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A B S T R A C T   

Effective tumor treatment depends on optimizing drug penetration and accumulation in tumor tissue while 
minimizing systemic toxicity. Nanomedicine has emerged as a key solution that addresses the rapid clearance of 
free drugs, but achieving deep drug penetration into solid tumors remains elusive. This review discusses various 
strategies to enhance drug penetration, including manipulation of the tumor microenvironment, exploitation of 
both external and internal stimuli, pioneering nanocarrier surface engineering, and development of innovative 
tactics for active tumor penetration. One outstanding strategy is organelle-affinitive transfer, which exploits the 
unique properties of specific tumor cell organelles and heralds a potentially transformative approach to active 
transcellular transfer for deep tumor penetration. Rigorous models are essential to evaluate the efficacy of these 
strategies. The patient-derived xenograft (PDX) model is gaining traction as a bridge between laboratory dis
covery and clinical application. However, the journey from bench to bedside for nanomedicines is fraught with 
challenges. Future efforts should prioritize deepening our understanding of nanoparticle-tumor interactions, re- 
evaluating the EPR effect, and exploring novel nanoparticle transport mechanisms.   

1. Introduction 

Cancer remains a pervasive health issue plaguing the modern soci
ety. Conventional treatment methods, including radiation therapy, 
chemotherapy, targeted therapy, and immunotherapy [1,2], have been 
used to combat cancer, however, either low response rates or severe 
adverse effects demand new therapeutic modalities for cancer treat
ment. A recently-developed nano-scale formulation with a nano
structure, nanomedicine, offers advantages including increased 
bioavailability of drugs [3,4], prolonged circulation and retention [5], 
and controlled drug release patterns. Despite these advantages [6], the 
therapeutic effect of nanomedicine is limited due to a complicated 
tumor microenvironment (TME). The milieu surrounding tumor cells 
includes tumor stem cells, stromal cells, microvessels, lymphatic vessels, 
fibroblasts, immune cells, and extracellular matrix (ECM) [7]. Multiple 

barriers in the milieu hinder drug delivery from nanomedicine into solid 
tumors to achieve an effective therapeutic dose. 

To address these barriers, one promising approach is surface modi
fication of nanomedicine [8]. Surface modification typically involves 
altering chemical compositions or structural properties of nanomedicine 
and/or incorporating targeting ligands or functional molecules [9–12], 
resulting in changes in chemical/physical/biological properties such as 
surface charges and enhanced targetability to mitigate non-specific 
distribution. This is critical because unmodified nanomedicine is often 
engulfed by the reticuloendothelial system (RES) and it often accumu
lates in organs such as livers and spleens [13]. Surface modification can 
contribute to reduced phagocytosis and enhanced passive tumor accu
mulation via the enhanced permeability and retention (EPR) effect. In 
addition, modification with active targeting ligands can achieve precise 
targeting of tumor cells. To enhance tumor penetration, surface 
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engineering techniques of nanomedicine using liposomes, cell-secreted 
exosomes, or cell-penetrating peptides have been developed [14–18]. 
These entities can be tailored for surface modification based on specific 
characteristics of the TME to realize deep tumor penetration. 

Considering the dense and complicated TME, targeting the ECM, a 
major component of the TME, is emerging as a strategic approach to 
modulate the TME [19–21]. The ECM plays a pivotal role in tumor 
progression, making it a prime target to facilitate the specific entry of 
nanomedicines into the tumor interior. One direction in nanoparticle 
strategies is to loosen and degrade the dense ECM using various pro
teolytic enzymes. Futhermore, deep penetration of nanomedicines can 
also be achieved actively. This shift from passive to active processes, 
facilitated by mechanisms such as the intercellular transport, 
cation-mediated active transcytosis, and other attempts to explore novel 
active transcellular transfer, is gaining traction and emerging as an 
important trend. This could potentially reshape the design of nano
medicine and overcome tumor penetration barriers for tumor therapy. 

