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Purpose: Nanotechnology has been widely used in antitumor research. The complex physiological environment has brought 
significant challenges to the field of antitumor micelles. The ideal micelles must not only have an invisible surface to extend the 
circulation time but must also enhance the retention of drugs and cellular internalization at the tumor.
Methods: A graded response micelle (RPPssD@IR780/DOC) was designed to self-assemble by cRGD-poly(β-amino esters)- 
polyethylene glycol-ss-distearoyl phosphatidylethanolamine (cRGD-PBAE-PEG-ss-DSPE) loaded with docetaxel (DOC) and IR-780 
iodide (IR780). The micelles were designed to allow the PEG shell to prolong the blood circulation time in the body and effectively 
accumulate in the tumor. Subsequently, the acidic microenvironment of the tumor could transform the PBAE to hydrophilic, thereby 
increasing the size of micelles and exposing cyclic Arg-Gly-Asp (cRGD) peptides to increase the retention and cellular internalization 
of micelles in the tumor. After tumor cells had captured micelles, the high expression of glutathione in the cells prompted the release of 
DOC and IR780. Subsequently, the IR780 was stimulated by an 808-nm laser to generate local heat and reactive oxygen species (ROS) 
to synergize with DOC to treat the tumor.
Results: In vitro and in vivo experimental results suggested that RPPssD@IR780/DOC was a potential photochemical effective for 
the treatment of tumors with non-negligible antitumor activity and good biocompatibility.
Conclusion: A dual-response pH/redox delivery system with on-demand RGD exposure was designed to achieve photochemotherapy 
of tumors with good biosafety and antitumor effects.
Keywords: micelles, drug delivery, ligand hidden, size variable, photo-chemotherapy

Introduction
Cancer is the second leading cause of human death and has shown an increasing trend year by year, seriously threatening 
the development of human health and the social economy.1 Conventional cancer treatment options include chemotherapy, 
radiotherapy, and surgery.2 However, chemotherapy generally leads to serious side effects, surgery is accompanied by 
a high tumor recurrence rate, and radiotherapy is limited by the therapeutic dose. These methods are unable to achieve 
satisfactory results on cancer.3 To solve the above problems, the combination of chemotherapy with other antitumor 
therapies represents a potential treatment method, the use of multiple treatments can effectively stimulate the benefits and 
decrease the side effects of chemotherapy drugs.

Recently, complementary anticancer therapies, photodynamic therapy (PDT) and photothermal therapy (PTT), have 
been applied alone or in combination with traditional methods to enhance efficacy and reduce side effects.4 PTT or PDT 
is an antitumor therapy that uses laser irradiation of photosensitizer (PS) enriched in the tumor area to generate local 
hyperthermia or a large amount of cytotoxic reactive oxygen species (ROS) to induce cell apoptosis or necrosis.5,6 

Photosensitizers that are not excited by exogenous light have minimal toxicity. Additionally, PDT and PTT acts only on 
the lesion tissue in the irradiated area, which can significantly improve the targeting of tumor treatment and reduce the 
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toxic side effects that can be caused by traditional chemotherapy and radiotherapy.7,8 However, the low water solubility 
and low tumor specificity of photosensitizers limit their clinical application.9 In this context, establishing a micelle that 
can enhance the solubility of the PS and deliver it precisely to the tumor site is particularly important for PDT and PTT 
applications.10

Given the rapid advances in nanotechnology, the micelle has been widely proposed for the delivery of antitumor 
drugs due to its small size, easy modification and good solubility.11 The enhanced permeability and penetration (EPR) 
effect caused by rapid proliferation of tumor cells and restricted lymphatic circulation in tumor tissue is tumor- 
specific, and is often used for targeting tumors with micelles.12 As research progresses, it is not enough to rely solely 
on passively targeted delivery of drugs to tumor sites. The accumulation of micelles in tumor tissues greatly affects 
the efficacy of drugs. Many studies have found that micelles larger than 200 nm tend to remain longer in tumor tissue 
than smaller particles.13,14 In addition, the strategy of modifying specific ligands on the surface of micelles while 
taking advantage of the characteristics of the tumor microenvironment (micro-acidic environment, highly expressed 
enzymes, and redox environment) to control drug release has shown great potential in improving the efficiency of 
tumor targeting.15–17 However, evidence is mounting that after entering the blood circulation, the micelles will be 
coated with proteins to form a “protein corona”.18 In this case, even if the micelles have special surface modifica-
tions, they will fail quickly after entering the body fluid environment.19 For instance, cationic micelles were designed 
to take advantage of the negatively charged properties of cell membranes that can enhance cellular uptake. Contrary 
to expectations, cationic micelles are more likely to form a protein corona, resulting in a negative overall charge of 
the micelles, which impedes their uptake by cells.20 Furthermore, micelles equipped with targeting ligands are also 
covered by the protein corona, leading to failure of the ligand and off-target effects.21 To cross this barrier, 
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a negatively charged polyethylene glycol shell structure was designed to reduce the protein adhesion.22 Stealth 
surfaces also reduce the uptake of micelles by cancer cells while avoiding protein adhesion. Consequently, designing 
a tunable size and stealth surface micelle that enhances tumor accumulation and tumor uptake is critical.23

To address the above problem, we developed a tumor microenvironment-responsive micelle with tunable sizes able 
to target concealable ligands to improve the retention and cellular uptake of micelles in tumor tissue for enhancing the 
efficiency of cancer therapy. The concealable targeting ligand is achieved by linking to a pH-responsive poly(β-amino 
ester) (PBAE), which can remain hydrophobic under physiological conditions and convert to hydrophilic in an acidic 
environment through tertiary amine protonation on the chain. As shown in Figure 1, drug-loaded micelles consist of the 
target peptide cRGD, pH-responsive hydrophobic PBAE chain, hydrophilic polyethylene glycol (PEG) segment, 
hydrophobic chain distearoyl phosphatidylethanolamine (DSPE) present good biocompatibility, and is loaded with 
hydrophobic anticancer drug docetaxel and photosensitizer IR-780 iodide (IR780).24–26 At physiological pH (≈7.4), 
both the cRGD-PBAE and DSPE segments were trapped within the hydrophobic core of RPPssD and the targeting 
peptide cRGD was shielded by the PEG coating, which makes the surface invisible and prolongs the blood circulation 
time of RPPssD. Once RPPssD the drug reaches tumor tissue (pH<6.8), the PBAE segments undergo a transition from 
hydrophobic to hydrophilic properties with protonation of the tertiary amino group, allowing exposure of the cRGD 
peptides of RPPssD. Thus, the size of RPPssD can be increased, and the cRGD peptide can bind to tumor cells, resulting 
in enhanced tumor retention and cellular internalization of RPPssD. Subsequently, in the presence of intracellular 
glutathione (GSH), cRGD-PBAE-PEG segments are separated from RPPssD by disulfide bond cleavage to improve the 
release of DOC and IR780.27 Finally, the active oxygen and local hyperthermia produced by free IR780 under 808 nm 
near-infrared (NIR) light irradiation cooperate with DOC to induce tumor cell apoptosis. Overall, the prepared micelles 
provide a strategy for prolonging blood circulation and improving tumor cell targeting for photochemical treatment of 
tumors.

