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a b s t r a c t

Overcoming the penetration barrier of nanomedicines remains a paramount challenge in antitumor ther-

apy. Apoptotic bodies (ApoBDs), which are naturally generated from apoptotic cells, can mediate a potent

neighboring effect by transferring drug to neighboring tumor cells via macropinocytosis. To amplify this

process, we developed a tumor microenvironment-responsive nanoplatform (named as AD-NVs@CPP) to

selectively enhance chemokine (C-X-C motif) receptor 4 (CXCR4) receptor-stimulated macropinocytosis.

This platform was constructed by co-encapsulating doxorubicin (DOX) and the hypoxia-activated pro-

drug AQ4N into homologous tumor cell membrane-derived nanovesicles (AD-NVs), followed by biomin-

eralization of a calcium phosphate (CaP) shell that incorporated a CXCR4-targeting peptide (RFFE-

SHAPAKPVSLSYR). The resultant AD-NVs@CPP exhibited a core-shell structure with a hydrodynamic di-

ameter of ∼180nm and achieved a high peptide encapsulation efficiency of 81.6 % ± 8.2 %. The CaP shell

demonstrated excellent pH-responsive dissolution, releasing ∼50% of the peptide within 24h at pH 6.5

(vs. negligible release at pH 7.4), which consequently promoted cellular uptake and enhanced cytotoxi-

city under acidic conditions in vitro. Additionally, AD-NVs@CPP-induced ApoBDs served as efficient drug

reservoirs, delivering drugs to adjacent cells with an IC50 value of 0.98 μg/mL (in terms of protein con-

centration). In vivo, AD-NVs@CPP significantly prolonged the blood circulation time (increasing the half-

life of DOX compared to the free drug solution) and improved tumor accumulation. Crucially, it enabled

programmed drug penetration: AQ4N was selectively delivered into deep hypoxic tumor regions, me-

diating comprehensive tumor growth inhibition while maintaining a favorable safety profile. This work

provides a robust strategy for achieving deep tumor penetration through the synergistic enhancement of

macropinocytosis and the ApoBD-mediated neighboring effect.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In the area of chemotherapy, the utilization of nanomedicines

with a neighboring effect has emerged as a promising approach

to enhance drug penetration and augment cytotoxicity in tumors

[1–3]. Our previous investigations have revealed the pivotal con-
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tribution of apoptotic bodies (ApoBDs), a specific subclass of ex-

tracellular vesicles, in facilitating this phenomenon [4,5]. ApoBDs,

which are typically released as blebs from apoptotic cells, encapsu-

late cytoplasmic components containing organelles and molecular

cargos [6]. This unique packaging enables them to engage in in-

teractions with neighboring cells. Consequently, ApoBDs effectively

sequester the remaining drugs within apoptotic cells and subse-

quently transfer them to adjacent tumor cells, facilitating sequen-

tial intra-intercellular drug delivery and eliciting a robust neigh-
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boring effect. Furthermore, the neighboring tumor cells have the

capacity to take up ApoBDs via the macropinocytosis pathway, en-

hancing the extensive intercellular penetration of drugs carried by

ApoBDs [7].

Macropinocytosis, an actin-driven clathrin-independent endo-

cytic pathway, plays a critical role in the metabolic adaptation

of tumor cells. This process facilitates the uptake of extracellular

proteins, providing essential amino acids for the rapid prolifera-

tion of cancer cells [8]. Moreover, macropinocytosis enables the in-

ternalization of protein-based drugs and exosomes within tumor

cells [9]. The upregulation of chemokine (C-X-C motif) receptor 4

(CXCR4) has been observed in >23 different cancer types [10–12].

CXCR4 acts as a coreceptor for extracellular amino acids, oligoargi-

nine cell-penetrating peptides, and other protein-based vesicles.

Activation of CXCR4 efficiently triggers the macropinocytosis path-

way, facilitating nutrient uptake by the cells [13,14]. Stromal cell-

derived factor 1 (SDF1, C-X-C motif chemokine ligand 12 (CXCL12))

binds to the CXCR4 receptor and stimulates the macropinocyto-

sis pathway [15]. Several mimetic peptides of CXCL12, such as

RFFESH, KPVSLSYR, and RFFE-SHAPAKPVSLSYR, have been iden-

tified to activate CXCR4-mediated micropinocytosis [16]. Notably,

RFFE-SHAPAKPVSLSYR exhibits the most potent effect in promot-

ing CXCR4 receptor-stimulated micropinocytosis [17]. Thus, we hy-

pothesized that RFFE-SHAPAKPVSLSYR, a mimic peptide of CXCL12,

could enhance CXCR4 receptor-stimulated macropinocytosis, lead-

ing to improved internalization efficiency of ApoBDs by tumor

cells. Furthermore, to address the potential issues of metabolism

or absorption of mimic peptides during in vivo circulation, bio-

compatible materials responsive to the tumor microenvironment,

such as calcium phosphate (CaP) and calcium carbonate, have been

utilized for encapsulating the mimic peptide within nanoparti-

cles. This strategy ensures the efficient binding of the encapsulated

mimic peptide to the relevant receptors on CXCR4 and the acti-

vation of CXCR4 receptor-stimulated macropinocytosis, even dur-

ing extended blood circulation [18–20]. Consequently, the devel-

opment of a nanoplatform integrating the mimic peptides (RFFE-

SHAPAKPVSLSYR) into a CaP shell to facilitate CXCR4 receptor-

stimulated macropinocytosis represents a promising approach.

