width and length of the tumors. The loading of DOX on NSs effectively 

extended its circulation time, and local treatments with NIR or Exo1 did not affect the 

circulation time of PEGylated MoS2/DOX NSs (Figure S37). As shown in Figure 10c, the 

local injection of Exo1 (Treatment 2) did not elicit any inhibition of tumor growth at the 

tested dose, and Treatments 3–7 all decreased the rate of tumor growth when compared with 
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saline. However, anti-exocytosis-enhanced chemotherapy (Treatment 5) showed therapeutic 

effects superior to single chemotherapy via free DOX (Treatment 3) or the NS delivery 

platform (Treatment 4), while also achieving therapeutic effects similar to the combined 

PTT and chemotherapy strategy (Treatment 6), an approach previously reported.14 

Moreover, significantly greater therapeutic effect was observed in the triple-combination 

therapy group (anti-exocytosis-enhanced PTT and chemotherapy) compared to Treatments 5 

and 6, which could be explained by the higher drug concentrations and the direct PTT effect 

inside the tumor cells. Specifically, due to the effect of Exo1, the accumulated PEGylated 

MoS2/DOX NSs could be more concentrated inside the tumor cells in Treatment 7, which 

would lead to the following: (i) more DOX would be released (triggered by NIR) inside the 

tumor cells, (ii) the heat generated by these NSs could directly damage the organelles and 

proteins inside the cells, and (iii) an enhanced synergistic effect could be caused by more 

direct and potent chemotherapy and PTT inside the tumor cells. In other words, the 

significant therapeutic effect was caused by increasing the number of drug-loaded NSs 

internalized by tumor cells (i.e., more triggered release of DOX inside the cells, and direct 

photothermal damage to the organelles and proteins inside the cells), rather than by altering 

the total concentration (i.e., both inside and outside the cancer cells) in tumor tissues (which 

could also be responsible for the similar PTT effect generated in Treatments 6 and 7). 

Moreover, the Kaplan–Meier survival curve of another batch of mice subjected to different 

treatments further confirmed the therapeutic efficacy of this strategy (Figure S38). These 

results were consistent with those of in vitro studies, indicating the promise of this anti-

exocytosis-enhanced triple-combination therapy strategy. Meanwhile, there was no obvious 

influence on body weight in any of the experimental groups (Figure 10d) and no noticeable 

tissue damage in the major organs of the triple-combination therapy group when compared 

with the control group (Figure 10e), indicating the absence of acute side effects.

CONCLUSIONS

We utilized MoS2 NSs as representative 2D nanomaterials to systematically explore in detail 

the pathways for endocytosis/exocytosis, cellular trafficking, and nanocell activity (i.e., 

intracellular fate) relevant to emerging 2D nanomaterials. The MoS2 NSs were internalized 

through three different endocytosis pathways, and autophagy mediated their accumulation in 

lysosomes. Additionally, our data established that internalized MoS2 NSs can be secreted 

from cells via exocytosis and that inhibiting exocytosis significantly reduces the exocytosis-

induced loss of MoS2 NSs by cancer cells. A triple-combination therapy strategy based on 

anti-exocytosis-enhanced chemotherapy and low-dose PTT was proposed and demonstrated 

to be effective, implying potential biomedical applications. However, this strategy is still in 

in its infancy. Although some recent studies show the degradability of MoS2 NSs,61,62 the 

penetration depth of NIR laser in tissues may be improved by clinical endoscope-based 

devices with embedded laser optical fibers,63 and Exo1 may be intravenously injected by co-

loading on the surface of these NSs, more systematic studies are absolutely necessary for its 

potential application in the future. Nevertheless, a more-detailed understanding of the 

interaction of 2D nanomaterials with living cells is still crucial for their safe biomedical 

application, both to reap maximum benefit and limit adverse health effects, which ultimately 

arise from interactions at the cellular and subcellular levels. The therapy strategy we propose 
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in the current study is just one promising example of advances based on a deeper 

understanding of the intracellular fate of such 2D nanomaterials.

METHODS

Materials

MoS2 powder, n-butyllithium (1.6 M in hexane), hexane, doxorubicin (DOX), and MTT 

were obtained from Sigma-Aldrich. LA-PEG was purchased from Nanocs (New York, NY, 

USA). All other agents used were of the highest commercial grade available. HyPure 

Molecular Biology grade Water (Hyclone) was used to prepare all solutions.

