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A B S T R A C T

Diffuse large B-cell lymphoma (DLBCL) is one of the most prevalent lymphomas, and can be classified as acti
vated B-cell DLBCL (ABC-DLBCL) or germinal center B-cell DLBCL (GCB-DLBCL) according to molecular sub
types. Studies have shown that drug resistance is an important factor in its therapeutic failure. Tumor-specific 
drug delivery nanocarriers may be a promising strategy for the treatment of lymphoma. Herein, we developed a 
nanomedicine (RTX-DOX/DMF-Lip, RDDL) carrying the chemotherapeutic drugs doxorubicin (DOX) and 
dimethyl fumarate (DMF), and surface-modified with rituximab (RTX), which can recognize CD20 antigen when 
it comes into contact with the surface of a B-lymphoma cell. In the study, we found that DOX and DMF can be 
delivered to the tumor site precisely and demonstrate a potent synergistic anti-tumor effect. Once the nano
medicine was internalized, it induced apoptosis through ROS generation and the activation of caspase-3. 
Concurrently, DMF directly reduced the levels of glutathione (GSH) in tumor cells by inhibiting System Xc− , 
thereby resulting in impaired ROS detoxification and fostering an environment conducive to lipid peroxidation 
(LPO) and ferroptosis. Furthermore, the ROS generated by DOX synergistically propelled the process of fer
roptosis, creating a potent therapeutic effect. These effects were validated in the GCB-DLBCL mouse model, 
where RDDL had a more potent killing effect compared to free drugs by striking SU-DHL-10 cells through a dual 
mechanism of apoptosis and ferroptosis, providing a new therapeutic strategy for the treatment of drug-resistant 
GCB-DLBCL.

1. Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most common type of 
non-Hodgkin’s lymphoma (NHL), accounting for about 30–40% of all 
NHL cases [1–3]. DLBCL exhibits significant molecular heterogeneity 
and complex biological characteristics. Based on immunohistochemical 
(IHC) classification, it can be divided into germinal center B-cell-like 
(GCB)-DLBCL and activated B-cell like (ABC)-DLBCL and a few indis
tinguishable tertiary types [2,4–7]. Currently, the standard first-line 
chemotherapy for DLBCL is the R-CHOP regimen, which combines rit
uximab (RTX) with cyclophosphamide, doxorubicin (DOX), vincristine, 
and prednisone, and achieves remission in approximately 70% of pa
tients. Nevertheless, 30–40% of patients still face a poor prognosis [8,9].

It is widely recognized that the anthracycline drug DOX represents 
therapeutic effects in a diverse range of cancers, including breast cancer, 
gastric cancer, lymphoma and others [10]. Evidently, DOX plays a 
crucial role in R-CHOP and induces apoptosis in DLBCL cells [11,12]. 
Apoptosis is a normal physiological cell death response to diverse 
stimuli, infections, or injuries, which has a vital function in the main
tenance of cellular homeostasis and is executed through a diverse array 
of action mechanisms [13,14]. DOX triggers apoptosis via two primary 
mechanisms: the first involves intercalating into the double-stranded 
DNA molecule by forming hydrogen bonds with guanine, resulting in 
a positive supercoiling of DNA, which prevents the DNA from 
completing replication properly [15,16]; another way is that DOX binds 
to cardiolipin located on the inner mitochondrial membrane, causing a 
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rise in intracellular reactive oxygen species (ROS) [17]. Excessive ROS 
disrupts the mitochondrial structure and induces intracellular oxidative 
stress, as well as up-regulating the expression of Bax protein, caspase 3, 
and down-regulating of bcl-2 expression, leading to the death of cancer 
cells [18–21].

While most conventional cancer therapies, including chemotherapy 
and radiation, primarily target apoptosis pathways to eliminate malig
nant cells, tumor cells often develop resistance mechanisms to evade 
apoptosis, resulting in reduced cancer efficacy as well as increased 
recurrence rates [22,23]. Among these, the glutathione (GSH)-mediated 
antioxidant defense system plays a pivotal role in protecting tumor cells 
from oxidative stress. GSH, a non-enzymatic antioxidant, typically exists 
in its reduced form. It can react with ROS to generate oxidized gluta
thione (GSSG), which can be used by tumor cells to alleviate the intra
cellular oxidative stress state and thus maintain the intracellular redox 
balance [24,25]. Studies have revealed that overexpression of GSH in 
tumor cells substantially attenuates DOX-induced apoptosis. Conversely, 
the depletion of GSH results in the accumulation of intracellular ROS 
and irreversible oxidative damage [26]. These findings collectively 
suggest that targeted depletion of intracellular GSH could serve as an 
effective therapeutic approach to amplify ROS-mediated apoptosis and 
overcome chemoresistance in cancer treatment.

Ferroptosis is a novel iron-dependent mode of cell death that is 
mechanistically and morphologically distinct from apoptosis, auto
phagy, and pyroptosis, and can be initiated by both exogenous and 
endogenous pathways [27,28]. Cystine-glutamate antiporter system 
(System Xc-) plays a central role in ferroptosis [29]. Inhibition of System 
Xc- impairs cystine uptake, resulting in GSH depletion and consequent 
inactivation of glutathione peroxidase 4 (GPX4). This inactivation trig
gers a rapid accumulation of phospholipid hydroperoxides (PLOOHs), 
which disrupts the plasma membrane and leads to cell death [30].

Dimethyl fumarate (DMF) is currently the first-line drug for the 
treatment of relapsing-remitting multiple sclerosis (RRMS), and has 
gradually gained attention in anti-tumor in recent years. Existing 
research has revealed that DMF can specifically induce ferroptosis in 
GCB-DLBCL cells by reducing intracellular GSH through inhibition of 
System Xc- [31,32]. It is worthy of note that, despite the fact that the 
depletion of GSH diminishes the antioxidant capacity of tumor cells, the 
production of ROS and lipid peroxidation (LPO) is frequently con
strained [33,34]. Interestingly, DOX not only induces DNA damage in 
tumor cells, but also promotes the generation of ROS by upregulating 
nicotinamide adenine dinucleotide phosphate oxidase 4 (NOX4) [35,
36].

Consequently, the combination of DOX and DMF is expected to 
induce ferroptosis and exacerbate DOX-mediated oxidative stress via 
GSH depletion. Concurrently, DOX potentiates DMF-induced ferropto
sis, creating a positive feedback loop. This combinatorial strategy 
significantly enhances tumor cell sensitivity to both apoptosis and fer
roptosis, thereby overcoming resistance to conventional apoptosis 
therapies. Nevertheless, the traditional method of simply and directly 
combining the two drugs is far from ideal. Differences in pharmacoki
netics, physicochemical properties and biodistribution of different drugs 
often lead to suboptimal chemotherapeutic effects with systemic 
administration [37]. Additionally, DOX is known to have serious toxic 
side effects, such as alopecia, vomiting and cardiotoxicity, which greatly 
limits its clinical application [38,39].