This nanoplatform selectively enhances CXCR4 receptor-stimulated

macropinocytosis at the tumor site, thereby improving the intra-

cellular delivery efficiency of ApoBDs in tumor cells.

According to previous reports, the ApoBD-mediated neighbor-

ing effect has the potential to enhance the penetration efficiency

of chemotherapy drugs in solid tumors and amplify therapeutic

effects. However, the underlying mechanisms of this effect are

not yet fully understood. Intracellular drugs consist of inactivated

drugs tightly bound to the target site, active unbound drugs, and

inactive prodrugs covalently linked to protective groups. Therefore,

it is crucial to investigate the behavior of different drug states at

each stage of ApoBD-mediated intercellular drug delivery to re-

veal the mechanisms. Previous studies have highlighted that the

diffusion and range of the neighboring effect are inherently lim-

ited [21]. Consequently, monotherapy with a single drug is insuf-

ficient to continuously deliver active agents to the inner regions

of solid tumors through this neighboring effect alone. This limita-

tion leads to reduced cytotoxicity as penetration progresses, pos-

ing challenges in achieving deep penetration and complete tumor

eradication. Hypoxia-activated prodrugs (HAPs) exhibit low or non-

toxicity under normal physiological conditions but can be activated

by highly expressed reductases in hypoxic tumor cells [22,23]. Fur-

thermore, as penetration into the interior of the tumor, the oxy-

gen level gradually decreases [24]. To address these challenges,

we developed a nanocarrier to deliver both cytotoxic drugs and

HAPs as active and inactive model drugs, respectively [25]. During

the ApoBD-mediated intercellular drug delivery process, there is a

continuous increase in the proportion of inactivated bound drugs

Fig. 1. Schematic diagram. (A) Construction of AD-NVs@CPP. (B) AD-NVs@CPP facil-

itates macropinocytosis in tumor cells and enhances selective drug delivery medi-

ated by ApoBDs, enabling deep penetration of drugs into tumor tissues and com-

pleting tumor cell killing.

within the active drug prototype, accompanied by a gradual de-

crease in the proportion of active unbound drugs. In contrast, in-

active HAPs are efficiently stored in ApoBDs and can be effectively

transported between cells. By combining HAPs with conventional

chemotherapy drugs, this approach overcomes the delivery barri-

ers associated with the neighboring effect and enables the delivery

of inactive prodrugs to the deep regions of tumors, thereby achiev-

ing programmed drug penetration.

Cell membrane nanovesicles (NVs) have emerged as highly

promising targeting carriers for small molecule drug delivery [26–

28]. These NVs offer unique advantages, including high biocom-

patibility and biodegradability, flexibility in encapsulating vari-

ous bioactive molecules, and controllable sizes [29–31]. In addi-

tion, compared to autophagosomes and exosomes, extracellular mi-

crovesicles (EMVs) exhibit a simpler extraction process, higher en-

capsulation efficiency, and lower immunogenicity, making them

advantageous for therapeutic cargo delivery [32–36]. In this study,

we extracted homologous cell membrane NVs from murine breast

cancer (4T1) cells via differential centrifugation to encapsulate

and deliver two drugs with distinct spatial activities, doxorubicin

(DOX) and the hypoxia-activated prodrug AQ4N. Concurrently, we

engineered a core-shell nanoplatform (AD-NVs@CPP) by mineral-

izing dual-channel fluorescently labeled nanoparticles with CaP

containing the peptide RFFE-SHAPAKPVSLSYR (Fig. 1A). The pH-

responsive CaP shell dissolves rapidly in the tumor microenviron-

ment, facilitating the targeted release of RFFE-SHAPAKPVSLSYR in

the tumor region. This pH-dependent release selectively enhances

macropinocytosis, exposing the nano-core for targeted tumor cells

killing (Fig. 1B). DOX induces apoptosis in normoxic tumor regions,

leading to the formation of ApoBDs. During this process, some DOX

within ApoBDs becomes inactive due to binding to intracellular

targets in tumor cells. Subsequently, the ratio of inactive bound

DOX to active unbound DOX increases during intercellular trans-

port. In contrast, AQ4N is effectively sequestered within ApoBDs,

demonstrating high delivery efficiency. Through this programmed

drug delivery process, sufficient AQ4N and small amounts of ac-

tive DOX are delivered into the deep hypoxic regions of tumor

cells in an ApoBD-mediated manner. Upon activation in the hy-

poxic environment, AQ4N exerts its cytotoxic effects. This ApoBD-

based intercellular drug delivery achieves programmed drug pen-

etration within tumors. Additionally, the RFFE-SHAPAKPVSLSYR

peptide specifically promoted macropinocytosis, further enhancing
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Fig. 2. Characterization of pH-responsive AD-NVs@CPP. (A) Extraction of cell mem-

