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a b s t r a c t

Glioma is a severe malignant brain tumor marked by an exceedingly dire prognosis and elevated in-

cidence of recurrence. The resilience of such tumors to chemotherapeutic agents, coupled with the

formidable obstacle the blood-brain barrier (BBB) presents to most pharmacological interventions are

major challenges in anti-glioma therapy. In an endeavor to surmount these impediments, we have syner-

gized pH-sensitive nanoparticles carrying doxorubicin and apatinib to amplify the anti-neoplastic efficacy

with cyclic arginine–glycine–aspartate acid (cRGD) modification. In this study, we found that the combi-

nation of doxorubicin (DOX) and apatinib (AP) showed a significant synergistic effect, achieved through

cytotoxicity and induction of apoptosis, which might be due to the increased intracellular uptake of DOX

following AP treatment. Besides, polycaprolactone-polyethylene glycol-cRGD (PCL-PEG-cRGD) drug carrier

could cross the BBB by its targeting ability, and then deliver the drug to the glioma site via pH-responsive

release, increasing the concentration of the drugs in the tumor. Meanwhile, DOX/AP-loaded PCL-PEG-

cRGD nanoparticles effectively inhibited cell proliferation, enhanced glioma cell apoptosis, and retarded

tumor growth in vivo. These results collectively identified DOX/AP-loaded PCL-PEG-cRGD nanoparticles as

a promising therapeutic candidate for the treatment of glioma.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Glioma is a common primary malignant tumor of the central

nervous system (CNS) that originates from CNS glial cells and ac-

counts for 81% of all CNS tumors, associated with extremely poor

survival [1]. The current standard treatment of glioma is maxi-

mal safe surgical resection, followed by radiotherapy and temo-

zolomide (TMZ) therapy, yet, the efficacy of recent treatment is

limited compared to other cancers [2]. A major reason is the

existence of the blood-brain barrier (BBB), which causes insuffi-

cient drug concentrations in tumor [3]. Doxorubicin (DOX) is a

widely used chemotherapeutic agent with broad-spectrum activi-

ties against solid tumors [4,5]. Certainly, accumulating evidences

have demonstrated the efficacy of DOX against primary glioma

[5,6]. DOX inhibits tumor proliferation through two mechanisms

(i) intercalating into DNA and inhibiting topoisomerase II-mediated
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DNA replication (ii) entering mitochondria to form a semiquinone

radical to trigger apoptosis pathway [7]. However, the use of DOX

is accompanied adverse effects, including fatal cardiotoxicity and

dose-limiting myelosuppression [8,9]. Moreover, similar to other

broad-spectrum chemotherapeutic drugs, DOX often encounters

the challenge of developing drug resistance in the later stage, in-

creasement of dosage will lead to severe side effects.

In addition to malignant proliferation, the progression of tumor

heavily depends on blood vessel formation, which provides nu-

trition to tumor and maintain immunosuppressive microenviron-

ment. The vascular endothelial growth factor protein family (VEGF)

is a powerful regulator of vascular development and is typically

implicated in tumor angiogenesis [10]. Studies show that VEGF is

overexpressed in various head and neck tumor tissues, with partic-

ular in glioma [11]. In most cases, the overexpression of VEGF indi-

cates larger tumor size and a pronounced remodeling of the vascu-

lar structure in glioma [12]. As a tyrosine kinase inhibitor, apatinib

(AP) selectively inhibits VEGF receptor 2 (VEGFR-2) leading to in-

ducing apoptosis and reversing drug resistance [13]. Furthermore,

https://doi.org/10.1016/j.cclet.2024.110084
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Scheme 1. Schematic illustration of the system of co-loading DOX and AP by

pH-sensitive PCL-PEG-cRGD nanoparticles. The cRGD/PEG-N-PCL@DOX+AP micelles

were prepared through self-assembly using PEG-N-PCL, cRGD-PEG-PCL, AP, and

DOX. Subsequently, the drug effectively accumulated in the tumor site through the

targeting and pH-responsive properties of the carrier, resulting in the synergistic

anti-tumor effects of AP and DOX.

AP has displayed promising therapeutic outcomes in both preclini-

cal research and clinical trials for glioma [14,15]. Taken together, it

will be of great interest to combine DOX with AP in glioma treat-

ment.