As previously discussed, in our study, we successfully developed a 
CD20-targeted nanosystem by co-encapsulating DOX and DMF within 
RTX-functionalized liposomes (RTX-DOX/DMF-Lip, RDDL), which has 
the ability to target the GCB-DLBCL surface-specific antigen CD20, with 
a favorable biosafety profile. Our findings revealed that DOX and DMF 
exhibit a potent synergistic anti-tumor effects, and the prepared nano
system enables synchronous spatiotemporal delivery of the two drugs. 
DMF induces ferroptosis and enhances the oxidative stress response of 
DOX by decreasing GSH in SU-DHL-10 cells (GCB-like). Meanwhile, the 
ROS accumulation induced by DOX positively contributes to DMF- 

induced ferroptosis. Furthermore, this nanosystem lead to alterations 
in the expression levels of caspase 3, bcl-2 family proteins and GPX4 in 
SU-DHL-10 cells. In vivo studies demonstrated the RDDL has excellent 
tumor-targeting capability, with preferential accumulation in tumor 
tissues, leading to significant growth inhibition. In conclusion, our work 
has demonstrated for the first time the synergistic anti-tumor effects of 
DOX and DMF, the RDDL achieves potent cooperative therapeutic ef
fects through dual mechanisms of apoptosis and ferroptosis, represent
ing an effective targeted delivery strategy for the treatment of GCB- 
DLBCL.

2. Materials and methods

2.1. Preparation materials

Egg yolk lecithin and cholesterol (Chol) were purchased from Yien 
Chemical Technology Co., Ltd. (Shanghai, China). Dimethyl fumarate 
(DMF) was obtained from MedChemExpress (MCE). Rituximab (RTX) 
injection was from Roche Pharmaceutical Co., Ltd. (Shanghai, China). 
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(polye
thyleneglycol)] (DSPE-PEG-MAL) was purchased from Tuoyang 
Biotechnology Co., Ltd. (Shanghai, China). Traut’s reagent, glutathione 
(GSH) and vitamin E (VE) were purchased from Aladdin Bio-Chem 
Technology Co., Ltd (Shanghai, China). Ferrostatin-1 (Fer-1) was pur
chased from Sigma-Aldrich (St. Louis, MO, USA). DFO was obtained 
from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China). 
Doxorubicin hydrochloride (DOX), RPMI-1640, DMEM, fetal bovine 
serum (FBS), penicillin-streptomycin solution and trypsin were obtained 
from Dalian Meilun Biotech Co., Ltd. The CCK-8 kit, hypersensitive ECL 
chemiluminescence kit, BCA protein concentration determination kit, 
caspase 3 activity assay kit, 4′,6′-diamidino-2-phenylindole (DAPI), 
Annexin V-FITC/PI apoptosis detection kit, Calcein/PI live/dead 
viability/cytotoxicity kit, 2,7-dichlorofluorescein diacetate (DCFH-DA), 
GSH assay kit, lipid peroxidation MDA assay kit, mitochondrial mem
brane potential assay kit with JC-1, matrix-gel basement membrane 
matrix were purchased from Beyotime Biotechnology Co., Ltd. 
(Shanghai, China). Anti-bcl-2 rabbit mAb, anti-Bax rabbit mAb, [KO 
Validated] anti-p53 rabbit mAb, anti-CD20 rabbit mAb, ABflo® 647 
rabbit anti-human/monkey CD20 mAb were obtained from ABclonal 
Biotech Co., Ltd. (Wuhan, China). β-actin monoclonal antibody was 
from Proteintech Group Inc. (Wuhan, China). Anti-glutathione peroxi
dase 4 (GPX4) rabbit mAb was purchased from Bioswamp Biotech Co., 
Ltd. (Wuhan, China). β-tubulin rabbit mAb was obtained from Signal
way Antibody LLC. (USA). The BODIPY581/591-C11 probe was from 
Thermo Fisher Scientific (Waltham, MA, US). HRP goat anti-mouse IgG 
(H + L) antibody and HRP goat anti-rabbit IgG (H + L) antibody were 
purchased from APE × BIO Technology LLC. (USA).

2.2. Synthesize of the RTX-PEG-DSPE

RTX was conjugated to DSPE-PEG-MAL using a previously reported 
method. Briefly, RTX:2-IT = 1:20 (mol/mol) was incubated at 37◦C for 2 
h to obtain thiolated RTX (SH-RTX). Then, used an ultrafiltration tube 
with a molecular weight cutoff (MWCO) of 10 kDa to remove excess 2-IT 
by centrifugation at 2500 rpm for 10 min. DSPE-PEG-MAL (10 mg) was 
dissolved in purified water, added to SH-RTX (4 mg), and then incubated 
at 4 ◦C overnight to obtain RTX-PEG-DSPE. The mixture was dialysis 
against PBS using a cellulose ester dialysis membrane and stored at 4◦C. 
RTX-PEG-DSPE was characterized by the Fourier transform infrared (FT- 
IR) spectroscopy (IFS 55, Bruker, Germany) and 1H nuclear magnetic 
resonance (NMR) analysis (500 MHz, Bruker, Switzerland). The protein 
coupling rate was measured by BCA protein concentration determina
tion kit.
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2.3. Preparation and characterization of RDDL

RDDL were prepared using the thin-film dispersion and ammonium 
sulfate gradient method as follows: In a round bottom flask, a mixture of 
lecithin and Chol at a mass ratio (3:1) was completely dissolved in 
chloroform containing DMF. Subsequently, a rotary evaporator was 
employed to form a lipid thin film. The dried film was hydrated with 
155 mmol/L (NH4)2SO4 solution, vortexed for 5 min and subjected to 
probe ultrasound for 10 min to facilitate liposomes. Then, the liposomes 
were dialyzed overnight against normal PBS in dialysis bags (Beijing 
Solarbio Science&Technology Co.,Ltd) with MWCO of 8000–14000 to 
remove (NH4)2SO4 solution in the external aqueous phase. Finally, RTX- 
DSPE-PEG and DOX were added to the dialyzed liposomes and placed in 
a constant temperature water bath at 40◦C for 2 h, and then stored in a 
4◦C refrigerator.