brane NVs by differential centrifugation. (B) Hydrodynamic sizes (volume mean)

and zeta potentials of AD-NVs and AD-NVs@CPP measured by DLS. (C) TEM im-

ages of AD-NVs and AD-NVs@CPP. Scale bar: 100nm. (D) RFFE-SHAPAKPVSLSYR re-

lease profiles of AD-NVs@CPP in release buffer at different pH values (6.5 and 7.4).

Cumulative (E) DOX and (F) AQ4N release profiles of AD-NVs@CPP at different pH

values (5.0, 6.5, and 7.4). Data are exhibited as the mean ± SD (n=3). Statistical

significance was calculated by two-tailed Student’s t-test (∗∗∗P<0.001).

penetration. In this study, we developed a customized nanoplat-

form and comprehensively evaluated its programmed tumor pen-

etration and whole tumor-killing effects in the 4T1 breast tumor

model.

Homologous cell membrane NVs were extracted from murine

breast cancer cells (4T1) via differential centrifugation (Fig. 2A).

AQ4N and DOX were co-encapsulated within the extracted NVs us-

ing an ultrasonic fragmentation method, forming the drug-loaded

nanocore AD-NVs. By screening various drug mass ratios for encap-

sulation efficiency, an optimal fixed weight ratio of 1:1 for AQ4N

and DOX was identified, yielding AD-NVs with ideal particle size

and high drug encapsulation efficiency (Table S1 in Supporting in-

formation). To enhance this system, we employed a biomineraliza-

tion strategy to modify the drug-loaded NVs with a CaP shell con-

taining the peptide RFFE-SHAPAKPVSLSYR, forming AD-NVs@CPP.

The encapsulation efficiency of RFFE-SHAPAKPVSLSYR, determined

by bicinchoninic acid assay (BCA), was 81.6% ± 8.2%.

Dynamic light scattering (DLS) measurements showed that both

the hydrodynamic diameter and zeta potential of AD-NVs@CPP in-

creased compared to AD-NVs (Fig. 2B). Transmission electron mi-

croscopy (TEM) imaging revealed that the mineralized drug-loaded

NVs transformed from a disc-like shape to a distinct core-shell

nanosphere structure (Fig. 2C). We assessed the dissolution of the

CaP shell under different pH conditions, including physiological

(pH 7.4) and tumor microenvironment (pH 6.5), by measuring the

release of Ca2+. The results showed that approximately 80% of

Ca2+ was released at pH 6.5 after 12h, whereas only about 20%

was released at pH 7.4 (Fig. S1A in Supporting information). Addi-

tionally, at pH 6.5, the size of the nanoparticles decreased from ap-

proximately 180nm to ∼150nm as Ca2+ was released, correspond-

ing to the size of AD-NVs (Fig. S1B in Supporting information).

Further characterization of the AD-NVs@CPP formulation was per-

formed using Fourier transform infrared spectroscopy (FTIR) spec-

troscopy. Results revealed distinct characteristic overlapping ab-

sorption peaks corresponding to both CaP and AD-NVs in the FTIR

spectrum of AD-NVs@CPP (Fig. S2 in Supporting information), con-

firming the successful mineralization of CaP on the surface of AD-

NVs. Furthermore, we investigated the release of the peptide un-

der different pH conditions. The results indicated that at pH 6.5,

about 50% of the peptide was released within 24h due to the acid-

responsive dissolution of the CaP shell, significantly higher than

the release observed at pH 7.4 (Fig. 2D). The hydrodynamic par-

ticle size and polydispersity index (PDI) of AD-NVs@CPP remained

largely unchanged following storage at 4 °C for 7 days and incuba-

tion in 10% fetal bovine serum (FBS) for 12h, indicating excellent

colloidal stability (Fig. S3 in Supporting information). These results

indicated that AD-NVs@CPP exhibited excellent stability during in

vivo circulation, effectively encapsulated the peptide, and released

it in the tumor microenvironment. Additionally, we evaluated the

release profiles of AQ4N and DOX from AD-NVs@CPP under differ-

ent pH conditions. The results showed that only small amounts of

DOX and AQ4N were released at neutral pH 7.4. However, under

acidic conditions (pH 6.5 and 5.0), the release amount and rate of

DOX and AQ4N significantly increased, with a more pronounced

increase at pH 5.0 compared to pH 6.5 (Figs. 2E and F).

