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ABSTRACT 

The development of robust phototherapeutic strategies for eradicating tumors remains a 

significant challenge in the transfer of cancer phototherapy to clinical practice. Herein, a 

phototherapeutic nanococktail atovaquone/17-dimethylaminoethylamino-17-

demethoxygeldanamycin/glyco-BODIPY (ADB) was developed to enhance photodynamic 

therapy (PDT) and photothermal therapy (PTT) via alleviation of hypoxia and thermal 

resistance, that was constructed using supramolecular self-assembly of glyco-BODIPY 

(BODIPY-SS-LAC, BSL-1), hypoxia reliever atovaquone (ATO) and heat shock protein 

inhibitor 17-dimethylaminoethylamino-17-demethoxygeldanamycin (17-DMAG). Benefitting 

from a glyco-targeting and glutathione (GSH) responsive units BSL-1, ADB can be rapidly 
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taken up by hepatoma cells, furthermore the loaded ATO and 17-DMAG can be released in 

original form into the cytoplasm. Using in vitro and in vivo results, it was confirmed that ADB 

enhanced the synergetic PDT and PTT upon irradiation using 685 nm near-infrared light (NIR) 

under a hypoxic tumor microenvironment where ATO can reduce O2 consumption and 17-

DMAG can down-regulate HSP90. Moreover, ADB exhibited good biosafety, and tumor 

eradication in vivo. Hence, this as-developed phototherapeutic nanococktail overcomes the 

substantial obstacles encountered by phototherapy in tumor treatment, and offers a promising 

approach for the eradication of tumors.  

INTRODUCTION 

The clinical treatment of cancer still faces numerous problems associated with unsatisfactory 

treatment effectiveness and damage to healthy tissues.1-12 Phototherapy is noninvasive, exhibits 

minimal side effects, and is high selective and has been established as an excellent candidate 

for cancer treatment.13-33 However, treatment efficacy is often unsatisfactory when 

phototherapy is used, due to limits imposed by the hypoxic tumor microenvironment (TME), 

including less O2 that can decrease photodynamic efficacy and the up-regulated heat shock 

proteins (HSPs) may cause thermal resistance.34-38 To overcome these obstacles, nano drug 

combinations called “nanococktails” comprising of photosensitizers and multiple units for the 

relief of hypoxia and the down-regulation of HSPs have been fabricated and utilized for cancer 

therapy. However, their construction remains challenging due to the utility of multiple 

components, requiring multi-step manufacturing, and potential systemic toxicity.39-44 

Phototherapeutic nanococktail strategies are usually fabricated using various nanocarriers for 

direct oxygen (O2) delivery, in situ generation of O2 via decomposition of endogenous hydrogen 

peroxide (H2O2) or conversion of exogenous peroxides, and weakening O2 consumption to 

refuel O2 in the TME in order to boost the photodynamic therapy (PDT) efficacy.45-47 While, 

HSPs inhibitors (including small interfering RNA (siRNA) and chemical inhibitors) are 
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commonly encapsulated in various phototherapeutic nanococktail based systems to downgrade 

the expression of HSPs, and thus amplify the sensitivity towards photothermal therapy (PTT).48, 

49 However, practical applications of hypoxia alleviators and HSPs inhibitors using 

nanococktail strategies are usually hindered by critical issues including loading capacity, 

nonspecific distribution, uncontrolled release, and cumulative potential toxicity, which mostly 

are attributed to the vehicles forming the basis of the nano therapeutic systems of 

nanococktails.43, 50-56 As such clean and robust phototherapeutic nanococktail strategies 

exhibiting a good balance between safety and efficacy for tumor targeting and TME-control of 

synergetic PDT and PTT that can relieve hypoxia and down-regulate HSPs are ungently 

required. 

The construction of phototherapeutic systems tends to be complicated and may lead to 

residual polymer, organic or inorganic materials, which requires a large number of toxicological 

studies during the clinical translation, increasing the difficulty of clinical translation.57, 58 

Multifunctional carrier-free nano-photosensitizers (NPSs) formed by supramolecular self-

assembly of amphiphilic photosensitizer represent an effective synergistic PDT and PTT 

clinical translation strategy exhibiting many advantages, through integrating targeted delivery, 

TME-control release and synergistic PDT and PTT with single light illumination under ideal 

conditions.59 Our group have established a glycosylated BODIPY-based tumor-specific and 

TME-responsive NPS, including a hydrophobic BODIPY, a hydrophilic lactose, and their 

linkage (a GSH-responsive disulfide bond), that can self-assemble into NPS for synergistic 

cancer PDT and PTT.60 Based on analogous strategy of carrier-free multifunctional NPSs, 

cocktails of photosensitizer with dual inhibitors can be constructed by the simple loading of 

inhibitors into NPS. 

In this work, a phototherapeutic nanococktail based on the supramolecular glyco-assembly 

of amphiphilic BSL-1 was fabricated, which was synthesized based on previously reported 
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procedures, using the efficient docking of hydrophobic BODIPY and the hydrophilic lactose 

moiety. BSL-1 could self-assemble with atovaquone (ATO, O2 consumption inhibitor) and 17-

dimethylaminoethylamino-17-demethoxygeldanamycin (17-DMAG, HSP90 inhibitor) to form 

phototherapeutic nanococktail ATO/17-DMAG/BSL-1 (ADB), which overcomes the inherent 

difficulty of the TME for phototherapy, influencing the efficacy of PDT and the thermal 

resistance to PTT at tumor sites. Once ADB enters hepatoma cells via glyco-targeting ability, 

BODIPY, ATO, and 17-DMAG are released via the reduction of disulfide bonds by high 

concentrations of GSH in tumor cells. Moreover, a HepG2 xenograft-bearing nude mice model 

indicated that the released moieties exhibit hypoxia relief, reactive oxygen species (ROS) 

generation, HSP90 down-regulation, and tumor eradication in vivo. We anticipate that 

nanococktails like ADB developed during this research represent an efficient green and safe 

phototherapeutic strategy exhibiting significant potential in the eradication of tumors. 