The morphology, size distribution, zeta potential and drug loading 
capacity of RDDL were characterized. Transmission electron microscopy 
(TEM; JEM-1400flash, JEOL, Japan) was used to investigate 
morphology of RDDL. Size distribution and zeta potential data were 
measured via dynamic light scattering (DLS; Litesizer 500, Anton-Paar, 
Austria). Absorbance of DOX and DMF was determined by UV–vis 
spectrophotometer (UV-2600, SHIMADZU, Japan). The drug loading 
capacity of DOX was determined by UV–vis spectrophotometry, whereas 
DMF was determined by high performance liquid chromatography 
(HPLC). The drug loading amount was calculated by the following for
mula: Drug loading (wt.%) = (mass of drug in nano drug/total mass of 
nano drug) × 100 %.

2.4. In vitro release test

Dialysis was applied to evaluate the cumulative release profiles of 
DOX and DMF from liposomes. Dialysis bags (MWCO 8000–14,000) 
were loaded with 2 mL of DOX, DMF, RDDL, respectively. The bags were 
immersed in 8 mL of PBS (pH = 7.4) and stirred at 60 rpm under 37 ◦C. 
The cumulative drug release percentages of DOX and DMF were deter
mined using pre-established standard curves.

2.5. Cell culture

SU-DHL-10, MCF-7, Jurkat and K562 cells were used in this study. 
SU-DHL-10, Jurkat and K562 cells were cultured in complete RPMI- 
1640 cell culture medium with 10% FBS and 1% penicillin- 
streptomycin. MCF-7 cells were in DMEM cell culture medium with 
10% FBS and 1% penicillin‒streptomycin. All cell cultures were main
tained in a 37◦C incubator with 5% CO2.

2.6. In vitro cell viability test and combination index calculation

SU-DHL-10 cells in the logarithmic growth phase were seeded into a 
96-well plate at a density of 1–5 × 104 cells per well in 90 μL culture 
media, each group was established in triplicate. 10 μL different formu
lations (PBS, DMF, DOX, DOX + DMF, DDL, RDDL) were added, with a 
final DOX concentration gradient of 1 μg/mL. The plates were then 
incubated in a 37 ◦C, 5 % CO2 incubator. After being incubated for 24 h, 
add 10 μL CCK-8 reagent to each well and incubating for an additional 
4–5 h. The absorbance at 450 nm was measured by a microplate reader. 
Cell viability was calculated according to the following formula: Cell 
viability (%) = (Asample-Ablank)/(Acontrol-Ablank) × 100 %.

To determine the optimal concentrations for combination treatment, 
a range of drug concentrations was established. Specifically, concen
tration gradients of DOX (0, 0.5, 1, 1.5, 2, 2.5 μg/mL) and DMF (0, 10, 
15, 20, 25, 30, 35, 40 μg/mL) were employed. Combination index (CI) 
was calculated with the CompuSyn software. The interpretation criteria 
were as follows: CI > 1, indicating mutual antagonism; CI = 1, indicating 
superposition; CI < 1, indicating synergy.

2.7. In vitro cellular uptake of RDDL

SU-DHL-10 cells in the logarithmic growth phase were seeded into 
12-well plates at a density of 1–5 × 105 cells/well, and treated with 
DOX, DDL and RDDL (with final concentrations equivalent to 1 μg/mL 
DOX) and incubated for 1, 2, 4, and 8 h. Upon reaching the time point, 
cells were collected by centrifugation, washed twice with PBS, and fixed 
with 4 % paraformaldehyde (PFA) for 30 min. Then stain them with 
DAPI for 15 min avoiding light. After staining, cells were washed and 
suspended with PBS. 10 μL of cell suspension was dropped on a slide- 
proof slide (1 % poly-L-lysine hydrobromide treated). Fluorescence 
imaging was performed using a confocal laser scanning microscope 
(CLSM; A1R, Nikon, Japan) with a 488 nm laser excitation source to 
visualize DOX fluorescence.

Similarly, SU-DHL-10 cells were seeded into 24-well plates at a 
density of 1–5 × 105 cells/well, treated with DOX, DDL and RDDL (with 
final concentrations equivalent to 1 μg/mL DOX) and incubated for 1, 2, 
4, and 8 h. The cells were harvested and resuspended in 200 μL PBS. 
Flow cytometry (FCM) analysis was performed using Flow cytometry 
(FCM; ACEA NovoCyteTM, ACEA Biosciences, USA). The FITC signal 
channel was selected to detect the fluorescence of DOX.

2.8. Detection of live/dead cells

SU-DHL-10 cells in the logarithmic growth phase were seeded into 6- 
well plates at a density of 1–5 × 105 cells/well, treated with PBS, DMF, 
DOX, DOX + DMF, DDL and RDDL (with final concentrations equivalent 
to 1 μg/mL DOX) and incubated for 24 h. Subsequently, the cells were 
treated with calcein acetoxymethyl ester (Calcein AM) and propidium 
iodide (PI) for 30 min. Ultimately, the cells underwent multiple rinses 
with PBS and were visualized using the inverted fluorescence 
microscope.

2.9. Detection of apoptosis

SU-DHL-10 cells in logarithmic growth phase were seeded into 12- 
well plates at a density of 5 × 105 cells/well, treated with PBS, DMF, 
DOX, DOX + DMF, DDL and RDDL (with final concentrations equivalent 
to 1 μg/mL DOX). After incubating for 24 h, cells were collected and 
centrifuged at 1000 rpm for 5 min, resuspended in 195 μL of Annexin V 
binding buffer. Then, 5 μL of Annexin V-FITC and 10 μL of PI staining 
solution were added sequentially, gently vortexed and incubated at 37◦C 
in the dark for 10–20 min. Finally, placed cells in an ice bath for FCM 
analysis.

2.10. Detection of MMP

Mitochondrial membrane potential (MMP) changes were detected 
using the JC-1 assay kit. Under normal conditions, JC-1 exists as ag
gregates emitting red fluorescence (590 nm), whereas when the MMP is 
depolarized, JC-1 monomers emit green fluorescence (525 nm). SU- 
DHL-10 cells in logarithmic growth phase were seeded into 12-well 
plates at a density of 5 × 105 cells/well, treated with PBS, DMF, DOX, 
DOX + DMF, DDL and RDDL (with final concentrations equivalent to 1 
μg/mL DOX) for 24 h. Cells were then collected and stained with JC-1 
assay working solution for 30 min at 37◦C in the dark. Fluorescence 
intensity was immediately analyzed by FCM.

2.11. Detection of caspase 3 activity

Changes in Caspase 3 activity in cells were detected using the caspase 
3 activity assay kit, which measures the caspase 3-catalyzed production 
of yellow-colored p-nitroanilides (pNAs). SU-DHL-10 cells in logarith
mic growth phase were seeded into 12-well plates at a density of 5 × 105 

cells/well, treated with PBS, DMF, DOX, DOX + DMF, DDL and RDDL 
(with final concentrations equivalent to 1 μg/mL DOX). After incubating 
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for 24 h, cells were harvested by centrifugation at 1000 rpm for 5 min. 
The cell pellets were resuspended in RIPA lysis buffer and lysed on ice 
for 15 min, then centrifuged at 20,000 g for 10 min. The supernatant was 
incubated with the assay solution for 1 h at 37 ◦C. Finally, the absor
bance was measured at 405 nm using a microplate reader.