MoS2 Nanosheets Synthesis and PEG Coating

In a typical procedure, 5 mg of MoS2 powder was immersed in 10 mL of n-butyllithium (1.6 

M in hexane) and stirred for 48 h at room temperature. The cloudy dispersion was then 

subjected to centrifugation at 5000 rpm for 10 min to precipitate all of the materials. After 

that, the sediment was redispersed in hexane and centrifuged at 5000 rpm for 10 min (2 

times) to remove all free unbound molecules. To the semi-dried mixture, 30 mL of deionized 

(DI) water was added and sonicated for about 5 h to achieve exfoliation. The nanosheets 

(NSs) produced were then centrifuged at top speed and washed with DI water 3 times before 

being collected and stored in DI water. The supernatant was dialyzed against DI water using 

membranes with a molecular weight cutoff (MWCO) of 14 kDa for 2 days to remove lithium 

compounds and other residual ions. This yielded MoS2 NSs dispersed in water for future 

use. For the PEG coating, 10 mg of MoS2 NSs was dispersed in 5 mL DI water containing 

50 mg of predissolved LA-PEG (Lipoic acid PEG amine, 5 kDa, water-soluble and can be 

used directly in aqueous buffer). After ultrasonicating for 30 min and stirring overnight, 

excess LA-PEG was removed via centrifugal filtration with 100 kDa MWCO filters 

(Millipore) and several washes with DI water. The final PEGylated MoS2 sample was 

resuspended in DI water for future use.

Characterization

The morphology of MoS2 after PEG coating was characterized by colloidal stability, ζ 
potential, size distribution, AFM (FASTSCANBIO, Germany), and TEM (JEM-2100UHR, 

JEOL, Japan). UV–vis-NIR absorption spectra were recorded by an Infinite M200 Pro 

TECAN GENIOS. The compositions of the PEGylated MoS2 NSs collected from PBS and 

medium (after 48 h incubation) were analyzed by XPS (ESCALAB 250Xi, Japan).

Fluorescent Drug Loading and Release

For drug loading, 0.2 mg/mL of PEGylated MoS2 NSs was mixed with 0.5 mg/mL of DOX 

in phosphate buffer (pH 8.0, 20 mM). After stirring at room temperature for 24 h, excess 

unbound DOX was washed away by filtering the solution through a 100 kDa Millipore filter 

and rinsing with DI water several times. UV–vis-NIR spectra of MoS2-PEG before and after 

drug loading were recorded to determine drug-loading ratios. An absorption peak of 490 nm 

was used to determine the DOX concentrations. For drug release, a solution of PEGylated 

MoS2/DOX NSs (2 mg mL−1, 1 mL) was packaged in a dialysis bag (MWCO = 14 kDa) and 

immersed in 19 mL of PBS at pH = 5.0 or 7.4 at room temperature. At certain time intervals, 
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2 mL of the outside solution was collected, measured by the absorbance spectrometer to 

determine the concentrations of released drugs, and then poured back to ensure constant 

volume. Experiments designed to determine the release profiles in cell culture medium and 

serum were performed accordingly.

Measurement of Photothermal Performance

To measure the photothermal performance of the PEGylated MoS2 NSs, 1 mL aqueous 

dispersion of PEGylated MoS2 NSs with different concentrations (0.01, 0.05, and 0.1 

mg/mL) was introduced into a quartz cuvette and irradiated with an 808 nm NIR laser at a 

power density of 1 W/cm2 for 5 min. An IR thermal camera (TI100 Infrared Camera 

FLKTI100 9HZ, FLUKE) was used to record the changes in temperature of the PEGylated 

MoS2 NSs aqueous solution.

Cell Culture

HeLa and MCF-7 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, 

Gibco) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Gibco) at 37 °C in 

5% CO2. HAOEC were cultured in endothelial growth medium (catalog number 211-500; 

Cell Applications, Inc.) in a 37 °C, 5% CO2 humidified incubator.

Assessment of Cell Viability

Cell viability was determined by MTT. Cells were seeded in 96-well plates and then 

incubated with different inhibitors at the indicated concentrations for 24 h. Following this, 

20 μL MTT (2 mg/mL) was added, and cells were incubated for another 4 h. Finally, 200 μL 

DMSO was added, and the plates were read at a wavelength of 490 nm.

