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Introduction: Lung cancer is the most common cancer worldwide, among which non-small cell lung cancer (NSCLC) accounts for 
about 80% of all lung cancers. Chemotherapy, a mainstay modality for NSCLC, has demonstrated restricted effectiveness due to the 
emergence of chemo-resistance and systemic side effects. Studies have indicated that combining chemotherapy with phototherapy, 
such as photodynamic therapy (PDT) and photothermal therapy (PTT), can enhance efficacy of therapy. In this work, an aminated 
mesoporous graphene oxide (rPGO)-protoporphyrin IX (PPIX)-hyaluronic acid (HA)@Osimertinib (AZD) nanodrug delivery system 
(rPPH@AZD) was successfully developed for combined chemotherapy/phototherapy for NSCLC.
Methods: A pH/hyaluronidase-responsive nanodrug delivery system (rPPH@AZD) was prepared using mesoporous graphene oxide. 
Its morphology, elemental composition, surface functional groups, optical properties, in vitro drug release ability, photothermal 
properties, reactive oxygen species production, cellular uptake and cell viability were evaluated. In addition, the in vivo therapeutic 
effect, biocompatibility, and imaging capabilities of rPPH@AZD were verified by a tumor-bearing mouse model.
Results: Aminated mesoporous graphene oxide (rPGO) plays a role as a drug delivery vehicle owing to its large specific surface area 
and ease of surface functionalization. rPGO exhibits excellent photothermal conversion properties under laser irradiation, while PPIX 
acts as a photosensitizer to generate singlet oxygen. AZD acts as a small molecule targeted drug in chemotherapy. In essence, 
rPPH@AZD shows excellent photothermal and fluorescence imaging effects in tumor-bearing mice. More importantly, in vitro and 
in vivo results indicate that rPPH@AZD can achieve hyaluronidase/pH dual response as well as combined chemotherapy/PTT/PDT 
anti-NSCLC treatment.
Conclusion: The newly prepared rPPH@AZD can serve as a promising pH/hyaluronidase-responsive nanodrug delivery system that 
integrates photothermal/fluorescence imaging and chemo/photo combined therapy for efficient therapy against NSCLC.
Keywords: NSCLC, mesoporous graphene oxide, combination therapy, hyaluronidase/pH dual-response, nanodrug delivery system

Introduction
According to the latest Global Cancer Epidemiology Report (2024), lung cancer ranks as the most prevalent form of 
cancer worldwide. The incidence of new lung cancer cases in 2022 reached a staggering 2.5 million, constituting 
approximately 1/8 (12.4%) of the total number of new cancer cases, with non-small cell lung cancer (NSCLC) 
accounting for about 85%.1 Osimertinib is a third generation inhibitor approved for the treatment of NSCLC.2 The 
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NSCLC cases are often accompanied by epidermal growth factor receptor (EGFR) activating mutation.3 Osimertinib can 
inhibit the downstream signaling pathway of EGFR, accelerate cell apoptosis, antagonize angiogenesis, inhibit tumor 
metastasis, and block tumor growth.4 Therefore, Osimertinib has been approved by the FDA, European Union and CFDA 
for the treatment of NSCLC.5 However, chemotherapy drugs for NSCLC have limitations such as low water solubility, 
side effects and poor tolerability.6,7 Research has demonstrated that the utilization of nano-drug delivery systems can 
enhance the overall therapeutic efficacy of medicinal compounds.8 Mesoporous graphene oxide (PGO) has the char-
acteristics of large specific surface area, ease of synthesis, and surface functionalization, thus possessing significant 
advantages for drug delivery. In addition, PGO represents an excellent candidate for photothermal therapy due to its 
remarkable photothermal conversion in the near-infrared (NIR) range, high loading efficiency, and ease of surface 
functionalization. Compared with individual chemotherapeutic drugs, although nano-drug delivery systems achieve drug 
accumulation in tumors, premature drug release may still occur during the delivery process.9 Nano-drug delivery systems 
responsive to enzymes such as hyaluronidase, protease, glycosidase, and pH have been developed due to the tumor 
microenvironment (TME) of high enzyme concentration and low pH characteristics.10,11 For instance, Duan et al12 

prepared hyaluronic acid (HA) and heparin functionalized carbon dots for the targeted release of doxorubicin (DOX) at 
tumor sites stimulated by hyaluronidase (HAase) and low pH. Wu et al13 synthesized Eu3+ ion and Ga3+ ion doped 
mesopore silica that can release DOX upon pH and hyaluronidase stimulation.

Because of the intricate and diverse characteristics of tumors, attaining significant therapeutic outcomes through 
singular chemotherapy proves challenging. As a result, the approach to tumor treatment has progressively transitioned 
from solitary therapy to a multimodal combination therapy.14,15 Phototherapy, specifically photodynamic therapy (PDT) 
and photothermal therapy (PTT), has garnered significant attention in the realm of tumor treatment owing to its 
advantages of non-invasive, locally controllable, and precise treatment.16 Photodynamic therapy utilizes specific light 
to activate photosensitizers which producing cytotoxic reactive oxygen species (ROS) to induce tumor cell apoptosis.17 
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Photothermal therapy generates localized heat at the tumor site using photothermal agents like polydopamine, gold 
nanospheres, and graphene oxide to trigger tumor cell death.18 Recent studies have confirmed that combining che-
motherapy with phototherapy results in significant therapeutic effects on tumor growth, recurrence, and metastasis.19–27 

Han et al28 used mesoporous silica and reduced graphene oxide as carriers to load chlorine and DOX, which could 
achieve chemotherapy/PTT/PDT combined cancer treatment with good therapeutic effects. Mao et al29 used bovine 
serum albumin as a carrier, to load chemotherapy drugs Sorafenib and FeS2 nanoparticles for chemotherapy/PTT/PDT 
combined tumor therapy. These studies suggest that combination therapies can enhance the therapeutic effectiveness of 
tumor treatments.

Herein, we develop a mesoporous graphene oxide (rPGO)-based nanocomposite loaded with Osimertinib (AZD), 
a photosensitizer (protoporphyrin, PPIX), and a targeted agent (hyaluronic acid, HA), denoted as rPPH@AZD, which can 
induce the specific release of therapeutic agents through hyaluronidase/pH and achieve tumor-specific chemotherapy/ 
PTT/PDT combination therapy against NSCLC.