2.12. Detection of ROS level

ROS generation was detected by DCFH-DA probe. SU-DHL-10 cells in 
logarithmic growth phase were seeded into 12-well plates at a density of 
5 × 105 cells/well. After stimulating the cells with PBS, DMF, DOX, DOX 
+ DMF, DDL and RDDL (with final concentrations equivalent to 1 μg/mL 
DOX) for 12 h, the cells were collected. Cells were washed twice with 
PBS and resuspended in 500 μL of DCFH-DA probe (1:8000 dilution), 
then incubated at 37◦C for 15 min in the dark. Finally, the intensity of 
DCF fluorescence was immediately observed by CLSM and analyzed 
quantitatively by FCM.

2.13. In vitro GSH assessment

SU-DHL-10 cells in logarithmic growth phase were seeded into 12- 
well plates at a density of 5 × 105 cells/well, treated with PBS, DMF, 
DOX, DOX + DMF, DDL and RDDL (with final concentrations equivalent 
to 1 μg/mL DOX). Following the instructions of the GSH assay kit, the 
harvested cells were repeatedly frozen-thawing for 3 times in liquid 
nitrogen at 37 ◦C. Subsequently, the cell lysates were centrifuged at 
10,000 g for 10 min to collect the supernatant. Next, mix with 10 μL 
DTNB. The absorbance was measured at 412 nm after incubation for 30 
min. In addition, the supernatant protein concentration was determined 
using the BCA protein assay kit to normalize the GSH content.

2.14. In vitro LPO assessment

In order to monitor the induction of ferroptosis, the BODIPY 581/ 
591C11 probe was employed to detect LPO. In brief, SU-DHL-10 cells in 
logarithmic growth phase were seeded into 12-well plates at a density of 
5 × 105 cells/well, the cells were incubated with PBS, DMF, DOX, DOX 
+ DMF, DDL and RDDL (with final concentrations equivalent to 1 μg/mL 
DOX) for 24 h. Then, cells were stained with 2 μM of BODIPY 581/ 
591C11 for 15 min at 37◦C. After washing, cells were immediately 
observed by CLSM and analyzed quantitatively by FCM.

MDA assay kit was used to measure aldehydes produced by LPO of 
unsaturated fatty acids. SU-DHL-10 cells were treated as previously 
described. Cells were harvested by centrifugation at 1000 rpm for 5 min. 
After lysing the cells on ice with 100 μL of lysate, the supernatant was 
centrifuged, mixed with thiobarbituric acid (TBA) reagent, boiled at 
100 ◦C for 15 min, cooled to room temperature, then measured the 
absorbance of the supernatant at 523 nm. At the same time, the protein 
concentration of each supernatant was quantified with a BCA protein 
assay kit to normalize the MDA content.

2.15. Western blotting analysis

SU-DHL-10 cells were seeded in 12-well plates at a density of 5 × 105 

cells/well, then subjected to the same treatment as described above. 
After co-incubation with cells for 24 h, cells were collected and centri
fuged at 1000 rpm for 5 min, discarded the supernatant and added RIPA 
lysis solution (contained PMSF and protease inhibitors), ice bath for 
10–15 min. Then cell lysates were centrifuged at 12,000 g for 10 min at 
4 ◦C. Protein content was normalized using the BCA kit. Subsequently, 
proteins were separated by 4–12 % SDS-PAGE, using the antibody and 
secondary antibody of the corresponding species, and developed by ECL 
luminescent solution.

2.16. Animal models

Female BALB/c-nude mice (16–20 g) were obtained from the 
Shanghai Silaike Laboratory Animal Limited Liability Company. All 
mice were pathogen-free and fed enough food and water. SU-DHL-10 
cells in the logarithmic growth phase were adjusted to a concentration of 
1 × 107 cells/mL, mixed 1:1 with matrigel. Subcutaneously injected 0.1 
mL the cell-matrigel mixture into the right forearm of each mouse. When 
the average tumor volume reached approximately 100 ± 10 mm3, the 
following experiments could be conducted.

2.17. In vivo biodistribution

The distribution of the nanosystem was detected by an in vivo im
aging system (IVIS Spectrum, Caliper, USA). The mice were given 0.1 mL 
DiD-Lip, RTX-DiD-Lip (concentration of DiD was 0.04 mg/mL) via tail 
vein injection when the tumors reached a volume about 200 ± 10 mm3. 
The mice were imaged at 3, 6, 9, 12 and 24 h postinjection. Additionally, 
mice were sacrificed to investigate the distribution of fluorescence in 
major organs and tumor tissues.

2.18. In vivo anti-tumor therapy

Once tumor volume reached 100 ± 10 mm³, the tumor-bearing mice 
were randomized into six groups: (1) PBS; (2) DMF; (3) DOX; (4) DOX +
DMF; (5) DDL; and (6) RDDL (n = 5). The tumor-bearing mice were then 
treated with different formulations at a frequency of every two days for a 
total of three times. DMF was administered via intraperitoneal injection 
at 50 mg/kg, while other groups via the tail vein at equivalent DOX (5 
mg/kg). The tumor volume of mice were regularly measured every 2 
days, and was calculated using the formula: tumor volume (V) = (length 
× width2)/2. After sacrifice, tumors were harvested, formalin-fixed, 
embedded in paraffin, and sectioned. Sections were stained with H&E 
and TUNEL staining. Afterwards, the protein expression of caspase 3, 
p53, Bax, bcl-2 and GPX4 was evaluated by immunohistochemistry.

2.19. In vivo biosafety evaluation

To investigate the biosafety of RDDL, orbital blood was collected 
from mice for hemolysis experiments. Subsequently, the erythrocytes 
were separated by centrifugation at 3000 rpm for 5 min and diluted with 
PBS in triplicate. The Triton X-100, PBS, and RDDL solutions were then 
incubated with the erythrocytes for 1 h at 37◦C to observe and compare 
the hemolysis results.

To assess the toxicity of each group of preparations, we recorded the 
weight of mice every two days. The mice were sacrificed on day 21, and 
the heart, liver, spleen, lung, kidney and blood samples were collected 
from tumor-bearing mice. Major organs were fixed with 4% PFA and 
used for H&E staining, and blood samples were used for blood 
biochemical analysis.

