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a b s t r a c t

Lung cancer is one of the most common malignant tumors with the fastest increase in the incidence rate

and mortality. Even after maximum tumor resection assistance with a radiotherapy and chemotherapy

combination, the recurrence of non-small cell lung cancer is still inevitable. In addition, low targeting

efficiency and poor permeability of drug delivery systems strongly affect the therapeutic efficiency of

anti-cancer drugs on non-small cell lung cancer. Here we designed a gemcitabine (GEM) loaded arginine-

glycine-aspartic acid-cysteine (RGDc)-modified gold mineralization “hybrid nanozyme bomb” (RGTG) to

overcome those obstacles. RGDc modification improved the active targeting of liposomes to the tumor

tissues with the second near-infrared (NIR-II)-triggered gold-shell disruption and GEM release. The col-

lapsed gold-shell particles with a smaller size could penetrate the tumor solid barrier and act as pho-

tothermal therapy (PTT) agents to improve PTT therapy and starvation therapy via generating gluconic

acid and reactive oxygen species (ROS). Moreover, the resting reversal effect of gold particles on tumor

fibroblasts can achieve accelerating tumor penetration of gold particles and GEM. Compared to monother-

apy, RGTG showed significant improvement in tumor inhibition, with a tumor volume reduction of 83%

compared to the control group, which provides a promising tumor treatment platform for non-small cell

lung cancer (NSCLC).

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lung cancer has been considered the major cause of cancer

mortality in adults [1]. Around 80%–85% of lung cancer patients

were diagnosed with non-small cell lung cancer (NSCLC) with an

overall 5-year survival rate of 59% and 25% of them face tumor

relapse [2–4]. For the advanced NSCLC or patients unsuitable for

surgery, combination therapeutic strategies urgently need to be de-

veloped to improve the NSCLC therapeutic efficiency due to the

monotherapy resistance and poor efficiency. The metabolism of

cells abnormally improved is one of the major physiological char-

acteristics of cancers [5]. Therefore, tumor starvation therapy has

been considered an effective method for inhibiting tumor cell pro-

liferation by blocking their angiogenesis or inhibiting the supply

of nutrition [6–9]. Moreover, starvation therapy could reduce the
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level of adenosine triphosphate (ATP) and induce down-regulation

of heat shock protein levels in the tumor microenvironment, which

also benefits hyperthermia therapy and increase synergistic tumor

inhibition efficiency. Although the advantages have been reported

for tumor therapy for several years, some key concerns such as low

targeting efficiency, elevated tumor hypoxia, and increased tumor

metastasis risk still are the obstacles that limited their application

in cancer therapy [10,11].

Biomineralization is a process in which inorganic elements are

specifically deposited on an organic substrate to form hard tissue

materials [12–15]. Based on the mechanism of this natural biomin-

eralization process, versatile nanoplatforms have been developed

for a variety of biomedical applications [16,17]. Nanozymes are

nanomaterials provided with intrinsic enzyme-like properties with

the advantages of storage stability, economy, and convenient func-

tional modification compared to natural enzymes [18,19]. It was

reported that citrate-coated gold nanoparticles (GNPs) exhibited a

glucose oxidase (GOx)-mimicking activity for the catalytic oxida-

https://doi.org/10.1016/j.cclet.2023.109296
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Scheme 1. Illustration of preparation steps of RGTG and its antitumor mechanism. (A) The preparation of targeting RGTG. (B) Penetration promoting mechanism. (C, D)

Starvation therapy and cocktail therapy of RGTG.

tion of glucose with oxygen. Based on plenty of research, gold-

based nanoparticles could exhibit the following key roles in tumor

therapy [20]: (1) improve the consumption of glucose as an alter-

native strategy for cancer-starvation therapy; (2) improve the con-

sumption of oxygen increases tumor hypoxia, which can be har-

nessed for hypoxia-activated therapy; (3) induce the generation of

gluconic acid followed by enhances the acidity of the tumor mi-

croenvironment, which can trigger pH-responsive drug release; (4)