These strategies for developing multi-functional, targeted nano
medicine to enhance tumor penetration are essentially relied on the 
effectiveness of overcoming multiple biological barriers in the complex 
TME. Those biological barriers in the TME have been mimicked via in 
vitro 3D tumor spheroids and multiple-layer cell structures, ex-vivo 
tissues collected from animal models, or in-vivo tumor tissues after 
implanting tumors into the animals. The degree of drug penetration 

through nanomedicine could have a significant discrepancy among 
these experimental models, and these experimental outcomes may not 
be clinically translatable. In this review, the experimental models are 
critically reviewed for evaluating the penetration ability of nano
medicine. The start-of-the-art strategies for preparing nanomedicine to 
facilitate penetration into solid tumors are elaborated. Surface engi
neering of nanomedicine for enabling its interaction with tumor cell 
membranes for facilitating drug penetration is discussed. Perspectives in 
these strategies are offered. 

2. Models for evaluation of the degree of tumor penetration 

The rate at which drug molecules penetrate through a membrane or 
overcome a barrier is fundamental for drug permeability, particularly 
when evaluating the level of intestinal absorption and drug bioavail
ability. Under physiological conditions, drug molecules need to over
come a variety of barriers and avoid clearance before reaching the tumor 
tissue, which is one of the recognized hallmarks of solid tumors. To 
address the challenge of insufficient drug doses in the tumor tissue, 
strategies for rational design of drug carriers and effective application of 
a drug delivery system have been explored to enhance drug penetration 
into solid tumors. Success of these strategies pertains to accurate 
assessment of drug permeability in the preliminary test, including how 
to evaluate the degree of drug penetration accurately and effectively, 

Fig. 1. Illustration of the procedures for 3 different tumor penetration evaluation models. (A) Cultivation of multicellular spheroids via the hanging droplet method, 
followed by drug incubation and observation of drug penetration into the depth of multicellular spheroids under confocal microscopy. (B) A multilayer cell 
penetration model by introducing drugs into the cell culture media. (C) Evaluation of drug permeability via in vivo and ex vivo imaging. (Fig. 1 was created with 
BioRender.com.). 
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how to establish the test conditions mimicking actual malignant lesions 
in the body, and how to select a corresponding system to predict the 
permeability effect. This section presents a few innovative methods to 
achieve drug penetration evaluation. Fig. 1 graphically represents three 
commonly employed models of assessing tumor infiltration. 

2.1. In vitro models 

2.1.1. Multicellular layers 
A multicellular layer (MCL) model to simulate the tumor environ

ment in vitro was first proposed by Wilson and his colleagues [22]. 
Fig. 2A graphically illustrates two commonly used MCL models. The 
initial purpose of using a MCL is to study the extravascular pharmaco
kinetics and determine whether the resistance of solid tumors to 
chemotherapy originated from limited tissue permeability of anticancer 
drugs [23]. Gradually, it is utilized to real-time assess the 
anti-proliferative effect of medications and the impact of specific protein 
expression on the tissue permeability [24,25]. Experimental cells in the 
exponential growth phase are seeded into collagen-coated microporous 
Teflon membranes before they are placed into the culture plate for 
roughly one week to create the model. The formed MCL has a symmetric, 
planar structure and it possesses a few characteristics of solid tumors, 
such as comparable ECM properties and short gaps similar to those be
tween epithelial cells [23,26]. Drugs to be tested are added to one side of 
the MCL for incubation, and they are detected on the other side of the 
MCL at various time intervals. The penetration of paclitaxel (PTX) or 
5-fluorouracil (5-FU) into human colorectal cancer cells (DLD-1 and 
HT-29) was assessed using the MCL model [27]. Although the location of 
nanomedicine in the body and the level of its accumulation in tumor 
tissues remain mysterious after they depart blood arteries, the MCL 
model has been employed to examine the penetration and distribution of 
nanomedicine [28] (Fig. 2B and C). 