Materials and Methods
Graphite powder was obtained from Xianfeng Nanomaterials Technology Co., Ltd. (Nanjing, China). Hydrogen peroxide 
(H2O2), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), N-hydroxysuccinimide (NHS), protoporphyrin IX 
(PPIX), HAase, and AZD were purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). Thiazolyl 
blue tetrazolium bromide (MTT), penicillin-streptomycin, Calcein acetyl methoxy methyl ester-propidium iodide (AM- 
PI), Annexin VFITC/PI apoptosis assay kit, and dimethyl sulfoxide (DMSO) were from Solarbio Co., Ltd. (Beijing, 
China). Concentrated sulfuric acid (H2SO4), concentrated phosphoric acid (H3PO4), concentrated hydrochloric acid 
(HCl), potassium permanganate (KMnO4), HA, ethylenediamine, ethanol, N,N’-dimethylformamide (DMF), 
2-(N-morpholino)ethanesulfonic acid (MES), phosphate buffer saline (PBS), and dichlorodihydrofluorescein diacetate 
(DCFH-DA) were obtained from Bodi Chemical Co., Ltd. (Tianjin, China). Dulbecco’s modified Eagle medium 
(DMEM) was bought from HyClone Co., Ltd. (South Logan, UT, USA). Fetal bovine serum (FBS) was purchased 
from Sijiqing (Zhejiang, China). Human embryonic lung fibroblast (HFL) cells were purchased from the Cell Bank of the 
Chinese Academy of Sciences (Beijing, China) and human lung cancer A549 cells were obtained from Beijing Solebao 
Technology Co., Ltd. (Beijing, China). All chemicals of analytical grade were used as received. Ultrapure water was used 
throughout the experiments.

Preparation of Mesoporous Graphene Oxide Nanocomposite
Preparation of aminated mesoporous graphene oxide (rPGO): Graphite powder (1 g) was dissolved into a three-necked 
flask containing 140 mL concentrated H2SO4/concentrated H3PO4 (9:1 v/v) and then stirred at 25°C for 12 
h. Subsequently, KMnO4 (6 g) was gradually introduced into the solution and stirred for an additional 12 h at 50°C. 
The solution turned to reddish-brown color. Afterwards, the chilled solution was dispersed into 133 mL of ice water and 
30% H2O2 was slowly added. Subsequently, the solution was centrifuged at 4000 rpm for 20 min. The ensuing precipitate 
was sequentially rinsed with a solution of 30% HCl and then water until it reached a neutral state. The precipitate was 
freeze-dried to obtain the graphene oxide (GO) solid. Then 6 mL acetic acid and 6 mL 30% H2O2 aqueous solution were 
added into 50 mL GO aqueous solution (2 mg/mL) and stirred at 100°C for 2 h. The resulting solution was further 
centrifuged with water to pH ca. 7 to obtain mesoporous graphene oxide (PGO). 0.2 g of PGO and 30 μmol of 
ethylenediamine were mixed with 30 mL water. The mixture was then reacted at 180°C for 15 h. The precipitate was 
repeatedly washed multiple times with ethanol and water until the precipitate became neutral to obtain rPGO.

Preparation of protoporphyrin IX linked rPGO: In 5 mL DMF, PPIX (5 mg), EDC (5 mg) and NHS (3 mg) were 
dissolved and stirred for 1 h under dark. The solution was added to 5 mL rPGO (1 mg/mL) solution and stirred at 50°C 
for 6 h in the dark. The product, protoporphyrin IX linked rPGO (denoted as rPP) was washed thrice with water to 
eliminate any residual PPIX.

Preparation of Osimertinib-loaded rPP: Various amounts of AZD were dissolved in DMSO to prepare different 
concentrations of AZD solutions which were stirred with rPP aqueous solution (10 mg/mL, 5 mL) overnight. To 
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eliminate free AZD and acquire rPP@AZD, the resulting product (denoted as rPP@AZD) underwent triple washing with 
water.

Preparation of Hyaluronic Acid-loaded rPP@AZD: 50 mg HA was firstly activated with 25 mg NHS and 50 mg EDC 
in 2 mL MES buffer (pH 5.6) for 15 min, then the activated HA solution was dropped into 20 mL rPP@AZD solution 
(1 mg/ mL) and stirred at 40°C for 4 h. Finally, the unreacted HA was washed to obtain the HA-loaded rPP@AZD 
(denoted as rPPH@AZD).

Characterization of Nanomaterials
The morphologies of PGO, rPGO, rPP, and rPPH@AZD were recorded on a field emission transmission electron 
microscopy (TEM, JEM-2100F, JEOL Ltd., Tokyo, Japan). D8 X-ray powder diffractometer (Bruker, Madison USA) 
was used to collect x-ray diffraction (XRD) patterns for PGO, rPGO and rPP. AXIS X-ray photoelectron spectroscope 
(Kratos Analytical Ltd., Manchester, UK) was employed to scan the x-ray photoelectron spectra (XPS) of the nano-
composites. Bruker Fourier transform infrared spectrometer (Billerica, MA, USA) was used to record the Fourier 
transform infrared (FT-IR) spectra of PGO, rPGO, rPP, and rPPH@AZD. The zeta potentials of PGO, rPGO, rPP, 
rPP@AZD, and rPPH@AZD were measured on a zeta potential analyzer (Malvern Panalytical Ltd., Malvern, UK). The 
optical properties of PGO, rPGO, rPP, AZD and rPPH@AZD were analyzed by a Hitachi Ultrospec UH-5300 UV-vis 
spectrophotometer (Tokyo, Japan) and a Hitachi F-7000 fluorescence spectrophotometer (Tokyo, Japan). The Brunauer- 
Emmett-Teller (BET) surface areas, pore sizes, and pore volumes of PGO and rPP were measured by a Micromeritics 
ASAP-2020 nitrogen adsorption instrument (Shanghai, China). Cell images were taken on a FSV1000 confocal laser 
scanning microscope (Olympus Corporation, Tokyo, Japan). The fluorescence images of mice were presented by the 
small animal live imaging system (Xtreme, Bruker, Billerica, MA, USA).