 

Scheme 1. Schematic illustration of nanococktail ADB constructed by supramolecular self-

assembly of BSL-1, ATO and 17-DMAG for tumor selectivity and enhanced synergic PDT and 

PTT during hypoxia. 
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RESULTS AND DISCUSSION 

Synthesis of BODIPY-SS-LAC (BSL-1). Compound 1 (BODIPY), SS (mono alkyne 

substituted 2,2'-dithiodiethanol) and LAC (a lactose azide derivative) were synthesized 

according to previous procedures.60 As shown in Figure S1, compound 9, a BODIPY derivative 

with one alkyne functional group linked by one disulfide bond, was synthesized in 44.2% yield 

by a one pot reaction of 1 and SS. Thereafter, BSL-1 was prepared by the CuAAC reaction of 

LAC and 9 in 76.5% yield. 1H nuclear magnetic resonance (NMR), 13C NMR, and high-

resolution liquid chromatograph mass spectroscopy (HRLC-MS) were used for characterization 

of the synthesized compounds. In the supporting information, all the structural parameters are 

provided.  

Construction and characterization of various nanococktails based on BSL-1. Critical 

aggregation concentration (CAC), transmission electron microscopy (TEM) and dynamic light 

scattering (DLS) were performed for evaluation of self-assembly of BSL-1 in water 

(water/DMSO, 1000:1, v/v). The CAC of BSL-1 in water was determined to be 9.83 μM (Figure 

S6). The size and morphology of the nano aggregates (B) formed from BSL-1 were evaluated 

using DLS (Figure 1a) and TEM (Figure 1b). Morphological characterization indicated that the 

amphiphilic BSL-1 can self-assemble into homogeneous nanoparticles in water. In Figure 1a, 

DLS analysis confirms that the average size of B is 115 nm, the polydispersity index is 0.281 

and the average zeta potential is -24.2 mV. 

BSL-1 can successfully self-assemble with ATO or/and 17-DMAG to construct various 

nanococktails, such as needle-shaped nano aggregate of ATO loaded BSL-1 (AB, Figure S7), 

leaf-shaped nano aggregate of 17-DMAG loaded BSL-1 (DB, Figure S8) and granular ADB 

(ADB, Figure 1d). The encapsulation efficiency of ATO and 17-DMAG in ADB are 91.65% 

and 11.95%, respectively; and the loading capacity are 19.45% and 4.52%, respectively. A 

double size distribution of 16.4 nm (20.5%) and 98.7 nm (79.5%) for ADB was analyzed, 
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resulting in average zeta potential of -16.8 mV via DLS (Figure 1c). Usually, nanoparticles with 

different particle sizes may affect their therapeutic effect via cell internalization.61, 62 In our 

study, carbohydrate-mediated cellular uptake can enhance drug retention, which could reduce 

the effect of particle sizes on cellular uptake.63 Therefore, the thus prepared ADB were used in 

the following experiments without further separation. 

Meanwhile, the GSH responsiveness of BSL-1 was evaluated using ultraviolet-visible 

spectroscopy (UV/Vis), fluorescence spectroscopy, and DLS analysis. BSL-1 exposed to GSH 

exhibited a 32-nm red shift of the absorption peak in the UV/Vis spectrum and an increased 

emission peak of 730 nm in comparison with that of BSL-1, with overlapping of the absorption 

peak in UV/Vis spectra and emission peak in emission spectra with those of 1 in Figure S9 and 

Figure S10. GSH-treated nanococktail ADB exhibited aggregates with double size distribution 

of 305.8 nm (63.3%) and 5369 nm (36.7%) due to the GSH-reduced disulfide bond, which is 

quite different from that of ADB in Figure S11.  

      

Figure 1. Characterization of nanococktails, photodynamic and photothermal properties. (a) 

DLS histogram of B (50 μM). (b) TEM photograph of B (50 μM). Scale bar, 200 nm. (c) DLS 

histogram of ADB (50 μM). (d) TEM photograph of ADB (50 μM). Scale bar, 200 nm. (e) ROS 
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generation of methylene blue (MB, 10 μM), BSL-1 (10 μM), and 1 (10 μM) measured with 1,3-

diphenylisobenzofuran (DPBF, 30 μM) in water (0.08 W/cm2, 60 s). (f) Photothermal 

conversion of 1 (10 μM) and BSL-1 (10 μM) in water (1.5 W/cm2, 30 min). 

ROS generation. The 1O2 generation of BSL-1 and 1 under 685 nm NIR irradiation was 

measured with 1,3-diphenylisobenzofuran (DPBF). We used 1 instead of BSL-1 to determine 

the 1O2 generation of BSL-1 treated with GSH, eliminating the effect of residual GSH on the 

amount of 1O2.
60 As shown in Figure S12, except for DPBF itself, the absorption of DPBF at 

422 nm in all experimental groups exhibited a decrease, which indicates the generation of 1O2. 

MB as reference (1O2 quantum yields: Φ = 0.52 in water), the 1O2 quantum yields (Φ) of 1 and 

BSL-1 were calculated to be 0.317 and 0.183, respectively (Figure 1e).64 The results indicated 

that after being released from B and degraded by GSH in cells, 1 can trigger enhanced 

production of 1O2 compared with B, which is valuable for reducing the normal-tissues damage. 

