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Abstract 

Background: Phototherapy is a promising strategy for cancer therapy by reactive oxygen species (ROS) of pho-

todynamic therapy (PDT) and hyperthermia of photothermal therapy (PTT). However, the therapeutic efficacy was 

restricted by tumor hypoxia and thermal resistance of increased expression of heat shock protein (Hsp). In this study, 

we developed albumin nanoparticles to combine hypoxia relief and heat shock protein inhibition to overcome these 

limitations for phototherapy enhancement.

Results: Near-infrared photosensitizer (IR780) and gambogic acid (GA, Hsp90 inhibitor) were encapsulated into 

albumin nanoparticles via hydrophobic interaction, which was further deposited  MnO2 on the surface to form IGM 

nanoparticles. Both in vitro and in vivo studies demonstrated that IGM could catalyze overexpress of hydrogen per-

oxide to relive hypoxic tumor microenvironment. With near infrared irradiation, the ROS generation was significantly 

increase for PDT enhancement. In addition, the release of GA was promoted by irradiation to bind with Hsp90, which 

could reduce cell tolerance to heat for PTT enhancement. As a result, IGM could achieve better antitumor efficacy 

with enhanced PDT and PTT.

Conclusion: This study develops a facile approach to co-deliver IR780 and GA with self-assembled albumin nanopar-

ticles, which could relive hypoxia and suppress Hsp for clinical application of cancer phototherapy.
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Introduction
Phototherapy has attracted great attention for cancer 

treatment due to its high selectivity with laser irradia-

tion [1, 2]. �e photo-agents absorb light energy to gen-

erate heat as photothermal therapy (PTT) or reactive 

oxygen species (ROS) as photodynamic therapy (PDT), 

which could destroy cancer cells for cancer treatment 

[3–5]. In recent years, small organic near-infrared (NIR) 

photosensitizers (such as IR780, IR820 or indocyanine 

green) have been applied for phototherapy due to its high 

tissue penetration [6, 7]. �ey have been proved to pro-

duce heat and ROS with combination of PTT and PDT 

for cancer treatment [8, 9]. However, hypoxia is the main 

characteristic of tumor microenvironment, which limited 

therapeutic efficacy of the highly oxygen  (O2)-dependent 

PDT [10, 11]. Oxygen delivery system or in situ genera-

tion system has been developed to reverse hypoxia, such 

as delivering  O2 by perfluorocarbon with high oxygen 

capability or generation hydrogen peroxide  (H2O2) with 

 MnO2 [12–14]. Among them, various formulations of 

 MnO2 have been reported to catalyze the overexpression 

of  H2O2, which could in  situ produce  O2 and generate 

more ROS for PDT cancer treatment [15]. �erefore, we 

hypothesize that combined with  MnO2, the NIR-induced 

PDT could be enhanced to effectively kill cancer cells.
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�e hyperthermia by PTT could effectively induce the 

death of tumor cells, but the high increased temperature 

may confer collateral damage to normal tissue [16, 17]. In 

order to solve this problem, scientists used mild tempera-

ture (below 45 °C) to kill cancer cells [18–20]. However, 

under mild hyperthermia condition, heat shock proteins 

(Hsp) are highly expressed to cause the heat stress toler-

ance of cancer cells, which lead to high chances of recur-

rence [21–23]. Previous studies have been reported to 

deliver small interfering RNA (siRNA) and ATP inhibi-

tor (glucose oxidase) to inhibit the synthesis of Hsp70 or 

Hsp90, which improve the efficacy of low-hyperthermia 

PTT [24, 25]. In addition, some groups have reported 

to construct nanoparticles to deliver typical inhibitor 

17-allylamino-17-demethoxygeldanamycin (17-AAG), 

which decrease the PTT induced expression of Hsp to 

achieve enhanced mild-temperature PTT efficiency [26]. 

�erefore, co-delivery of Hsp inhibitor with NIR photo-

sensitizers may be a potential strategy to overcome tumor 

thermoresistance for maximizing PTT. Gambogic acid 

(GA) is a natural anti-cancer drug, which could inhibit 

Hsp90 to increase sensitivity of PTT [27–29]. None-

theless, the clinical application is restricted by the poor 

water solubility and limited bioavailability. �erefore, it 

is urgent to develop a novel strategy to co-deliver  MnO2 

and GA, which reverse hypoxia for PDT and reduce 

Hsp90 expression for PTT.