Figure 1 Schematic illustration of RPPssD@IR780/DOC micelles to achieve particle size changes, hide targets, and treat tumor synergistic photochemical combination. (A) 
Formulation, particle size changes, hidden targets, and degradation mechanism of RPPssD@IR780/DOC micelles. (B) The tumor-targeted micelles RPPssD loaded with 
DOC and IR780 to treat tumors through light-triggered photochemotherapy.
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Methods
Determination of Critical Micelle Concentration (CMC) of cRGD-PBAE-PEG-ss-DSPE
The CMC of RPPssD was determined using the pyrene fluorescence probe method.28 An acetone solution with a pyrene 
concentration of 6×10−6 mol/L was prepared and added to aqueous solutions of RPPssD concentrations with 0.05, 0.10, 
0.20, 0.50, 1.00, 2.00, 5.00, 10.00, 20.00, 50.00, 100.00, 200.00, 500.00, 1000.00 μg/mL. These solutions were placed in 
a 37°C water bath and incubated for 1 h in the dark and then protected from light at room temperature overnight. The 
emission wavelength of the fluorescence spectrophotometer was set to 334 nm. The excitation wavelengths of pyrene 
were 373 nm and 384 nm, respectively. The width of the slit was 3.0 nm. The fluorescence intensity ratio I373/I384 against 
the logarithmic concentration of RPPssD in the aqueous solution was plotted and the inflection point was the CMC of 
RPPssD.

Preparation of Micelles
The micelles of RPPssD and RPPssD@IR780/DOC were all prepared by thin-film hydration methods.29 First, RPPssD 
was dissolved in acetone. Subsequently, the thin film formed after the solvent was evaporated. The film was hydrated 
with pH 7.4 PBS and the blank micelles of RPPssD was obtained after the solution passed through a 0.45-μm filter 
membrane. To prepare RPPssD@IR780/DOC, DOC (1 mg) and IR780 (0.2 mg) were added to the acetone with RPPssD 
(5 mg) at the beginning of micelles preparation. The remaining steps were the same as those for the preparation of blank 
micelles.

Characterization of Micelles
The particle size and potential of RPPssD@IR780/DOC were measured using a laser dynamic scatter meter at 25°C. 
Furthermore, the morphology of RPPssD@IR780/DOC was observed by transmission electron microscope (TEM). In 
addition, the stability of RPPssD@IR780/DOC under different conditions was evaluated by the particle size and 
polydispersity index (PDI). Furthermore, the drug loading (DL%) and encapsulation efficiency (EE%) of DOC and 
IR780 in drug-loaded micelles were determined by HPLC and UV, respectively. As standard, 1 mL of micellar solution 
was diluted to 10 mL with methanol, sonicated for 30 min and filtered through a membrane syringe filter (0.22 μm). The 
concentration of DOC was detected by HPLC. The 55:45 (v/v) acetonitrile/water mixture was used as the mobile phase 
with a flow rate of 1 mL/min and the detection wavelength was 228 nm. The content of IR780 was obtained by detecting 
the absorption value at 780 nm with a UV. The DL% and EE% values were calculated according to the Eqs (1) and (2):

Furthermore, the saturated solubility of DOC and IR780 in water was detected and photographed to record the 
dissolution phenomenon.

Evaluation of pH Sensitivity of Micelles
The structure of the synthesized RPPssD contains a protonable tertiary amine group to make it pH sensitive.30 In order to 
fully understand the pH-sensitive properties of the material, a series of characterizations was conducted. The acid-base 
titration method was used to test the buffering capacity of the material to acid by using a pH meter.31 The particle size of 
RPPssD was detected by a laser dynamic scattering instrument to describe the variation trend of the particle size of self- 
assembled micelles with the pH value of the environment. In addition, the morphology of RPPssD micelles at pH 4.5 and 
pH 6.5 was observed by TEM.

The Effect of Reduction on Micelles
The structural unit of the RPPssD polymer contains disulfide bonds, which are broken in the presence of reducing agents 
(such as GSH and dithiothreitol [DTT]) and change the properties of the material change.32 To comprehensively 
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determine the reduction sensitivity of RPPssD, the trend of the size of the micelles after self-assembly over time and the 
concentration of the reducing agent was tested using a laser dynamic scatter meter.

Evaluation of the Photothermal Effect in vitro
The photothermal effect of RPPssD@IR780/DOC was measured by an infrared thermal imager. The IR780 solution 
(30% methanol) with a concentration of 20 μg/mL, free DOC solution and PBS were prepared as a control for 
RPPssD@IR780/DOC. After adding 1 mL of the solutions to the vial, the sample solution was irradiated with a laser 
(1 W/cm2, 808 nm) for 10 min and the temperature of the sample was recorded in each well with an infrared thermal 
imaging camera every 2 min to plot the temperature rise curve. Additionally, to verify the photothermal stability of 
RPPssD@IR780/DOC, free IR780 and RPPssD@IR780/DOC containing IR780 at a concentration of 20 μg/mL were 
irradiated with 808 nm NIR light (1 W/cm2) for three cycles, each cycle lasted 6 min and the sample temperature was 
recorded every 2 min to plot the temperature change curve. To calculate the photothermal conversion efficiency (η), 
RPPssD@IR780/DOC and free IR780 (30% methanol) with IR780 concentration of 20 μg/mL were irradiated with 
a laser (1 W/cm2, 808 nm) for 6 min and then cooled naturally for 6 min, and the temperature change was recorded every 
20s. The photothermal conversion efficiency was calculated according to Eq (3). Deionized water was set as the control 
group.33,34

In the formula, η is the photothermal conversion efficiency value, Tmax is the maximum temperature of the solution after 
irradiation with NIR light, Tsurr is the ambient temperature, Qdis the heat emitted from the environment, h is the heat 
transfer coefficient of the system, s is the surface area of the irradiated solution, I is the power density of the 808 nm laser 
used, and A808 is the absorbance value of the sample at 808 nm.

Evaluation of the Photodynamic Effect in vitro
The 3-diphenylisobenzofuran (DPBF) assay was used to investigate the singlet oxygen generation of RPPssD@IR780/ 
DOC under laser irradiation. DPBF can chemically react with singlet oxygen, which will reduce its absorbance at 418 
nm, thus reflecting the situation of singlet oxygen.35 Next, 250 μL PBS, free DOC, free IR780 (20 μg/mL) and 
RPPssD@IR780/DOC solution were added to 96-well plates, followed by the addition of 50 μL DPBF solution (50 
mM) to each well. Each well was irradiated with an 808-nm laser (1 W/cm2) for 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 min and the 
absorbance at 418 nm of the sample was measured with a microplate reader.