However, the poor bioavailability of AP and DOX as hydropho-

bic drugs, and the low permeability to the BBB, collectively limit

their therapeutic application in brain tumors. Nano-based drug de-

livery systems (NDDS) are expected to overcome the shortcom-

ings. Nanoparticles have different sizes, shapes, materials and bi-

ological activities, which are ideal drug delivery systems with

many advantages including increasing drug water solubility, im-

proving bioavailability and reducing systemic toxicity [16–20]. In

addition, through targeted modification of nanoparticles and struc-

ture reconstruction for conditional responsiveness, drugs can also

be selectively anchored and delivered to the tumor site, thereby

achieving therapeutic dose windows. Polyethylene glycol-poly(ε-
caprolactone) copolymer (PEG-PCL) is a nanocopolymer based on

hydrophilic PEG and hydrophobic PCL, which is highly biocompat-

ible and biodegradable, and widely used in the development of

NDDS [21]. Integrin αvβ3 is highly expressed on the surface of

some tumor cells, while its expression is limited or even absent in

normal tissues. Integrin-targeting arginine–glycine–aspartate acid

(RGD) peptides have been used to enhance the tumor-targeting

ability of copolymer nanoparticles for the treatment of a variety

of malignancies [22–24], and cyclic RGD (cRGD) is superior to lin-

ear RGD peptides based on its resistance to proteolysis and con-

formational restriction [25]. Moreover, taking advantage of the in-

herent differences between tumor microenvironment and normal

tissues, the pH-sensitive drug delivery system has become an ideal

choice for targeted and controlled release [26,27]. In our study,

we modified PEG-PCL with cRGD peptide to obtain cRGD-PEG-

PCL and designed PEG-N-PCL by introducing imine bonds in PEG-

PCL to obtain pH-sensitive nanoparticles, endowing the fabricated

nanoparticles with tumor targeting-capability and tumor microen-

vironment responsiveness (Scheme 1).

In general, a pH-responsive and tumor targeted nanoparticle

was prepared in this study for co-delivery of DOX and AP to en-

hance the BBB penetration and tumor targeting ability of both

drugs against glioma. Scheme 1 shows the self-synthesized tumor-

targeting nanoparticles loaded with DOX and AP cross the BBB to

reach the tumor site, and exhibits synergistic anti-tumor effects in

glioma therapy. The therapeutic efficacy on glioma was evaluated

both in vitro and in vivo. In addition, the underlying anti-tumor

mechanism and biosafety of this nanoparticle have also been in-

vestigated. Finally, the results suggest that simultaneous delivery

Fig. 1. Characteristics of cRGD/PEG-N-PCL@DOX+AP micelles. (A) Schematic di-

agram of cRGD/PEG-N-PCL@DOX+AP micelles. (B) TEM image of cRGD/PEG-N-

PCL@DOX+AP micelles. (C) Particle size of cRGD/PEG-N-PCL @DOX+AP micelles.

(D) pH sensitivity measurement of cRGD/PEG-N-PCL @DOX+AP micelles.

of DOX and AP by pH-sensitive and tumor targeting nanoparticles

can significantly improve the anti-tumor effect, which has a broad

application prospect in the treatment of glioma.

First of all, the synthesis of PEG-N-PCL was introduced in Fig. S1

(Supporting information), and chemical structure of PCL-CHO (Fig.

S2 in Supporting information) and PEG-N-PCL (Fig. S3 in Support-

ing information) were verified by 1H NMR. Similarly, the prepara-

tion of PCL-PEG-cRGD was listed in Fig. S4 (Supporting informa-

tion), and chemical structure of maleimide-poly(ethylene glycol)-

poly(lactide) (MAL-PEG-PCL) (Fig. S5 in Supporting information)

and PEG-PCL-cRGD (Fig. S6 in Supporting information) were ver-

ified by 1H NMR. In addition, the structure of PEG-N-PCL and

MAL-PEG-PCL were also verified by gel permeation chromatogra-

phy (GPC), which showed good monodispersity (Figs. S7A and B in

Supporting information). The cRGD/PEG-N-PCL@DOX+AP complex

was synthesized by self-assembly way for co-encapsulation of DOX

and AP, which was prepared by ultrasonication and film dispersion.

The core-shell structure of cRGD/PEG-N-PCL@DOX+AP was intro-

duced in Fig. 1A. As shown in Fig. 1A, the PCL enveloped the drugs

to form a hydrophobic core, while the PEG extended outwards to

form a hydrophilic shell in the aqueous phase. Meanwhile, the mi-

celles exhibited a spherical structure and was no significant differ-

ence as observed by transmission electron microscopy (TEM) (Fig.

1B). The average diameter of micelles was 87.63nm (Fig. 1C), and

polydispersity index (PDI) was 0.189. The drug loading and encap-

sulation efficiency of AP were 10% and 97.4%, respectively. The drug

loading and encapsulation efficiency of DOX were 5% and 90.3%,

respectively. There was no significant change in micelle size at any

time point in the pH 7.4 buffer. However, the micelles were unsta-

ble in the pH 5 buffer, leading to a rapid increase in micelle size

with time. This could be attributed to the imine bond breaking un-

der the influence of pH, which resulted in damage to the micelle

structure (Fig. 1D).

Methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay was

used to investigate the cytotoxic effect of PEG-N-PCL@DOX, PEG-

N-PCL@AP and PEG-N-PCL@Dox+AP in GL261 cell. Results showed

almost no change in the PEG-N-PCL@AP group compared to the

normal saline (NS) group, while the PEG-N-PCL@DOX, as well as

the PEG-N-PCL@DOX+AP groups, showed significant changes. Af-
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Fig. 2. In vitro anti-tumor effect of cRGD/PEG-N-PCL@DOX+AP in GL261 cells. (A, B) Cell cytotoxicity analysis. GL261 cell viability was measured by MTT assay after

treatment with different concentrations of AP and DOX at 24 and 48h. (C, D) Cell uptake statistics. (E) Western blot analysis of apoptosis protein expression in GL261 cells

after treatment with different drugs. (F) Western blot analysis of proliferation and cell cycle protein expression in GL261 cells after treatment with different drugs. Data are

presented as mean ± SD (n=3). ∗P<0.05, ∗∗∗P<0.001, ∗∗∗∗P<0.0001. ERK, extracellular regulated protein kinase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

ter incubation with drugs for 24h, the cytotoxic effect of the PEG-

N-PCL@DOX group and PEG-N-PCL@DOX+AP group was increas-

ingly stronger compared with the NS group, and the killing ef-

fect was positively correlated with the drug concentrations rang-

ing from 0.078μg/mL to 2μg/mL. When the concentration was

equal to or more than 0.25μg/mL, the killing effects on glioma

cells of the PEG-N-PCL@DOX+AP group began to be more signifi-

cant compared with the PEG-N-PCL@DOX group, with only 23.48%

cell left at a concentration of 0.5 μg/mL (Fig. 2A). The results were

measured after incubation with drugs for 48h (Fig. 2B), and the

PEG-N-PCL@AP group still did not change much compared with

the NS group. As the duration of drug effects extended, the PEG-

N-PCL@DOX+AP group and the PEG-N-PCL@DOX group exhibited

more significant toxic effects on glioma cells after 48h of drug

treatment, and the trend of concentration inhibition was also more

obvious. We also found that when the concentration was less than

1μg/mL, there was little difference in the killing effect between the

targeted and non-targeted groups. However, with the increase in

drug concentration, the PEG-N-PCL@DOX+AP group still showed

a superior tumor-killing effect than the PEG-N-PCL@DOX group.

Identically, MTT assay was also used to determine the cytotoxic ef-

fect of those drugs on C6 cells after incubation for 24 and 48h, and

the results were similar to GL261 cell (Figs. S8A and B in Support-

ing information). Notably, when the concentration was in the range

of 0.5–2μg/mL, there was little difference in cell viability between

the PEG-N-PCL@DOX+AP groups. Thus, in the follow-up work, we

chose the concentration of 1 μg/mL DOX for the experimental study

to exert a stronger tumor inhibitory effect with less dosage of DOX.

In conclusion, AP might not have exerted a direct anti-tumor effect,

but it might have enhanced DOX uptake and reversed chemore-

sistance. This is consistent with the fact that AP can enhance the

inhibitory effect of chemotherapy such as docetaxel and DOX in

multiple tumors [28,29]. Besides, AP can increase drug uptake to

improve drug efficacy, which may improve the effective perfusion

of tumor vessels and increase the intratumoral distribution of DOX

in a certain time window via normalizing tumor vessels [30].

Meanwhile, prodium iodide (PI)/Annexin-V staining flow cytom-

etry was used to detect the apoptosis of GL261 cells treated with

AP or DOX monotherapy and their combinations. Compared with

the control group, cells treated with DOX monotherapy demon-

strated a significant increase in cell apoptosis in a dose-dependent

manner. The apoptotic fractions of GL261 cells treated with 0.0625,

0.125, 0.25, 0.5 and 1μg/mL DOX for 24h were 8.35%, 9.72%, 11.43%,

20.58% and 66.06%, respectively (Figs. S9A and B in Supporting

information). However, AP induced limited cell apoptosis follow-

ing treatments, with only 1.87% apoptosis observed in 2μg/mL at

24h. In contrast, concomitant treatment of AP and DOX induced

significantly higher level of cell apoptosis than either DOX or AP

alone. The most prominent increase in apoptotic fractions was ob-

served in cells treated with 0.5 μg/mL DOX+1μg/mL AP (72.52%)

as compared with DOX alone (20.58%) and AP alone (1.53%). These

findings suggested that AP could enhance the sensitivity of glioma

to DOX. Similarly, DOX and AP demonstrated significant combined

pro-apoptotic effects in C6 cells (Figs. S10A and B in Supporting

information). Western blot assays were also conducted to identify

potential apoptotic pathways involved in DOX/AP treatment. The

cellular uptake of DOX was analyzed through flow cytometry (Figs.

