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a b s t r a c t

Lymphoma is a hematological malignancy with an increasing mortality rate. Nevertheless, the treat-

ment strategy against lymphoma remains limited. Doxorubicin (DOX) is a broad-spectrum anti-tumor

chemotherapeutic drug, the clinical application of which is limited by serious adverse effects and drug

resistance. In this work, biodegradable methoxy poly(ethylene glycol)-block-poly(lactic acid) (mPEG-PLA)

nanomicelles co-delivering of DOX and apatinib (AP) (DOX-AP/m) was developed for lymphoma therapy.

The average particle size of the self-assembled drug-loaded nano-micelle was 31.94nm. It is revealed that

AP can enhance the uptake of DOX by tumor cells. The in vivo and in vitro experimental results revealed

that DOX-AP/m combination therapy could inhibit proliferation and promote apoptosis of lymphoma cells,

and greatly suppress tumor growth. Our study indicated that DOX-AP/m might provide new insight and

hold great potential in the treatment of lymphoma.

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

Medica, Chinese Academy of Medical Sciences.

Lymphoma is a malignant tumor originating from the lymphoid

hematopoietic system, and its incidence has increased rapidly in

recent years [1]. As the lymphoma progresses, it will adversely af-

fect the various organs of the patient, reduce their normal func-

tion, and evoke many complications [2]. Similar to other can-

cers, the treatment modalities for lymphoma include radiotherapy

[3], chemotherapy [4], immunotherapy [5], concurrent chemora-

diotherapy [6], sequential chemotherapy and radiotherapy [7].

Chemotherapy is a conventional treatment for lymphoma and

many chemotherapeutic agents had been used in clinical practice,

including doxorubicin (DOX), bleomycin, vinblastine, dacarbazine,

mechlorethamine and procarbazine [8]. Combination chemother-

apy is a treatment strategy that utilizes multiple anticancer drugs
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to inhibit tumor growth, has exhibited superior therapeutic efficacy

and lower toxicity than monotherapy [9,10].

DOX is a family of anthracycline antibiotic, applied alone or in

combination, which mainly acts on topoisomerase IIα [11], inhibits

synthesis of DNA and RNA, and has a variety of side effects such

as cardiotoxicity [12,13]. Apatinib (AP), also known as YN968D1,

a small molecule inhibitors of vascular endothelial growth factor

receptor-2 (VEGFR-2), has been proved to have antitumor activity

in a wide range of malignant tumors. Moreover, AP has shown en-

couraging effects in the treatment of a variety of solid tumors, such

as non-small-cell lung cancer [5], gastric cancer [14] and breast

cancer [15] in clinical application. Previous studies have reported

that AP combined with DOX can enhance the efficacy of conven-

tional chemotherapy drugs [16]. Therefore, DOX combined with AP

exhibited synergistic chemotherapy and antitumor activity.

Nanomedicine based drug delivery systems (DDS) are promising

technology for cancer therapy, which can realize controlled release

and targeted delivery of drug [17], increase drugs stability [19], and
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Scheme 1. The DOX-AP/m was prepared by self-assembly of mPEG-PLA polymers,

DOX and anti-VEGFR-2 AP. AP significantly enhanced the cellular uptake and im-

proved the therapeutic efficacy of DOX. DOX-AP/m is powerful in inhibiting prolif-

eration and promoting apoptosis of lymphoma cells, and greatly suppressing tumor

growth, which might provide new insight and holds great potential in the treatment

of lymphoma.

improve the pharmacokinetics behaviors in vivo [18]. Nano formu-

lations, systems or technologies have been widely explored to ad-

dress these issues and support this goal, including nanoparticles

(NPs), implantable scaffolds, injectable hydrogel and microneedles

(MNs) [19–23]. In this study, we established a novel drug delivery

system by nanomicelles to load DOX and AP drugs and co-deliver

them to the lymphoma tumor site. Results indicated this novel

drug delivery system exhibited outstanding therapeutic effects in

vitro and in vivo (Scheme 1). Therefore, this combination delivery

system provides new insight for the treatment of lymphoma in the

future.