2.20. Statistical analysis

Statistical analysis was conducted by utilizing Graphpad Prism 9.5.0 
software. All results were presented as the Mean ± SEM. Student’s t-test 
was used for comparison of two groups and one-way ANOVA for mul
tiple groups. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

3. Results and discussion

3.1. Synergistic effect of DOX and DMF

Before synthesizing the liposomes, the effects of DOX and DMF on 
SU-DHL-10 cells were first investigated. The half maximal inhibitory 
concentration (IC50) value of DOX and DMF were 1 μg/mL and 11 μg/ 
mL, respectively (Fig. S1). To determine the optimal drug concentrations 
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for maximal cytotoxic effects, we then performed dose-response exper
iments by incubating SU-DHL-10 cells with varying concentrations of 
DOX and DMF. The CI values were calculated based on the results of a 
concentration gradient assay. We were surprised to find that when the 
DOX concentration was 1 μg/mL, the CI values of the DMF concentration 
range from 5 to 20 μg/mL were all lower than 1, indicating that the 
cytotoxicity was promoted in all this range (Fig. 2A, Fig. S2). Conse
quently, we selected a DOX concentration of 1 μg/mL and a DMF con
centration of 10 μg/mL for further studies, and the CI value was 0.8204 
at this specific concentration combination.

3.2. Preparation and characterization of RDDL

DOX/DMF-Lip (DDL) and RTX-DOX/DMF-Lip (RDDL) were prepared 
following the methods described in the experimental section. The water- 
soluble drug DOX, and the fat-soluble drug DMF were encapsulated in 
our synthesized liposomes, then the RTX underwent thiolated and was 
subsequently conjugated via the maleimide (MAL) group (Fig. 1, 
Fig. S3).

The 1H NMR spectrum successfully verified the connection between 
RTX and DSPE-PEG-MAL [40–42]. When D2O was employed as the 
solvent, the characteristic peak attributed to the -CH=CH- group in the 
MAL was located at 6.8 ppm. Notably, in the spectrum of 
RTX-PEG-DSPE, the peak at 6.8 ppm has vanished (Fig. S4). FT-IR 
spectroscopy was also employed to verify the functionalization of the 
conjugates (Fig. S5). In the RTX spectrum, the N-H stretching vibration 
(3300 cm− 1), the N-H bending vibration (1550 cm− 1) and the C=O 
stretching vibration (1650 cm− 1) can be seen, which are the charac
teristic peaks of amide bonds. In the FT-IR spectrum of RTX-PEG-DSPE, 
the characteristic peaks of amide bonding can also be observed. More
over, the characteristic peaks of polyethylene glycol (PEG) can be found 

in its spectrum: the C-H stretching vibrations at 2920 cm− 1 and 2870 
cm− 1, and the C-O stretching vibration at 1100 cm− 1. These are 
consistent with those shown in the DSPE-PEG-MAL. The above results 
provided convincing evidence for the linkage of sulfhydryl groups to 
MAL. The successful conjugation of RTX to liposomes was thoroughly 
characterized by means of SDS-PAGE. As shown in Fig. S6, the 147 kDa 
RTX showed a slight shift upon conjugation with the liposome. And the 
coupling efficiency was determined to be 74.10 ± 5.36 % through the 
BCA assay.

DLS analysis revealed that, with the drug loaded, the hydration sizes 
of blank-L (102.16 nm), DDL (132.13 nm) and RDDL (138.01 nm) 
increased in sequence (Fig. 2B). Meanwhile, polydispersity index (PDI) 
of blank-L, DDL, and RDDL was 0.191, 0.244 and 0.240, respectively 
(Fig. S7A–C). Zeta potential was − 7.4 mV, − 7.95 mV, and − 9.61 mV, 
respectively (Fig. S7D). The characterization of liposome was also 
observed by the TEM, which visualized a phospholipid bilayer spherical 
structure with a particle size uniform to the hydrated particle size, 
further confirming the successful synthesis of liposomes (Fig. 2C). 
Meanwhile, the stability of RDDL was assessed by storing at 4◦C for one 
week. The particle size remained within 150 nm, and the PDI was 
maintained at approximately 0.2 (Fig. 2D), indicating excellent stability 
of the RTX-modified liposomes and suggesting suitability for further in 
vitro and in vivo studies. The UV–vis spectrum identified the maximum 
absorption wavelengths for DOX and DMF as 480 nm and 214 nm, 
respectively, which were utilized for drug concentration determination 
(Fig. 2E). The encapsulated efficiency (EE) and drug loading (DL) ca
pacity of DOX were 94.63 ± 0.78% and 6.60 ± 5.34%, respectively; the 
values of DMF were 98.54 ± 1.32% and 4.69 ± 0.63%, respectively. The 
in vitro release studies of free DOX and DMF, as well as DOX and DMF 
from RDDL in PBS (pH = 7.4) were also investigated. As shown in 
Fig. 2F, While 87% of free DOX and 91% of free DMF were released 

Fig. 1. Schematic illustration of the preparation process and anti-tumor process of RDDL by inducing enhanced apoptosis and ferroptosis.
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within 8 h, only 47% of DOX and 34% of DMF were released from RDDL 
under the same conditions. Such results demonstrated that RDDL 
effectively sustained drug release, facilitating near-synchronous de
livery and synergistic therapeutic action in vivo.

3.3. CD20 expression on cells and cellular uptake

RTX, as the first therapeutic monoclonal antibody approved for 
cancer treatment, exhibits high specificity for the CD20 antigen [43,44]. 
Since the CD20 antigen is commonly expressed on B-cell malignancies, 
we performed several validation experiments to confirm its presence on 
SU-DHL-10 cells (GCB-like) [45]. Compared to tumor cells of non-B-cell 
origin, only SU-DHL-10 cells expressed the CD20 antigen (Fig. 3A), as 
confirmed by FCM results (Fig. 3B). Furthermore, we performed CLSM 

to characterize using anti-CD20 antibodies (red fluorescence) and DAPI 
nuclear counterstain (blue fluorescence). The CLSM imaging revealed 
widespread distribution of CD20 across the cell membranes (Fig. 3C). 
These results successfully confirmed the presence of CD20 on 
SU-DHL-10 cells, which is consistent with existing knowledge [46]. 
Next, to evaluate the ability of RDDL to specifically recognize CD20, we 
co-incubated RDDL with SU-DHL-10, MCF-7, K562 and Jurkat cells for 1 
h and 3 h, respectively. As shown in Fig. 3D–F, SU-DHL-10 cells 
exhibited the highest endocytosis of RDDL, which confirmed that RTX 
could enhance the ability of liposomes to recognize B cells.