induce the generation of H2O2 which increased the levels of re-

active oxygen species (ROS) and tumor cell apoptosis after expos-

ing to light irradiation or via Fenton reaction; (5) act as vaccine

nanoadjuvants by promoting local inflammation to fight viral in-

fections and tumors [21]; (6) improve the accuracy of cancer di-

agnosis, to avoid false-positive occur [22,23]. Therefore, the gold-

based nanoparticle was applied as a muti-functional tumor ther-

apy agent and to be investigated in different tumor therapy strate-

gies [24]. In addition, inorganic nanomaterials can induce mito-

chondrial dysfunction by altering Ca2+ signaling channels in cancer

cells, thereby damaging mitochondria and leading to cell apoptosis

[25,26]. However, similar to nanocarriers, single metal mineralized

nanozymes exhibited poor target permeability after administration

and metabolic difficulties in vivo, which seriously affects their ther-

apeutic efficiency of tumor starvation therapy alone or synergis-

tic effects combined with other therapies. Surface modification of

GNPs can significantly improve drug delivery efficiency and tu-

mor targeting ability [27]. Arginine-glycine-aspartic acid-cysteine

peptide (RGDc) can enhance the tumor targeting ability of gold

nanoparticles by cross-linking them on the surface through Au-S

bonds.

Therefore, we proposed a gemcitabine (GEM)-loaded gold min-

eralized hybrid nanozymes for tumor effective penetration and

NSCLC treatment. The GEM-loaded temperature-responsive lipo-

somes were prepared and then mineralized by gold on the surface

followed by decoration of RGDc (Scheme 1A). RGDc-based active

targeting contributes to the formulation accumulated in the tumor

area. The tumor-located type II NIR irradiation was converted into

heat due to the mineralized gold surface as photothermal ther-

apy (PTT) agents and induced the liposome burst and release the

GEM for tumor chemotherapy. The outside gold shells were col-

lapsed with the liposomes and the left gold particles with a much

smaller particle size could improve their tumor penetration in the

solid area (Scheme 1B) and act as PTT sensitizer to improve PTT

therapy and starvation therapy via gluconic acid and ROS genera-

tion (Schemes 1C and D). Moreover, the resting reversal effect of

gold particles on tumor fibroblasts can achieve accelerating tumor

penetration of gold particles and GEM. The gold-mineralized hy-

brid nanozymes could overcome the obstacles of poor tumor pen-

etration and improve the synergistic effect of tumor chemotherapy,

photothermal therapy, and starvation therapy, suggesting a promis-

ing tumor treatment platform for NSCLC.

In this work, we designed an RGDc modified gold mineraliza-

tion “hybrid nanozyme bomb” (RGTG) for effective tumor pene-

tration and NSCLC treatment. As shown in Figs. S1A and B (Sup-

porting information), thermalsensitive liposomes (TSL) and gemc-

itabine hydrochloride loaded thermalsensitive liposomes (TG) were

both spherical particles. The particle size of gold mineralized ther-

mosensitive liposome (GTG) has increased to 141.42±1.35nm with

a rough surface, which indicates that chloroauric acid was reduced

to form a gold shell outside the liposomes. The particle size of

RGTG has increased to 148.77±1.79nm with a similar morphology

and particle size, suggesting the RGDc coating has no effects on

the particle size (Figs. 1A and B). The zeta potential of formulations

was also characterized. The TG exhibited a negative surface charge

with the zeta potential of −28.47±3.07mV, while that of GTG and

RGTG was 8.02±0.32 and 6.47±3.07mV, respectively, suggesting

the neutral gold shell coated outside the liposomes, which shielded

the surface charges of liposomes (Fig. S1C in Supporting informa-

tion) [28].

The encapsulation efficiency and drug loading of GEM in TG

were 67.82% ± 4.55% and 8.64% ± 0.68%, respectively. The gold

shell coating and RGDc modification had no impact on drug en-

capsulation and slightly decreased drug loading (70.24% ± 3.42%

vs. 65.37% ± 7.53% for encapsulation efficiency; 6.69% ± 0.76% vs.

6.31% ± 0.56% for drug loading) (Figs. S1D and E in Supporting

information). This might be due to the modification of RGDc and

gold shell coating increasing the weight of the liposome, while the

quality of the drug did not change significantly, resulting in a de-

crease in drug loading. In addition, we confirmed the RGDc grafting

ratio was 12.73% by the bicinchoninic acid (BCA) method.

Ultraviolet spectroscopy and energy dispersive spectrometer

(EDS) mapping further validated the successful construction of the

gold mineralized “hybrid nanobomb” structure (Fig. 1C, Fig. S1F in

Supporting information).

The results of photothermal conversion efficiency indicate that

the modification of RGDc does not affect the photothermal conver-

sion rate of GT, and RGTG exhibits stable photothermal conversion

efficiency and limited attenuation (Figs. S3A–H in Supporting in-

formation).