Photothermal conversion. The photothermal conversion efficiency of 1 and BSL-1 were 

measured to evaluate photothermal nature of 1 and BSL-1, in which NIR irradiation (1.5 W/cm2, 

30 min) was performed. The temperature of 8 mL 1 and BSL-1 in water increased by 22.8 ℃ 

and 14.7 ℃, respectively (Figure 1f). This indicated that the light-to-heat conversion capacity 

of 1 is better than that of BSL-1. According to the previously reported calculation method,65 

from Figure S13, the photothermal conversion efficiency of 1 and BSL-1 were calculated to be 

53.4% and 41.4%, which further confirmed that 1 released in the tumor microenvironment has 

stronger photothermal conversion ability than that of BSL-1. In addition, five laser on/off cycles 

of GSH-treated BSL-1 (Figure S14) suggested good photothermal stability of GSH-treated 

BSL-1.  

Hepatocellular uptake of B. Since the hydrophilic module in the BSL-1 molecule is a lactose 

molecule, a lactose-enriched hydrophilic layer is naturally formed on the surface of self-
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assembled B, which is effective for hepatoma cells targeting via overexpressed galectin in the 

cell membrane. The internalization of B was investigated by detecting the fluorescence of 

intracellular 1 using CLSM and FCM. With an increase in the co-incubation time, the 

fluorescence of 1 increased (Figure 2a, 2b, and 2d). From Figure 2b, B is clearly taken up by 

cells more easily than free 1. The targeting ability of B was also determined using CLSM. In 

Figure 2c and 2e, the fluorescence in HepG2 cells was significantly stronger than that in 

HL7702 and HeLa. Meanwhile, the LBA pre-treatment significantly inhibited the cell uptake 

of B in HepG2 cells. 

 

Figure 2. Cellular uptake in HepG2 and hepatoma cell targeting ability. (a) Cellular uptake 

detected by CLSM. (b) Cellular uptake of 1 and B detected by FCM. (c) Targeting ability of B 

was detected using CLSM. The treatment from left to right: HL7702, HepG2, HepG2 pre-
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treated with lactobionic acid (HepG2+LBA), and HeLa. (d) Mean fluorescence intensity 

quantification of B in (a) (n = 3). (e) Mean fluorescence intensity quantification of B in (c) (n 

= 3), ***P < 0.001. The concentrations of 1 and BSL-1 were both 2.5 μM. Scale bar, 50 μm. 

For B, Ex/Em: 637/730 nm; for Hoechst, Ex/Em: 405/461 nm. 
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Figure 3. Hypoxia, ROS generation, HSP90 expression and mitochondrial membrane potential 

assays in HepG2 cells. (a) Changes in dissolved oxygen in cell cultures: Culture, 

ATO+Cell+Culture, ADB+Cell+Culture, AB+Cell+Culture, DB+Cell+Culture, 

B+Cell+Culture, and Cell+Culture; all groups need to be sealed with liquid paraffin (n = 3), 
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**P < 0.01, ***P < 0.001. (b) Hypoxia and ROS detection: PBS, B-N, B-H, AB-N, AB-H, DB-

N, DB-H, ADB-N, and ADB-H (685 nm, 0.08 W/cm2, 20 min; N: normoxia, H: hypoxia). Scale 

bar, 50 μm. (c) Expression of HSP90 in different groups: B-L, AB-L, DB-L, and ADB-L (685 

nm, 0.08 W/cm2, 20 min). Scale bar, 20 μm. (d) Mitochondrial membrane potential analysis: 

PBS, B-N, B-H, AB-N, AB-H, DB-N, DB-H, ADB-N, and ADB-H (685 nm, 0.08 W/cm2, 20 

min; N: normoxia, H: hypoxia). Scale bar, 50 μm. Mean fluorescence intensity quantification 

of hypoxia (e), and ROS (f) in (b) (n = 3), **P < 0.01, ***P < 0.001. (g) Mean fluorescence 

intensity quantification of HSP90 in (c) (n = 3), ***P < 0.001. Mean fluorescence intensity 

quantification of JC-aggr (h), and JC-mono (i) in (d) (n = 3), *P < 0.05, ***P < 0.001.  

Hypoxia detection and ROS generation in vitro. Since hypoxia will limit the efficacy of PDT, 

it is essential for PDT efficacy that the nanococktail cause remission in hypoxia. The dissolved 

O2 concentration of the cell culture medium of different groups can be measured using the 

dissolved O2 detector. The changes of dissolved O2 concentration in each group reflects the O2 

consumption by cell respiration, as shown in Figure 3a. In the ATO, ADB, and AB groups, the 

decline of the dissolved O2 concentration is less than that for the groups without ATO. Therefore, 

ATO can indeed inhibit the O2 consumption of cells. It indicates that the AB and ADB groups 

loaded with ATO can suppress O2 consumption. Subsequently, a hypoxia and ROS detection kit 

was used to detect the levels of hypoxia and ROS in different groups. In Figure 3b and 3e, in 

all the normoxic groups, the hypoxia probe did not display strong red fluorescence. Meanwhile, 

in the hypoxic groups, we did not detect strong red fluorescence in AB and ADB groups with 

ATO. However, red fluorescence of the hypoxia probe in B and DB groups was stronger than 

that of all other groups, which indicates that the AB and ADB groups loaded with ATO exhibit 

a good effect on alleviating hypoxia. Similarly, the green fluorescence of the ROS detection 

probe displayed a strong green signal for the normoxic groups with NIR treatment, but in the 

hypoxic groups, enhanced green fluorescence is only detected for the AB and ADB groups in 
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Figure 3b and 3f, which indicates that the ATO in AB and ADB groups can reduce the O2 

consumption of cells, thereby alleviating hypoxia, and increasing the generation of ROS thereby 

enhancing the efficacy of PDT. 