The advantage of the MCL in the evaluation of tumor penetration is 
that the amount of drugs can be accurately measured after they pene
trate through a multicellular-layered tissue, which offers similar prop
erties such as cell adhesion and an equivalent compact structure 

compared to solid tumors. This model could more accurately capture the 
ecology of the tumor microenvironment than 2D models such as single- 
layer cells, due to stacking of multiple layers of tumor cells. However, 
the in vitro MCL model can not display a complete characteristic map of 
solid tumors, including blood vessels within the tissue, the ECM, cell 
proliferation behaviors, nutrient concentration gradients, gene expres
sion patterns, cell-cell interactions and cell-ECM interactions. 

In addition, vascular osmosis is important in construction of the MCL 
model. To mimic a vascular osmosis model, human umbilical vein 
endothelial cells (HUEVC) are frequently utilized. A transwell kit is 
utilized for the osmosis model. Vascular endothelial-like cells are 
cultured in the upper chamber of the transwell kit, which has a porous 
membrane, while the selected tumor cells are incubated in the lower 
chamber of the unit. The impact on the vascular osmosis is often eval
uated by changes in the fluorescence intensity of tumor cells [29–31]. 

2.1.2. Multicellular spheroids 
The traditional cell culture model is a 2D cell model by culturing 

monolayer cells on the surface of cell culture vessels and it has been used 
to simulate human development and disease progression. However, due 
to simple physical contacts between cells and lack of organizational 
structures and complexities [32], the 2D cell model can not mimic the 
human body tissue. With advances in stem cell biology and organ 
regeneration, state-of-the-art 3D cell culture models can more accurately 
mimic the cellular microenvironment, cellular interactions, and physi
ological and biochemical reactions than single-layer 2D cell models 
[33]. Since the twenty-first century, this technology has gained popu
larity in many fields and it has been routinely used for the evaluation of 
cytotoxic T cell attacks, drug resistance, and tumor cell invasion, as well 
as revelation of their corresponding mechanisms [34–37]. 

3D cell culture models can be built with the help of a scaffold or 
without a scaffold (Fig. 3A). The mostly commonly used scaffold is 
hydrogels [38]. To mimic the extracellular matrix for better protection 
of 3D cell spheres, Tayalia et al. created an affordable semi-synthetic 
cryogel matrix system [39] derived from polyethylene glycol dia
crylate (PEGDA) and gelatin methacryloyl (GELMA). This matrix system 

Fig. 2. Application of multicellular layer models for assessing tumor penetration. (A) Schematic representation of in vitro multicellular layer models for tumor and 
vascular studies. (B) Illustration of the multicellular layer model in the culture medium containing GNPs compared to the solid tumor tissue. (C) Cross-sectional view 
of the MCF-7 tissue stained with eosin for the extracellular matrix (green). Unstained areas correspond to cells. Scale bar: 100 μ m. Note: GNPs, gold nanoparticles. 
(Fig. 2A was created with BioRender.com. Fig. 2B and C were reprinted with permission from Ref. [28]. Copyright 2014 Springer Nature.). 
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facilitated spheroid growth to establish a hierarchical structure, thus 
mimicking in vivo ECM components and offering complex structural 
supports (Fig. 3B). Since it was constructed from expandable materials, 
the model could be used to simulate complex extracellular environ
ments. Kim et al. developed an in vitro 3D cancer model [38] by inte
grating multicellular spheroids within a composite ECM hydrogel to 
demonstrate its potential in examining phenotypic shifts in pancreatic 
cancer during tumor advancement (Fig. 3C). It has been demonstrated 
that crosslinked polymers in an aqueous solution can solidify to form 
hydrogels after a change in the temperature [40], allowing cells to 
embed in the hydrogels, which can more closely mimic the cellular 
milieu in the body. In addition, support materials derived from human 
or other sources can be used to mimic extracellular environments. The 
self-aggregation ability of cells, which enables cells to form micro
spheres and maintain a three-dimensional configuration during the 

culture process, is the foundation for scaffold-free 3D culture models 
with fine structures. Scaffold-free 3D models are often created by the use 
of ultralow attachment solid supports or the hang drop technique [41] 
(Fig. 3D). The ultra-low adsorption plate has a neutral charge or hy
drophilic proteins, which prevents cell attachment onto the wall of the 
plate, thus forming 3D aggregates. The disadvantage of the plate lies in 
its short-term stability. A straightforward technique for 3D cell culture 
models is developed from the hang drop cell culture system. It is usually 
operated via a hang drop plate or a 96-well plate lid [42]. The cells in the 
hang drop settle under the action of gravity to form cell microspheres. 