Human serum albumin is the most abundant plasma 

protein and has great potential as a safety natural carrier 

to deliver therapeutic agents [30, 31]. Due to its biocom-

patibility, low cost and easy preparation, albumin protein-

based nanoparticles have been applied for various disease 

treatments, such as retinal ischemia, liver fibrosis, rheu-

matoid arthritis, and cancer [32–34]. Owing to the spe-

cific binding affinity between albumin and overexpress 

receptors of cancer cells, the formed albumin nanoparti-

cles could accumulate at tumor site via enhanced perme-

ability and retention (EPR) effect and receptor-mediated 

endocytosis [35]. Abraxane, is the albumin nanoparticles 

to deliver paclitaxel, which has been approved in clinical 

application of cancer treatment by FDA [36, 37]. Besides 

delivery of chemotherapeutic drugs, photosensitiz-

ers such as chlorin e6 and Indocyanine green have been 

encapsulated into albumin nanoparticles for PDT of can-

cer [38, 39]. �anks to the 3D structure of albumin with 

hydrophobic and hydrophilic domains, together with 

abundant active groups, albumin is able to deliver various 

drug molecules and metal ions for combination therapy 

[40]. �erefore, human serum albumin is suitable as drug 

carrier for cancer treatment.

Taking all advantages into consideration, in this study, 

we developed self-assembled albumin nanoparticles 

(IGM) to encapsulate IR780 (NIR photosensitizer) and 

GA (Hsp90 inhibitor), which were further combined 

with  MnO2 in the surface of nanoparticles with one-pot 

method (Fig. 1a). Due to the EPR effect, after intravenous 

injected into tumor bearing mice, IGM could accumu-

late at tumor site and catalyze the overexpress of  H2O2 to 

Fig. 1 Illustration of IGM for enhanced phototherapy. a Construction of IGM via self-assembled method. b After IGM accumulation at tumor site, 

IGM catalyzes  H2O2 to reverse hypoxia for PDT enhancement and bind with Hsp90 to recover sensitivity of thermal effect for PTT enhancement
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generate  O2, which could reverse hypoxic tumor micro-

environment. With NIR laser irradiation, IGM could 

produce more singlet oxygen (1O2) or ROS to induce 

cell death via enhanced PDT. In addition, the GA could 

bind with Hsp90 to decrease its expression, which could 

increase sensitivity of PTT and reverse thermoresistance 

to enhance PTT therapeutic efficacy in vitro and in vivo 

(Fig.  1b). �is study provides a simple strategy to form 

albumin nanoparticles, which could enhance photother-

apy of NIR photosensitizers by both enhanced PDT and 

PTT for clinical cancer treatment.

Materials and methods
Materials

HSA solution was obtained from Octapharma. Gam-

bogic acid (GA) and IR780 were purchased from Alad-

din Industrial Corporation (Shanghai, China).  H2DCFDA 

and Cell Counting Kit-8 (CCK-8) was purchased from 

Beyotime Institute of Biotechnology (China). Sin-

glet Oxygen Sensor Green (SOSG) was obtained from 

�ermo Fisher Scientific. Cytotoxicity ROS-ID Hypoxia/

Oxidative Stress Detection Kit was obtained from Enzo 

Life Sciences. �e other chemicals were used as obtained 

commercially without any further purification.

Preparation of IGM

�e methanol solution (200 μl, IR780, 5 mg/ml and GA 

4  mg/ml) was slowly dropped into HSA solution (2  ml, 

20 mg/ml) and stirring for 30 min. After that, 100 μl of 

 MnCl2 solution (20.2  mg/ml) was added and adjust pH 

to 9.0 with NaOH (1.0 M) [41, 42]. �en, the solution was 

stirred at 37 °C for another 2 h and dialyzed for 24 h to 

obtain IGM nanoparticles. �ey were stored at 4  °C for 

further experiments.

Characteristic of IGM

�e concentration of IR780 and GA was determined by 

the UV–vis absorbance at 790  nm and 350  nm, respec-

tively. �e concentration of  MnO2 was determined by 

ICP. �e size and storage stability of IGM was deter-

mined by DLS (Malvern, UK). �e structure and mor-

phology were determined by transmission electron 

microscope (TEM).

Drug release of IGM

IGM (1  ml, GA, 80  μg/ml) were dialyzed against 10  ml 

PBS (pH 6.0 and 7.4) with 0.1% (w/v) Tween-80. At differ-

ent time intervals, dialysis solution (1 ml) was obtained to 

determine by UV–vis spectrophotometer and then 1 ml 

PBS was added to keep dialysis system. Also, the NIR 

triggered GA release was evaluated in PBS (pH = 6.0) 

after dialyzed 12 h. After with NIR irradiation (808 nm, 

0.8 W/cm2) for 2 min, the determination was similar as 

described.

Oxygen generation and photodynamic e�ect of IGM

�e property of oxygen generation of IGM with addition 

of  H2O2 was evaluated by Oxygen probe. In detailed, IG 

and different concentrations of IGM (0.5  ml,  MnO2, 40 

and 80  μg/ml) was added to  H2O2 (3.5  ml, 1  mM) and 

the oxygen concentration was recorded within 4  min. 