HSP90 expression assay in vitro. Heat shock protein (HSP) is a widespread heat stress protein. 

When the organism is exposed to high temperature, HSP is quickly expressed to protect the 

organism. HSP90 is an important member in the HSP family, and it is inextricably linked with 

the development of tumors. With this research, we analyzed the expression levels of HSP90 in 

cells treated with B-L, AB-L, DB-L and ADB-L under NIR irradiation by immunofluorescence. 

As shown in Figure 3c and 3g, in the B-L and AB-L groups, strong green fluorescence can be 

monitored in HepG2 cells, indicating that the HSP90 expression is up-regulated. While for the 

DB-L and ADB-L groups, the green fluorescence signal monitored in HepG2 cells was weak. 

Obviously, in the DB and ADB groups, the HSP90 inhibitor 17-DMAG was included, which 

influenced the expression of HSP90. Finally, the heat resistance of cancer cells can be overcome 

by the downregulation of HSP expression. 

Depolarization of mitochondrial membrane potential. Mitochondrial permeable dye (JC-10) 

has unique distribution characteristics in cell mitochondria and can be used to measure the 

depolarization of the mitochondrial membrane potential. In normal cells, the mitochondrial 

membrane potential is high, and J aggregates of JC-10 are formed with red fluorescence in the 

mitochondrial matrix. When the mitochondrial membrane potential is low, JC-10 exists as a 

monomer with green fluorescence. As shown in Figure 3d, 3h and 3i, for each nanococktail 

when treated with NIR relatively strong green fluorescence could be detected. However, for the 

B-L hypoxia group, weak green fluorescence and red fluorescence was detected. In other groups, 

strong green fluorescence was observed without red fluorescence. Hypoxia limits the generation 

of ROS, thus the depolarization of mitochondrial membrane potential is affected, as such the 

membrane potential is higher than that of other groups. 



  

13 

 

Cell viability and apoptosis. To study the biocompatibility and anti-cancer activity of 

nanococktails, cell viability can be assessed using MTT analysis. We selected two cell lines for 

cell viability experiments: human normal hepatocytes HL7702 and hepatoma cells HepG2. As 

shown in Figure S15, even if the concentration of B is as high as 20 µM, the cell viability of 

HL7702 cells without NIR remains above 90%, while the cell viability of HepG2 remains at 

about 80%. B does not show strong cytotoxicity without NIR and exhibits good 

biocompatibility as a vehicle for drug delivery. At the same time, we compared the dark toxicity 

of ATO, 17-DMAG, and various nanococktails towards HepG2 and HL7702 cells. As shown in 

Figure S16, ATO is not toxic, and 17-DMAG shows strong toxicity to HepG2. However, after 

loading with B, their toxicity can be significantly reduced. As shown in Figure 4c, ATO and 17-

DMAG are slightly toxic towards HL7702 at 4.58 and 0.6 µM, respectively. However, after 

loading with B, their cell toxicity was reduced, especially that for dual drug-delivery system 

ADB. 

 

Figure 4. The cytotoxicity of various nanococktails. Cytotoxicity of B, AB, DB, and ADB to 

HepG2 cells under NIR: (a) normoxia and (b) hypoxia; NIR (685 nm, 0.08 W/cm2, 20 min) (n 
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= 6), *P < 0.05, **P < 0.01, ***P < 0.001. (c) The biocompatibility of ATO, 17-DMAG, and 

various nanococktails to HL7702 cells (n =6). (d) Apoptosis assay of HepG2 cells: PBS, ATO, 

17-DMAG, N-D B, N-D AB, N-D DB, N-D ADB, H-D B, H-D AB, H-D DB, H-D ADB, N-L 

B, N-L AB, N-L DB, N-L ADB, H-L B, H-L AB, H-L DB, and H-L ADB; N-D: normoxia 

without NIR, H-L: hypoxia with NIR, N-L: normoxia with NIR. 

In the study of the phototoxicity of different nanococktails towards HepG2, the hypoxia was 

simulated by paraffin liquid sealing on the upper layer of the cell culture medium. As shown in 

Figure 4a and 4b, we performed MTT under normoxia and hypoxia, respectively. Under 

hypoxia, the IC50 of B, AB, DB and ADB to HepG2 are 3.15, 1.99, 1.99 and 1.25 μM. 

Meanwhile, the IC50 of B, AB, DB and ADB are 1.93, 1.90, 1.89 and 1.10 μM in normoxia. 

Under normoxia, no significant differences were detected in the cell viability of the B, AB and 

DB groups, while under hypoxia, AB, DB, and ADB all exhibit significantly enhanced 

phototoxicity than B, especially ADB can induce the strongest phototoxicity towards HepG2 

cells. 

We also evaluated the pathway to cell death using Annexin V-FITC/PI cell apoptosis 

detection kit. In Figure 4d, a total of 19 treatments were performed: PBS, ATO, 17-DMAG, N-

D B, N-D AB, N-D DB, N-D ADB, H-D B, H-D AB, H-D DB, H-D ADB, N-L B, N-L AB, N-

L DB, N-L ADB, H-L B, H-L AB, H-L DB, and H-L ADB. Among them, N-D represents 

normoxia without NIR, H-L represents hypoxia with NIR, and N-L represents normoxia with 

NIR. Regardless of hypoxia or normoxia, for each “L” group, many cells undergo 

apoptosis/necrosis. Among them, H-L ADB and N-L ADB have the highest proportion of 

apoptosis and necrosis, with only 12.4% and 6.08% of healthy cells. Amongst the other groups 

under hypoxia treatment, the apoptosis/necrosis rates of the H-L B, H-L AB, H-L DB and H-L 

ADB groups were 66.8%, 72.4%, 81.5% and 87.6%, respectively. The dual-drug loading 

nanococktail ADB can kill tumor cells, significantly better than the no-drug loading group and 
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any of the single-drug loading groups. Under hypoxia, it can be seen that the ATO-loaded group 

has an enhanced cell killing ability compared with the ATO-free group. Meanwhile, to analyze 

the influence from NIR irradiation, apoptosis analysis was conducted under hypoxia without 

NIR irradiation, resulting in 89.1%, 84.7%, 79.8%, and 75.9% of healthy cells in H-D B, H-D 

AB, H-D DB, and H-D ADB groups, respectively. Compared with the “H-L” groups, the 

proportion of healthy cells in the “H-D” groups is much higher. 