Subsequently, we quantified cellular internalization over time using 
FCM and observed it through CLSM. We monitored the intracellular 
fluorescence intensity of DOX following incubation of the cells with 
DOX, DDL, and RDDL for 1, 2, 4, and 8 h. It can be observed that the 

Fig. 2. Characterization of RDDL. (A) The combination index (CI) of DOX and DMF in different ratio against SU-DHL-10 cells. (B) Hydrodynamic diameter dis
tribution of Blank-L, DDL and RDDL. (C) TEM images of DDL and RDDL, scale bar = 100 nm. (D) Changes in hydrodynamic diameter and PDI of RDDL for one week. 
(E) UV–vis absorption spectrum of DOX and DMF. (F) The release behaviors of DOX and DMF from RDDL in PBS (pH = 7.4). Data represented as Mean ± SEM (n 
= 3).
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Fig. 3. CD20 expression on cells and cellular uptake. (A) CD20 protein expression of SU-DHL-10, MCF-7, K562 and Jurkat cells. (B) FCM analysis of CD20 in SU-DHL- 
10 and Jurkat cells. (C) CLSM images of SU-DHL-10 cells, scale bar = 10 μm. (D) Cellular uptake situations of SU-DHL-10, MCF-7, K562 and Jurkat cells after co- 
incubation with RDDL for 1 h (gary) and 3 h (blue). Normalized statistics of fluorescence intensity for (E) 1h and (F) 3h of cellular uptake. (G) FCM quantification of 
cellular uptake at 1, 2, 4, 8 h. CLSM images of SU-DHL-10 cells exposed to free DOX, DDL and RDDL for (H) 1 h and (I) 8 h, scale bar = 20 μm. Data represented as 
Mean ± SEM (n = 3). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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fluorescence intensity exhibited a gradual increase over time, reaching 
its peak at 8 h (Fig. 3G). In CLSM images, we surprisingly found that 
DOX rapidly entered the cells and accumulated in the nucleus at 1 h. 
Notably, at both 1 and 8 h, the fluorescence intensity of DOX in RTX- 
modified liposomes was higher than that in unconjugated liposomes 
(Fig. 3H and I). These findings demonstrated that RTX significantly 
improved liposome targeting and enhanced cellular uptake.

3.4. RDDL induces apoptosis in SU-DHL-10 cells

Initially, we assessed the cytotoxicity of blank liposomes by co- 
culturing them with cells for 24 h. The results indicated that the blank 
liposomes were virtually non-toxic to the cells, suggesting an excellent 
safety profile for the nanocarrier (Fig. S8).

To compare the efficacy of free drugs and liposomes against SU-DHL- 
10 cells in vitro, we evaluated cell viability using the CCK-8 assay 
following treatment with PBS, DMF, DOX, DOX + DMF, DDL, and RDDL 
for 24 h, respectively. Results demonstrated that liposomes exhibited a 
more potent cytotoxic effect than free drugs, with RDDL showing greater 
efficacy than DDL (Fig. 4A). Additionally, Live/Dead staining assays 
were conducted, live cells emitted green fluorescence, while dead cells 
showed red fluorescence (Fig. 4B and C). Notably, the results were 
consistent with the CCK-8 assay outcomes. Annexin V/PI double staining 
was employed to evaluate the extent of apoptosis in cells, typically 
assessed by determining the ratio of early to late apoptotic cells. As 
shown in Fig. 4D and E, after a 24 h incubation with various formula
tions, the apoptosis rates for DDL and RDDL were significantly higher 
than those of the PBS and free drug groups. This suggested that the li
posomes demonstrated superior cellular internalization and retention 
efficiency, leading to increased drug accumulation in the cytoplasm of 
SU-DHL-10 cells, resulting in a more potent killing effect.

To further elucidate the mechanism of action of the study drugs in 
vitro, we assayed ROS level, mitochondrial membrane potential (MMP), 
and apoptosis-related genes. Mitochondria play a pivotal role in the 
process of apoptosis. A decline in mitochondrial membrane potential 
heralds the early stage of apoptosis [47]. Therefore, JC-1 staining was 
utilized to evaluate the impact of the drugs on cellular MMP, results 
showed that DDL and RDDL significantly reduced the MMP by 53.42% 
and 66.1%, respectively (Fig. 4F and G). Since ROS serve as critical 
mediators of oxidative stress in tumor cells, the cellular ROS changes 
were also monitored using the 2,7-dichlorofluorescein diacetate 
(DCFH-DA) probe with FCM and CLSM. In CLSM imaging, the stronger 
green fluorescence indicates a higher level of ROS, and it can be visu
alized that the green fluorescence of RDDL is the strongest among all 
groups, which is consistent with the FCM results, proving RDDL maxi
mally raised intracellular ROS levels, displaying the strongest 
anti-tumor effects (Fig. 4H-I and Fig. S9).

The p53-induced apoptosis pathway, associated with BH3 domain- 
containing proteins, is closely linked to the bcl-2 family of proteins 
[48]. The bcl-2 family proteins regulate the permeability of the mito
chondrial outer membrane and other proteins, playing a pivotal role in 
the intrinsic mitochondrial apoptotic pathway [49]. Notably, the 
anti-apoptotic gene bcl-2 and the pro-apoptotic gene Bax are key regu
lators in mitochondria-mediated apoptosis [50,51]. Under normal con
ditions, Bax resides in the cytoplasm, but upon cellular stress, it 
translocates to the mitochondria, binds to bcl-2 family proteins, acti
vates caspase 3, and ultimately induces apoptosis [52]. Firstly, the 
activation of intracellular caspase 3 was detected with a caspase 3 ac
tivity kit, and the experimental results showed that RDDL significantly 
elevated the activity of caspase 3 (Fig. 4J). To further confirm the 
intrinsic apoptotic pathway of RDDL, western blotting was used to 
examine the expression of apoptosis-related proteins in SU-DHL-10 cells. 
The results indicated that liposomes conjugated with RTX induced a 
decrease in bcl-2 and increased expression of p53, Bax, and caspase 3, 
suggesting that RDDL can indeed trigger apoptosis via the intrinsic 
pathway (Fig. 4K and L).

3.5. RDDL induce ferroptosis in SU-DHL-10 cells

Indeed, DMF has been shown to inhibit GCB-DLBCL cell lines 
(Fig. 4A). Some studies have revealed that DMF could induce ferroptosis 
in GCB-DLBCL cell lines via the System Xc- pathway [32]. During aerobic 
cellular metabolism, GPX4 catalyzes the reduction of lipid hydroper
oxides (LOOH) and GSH to their corresponding hydroxyl derivatives 
(LOH) and GSSG, respectively. When intracellular GSH level is inhibited 
by DMF, the catalytic activity of GPX4 was dose-dependently inhibited, 
leading to a marked decline in its capacity to detoxify LOOH, resulting in 
LPO (Fig. 5A).