Photothermal-response drug release behavior of RGTG triggered

by the second near-infrared (NIR-II) laser was investigated under

different pH conditions in vitro (Figs. S2, S3I and J in Support-

ing information). At pH 7.4, the free GEM was completely released

within 6h with a cumulative release of over 85%. The release of

GTG and RGTG in the absence of NIR-II stimulation was similar to

that of TG with sustained release effects. After NIR-II trigged, the

cumulative drug release rate reached 68.17% and 65.91% after 24h,
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Fig. 1. The particle size (A) and transmission electron microscope (TEM) images (B) of RGTG (n=3). Scale bar: 200nm. (C) The EDS mapping of RGTG. Scale bar: 100nm. (D)

H2O2 level was catalyzed by different formulations. 1: Control; 2: TSL; 3: GTG; 4: RGTG; 5: RGTG+NIR; 6: RGTG+ IR; 7: RGTG+NIR+ IR. (E–H) Cell viability without glucose

at 24h (E) and 48h (F). Cell viability containing glucose at 24h (G) and 48h (H). (I) Results of catalytic activity of glucose like oxidase. Each bar represents the mean ±
standard deviation (SD), n=3. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

which was significantly different from that of the group without

NIR-II stimulation (P < 0.01), this may be due to the change in

thermosensitive liposome membrane fluidity as well as permeabil-

ity caused by temperature increase under NIR-II stimulation which

leads to the drug release improvement. Compared with pH 7.4,

the cumulative release of free GEM was higher at pH 5.4, reach-

ing 92.82% at 4h which is due to the high solubility of GEM in

an acidic environment. The cumulative release of GTG and RGTG

group was further increased (P < 0.05) to 65.38% and 67.29% af-

ter NIR-II irradiation, respectively, indicating that RGTG expressed

an excellent NIR-II responsive drug release behavior and was more

rapidly to release drugs under acidic conditions.

It has been reported that GNPs could catalyze the conversion of

glucose to gluconic acid and hydrogen peroxide which reduced the

pH of tumor sites and generate oxygen under the action of cata-

lase [29]. Compared to TSL, the level of H2O2 produced by GTG

and RGTG was significantly increased (P < 0.01). After RGDc mod-

ification, the amount of RGDc-modified gold mineralized thermal

sensitive liposomes (RGT) entering the cell interior increased, and

the level of H2O2 further increased compared to other groups. In

addition, it was obvious that RGTG produced the most H2O2 af-

ter combined ionizing radiation (IR) and NIR irradiation (P < 0.01)

(Fig. 1D).

GOx-induced glucose depletion has become the most used

strategy for cancer starvation therapy. Glucose-fueled cell survival

tests showed that the addition of GT and RGT to the medium with-

out glucose significantly increased cell survival (P < 0.001) in a

concentration-dependent manner. This might be due to liposomes

providing nutrients and gold nanoparticles lacking substrates to

produce ROS killer cells (Figs. 1E and F). Figs. 1G and H showed

that GNPs catalyzed glucose in the medium to produce ROS killer

cells in the presence of oxygen after the addition of glucose. Com-

pared with the control group, cell viability was significantly de-

creased in GT and RGT groups (P < 0.001). After RGDc modifica-

tion, catalyze efficiency could be far more improved due to the

RGDc-based improvement of cellular uptake, in which the cell vi-

ability decreased significantly compared to GT (P < 0.01). More-

over, the 3,3′,5,5′-tetramethylbenzidine (TMB) method was used to

evaluate the glucose oxidase-like activity of RGTG. Fig. 1I showed

that the glucose oxidase-like activity of GT and RGT was time-

dependent. Compared with GT, the absorbance of the RGT group

decreased significantly during the same period, indicating that the

catalytic ability of RGT was reduced, which may be due to the sur-

face modification masking the active site of the enzyme and reduc-

ing its catalytic ability [30]. However, the catalytic ability of RGT

was improved under the stimulation of NIR, which might be due

to the loose structure of RGT and the increased exposure of active

sites after NIR stimulation, enhancing its catalytic ability.