Plasmid and Transfection

The Rab genes in the T Vector were kindly provided by Professor Jiahuai Han and 

subsequently subcloned into DsRed-C1 and EGFP-C1 vectors. The EGFP-LC3 plasmid was 

cloned in our laboratory. The plasmids were transiently transfected into HeLa and MCF-7 

cells with the addition of Lipofectamine 2000 (Invitrogen) according to the manufacturer’s 

instructions.

Cellular Uptake of 2D NSs

Non-transfected or EGFP-Rabs-transfected HeLa and MCF-7 cells were incubated with 10 

μg/mL fluorescent NSs at 37 °C for 3 h. Then the cells were washed with PBS and fixed 

with 4% paraformaldehyde for 15 min. Finally, the cellular uptake of the NSs was examined 

by confocal laser scanning microscopy (Olympus FV1000–81, Tokyo, Japan).

Immunofluorescence

The cells were washed with PBS, fixed by 4% paraformaldehyde for 15 min, and 

permeabilized by 0.01% Triton-100 for 2 min. Then the cells were incubated with primary 

antibodies: Rab5, Rab7, and Lamp1. Finally, FITC- and Alexa Fluor 647-labeled secondary 

antibodies were used to detect the primary antibodies.
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Electron Microscopy Analysis

Cells were collected and fixed in 2.5% glutaraldehyde in natrium cacodylicum (pH = 7.4) 

for 4 h at 4 °C. Then cells were embedded, sectioned, and double stained with uranyl acetate 

and lead citrate for observation under transmission electron microscope (Hitachi H-7500).

Pearson’s Correlation Coefficient analysis

The software ImageJ was applied to analyze the pixel intensity of each image, and then 

Pearson’s correlation coefficient was further analyzed.

Immunoblotting

In brief, cell lysates were resolved on 12% SDS-PAGE and analyzed by immunoblotting 

using LC3, Arf6, and GAPDH antibodies, followed by enhanced chemiluminescence (ECL) 

detection (Thermo Scientific).

Intracellular Fluorescence Assay

Cells were incubated with and without fluorescent NSs for the indicated time periods. Then 

cells were washed and collected for intracellular fluorescence assay using a Partec PAS III 

flow cytometer.

Cytotoxicity Assays

For the cell viability assay, HeLa or MCF-7 cells were preseeded in 96-well plates at 5000/

well and incubated with nystatin, sucrose, chlorpromazine, rottlerin, or Exo1 for 2 h. Then 

the cells were washed with PBS, and the standard cell-viability MTT assay was carried out 

to determine the respective cell viabilities. For long-term cytotoxicity assay of Exo1, cells 

were preseeded in 96-well plates at 5000/well and incubated with Exo1 for 24 or 48 h, and 

then the standard cell-viability MTT assay was carried out to determine the respective cell 

viabilities.

In Vitro Triple-Combination therapy

To study the effect of the in vitro triple-combination therapy of PEGylated MoS2 NSs, the 

viabilities of HeLa and MCF-7 cells were tested by MTT assays after various treatments. 

More specifically, HeLa and MCF-7 cells were treated as follows: (1) PEGylated MoS2 NSs, 

(2) DOX, (3) PEGylated MoS2/DOX NSs, (4) PEGylated MoS2/DOX NSs + Exo1, (5) 

PEGylated MoS2 NSs + NIR, (6) PEGylated MoS2 NSs + NIR + Exo1, (7) PEGylated 

MoS2/DOX NSs + NIR, and (8) PEGylated MoS2/DOX NSs + NIR + Exo1 for 1, 2, or 3 h 

([DOX] = 50 μg/mL, [MoS2] = 50.2 μg/mL, [Exo1] = 50 μg/mL), respectively. NIR 

treatment was conducted by irradiation with an 808 nm laser at a low power density of 0.4 

W/cm2 for 5 min after each incubation time point. Exo1 treatment was performed by pre-

treating cells for 2 h before the different incubation times. Afterward, the cells were washed 

with PBS and incubated for an additional 24 h in fresh medium before the MTT assay.

Xenograft Tumor Model

Severe combined immunodeficient (SCID) nude mice were provided by the Institute of 

Laboratory Animal Sciences, Chinese Academy of Medical Science. The Administrative 
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Committee on Animal Research at Tsinghua University approved the protocols for all 

animal assays in this paper. About 100 μL of MCF-7 cells (2 × 106 cells) in PBS were 

implanted subcutaneously into the back of each mouse (∼18.9 g). The tumor size and 

volume (V) was calculated as 4π/3 × (length/2) × (width/2)2 using a Vernier caliper.