The mPEG-PLA polymers were prepared according to our pre-

vious report [24] and identified by 1H NMR analysis (Fig. 1A).

Then, drug-loaded micelles were fabricated by self-assembly with

thin-film dispersion methods. It was supposed that PLA incorpo-

rated the DOX and AP molecules to form a hydrophobic inner core,

while PEG stretched outward as a hydrophilic shell. According to

the dynamic light scattering (DLS) detection, the average hydrody-

namic diameter of the DOX-AP/m was 31.94nm with the polydis-

persity index (PDI) of 0.153 (Fig. 1B). The drug loaded micelles was

observed under a transmission electron microscope (TEM), which

suggested a uniformly spherical morphology (Fig. 1C).

To explore the therapeutic effects of different drugs, the cell

viabilities were analyzed by MTT assay after the treatment with

DOX/m, AP/m and DOX-AP/m. As shown in Figs. 2A and B, the

Fig. 1. Preparation and characterization of DOX-AP/m. (A) Synthetic route and 1H

NMR identification of mPEG-PLA. (B) Size distribution spectrum of DOX-AP/m. (C)

TEM image of DOX-AP/m. Scale bar: 100nm.

viabilities of EL4 cells in the DOX/m group and the DOX-AP/m

combination group decreased with the increase of drug concen-

tration after incubation for 24h and 48h. Moreover, the DOX-AP/m

combination resulted in lower cell viability compared with DOX/m

monotherapy. Similar results were observed in K562 cells (Figs. 2C

and D). In addition, AP monotherapy had no obvious effect on cell

viability with the increasing concentrations. Therefore, the cytotox-

icity of combination group was the strongest in both EL4 and K562

cells.

Cellular uptake is one of the major mechanisms for anticancer

therapy, which firstly cross the cell membrane for any therapeu-

tic molecule before bound to an intracellular target [25,26]. Drug

uptake by cells is a limiting factor affecting the rate of drug ac-

tion in the body [27]. To evaluate the intracellular uptake of drugs,

we detected the cell uptake of drugs by flow cytometry. As shown

in Fig. 2E, with the DOX concentration increasing, the fluores-

cence intensity detected in K562 cells gradually increased from

0.44% (normal saline (NS)) to 68.61% (0.4 μg/mL DOX/m). In con-

trast, the fluorescence intensity had no obvious changes with the

increasing AP concentration ranging from 0.44% (NS) to 4μg/mL

AP (0.54%). In particular, the fluorescence intensity of DOX-AP/m

group was significantly higher than that of DOX/m group at

the same concentration, ranging from 68.61% (0.4 μg/mL DOX) to

91.49% (0.4 μg/mL DOX+ 4μg/mL AP). The results confirmed that

AP could promote cellular uptake of DOX by the K562 cells. Sim-

ilarly, AP also enhanced the cellular uptake of DOX by EL4 cells

(Fig. S1 in Supporting information). Previous studies have demon-

strated that supramolecular nanofibers loaded with dabrafenib and

DOX exhibited higher cellular uptake efficiency than free agents,

achieving synergistic combination chemotherapy [28]. Similarly, it

is disclosed that in the anti-programmed death-ligand 1 (anti-PD-

L1) peptide (PP) and DOX co-loaded by all-in-one glycol chitosan

nanoparticles (CNPs), the PD-L1 can increase PP-CNPs via cell up-

take, and their complex with PD-L1 can rapidly internalize by en-

docytosis [29]. Herein, we demonstrate that enhanced cellular up-

take may be a mechanism of action and is important in the com-

bination treatment of DOX and AP.