The most often utilized in vitro model for examining the penetration 
of therapeutic nanoparticles or drug delivery systems into tumors is a 3D 
tumor spheroid, also known as a multicellular cancer spheroid (MCS) 
obtained from scaffold-free 3D cell culture models. This experimental 
approach, for instance, was utilized to compare the level of tumor 

Fig. 3. Application of 3D tumor cell spheroids for assessing tumor penetration. (A) Schematic illustration of fabricating 3D tumor cell spheroids with or without 
scaffolds. (B) Schematic of the morphology of cancer cell spheroids on cryogel matrices. (C) Multicellular spheroids of invasive cancer cells produced in the envi
ronment created by human-derived stromal cells. (D) A spheroid formed by cancer cells cultivated on low-adhesion culture dishes and 96-well plate lids. (E) Tumor 
penetration of ID@M − N, a dual-nanotransformer for size and charge, in MSCs observed by Z-stack CLSM (scale bar: 100 μm) and 3D fluorescence analysis of CLSM 
images at a depth of 150 μm. (F) CLSM images of optical slices through the centers of SH-SY5Y-labeled MSCs incubated with 3 different combinations for 24 h. MP-1 
was FITC-labeled. (Fig. 3A–D were created with BioRender.com. Fig. 3E was reprinted with permission from Ref. [30]. Fig. 3F was reprinted with permission from 
Ref. [44]. Copyright 2016 Elsevier.). 
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penetration between RLPA-NPs and LPA-NPs [43]. Fluorescein isocya
nate (FITC) can be specifically chosen for co-incubation in the formation 
of multicellular spheroids (MCSs) [30] (Fig. 3E), enabling confocal 
observation of MCSs in a 3D dimension [44,45] (Fig. 3F). From the MCS 
images of confocal laser scanning microscopy (CLSM), the intensity of 
the fluorescence in MCSs can be assessed. For example, the fluorescence 
intensity of MCSs treated with drugs can be measured from the pe
riphery to the center of MCSs for statistical analysis of the level of drug 
penetration [46]. To examine the variations in the penetration of 
different drugs [47], the cell spheres can be disassembled to single cells 
and these single cells are then subjected to flow cytometry analysis to 
generate quantitative information on fluorescence intensity. The in vitro 
osmosis model is derived from the MCS model [48], but it has the option 
of including a small amount of collagen to mimic the ECM and act as a 
barrier to prevent the diffusion of nanoparticles. Additionally, 
stroma-rich MCSs were developed [49] to mimic solid tumors in the 
human body, and they could be used to accurately depict the perme
ability of nanomedicine to a certain extent. 

Compared to the MCL, fabrication of MCSs has a shorter period, and 
cytokines and adhesion factors can be added to mimic a solid tumor 
microenvironment. As a result, MCSs have been widely used as an in 
vitro 3D model. Although the suspension technique is relatively easy to 
create MCSs, it is challenging to control the size of the cell spheres. 
Furthermore, some of tumor cell lines do not have the capacity to form 
spheroids. Although the above in vitro 3D tumor penetration models are 
multicellular to mimic solid tumors to some extent and they can be 

employed in evaluating the penetration level of different drug formu
lations, both models cannot accurately mimic vascular perfusion and 
other biological characteristics of solid tumors from a practical stand
point. While multicellular spheroids and multilayered cells often serve 
as in vitro models, they face a few challenges. In particular, they lack the 
vasculature, which plays a critical role in tumor progression and 
metastasis in vivo. Additionally, these in vitro models can not 
completely map the complexity of an in vivo tumor environment. 
Furthermore, current fabrication methods for these in-vitro models can 
vary significantly, for example, the degree of densification of cell 
spheroids could be dramatically different between tumor models, thus 
therapeutic results of nanomedicine basing on these in-vitro models may 
not be used for apple-to-apple comparison. Efforts should be made into 
standardization of the preparation procedure for these in-vitro models 
and optimization of these models for completely mapping the tumor 
microenvironment. 