Gold nanoparticles have been reported to act as a sensitizer

to reduce the irradiation dose in tumor therapy, thus reducing

the damage to normal tissue caused by radiotherapy. IR can in-

duce various types of DNA damage such as directly breaking the

DNA chains by the deposited energy or indirectly through ROS pro-

duced by the radioactive decomposition of water molecules in cells

[31,32]. GNPs can generate hydroxyl radicals under NIR-II laser and

X-ray stimulation, and hydroxyl radicals initiate radical chain re-

actions to degrade methylene blue, resulting in a decrease in the

absorbance of methylene blue [33]. The results showed that com-

pared with the control group, the absorbance of methylene blue

was decreased after single NIR/IR stimulation, while that of methy-

lene blue was significantly decreased after combined stimulation,

indicating the potential of GT on double sensitizers (Fig. S4A in

Supporting information).

The main mechanism of cell damage caused by IR is the break-

ing of DNA double bonds. When DNA breaks, the γ -H2AX factor

will be formed at the fracture site to activate the DNA damage

repair signaling [34]. The radiosensitization efficiency of RGDc-GT

was investigated by immunofluorescence assay to detect the DNA

damage caused by different nanoparticles under X-ray irradiation.

As shown in Fig. S4B (Supporting information), compared with

phosphate buffer saline (PBS) and PBS+ IR groups, the fluores-

cence of γ -H2AX in gold mineralized thermal sensitive liposomes

(GT)+ IR and RGT+ IR groups was significantly enhanced, indicat-

ing that GT and RGT significantly increased the X-ray damage to

cells. This may be due to the interaction between gold nanopar-

ticles and X-ray photons used for radiotherapy and the genera-

tion of electrons, while the interaction between electrons and wa-

ter molecules produces free radicals, resulting in the breaking of
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DNA double bonds. The strongest fluorescence was exhibited in the

RGT group which may be caused by the RGDc-mediated cell up-

take increased the cellular uptake of nanoparticles and improved

IR-induced DNA damage.

As shown in Figs. S4C and D (Supporting information), cellular

uptake of different formulations all exhibited a time-dependent in-

crease. After co-incubation with Lewis lung carcinoma (LLC) cells,

both coumarin 6 (C6) loaded gold mineralized liposomes (GT-

C6) and RGDc modified C6 loaded gold mineralized liposomes

(RGT-C6)+NIR groups showed significantly increased cell uptake

of nanoparticles (P < 0.01, P < 0.001) compared with the GT-C6

group, which might be due to the modification of RGDc was fa-

cilitate cell uptake of particles by active targeting. However, there

was no significant difference in cellular uptake between RGT-C6

and RGT-C6+NIR, suggesting that photothermal effects had little

effect on the uptake of RGT.

As shown in Figs. S5A and B (Supporting information), GT and

RGT had good biocompatibility. Combined with the NIR or IR ir-

radiation, the GT exhibited concentration-depended cytotoxicity

when the concentration of aurum (Au) was higher than 100μg/mL.

In addition, compared with NIR or IR monotherapy, the cell sur-

vival rate of the GT and RGT group treated with NIR and IR com-

bination decreased to 28.16% and 24.83%, respectively, indicating

that both GT and RGT could be working as photothermal sensitizer

and IR sensitizer to induced cytotoxicity. Due to the increase of

cell uptake mediated by the modification of nanoparticles RGDc,

the cytotoxicity of RGT was stronger than that of GT at the same

concentration [35].