Theoretically, RDDL can exert synergistic anti-tumor effects by 
enhancing ROS production through GSH depletion. Therefore, we 
investigated the changes in the intracellular GSH level. As displayed in 
Fig. 5B, compared with the control group, RDDL induced a significant 
decrease in intracellular GSH. Interestingly, DOX caused a substantial 
increase in GSH, likely representing a cellular adaptive response to 
oxidative stress—upregulating GSH to scavenge excess ROS. On the 
contrary, DMF directly reduced the level of GSH pools and reversed the 
high level of GSH induced by DOX. Meanwhile, the results in Fig. 4H and 
I showed that the combination of DMF and DOX enhanced the amount of 
ROS induced by DOX. The above results demonstrated that DMF can 
enhance the DOX-induced oxidative stress by reducing the intracellular 
GSH level, providing sufficient evidence that RDDL enhances apoptosis 
by depleting GSH.

To uncover the intrinsic mechanism behind RDDL’s induction of 
ferroptosis in SU-DHL-10 cells, we further evaluated the impact of the 
drug treatments on the level of LPO and expression of GPX4 within the 
cells. As depicted in Fig. 5C, RDDL resulted in the highest MDA level. We 
subsequently detected the level of membrane LPO using the 
BODIPY581/591-C11 probe. Staining results showed that all treatment 
groups induced varying degrees of LPO, among them, RDDL displayed 
the strongest green fluorescence compared to controls, which indicated 
an increase in cellular LPO. Notably, DMF induced a certain degree of 
LPO, when combined with DOX, the level of LPO was further elevated. 
This is likely due to the involvement of the ROS-mediated pathway by 
DOX. As presented in the previous section, DOX can stimulate the pro
duction of ROS within cells (Fig. 4H and I). Accumulating research in
dicates that ROS play a crucial role in initiating and propagating LPO 
[53,54]. Thus, it is reasonable to expect that DOX promotes the 
DMF-mediated LPO generation through the ROS pathway, and FCM 
results confirmed these findings (Fig. 5D). Malondialdehyde (MDA), one 
of the products of LPO, was also measured. And western blotting results 
showed that RDDL could minimize the expression of GPX4 (Fig. 5E). The 
aforementioned results, in conjunction with Fig. 5B which revealed that, 
relative to the sole application of DMF, the DOX-DMF combination 
exerted a synergistic effect in reducing GSH levels, incontrovertibly 
confirmed that RDDL instigates the demise of SU-DHL-10 cells via 
DMF-mediated ferroptosis. Moreover, the DOX-mediated ROS signaling 
pathway served to further expedite this ferroptosis process.

Furthermore, when DDL and RDDL were co-treated with Fer-1 (a 
ferroptosis inhibitor), desferrioxamine (DFO, an iron chelator), the 
lipophilic antioxidant α-tocopherol (Vitamin E, VE), and GSH, we 
observed that GSH, Fer-1, and DFO effectively protected cells from 
RDDL-induced death (Fig. 5F and G). These results provided compelling 
evidence that RDDL induced ferroptosis. We hypothesized that a portion 
of the increase in cellular activity can be attributed to the fact that RDDL 
mainly exerts its anti-tumor effects through DOX-induced apoptosis, 
while DMF-induced ferroptosis plays a supporting role. Ultimately, these 
effects act synergistically to effectively induce cell death. Taken 
together, the aforementioned results confirmed that RDDL not only 
enhances the efficacy of apoptosis but also has the potential to induce 
ferroptosis, thereby exerting a dual apoptosis-ferroptosis therapeutic 
effect.
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Fig. 4. RDDL inhibit SU-DHL-10 cells by inducing apoptosis. (A) Cell viability and (B) (C) Live/dead staining after treatment with PBS, DMF, DOX, DOX + DMF, DDL 
and RDDL for 24 h, scale bar = 100 μm. (E) Annexin V-FITC/PI apoptosis assay of SU-DHL-10 cells and (D) apoptosis ratio of treated cells. The changes of MMP in SU- 
HDL-10 cells after 24 h using (G) FCM and (F) quantification of the relative fluorescence intensity of JC-1 monomers. ROS level of SU-HDL-10 cells was detected by 
(H) CLSM and (I) FCM after 24 h. (J) Caspase 3 level of SU-HDL-10 cells after 24 h of treatment. Western blot of (K) pro caspase 3, cleaved caspase 3 and (L) p53, bcl- 
2, Bax expression in SU-HDL-10 cells after 24 h of various treatments. Data represented as Mean ± SEM (n = 3).
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Fig. 5. RDDL inhibit SU-DHL-10 cells by inducing ferroptosis. (A) System Xc
- signaling pathway, DMF leads to cellular LPO by directly reducing GSH. DOX accelerates 

lipid peroxidation by generating ROS. (B) Relative GSH content of SU-HDL-10 cells after 24 h of various treatments. (C) MDA content of SU-HDL-10 cells after 24 h of 
various treatments. (D) CLSM observation and FCM assay of LPO levels in SU-HDL-10 cells after 12 h of various treatments with BODIPY581/591-C11 probe, I: 
Control; II: DMF; III: DOX; IV: DOX + DMF; V: DDL; VI: RDDL, scale bar: 20 μm. (E) Western blot of GPX4 expression in SU-HDL-10 cells after 24 h of various 
treatments. SU-HDL-10 cells were treated with DDL (F) and (G) RDDL alone, or in combination with Fer-1, α-tocopherol, DFO, or GSH, survival was quantified by 
CCK-8 assay after 24 h. Data represented as Mean ± SEM (n = 3).
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3.6. In vivo drug distribution

Our designed nanocarrier, intended as an effective drug delivery 
system for cancer treatment, should ideally achieve precise localization 
within tumor tissues. To track the distribution of liposomes into mice, 
we conducted an in vivo biodistribution study. We encapsulated DiD, a 
fluorescent probe, within the liposome to monitor its targeting process 
in real time. The fluorescence intensity of RTX-modified liposome was 
significantly higher in the tumor than that of the unmodified liposome 
group at all time intervals (3, 6, 9, 12, 24 h), with a peak observed at 12 
h (Fig. 6A and B). In addition, the fluorescence intensities of major tissue 
organs and tumors in mice at 24 h were demonstrated (Fig. 6C and D). 
This result indicated that the modification of liposomes with RTX 
enhanced their targeting ability to tumors and led to higher accumula
tion levels compared to unmodified liposomes.

3.7. In vivo anti-tumor effect study

Prior to in vivo experimentation, we performed hemolysis experi
ments with blank liposomes to assess their biological safety. Notably, 
even at a relatively high liposome concentration of 6 mg/mL, the he
molysis rate was maintained below 5%, indicating the excellent 
biocompatibility of the nanocarrier (Fig. 7B).