2C and D, Fig. S11 in Supporting information). DOX alone could be

taken up by GL261 cells, and the uptake was positively correlated

with DOX concentration in a certain range. Notably, across all con-

centrations of DOX, the combination group consistently exhibited

enhanced cell uptake rates compared to the DOX-alone group, with

a more pronounced effect at lower DOX concentrations. Further-

more, AP significantly increased the intracellular uptake of DOX

in GL261 cells in a dose-dependent manner. Similarly, the results

of C6 cell uptake were coincident with those of GL261 cells (Figs.

S12A–C in Supporting information). Therefore, the experimental re-

sult verified that the uptake rate of DOX by glioma cells could be

significantly enhanced when combined with low-dose AP, thereby

enhancing the anti-tumor effect and alleviating the adverse reac-

tions caused by DOX treatment. Additionally, the reason for the

increased uptake might be the suppression of drug efflux by AP.

Several anti-angiogenic receptor tyrosine kinase inhibitors (TKIs),

such as gefitinib, AP and sunitinib, were found to significantly in-

hibit major ATP-binding cassette transporter (ABC) transporters by

interacting with or down-regulating their expression [31,32].

As shown in Fig. 2E and Fig. S13A (Supporting information),

the apoptosis-related proteins, including caspase 8, caspase 9 and
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Fig. 3. Anti-tumor activity of cRGD/PEG-N-PCL@DOX+AP in a subcutaneous and orthotopic tumor model. (A) Trends in tumor volume in mice. (B) Trends in body weight

of mice. (C) Pictures of mice tumors at the end of the experiment. (D) Schematic diagram of the tumor weight of mice at the end of the experiment. (E) Mouse intracranial

tumor bioluminescence picture. (F) The body weight change curve of mice during treatment. (G) H&E staining images of intracranial tumors in each group of mice at the

end of the 24-day treatment period. Scale bar: 1mm. Data are presented as mean ± SD (n=5). ns, P>0.05; ∗∗∗∗P<0.0001 vs. the NS group.

caspase 3, were significantly activated in DOX and AP-treated

glioma cells. Moreover, the anti-apoptotic protein Bcl-2 was down-

regulated and the pro-apoptotic protein Bax was upregulated in

glioma cells following the combinational treatment of DOX and AP.

These findings demonstrated that DOX and AP synergistically in-

duced apoptosis of glioma cells through both intrinsic and extrinsic

pathways.

In our quest to unravel the molecular underpinnings of the syn-

ergistic tumor suppression exerted by DOX and AP, we meticu-

lously evaluated the status of three quintessential oncogenic path-

ways: the activator of transcription 3 (STAT3), protein kinase B

(PKB or AKT), and the mitogen-activated protein kinase (MAPK)

signaling cascades. Our in-depth analysis of GL261 cells post-

treatment indicated that both DOX and AP, when applied sepa-

rately, induced a reduction in phosphorylated STAT3 levels, with

an even more pronounced effect observed upon concurrent ad-

ministration. This attenuation in STAT3 activation was specific to

its phosphorylation, as the overall expression level of STAT3 re-

mained unchanged, highlighting a targeted suppression of STAT3

activity by the combined therapy. Moreover, the concomitant DOX

and AP treatment was found to decrease the levels of phospho-

rylated MAPK and AKT, without any concomitant changes in the

total protein levels of these kinases. This selective modulation of

key oncogenic pathways is posited to be central to the enhanced

anti-tumor efficacy observed with the DOX and AP combination.

The treatment also notably curbed the expression of critical cycle-

related proteins, such as cyclin D1 and cyclin E1, as depicted in Fig.

2F. A parallel downregulation of STAT3 and AKT pathways was ob-

served in C6 cells, as shown in Fig. S13B (Supporting information).