Figs. S5C and D (Supporting information) showed the cytotox-

icity of GEM combined with NIR on LLC cells when the concen-

tration of Au was higher than 5μg/mL, the toxicity of GT and

RGT to LLC cells was both concentration-dependent under NIR-II

light stimulation. After GEM loading, GTG and RGTG both exhib-

ited concentration-depended cellular apoptosis, suggesting the PTT

combined with chemotherapy maybe increase the therapeutic effi-

ciency in LLC killing in vitro. Figs. S5E and F (Supporting informa-

tion) showed a concentration-dependent reduction in cell viabil-

ity in the range of GTG and RGTG concentrations from 5μg/mL to

200μg/mL. With the concentration of Au was 200μg/mL, the mean

cell viability of the combination therapy group was 8.37% and

4.78%, respectively, which was significantly lower than that of the

GEM+NIR group (27.79% and 21.55%, P < 0.01) and the IR+NIR

group (28.10% and 24.83%, P < 0.01), strongly proves the synergis-

tic cell-killing effects. We then used the Compusyn software (Com-

bosyn, Inc., Paramus, NJ) to evaluate the synergistic efficiency of

combined therapy. The synergy index result was shown in Fig. S5G

(Supporting information). The abscissa Fa indicates the inhibition

rate. The combination index (CI) value represented the various syn-

ergistic types of combination therapy, which the value of 0.90–1.10

representing the simple superposition effect, 0.85–0.90 represent-

ing the low synergy effect, 0.7–0.85 representing the medium syn-

ergy effect, 0.3–0.7 represents the high synergy effect, and 0.1–0.3

represents strong synergy effect [36]. When the inhibition rate was

low (<60%), RGTG had no synergistic effect on LLC cells. With the

increase of RGTG concentration, the CI value gradually decreased,

and the synergistic effect gradually strengthened. When the con-

tent of RGTG was 5μg/mL, the synergy index was 0.39, indicating

a high degree of synergy. These results were similar to those of

cytotoxicity. Therefore, chemotherapy combined with hyperthermia

and radiotherapy could significantly improve the synergistic effect

of lung cancer cocktail therapy.

As an important component of the tumor microenvironment,

cancer-associated fibroblasts (CAF) were highly heterogeneous and

could promote tumor metastasis, interstitial remodeling, and im-

munosuppression. Mixed tumor spheres were constructed by mix-

ing activated fibroblasts (NIH/3T3) and LLC to simulate the mi-

Fig. 2. (A) The confocal laser microscope of different C6 labeled formulations into

LLC tumor spheroids to different depths for 6h. Scale bar: 100μm. 1: free C6;

2: TSL-C6; 3: GT-C6; 4: GT-C6+NIR; 5: RGT-C6+NIR; 6: RGT-C6+NIR+ IR. (B)

Penetration efficiency of fluorescence of different preparations in mixture tumor

spheroids. (C) Inhibition of LLC mixture tumor spheroid growth by GEM prepara-

tions at 5 μg/mL for 5 days. Scale bar: 100μm. (D) Statistical results of the inhibition

of tumor spheroid growth by GEM preparations at 5 μg/mL for 5 days. ∗P < 0.05, ∗∗P
< 0.01, ∗∗∗P < 0.001. (E) Western blot of the expression of related proteins in tumor

globules after different treatment groups. (F) Representative immunofluorescence

images of collage I, fibronectin, and HIF-1α expression after various therapeutic

strategies. Scale bar: 200μm. 1: PBS; 2: Free; 3: GTG; 4: GTG+NIR; 5: RGTG+NIR;

6: RGTG+NIR+ IR. GAPDH: glyceraldehyde-3-phosphate dehydrogenase. Each bar

represents the mean ± SD, n=3.

croenvironment of solid tumors and the tight connection between

cells. As shown in Figs. 2A and B, free coumarin only stayed out-

side the sphere due to the tight connection of the tumor surface

spheres. Compared with TSL-C6 and GT-C6 alone, the NIR irradia-

tion combined GT-C6 signals was founded at the 40.3% depth of

the tumor spheres, suggesting the NIR combined with GT could

significantly improve the penetration of the particles in the solid

core. This might be due to the GNPs can transform activated CAF

into a quiescent state under the NIR irradiation. At the same time,

the glucose around the tumor sphere also could be consumed, re-

sulting in starvation therapy, which reduces the pH value and en-

hances the activity of nano enzymes and promotes the penetration

of nanoparticles into the deep tumor [36]. After NIR and IR stimu-

lation, the penetration depth of coumarin in the RGT-C6 group fur-

ther increased to 59.7%. This might be attributed to the synergis-

tic effects of CAF quiescent, cell starvation, and irradiation-induced

cellular connection interruption, which allowed the nanoparticles

penetrate to the deep layer of the tumor sphere.

The mixed tumor sphere model was also used to verify the ef-

fect of triple therapy in vitro. As shown in Figs. 2C and D, the
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Fig. 3. (A) The in vivo imaging of LLC tumor mice after intravenous injection of free Dir, GT-Dir, and RGT-Dir. Red circles represent the tumor site. (B) The images of ex vivo

organs of mice at 24h after injection free Dir, GT-Dir, and RGT-Dir. (C) The average fluorescence intensity of ex vivo organs and tumors of mice at 24h after injection of

different groups (n=3). (D) The average Au amount of ex vivo organs and tumors of mice at 24h after injection of different groups (n=3). (E) In vivo photothermal imaging

with a NIR laser at 0, 1, 3 and 5min of LLC tumor mice 24h after intravenous injection of PBS and RGT. (F) Temperature changes of the LLC tumor mice during NIR-I and

NIR-II irradiation at different points of different groups (n=3). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. %ID/g: the percentage injected dose per gram of tissue. Each bar represents

the mean ± SD.

volume of untreated tumor spheres gradually increased. The tu-

mor volume of the GEM group remained unchanged, suggesting

GEM alone could partially inhibit tumor proliferation on the tu-

mor surface but hardly penetrated the core of the tumor sphere.