Drug Release of RPPssD@IR780/DOC Under Different Conditions
Six equal volumes (1 mL) of RPPssD@IR780/DOC solution were placed in dialysis bags (MWCO: 3500 Da). And then 
put them into a 50-mL release tube containing 30 mL of different release mediums (pH7.4, 6.8, 5.0,7.4+10 mM DTT, 6.8 
+10 mM DTT, 5.0+10 mM DTT). Three parallel samples were set for each group.36–38 All release tubes were placed in 
a constant temperature shaking box at 37°C, set the vibration amplitude to 100 rpm. According to the predetermined time 
(10 min, 20 min, 30 min, 45 min, 1 h, 2 h, 4 h, 6 h, 8 h, 12 h, 24 h, 48 h, and 72 h), 1 mL release solution was taken and 
an equal volume of release medium was added at the same time. After obtaining all samples at each time point, the 
degree of release of DOC and IR780 in different media was measured by HPLC and UV spectrophotometer and the 
cumulative release curves were drawn.

Hemolysis Test
After collecting 5 mL of fresh rabbit blood, the serum was removed by centrifugation at 1000 rpm for 10 min. The red 
blood cells obtained after washing five times with PBS were prepared into a 2% red blood cell suspension for later use. 
A solution of RPPssD@IR780/DOC with an RPPssD concentration of 15 mg/mL was prepared. 2.5 mL of red blood cell 
suspension was mixed with RPPssD@IR780/DOC micelles solution (0.1, 0.2, 0.3, 0.4, 0.5 mL) and normal saline (2.4, 
2.3, 2.2, 2.1 mL), respectively. A negative control group (2.5 mL of erythrocyte suspension with 2.5 mL of normal saline) 
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and a positive control group (2.5 mL of erythrocyte suspension with 2.5 mL of deionized water) were prepared and 
incubated samples of different components at 37°C for 3 h. The samples were then centrifuged and photographed and 
100 µL was taken from each different group to measure the optical density (OD value) at 540 nm with a microplate 
reader. The hemolysis rate was calculated by Eq (4).

Cytotoxicity Analysis of RPPssD
The cell counting kit-8 (CCK-8) was used to determine the cytotoxicity of blank RPPssD micelles to MDA-MB-231 and 
L02 cells. Cells were seeded in a 96-well plate at a density of 5×103 cells per well and incubated overnight. The 
concentration of RPPssD was 10 to 1000 μg/mL and incubated with different cells for 24 h. PBS was used as a negative 
control group. Subsequently, the medium was replaced by fresh medium containing 20 μL CCK-8 solution and incubated 
at 37°C for 1 h. Finally, a microplate reader was used to measure the absorbance at 450 nm of each well. Relative cell 
viability (%) was calculated using Eq (5):

In the formula, the Ablank is the absorbance value containing only the medium at 450 nm, the Acontrol is the absorbance 
value of the untreated cell group at 450 nm and the Asample is the absorbance value of each experimental group at 450 nm.

Cellular Uptake
The fluorescence of IR780 was used to evaluate the ability of micelles to enter cells. The cellular uptake of free IR780, 
RPPssD@IR780 at pH7.4 has been explored. Additionally the cellular uptake of free IR780 and RPPssD@IR780 at 
pH6.8 was also investigated. MDA-MB-231 cells with high expression of the RGD receptor and MCF-7 cells with low 
expression of the RGD receptor were selected for research.39–41 Both cells were seeded in a six-well plate at a density of 
3×105 and cultured for 24 h. The medium containing IR780 or RPPssD@IR780 (the amount of IR780 in each group was 
5 μg/mL) were used to replace the original medium. Each group was cultured in an incubator for 6 h. Subsequently, the 
culture medium was discarded and the extracellular free drug was washed thoroughly with PBS. Subsequently, the nuclei 
were stained with Hoechst 33,342 for 15 min. Finally, the excess staining solution was washed off with PBS and the 
fluorescence picture of the cells was taken with an inverted fluorescence microscope.

Cellular ROS Generation
We used 2′,7′-Dichlorofluorescin diacetate (DCFH-DA) as the reactive oxygen probe to detect the level of reactive 
oxygen after laser irradiation of free IR780 and RPPssD@IR780 micelles at pH 7.4. The level of active oxygen 
production of free IR780 and RPPssD@IR780 at pH 6.8 was also investigated using laser irradiation. PBS and its 
laser irradiation groups were used as control. The MDA-MB-231 cells in the logarithmic growth phase were seeded on 
a 12-well plate at a density of 6×104 per well and cultured overnight until the cells adhered. Subsequently, the old 
medium was replaced with a medium containing PBS, IR780, RPPssD@IR780 (IR780=5 μg/mL). The cells were 
incubated for 6 h. Furthermore, the free sample solution was washed with PBS and 1 mL DCFH-DA medium was 
added to each well. After incubation for 30 min in the dark, the old medium was discarded, and the same amount of fresh 
medium was added. After 6 minutes of laser irradiation (808 nm, 1 W/cm2), the culture medium was discarded. The cells 
were stained with Hoechst 33,342 staining solution and then washed with PBS to remove the excess staining solution. 
Finally, the 12-well cell culture plate was placed under a fluorescent inverted microscope to observe the fluorescence 
signal of each well and photographs were taken.

In vitro Antitumor Activity
The antitumor activity of free drugs, RPPssD@IR780/DOC were detected using the CCK-8 assay. MDA-MB-231 cells 
with high expression of the RGD receptor and MCF-7 cells with low expression of the RGD receptor in the logarithmic 
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growth phase were seeded in a 96-well plate at a density of 5×103 cells/well and cultured overnight. A RPPssD@IR780/ 
DOC group and the free DOC/IR780 group at pH7.4 with or without laser irradiation were established to investigate 
viability in tumor cells. Furthermore, viability in tumor cells of RPPssD@IR780/DOC and free DOC/IR780 at pH 6.8 
with laser was also detected. The concentration of DOC was adjusted to 0.001–40 μg/mL and the amount of DOC was 
five times higher than that of IR780. The cells in the laser group were irradiated with laser (808 nm, 1 W/cm2, 6 min) 6 
hours after administration. In addition, PBS was used as a negative control group. After incubating the cells of all 
experimental groups for 24 h, 20 μL CCK-8 reagent was added to each well and incubated at 37°C for 1 h. Subsequently, 
the microplate reader was used to detect the absorbance value of the sample in the 96-well plate at 450 nm. Cell viability 
was calculated by Eq (4).