 

Figure 5. Tumor-targeting, biodistribution and biosafety in vivo. (a) Fluorescence imaging of 

HepG2 xenograft-bearing mice injected intravenously with ADB at various times: 12, 18, 24, 

28, 32, and 40 h. (b) Fluorescence imaging of excised tumors after intravenous injection of 

ADB for various times. (c) Fluorescence imaging of organs and tumors after intravenous 

injection with ADB for various times. (d) Histological examination of the main organs from 

HepG2 xenograft-bearing mice treated with PBS, B, ADB, B-L, AB-L, DB-L, and ADB-L at 

25 d post-injection. H: Heart, Li: Liver, S: Spleen, Lu: Lung, K: Kidney, T: Tumor. Scale bar, 

100 μm. 

Tumor accumulation, biodistribution and biosafety. To evaluate the tumor accumulation of 

ADB in vivo, ADB (equivalent concentration of BSL-1: 5 mg/kg·bw) was injected into mice 
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bearing HepG2 xenografts through the tail vein. At 12, 18, 24, 28, 32, and 40 h after injection, 

the small animal imaging system (IVIS Spectrum; Ex/Em: 675/695 nm) was used to observe 

the fluorescence signal of the tumor area. Obvious red fluorescence signal was captured at the 

tumor sites at 18, 24, and 28 h (Figure 5a). To determine the biodistribution of ADB, the tumors 

and various organs were collected for fluorescence imaging. Strong fluorescence was detected 

at the tumor sites 18 and 24 h after the tail vein injection (Figure 5b and Figure S17), meanwhile 

quite low fluorescence was detected in the organs (heart, liver, spleen, lung, and kidney) (Figure 

5c), indicating that ADB can selectively accumulate in the tumor tissues. According to the 

above results, NIR irradiation was performed at 18 h or 24 h after injection in the subsequent 

experiments. 

To evaluate the safety of each nanococktail based on BSL-1 in vivo, we analyzed the blood 

and blood biochemical indexes of the mice. Using hematology analysis, according to, all the 

parameters of blood data obtained in each group were within the normal range in Table S3. As 

well, there were no significant differences in clinical blood biochemical analysis (Table S4). 

Meanwhile, we stripped the heart, liver, spleen, lung, and kidney, and performed pathological 

biopsy by H&E staining to evaluate toxicity of various nanococktails in vivo. The results of the 

pathological biopsy indicated that the main organs of the mice in each group were stable in 

shape, and cellular structure of the main organic tissues was clear, which indicates that there 

was no significant tissue toxicity (Figure 5d). What’s more, no significant difference in the body 

weight of the mice between the groups was detected (Figure S18). In summary, our 

nanococktails based on BSL-1 exhibit good biosafety, and do not cause significant toxicity in 

vivo. 
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Figure 6. In vivo antitumor efficacy. (a) Infrared thermography at the tumor sites, NIR (685 

nm, 1.5 W/cm2, 3 min). (b) Expression of HSP90, hypoxia and ROS analysis of tumor sections 

by CLSM, NIR (685 nm, 1.5 W/cm2, 3 min). Scale bar, 100 μm. (c) Tumor volume over 25 d 

of each mouse in B, AB, DB, ADB, B-L, AB-L, DB-L, and ADB-L groups. (d) Photographs of 

HepG2 xenografts-bearing mice in B, AB, DB, ADB, B-L, AB-L, DB-L, and ADB-L groups 

at 25 d post-injection. (e) Excised tumors in B, AB, DB, ADB, B-L, AB-L, DB-L, and ADB-L 

groups. (f) Excised tumor weight in B, AB, DB, ADB, B-L, AB-L, DB-L, and ADB-L groups 

(n = 5), ***P < 0.001. (g) H&E staining and TUNEL analysis of excised tumor sections in B, 

AB, DB, ADB, B-L, AB-L, and DB-L groups. Scale bar, 100 μm. (h) Mean fluorescence 
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intensity quantification of HSP90 in (b) (n = 3), **P < 0.01, ***P < 0.001. (i) Mean 

fluorescence intensity quantification of hypoxia in (b) (n = 3), ***P < 0.001. (j) Mean 

fluorescence intensity quantification of ROS in (b) (n = 3), ***P < 0.001. 

In vivo antitumor efficacy. In order to evaluate the photothermal efficacy of ADB in vivo, 

BALB/C nude mice bearing HepG2 xenografts were injected with ADB (equivalent 

concentration of BSL-1: 5 mg/kg·bw) into the tail vein. After 24 h, NIR irradiation (685 nm, 

1.5 W/cm2, 3 min) of the tumor site. Captured by an FLIR E4 infrared camera, the temperature 

of irradiated tumor site in the ADB group increased by 6 ℃ (from 36.8 ℃ to 42.8 ℃) (ADB-

L; Figure 6a). On the contrary, the PBS-L group exhibited a negligible change in temperature 

of 2.2 ℃ (from 35.1 ℃ to 37.3 ℃) during the equivalent time of NIR irradiation (PBS-L; Figure 

6a). The observed temperature increase of the irradiated tumor sites indicates that ADB exhibits 

a high level of photothermal conversion in vivo. 