SOSG (Ex/Em = 490/525 nm) was used to determine the 

generation of 1O2, which was oxidized with 1O2 to emit 

green fluorescence. Different samples (100 μl) was mixed 

with SOSG (20 μl, 50 μM) and irradiated with NIR laser 

(808 nm, 0.8 W/cm2). �e fluorescence was recorded by 

fluorescence microplate reader.

Photothermal e�ect of IGM

Different concentrations of IGM (IR780, 5, 10, and 20 μg/

ml) was irradiated under 808  nm NIR laser at a power 

density of 0.8  W/cm2 within 2  min. �e water was set 

as control. �e increased temperature was recorded by 

thermometer and visual IR thermometer (FLIR Tools). In 

addition, the photothermal effect of IGM under different 

power density (0.8 and 1.6 W/cm2) was also determined 

by described method.

�e photothermal conversion efficiency was calculated 

according to the previous literature [43].

η is the photothermal conversion efficiency.  Tmax and 

 Tsurr means the equilibrium and surround temperature 

for solution, respectively. I represent the power of laser 

(0.8 W/cm2) and A is the absorbance of IR780 at 808 nm. 

 mD is the mass of water (0.3 g) and  cD is the heat capacity 

of water (4.2 J/g).

Intracellular relief of hypoxia

�e 4T1 cells were cultured in 96-well plate at density 

of 8000 per well and incubated for 24 h. After cells incu-

bated with the mixture solution of Hypoxia Detection 

Reagent (1  μM and Ex/Em = 596/670  nm) and IGM or 

IG  (MnO2 20 and 50 μg/ml), the upper medium was cov-

ered by liquid paraffin for 3 h to create hypoxic condition 

(3–5%). �en, the cells were washed with PBS, fixed with 

4% paraformaldehyde, and stained with DAPI. At last, the 

fluorescence of hypoxia in tumor cells were captured by 

fluorescence microscope (Nikon, Japan) and calculated 

by ImageJ software.

η =

hS(Tmax − Tsurr) − Qdis

I(1 − 10−A808)

τS =

mDcD

hS
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Intracellular ROS generation of IGM

H2DCFDA (Ex/Em = 495/529  nm) was introduced to 

detect intracellular ROS. �e 4T1 cells were incubated 

with IG, IGM (IR780 8 μg/ml and  MnO2 40 μg/ml) and 

 H2DCFDA for 3 h. After washed with PBS, the 4T1 cells 

were performed with NIR laser irradiation (808  nm, 

0.8 W/cm2) for 1 min. �en, the cells were stained with 

DAPI and the fluorescence was obtained by fluores-

cence microscope (Nikon, Japan). Also, the intracellular 

ROS generation was further analyzed by flow cytometer 

(ACEA). �e protocol was similar as described above.

Cytotoxicity of IGM and western blot of HSP90 in vitro

�e 4T1 cells (8000 cells per well) were seeded in 96-well 

plates and incubated with different concentrations of 

IG, IGM and IM for 3  h. After that, tumor cells were 

washed twice with PBS and followed with 1  min NIR 

laser irradiation (808  nm, 0.8  W/cm2). �e cell viability 

was determined by CCK-8 assay according to the stand-

ard protocol. In addition, the Calcein AM/PI staining was 

also performed to evaluate anti-tumor property of IGM 

in vitro. �e protocol was similar as described above and 

the fluorescence images were captured by fluorescence 

microscope (Nikon, Japan). For intracellular western 

blotting expression of HSP90, the 4T1 cells were seeded 

into a 6-well plates with a density of 2 × 104 cells/cm2 and 

incubated for 24 h. �en, IM and IGM (IR780 10 μg/ml 

and  MnO2 40 μg/ml) were added and incubated with 3 h. 

�en, the cells were collected and irradiated with NIR 

laser irradiation (808  nm, 0.8  W/cm2) for 1  min. After 

that, the cells were lysed by and the total protein was 

determined by BCA protein assay kit (Beyotime). �en, 

the protein was performed with 12% SDS-PAGE gel 

and transferred to a polyvinylidenedi-fluoride (PVDF). 

�en the western blot of HSP90 (Abcam) was deter-

mined by HSP90 primary antibody according to standard 

protocols.

Time-dependent biodistribution of IGM in vivo

When tumor reached about 200  mm3, IGM (IR780 

112  μg/ml) was intravenously injected into 4T1 tumor 

bearing mice. At different time point (2, 4, 8, 12, 24, 

and 48 h), the fluorescence of IR780 was capture by CRI 

maestro system. At 48  h post-injection, the organs and 

tumor were collected and perform fluorescence images of 

IGM. �e semi-quantitative biodistribution analysis was 

calculated by fluorescence signals.