To identify the effect on tumor cell apoptosis, we preferred

Annexin-V-APC staining and flow cytometry analysis to measure

cell apoptosis after 24 and 48h of drug treatment. As shown in

Fig. 2F, there was no significant increase in apoptotic cells with in-

creasing AP/m concentration. However, in the DOX/m group, the

apoptosis rate rose with the increase of DOX/m concentration, and

the most significant change was observed at 0.5 μg/mL, and the

apoptosis rate increased from 5.1% to 49.52%. In combination ther-

apy group, there still were an evident change at 0.5 μg/mL DOX,

and had more cell apoptosis compared with single DOX therapy,

apoptosis rate was increased from 49.52% (0.5 μg/mL DOX/m) to

69.36% (0.5 μg/mL DOX-AP/m (DOX:AP = 1:2)). It is found that the

concentration of 0.5 μg/mL DOX/m and 1μg/mL AP/m induced the

highest apoptosis rate in K562 at 48h, and similar trend was ob-

served at 24h (Fig. S2 in Supporting information). In EL4 cells,

the most significant change was observed at 0.25 μg/mL DOX, and

the apoptosis rate increased from 15.89% (0.25 μg/mL DOX/m) to

51.56% (0.25μg/mL DOX-AP/m (DOX:AP = 1:8)) (Fig. S3 in Support-

ing information). In combination therapy group, Western blot re-

sults showed that the levels of cleaved-caspase 3, cleaved-caspase

9, BAX were significantly increased and the levels of BCL-2 was

significantly decreased in K562 cells after DOX/m alone and DOX-

AP/m combination therapy (Fig. 2G). It is widely known that the

caspase family and BCL-2 family play a role in cell apoptosis. The

caspase-dependent apoptosis participates in regulating cell pro-

liferation, inflammatory response and tissue regeneration in the

body, including the cleaved-caspase 3 and the cleaved-caspase 9.

The cleaved-caspase 9 is an apical initiator and regulate intrinsic

apoptosis and the cleaved-caspase3 is an effector caspase [30,31].
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Fig. 2. Combination therapy induced tumor cell apoptosis and inhibited cell proliferation in vitro. EL4 cells and K562 were treated for 24 (A, C) and 48h (B, D), and then

the relative cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Data are presented as mean ± SEM (n=3). One-way

ANOVA testing. (E) Effect of AP/m on cellular uptake of DOX. K562 cells were incubated with different concentration of nanomicelles. (F) Cell apoptotic study in K562 cells.

K562 cells were treated with AP/m, DOX/m and DOX-AP/m at different concentrations for 48h, and then cells were stained with Annexin V/PI staining kit for flow cytometry

analysis. (G) Western blot of apoptosis-related and cell proliferation-related proteins. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

The BCL-2 family have a function to regulate mitochondrial apop-

tosis and be cell death promotors or inhibitors, including BCL-2

and BAX [32]. Meanwhile, the expression of phosphorylated sig-

nal transducer and activator of transcription 3 (p-STAT3), phospho-

rylated protein kinase B (p-PKB/p-AKT) phosphorylated mitogen-

activated protein kinase (p-MAPK) were significantly decreased af-

ter treatment with DOX/m alone and combination therapy DOX-

AP/m, in comparison with the control group and AP alone (Fig.

2G). The STAT, PKB/AKT and MAPK are known as proliferation re-

lated signaling pathways, whose phosphorylation as an activation

formation to produce effects. The STAT3 is a substrate of pro-

tein tyrosine kinases (PTKs/JAKs), and p-STAT3 are found in sev-

eral malignancies. The AKT signaling pathway is one of the main

paths in tumor growth, which is over-active can facility tumor cell

survivals [33,34]. Hence, we inferred that anti-tumor mechanisms

of DOX-AP/m combination is realized by cell apoptosis promo-

tion via downregulating BCL-2 and upregulating cleaved-caspase

3, cleaved-caspase 9 and BAX, and cell proliferation inhibition via

upregulating p-STAT3 and downregulating p-AKT and p-MAPK. All

of above results indicated that AP enhance the therapeutic effect

of DOX, and DOX-AP/m combination successfully restrain prolifer-

ation via phosphorylation on STAT, AKT and MAPK pathways and

cleaved-caspase 3/9, BAX/BCL-2 apoptosis pathways.