Drug Loading Determination of rPP@AZD
1.0 mg/mL AZD solution was prepared by dissolving 10 mg AZD in 10 mL water. This solution was then diluted to 
prepare various concentrations of AZD standards (1–100 μg/mL). The drug loading experiments were conducted using 
different AZD/rPP mass ratios (0.75:1, 1:1, 1:1.5, 1:2, 1:2.5, and 1:3). Different concentrations of AZD solution (5 mL) 
and rPP solution (5 mL, 0.5 mg/mL) were mixed and stirred for 6 h and centrifuged at 12,000 rpm for 20 min. The drug 
loading capacity was quantified by absorption at 320 nm. The drug loading rate was calculated as: Drug Loading Rate =  
(mass of total AZD−mass of AZD in the supernatant)/mass of rPP@AZD × 100%.

Release of AZD
To investigate the pH/HA sensitivity of rPPH@AZD release behavior, 5 mL of HAase treated and untreated rPPH@AZD 
solution were respectively placed into dialysis bags (MWCO 3.5kDa). The dialysate was put into a beaker containing 
195 mL PBS (pH=7.4 or 5.5). 2 mL dialysate was taken out to measure its absorption at 317 nm at various times. The 
AZD-release rate was then determined by the AZD standard curve.

Photothermal Properties of rPPH@AZD
The photothermal properties of rPPH@AZD were evaluated by irradiating a quartz cuvette containing the rPPH@AZD 
nanocomposite solution. Heating-cooling cycle experiments were employed to assess the photothermal stability of 
rPPH@AZD. The photothermal conversion efficiency (η) was calculated according to the following equations:
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h and S represent the heat transfer coefficient and the surface area of the calorimeter, respectively. Tmax and Tsurr refer to 
the maximum temperature of the solution and the ambient temperature, respectively. Qdis represents the heat absorbed by 
the quartz calorimeter itself, I is the laser power, A is the absorbance of the material at the laser wavelength, τs is the heat 
transfer time constant of the system, m is the mass of the solution, Cwater is the specific heat capacity of water, t is time, 
and θ is the heat change of the solvent.

In vitro Determination of ROS
1.3-Diphenylisobenzofuran (DPBF) was used to evaluate the production of ROS. Reactive oxygen species could break the 
pyran ring in the DPBF structure, resulting in a significant decrease in its absorption at 425 nm. To assess the ROS production 
capacity of rPPH@AZD, the experiments were divided into four groups: DPBF, PBS and DPBF, rPGO and DPBF, and 
rPPH@AZD and DPBF. Each group had 50 μg/mL of rPGO and rPPH@AZD. The solution of each group was mixed with 5.0 
μg/mL DPBF and irradiated by a 660-nm laser (1.8 W/cm2, 10 min). The absorbance of the solution at 425 nm was recorded.

Cell Viability by the MTT Assay
The biocompatibility of rPPH was assessed by the MTT assay. The HFL and A549 cells were cultured in DMEM 
containing 10% fetal bovine serum and 1% antibiotic solution. All cells were incubated at 37°C with 5% CO2. A549 and 
HLF cells were cultivated for 24 h with DMEM containing various concentrations of rPPH in 96-well plates. Cells were 
washed and treated with MTT (5 mg/mL, 100 μL) for 4 h. Finally, 150 μL DMSO was used to replace MTT and the 
absorbance at 490 nm was measured by a microplate reader. Cell viability was determined using the equation: Cell 
viability = (Aexperimental − Ablank)/(Auntreated − Ablank) × 100%, where A represents the absorbance.

The cytotoxicity of rPPH (control group), rPPH@AZD (chemotherapy group), rPPH with 808 nm light irradiation (PTT 
group), rPPH with 660 nm light irradiation (PDT group), and rPPH@AZD with 660 nm and 808 nm lights irradiation 
(chemotherapy/PTT/PDT group) was evaluated. A549 cells were initially seeded overnight. Then they were incubated with 
serum-free DMEM containing rPPH and rPPH@AZD, respectively. The concentrations of rPPH and rPPH@AZD were 5– 
50 μg/mL. The cells in the control and chemotherapy groups were incubated for 24 h. The cells of the PTT, PDT, and 
combined chemotherapy/PTT/PDT groups were first incubated for 4 h. Cells in the PTT group were irradiated with an 808- 
nm laser for 10 min per well, while cells in the PDT group received 660 nm laser irradiation for 10 min per well. The 
combined chemotherapy/PTT/PDT group had 808 and 660 nm lasers irradiation for 10 min, respectively. Subsequently, the 
cells were incubated for an additional 20 h. After washing the cells, MTT solution (100 μL, 0.5 mg/mL) was added to each 
well and incubated for 4 h. 150 μL of DMSO was employed as a substitute for the MTT solution. To evaluate the cell 
viability in each group, the absorbance at 490 nm of the solution in every well was measured by the microplate reader.

Hemolysis Assay of rPPH@AZD
Blood compatibility of rPPH@AZD was assessed by the hemolysis test. Red blood cells (RBCs) were collected from 
mice and thoroughly washed with saline. For the experimental group, suspensions of varying concentrations of 
rPPH@AZD (10–100 μg/mL) were dispersed in 1.2 mL saline. These suspensions were then mixed with 0.3 mL of 
RBCs. The negative and positive control groups were treated with saline and distilled water, respectively. All groups 
underwent incubation at 37°C for 3 h and were subsequently centrifuged at 1500 rpm for 15 min. The absorbance of the 
supernatant in each group at 541 nm was measured by a UV-vis spectrophotometer. The hemolysis rate was calculated 
using the formula: hemolysis rate = (ODexperimental − ODnegative)/(ODpositive – ODnegative) ×100%, where OD is the 
absorbance.
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Cellular Uptake Study
The uptake of rPPH@AZD by A549 cells was evaluated by confocal laser scanning microscopy (CLSM). Adherent 
A549 cells (1×105 cells/mL) were treated with serum-free DMEM containing rPPH@AZD (50 μg/mL) for 4 
h. Subsequently, the cells were rinsed and incubated with 4% paraformaldehyde for 15 min. CLSM images of the 
cells were acquired.