The Live/dead staining assay was used to further evaluate the antitumor effect of free drugs and RPPssD@IR780/ 
DOC with or without laser at pH 7.4. The antitumor effects of free drugs and RPPssD@IR780/DOC at pH6.8 with laser 
were also investigated and PBS was used as a control group. According to the density of 6×104 cells per well, MDA-MB 
-231 was seeded in 12-well plates and cultured overnight until cells adhered. The old medium was replaced with the 
medium containing PBS, IR780/DOC, RPPssD@IR780/DOC, and the culture was continued for 24 hours. At 6 h after 
administration, the group that needed the laser was irradiated with a 1 W/cm2 laser (808 nm) for 6 minutes. Finally, 
calcein-AM/PI was added for staining. After incubation was completed, the apoptosis of MDA-MB-231 cells was 
evaluated by a fluorescent inverted microscope.

Examination of in vivo Photothermal Effects
Tumor-bearing mice with tumor volumes up to about 100–150 mm3 were randomly divided into three groups and 
administered saline, DOC/IR780, and RPPssD@IR780/DOC respectively by tail vein. Administered at 10 mg/kg (DOC/ 
body weight) and 2 mg/kg (IR780/body weight). Eight hours after the tail vein injection, the tumor surface area of the 
tested mice was irradiated with laser (808 nm, 1 W/cm2) for 6 minutes. During irradiation, the tumor surface temperature 
and tumor area were photographed with the infrared thermographer every 2 min.

In vivo Photochemotherapy for Tumors
Tumor-bearing mice with tumor volumes of 100–150 mm3 were randomly divided into five groups (n=6): (A) Control group 
(saline); (B) Control+Laser (saline+Laser) group; (C) Free DOC/IR780 group; (D) Free DOC/IR780+Laser group; (E) 
RPPssD@IR780/DOC group; (F) RPPssD@IR780/DOC+Laser group. The mice received a tail vein injection at a dose of 
10 mg/kg (DOC/body weight) and 2 mg/kg (IR780/body weight) once every 3 days, six times in total. The laser groups were 
irradiated with an 808-nm laser (1 W/cm2, 6 min) at the tumor site 8 h after administration. The tumor volume and body 
weight the mice were measured every 2 days. On the third day after the last treatment, mice were killed and tumors and major 
organs (heart, liver, spleen, lung, and kidney) were collected. The tumors in each group were weighed and photographed. 
Subsequently, H&E staining and Ki67 staining were performed on tumors in each group to further observe the antitumor 
effects. Furthermore, the biological safety of RPPssD@IR780/DOC was evaluated by histological analysis of the major 
organs of mice after H&E staining and combined with the results of routine and biochemical blood analyses in each group of 
mice. Mice with a tumor volume of 100–150 mm3 were treated according to the same experimental protocol as above and the 
survival of each group of mice was recorded and the survival curve was plotted.

Statistical Analysis
Experimental data were expressed as mean ± standard deviation and analyzed by two-sided t-test (Student’s t-test) using 
GraphPad Prism software. Differences were considered statistically significant with p-values <0.05.

Results and Discussion
Preparation and Characterization of Micelles
The synthesis method of RPPssD (Figure S1) was detailed in the supporting information and its structure was verified by 
hydrogen NMR spectroscopy (Figures S2–S6) and gel permeation chromatography (Figure S7), which confirmed the 
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synthesis of RPPssD. Before the micelles were prepared, the CMC of the RPPssD was measured using the pyrene 
fluorescence probe method to be 14.56 μg/mL, which indicated that the RPPssD could form stable micelles in water at 
lower concentrations (Figure 2A). Subsequently, RPPssD self-assembled IR780 and DOC by the thin film dispersion 
method to obtain drug-loaded micelles. Similarly, the blank micelles of RPPssD were also prepared by the film dispersion 
method. The percentage of EE% of RPPssD for IR780 and DOC was calculated using a standard curve (Figure S8), and 
were 58.11% and 49.10%, respectively. The DL% of RPPssD on IR780 and DOC were 2.07% and 8.76%, respectively. 
Furthermore, the saturated solubilities of free DOC and IR780 were 1.563 μg/mL and 0.075 μg/mL, respectively, while 
the amounts of DOC and IR780 in RPPssD@IR780/DOC were 49.1 μg/mL and 11.622 μg/mL, respectively. The results 
(Figure S9) showed that RPPssD could effectively improve the solubility of DOC and IR780 after encapsulation and the 
imaging of the dissolution phenomenon also supported the conclusion. As described in Figure 2B, the hydrodynamic 
diameter of RPPssD@IR780/DOC was 207.3±15 nm and the PDI was 0.11, while the blank micelles size of RPPssD was 
182.4±4.67 nm with the PDI was 0.256. This is because the drug has entered the cavity of the hydrophobic segment of 
RPPssD. TEM clarified that the obtained RPPssD@IR780/DOC micelles were spherical with a particle size of 206.7 
±9.18 nm, which did not differ markedly from the particle size measured by dynamic light scattering (Figure 2C). In 
addition, the slight negative charge (Figure 2D) on the surface of RPPssD@IR780/DOC was beneficial to prolong blood 
circulation time and increase the accumulation of tumor. Moreover, RPPssD@IR780/DOC showed excellent stability in 
PBS or medium containing 10% fetal bovine serum, which ensured the drugs will not leak before it reaches the tumor site 
(Figure 2E and F).

Evaluation of pH and Reduction Sensitivity of Micelles
To confirm the pH sensitivity of RPPssD, the blank micelles of RPPssD was added to PBS at pH 4.0, 4.5, 5.0, 5.5, 6.5, 
7.0, 7.5 and 8.0 for 30 min and then the particle size was measured with dynamic light scattering. As can be seen in 
Figure 3A, the size of the RPPssD micelles was 178.2±2.1 nm when the pH>7.4. Between pH 7.4 and 5.5, the size of 
RPPssD obviously increased with the highest size reaching 523.3±23.2 nm. With a pH<5.5, the size of RPPssD no longer 
increased and remained at 360±20nm. The presence of tertiary amine groups containing PBAE in the RPPssD block 
polymer explained this result. When the pH was 7.4–5.5, the tertiary amine groups in PBAE were protonated, switching 
them from hydrophobic to hydrophilic micelles. As a result, the size of RPPssD was expanded and prevented the micelles 
from returning to the bloodstream to achieve enhanced intratumoral retention. When the pH was <5.5, the protonation of 
the tertiary amine group in PBAE was close to saturation, so the particle size remained stable, while the decrease in 
particle size may be caused by the acidolysis of the ester bond in the PBAE of RPPssD. As shown in Figure 3A, the TEM 