After chemotherapy combined with hyperthermia or radiother-

apy, due to the good photo-thermal conversion effect and radio-

sensitization ability of gold nanoparticles, the tumor sphere vol-

ume decreased more significantly (P < 0.01). RGTG+NIR+ IR

group showed the most effective therapeutic effect. The sphere

was loose and disintegrated on the fifth day, and the tumor volume

decreased to 57.32% of the original tumor volume, which might be

caused by the resting fibroblasts of gold nanoparticles and the im-

provement of tumor hypoxia by glucose oxidase [36]. Moreover,

various proteins related to hypoxia and extracellular matrix were

determined by western blot assay, including hypoxia-inducible fac-

tor 1α (HIF-1α), fibronectin, and collagen I. As shown in Fig. 2E,

the expression of HIF-1α in GTG and RGTG groups was decreased,

indicating that gold nanoenzyme could improve tumor hypoxia un-

der the NIR irradiation. In addition, the decrease of fibronectin

and collagen I content in the RGTG+NIR+ IR group showed that

heating and radiotherapy reduced the production of fibroin and

collagen in tumor tissue. We further determined the expression

of key proteins during triple therapy by the immunofluorescence

assay. The lowest expression of collage I, fibronectin, and HIF-1α
in GTG+NIR+ IR and RGTG+NIR+ IR groups, indicating that they

could synergically relieve the hypoxic microenvironment and in-

hibit tumor proliferation ability (Fig. 2F).

In vivo targeting of different formulations has also been inves-

tigated. All animal studies were approved by the Animal Care and

Use Committee of the China Pharmaceutical University (No. 2021–

02–004). The results showed that free Dir injected into the body

was mainly accumulated in the liver and rapidly eliminated within

24h (Fig. 3A). The fluorescence of GT-Dir increased with the pro-

longation of administration time, and the fluorescence of tumor

tissue was higher than that of free Dir group (Fig. 3B). This might

be due to the EPR effect caused by the high permeability and re-

tention effect of lipid particles due to the rich blood vessels in tu-

mor tissue, the wide gap between blood vessels and the fast blood

flow [37]. RGDc modification significantly improved the tumor tis-

sue accumulation of Dir signal compared to the GT-Dir groups due

to their active targeting ability. Moreover, fluorescence images of

all organs at 24h further showed the RGT-Dir group was 1.8 times

that of the GT-Dir group, and 4.5 times that of the free Dir group,

indicating that RGDc modification can enhance the tumor-targeting

ability of the GT-Dir group (Fig. 3C). Compared to the unmodi-

fied GT group, the concentration of Au in the tumors of the RGDc-

5
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Fig. 4. (A) The tumor images of different treatment groups after 14-day treatment. (B) Tumor volume changes in different treatment groups within 14 days (n = 5). (C) The

weight changes of mice in all at 14 days. (D) Representative H&E staining images of tumor tissues after different treatments. (E) Representative TUNEL staining images of

tumor tissues after different treatments. Scale bar: 100μm. mean ± SD. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

coated RGT group was 1.9 times higher than that of the GT group,

indicating that RGDc modification can significantly increase drug

accumulation in tumors (Fig. 3D).

The first NIR light window (NIR-I, 650–900nm) is physically

limited by penetrating tissue, resulting in the treatment of PTT be-

ing challenged by deep tumor tissue [38]. Compared with NIR-I,

NIR-II provides better tissue penetration, lower background signal,

higher safety limits, and photothermal conversion capabilities [39].

Fig. 3E showed the temperature changes of tumor sites in mice af-

ter laser irradiation in NIR-I and NIR-II regions after intravenous

injection of RGDc-modified gold mineralized thermosensitive lipo-

somes (RGT). The results showed that the temperature of the tu-

mor site was significantly increased after injection of RGT in both

NIR-I and NIR-II regions, indicating that RGT had a relatively good

photothermal conversion effect in vivo. Compared with the NIR-I

region, RGT heats up rapidly under light irradiation in the NIR-

II region, reaching the temperature required for tumor treatment

(42 °C) in about 1–2min. This might be due to the better pene-

tration of RGT in the NIR-II region compared to NIR-I. After 5min,

the temperature of the tumor site could be increased to about 46.3

°C, which was significantly higher than that of the NIR-I laser (P <

0.01) (Fig. 3F), suggesting that induce tumor cell apoptosis without

damaging normal tissue. Therefore, RGT in response to the NIR-II

region could help improve compliance with treatment and reduce

the dosage required during treatment.