Staining of Living and Dead Cells
Using A549 cells as a model, the cells were treated with various procedures and divided into groups: (1) PBS, (2) 660 
and 808 nm lasers irradiation, (3) rPPH, (4) rPPH@AZD (chemotherapy), (5) rPPH with 808 nm irradiation (PTT), (6) 
rPPH with 660 nm irradiation (PDT), and (7) rPPH@AZD with 808 and 660 nm irradiation (chemotherapy/PTT/PDT). 
The therapeutic efficacy of rPPH@AZD on NSCLC was evaluated through living and dead cells staining. The incubation 
and laser irradiation time were 4 h and 10 min, respectively. Subsequently, the cells were washed and incubated with 250 
μL of Calcein AM-PI for 20 min to facilitate cell imaging. Flow cytometry was used to observe apoptotic status and the 
experimental groups (1)–(7). The Annexin VFITC/PI apoptosis assay kit was used for cell apoptosis analysis.

Detection of Intracellular ROS
DCFH-DA was employed to detect the intracellular ROS. A549 cells were cultured on confocal dishes and incubated 
with PBS, rPGO, rPPH, and rPPH@AZD for 4 h, respectively. After 660 nm laser irradiation for 10 min, the cells were 
rinsed and incubated with DCFH-DA (10 μM) for 30 min. Intracellular fluorescence was observed by CLSM.

In vivo Antitumor Effect Analysis
Female Balb/c mice (20–25 g) were from Bev Technology Co., Ltd. (Beijing, China). The mice experiments received 
approval from the Animal Ethics Committee of Shanxi Medical University. All animal experiments complied with the 
National Laboratory Animal Management Regulations and the Experimental Animal Management Ordinance of Shanxi 
Province. A549 cells (1×107) were subcutaneously injected under the skin of the mice’s right armpit. When the tumor 
volume reached about 100 mm3, the tumor-bearing mice were randomly divided into 7 groups (n = 5) and injected 
various formulations via tail vein: (1) saline, (2) NIR irradiation, (3) rPPH, (4) rPPH@AZD (chemotherapy), (5) rPPH 
with 808-nm laser irradiation (PTT), (6) rPPH with 660-nm laser irradiation (PDT), and (7) rPPH@AZD with 808 and 
660-nm laser irradiation (chemotherapy/PTT/PDT). Mice received the injection reagent every 3 days. The tumor volume 
and mouse weight were recorded every other day until the mice were euthanized 14 days later. Nine hours after injection, 
the tumor sites were irradiated with the 808-nm laser (0.6 W/cm2). Thermal images of the mice were captured by an IR 
thermal imaging camera every 2 min.

In vivo Fluorescence Imaging
Mice were administered intravenous injections of rPPH@AZD (5.0 mg/kg). The fluorescence images of the mice were 
captured at 0–24 h through the small animal in vivo imaging system. After 24 h, the tissues including tumor, kidney, 
spleen, liver, lung, and heart were subjected to fluorescence imaging analysis at excitation/emission of 530/600 nm. In 
vivo biosafety evaluation of the mice’s tumor and major organs was conducted. After 14 days of treatment, the tumor, 
and major organs such as kidney, spleen, liver, lung, and heart were collected and placed in 4% formalin for subsequent 
tissue sections and hematoxylin and eosin (H&E) staining. Blood routine and biochemical indices were analyzed after 
eyeball blood collection.

Statistical Analysis
Student’s t-test was applied to evaluate statistical significance (*p < 0.05, **p < 0.01, and ***p < 0.001). The 
experimental data were expressed as the mean ± standard deviation.
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Results and Discussion
Nanocarriers possessing mesoporous architectures exhibit a notable specific surface area and large pore volume, thereby 
showcasing immense potential as nano-drug delivery systems.30 Heretofore, different kinds of mesoporous materials 
have been applied as excellent drug-loading nanocarriers, which were usually loaded with drug molecules through non- 
covalent electrostatic, π–π stacking and hydrogen bonding.31,32 Owing to its large specific surface area and ease of 
surface functionalization, aminated mesoporous graphene oxide (rPGO) has significant potential as a drug delivery 
carrier. As such, a nanodrug delivery system based on mesoporous graphene oxide-protoporphyrin IX-hyaluronic 
acid@Osimertinib (rPPH@AZD) has been developed. The micromorphology of the as-prepared nanomaterials was 
characterized by TEM as displayed in Figure 1. The surface of PGO in (Figure 1a) exhibits abundant mesoporous 
structures. The loading of ethylenediamine in (Figure 1b) and PPIX in (Figure 1c) do not change the mesoporous 
structure of PGO,33 while the surface of rPPH in (Figure 1d) becomes blurred when HA is grafted onto the rPP surface. 
(Figure 1e) depicts the XRD patterns of PGO, rPGO, rPP, and rPPH. PGO shows a characteristic diffraction peak at 27.4° 
(2θ), representing the crystal plane of graphitized carbon (002) and corresponding to the interlayer distance of 0.356 
nm.34 Compared with PGO, the diffraction peak of rPGO is shifted to 25° after reduction with ethylenediamine. After 
rPGO modifying with PPIX and HA, the diffraction peak of rPPH does not change much, demonstrating that the crystal 
structure of rPGO does not affect by PPIX and HA.