Figure 2 Characterization of RPPssD NPs. (A) The CMC of cRGD-PBAE-PEG-ss-DSPE. (B) The hydrodynamic diameter of RPPssD@IR780/DOC and the blank micelles of 
RPPssD. (C) TEM image of RPPssD@IR780/DOC (Scale bar=200 nm). (D) Zeta potential of RPPssD@IR780/DOC and blank micelles of RPPssD. (E) The size and PDI of 
RPPssD@IR780/DOC in PBS for 30 days. (F) The size and PDI of RPPssD@IR780/DOC medium containing 10% fetal bovine serum for 7 days. Data are presented as mean 
± standard deviation (n = 3).
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Figure 3 Performance evaluation of RPPssD NPs. (A) Variation curves of RPPssD particle size at different pH values and TEM of RPPssD at pH 4.5 (Scale bar=500 nm) and 6.5 
(Scale bar=200 nm). (B) Acid-base titration curve of RPPssD. (C) The curve of RPPssD NP size changes with time at different concentrations of DTT. (D) Infrared thermogram of 
each sample solution after NIR irradiation. (E) Temperature change curves of each sample solution under NIR irradiation. (F) Temperature change curves of free IR780 and 
RPPssD@IR780 after 3 cycles of laser irradiation. (G) Temperature rise and fall curves of IR780 and RPPssD@IR780/DOC aqueous dispersion. (H) The linear time data versus –lnθ 
obtained from the cooling period of free IR780. (I) The linear time data versus –lnθ obtained from the cooling period of RPPssD@IR780/DOC. (J) The remaining amount of DPBF 
after 10 minutes of laser irradiation for different samples. (K) DOC-release curves from RPPssD@IR780/DOC at varying conditions. (L) Release curves of the IR780 from 
RPPssD@IR780/DOC at varying conditions. (M) The hemolysis rate and experimental hemolysis phenomenon of RPPssD. (N) Cell viability of MDA-MB-231 cells after treatment 
with RPPssD. (O) Cell viability of L02 cells after treatment with RPPssD. Data are presented as mean ± standard deviation (n = 3), ns > 0.05, *p < 0.05.
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of RPPssD in solutions at pH 4.5 and 6.8 also demonstrated the conclusion. The results show that the particle size of 
RPPssD at pH 6.5 was about 500 nm and the morphology of PBAE after hydrophobic transformation could be seen. In 
addition, the particle size of RPPssD at pH 4.5 was about 300 nm and the micelles showed degradation. These results 
confirm the pH-sensitive properties of RPPssD.

The acid responsiveness of RPPssD was further investigated through acid-base titration. As shown in Figure 3B, 
compared with the titration curve of the NaCl solution, that of RPPssD changed more gently without a sharp decline, 
which further indicated that the tertiary amine contained in the PBAE of RPPssD could absorb H+ and be protonated 
during the titration process. This proved RPPssD had a pH buffering capacity in the range of pH=5.4–7.4, which was 
consistent with the effect of pH on particle size. The pH buffering capacity in this range corresponded to the 
physiological environment and the pH in the tumor tissue, indicating that RPPssD could effectively absorb H+ in this 
pH value range to achieve the transition of hydrophilicity and hydrophobicity.

The reductive response of RPPssD micelles was also evaluated (Figure 3C). The size of RPPssD in an environment 
that simulated normal cells (pH 7.4+10 μM DTT) had no obvious change and was always maintained at about 183.8 
±2.74 nm. As the environment changed to pH 7.4+10 mM DTT, the size of RPPssD changed from 183.8±8.2 nm to 95.8 
±8.33 nm after 24 h, which was caused by the rupture of the disulfide bond in RPPssD after the reduction of DTT. 
Similar to the condition of pH 7.4+10 mM DTT, the particle size of RPPssD also showed a sharp decline under the 
condition of simulating the tumor microenvironment (pH 6.8+10 mM DTT). The difference was that the particle size of 
the latter increased to 145±6.6 nm from 127.7±12.2 nm after 4 hours, which could be caused by protonation of the 
tertiary amine group in RPPssD under acidic conditions.42 The analysis demonstrated that the preparation achieved the 
dual-sensitivity property of the initial design, which was conducive to the realization of intelligent drug delivery.

Evaluation of Photothermal and Photodynamic Effects in vitro
The heating process of RPPssD@IR780/DOC under near-infrared laser irradiation was recorded by an infrared thermal 
imager, and the in vitro photothermal conversion efficiency of RPPssD@IR780/DOC micelles were evaluated. Infrared 
thermal imaging photos and temperature change curves are shown in Figure 3D and E, respectively. The temperature of 
the free DOC solution and PBS did not change significantly after continuous laser irradiation (808 nm, 1 W/cm2, 10 min), 
while the temperature of the free IR780 and RPPssD@IR780/DOC solution both increased to the highest at 6 min, 
increasing by 7.8°C and 12.1°C, respectively. In contrast, the RPPssD@IR780/DOC showed a more pronounced and 
sustained heating process than free IR780. In addition, the photothermal stability results (Figure 3F) of RPPssD@IR780/ 
DOC showed that the rapid degradation of free IR780 after three cycles of irradiation resulted in a rapid decrease in the 
photothermal conversion efficiency. Conversely, the photothermal conversion efficiency of RPPssD@IR780/DOC chan-
ged slightly and was significantly higher than that of free IR780. In addition, the calculated photothermal conversion 
efficiencies of IR780 and RPPssD@IR780/DOC was 15.4% and 25.6% (Figure 3G). The τs of IR780 (Figure 3H) and 
RPPssD@IR780/DOC (Figure 3I) calculated from linear time data were 252.8 s and 298.5 s in the cooling stage. These 
results indicated that RPPssD@IR780/DOC had a good photothermal conversion efficiency, while slowing down the 
degradation of IR780 and maintaining photothermal stability.