Photothermal e�ect and reverse hypoxia of IGM in vivo

After 24  h post intravenous injection of saline and 

IGM (IR780 120  μg/ml and  MnO2 360  μg/ml), the 

tumor was collected and stained with HIF-1α to evalu-

ate the relief hypoxia of IGM. In addition, the NIR laser 

were irradiated at tumor site and the temperature were 

recorded by a visual IR thermometer within 2 min.

Anti-tumor e�ect in vivo

When tumor size reached about 100  mm3, 4T1 tumor 

bearing mice were randomly divided into five groups (six 

mice in each group), including Saline, IGM, IGM with 

NIR, IG with NIR, and IM with NIR (IR780 134 μg/ml, 

GA 120  μg/ml, and  MnO2 410  μg/ml). After 24  h post 

intravenous injection, the groups with NIR laser (808 nm, 

0.8  W/cm2) were performed with irradiation for 2  min. 

�e tumor size and body weight were recorded every 

2 days. �e volume was calculated based on the formula: 

V = width2 * length/2. Relative tumor volumes were 

recorded as V/V0. After finished treatment at day14, the 

tumors were collected and weighed. In addition, H&E, 

TUNEL, and HSP90 staining were performed at day3 to 

further evaluate the therapeutic efficacy of IGM.

Biosafety of IGM

For biosafety evaluation, BALB/C male mice were intra-

venously injected with saline and IGM (IR780 134  μg/

ml, GA 120  μg/ml, and  MnO2 410  μg/ml). After 24  h 

post injection, blood was collected to determine AST, 

ALT, CREA and BUN, which respected liver and kidney 

function. Major organs were collected to preform H&E 

staining.

Results
Preparation and characteristic of IGM

�e IGM nanoparticles were synthesized by one-pot 

method. IR780 and GA were the highly hydrophobic 

drugs to induce self-assembly of HSA, due to hydro-

phobic interactions between drug molecules and the 

hydrophobic domain of HSA. After mixed with  MnCl2, 

 Mn2+ would be anchored to active groups of HSA to 

form IG-Mn complex due to electronic interaction. 

With pH adjustment of NaOH, the  Mn2+ would gener-

ate  MnO2 dropped in IG albumin nanoparticles. Trans-

mission electron microscopy (TEM) images showed the 

spherical morphology of IGM (Fig. 2a). �e structure of 

 MnO2 in IGM was determined by high resolution TEM 

(HRTEM), which showed the lattice fringes with a lat-

tice distance of 0.24  nm (Fig.  2b). �e hydrodynamic 

diameter of IGM was about 188  nm determined by 

DLS, which is larger than that of IG (140 nm). �is may 

be due to the generation of MnO2 in the IG nanoparti-

cles (Fig. 2c). In addition, as shown in Fig. 2d, there was 

no significant changes of size with 48 h during the stor-

age at 4 °C. �e zeta potential of IGM was about -24mv, 

which is decreased than that of IG (-18mv), as shown in 

Additional file  1: Figure S1. X-ray photoelectron spec-

troscopy (XPS) was employed to evaluate the chemical 
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compositions of IGM. As shown in Additional file  1: 

Figure S2, XPS survey and Mn2p spectrum showed that 

 MnO2 was effectively dropped to IG nanoparticles. �e 

characteristic absorbance of IR780 and GA was 790 and 

350, which was observed in IGM (Fig.  2e). Meanwhile, 

fourier transform infrared (FTIR) spectra was applied 

to further confirm the successful encapsulation of IR780 

and GA. As shown in Additional file  1: Figure S3, the 

main characteristic peaks of IR780 and GA was appeared 

in the formed IGM nanoparticles. �e standard line 

of GA was shown in Additional file  1: Figure S4, deter-

mined by UV absorbance of 350 nm. �e concentration 

of IR780 and GA was calculated based on absorbance 

and the loading content of IR780 and GA was 4.2% and 

2.6%, respectively. All these results indicated that IR780, 

GA and  MnO2 were successfully encapsulated in HSA to 

form IGM nanoparticles.

Main property of IGM

�e GA release was performed in different PBS buffer 

solution (pH 6.0 and 7.4). As shown in Fig.  2f, within 

12 h, GA was released quickly in both pH 6.0 and 7.4 of 

buffer solution. But, the release of GA reached approxi-

mately 40% in pH 6.0 buffer solution, which is nearly 

twofold of that in pH 7.4 buffer solution (17.6%). �en, 

after irradiated with NIR laser (808 nm, 0.8 W/cm2), the 

release of GA was significantly increased compared to 

that without laser irradiation in pH 6.0 buffer solution. In 

addition, the size distribution of IGM in different temper-

ature was also evaluated by DLS. As shown in Additional 

file 1: Figure S5, with increased temperature from 37 to 

50  °C, the size of IGM was decreased from 170  nm to 

90 nm. �e result indicated that with PTT effect of IGM, 

IGM could be disassembled to release GA. All these 

results indicated that IGM was stable in blood circulation 

with little leakage and could release quickly under acid 

tumor microenvironment and NIR laser irradiation.