Figure 1f displays the XPS survey spectra of PGO, rPGO, rPP, and rPPH@AZD, indicating the presence of C, N, and 
O elements. Figure S1 depicts the XPS fine C1s, N1s, and O1s spectra of rPPH@AZD. The C1s spectrum of 
rPPH@AZD in (Figure S1a) has three peaks at 284.6, 286.1, and 287.9 eV, corresponding to the binding energies of 
C=C/C–C, C–O, and O–C–C, respectively. (Fig. 1Sb) shows the N1s spectrum of rPPH@AZD with the peaks at 397.7, 

Figure 1 TEM of (a) PGO, (b) rPGO, (c) rPP, and (d) rPPH. (e) XRD patterns of PGO, rPGO, rPP, and rPPH. (f) Overall XPS survey spectra of PGO, rPGO, rPP, and 
rPPH@AZD. (g) Zeta potentials of PGO, rPGO, rPP, rPP@AZD, and rPPH@AZD. (h) Nitrogen adsorption-desorption isotherms of PGO and rPP. (i) UV-vis absorption 
spectra of rPGO, PPIX, rPP, AZD, and rPPH@AZD. (j) Fluorescence emission spectra of PGO, rPGO, PPIX, rPP, and rPPH@AZD at an excitation of 420 nm.
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399.8, and 400.8 eV corresponding to the binding energies of pyridine nitrogen, N–H, and N–H–C–O, respectively. The 
peaks of the O1s spectrum at 531.3 and 532.4 eV in (Figure S1c) are attributing to the binding energies of C=O and C–O, 
respectively.35,36 (Figure 1e) displays the negative zeta potentials of PGO, rPGO, rPP, rPP@AZD, and rPP@AZD, 
indicating that they are negatively charged. The zeta potentials of rPGO and rPP are −19.3 and −16.3 mV, respectively. 
PGO has the highest zeta potential of −34.3 mV because of the presence of abundant carboxyl groups on its surface. The 
zeta potential of rPP@AZD drops to −9.58 mV after loading the positively charged AZD, indicating the possible 
electrostatic interaction between rPP and AZD. However, when rPP@AZD is modified with HA, the zeta potential of 
rPPH@AZD increases to −30.2mV, attributing to large number of carboxyl groups on HA.37,38

The hysteresis adsorption-desorption isotherms of PGO and rPP in (Figure 1h) belong to type IV according to the 
IUPAC classification,39 inferring that PGO and rPP have mesoporous structure. The BET specific surface area, pore 
volume, and average pore size of PGO and rPP are given in Table 1. The specific surface area, pore size and pore volume 
of rPP are smaller than that of PGO because of the loading of PPIX onto PGO. The pore volume of rPP drops 
significantly owing to the possible occupancy or coverage of PPIX onto PGO, inferring the successful immobilization 
of PPIX onto PGO.

(Figure 1i) depicts the UV-vis absorption spectra of rPGO, PPIX, rPP, AZD, and rPPH@AZD. rPGO exhibits broad 
absorption at 300–800 nm. AZD possesses an absorption peak at 317 nm. PPIX has a Soret band at 405 nm and other 
small absorption peaks at 510, 540, 580, and 630 nm. rPP possesses the characteristics absorption bands of PPIX as it has 
been immobilized with PPIX. rPPH@AZD shows the two main absorption peaks of 317 and 405 nm of AZD and PPIX, 
respectively since it has been loaded with both PPIX and AZD. (Figure 1j) depicts the fluorescence emission spectra of 
PGO, rPGO, PPIX, rPP, and rPPH@AZD at excitation of 420 nm. PGO and rPGO do not show any fluorescence since 
they do not have absorption at 420 nm. By contrast, PPIX has a large and a small emission peak at 636 and 703 nm, 
respectively. Both rPP and rPPH@AZD display the characteristic emission peaks of PPIX as they have been loaded with 
PPIX. The large emission peak of rPP is slightly blue shifted to 630 nm while its small emission peak remains at 701 nm. 
After rPPH loading the drug AZD, the emission peaks of rPPH@AZD are more red-shifted to 655 and 717 nm, possibly 
attributing to the π–π interaction between AZD and rPPH.40,41

The surface functionalities of PGO, rPGO, rPP, and rPPH are characterized by IR spectroscopy as shown in (Figure S1d). 
The stretching vibration of –OH in PGO is identified at 3439 cm–1. In addition, the stretching vibrations of C=O, C=C, C–OH, 
and C–O–C are observed at 1734, 1624, 1393, and 1096 cm–1, respectively. These peaks serve as evidence that PGO contains 
carboxyl, hydroxyl, and epoxide oxygen-functionalities. The diversity of functional groups such as hydroxyl, epoxy, and 
carboxyl groups on the PGO surface provides unique opportunities to anchor a variety of chemicals. rPGO has two new peaks 
at 2935 and 1567 cm–1, assigning to the asymmetric stretching vibration of C–H and the bending vibration of N–H, 
respectively. But the peaks of C=O at 1734 cm−1 and C–O–C at 1096 cm−1 disappear, revealing that the surface of PGO 
has been reduced and successfully modified with amino groups.42 Upon PPIX modification of rPGO, a new peak of rPP at 
1685 cm–1 appears and is corresponding to the stretching vibration of C=O in the amide bond, demonstrating that PPIX has 
been grafted to the surface of rPGO. When the rPP surface is loaded with HA, the absorption of the amide bond at 1658 cm–1 

increases, demonstrating that HA has been successfully immobilized onto the rPPH surface through an amidation reaction.43

A key parameter for evaluating the drug-loading performance of nanomaterials is the drug loading capacity, which is 
the mass ratio of drug to drug-loaded nanoparticles. The highest drug loading was obtained by optimizing the ratio 
between drug and carrier. (Figure S1e) displays the % loading of AZD on rPP against the mass ratio of AZP to rPP. The 
AZD loading increases with increasing AZD/rPP mass ratio in the range 1–3 and then decreases in the range 3–3.5. The 
AZD loading achieves the maximum 81.1% when AZD/rPP is 3. As such, the mass AZD/rPP ratio of 3 is chosen as the 

Table 1 BET Specific Surface Area, Pore Volume and Average Pore Diameter of PGO 
and rPP

Sample Specific Surface Area (m2/g) Pore Size (nm) Pore volume (cm3/g)

PGO 67.64 14.82 0.25

rPP 37.06 12.83 0.034
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optimal loading of AZD onto rPP. The payload of AZD may be attributed to the presence of rPP mesoporous pores, 
further illustrating that mesoporous graphene oxide has good drug loading and release properties which can load and 
deliver anticancer drugs effectively.