At this stage, we initially explored the primary pathway for AD-

NVs uptake by 4T1 cells. Flow cytometry analysis revealed that

macropinocytosis is the predominant internalization mechanism,

with the process being energy-dependent (Fig. S4 in Supporting

information). Internalization of ApoBDs by 4T1 cells is predomi-

nantly mediated by micropinocytosis. Quantitative analysis via flow

cytometry revealed that approximately 40% of total ApoBD in-

ternalization occurs through this pathway (Fig. S5 in Supporting

information). Subsequently, we employed confocal laser scanning

microscopy (CLSM) to examine the fluorescence intensity of DOX

and AQ4N, thereby elucidating the uptake of various formulations

by 4T1 cells. Considering the specific affinity of homologous cell

membrane NVs for similar cells and their widespread application

in targeted drug delivery [37], we found that AD-NVs exhibited

significantly enhanced cellular uptake efficiency compared to free

drugs (Fig. 3A and Fig. S6A in Supporting information). Notably,

quantitative fluorescence analysis by flow cytometry showed that

under acidic conditions (pH 6.5), AD-NVs@CPP exhibited the high-

est cellular uptake efficiency (Fig. 3B and Fig. S6B in Supporting

information). Compared to pH 7.4, AD-NVs@CPP exhibited an ap-

proximately 1.45-fold increase in micropinocytosis-mediated up-

take at pH 6.5, where the acidic microenvironment synergistically

enhanced macropinocytosis through CaP shell shedding and the re-

lease of macropinocytosis-promoting peptides (Fig. S7 in Support-

ing information). These findings elucidate the molecular mecha-

nism underlying the enhanced cellular uptake of AD-NVs@CPP in

acidic environments and provide a mechanistic rationale for opti-

mizing their tumor-targeted delivery.

The cytotoxicity of the nanoparticles was evaluated under

the normoxic and hypoxic conditions using the MTT assay. The

observations revealed that DOX, a broad-spectrum anti-tumor

chemotherapeutic agent, exhibited significant cytotoxicity under

both normoxic and hypoxic conditions (half maximal inhibitory

concentration (IC50): 100.3 ng/mL) (Figs. 3C and D). AQ4N, a

hypoxia-activated prodrug, showed very low cytotoxicity under

normoxic conditions. In contrast, under hypoxic conditions, the cy-

totoxicity of the AQ4N group significantly increased due to the

activation of AQ4N in the hypoxic environment. These findings

highlighted the potential of the combined application of DOX

and AQ4N for comprehensive tumor tissue destruction. Moreover,

consistent with the cellular uptake results, AD-NVs@CPP exhib-

ited stronger cytotoxicity at pH 6.5 compared to pH 7.4, effec-

tively killing tumor cells under the normoxic and hypoxic condi-

tions. Notably, the toxicity of AD-NVs was lower than that of the

AQ4N+DOX mixture due to the sustained-release properties of the

nanoparticles.

We isolated ApoBDs from cells treated with AD-NVs@CPP (pH

6.5) under normoxic conditions and examined the potential of

ApoBDs as drug storage reservoirs. TEM revealed that the col-

lected ApoBDs had a spherical structure with a diameter of ap-

proximately 1 μm (Fig. 3E), consistent with literature reports [38].
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Fig. 3. In vitro cellular uptake, cytotoxicity, and characterization of AD-NVs@CPP -

induced ApoBDs. (A) CLSM imaging of 4T1 cells incubated with AQ4N solution, DOX

solution, AD-NVs (EIPA), AD-NVs and AD-NVs@CPP under the condition of different

pH for 12h. (B) Flow cytometry analysis of 4T1 cells incubated with AQ4N solution,

DOX solution, AD-NVs (EIPA), AD-NVs and AD-NVs@CPP under the condition of dif-

ferent pH for 12h. (C) Cell cytotoxicity of 4T1 cells treated with different formu-

lations for 48h under the condition of normoxia. (D) Cell cytotoxicity of 4T1 cells

treated with different formulations for 48h under the condition of hypoxia. (E) TEM

image of ApoBDs. Scale bar: 1 μm. (F) CLSM images of ApoBDs and ApoBDs treated

with 4T1 cells. Scale bar: 5 μm. (G) Cell cytotoxicity of ApoBDs against 4T1 cells af-

ter incubation for 48h under the condition of normoxia (n=3). Data are given as

the mean ± SD. Statistical significance was calculated by two-tailed Student’s t-test

(ns, no significance. ∗∗∗P<0.001; ∗∗∗∗P<0.0001).