In Vivo Triple-Combination therapy

When the tumor size reached approximately 100 mm3 (designated as Day 0), mice were 

randomly divided into seven groups (n = 5 per group) and subjected to different treatments. 

Treatment 1: Saline; Treatment 2: Exo1; Treatment 3: DOX; Treatment 4: PEGylated 

MoS2/DOX NSs; Treatment 5: PEGylated MoS2/DOX NSs + Exo1; Treatment 6: PEGylated 

MoS2/DOX NSs + NIR; Treatment 7: PEGylated MoS2/DOX NSs + NIR + Exo1. The doses 

of PEGylated MoS2, DOX and Exo1 were 4.01 mg/kg, 4 mg/kg, and 4 mg/kg, respectively. 

Saline, DOX, and PEGylated MoS2/DOX NSs were injected via intravenous (i.v.) injection, 

while Exo1 was intratumorally (i.t.) injected at the same time. NIR treatment was conducted 

by irradiating under an 808 nm laser (0.4 W/cm2) for 15 min at the tumor sites 8 h after 

injection. The body weight and tumor size of each mouse were measured and recorded every 

other day for 3 weeks. To better assess the survival of MCF-7 tumor-bearing mice, another 

batch of 70 mice was divided into groups and given different treatments (n = 10 per group). 

Survival curves were recorded based on the Kaplan–Meier method.

Pharmacokinetics

Blood circulation of DOX was tested by collecting 30 μL of blood from the mice in different 

groups (Treatments 3–7) at different time intervals (n = 10 per group). The blood samples 

were weighed and then treated with 300 μL of lysis buffer (1% SDS, 1% Triton-100, 40 mM 

Tris acetate, 10 mM EDTA, and 10 mM DTT). The DOX was extracted from blood by 

adding 300 μL of HCl/isopropanol. After incubation in the dark overnight, the mixture was 

centrifuged to obtain the DOX in the supernatant, and the amount of DOX was determined 

by absorbance (the absorbance due to background was subtracted from the spectra).

Hematocylin and Eosin (H&E)-Stained Histology

To access the toxicity of Exo1 in vivo, H&E-stained histological images of heart, liver, 

spleen, lung, and kidney sections from healthy Balb/c mice (with i.v. injection of 6 mg/kg of 

Exo1) at 1, 7, 14, and 30 days post-injection were obtained.

Moreover, healthy Balb/c mice that received i.v. injections of PEGylated MoS2/DOX NSs 

and Exo1, with high doses of PEGylated MoS2, DOX, and Exo1 (at 6 mg/kg, 6 mg/kg, and 6 

mg/kg, respectively), were also studied for histology to assess the toxicity of the proposed 

strategy. After one month of treatment, all mice were humanely killed, and their organs 

harvested, fixed in a 10% formalin solution, and embedded in paraffin for H&E staining.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Synthesis and characterization of MoS2-based NSs. (a) Scheme of the exfoliation, 

PEGylation, and loading of MoS2 NSs with therapeutic/diagnostic molecules. (b) Colloidal 

stability of (i) MoS2 NSs and (ii) PEGylated MoS2 NSs in water, PBS, and cell culture 

medium after 48 h incubation. (c) DLS hydrodynamic size distribution of PEGylated MoS2 

NSs. Inset: TEM image of PEGylated MoS2 NSs. (d) AFM image of PEGylated MoS2 NSs. 

The inset shows the thickness of PEGylated MoS2 NSs. (e) Photothermal heating curves of 

pure water and MoS2-PEG solutions with different concentrations (0.01, 0.05, and 0.1 

mg/mL) under 808 nm laser irradiation at a power density of 1 W/cm2. (f) UV–vis-NIR 

absorbance spectra of PEGylated MoS2 NSs and PEGylated MoS2/DOX NSs. (g) The 

released DOX percentage from fluorescent NSs at pH 7.4 and 5.0 after 2 or 3 h incubation.
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Figure 2. 
Effect of energy on MoS2-based NSs’ uptake. (a) The uptake of fluorescent MoS2-based 