In vivo validation of our in vitro findings was pursued through

the establishment of a subcutaneous glioma mouse model. The

tumor-bearing mice were subjected to a regimen of intravenous

treatments with either NS, vehicle, PEG-N-PCL@DOX, PEG-N-

PCL@AP, PEG-N-PCL@DOX+AP, or cRGD/PEG-N-PCL@DOX+AP, ad-

ministered at two-day intervals, with tumor volume and weight

monitored every four days. The data presented in Figs. 3A–D, re-

vealed that the mice in the targeted combination therapy group

exhibited the smallest average tumor volume and weight, in stark

contrast to the other groups. The DOX and AP combination signifi-

cantly impeded tumor progression compared to monotherapy, cor-

roborating our in vitro results. Notably, no significant alterations in

body weight were observed across all treatment groups through-

out the study period, as shown in Fig. 3B. Safety assessments, en-

compassing both histological examination of vital organs and blood
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Fig. 4. cRGD/PEG-N-PCL@DOX+AP enhanced the inhibition of cell proliferation and angiogenesis, and the induction of apoptosis in the GL261 subcutaneous tumor. (A)

Representative Ki67 staining images of tumors from different therapeutic groups. (B) Statistical analysis of Ki67-positive cells. (C) Representative CD31 staining images of

tumors from different therapeutic groups. (D) Statistical analysis of microvessels. (E) Representative TUNEL staining images of tumors from different therapeutic groups (blue:

cell nuclei; green: apoptosis cells). (F) Statistical analysis of apoptosis cells. Data are presented as mean± SD (n=5). ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001, ∗∗∗∗P<0.0001. One-way

ANOVA testing. Scale bar: 20 μm.

biochemical analyses, indicated no significant treatment-related

adverse effects, as detailed in Figs. S14 and S15 (Supporting infor-

mation). These findings collectively suggested that the co-delivery

of DOX and AP using cRGD-modified micelles could be a highly

effective strategy for glioma suppression, with a significant thera-

peutic impact and an acceptable safety profile.

We further constructed an orthotopic GL261 glioma mouse

model to verify the anti-glioma effect of the system. The tumor-

bearing mice were intravenously treated with NS, vehicle, PEG-N-

PCL@DOX, PEG-N-PCL@AP, PEG-N-PCL@DOX+AP, and cRGD/PEG-

N-PCL@DOX+AP every two days for 4 times. According to fluo-

rescence intensity, although a single treatment with DOX and AP

both induced substantial tumor shrinkage in the brain, and the free

drug combination group showed better efficacy, the group treated

with DOX/AP-loaded PCL-PEG-cRGD was the most effective in di-

minishing tumor size (Fig. 3E). Additionally, there was no signifi-

cant change in body weight during the treatment (Fig. 3F). Further-

more, it was evident that the DOX/AP-loaded PCL-PEG-cRGD group

exhibited the smallest tumor volume in brain tissues, as indicated

by hematoxylin and eosin (H&E) staining (Fig. 3G).

Immunohistochemical analyses of tumor tissues were also per-

formed to evaluate tumor cells proliferation in vivo, characterized

by the expression of Ki67 and CD31. After treating with PEG-N-

PCL@DOX, PEG-N-PCL@AP, PEG-N-PCL@DOX+AP and cRGD/PEG-N-

PCL@DOX+AP, the Ki67 index was significantly decreased. Notably,

the combination treatment showed a greater effect than monother-

apy. The PEG-N-PCL@DOX+AP group had the lowest Ki67 index

among the treatment groups (Figs. 4A and B). Likewise, the tu-

mors treated with DOX/AP-loaded PCL-PEG-cRGD showed the low-

est CD31 expression level (Figs. 4C and D). These results collec-

tively suggested the inhibitory effect of DOX/AP-loaded PCL-PEG-

cRGD on cells proliferation and neovascularization of GL261 glioma

in vivo. Furthermore, we evaluated the apoptosis of the subcu-

taneous GL261 model by TdT-mediated dUTP nick-end labeling

(TUNEL) staining. When compared with the single use of DOX and

AP or non-targeted combination therapy, the DOX/AP-loaded PCL-

PEG-cRGD group showed more signals, which indicated the apop-

tosis of cells (Figs. 4E and F). Hence, it was demonstrated that

the combination therapy by cRGD-modified nanoparticles signif-

icantly improved anti-tumor activity by inducing cells apoptosis.
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All animal experiments were approved by the Animal Experimental

Ethics Committee of the State Key Laboratory of Biotherapy (SKLB)

of Sichuan University.

In conclusion, we have confirmed that the combined treat-

ment of glioma with DOX and AP could achieve better therapeu-

tic efficacy. Additionally, the application of pH-responsive PCL-PEG-

cRGD nanoparticles could further improve the therapeutic efficacy

while maintaining favorable safety. Therefore, DOX/AP-loaded pH-

sensitive PCL-PEG-cRGD is a promising therapeutic candidate for

the treatment of glioma.
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