Additionally, Western blot (WB) analysis of ApoBDs confirmed

their successful isolation, showing high levels of apoptotic mark-

ers, including cleaved caspase-3, and ApoBD-associated markers

CD326 and CD44 (Fig. S8 in Supporting information). We assessed

reactive oxygen species (ROS) generation in 4T1 cells following

AD-NVs@CPP treatment using the ROS-specific fluorescent probe

DCFH-DA. Fluorescence imaging and quantitative analyses revealed

a significant increase in ROS fluorescence intensity in the AD-

NVs@CPP-treated group compared to the AD-NVs-treated group.

Notably, this ROS-elevating effect was markedly attenuated by the

classic ROS scavenger NAC, indicating that AD-NVs@CPP specifically

induces intracellular ROS accumulation (Fig. S9 in Supporting in-

formation). Most importantly, CLSM revealed distinct fluorescence

signals of DOX and AQ4N within ApoBDs, and the drugs were ef-

fectively delivered to tumor cells (Fig. 3F). Furthermore, MTT cy-

totoxicity assays of drug-loaded ApoBDs showed that the drugs re-

tained their ability to effectively kill tumor cells, with an IC50 value

of 0.98 μg/mL for protein concentration (Fig. 3G). These findings

were consistent with our previous research, further demonstrating

the potential of ApoBDs as promising drug reservoirs in intercellu-

lar drug delivery processes.

At this stage, we co-incubated different formulations with 4T1

cells under normoxic conditions to generate drug-loaded ApoBDs.

The drug-loaded ApoBDs were then extracted and co-incubated

with 4T1 cells to construct models representing different stages

of the drug delivery process and to explore the neighboring effect

mechanisms mediated by ApoBDs (Fig. 4A). CLSM observations re-

vealed that cells treated with AD-NVs and AD-NVs@CPP (pH 6.5)

effectively delivered the drug to adjacent second well (ii-I) cells.

Notably, the AD-NVs@CPP (pH 6.5) treatment group still exhibited

significant AQ4N red fluorescence in the third well (iii-I) cells (Fig.

4B). Importantly, the green fluorescence of DOX in the second well

(ii-I) cells diminished and was almost undetectable in the third

well (iii-I) cells, while AQ4N red fluorescence remained prominent.

Additionally, the fluorescence intensity of drugs in the first well (i-

I) cells was stronger in the AD-NVs@CPP (pH 6.5) treatment group

compared to the AD-NVs group (Fig. 4B). This result could be at-

tributed to the release of peptides that promote macropinocytosis,

enhancing drug uptake by the cells.

Subsequently, we quantified the drug content in the first well

(i-I) cells, ApoBDs (i-ii), and second well (ii-I) cells, representing

drug internalization, storage in ApoBDs, and transfer, respectively.

AQ4N, a hypoxia-activated prodrug, lacks specific intracellular tar-

gets in normoxic cells and therefore remains mostly unbound with

low toxicity in the first well (i-I) cells. During intercellular drug

delivery, the proportion of inactive unbound AQ4N did not signifi-

cantly change (Fig. 4C). In contrast, DOX, as a DNA topoisomerase

inhibitor, forms DNA-DOX complexes [39], constituting 33% of to-

tal DOX in the first well (i-I) cells. Interestingly, the ratio of inac-

tive bound DOX to active unbound DOX significantly increased in

ApoBDs (i-ii) and further increased in the second well (ii-I) cells

(Fig. 4D). Moreover, the ratio of total AQ4N to total DOX gradually

increased during the ApoBD-mediated programmed drug delivery

process (Fig. 4E). These results demonstrated that DOX-induced

ApoBDs can effectively store AQ4N and efficiently deliver it to

other cells. Additionally, WB results showed significantly higher

expression of apoptosis markers γH2AX and cleaved caspase-3 in

cells (i-A) compared to cells (i-I) (Fig. 4F). Only a small amount of

cytotoxic AQ4N was detected in cells (i-A) (Fig. 4G). CLSM observa-

tions of drug fluorescence distribution in drug-loaded ApoBDs (i-ii)

and ApoBDs (ii-iii) indicated that the red fluorescence of AQ4N did

not significantly diminish, whereas the green fluorescence of DOX

markedly decreased (Fig. S10 in Supporting information). These

findings further corroborate that the consumption of DOX is a pri-

mary factor inducing the formation of ApoBDs, and that ApoBDs

can effectively carry sufficient amounts of unbound and inactive

AQ4N to deliver to deep tumor cells, thus achieving programmed

drug delivery at the tumor site.

Further analysis compared the state of drugs within ApoBDs

generated by the AD-NVs group and the DOX and AQ4N mixture

group. Despite the strong cytotoxicity of DOX solution under nor-

moxic conditions to effectively kill tumor cells and stimulate the

generation of more ApoBDs, these ApoBDs did not exhibit strong

neighboring effects. In contrast, the nanomedicine formulations,

leveraging their sustained-release characteristics, are capable of

more efficiently preserving DOX in a free and unbound state (Fig.