Since the generation of ROS correlates with the O2 content of the tissue. Hypoxia probes can 

be used to assess the hypoxia status of the tumor sites of mice in B, AB, DB, and ADB groups 

with or without NIR irradiation. The ROS generation in each tumor tissue is used to determine 

whether the ATO-loaded nanococktails exhibit efficient PDT. The study found that tumor 

tissues of mice treated with ATO-containing nanococktails exhibited weaker green fluorescence 

at their tumor sites, indicating that ATO in the nanococktails can effectively relieve tissue 

hypoxia (Hypoxia; Figure 6b and 6i). The ROS generation at tumor sites of mice in B, AB, DB, 

and ADB groups with or without NIR irradiation was detected by dihydroethidium (DHE) 

staining (ROS; Figure 6b and 6j). In the NIR groups, red fluorescence was detected, indicating 

that nanococktails based on BSL-1 boost ROS generation under NIR irradiation, especially the 

AB-L and ADB-L groups, which exhibited strong red fluorescence, which was attributed to a 

remission in hypoxia and increase of ROS generation due to the ATO loaded in the 

nanococktails. 
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In addition, we also evaluated the expression of HSP90 to confirm whether 17-DMAG in the 

nanococktails can counteract the thermal resistance of the cells during PTT. The expression of 

HSP90 was analyzed by immunofluorescence. Strong green fluorescence was observed for the 

B-L and AB-L groups, and negligible fluorescence was observed for the B, AB, DB, ADB, DB-

L and ADB-L groups. The HSP90 protein expression in the B-L and AB-L groups was up-

regulated, while that in B, AB, DB, ADB, DB-L and ADB-L groups was down-regulated, which 

associated with the 17-DMAG loaded in the nanococktails inhibiting the expression of HSP90 

(HSP90; Figure 6b and 6h). 

Finally, the anti-tumor efficacy of the nanococktails with NIR irradiation was evaluated in 

vivo. 7 groups of mice were divided for tumor treatment: PBS, B, ADB, B-L, AB-L, DB-L and 

ADB-L. Compared with PBS and B groups, the tumor volume and weight of ADB, B-L, AB-

L, DB-L and ADB-L groups (Figure 6c, 6d, 6e, and 6f) were significantly reduced. In addition, 

for the ADB-L group, the tumors of the mice disappeared completely (Figures 6c, 6d, 6e, and 

6f). H&E staining and TUNEL staining further confirmed that the tumor sites of B-L, AB-L and 

DB-L groups exhibited obvious apoptosis compared with of the other groups (Figure 6g). In 

summary, nanococktails based on BSL-1 can effectively kill cancer cells in vivo, and in 

particular the dual-drug loaded ADB can completely eradicate tumors. 

CONCLUSION 

In summary, nanococktail ADB was fabricated by supramolecular glyco-assembly of BSL-1, 

ATO and 17-DMAG with hydrophilic lactose moiety and hydrophobic BODIPY block, which 

could facilitate uptake by hepatoma cells and enable controlled release into the cytoplasm. BSL-

1 is composed of a hydrophilic lactose module for tumor targeting, disulfide bond to provide 

TME responsiveness, and hydrophobic BODIPY to provide synergistic PDT and PTT. The 

loaded ATO reduced the O2 consumption of tumor cells, thereby alleviating hypoxia and 

enhancing the efficacy of PDT. Meanwhile, the 17-DMAG loading inhibited the expression of 
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HSP90 in tumor cells, thereby reducing thermal resistance to PTT, which can amplify the 

sensitivity of phototherapy, and reduce damage to normal tissue. Finally, the in vivo results 

indicated that ADB resulted in the complete ablation of tumor tissues under NIR irradiation and 

exhibited good anti-tumor efficiency and biosafety. Therefore, this research ameliorates the 

inherent shortcomings of phototherapy through the loading of two inhibitors with the 

supramolecular glyco-assembly, paving the way for the development of safe and effective 

phototherapeutic platforms for tumor eradication. 

EXPERIMENTAL SECTION. 

Synthesis of BSL-1. The synthesis of compound 9 follows a modified route based on the 

published method,66 and the synthetic route is given in Figure S1. The detailed synthesis of 

compound 9 is described in supporting information. The 1H NMR spectrum of compound 9 is 

given in Figure S2. The synthesis of compound BSL-1 follows a modified route based on the 

published method,39 and the synthetic route is shown in Figure S1. The detailed synthesis of 

BSL-1 is described in supporting information. The 1H NMR spectrum of BSL-1 is given in 

Figure S3. The 13C NMR spectrum of BSL-1 is shown in Figure S4. The HRLC-MS spectrum 

of BSL-1 was shown in Figure S5. HRLC-MS (m/z): calcd for [M+Na]+ C60H69BN6O19F2NaS2
+, 

1313.4018; found 1313.4050. 

Characterization of critical aggregation concentration of nanococktails based on BSL-1. 

BSL-1 aqueous solutions with different concentrations (2.5, 5, 7.5, 10, 20, 30, 40, 50 μM) were 

prepared for measurement of the surface tension, and then the abscissa as the concentration of 

the compound BSL-1 with the ordinate as the scatter plot of the surface tension was drawn. The 

appropriate points were selected to make two intersecting straight lines. The critical aggregation 

concentration from the intersection is 9.83 μM. 