The biodistribution study confirmed that the liposomes could effi
ciently deliver drugs to tumor tissues. Building on this, we further 
evaluated their therapeutic effects. When the tumor reached 100 mm3, 
the mice were randomly divided into Saline, DMF, DOX, DOX + DMF, 
DDL and RDDL groups. Different formulations were intravenously or 
intraperitoneal injected into mice every other day for three short 
treatment cycles, and tumor volume and body weight of the mice were 
recorded every two days (Fig. 7A). Throughout the treatment period, no 
statistically significant differences in body weight were detected 
(Fig. 7C). The results showed that the control group exhibited an un
checked growth trend throughout the study, while all treatment groups 

showed a reduction in this trend compared to the control. Notably, at the 
end of the treatment course, the tumor volume of the RDDL group was 
the smallest, indicating the highest anti-tumor potency (Fig. 7D–G). To 
further evaluate therapeutic efficacy, at day 21 of the treatment period, 
tumor tissues isolated from different groups were subjected to H&E 
staining and TUNEL analysis. The results were in high agreement with 
aforementioned findings. Specifically, the RDDL group demonstrated 
the lowest tumor weights ultimately (Fig. 7H). Moreover, the in vivo 
immunohistochemical results were generally consistent with the in vitro 
analyses (Fig. 8A).

3.8. In vivo toxicity detection

The potential toxicity of drugs is a critical concern throughout the 
entire treatment process. In particular, DOX has faced limitations in its 
clinical application owing to its adverse impacts, such as weight loss and 
cardiotoxicity [55,56]. To assess these effects, we closely monitored the 
body weight changes in mice throughout the treatment period. It was 
noted that the body weight of mice administered free DOX initially 
decreased, and then started to gradually increase after the 10th day. The 
body weight of mice in the liposome-treated groups remained relatively 
stable (Fig. 7C). This observation suggested that encapsulating DOX in 
liposomes may mitigate the weight loss associated with DOX treatment.

In the subsequent analysis of cardiac H&E-stained sections from the 
mice, the results revealed distinct pathological changes in the DOX- 
treated group (Fig. 8B). The cardiomyocytes exhibited disordered 
alignment, nuclear enlargement, partial myofiber lysis, and the presence 
of inflammatory cell infiltration, all of which indicate myocardial 
damage. In addition to the role of liposomes, it is worth mentioning that 
co-administration with DMF resulted in a milder disarray of car
diomyocytes and a reduction in vacuolation, marking a significant 
improvement over the DOX-only group. This aligns with prior research 
demonstrating DMF’s capacity to mitigate DOX-induced cardiotoxicity. 
Furthermore, serum levels of CK-MB and LDH were considerably 

Fig. 6. In vivo drug distribution. (A) In vivo fluorescence imaging at 3, 6, 9, 12, 24 h after intravenous injection of liposome and RTX-Liposome. (B) Quantification of 
the mean fluorescence intensity in in vivo imaging. (C) Ex vivo imaging of the tumor and major organs at 24 h after liposome injection. (D) Quantification of the mean 
fluorescence intensity in ex vivo imaging. Data represented as Mean ± SEM (n = 3).

S.-x. Liu et al.                                                                                                                                                                                                                                   Materials Today Bio 32 (2025) 101844 

11 



Fig. 7. In vivo anti-lymphoma effect study. (A) Schematic illustration of the dose regimen. Each group received an intravenous injection of various formulations with 
or without intraperitoneal injection of DMF. (B) Hemolysis assays of RTX-Liposome (n = 3). (C) Body weight of mice during treatment (n = 5). (D) The relative tumor 
growth curves of mice under different treatments (n = 5). (E) Individual tumor growth curves of SU-DHL-10 tumor-bearing mice with different treatments. (F) 
Representative photographs of the tumors harvested on day 21. (G) Tumor weight of mice after different treatments (n = 5). (G) H&E staining and TUNEL staining of 
tumor tissues after different treatments, scale bar = 50 μm. Data represented as Mean ± SEM.
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Fig. 8. In vivo immunohistochemistry and toxicity detection. (A) Caspase 3, p53, Bax, bcl-2, GPX4 immunohistochemical staining of tumor tissues after different 
treatments, scale bar = 100 μm. (B) H&E staining of heart after different treatments (the black arrows indicate myocardial injury, scale bar = 100 μm. Changes in 
serum levels of (C) CK-MB and (D) LDH (n = 5). Data represented as Mean ± SEM.
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elevated in the DOX group when compared to the control group (Fig. 8C 
and D). Other major organs (liver, spleen, lungs and kidneys) were 
examined by H&E staining to assess the toxicity of the various treat
ments. There were no significant morphological differences in the tissue 
sections obtained from the treated group compared to the control group 
(Fig. S10). Serum biochemistry data indicated that DOX induced minor 
hepatic injury, whereas DDL and RDDL did not exhibit any significant 
deviation from the control group. These findings underscored the 
exceptional biocompatibility of the formulated liposomes (Fig. S11).

4. Conclusion

Herein, we successfully prepared CD20-targeted liposomes co- 
encapsulating DOX and DMF with excellent dispersion and stability. 
The nanomedicine enhanced the targeting of SU-DHL-10 cells, which 
allowed the two drugs to be delivered to the tumor site simultaneously 
and precisely, demonstrating a good anti-GCB-DLBCL efficacy.

Our preliminary findings highlight the synergistic anti-tumor effects 
of DOX and DMF. The anti-tumor mechanism of RDDL is characterized 
by a two-pronged regulation: DOX induces cell death by activating the 
ROS-mediated mitochondrial apoptotic pathway, whereas DMF depletes 
intracellular GSH through inhibition of the System Xc-, which in turn 
triggers ferroptosis in GCB-DLBCL cells. Notably, the depletion of GSH 
can lead to the persistent accumulation of ROS. This dynamic imbalance 
not only enhances apoptosis by disrupting the redox homeostasis but 
also further amplifies the ferroptosis effect. This bidirectional positive 
feedback mechanism has been validated in both in vitro and in vivo ex
periments. Importantly, RDDL not only exerted powerful anti-tumor 
effects, but also demonstrated significant cardioprotective functions. 
By constructing RTX-targeted co-loaded DOX/DMF liposomes (RDDL), 
the present study proposed for the first time a three-in-one therapeutic 
strategy of “chemo-sensitization-programmed death synergy-car
dioprotection” (apoptosis-ferroptosis), which provides a new theory for 
overcoming the drug resistance of GCB-DLBCL, and also provides a new 
direction for other tumors.
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