To explore the therapeutic effect in vivo, the BALB/c mice in-

oculated with K562 cells were divided into five groups and in-

travenously administrated with NS, vehicle, AP/m alone, DOX/m

alone, DOX-AP/m, respectively. Meanwhile, body weight and tumor

size were monitored and recorded every 3 days. All animal exper-

iments were approved by the Animal Experimental Ethics Com-

mittee of State Key Laboratory Biotherapy (SKLB), Sichuan Uni-

versity. In the subcutaneous tumor model, the DOX-AP/m combi-

nation treatment group showed significantly reduced tumor vol-

ume and tumor weight, compared with other treatment groups

(NS, vehicle, AP/m alone, DOX/m alone) (Fig. 3). Similarly, the

C57BL/6 mice inoculated with EL4 cells were allocated into five

treatment groups and received NS, vehicle, AP/m alone, DOX/m

alone, DOX-AP/m treatments. It is verified that DOX-AP/m treat-

ment group exhibited the lowest tumor weight and smallest tu-

mor volume among all treatment groups (Figs. 4A–D). The above

results jointly demonstrated that DOX-AP/m combination therapy
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Fig. 3. Anti-tumor efficacy of DOX-AP/m in the K562 subcutaneous model. The sub-

cutaneous tumor-bearing mice were intravenous administered with different for-

mulations (NS, Vehicle, AP/m, DOX/m and DOX-AP/m). (A) Tumor images from all

treatment groups. (B) The curve of body weight changes during treatment. (C) Sub-

cutaneous tumor weights. (D) The tumor volume changes during treatment. Data

are presented as mean ± SEM (n=5). ∗∗P<0.01, ∗∗∗∗P<0.0001. One-way ANOVA

testing.

Fig. 4. Anti-tumor effects in the EL4 subcutaneous model. The subcutaneous tumor-

bearing mice were intravenous administered with different formulations (NS, ve-

hicle, AP/m, DOX/m and DOX-AP/m). (A) Tumor images. (B) Body weights during

treatments. (C) Tumor weights. (D) Tumor volumes. (E) Tumor proliferation, an-

giogenesis and apoptosis in vivo. Representative images of Ki67, CD31 and TUNEL

stained sections in each group. Data are presented as mean ± SEM (n=5). ∗P<0.05,
∗∗∗∗P<0.0001. One-way ANOVA testing. Scale bar: 50 μm.

had the most obvious tumor suppression effect in all treatment

groups.

CD31 is a vascular endothelial cell indicator and Ki67 is a

marker on cell proliferation. As shown in Fig. 4E and Fig. S4 (Sup-

porting information), the immunohistochemical (IHC) staining re-

sults of Ki67 and CD31 showed that the expression of Ki67 and

CD31 decreased significantly in tumors of DOX-AP/m, compared

with other groups (NS, vehicle, AP alone, DOX alone), suggest-

ing significantly inhibition effect on proliferation and angiogene-

sis. In addition, DOX-AP/m also significantly induced tumor apop-

tosis, demonstrated by increased TdT-mediated dUTP-biotin nick

end labelling (TUNEL) positive tumor cell percentages. Notably, AP

is a selective VEGFR-2 tyrosine kinase inhibitor, which has been

reported to inhibit angiogenesis thus to retard tumor growth in

vivo [24]. We verified that AP/m inhibited angiogenesis and en-

hanced the therapeutic efficacy of DOX/m as one of the mech-

anisms underlying the combined effects of DOX-AP/m. As shown

in Figs. S5 and S6 (Supporting information), no significant patho-

logical changes were observed in the vital organs of the mice by

HE staining. The biochemical tests of liver and kidney function in

serum of mice were in the normal range (Figs. S7 and S8 in Sup-

porting information). All the experiments showed no obvious tox-

icities in vivo. Taken together, we demonstrated that DOX-AP/m

combination can enhance the therapeutic effect in lymphoma ther-

apy in vivo.

In summary, we developed a novel combination strategy to

fabricate DOX-AP/m as an efficient therapeutic approach for lym-

phoma treatment. In addition to well biodegradability and biocom-

patibility, it also shows strong inhibitory effects on tumor prolifer-

ation and angiogenesis, and markedly promotes tumor cell apop-

tosis. Combined therapy has shown remarkable anti-tumor efficacy

in lymphoma therapy. Our results suggest DOX-AP/m holds great

application potential for the treatment of lymphoma in the future.
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