DPBF was used to investigate the ability of RPPssD@IR780/DOC to generate ROS. Because DPBF was continu-
ously consumed by reacting with ROS, its remaining amount indicated the amount of ROS produced, reflecting the 
photodynamic effect. The results are shown in Figure 3J. After irradiating the with near-infrared laser (808 nm, 1 W/cm2) 
for 10 minutes, there was no significant change in DPBF absorbance in PBS and the free DOC solution. The absorbance 
of DPBF in the free IR780 and RPPssD@IR780/DOC groups both decreased significantly, which indicated 
RPPssD@IR780/DOC effectively produced ROS under irradiation. The photodynamic effect of free IR780 was weaker 
than that of RPPssD@IR780/DOC, possibly because IR780 had better photostability after being encapsulated by the 
polymer, which improved the ability to generate singlet oxygen. In addition, the absorbance value of DPBF of DOC was 
basically unchanged after irradiation, proving that ROS was produced by IR780.
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Drug Release of RPPssD@IR780/DOC Micelles Under Different Conditions
According to the design of the RPPssD structure, an acidic environment can promote the expansion of the particle size of 
RPPssD to release a small amount of drugs and the rupture of the disulfide bonds in the RPPssD structure in the reducing 
environment can effectively increase the drug release of RPPssD@IR780/DOC. Therefore, by simulating the environ-
ment of tumor tissues and tumor cells, RPPssD@IR780/DOC can release drugs faster to treat the lesion. To verify the 
above conjecture, the release of DOC and IR780 in RPPssD@IR780/DOC under different in vitro conditions was 
investigated by dialysis (Figure 3K and L). In different pH media (pH=7.4, 6.8, 5.0), the drug release of RPPssD@IR780/ 
DOC increased with the decrease in pH, demonstrating the acid responsiveness of RPPssD@IR780/DOC. At pH 7.4, the 
cumulative release of IR780 and DOC in RPPssD@IR780/DOC was 41.80% and 37.21%. The cumulative release of 
IR780 and DOC in RPPssD@IR780/DOC increased to 54.56% and 41.52%, respectively, in the tumor tissue environ-
ment (pH 6.8). The cumulative release of the drug at pH 5.0 was much higher than that at pH 7.4 and the cumulative 
release of IR780 and DOC were 73.03% and 60.27%, respectively. Furthermore, the cumulative release of DOC and 
IR780 after adding DTT to each pH medium was significantly improved compared to the absence of DTT, which 
involved the reduction and cleavage of the disulfide bond to release a large amount of drug. The release of DOC and 
IR780 after adding DTT at pH 7.4 was 48.75% and 60.09%. The release of DOC and IR780 reached 70.65% and 75.16% 
at pH 6.8 in the presence of DTT. Under the condition of simulating the internal environment (pH 5.0+DTT) of tumor 
cells, DOC and IR780 were released by 89.72% and 86.28%, respectively. These results indicated that RPPssD in an 
acidic environment would cause protonation of PBAE, causing the expansion of the micelles, which in turn released 
more drug than at pH 7.4. When DTT was added to the medium, the breakage of the disulfide bond in the RPPssD 
structure resulted in the destruction of the micelle structure and in the release of a large amount of drug. In summary, 
RPPssD@IR780/DOC can effectively encapsulate the drugs and exploit the characteristics of the tumor microenviron-
ment to achieve controlled drug release.

In vitro Biocompatibility Evaluation
In vitro compatibility was examined by a blood compatibility assay and RPPssD@IR780/DOC toxicity to cells. The 
hemolysis assay was used to study the applicability of RPPssD@IR780/DOC for intravenous administration. Generally 
speaking, the sample was not hemolyzed when the hemolysis rate was less than 5%.43 Figure 3J shows that the hemolysis 
rates of RPPssD@IR780/DOC solutions with a concentration of 15 mg/mL of RPPssD in different volumes were all 
lower than 5% after adding 2.5 mL of erythrocyte suspension. Similarly, it could be clearly seen (Figure 3M) that the red 
blood cells from the positive control group with deionized water were hemolyzed. There was no hemolysis observed in 
the negative control group with PBS. These results indicated that the micelles had a good safety profile in blood and 
could be used for drug delivery.

Determination of the toxicity of RPPssD in different cells by the CCK-8 method. The PEG in the carrier structure is 
a biosafety material approved by the FDA and is widely used in the field of drug carriers. PBAE is a class of materials 
with very low toxicity, which can be degraded into almost nontoxic small molecules of diols and diacids. DSPE is also 
a lipid molecule with good biocompatibility. The results of the cell experiment here also confirmed the above theory 
(Figure 3N and O). As the concentration of RPPssD increased, the cell viability of both tumor cells MDA-MB-231 and 
normal cells L02 cells was greater than 85%, which indicated that RPPssD had low toxicity to normal cells and did not 
exert any antitumor activity in tumor cells. As RPPssD as a drug carrier, its cell safety can be guaranteed. In summary, 
RPPssD has good biocompatibility as a drug delivery system.

Cellular Uptake
MDA-MB-231 cells with positive integrin expression and MCF-7 cells with negative integrin expression were used to study 
cellular uptake of RPPssD. As shown in Figure 4A, the fluorescence intensity of RPPssD@IR780 in the two kinds of cells 
was higher than that of free IR780 at a different pH, which was because the micelles were more easily absorbed by the cells. 
The fluorescence intensity of RPPssD@IR780 in MDA-MB-231 cells at pH 6.8 was stronger than that at pH 7.4. This was 
because the cRGD peptide exposed by RPPssD at pH 6.8 enhanced the ability to actively target MDA-MB-231 cells and 

International Journal of Nanomedicine 2022:17                                                                                   https://doi.org/10.2147/IJN.S388342                                                                                                                                                                                                                       

DovePress                                                                                                                       
5631

Dovepress                                                                                                                                                                 Li et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Figure 4 In vitro cellular experiments. (A) Uptake of RPPssD@IR780 and IR780 at different pH levels by MDA-MB-231 cells and MCF-7 cells. (B) Cell uptake of MDA-MB 
-231 cells was quantified by Image J. (C) The mean fluorescence intensity of the formulation uptake by MCF-7 cells was determined by Image J. (D) The ROS in MDA-MB 
-231 cells after treatment with different samples were detected by DCFH-DA. (E) The cytotoxicity of RPPssD@IR780/DOC and free DOC/IR780 for MDA-MB-231 cells. 
(F) The cytotoxicity of RPPssD@IR780/DOC and free DOC/IR780 for MCF-7 cells. (G) Fluorescence images of MDA-MB-231 cells after treatment with the formulations 
(The concentration of DOC and IR780 was 1 μg/mL and 0.2 μg/mL, respectively.) and Calcein/PI staining. (Scale bar = 200 μm). Data are presented as mean ± standard 
deviation (n = 3), ns > 0.05, *p < 0.05, **p < 0.01 ***p < 0.001.
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improved the uptake of micelles by MDA-MB-231. Due to the negative expression of integrin in MCF-7 cells, there was no 
significant difference in the fluorescence intensity of RPPssD at pH 6.8 and pH 7.4. These results suggested that cRGD 
could be hidden in the body’s circulation but could be exposed to the slightly acidic tumor environment through the pH 
responsiveness of RPPssD and effectively promoted cellular internalization. The mean fluorescence intensity of the uptake 
of IR780 and RPPssD@IR780 by MDA-MB-231 cells and MCF-7 cells (Figure 4B and C) achieved the same results.