Currently, nano-drug delivery systems can respond to exogenous or endogenous stimuli such as pH, enzyme, light, 
and temperature, to achieve targeted drug release in tumor tissues and minimize negative effects on normal tissues.44,45 

(Figure 2a) displays the AZD release from rPPH@AZD in PBS at pH 5.5 and 7.4 in the presence and absence of HAase. 
rPPH@AZD in the absence of HAase at pH 5.5 and 7.4 shows about 8% AZD release in the first 10 min and then stops 
the further release of AZD. However, in the presence of HAase, rPPH@AZD has more significant release of AZD with 
55.5% at pH 5.5 and 20% at pH 7.4, indicating that the drug release of rPPH@AZD can be stimulated by HAase. The 
lower the pH, the higher the release of AZD from rPPH@AZD. Thus, the lower pH of the tumor tissue environment 
could serve as a stimulus to control drug release. In the physiological environment of tumors, the pH is lower than that of 
normal tissues. The π−π stacking effect between AZD and rPPH is weakened in the acidic environment of tumor tissue, 
resulting in increased AZD diffusion movement. Since the TME is characterized by high enzyme concentration and low 
pH, rPPH@AZD as a hyaluronidase/pH-responsive nanodrug delivery systems can enhance drug penetration and 
accumulation at the tumor site.

The ROS generation ability of rPGO and rPPH@AZD under 660 nm light irradiation was assessed by the change in 
absorbance of DPBF at 425 nm. (Figure 2b) shows the absorbances of DPBF, PBS and DPBF, rPGO and DPBF, and 
rPPH@AZD and DPBF. After 13 min of 660 nm laser irradiation, the change in absorbance at 425 nm is negligible for 
DPBF, and DPBF in PBS. By contrast, the absorbance at 425 nm for rPGO and DPBF decreases with time under 660 nm 
irradiation, demonstrating that rPGO could generate ROS. For rPPH@AZD and DPBF, the decrease in absorbance at 425 
nm is more significant, inferring that rPPH@AZD possesses a stronger ROS generation capability under 660 nm light 
irradiation. In essence, rPPH@AZD multifunctional nanocarriers have excellent ROS generation ability, which is crucial 
for joint and synergistic treatment.

Since PGO has strong NIR absorption ability and excellent photothermal properties, it can be used as a photothermal 
agent to convert light energy and generate localized thermal energy to kill tumor cells. (Figure 2c) displays the 
temperature changes of PBS, PGO, rPGO, and rPPH@AZD solutions under 808 nm laser irradiation (1.5 W/cm2). 
PBS shows little temperature change after 10 min. But the temperatures of PGO, rPGO, and rPPH@AZD increase from 

Figure 2 (a) AZD release in PBS at pH 5.5 and 7.4 with or without HAase. (b) ROS generation ability of rPGO and rPPH@AZD: Absorbances at 425 nm of DPBF, PBS and 
DPBF, rPGO and DPBF, and rPPH@AZD and DPBF under 660 nm light irradiating at various times. (c) Temperatures of PBS, PGO, rPGO, and rPPH@AZD after irradiating 
by an 808-nm laser at various times. (d) Photothermal stability of rPPH@AZD solution for five consecutive cycles of heating and cooling. (e) Photothermal images of PBS, 
PGO, rPGO, and rPPH@AZD after irradiating by an 808-nm laser for 0–10 min.
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26 to 40.5, 47.3, and 49.0°C, respectively, demonstrating that rPGO and rPPH@AZD have good photothermal property. 
This is attributed to the fact that rPGO and rPPH@AZD possess graphene structure with its aromatic networks capable of 
absorbing NIR light. Photothermal stability is important for nanoparticles possessing photothermal therapeutic ability 
because continuous multiple laser irradiation is unavoidable during the experimental process. However, some photo-
thermal materials will be gradually inactivated after multiple laser irradiations resulting in a gradual decrease of 
photothermal conversion efficiency and loss of photothermal therapeutic effect. Thus, the photothermal stability of 
rPPH@AZD was assessed by five cycles of heating and cooling as shown in (Figure 2d). The thermal stability of 
rPPH@AZD under 808 nm light irradiation is good even after five consecutive cycles of heating and cooling. The 
calculated photothermal conversion efficiency of rPPH@AZD is 47.6%, indicating that rPPH@AZD has good photo-
thermal stability and conversion efficiency. These results demonstrate that rPPH@AZD nanocomposite has good 
photothermal stability and can be used as a thermosensitive agent for photothermal therapy.

The therapeutic effect of rPPH@AZD on A549 cells was evaluated by the MTT assay. (Figure 3a) depicts the 
viability of A549 cells incubated with 0–50 μg/mL rPPH, rPPH@AZD, rPPH under 808 nm (PTT group), rPPH under 
660 nm (PDT group), and rPPH@AZD under 660 and 808 nm (chemotherapy/PPT/PDT group) for 24 h. In general, 

Figure 3 (a) Cell viability of A549 cells incubated with 0–50 μg/mL rPPH, rPPH@AZD, rPPH with 808 nm irradiation, rPPH with 660 nm irradiation, and rPPH@AZD with 
660 and 808 nm irradiation for 24 h. The data are expressed as means ± SD (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001. (b) The hemolysis % of rPPH@AZD. The inset 
displays the images of hemolysis assay at various concentrations of rPPH@AZD. (c) CLSM images of A549 cells subjected to PBS and rPPH@AZD. (d) Calcein AM-PI stained 
CLSM images of A549 cells subjected to PBS, 660 and 808 nm irradiation, rPPH, rPPH@AZD, rPPH with 808 nm irradiation, rPPH with 660 nm irradiation, and rPPH@AZD 
with 660 and 808 nm irradiation. (e) DCF fluorescence images of A549 cells treated with PBS, rPGO, rPPH, and rPPH@AZD in DCFH-DA after 660 nm laser irradiation.
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increasing the concentration of these nanomaterials will cause cell viability to decrease. The survival rates of cells treated 
with 50 μg/mL rPPH for the PTT and PDT group are 59.3 and 55.9%, respectively. The cell viability of A549 cells 
incubated with 50 μg/mL rPPH@AZD in the chemotherapy/PTT/PDT group is only 19%, revealing that the combination 
of chemotherapy, PTT and PDT could achieve excellent therapeutic effect on cancer cells.