2.2. In vivo model 

The penetration of nanomedicines or small-molecular drugs can also 
be observed using an in vivo model. The term “in vivo models” in this 
article refers to an animal as a whole body or its organs/tissues of in
terest for in-vivo analytical imaging studies and organs/tissues har
vested from an in-vivo animal model for ex vivo imaging studies. The 
observation of the permeability in solid tumors is generally executed on 
a tumor-bearing mouse model (Fig. 4A). Imaging technologies play a 

Fig. 4. In vivo models for assessing tumor penetration. (A) Schematic illustration for applying different dyes to visualize blood vessels in a tumor-bearing mouse. (B) 
In vivo MRI scan images of tumors. (C) (a) NIR-II imaging of mouse blood vessels at 10 min after intravenous administration of a SQ1 nanoprobe. (b, c) Zoomed-in 
NIR-II images for two specified regions of interest (ROI 1 and ROI 2) in the hind limbs. (D) CLSM imaging of a dorsal skinfold chamber model. (E) In vivo monitoring 
of temporal distribution of GSHPTcy5CPT in tumor blood vessels. (F) 3D reconstruction PA images of tumor bearing mice injected with molecule 1, SiO2 nanoparticles 
and liposome labeled by Cy. The tumor tissue was divided into five parts with identical radius intervals. Scale bar: 2 mm. Note: SQ: squaraine dye; NIR-II: near- 
infrared light II; CLSM: confocal laser scanning microscopy; GSHPTcy5CPT: a GGT-triggered charge-reversal dendrimer-CPT conjugate marked with cy5. (Fig. 4A was 
created with BioRender.com. Fig. 4B was reprinted with permission from Ref. [51]. Copyright 2023 American Chemical Society. Fig. 4C was reprinted with 
permission from Ref. [53]. Copyright 2020 American Chemical Society. Fig. 4D and E were reprinted with permission from Ref. [55]. Copyright 2020 American 
Chemical Society. Fig. 4F was reprinted with permission from Ref. [59]. Copyright 2019 Springer Nature.). 
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central role in the observation in the animal model. There are several 
widely used molecular imaging techniques, including visible light im
aging, tomography imaging, magnetic resonance imaging (MRI) [50,51] 
(Fig. 4B), and ultrasound imaging (US). However, a low resolution is 
typical issue of these techniques and they do not allow for dynamic 
monitoring. The penetration depth of solid tumors for these commonly 
used in vivo methods are elaborated below. 

Traditional optical imaging is only applicable at a shallow depth of 
less than 1.0 mm, thus it has limited application in solid tumor imaging. 
Near infrared two-region imaging (1000–1700 nm) is a new optical 
imaging technique. Compared to other imaging techniques, it has a 
higher imaging resolution and a greater penetration depth. Near- 
infrared is frequently used for real-time monitoring of small blood ves
sels with a penetration depth of about 30 mm. Amphiphilic polymers are 
typically used in this application because of their ability to self-assemble 
[52]. Yao et al. successfully constructed a fibronectin-targeting SQ1 
nanoprobe via the donor-acceptor-donor (D-A-D) engineering method
ology [53], and the nanoprobe had an outstanding performance in 
near-infrared light II (NIR-II) angiography and tumor imaging (Fig. 4C). 
To study the degree of penetration, different dye molecules are available 
to label blood vessels. For example, at 2 h after intravenous injection of a 
fluorescently labeled drug into a tumor-bearing mouse, Dylight-488 
conjugated tomato lectin is intravenously injected to stain blood ves
sels and the mouse is sacrificed at 5 min post-injection. Confocal laser 
scanning is then performed after collection of the tumor tissue. As a 
result, the degree of deep penetration into solid tumors can be assessed 
for different small molecular drugs [54]. Through the intrinsic fluores
cence of nano-carriers or a fluorescent probe equipped on nano-carriers, 
the depth of nano-carrier progression into tumors can be real-time 
monitored. 