�e  MnO2 could catalyze  H2O2 to produce  O2, which 

has been widely used to reverse hypoxia of tumor [44]. 

�e catalyze property to generate  O2 was then evaluate 

in Fig. 3a. With addition of IG without  MnO2 into  H2O2 

solution (1 mM), there was no oxygen generation. While, 

different concentration of IGM added into  H2O2 solution 

(1  mM), the generation of  O2 was increased with time 

and concentration of  MnO2 in IGM. IR780 was applied as 

a photosensitizer to produce 1O2 for PDT of cancer treat-

ment. SOSG was specific fluorescence probe to be oxi-

dized by 1O2 [45]. As shown in Fig. 3b, the generation of 
1O2 in IG and IGM was increased with irradiation time. 

Due to the catalyzation of  H2O2 to produce  O2, the 1O2 

Fig. 2 Characteristics of IGM. a, b TEM (Scale bar = 200 nm) and HRTEM (Scale bare = 5 nm) image of IGM. c Size distribution of IG and IGM. d 

Stability of IGM within 48 h. e UV absorbance spectrum of IR780, GA, and IGM. f In vitro release profile of IGM in different PBS buffer (pH 6.0 and 7.4) 

with or without laser irradiation (808 nm, 0.8 W/cm2, 1 min). Data are expressed as mean ± SD (n = 3)
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in IGM was about 2.5-fold than that in IG. �ese results 

indicated that our formed IGM could release  O2 to gen-

erate more 1O2 for PDT enhancement.

Apart from the photodynamic property of IR780, it 

could also absorb laser energy to produce heat as photo-

thermal effect for cancer treatment. As shown in Fig. 3c, 

compared with control group (water), the temperature 

of IGM was went up quickly with increasing concentra-

tion of IR780, indicating a concentration-dependent 

manner after NIR laser irradiation. �e increased tem-

perature of IGM (IR780 20 μg/ml) was 24.2 °C, which is 

nearly twofold than that of IGM (IR780 10  μg/ml). �e 

photothermal effect was also evaluated by IR thermal 

images with increased irradiation time (Fig.  3d), which 

is similar as that determined by thermometer. In addi-

tion, the increased temperature of IGM with different 

laser power was also evaluated, as shown in Fig. 3e. �e 

temperature was significantly increased in both power 

laser and the temperature irradiated with 1.6  W/cm2 

was higher than that irradiated with 0.8 W/cm2 (△T 20 

vs 14 °C). According to the formula, the conversion effi-

ciency of albumin nanoparticles of IR780 was calculated 

about 29.1%, which is similar as that reported of IR780 

nanoparticles in previous studies [46]. As that IR780 can 

produce heat, so the stability of IR780 in different tem-

perature was evaluated. As shown in Additional file  1: 

Figure S6, the absorbance of IR780 showed no signifi-

cant changes in different temperature. All these results 

indicated that after irradiated with NIR laser, IGM could 

catalyze  H2O2 to enhance singlet oxygen generation for 

enhanced PDT and produce heat for PTT.

Intracellular hypoxia and ROS detection

�e therapeutic efficacy of PDT was restricted by hypoxic 

tumor microenvironment. As  MnO2 could catalyze  H2O2 

to produce  O2, we evaluated the relief hypoxia of IGM 

in 4T1 tumor cells. �e hypoxia of tumor cells was cre-

ated by covered liquid paraffin. As shown in Fig. 4a and 

Additional file 1: Figure S7, after incubation with differ-

ent concentrations of IGM, the cells showed slight red 

fluorescence, compared with control and IG groups, 

which showed bright red fluorescence. In addition, with 

increased concentration of  MnO2, the red fluorescence 

was significantly decreased with and no obvious red fluo-

rescence was observed in high concentration of IGM. 

�ese results indicated that in hypoxia condition, the 

Fig. 3 Main properties of IGM in vitro. a Oxygen generation of different concentrations of IGM  (MnO2 10 and 20 μg/ml) after addition with  H2O2 

(1 mM). b Singlet oxygen generation of IG and IGM after addition with  H2O2 (1 mM). c Photothermal heating curves and d photothermal images of 

IGM at various concentrations under laser irradiation (808 nm, 0.8 W/cm2). e The increased temperature profiles of IGM (IR780 10 μg/ml) with laser 

irradiation (808 nm, 0.8 and 1.6 W/cm2). Data are expressed as mean ± SD (n = 3)
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 MnO2 in IGM could produce oxygen to relive hypoxia for 

further PDT enhancement.