S11A in Supporting information). Cytotoxicity analysis of ApoBDs

generated by the two treatment groups revealed that ApoBDs from

the AD-NVs treatment group exhibited relatively stronger cytotox-

icity compared to those from the mixture treatment group (Fig.

S11B in Supporting information). These findings underscore the

significant advantages of nanomedicines in promoting neighboring

effects, attributable to its controlled drug release mechanism and

protective role for drugs, reducing their consumption in single cells

and thereby effectively enhancing neighboring effects and facilitat-

ing long-distance drug delivery.

We established an in vitro three-dimensional tumor spheroid

model to investigate the effect of RFFE-SHAPAKPVSLSYR-induced

CXCR4 receptor-stimulated macropinocytosis on programmable

4
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Fig. 4. Drug delivery and neighboring effect mechanisms mediated by ApoBDs in 4T1 cells. (A) Schematic illustration of co-incubation approach for investigating the ApoBDs-

mediated programmed intercellular drug delivery. (B) Programmed intercellular drug delivery of different formulations observed by CLSM. Scale bar: 10 μm. (C) The relative

proportion of bound/unbound AQ4N in cells (i-I), ApoBDs (i-ii), and cells (ii-I). (D) The relative proportion of bound/unbound DOX in cells (i-I), ApoBDs (i-ii), and cells (ii-I).

(E) The molar ratio of total AQ4N and DOX in cells (i-I), ApoBDs (i-ii), and cells (ii-I). (F) WB assay of cleaved caspase-3 and γH2AX in cells (i-I), cells (i-A) and cells (ii -A).

(G) The relative proportion of AQ4N and AQ4 in cells (i-I) and cells (i-A). (H) Z-stack images of 3D multicellular tumor spheroids. Scale bar: 100μm. (I) AQ4N fluorescence

quantitative analysis of multicellular tumor spheroids (MCTS) after treated with various formulations for 24h. (J) DOX fluorescence quantitative analysis of MCTS after treated

with various formulations for 24h. Data are given as the mean ± SD (n=3). Statistical significance was calculated by two-tailed Student’s t-test (∗∗∗P<0.001).

penetration. Our CLSM observations revealed that the combina-

tion therapy of both drugs exhibited superior penetration com-

pared to the single drug solution group (Fig. 4H). Interestingly,

AQ4N (red fluorescence) demonstrated better internal penetration

than DOX (green fluorescence), reaching deeper regions within

the tumor spheroid. Notably, the AD-NVs@CPP (pH 6.5) group ex-

hibited the most pronounced programmable penetration effect,

with noticeable red fluorescence of AQ4N even in the central

region of the tumor spheroid. These findings collectively vali-

date the feasibility and potential of achieving a "relay race"-like

deep penetration through ApoBDs-mediated drug delivery. Further-

more, in the absence of the specific promotion of CXCR4 receptor-

stimulated macropinocytosis by RFFE-SHAPAKPVSLSYR, AQ4N (red

fluorescence) in other drug combination groups remained lim-

ited to the outer regions of the tumor spheroid and failed to

reach the central area. Additionally, our quantitative analysis of

drug penetration within the tumor spheroid corroborated with the

CLSM observations (Figs. 4I and J). These results demonstrated that

RFFE-SHAPAKPVSLSYR could specifically enhance macropinocytosis,

promoting ApoBD-mediated programmable penetration, leading to

comprehensive tumor growth inhibition.

To further delineate the in vivo fate of the AD-NVs@CPP, we

performed a systematic pharmacokinetic analysis using Sprague-

Dawley rats. All the animal protocols were performed in line

with the Guidelines for the Care and Use of Laboratory Animals

and approved by the Institutional Animal Care and Use Com-

mittee (IACUC) of Shenyang Pharmaceutical University (No. SYPU-

IACUC–C2021–1–6–108). In the pharmacokinetic evaluation con-

ducted in vivo, AD-NVs@CPP exhibited exceptional performance. As

illustrated in Fig. 5A, the DOX solution was rapidly cleared from

5
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Fig. 5. Pharmacokinetics and biodistribution and in vivo penetration. (A)

Concentration-time profiles of DOX in plasma after administration of different for-

mulations. (B) In vivo distribution of AQ4N solution, AD-NVs, and AD-NVs@CPP in

4T1 tumor-bearing mice at 2, 4, 8, 12, and 24h. (C) Ex vivo fluorescent images of

AQ4N in heart, liver, spleen, lung, kidney and tumor at 24h. (D) Semi-quantitative

analysis of AQ4N in heart, liver, spleen, lung, kidney and tumor at 24h. (E) CLSM

images of tumor slices after administration with different formulations. Scale bar:

1mm. 4′ ,6-Diamidino-2-phenylindole (DAPI), blue; DOX, green; AQ4N, red. Data are

presented as the mean ± SD (n=3). Statistical significance was calculated by two-

tailed Student’s t-test.