Cellular ROS Generation
The intracellular ROS generation of RPPssD@IR780 micelles and Free IR780 was measured by DCFH-DA.44–46 The 
non-fluorescent DCFH-DA can be converted into green 2’,7’-dichlorofluorescein (DCF) by reacting with ROS. As shown 
in Figure 4D, green fluorescence was hardly observed in the control group and other groups without light. However, both 
the free IR780 and RPPssD@IR780 groups showed green fluorescence after laser irradiation treatment and the 
fluorescence intensity of the RPPssD@IR780 group was stronger due to better cellular internalization of micelles. 
Furthermore, the fluorescence intensity of RPPssD@IR780 micelles at pH6.8 was stronger than at pH 7.4, illustrating 
that the exposed targeting ligands cRGD of RPPssD@IR780 in an acid environment enhanced its cellular internalization. 
As a control, no significant differences were observed in the fluorescence intensity of DCF in the free IR780 groups at pH 
7.4 or 6.8. These results demonstrated that RPPssD@IR780 could efficiently generate ROS under laser irradiation, 
enabling photodynamic therapy for tumors.

In vitro Antitumor Activity
To investigate the effects of stimulus-responsive carrier combined with photochemical synergistic therapy, the CCK-8 
method was used to detect the toxicity of free IR780/DOC and RPPssD@IR780/DOC to MDA-MB-231 cells with positive 
expression of the integrin and MCF-7 cells with negative expression of the integrin. As Figure 4E and F demonstrated, the 
antitumor activity of free DOC/IR780 and RPPssD@IR780/DOC for MDA-MB-231 and MCF-7 was dose-dependent. 
Because the uptake of micelles by cells was stronger than that of free drugs, the antitumor activity of RPPssD@IR780/DOC 
was stronger than free DOC/IR780 without laser irradiation. Furthermore, the inhibition rate of free DOC/IR780 and 
RPPssD@IR780/DOC for MDA-MB-231 and MCF-7 after laser irradiation was significantly increased compared to the 
nonirradiated groups. The results suggested that the photothermal and photodynamic effects of IR780 after laser irradiation 
combined with the chemotherapy drug DOC could effectively inhibit tumor cell proliferation, which implied the effective-
ness of photochemical synergistic therapy. The targeting ability of RPPssD could be observed from the cytotoxicity of 
MDA-MB-231 after illumination under different pH conditions. The cytotoxicity of RPPssD@IR780/DOC after laser 
irradiation at pH 6.8 was higher than that of the laser irradiation groups at pH 7.4, while the cytotoxicity of free DOC/IR780 
under these two conditions did not differ significantly. This was because under acidic conditions, the hydrophobic PBAE of 
RPPssD became hydrophilic while exposed to cRGD with a target effect, which increased the uptake of MDA-MB-231 to 
drug-loaded micelles and improved the toxicity of the drug to cells. The results in MCF-7 cells also supported the 
targetability of RPPssD. There was no significant difference in cytotoxicity between RPPssD@IR780/DOC at pH 6.8 
and pH 7.4 after irradiation and there was no significant difference in cytotoxicity between free DOC/IR780 under these 
conditions, which was due to negative expression of the integrin in MCF-7 cells. These results indicated that photochemical 
synergistic therapy achieves excellent antitumor effects and that RPPssD exhibits specific targeting under acidic conditions, 
while hiding the target in a normal physiological environment, which represents a potential tumor-targeted drug delivery 
system.

To more visually examine the toxic effects of RPPssD@IR780/DOC micelles combined with laser irradiation on MDA- 
MB-231 cells, the Live/Dead staining kit was used to stain MDA-MB-231 cells from different treatment groups, followed 
by observation of cell survival under fluorescence microscopy. Live and dead cells exhibit green and red fluorescence, 
respectively, under a fluorescence microscope. The fluorescence microscope images of MDA-MB-231 cells in different 
experimental groups after live/dead cell staining are shown in Figure 4G. In the control groups, the cells showed green 
fluorescence and almost completely survived with or without light. In the free drug group, fewer dead cells were observed, 
indicating that the cytotoxicity of free drugs on cells was not obvious. However, the toxicity of the free drug groups to cells 
was significantly enhanced after laser irradiation. Moreover, the ratio of dead cells in the RPPssD@IR780/DOC micelles 
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groups with or without laser irradiation was significantly higher than that in the free drug groups. In addition, 
RPPssD@IR780/DOC micelles were more cytotoxic in an acidic environment than at pH7.4, while the free drug group 
did not show any difference in cytotoxicity due to changes in pH. These results showed that RPPssD@IR780/DOC micelles 
combined with laser irradiation exerted a significant antitumor effect. Furthermore, the antitumor effect of the 
RPPssD@IR780/DOC micelles improved on exposure of the cRGD peptides to acidic conditions. This further shows 
that RPPssD@IR780/DOC micelles have great potential to realize combined photochemical treatment for tumors.

Infrared Light-Induced Photothermal Effect in vivo
The photothermal effect of RPPssD@IR780/DOC was further demonstrated by recording the change in tumor surface 
temperature by infrared thermography within 6 min of laser irradiation (1 W/cm2, 6 min) after 8 h of control treatment 
(saline), DOC/IR780 and RPPssD@IR780/DOC injections to tumor-bearing mice. As described in Figure 5A and B, the 
tumor surface temperature of the RPPssD@IR780/DOC group increased rapidly by 16.1°C while the IR780 group 
increased by 8.8°C after NIR laser irradiation. This is due to the fact that RPPssD@IR780/DOC can enrich the drug in 
the tumor through passive targeting and RGD-mediated active targeting, thus exhibiting better in vivo photothermal 
effects. In comparison, the change in tumor surface temperature in the saline group appeared to be insignificant. These 
results suggested that RPPssD@IR780/DOC offers a new possibility for photothermal treatment of tumors.

Figure 5 Evaluation of in vivo thermal activity and antitumor effect. (A) Infrared thermograms of tumor-bearing mice after infrared laser irradiation with saline injection into 
the tail vein, free DOC/IR780, and RPPssD@IR780/DOC, respectively. (B) Change curves of tumor surface temperature in different groups of tumor-bearing mice after 
infrared laser irradiation. (C) Experimental protocol for in vivo photochemical therapy of tumors. (D) Tumor volume variation curves of tumor-bearing mice in each group. 
(E) The body weight variation of tumor-bearing mice in each group. (F) Tumor weight of tumor-bearing mice in each group. (G) Survival curves of tumor-bearing mice in 
each group. (H) Photographs of tumor tissues after treatment in different groups. (I) The H&E staining and Ki67 immunohistochemical analysis of tumor tissues from tumor- 
bearing mice in each treatment group (Scale bar=50 μm). Data are presented as mean ± standard deviation (n = 6), ns > 0.05, ***p < 0.001.
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In vivo Photochemical Combination Therapy Effect on Tumor
The low toxicity, targeting ability, and outstanding in vitro antitumor activity of RPPssD@IR780/DOC prompted us to 
further evaluate the antitumor efficacy in MDA-MB-231 cell tumor-bearing mice. The in vivo antitumor assay workflow 
is illustrated in Figure 5C. The changes in tumor volume during treatment in each group are shown in Figure 5D. The 
DOC/IR780 group, DOC/IR780+Laser group, RPPssD@IR780/DOC group, and RPPssD@IR780/DOC+Laser group all 
exhibited different degrees of tumor growth inhibition compared to the control group. Both the DOC/IR780 group and 
the RPPssD@IR780/DOC group showed higher inhibition rates for tumors in response to exposure laser therapy 
compared to the absence of laser irradiation, which indicated the effectiveness of the photochemical combination for 
tumor treatment. In particular, the specific targeting effect of RPPssD@IR780/DOC resulted in a more pronounced tumor 
suppression effect in the RPPssD@IR780/DOC group with or without laser than in the free DOC/IR780 group. At the 
end of treatment, the mice were killed to collect tumors for photographing and weighing. As Figure 5F demonstrated, the 
tumor weights and photos of each group also illustrated the excellent antitumor effect of RPPssD@IR780/DOC under 
laser irradiation. Tumor tissue images (Figure 5H) of MDA-MB-231 tumor-bearing mice from each treatment group 
confirmed the same results. The tumor inhibition ratio (Figure S10) of the RPPssD@IR780/DOC group after laser 
irradiation was 2.95 times that of the free drug group.