The tumor volume and body weight of mice in each group were

recorded during the treatment (Figs. 4A–C). The results showed

that tumors in the blank control group, NIR group, and IR group

had not significantly reduced, suggesting the PTT and RT ther-

apy alone hardly inhibited the tumor growth. For the mice in the

GT+NIR group and GT+ IR group, tumor size was reduced after

the NIR or IR therapy, indicating the GT expressed as a dual sen-

sitizer to improve the tumor cell apoptosis after irradiation. After

combining with the GEM, the triple cocktail therapy strategy ex-

hibited better tumor inhibition compared to monotherapy or dual

therapy, confirming the advance of the multi-therapy on LLC treat-

ment. After the RGDc modification, mice in the RGTG+NIR+ IR

group showed the lowest tumor size in all groups, with a tumor

volume reduction of 83% compared to the control group, which

benefited from the RGDc-based tumor targeting ability. RGDc mod-

ification allowed more nanoparticles located and accumulated in

tumor tissue and released GNPs could induce fibroblasts resting

under the stimulation of NIR-II, further increasing the penetration

of RGTG. As an enzyme similar to peroxidase, GNPs consume glu-

cose at tumor sites and cut off energy supply, leading to starva-

tion treatment and enhancing the effect of radiotherapy [40]. In

addition, in the blank control group, NIR group, RT group, and

GEM group, mice body weight decreased rapidly due to the poor

inhibition of tumor tissue proliferation (Fig. 4C). While that in

other therapeutic groups were exhibited a slight decrease, indicat-

ing that there was no serious toxicity of RGT carriers and com-

bination therapy could effectively inhibited tumor generation ter-

minal deoxynucleotidyltransferase-mediated dUTP nick-end label-

ing (TUNEL) analysis has been used to evaluate cell apoptosis. The

tissue section images showed that the tumors in the GEM group,

GTG+NIR group, and GTG+NIR+ IR group all expressed apoptosis

features, and the tumor cells expressed necrosis and nuclear loss.

Among them, RGTG+NIR+ IR group had the strongest tumor cell

apoptosis after treatment, suggesting that its killing effect was the

most significant (Figs. 4D and E). To evaluate the biocompatibility

and toxicity in vivo, the hematoxylin-eosin staining (H&E) staining

of main organs from mice in all treatment groups was evaluated.

As shown in Fig. S6 (in Supporting information), compared with

the control group, no obvious pathological changes were observed

in all treatment groups, suggesting the particles had good biocom-

patibility and would not induce the obvious inflammation.
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The permeability of nanoparticles was also studied in vivo

through the administration of Rhodamine B loaded preparation

and evaluated using laser scanning confocal microscopy (LSCM)

(Figs. S7 and S8 in Supporting information). It was suggested that

RGTG was a promising nano preparation to promote drug pene-

tration. In addition, RGTG could enhance drug permeability by re-

ducing the expression of alpha smooth muscle actin (α-SMA), fi-

broblast activation protein (FAP), fatty acid synthase (FASN), and

fibronectin, while CAFs quiescent (Fig. S9A–D in Supporting infor-

mation). These results lay the foundation for the application of

combination therapy in cancer treatment.

In summary, we designed an RGDc-modified gold mineralized

lipid nanoparticle delivery platform, which has excellent in vitro

and in vivo targeting efficacy for NSCLC and can be used for tar-

geted drug delivery for NSCLC. The prepared RGTG released gold

nanoparticles under the stimulation of NIR-II to induce CAFs qui-

escence, reshape ECM, and release GEM to inhibit cell proliferation.

In addition, the released gold nanoparticles can produce starvation

therapy by consuming glucose around tumor tissues, and improve

the sensitivity of radiotherapy and hyperthermia, to achieve the

synergistic therapeutic effect of starvation-NIR-II PTT-IR. This work

provides a promising strategy for the synergistic treatment of tu-

mors by modulating the metabolic pathways of tumor cells.
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