The blood compatibility of rPPH@AZD was assessed by in vitro hemolysis assay as depicted in (Figure 3b). The 
inset of (Figure 3b) shows the pictures of hemolysis assay at various concentrations of rPPH@AZD. The highest 
hemolysis % of rPPH@AZD ranging 10–100 μg/mL is smaller than 0.92%, which is much lower than the hemolysis rate 
(5%) stipulated by the International Organization for Standardization. This suggests that rPPH@AZD does not cause 
hemolysis and possesses excellent blood compatibility. Figure S2 shows the cell viability of A549 and HLF cells after 
incubating with various concentrations of rPPH for 24 h. The activities of A549 and HLF cells maintain above 80% even 
after treating with 0–50 μg/mL rPPH for 24 h, manifesting that rPPH has good biocompatibility.

A549 cells were used as cell models for expressing CD44 receptors. (Figure 3c) depicts the CLSM images of the 
uptake of rPPH@AZD by A549 cells. No fluorescence is observed for A549 cells in PBS. However, intense red 
fluorescence is observed for A549 cells incubated with rPPH@AZD, demonstrating that rPPH@AZD has specific 
targeting capability to A549 cells.

The intracellular antitumor properties of the nanomaterials were evaluated by living and dead cell staining. 
(Figure 3d) depicts the CLMS images of A549 cells subjected to PBS, 660 and 808 nm lasers irradiation, rPPH, 
rPPH@AZD (chemotherapy), rPPH with 808 nm irradiation (PTT), rPPH with 660 nm irradiation (PDT), and 
rPPH@AZD with 660 and 808 (chemotherapy/PTT/PDT). Cells with PBS, NIR irradiation and rPPH show almost no 
cell death, proving that tumor cells are hardly damaged when only illuminated without nanomedicine. Cells with 
PPH@AZD, rPPH with 808 nm, and rPPH with 660 nm show partial cell death, while almost all cells are died under 
rPPH@AZD with 660 and 808 nm irradiation. All these results suggest that the combined chemotherapy, PTT and PDT is 
a more effective way to induce apoptosis in A549 cells.

The ability of nanomaterials to generate ROS was determined by the DCFH-DA probe as shown in (Figure 3e). The 
DCFH-FA probe reacts with ROS, resulting in the production of 2’,7’-dichlorofluorescein with green fluorescence. Cells 
subjected to PBS display no fluorescence. Cells treated with rPGO exhibit faint green emission, inferring that rPGO with 
660 nm irradiation can generate only a small quantity of ROS. By contrast, cells treated with rPPH and rPPH@AZD and 
660 nm irradiation exhibit strong green emissions, implying that both rPPH and rPPH@AZD possess ROS generation 
capability under laser irradiation. These ROS have strong oxidizing properties and can damage the cell membrane, 
mitochondria, and other structures of tumor cells, leading to cell death. At the same time, ROS can also destroy the 
signaling pathways of tumor cells and inhibit the proliferation of tumor cells.

Flow cytometry was applied to evaluate nanomaterial-induced apoptosis. (Figure 4a) displays the apoptosis images of 
A549 cells subjected to PBS, 660 and 808 nm (NIR), rPPH, rPPH@AZD (chemotherapy), rPPH with 808 nm (PTT), 
rPPH with 660 nm (PDT), and rPPH with 660 and 808 nm (chemotherapy/PPT/PDT). The top right panel in (Figure 4a) 
shows the apoptosis rates under PBS, NIR, rPPH, chemotherapy, PTT, PDT, and chemotherapy/PPT/PDT treatments. The 
apoptosis rates under chemotherapy, PTT group, and PDT treatments reach 28.7, 33.4, and 52%, respectively. Under the 
combined chemotherapy, PTT and PDT treatment, the apoptosis rate is as high as 72.1%, indicating that rPPH@AZD 
could induce apoptosis of A549 cells through the combined chemotherapy/PTT/PDT therapy with 660 and 808 nm lasers 
irradiation. (Figure 4b) shows the temperature images of mice with tumors which are real-time captured by an in vivo IR 
thermal camera. Mice were injected with PBS, rPPH, and rPPH@AZD via the tail veins, following exposure to an 808 
nm laser for 10 min after 9 h. The color intensity from blue to red indicates the temperature from 20°C to 50°C. Mouse 
with PBS injection has only a slight increase in temperature. For the mice injected with rPPH and rPPH@AZD, their 
tumor center can reach 50°C, confirming that both rPPH and rPPH@AZD could generate enough heat under laser 
irradiation to achieve better PTT efficacy. In other words, long term exposure of rPPH@AZD to NIR would not 
deteriorate its photothermal stability. The thermogenesis of photothermic agents can elevate the local temperature of 
tumor tissues, leading to enhanced blood flow and mitigation of tumor hypoxia to some extent. This in turn reduces drug 
resistance caused by anoxic environments and further enhances the synergistic therapeutic effect of composite 
nanosystems.
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(Figure 4c) shows the fluorescence images of the mouse at 0–24 h after injected with rPPH@AZD via the tail vein. 
The fluorescence of rPPH@AZD in the tumor grows gradually from 0 to 9 h and subsequently decreases after 9 h. The 
fluorescence of the tumor site is strongest at 9 h post-injection, inferring that the concentration of rPPH@AZD at the 
tumor site reaches the highest level. These results demonstrate that rPPH@AZD could be accurately enriched into A549 
tumor tissues with high CD44 receptor expression through blood circulation. (Figure 4d) displays the fluorescence 

Figure 4 (a) Apoptosis images of A549 cells subjected to PBS, 660 and 808 nm, rPPH, rPPH@AZD, rPPH with 808 nm, rPPH with 660 nm, and rPPH with 660 and 808 nm. 
The top right panel displays the apoptosis % at various conditions. The data are expressed as means ± SD (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001. (b) Photothermal 
images of mice treated with PBS injection and 808 nm, rPPH and 808 nm, and rPPH@AZD and 808 nm. (c) In vivo fluorescence images of mouse after various times (0–24 
h) of injection. (d) In vitro fluorescence images of tissues: tumor, kidney, spleen, liver, lung, and heart after 24 h.
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images of the mice’s tumor and major organs after 24 h injection of rPPH@AZD. Fluorescence emissions from the tumor 
and liver are observed, showing that some rPPH@AZD still remain in the tumor after 24 h and are metabolized by the 
liver. The rapid accumulation of rPPH@AZD in the tumor site is attributed to the active targeting effect of HA, which 
improves the utilization rate of rPPH@AZD and enhances the tumor treatment effect. This demonstrates that 
rPPH@AZD makes the in vivo distribution, metabolism and targeting of multifunctional nano-delivery systems more 
convenient and visual through in vivo optical imaging.