�e ROS generation was detected by  H2DCFDA fluo-

rescence probe, which was excited by ROS to emit green 

fluorescence. As shown in Fig.  4b, without NIR laser 

irradiation, the 4T1 cells showed slight green fluores-

cence. While, after irradiated with 1 min, the 4T1 cells of 

IG also showed green fluorescence due to ROS genera-

tion of PDT. But, the cells of IGM showed bright green 

fluorescence than that of IG and control group, because 

of the  MnO2 of IGM produce  O2 to enhance ROS gen-

eration for PDT. In order to further evaluate ROS gen-

eration, DCF staining were determined by quantitative 

flow cytometry analysis. �e trends were similar as that 

observed by fluorescence images. All these results indi-

cated that IGM could reverse hypoxia to enhance ROS 

generation for enhanced PDT.

Cell viability of IGM

�e combination antitumor activity of enhanced PDT 

and PTT was evaluated in 4T1 cells by CCK-8 assay and 

PI/calcein-AM staining. As shown in Fig.  4c, without 

laser irradiation, the cell viability was decreased with the 

concentration of GA, which may be due to the anti-tumor 

effect of GA as chemotherapy drug. After irradiated 

with NIR for 1  min, all these groups showed antitumor 

therapeutic efficacy. �e cells of IGM (IR780 4  μg/ml) 

only maintained approximately 15% viability, which was 

2.5 times as low as IG with laser irradiation (40%). �is 

indicated that  MnO2 could increase ROS generation to 

enhance PDT for cancer therapy. Also, compared with 

IM, the cell viability was significantly decreased, due to 

the contribution of GA. In addition, the cell toxicity of 

IGM in HUVEC cells was also evaluated. As shown in 

Additional file  1: Figure S8, after incubation of albumin 

nanoparticles with HUVEC cells and 4T1 tumor cells, 

without laser irradiation, IGM showed little toxicity to 

HUVEC cells, but significantly killed 4T1 cell. �is may 

be due to high affinity of HSA with the overexpressed of 

gp60 in tumor cells [47]. With the increase concentration 

of IR780, the toxicity to 4T1 cells was increased and also 

induced HUVEC cells apoptosis. �is may be due to the 

higher toxicity of GA.

It has been reported that GA could bind with HSP90, 

which can increase the sensitivity of photothermal effect 

[48]. In order to confirm the enhanced therapeutic mech-

anism of IGM, western blotting was further used to study 

the expression of HSP90 in 4T1 tumor cells after various 

treatments. As shown in Fig. 4d, compared with control 

group, irradiated with NIR laser, IM showed increased 

expression of HSP90, which is also higher than that of 

IGM with NIR, due to the binding effect of GA to HSP90. 

In addition, the 4T1 cells treated with IGM showed sig-

nificantly decreased expression of HSP90 than all other 

Fig. 4 In vitro anti-tumor therapy of IGM. a Representative fluorescence images of hypoxia (red) in 4T1 tumor cells after various treatments. b 

Fluorescence images and Flow cytometry quantitative analysis of ROS generation stained with DCFH-DA (green) and the nucleus stained with DAPI 

(blue) after different treatments. Scale bar is 100 μm. c Tumor cell viability after various treatments d Western blot of HSP90 expression in different 

treatments. Data are expressed as mean ± SD (n = 3)
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groups, which is further confirmed that GA could reduce 

HSP90 expression. �ese results were also evaluated by 

immunofluorescence staining of HSP90 in 4T1 cells. As 

shown in Additional file 1: Figure S9, the red fluorescence 

of 4T1 cells in group IGM with laser is decreased than 

that of IM with NIR. All these results indicated that GA 

in IGM could enhance sensitivity of tumor cells to PTT, 

which could increase antitumor activity of combined 

enhanced PDT and PTT.

Biodistribution and photothermal e�ect of IGM in vivo

Due to the EPR effect of tumor, after intravenous injec-

tion of IGM, 4T1 tumor bearing mice were imaged by 

NIR fluorescence imaging system. As shown in Fig.  5a, 

the accumulation of IGM at tumor site was enhanced 

with time during the period of 2–48 h post injection. �e 

maximum fluorescence of IR780 in tumor was observed 

at 24  h post injection. Afterward, the biodistribution of 

IGM in major organs and tumor was evaluated at 48  h 

post injection. �e tumor ex vivo showed significant fluo-

rescence signals of IR780 than other organs (Fig.  5b, c), 

which indicated that IGM could accumulate at tumor site 

in vivo for cancer treatment.