Dual-drug loading study. 0.367 mg ATO (1 μmol), 0.617 mg 17-DMAG (1 μmol) and 1.291 
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mg BSL-1 (1 μmol) were dissolved in 1 mL of water. The mixture was sonicated for 30 min 

and allowed to stand overnight to obtain the dual-drug-loaded nanosystem, which was purified 

by dialysis in distilled water (MW 8000) until the ATO and 17-DMAG in the water outside the 

dialysis bag displayed negligible UV/Vis changes. The amount of residual ATO and 17-DMAG 

in the dialysate is quantitatively measured by a microplate reader. The encapsulation efficiency 

and loading capacity of ATO and 17-DMAG can be calculated using the following formula: 

Encapsulation efficiency (%) = loaded drug mass / input drug mass 

Loading capacity (%) = loaded drug mass / mass of drug-loaded carriers 

Morphology characterization of nanococktails. B, AB, DB, and ADB aqueous solution 

dispersion were dropped onto transmission electron microscope meshes (copper mesh, 300 

mesh, surface carbon coating, microscope instrument). After sample preparation was completed, 

the transmission electron microscope was used to observe and take pictures. A ZEN3600 nano 

laser particle size analyzer was used to measure the particle size of the prepared nano-system 

aqueous solution, and the measurement was repeated three times. 

Photodynamic property. DPBF is used to monitor the production of singlet oxygen (1O2). In 

short, 10 μM 1, BSL-1 and methylene blue were mixed with 30 μM DPBF in water, and then 

irradiated for 60 s (685 nm, 0.08 W/cm2). The absorbance of DPBF was monitored at 422 nm 

in 10 s intervals. The experiment was initially conducted in water with methylene blue (MB) as 

a reference (in water ΦΔ = 0.52), using a 685 nm laser (0.08 W/cm2) for irradiation. The 1O2 

quantum yields of BSL-1 and 1 was calculated to be 0.183 and 0.317, respectively. 

Photothermal property. In order to evaluate the photothermal properties of our compound, a 

685 nm laser (1.5 W/cm2) was used to irradiate 8 mL PBS, BSL-1 (10 μM) and 1 (10 μM) in a 

glass vial for 30 min. At the same time, a thermometer was used to record the temperature of 
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all samples at 30 s intervals. According to the previous calculation method, we measured the 

light-to-heat conversion efficiency (η) of BSL-1 and 1. The calculation of the η value is given 

according to previous method.60 The photothermal conversion efficiencies of 1 and BSL-1 are 

0.534 and 0.414, respectively. 

Cellular uptake of B. According to previous report,60 HepG2 cells were incubated with B for 

various times. After incubation, the cells were washed twice with cold PBS, and their uptake 

was analyzed by CLSM and FCM. 

Study on the levels of hypoxia and ROS in cells. There were nine treatment groups: PBS, B-

H, B-N, AB-H, AB-N, DB-H, DB-N, ADB-H, and ADB-N. To the B-H, B-N, AB-H, AB-N, 

DB-H, DB-N, ADB-H, and ADB-N groups B, B, AB, AB, DB, DB, ADB, and ADB in fresh 

medium were added (equivalent concentration of BSL-1: 2.5 μM) and cultured for 24 h, while 

the PBS group was added with the same amount of fresh PBS and cultured for 24 h. In the B-

H, AB-H, DB-H and ADB-H groups, liquid paraffin was added to the culture medium to form 

an anoxic environment. NIR irradiation (685 nm, 0.08 W/cm2) was performed for 20 min after 

replacement of fresh medium. Finally, CLSM was used to measure hypoxia and ROS in cells 

with the ROS-ID™ Hypoxia/Oxidative Stress Detection Kit. For the ROS probe, λex = 488 nm. 

For the hypoxia probe, λex = 561 nm. 

Evaluation of HSP90 expression. There were four groups: B-L, AB-L, DB-L and ADB-L. 

RPMI-1640 medium containing B, AB, DB, and ADB (equivalent concentration of BSL-1: 2.5 

μM) were used to incubate cells for 24 h. NIR irradiation (685 nm, 0.08 W/cm2) was performed 

for 20 min after replacement of fresh medium. HSP90 expression were evaluated by 

immunofluorescence assay as previously reported.60 Finally, HSP90 expression level of cells 

were detected by CLSM. 

Evaluation of mitochondrial membrane potential. There were nine groups: PBS, B-H, B-N, 
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AB-H, AB-N, DB-H, DB-N, ADB-H, and ADB-N. To B-H, B-N, AB-H, AB-N, DB-H, DB-N, 

ADB-H, and ADB-N groups, fresh medium containing B, B, AB, AB, DB, DB, ADB, and ADB 

are added (equivalent concentration of BSL-1: 2.5 μM) cultured for 24 h, while the PBS group 

was added with the same amount of fresh PBS, and cultured for 24 h. In the B-H, AB-H, DB-

H and ADB-H groups, liquid paraffin was added to the culture medium to form an anoxic 

environment. NIR irradiation (685 nm, 0.08 W/cm2) was performed for 20 min after 

replacement of fresh medium. Finally, CLSM was used to measure mitochondrial membrane 

potential via JC-10 of the mitochondrial membrane potential detection kit. For JC-monomer, 

λex = 488 nm. For JC-aggregates, λex = 561 nm. 

Evaluation of biocompatibility and cytotoxicity. The MTT method was used to evaluate the 

biocompatibility and cytotoxicity of ATO, 17-DMAG, B and various nanococktails (n = 6). 

Dark toxicity of B was evaluated using HepG2 and HL7702 cells cultured with medium 

containing 0, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 2, 2.5, 5, 10, and 20 μM BSL-1. Evaluation of the 

toxicity of ATO, 17-DMAG, B, AB, and ADB to HL7702 and HepG2 cells were obtained with 

medium containing different concentrations of ATO, 17-DMAG, B, AB, DB, and ADB.  