Notably, the systemic toxicity of DOC caused a slight decrease in body weight (Figure 5E) in mice in the free drug group 
with or without light. In contrast, the mice in the RPPssD@IR780/DOC group showed no significant change in body weight 
during the treatment period with or without laser irradiation, indicating the low systemic toxicity of RPPssD@IR780/DOC 
micelles. Survival experiments confirmed that RPPssD@IR780/DOC micelles significantly improved the survival of tumor- 
bearing mice. Figure 5G shows the survival rate of mice in each treatment group, which indicated that mice in the 
RPPssD@IR780/DOC group had the highest survival rate of 66.7% within 50 days after treatment. To further investigate 
antitumor effects, H&E and Ki67 staining (Figure 5I) was performed on tumor tissue sections. H&E staining demonstrated 
that the cells in the tumor tissues were evenly distributed with intact nuclei and dense tissues, and no obvious damage was seen 
in the control group with or without light. Conversely, each of the other administration groups exhibited significant apoptosis 
of tumor cells with nuclear pyknosis and cell membrane rupture. Especially in the RPPssD@IR780/DOC group after near- 
infrared light irradiation, apoptosis was most evident with incomplete cell morphology and the formation of cell-free necrotic 
areas. Furthermore, Ki67 was used to assess tumor cell proliferation in each group. Consistent with the results of the H&E 
staining, the Ki67 level of RPPssD@IR780/DOC was the lowest among the groups under near-infrared light irradiation, 
indicating the effective inhibition of tumor cell proliferation. These results confirmed that RPPssD@IR780/DOC is an 
effective antitumor micelle by inhibiting tumor cell proliferation and inducing tumor cell apoptosis to achieve photochemical 
therapy of tumors while reducing the systemic toxicity of drugs.

In vivo Biosafety Assessment
Biosafety is a prerequisite of nanomedicines for disease treatment. The biosafety of RPPssD@IR780/DOC micelles 
were evaluated by H&E staining and serum biochemical analysis. The results of H&E staining showed that, compared 
to the control group, there were no obvious abnormalities or lesions in the heart, liver, spleen, lung, or kidney of each 
treatment group. The structure of each organ was normal, no obvious congestion or expansion of blood vessels was 
observed, and no significant inflammatory or hemorrhagic reaction was found in the tissue, indicating that the toxicity 
of RPPssD@IR780/DOC micelles to the main organs of mice was negligible (Figure 6A). The hepatotoxicity (ALT, 
AST, ALP), nephrotoxicity (BUN, CRE), cardiotoxicity (CK) and hematological indices of RPPssD@IR780/DOC 
were studied by serum biochemical indices and routine blood analysis (Figure 6B–L). Compared with the control 
group, no significant changes in liver, kidney, and cardiac function indices were observed in each treatment group. 
All indexes were at or near normal healthy levels. Notably, the possible myelosuppressive effect caused by DOC was 
observed in the free DOC/IR780 group with or without laser irradiation, as evidenced by a certain degree of decrease 
in both WBC and NEU% levels, which was not observed in the RPPssD@IR780/DOC group with or without laser 
irradiation. These results demonstrated that RPPssD@IR780/DOC micelles are effective in reducing the systemic 
toxicity of chemotherapeutic agents and excellent biosafety in photochemotherapy.
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Figure 6 Biosafety of RPPssD@IR780/DOC micelles. (A) H&E staining of major organ tissues (heart, liver, spleen, lung, and kidney) of tumor-bearing mice in each treatment 
group. (Scale bar=50 μm). (B–L) Routine and blood biochemical parameters of mice after tail vein injection of saline, free DOC/IR780 and RPPssD@IR780/DOC with or 
without laser irradiation. ALT, AST, and ALP were used to assess liver injury, renal injury was estimated by BUN and CRE, while CK was an indicator of myocardial injury. In 
addition, WBC, RBC, HGB, NEU% and PLT were used in blood routine to evaluate the toxicity of the drug in mice. Data are presented as mean ± standard deviation (n = 6).
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Conclusions
We have successfully developed a pH/reduction dual-activity micelle RPPssD with concealable targeting ligands for encapsulat-
ing DOC and IR780 for photochemical treatment of tumors. The low CMC of RPPssD enables it to self-assemble to form stable 
micelles in water. To achieve photochemical treatment of tumors, DOC and IR780 were encapsulated inside the RPPssD micelles 
with uniform particle size using a thin film dispersion method. The formed RPPssD@IR780/DOC can effectively improve the 
solubility of DOC and IR780, and they have good stability in PBS and DMEM medium containing 10% FBS. Furthermore, the 
PBAE in the RPPssD block polymer could change from hydrophobic to hydrophilic properties under acidic conditions, thereby 
ensuring that the cRGD peptide in the micelles can be covered by a PEG shell with masking function under physiological 
conditions. After reaching the tumor site, the micelles increased in size and exposed targeted cRGD peptides to enhance retention 
time in the tumor and cellular internalization of the micelles. When the micelles enter tumor cells, the disulfide bonds in RPPssD 
were affected by the high expression of GSH in the cells to release the active drugs DOC and IR780, which can generate a large 
amount of ROS and heat after laser irradiation to kill the cells. Moreover, the results of in vitro and in vivo experiments 
demonstrate the efficacy and biosafety of RPPssD@IR780/DOC for tumor photochemical therapy, which is a promising tumor- 
targeted drug delivery system.

Abbreviations
DOC, docetaxel; IR780, IR-780 iodide; PEG, polyethylene glycol; PBAE, poly(β-amino esters); DSPE, distearoyl phosphati-
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