Huang and his team applied a whole-body optical imaging technique 
on a tumor model [31]. The skin of the model mice was cut along the 
midline of the abdomen and the blood vessels were examined under a 
microscope using a caliper [55] (Fig. 4D). The vascular peripherals 
could be readily observed in the photographs. After liposomes were 
labeled with Cy5, their penetration in the solid tumors could be 
observed. In a similar manner, real-time observation of Cy5-labeled 
vectors during US cavitation-induced tumor penetration was realized 
using CLSM and a US apparatus [29]. In an in vivo model, Shen and his 
team did not stain blood vessels. Instead, they used Cy5.5 or Cy5 to label 
vectors and then computed the mean total fluorescence intensity of 
vectors in the solid tumors for pertinent analysis [55,56] (Fig. 4E). 

Photoacoustic imaging (PAI), a painless imaging technology, uses a 
laser to produce an ultrasound wave that helps view the contents inside 
the body. After giving animals 1 % sodium pentobarbital anesthesia, Yin 
and his team opened arcs around tumors without harming blood arteries 
[57]. The PAI signals were captured via a Vevo LAZR imaging system. 
Real-time observation of drug tumor penetration was achieved. For 
therapeutic agents or nanocarriers without fluorescent signal, fluores
cent labeling of agents/nanocarriers is usually conducted to allow for 
penetration observations under CLSM. For instance, Cy5 can be incor
porated to therapeutic agents to real-time record the fluorescence signal 
of Cy5 in the tumor to map biodistribution of these agents [58]. PAI was 
used for continuous tomography and 3D image reconstruction then 
carried out (Fig. 4F). In this process [59], a tumor-selective cascade 
activatable self-detained system was used and marked with an addi
tional cyanine dye. PAI was also applied to measure the tumor perme
ability of nanomaterials (nanoclusters) with inherent fluorescence in an 
A549 tumor-bearing mouse model, and intravital real-time CLSM im
aging was conducted to detect the fluorescence signal of the nano
materials. Semi-quantitative analysis was carried out to determine the 
fluorescence intensity of the nanomaterials within the tumor delineated 
by PAI signal [60]. 

The above approaches have been employed for measuring osmosis in 
vivo with optical markers. They are comparable to in vitro techniques 
for assessing penetration. In a study on the permeability effect of lipo

somes, the established tumor-bearing nude mice were first injected with 
FITC-labeled liposomes, and the tumor tissues were harvested after the 
mice were sacrificed. The tissues were fixed with 4 % paraformaldehyde 
[61], and the blood vessels were stained with DAPI and labeled with an 
anti-CD31 antibody. The tissues were then examined via CLSM. Similar 
strategies have been used to evaluate the intratumoral penetration of 
nanomedicine [62,63]. Tumor sections can also be used to measure 
osmosis ex vivo. After tumor tissues are removed and cut into 10.0 μ m 
pieces [64], they can be examined under a fluorescence microscope 24 h 
after the mice receive the drug. Imaging technology has also been used 
to assess the degree of drug penetration ex vivo. Unlike in vivo imaging, 
the pre-processing time for ex vivo imaging is fixed. There are still some 
disparities between groups [65], such as inconsistent doses of drug 
administration, variations in the tumor-formation processes in the mice, 
and various treatment time periods. Overall, after establishing an in vivo 
animal model, there are discrepancies two individual images obtained 
from in vivo or ex vivo imaging, and these discrepancies may be reduced 
through the use of multiple experimental replicates within the same 
group. In vivo imaging involves anesthetizing an animal and cutting its 
skin for observation, which may have an effect on the healthy status of 
the animal, therefore, the imaging duration may be significantly 
reduced and long-term observation of the animal cannot be realized. The 
ex vivo tissue sectioning process may quench fluorescent-carrying sub
stances or biological characteristics of sections, and the experimental 
operation should be carefully designed and strictly controlled to mini
mize the impact from the sectioning process. 