B, AB, DB and ADB phototoxicity evaluation of HepG2 cells under hypoxia and normoxia. 

The MTT method was used to evaluate phototoxicity of B, AB, DB, and ADB to HepG2 cells 

(n = 6). Phototoxicity of B, AB, DB, and ADB was evaluated using HepG2 cultured with 

medium containing various concentrations of B, AB, DB, and ADB. NIR irradiation (685 nm, 

0.08 W/cm2) was performed for 20 min under hypoxia and normoxia. 

Evaluation of HepG2 cell apoptosis. For apoptosis detection of HepG2 cells, they were treated 

with Annexin V-FITC/PI apoptosis kit in 19 groups: PBS, ATO, 17-DMAG, N-D B, N-D AB, 

N-D DB, N-D ADB, H-D B, H-D AB, H-D DB, H-D ADB, N-L B, N-L AB, N-L DB, N-L ADB, 

H-L B, H-L AB, H-L DB, and H-L ADB. Among them, N-D represents the normoxia without 
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illumination group, H-L represents the hypoxia with illumination group, and N-L represents the 

normoxia with illumination group. NIR irradiation (685 nm, 0.08 W/cm2) was performed for 

20 min in “N-L” and “H-L” groups, and the “N-D” and “H-D” groups did not undergo 

irradiation treatment. Finally, the cells are analyzed by FCM according to Annexin V-FITC/PI 

apoptosis detection kit instructions. 

In vivo tissue distributions. BALB/C nude mice with HepG2 xenograft were injected 

intravenously with PBS or ADB (equivalent concentration of BSL-1: 5 mg/kg·bw) at 

predetermined time points (0, 12, 18, 24, 28, 32, and 40 h), then the fluorescence images of B 

were captured. The major organs and tumor tissues were extracted and fluorescence images 

captured. Then, the fluorescence intensity of B in mice and various tissues were measured using 

a PerkinElmer IVIS instrument. 

In vivo hypoxia and ROS study. The mice were treated differently and tested in 8 groups: B, 

B-L, AB, AB-L, DB, DB-L, ADB, and ADB-L. The hypoxia detection probe HypoxyprobeTM-

1 was injected through the tail vein, and the ROS probe (DHE, 2 mg kg-1) was injected into the 

tumor 24 h after intravenous injection of B, AB, DB, and ADB (equivalent concentration of 

BSL-1: 5 mg/kg·bw). NIR irradiation (685 nm, 1.5 W/cm2) was performed for 3 min on the 

tumor sites. CLSM was used for hypoxia and ROS study on tumor tissues. 

In vivo photothermal imaging. For photothermographic imaging, BALB/C nude mice with 

HepG2 xenograft were injected intravenously with PBS or ADB (equivalent concentration of 

BSL-1: 5 mg/kg·bw). NIR irradiation (685 nm, 1.5 W/cm2) was performed on tumor sites for 3 

min 24 h after injection, and the photothermal imaging was recorded by FLIR E4 infrared 

camera every 30 s. 

In vivo HSP90 expression. The mice with HepG2 xenograft were treated differently and tested 

in 8 groups: B, B-L, AB, AB-L, DB, DB-L, ADB, and ADB-L. Mice were injected 
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intravenously with various nanococktails (equivalent concentration of BSL-1: 5 mg/kg·bw). 

NIR irradiation (685 nm, 1.5 W/cm2) was performed on tumor sites for 3 min 24 h after injection 

in B-L, AB-L, DB-L, and ADB-L groups, and no irradiation was performed in B, AB, DB, ADB 

groups. Fluorescence immunoassays were performed for detection of HSP90 expression 

according to the previous report.60 CLSM was used to detect the HSP90 expression levels in 

tumor tissues. 

Biosafety evaluation of various nanococktails. The mice with HepG2 xenograft were 

randomly divided into 7 groups (n = 5 in each group): PBS, B, ADB, B-L, AB-L, DB-L, and 

ADB-L. The mice were intravenously injected with PBS or various nanococktails (equivalent 

concentration of BSL-1: 5 mg/kg·bw) when the tumor size reached 100-200 mm3, the day was 

set as day 0. NIR irradiation (685 nm, 1.5 W/cm2) was performed twice on tumor sites for 3 

min at 18 h and 24 h after injection in B-L, AB-L, DB-L, and ADB-L groups, and no irradiation 

was performed in PBS, B, and ADB groups. After 6 days, the previous operation was repeated, 

except that irradiation of the “L” group was carried out only once at 24 h after the injection. 

Then a biochemical analyzer and a blood cell analyzer were used to analyze the blood until they 

were sacrificed on the 25th day. The major organs of each group were harvested for H&E. 

In vivo anti-tumor activity. The mice with HepG2 xenograft were randomly divided into 7 

groups (n = 5): PBS, B, ADB, B-L, AB-L, DB-L, and ADB-L. The treatment in each group was 

consistent with biosafety evaluation. The tumor volume and body weight were recorded every 

2 days. The tumor size was measured by digital vernier calipers, and calculated using the 

following formula: 

V = (L × W2)/2 

Where L is the long diameter measured by a caliper, and W is the short diameter. The tumor 

tissues were collected, weighed and photographed. 
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The tumor tissues of each group were stained with H&E, and the pathological sections were 

observed by optical microscopy. Cell apoptosis in each group of solid tumor tissues were 

analyzed according to TUNEL staining. According to the instructions, we treated the paraffin-

embedded tissue sections (20 µm) with TUNEL Apoptosis Detection Kit (Yeasen), and the 

sections were visualized under a fluorescence microscope. 
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