As confirmed that IGM could act as photother-

mal agent for PTT, after 24  h post injection, upon NIR 

laser irradiation, the increased temperature at tumor 

site was monitored by an infrared thermal. As shown 

in Fig. 5d and Additional file 1: Figure S3, the tumor in 

control group showed slightly increase in temperature 

(only increased 2  °C), while the temperature of tumor 

in IGM increased quickly about 5  °C in the first 30  s 

and increased to 10  °C with laser time of 2  min. �ese 

results indicated that IGM could perform PTT in  vivo. 

Also, in vitro, IGM could generate  O2 to reverse hypoxia. 

�e immunofluorescence of HIF-1α at tumor slices was 

evaluated after 24  h post intravenous injection of IGM. 

As shown in Fig.  5e and Additional file  1: Figure S10, 

the tumor in control group showed bright green fluores-

cence, which is higher than that of tumors accumulated 

with IGM (1862 vs. 473). �ese results confirmed that 

IGM could be also reverse hypoxia of tumor microenvi-

ronment in vivo for PDT enhancement.

Anti-tumor and biosafety of IGM in vivo

Encouraged by the accumulation, photothermal effect 

and relief of hypoxia, the antitumor therapeutic efficacy 

of IGM was evaluated in 4T1 tumor bearing mice in vivo. 

When the tumor reached 100 mm3, they were randomly 

divided into 5 groups, including control, IM with laser, 

IG with laser, IGM, and IGM with laser. As shown in 

Fig. 5 Biodistribution of IGM in vivo. a Dynamic fluorescence images of IGM (IR780, 120 μg/ml) in 4T1 tumor-bearing mice at different time 

points after intravenous injection. b Ex vivo NIR fluorescence images and c quantitation of major organs and tumor at 48 h after IGM treatment 

(n = 3, **P<0.01, tumor vs. other organs). d The increased temperature of tumor at 24 h post injection with laser irradiation(n = 3, **P<0.01, IGM vs. 

saline). e Immunofluorescence images of tumor slices stained by HIF-1α after intravenous injection of IGM at 0 h and 24 h. Data are expressed as 

mean ± SD (n = 3)
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Fig. 6a, compared with control group, IGM without laser 

showed slight inhibition, due to the therapeutic efficacy 

of GA. After irradiation with NIR laser, IGM showed sig-

nificant tumor inhibition compared with other groups 

(IG or IM with laser), due to the binding effect of GA 

for PTT enhancement and relief hypoxia of  MnO2 for 

PDT enhancement. In addition, IG or IM with laser 

also showed tumor inhibition than IGM without NIR, 

because of the activation of IR780 for phototherapy of 

cancer. After various treatment at day 14, the tumor was 

collected to weigh, as shown in Fig. 6b. �e tumor inhi-

bition of IGM with laser was approximately 91%, which 

is higher than that in IG with laser (72%) and IM with 

laser (61%). �ese results indicated that IGM could sig-

nificantly inhibit tumor growth through combination of 

enhanced PDT and PTT.

In order to further confirm the therapeutic efficacy, the 

cell apoptosis was evaluated by H&E and TUNEL fluores-

cence staining. As shown in Fig. 6c, the nuclear of tumor 

cells in IGM with NIR was significantly broken and the 

green fluorescence was higher than that in other treated 

groups. �ese results were consistent with the tumor 

inhibition study. �e collected tumors were further pre-

pared to tissue sections for the immunofluorescence 

Fig. 6 Anti-tumor effect of IGM in vivo. a Time-dependent tumor growth curves in 4T1 tumor after various treatments with intravenous injection 

(n = 6, **P<0.01, IGM + NIR vs. other groups). b Tumor weight at the end of treatment (n = 6, **P<0.01, IGM + NIR vs. other groups). c H&E, TUNEL, 

and HSP-90 staining of tumors at day 3 after various treatments (Scale bar = 100 μm). d Body weight of mice in different groups during therapy 

period. Data are expressed as mean ± SD (n = 6)
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staining of HSP90, which confirmed the therapeutic 

enhancement of PTT by the inhibition of thermo-resist-

ance. As shown in Fig.  6c and Additional file  1: Figure 

S11, with NIR laser irradiation, compared with control 

and IM with NIR group, the fluorescence of HSP90 was 

significantly reduced in IGM (). �e IGM and IG with 

NIR group also reduced HSP90 expression. All these 

results indicated that GA could reduce HSP90 expression 

for PTT enhancement.

In order to evaluate the biosafety of IGM, the body 

weight was determined during the treatment. As shown 

in Fig. 6d, there was no obvious changes of mice weight. 

In addition, the major organs were collected after intra-

venous injection of saline and IGM. As shown in Fig. 7a, 

there was no obvious damage of IGM observed in the 

H&E staining of major organs. Furthermore, two hepatic 

function parameters (AST and ALT) and two kidney 

function parameters (CREA and BUN) of IGM group 

showed no significant difference to that of control group, 

which was in good agreement with the H&E staining 

(Fig.  7b). �ese results showed that IGM was safe for 

antitumor therapy in vivo.