the bloodstream, with a half-life (t1/2) of approximately 1.2 h. In

contrast, AD-NVs significantly extended the half-life of the drug

in the bloodstream, as detailed in Table S2 (Supporting informa-

tion). Furthermore, compared to the DOX solution group, both AD-

NVs and AD-NVs@CPP significantly increased the area under the

concentration-time curve (AUC0–24 h), demonstrating that the cell

membrane nanovesicles enhanced the stability of the drug in the

blood and prolonged its circulation time. This extended circulation

was advantageous for drug accumulation at the tumor site, thereby

enhancing its antitumor efficacy. AD-NVs@CPP exhibited the most

favorable pharmacokinetic properties in vivo. This superior perfor-

mance could be attributed to the protective role of the CaP shell on

its surface, which provides enhanced stability in the bloodstream.

The CaP shell effectively shields the nanovesicles from shear forces

in the blood, leading to a lower clearance rate [40–42].

We subsequently investigated the in vivo biodistribution of AD-

NVs, AD-NVs@CPP, and AQ4N solution in a 4T1 tumor-bearing

mouse model. As shown in Fig. 5B, the AQ4N solution was rapidly

cleared from the body and did not exhibit specific organ accumu-

lation. In contrast, both AD-NVs and AD-NVs@CPP displayed sig-

nificant fluorescence accumulation in the tumor region, which in-

creased with time, peaking at 12h and remaining prominent even

at 24h post-injection. Furthermore, ex vivo fluorescence imaging

of organs and tumor tissues at 24h post-injection, coupled with

semi-quantitative analysis, revealed substantial fluorescence accu-

mulation in the tumor tissues for both AD-NVs and AD-NVs@CPP.

These results were consistent with the pharmacokinetic analysis,

highlighting the enhanced stability and tumor-targeting capabili-

ties of the nanovesicle formulations (Figs. 5C and D).

Next, we examined the distribution of drug fluorescence in tu-

mor tissues extracted from mice treated with different formula-

Fig. 6. In vivo antitumor activity and biosafety. (A) The tumor volume after ad-

ministrated with different formulations (n=5). (B) The tumor weights after admin-

istrated with different formulations (n=5). (C) The tumor images after adminis-

trated with different formulations (n=5). (D) H&E, TUNEL, and Ki 67 staining of

tumors after injected with different formulations. Scale bar: 50 μm. (E) Body weight

changes of bearing-tumor mice after administrated with different formulation. (F)

The level of hepatic function in serum of bearing-tumor mice after administrated

with different formulations (n=3). (G) The level of renal function in serum of

bearing-tumor mice after administrated with different formulations (n=3). Data are

presented as the mean ± SD. Statistical significance was calculated by two-tailed

Student’s t-test.

tions after 24h. Tumor sections were stained with DAPI and ob-

served for drug fluorescence distribution. As shown in Fig. 5E,

the AD-NVs@CPP group exhibited superior tumor penetration, with

pronounced drug fluorescence observed even in the central regions

of the tumors. This included the programmed penetration of both

drugs, with the red fluorescence of AQ4N penetrating deeper into

the tumor tissue compared to the green fluorescence of DOX. In

contrast, AD-NVs, lacking the peptide that specifically promotes

macropinocytosis in tumor cells, showed limited penetration into

deeper tumor regions and primarily accumulated at the tumor

periphery. The DOX and AQ4N mixed solution were unable to

traverse multiple physiological barriers and was rapidly cleared

from circulation, resulting in negligible drug fluorescence in the

tumor tissue. Quantitative analysis of drug fluorescence intensity

in tumor sections using ImageJ corroborated the microscopic ob-

servations, further confirming the distribution patterns observed

(Fig. S12 in Supporting information). These results demonstrated

that AD-NVs@CPP effectively prolong the circulation time and en-

hance the stability of the drug formulation in vivo. Moreover, AD-

NVs@CPP could specifically target and accumulate in tumor tissues

and, most importantly, exhibit excellent penetration into deeper

tumor regions, ensuring efficient drug delivery to the inner areas

of the tumor.

We conducted a comprehensive evaluation of the in vivo anti-

tumor efficacy of AD-NVs@CPP in an orthotopic 4T1 tumor mouse

model. Mice were randomly divided into six groups and received

intravenous injections of saline, DOX solution, AQ4N solution,

DOX+AQ4N mixed solution, AD-NVs, and AD-NVs@CPP. As shown

in Figs. 6A–C, the saline group exhibited the fastest and most

significant tumor volume growth. AD-NVs significantly inhibited

tumor growth, demonstrating the superiority of cell membrane

6
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NVs as drug delivery carriers. More importantly, compared to AD-