NSs (10 μg/mL) was tested by confocal laser scanning microscopy after 2 h incubation with 

HeLa and MCF-7 cells. The images in the top row are enlarged versions of the image area in 

the white box seen in the bottom row. Cell membrane was labeled with molecular probe 

(red). Scale bars: 10 μm. The uptake of fluorescent MoS2-based NSs was measured by flow 

cytometer at indicated incubation times in (b) HeLa and (d) MCF-7 cells. Statistical analysis 

of intracellular fluorescence in (c) HeLa and (e) MCF-7 cells. Cells were pretreated with or 

without the metabolic inhibitor sodium azide (0.1%) and bafilomycin A (0.05 μM) for 30 

min. Then cells were incubated with fluorescent MoS2-based NSs for 2 h. Cytoplasmic 

fluorescence was measured by flow cytometer in (f) HeLa and (g) MCF-7 cells.
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Figure 3. 
MoS2-based NSs enter cells through clathrin-dependent, caveolin-dependent, and 

macropinocytosis pathways. Confocal images of (a) EGFP-clathrin-transfected, (b) EGFP-

caveolae-transfected, and (c) EGFP-Rab34-transfected Hela cells incubated with fluorescent 

MoS2-based NSs (10 μg/mL) for 2 h. (d) Scatterplot of red and green pixel intensities of the 

cells shown in (a–c). Confocal images of (e) EGFP-clathrin-transfected, (f) EGFP-caveolae-

transfected, and (g) EGFP-Rab34-transfected MCF-7 cells incubated with fluorescent MoS2-
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based NSs (10 μg/mL) for 2 h. (h) Scatterplot of red and green pixel intensities of the cells 

shown in (e–g). Scale bars: 10 μm.
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Figure 4. 
MoS2-based NSs accumulate in lysosomes. Schematic representation of the routes through 

which they enter the cell and accumulate in lysosomes in (a) HeLa and (b) MCF-7 cells. 

Confocal images of EGFP-Rab5-transfected (c) HeLa and (d) MCF-7 cells incubated with 

fluorescent MoS2-based NSs (10 μg/mL) for 2 h. Confocal images of EGFP-Rab7-

transfected (e) HeLa and (f) MCF-7 cells incubated with fluorescent MoS2-based NSs (10 

μg/mL) for 2 h. Confocal images of (g) HeLa and (h) MCF-7 cells incubated with 
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fluorescent MoS2-based NSs (10 μg/mL) for 2 h. The immunofluorescence experiment was 

performed to detect lysosomes with the primary antibody against Lamp1. Scale bars: 10 μm.
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Figure 5. 
Autophagy involves the accumulation of MoS2-based NSs in lysosomes. Confocal images of 

EGFP-LC3 transfected (a) HeLa and (b) MCF-7 cells incubated with fluorescent MoS2-

based NSs (10 μg/mL). Confocal images of EGFP-LC3-transfected (c) HeLa and (d) MCF-7 

cells incubated with PEGylated MoS2 NSs (10 μg/mL) for 24 h and then treated with Lyso-

Tracker Red probes for 30 min. (e) Statistical analysis of the numbers of co-localized 

vesicles between LC3 and fluorescent MoS2-based NSs per cell. (Green = >3 co-localized 

vesicles; red = ≤3 co-localized vesicles). (f) Statistical analysis of the number of 

autophagosomes per cell after treatment. TEM images of (g) HeLa and (h) MCF-7 cells 

incubated with PEGylated MoS2 NSs without loading content. Autophagosomes are formed 

after the same treatment. Triangles (Δ) indicate autophagosomes. Scale bars: 10 μm.
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Figure 6. 
Exocytosis of MoS2-based NSs. Confocal images of EGFP-Rab3-transfected (a) HeLa and 

(b) MCF-7 cells incubated with fluorescent MoS2-based NSs (10 μg/mL) for 2 h. Confocal 

images of EGFP-Rab26-transfected (c) HeLa and (d) MCF-7 cells incubated with 

fluorescent MoS2-based NSs (10 μg/mL) for 2 h. Confocal images of EGFP-Rab8-

transfected (e) HeLa and (f) MCF-7 cells incubated with fluorescent MoS2-based NSs for 2 

h. Confocal images of EGFP-Rab10-transfected (g) HeLa and (h) MCF-7 cells incubated 

with fluorescent MoS2-based NSs (10 μg/mL) for 2 h. Scale bars: 10 μm.
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Figure 7. 
Inhibition of exocytosis increases the accumulation of MoS2-based NSs. Schematic 

representation of exocytosis pathways in (a) HeLa and (b) MCF-7 cells. (c) HeLa and (d) 