Discussion and conclusion
Phototherapy is increasingly recognized to be a promis-

ing strategy for primary cancer treatment, which shows 

high selectivity and effectivity. It applied phototherapy 

agents to convert light energy to generate heat as PTT 

and produce ROS as PDT [49]. However, two major 

obstacles of the tumor limited its therapeutic efficacy 

in cancer treatment. �e first one is the hypoxia tumor 

microenvironment, which restricts the ROS generation, 

especially 1O2 [14]. �e second one is the overexpression 

of HSP accompanied with increased temperature, which 

reduces the therapeutic efficacy and lead to high chances 

of recurrence [25]. �erefore, effective strategies to over-

come hypoxia and reduce expression of HSP are urgent 

to enhance phototherapy of cancer. We thus constructed 

albumin nanoparticles dropped with  MnO2 to co-deliver 

GA and IR780 via one-step self-assemble method.

In this study, HSA was chosen as drug carrier due to 

the abundant active groups and hydrophobic domains, 

which could encapsulate IR780 and GA [50]. In recent 

years. gold nanostructures and two-dimensional nano-

materials have also been attracted great attention as 

photothermal agents and drug carrier for combination 

therapy of cancer [51]. Control the aspect ratio of gold 

could achieve a sensitive response to NIR light with 

high tumor penetration [52]. In addition, other thera-

peutic drugs such as anticancer drugs and nucleic acid 

could conjugate or absorb in the surface of gold nano-

structure to inhibit tumor growth [53]. Compared with 

gold, the inorganic nanostructures of 2D nanomaterials 

such as selenium tellurium, 2D black phosphorus, and 

Fig. 7 Evaluation safety of IGM in vivo. a H&E staining of major organs and b Serum biochemistry of liver and kidney function markers after 

intravenous injection of IGM. Data are expressed as mean ± SD (n = 3)
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2D antimonite nanoparticles showed improved bio-

compatibility, high surface area for efficient loading of 

various functional molecules, unique surface chemistry 

for modification, and inherent optical properties with 

strong absorbance of NIR light for PTT [54–56]. How-

ever, the long-term safety concerns, interaction with 

immune system and excretion of these nanomaterials 

are crucial issues for clinical application [57, 58]. HSA 

is abundant in plasma and has been approved in clini-

cal use. In addition, specific hydrophilic binding sites 

and the high content of functional groups could make it 

suitable to deliver photosensitizer and chemo drugs for 

combination therapy [59].

�e release of GA was increased in the acid tumor 

microenvironment and also triggered with the laser irra-

diation (Fig.  2f ). �is may be due to the degradation of 

 MnO2 and disassemble of albumin nanoparticles. GA 

has been reported as a protentional anti-cancer drug 

in clinical application, which was shown cell killing and 

tumor inhibition (Figs.  4c, 6a). It can inhibit expression 

of HSP90 after PTT treatment (Figs. 4d, 6c). �is results 

indicated that combined GA and phototherapy could 

overcome tumor thermoresistance for maximizing thera-

peutic efficacy of PTT. In addition,  MnO2 was dropped 

in the albumin nanoparticles to overcome tumor hypoxia 

(Figs. 3a, 5e). With laser irradiation, the ROS generation 

of PDT was significantly increased to induce cell apop-

tosis and inhibit tumor growth (Figs.  3b, 4b, 6c). �ese 

results indicated our design could overcome the two 

major obstacles in phototherapy to increase therapeu-

tic efficacy of cancer. �e formed albumin nanoparticles 

showed no significant toxicity to major organs (Fig.  7), 

which indicated that the FDA approved HSA drug car-

rier showed potentials for clinic applications. Also, some 

risks of the formed nanoparticles need to take into con-

sideration in the further investigation [31, 60]. �e first 

one is that IR780 is not approved and has toxicity which 

limit its application. �e second one is that the potential 

immunogenicity of HSA may also exist in the clinical 

application. �e third one is that it is urgent to develop 

highly reproducible methods for large scale production 

of albumin nanoparticles.

In summary, HSA nanoparticles (IGM) to co-deliver 

GA, IR780 and  MnO2 through one-step self-assemble 

method was developed to enhance phototherapy of can-

cer. It could catalyze the overexpress of  H2O2 to produce 

 O2 and relive hypoxia, thus generating more ROS for 

PDT enhancement. It could also efficiently generate heat 

and promote the release of GA. �e released GA could 

bind with HSP90 to decrease the thermo-resistance of 

cancer cells for PTT enhancement. �is work demon-

strated a new design to enhance the therapeutic effi-

cacy of NIR photosensitizers via relief hypoxic tumor 

microenvironment and decrease of HSP90, which are 

promising for clinical cancer therapy.
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