NVs, AD-NVs@CPP exhibited markedly enhanced antitumor activ-

ity, effectively controlling tumor volume at approximately 100mm3

and essentially preventing further tumor growth. This outcome

could be attributed to the RFFE-SHAPAKPVSLSYR peptide, encapsu-

lated within the CaP shell, which is released responsively within

the tumor microenvironment. This peptide specifically promoted

macropinocytosis through stimulation of the CXCR4 receptor on

tumor cells, thereby enhancing the programmed penetration of

the combined DOX and AQ4N drugs into both normoxic and hy-

poxic regions of the tumor, achieving comprehensive tumor erad-

ication. Furthermore, histological analyses of tumor sections from

different treatment groups, including hematoxylin and eosin (H&E)

staining, Ki67 staining, and terminal deoxynucleotidyl transferase-

mediated dUTP nick-end labeling (TUNEL) staining, revealed that

AD-NVs@CPP effectively induced tumor cell apoptosis and sig-

nificantly reduced tumor cell proliferation. These results further

demonstrated the therapeutic superiority of AD-NVs@CPP in tu-

mor treatment (Fig. 6D). Additionally, the body weight changes of

mice in different treatment groups were recorded (Fig. 6E). Mice in

the AD-NVs@CPP treatment group maintained stable body weight,

whereas those treated with DOX and the mixed solution exhibited

significant weight loss, likely due to the known cardiotoxicity of

DOX, particularly at cumulative doses, which poses a chronic tox-

icity risk to the heart [43–45]. Moreover, liver and kidney func-

tion markers, as well as inflammatory cytokines levels, in the

AD-NVs@CPP group showed no significant differences compared

with the saline-treated control group (Figs. 6F and G, Fig. S13 in

Supporting information), indicating that AD-NVs@CPP did not ad-

versely affect major organ functions.

In summary, we have successfully developed a novel biominer-

alized cell membrane nanovesicle (AD-NVs@CPP) that can achieve

programmed deep penetration of drugs within tumor tissues

through an ApoBD-mediated mechanism. We have focused on the

neighbor effect of ApoBDs and the key factors that influence their

drug delivery efficiency between cells. Additionally, we have eval-

uated the impact of macropinocytosis on deep tumor penetration

mediated by ApoBDs. The principal findings of our study are sum-

marized as follows. We extracted cell membrane vesicles from 4T1

cells and combined them with the broad-spectrum chemothera-

peutic drug DOX and the hypoxia-activated prodrug AQ4N to con-

struct a nano-core (AD-NVs). The AD-NVs were subsequently min-

eralized with a CaP shell, which was functionalized with a pep-

tide (RFFE-SHAPAKPVSLSYR) that specifically binds to CXCR4 re-

ceptors on tumor cells and promotes macropinocytosis. This de-

sign enables the AD-NVs@CPP to selectively dissolve the CaP shell

in the acidic tumor microenvironment, thereby releasing the pep-

tide and the AD-NVs. In the mildly acidic tumor microenviron-

ment, the CaP shell of AD-NVs@CPP specifically dissolves, expos-

ing the intrinsic nano-core, thereby achieving targeted action and

high cellular uptake by homologous tumor cells. As a result, AD-

NVs@CPP can effectively eliminate tumor cells in both normoxic

and hypoxic regions. The combined application of DOX and AQ4N

induces the formation of ApoBDs containing these drugs, which

through the neighbor effect, continue to affect surrounding tumor

cells, achieving a programmed cytotoxic effect. As a promising drug

carrier, ApoBDs can effectively carry and deliver drugs between

cells. During this process, DOX is continuously consumed, induc-

ing apoptosis in tumor cells and generating drug-loaded ApoBDs.

The proportion of bound DOX increases, while AQ4N remains in

a free state within normoxic tumor regions. AQ4N is then trans-

ported by ApoBDs to deep hypoxic tumor regions, where it is acti-

vated to exert cytotoxic effects on tumor cells, thereby achieving

a programmed drug delivery within the tumor tissue. This pro-

grammed delivery strategy enhances therapeutic efficacy by en-

suring effective distribution and utilization of drugs in the tu-

mor microenvironment. The RFFE-SHAPAKPVSLSYR peptide in AD-

NVs@CPP specifically promotes macropinocytosis in tumor cells, ef-

fectively enhancing their uptake of ApoBDs. This approach enables

drugs to be delivered through an ApoBD-mediated neighbor effect

to deep tumor regions, thereby achieving comprehensive eradica-

tion of tumor tissues. AD-NVs@CPP significantly extend the circula-

tion time of drugs in the bloodstream, enabling their specific accu-

mulation in tumor tissues and facilitating deep penetration. Dur-

ing the programmed drug penetration process, AQ4N penetrates

deeper into tumor tissues compared to DOX. AD-NVs@CPP exhibit

almost complete inhibition of tumor growth without significant

systemic toxicity, demonstrating excellent antitumor activity and

in vivo biosafety. Collectively, these findings demonstrate that AD-

NVs@CPP provide a robust platform for targeted, deep tumor pene-

tration and effective drug delivery, offering significant potential for

improved cancer treatment strategies.
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