MCF-7 cells were pretreated with Exo1 for 2 h, and then cells were incubated with 

fluorescent MoS2-based NSs (10 μg/mL) for 3 h. Cytoplasmic fluorescence was measured 

by flow cytometer. (e) HeLa and (f) MCF-7 cells were incubated in the presence or absence 

of Exo1 for 2 h after fluorescent MoS2-based NS treatment. After that, we renewed the 

culture medium with fresh DMEM and incubated the cells for 3 h. Cytoplasmic fluorescence 

was then measured by flow cytometer.
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Figure 8. 
(a) Schematic diagram illustrating the intracellular fates of MoS2-based NSs. The process of 

trafficking starts with the internalization of NSs through macropinocytosis and both clathrin- 

and caveolae-dependent endocytosis, and then NSs are transported to early endosomes, 

shortly after that to late endosomes, and finally to lysosomes; autophagy is involved in the 

delivery of NSs to lysosomes; exocytosis participates in the secretion of NSs out of the cells; 

Exo1 inhibits the exocytosis pathways, which leads to the accumulation of MoS2-based NSs 

in cells. Cell viabilities of (b) HeLa and (c) MCF-7 cells after various treatments indicated: 

(1) PEGylated MoS2 NSs, (2) DOX, (3) PEGylated MoS2/DOX NSs, (4) PEGylated 

MoS2/DOX NSs + Exo1, (5) PEGylated MoS2 NSs + NIR, (6) PEGylated MoS2 NSs + NIR 

+ Exo1, (7) PEGylated MoS2/DOX NSs + NIR, and (8) PEGylated MoS2/DOX NSs + NIR 

+ Exo1 for 1, 2, or 3 h ([DOX] = 50 μg/mL, [MoS2] = 50.2 μg/mL, [Exo1] = 50 μg/mL), 

respectively. NIR: 808 nm laser at a low power density of 0.4 W/cm2 for 5 min after 

different incubation times. Exo1: pretreated with the cells for 2 h before the different 
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incubation times. Afterward, cells were washed with PBS and incubated for another 24 h in 

fresh medium before the MTT assay.
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Figure 9. 
Schematic representation of different therapeutic effects (a) without or (b) with the 

inhibition of Exo1. Although the same level of heat was generated due to the inhibition of 

Exo1, more PEGylated MoS2 NSs accumulated in the cancer cells, and the gentle heat 

generated by these NSs directly damaged the organelles and proteins inside the cells. 

However, without the inhibition of Exo1, a certain number of the NSs were expelled from 

the cells. Because of the protection of the cell membranes and cellular homeostasis, the 

gentle heat generated by these NSs did not directly affect the organelles and proteins inside 

the cells.
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Figure 10. 
MoS2-based NSs for an in vivo triple-combination therapy with low dose. Treatment 1: 

Saline; Treatment 2: Exo1; Treatment 3: DOX; Treatment 4: PEGylated MoS2/DOX NSs; 

Treatment 5: PEGylated MoS2/DOX NSs + Exo1; Treatment 6: PEGylated MoS2/DOX NSs 

+ NIR; Treatment 7: PEGylated MoS2/DOX NSs + NIR + Exo1. The doses of PEGylated 

MoS2, DOX and Exo1 were 4.01, 4, and 4 mg/kg, respectively. NIR treatment was 

conducted by irradiating under an 808 nm laser (0.4 W/cm2) for 15 min at the tumor sites. 

(a) Photothermal images of MCF-7 tumor-bearing mice with different treatments were 

recorded by an IR thermal camera. (b) Temperature changes at tumor sites were monitored 

by the IR thermal camera during laser irradiation. (c) Tumor volume growth curves after 

various treatments for the different groups. (d) Body weight of MCF-7 tumor-bearing mice 

was measured every other day post treatment (n = 5, *** p < 0.001, ** p < 0.01, * p < 0.05). 

(e) H&E-stained histological images of tissue sections from heart, liver, spleen, lung, and 

kidney after 1 month of treatment with PEGylated MoS2/DOX NSs together with Exo1. 

Saline was applied as control.
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