The combined therapeutic effects of rPPH@AZD for NSCLC were assessed through in vivo anti-tumor experiments 
on mice. Figure 5 shows (a) the relative change in tumor volume and (b) body weight of mice during 14 days of 
treatments: Mice were treated with saline, 660 and 808 nm (NIR), rPPH, rPPH@AZD (chemotherapy), rPPH with 808 
nm (PTT), rPPH with 660 nm (PDT), and rPPH@AZD with 660 and 808 nm (chemotherapy/PTT/PDT). The body 
weight of the mice does not change much for all the treatments (Figure 5b), suggesting that the nanomaterials in the 
treatment group had no side effects on mice. There are continual growths of tumors for those mice subjected to saline, 
NIR and rPPH treatments, indicating that these treatments have no inhibition effect on the tumors. The tumor growth 
rates are slightly lower for mice subjected to chemotherapy, PTT and PDT treatments. However, mice with the combined 
chemotherapy/PTT/PDT treatment can efficiently inhibit the growth of tumor. More importantly, the tumor diminishes in 
size and eventually vanishes after 10 days of treatment. The combination therapy can induce simultaneous heat stress and 

Figure 5 The mice are treated with saline, 660 and 808 nm (NIR), rPPH, rPPH@AZD, rPPH with 808 nm, rPPH with 660 nm, and rPPH@AZD with 808 and 660 nm 
irradiation for 14 days: (a) Relative change of tumor volume. The data are expressed as means ± SD (n = 3). ***p < 0.001. (b) Mice body weight. (c) Pictures of tumors. (d) 
Pictures of mice. (e) H&E staining of tumor tissues with various treatments.

International Journal of Nanomedicine 2024:19                                                                                   https://doi.org/10.2147/IJN.S460767                                                                                                                                                                                                                       

DovePress                                                                                                                       
7505

Dovepress                                                                                                                                                           Zhang et al

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

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


oxidative stress in cancer cells, leading to the disruption of their heat resistance mechanism and activation of the 
apoptosis pathway. As a result, the combined therapy exerts a synergistic effect while allowing for lower treatment 
temperatures and improved safety. (Figure 5c and d) display the pictures of tumors and mice under various treatments. 
(Figure 5e) depicts the H & E staining of tumor tissue sections of mice subjected to various treatments. No abnormality is 
found in the tumor tissue sections for saline, NIR and rPPH treatments. Tumor cells showed normal morphology with 
clearly visible cell membranes and nuclei. There is a small amount of cell necrosis for mice with PTT and PDT 
treatments. Noticeably, the tissue sections in the combined chemotherapy/PTT/PDT group displayed the largest ablation 
area. And the tumor cells showed obvious destruction with nuclear condensation leading to cell apoptosis and necrosis. 
Our results prove that the therapeutic effect of chemotherapy/PTT/PDT is significantly better than that of other single 
treatment modalities. rPPH@AZD could achieve good combined therapeutic effect without any significant ex vivo and 
in vivo toxicity in mice. The safety and high efficacy of this nanomaterial provide ideas for designing new therapeutic 
strategies for tumor.

Owing to the obvious therapeutic effect of rPPH@AZD, it is necessary to evaluate its biosafety. The body weights 
of mice with various treatments are relatively stable within 14 days as shown in (Figure 5b), confirming that the as- 
prepared nanomaterial has no acute toxicity. H&E staining of major organs reveals no histomorphological damage as 
depicted in Figure S3. The morphology and structure of all tissues in mice are normal and clear, in which the 
transverse striations of the heart are clearly visible. For liver, the lobules and other characteristic structures are 
obvious, and no oedema is seen. For spleen, the corpuscle is clearly structured, and the central artery is visible. For 
lung, clear alveoli, and no thickening of the walls of the alveoli can be seen. For kidney, a clear distribution of the 
glomerulus and the peripheral tubule is observed. All these suggest that rPPH@AZD does not cause pathological 
changes in various organs and tissues. The biosafety of rPPH@AZD was evaluated by assessing the liver and kidney 
function indexes in Figure S4 and blood indices of mice in Figure S5. In liver function tests, AST and ALT are the 
standards for judging whether liver cells are damaged. BUN and CRE are the body’s nitrogen catabolism products. 
Their specific concentrations are closely related to the excretion capacity of the kidneys and can reflect the degree of 
damage to kidney function. All these indices indicate that rPPH@AZD is safe for the mice. Hematological parameters, 
liver function indicators and renal function indicators are within the normal range, implying that rPPH@AZD induces 
negligible in vivo toxicity and has good biosafety.

Conclusion
In this work, a nanodrug delivery system (rPPH@AZD) based on mesoporous graphene oxide nanocomposite was 
developed. The obtained rPPH@AZD can maximize its accumulation at tumor site by active tumor-targeting effect 
endowed by HA. After tumoral accumulation, rPPH@AZD generates ROS and heat after laser irradiation at the 
tumor site and combines with the targeted anti-tumor drug Osimertinib for chemo/photo therapy. rPPH @AZD 
possesses pH/hyaluronidase dual responsive drug release behavior, which will facilitate the controlled release of 
AZD in the weakly acidic TME; thus, this study overcomes the shortcomings of single therapy and provides 
a reference for further exploration of chemo/photo combination therapy. More importantly, rPPH @AZD has 
excellent photothermal imaging and fluorescence imaging capabilities. Armed with its excellent imaging perfor-
mance and effective therapy, rPPH@AZD is anticipated to have a unique tumor detection and treatment system. 
Both in vitro and in vivo studies have also demonstrated the excellent biocompatibility of rPPH@AZD. As 
a nanoplatform for combination therapy, rPPH@AZD is worthy of further research. In summary, this study provides 
new ideas for the construction of TME-responsive nanodrug delivery systems and provides a theoretical basis for 
clinical combination treatment of NSCLC.
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