2.3. Mechanistic simulations and tools for assessment of penetration 
effects 

In addition to the commonly used animal models and in vitro cyto
sphere models mentioned earlier, a number of mechanistic simulations 
or detectors have been explored for in vivo animal experiments and they 
are of great interest for assessing the therapeutic effect of nanomedicine. 
Fukumura and his team proposed a multi-stage approach [66] to con
structing gelatin-core nanoparticles (QDGelNPs) at a size of about 100 
nm, and 10 nm quantum dots (QDs) in the core of the nanoparticles with 
fluorescence signal were encapsulated in the gelatin. QDGelNPs served 
as a nanomedicine simulation model to mimic the process of drug 
penetration to reach deeper layers of the tumor tissue. Additionally, 
5-kDa polyethylene glycol (PEG) was attached to the nanoparticle sur
face, allowing for long-term blood circulation. A HT-1080 tumor model 
which has high MMP-2 activity was selected for the simulation nano
particle. QDGelNPs were MMP-2-responsive to achieve the release of 10 
nm QDs upon arrival at the tumor site. Tumor penetration parameters 
were acquired by in vivo imaging. This simulation system with a surface 
coating has a changeable shape, and it enables charge reversal, the 
tumor penetration parameters can be tuned according to the system 
design requirements. In practical application, we may be able to use this 
system to predict the drug release rate as well as the penetration degree 
of nanomedicine in a solid tumor tissue. 

A stiff pore with a diameter of 20 nm was created in a coarse-grained 
molecular dynamics simulation model to account for the permeability 
difference between lipid nanodiscs (LNDs) and liposomes [67] (Fig. 5A). 
The results revealed that a flaking structure of LNDs composed of 
PEGylated lipids and high-melting-point phospholipids may perforate 
and spread more rapidly than traditional liposomes. Morphological 
modifications to facilitate the perforation could be beneficial for deep 
distribution of STING agonists. Deep penetration could also be achieved 
by nanoparticle deformation from layer by layer (LbL) NPs. Stiff-LbL NPs 
and Compliant LbL NPs were prepared with different levels of stiffness. 
The impact of the carrier deformability on tumor penetration was 
assessed from the degree of filter blockage and the presence of 
pre-labeled NPs in the filtrate using ultrafast centrifugation [68]. 
Therefore, the degree of deformation of nanoparticles could be opti
mized via in vitro simulations before they can applied to in vivo tumor 
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penetration. 
A technique was recently developed to real-time monitor pharma

cokinetics in live animal tumor tissues and assess tumor penetration. A 
microelectrode array sensor was used to track the concentrations of 
doxorubicin (DOX). The electrodes were vertically aligned in the center 
of the tumor tissue for in vivo monitoring of DOX when the mouse was 
under anesthesia. The entire apparatus [69], which resembles a broom, 
could continuously monitor the drug level in different tumor areas 
(Fig. 5B). The drug concentration in tumor tissues after surgical excision 
was detected in addition to in vivo intratumoral tests, confirming this 
device was able to detect the drug level at different depths of the tumor 
tissue from each independent channel of the electrode. Thus, this device 
could provide a novel means of evaluation of drug penetration in solid 
tumors by monitoring the drug concentration at various periods 
post-injection and at various depths of tumors. However, the flexible 
sensor has a specific requirement for the size of the tumor, which pre
vents its applicability to other animal tumor models. The position for the 
sensor insertion in tumor-bearing mice may vary with individual oper
ators, which could become an issue for the application of the tool. 

In addition, the degree of antibody drug penetration into tumors was 
evaluated as early as 10 years ago. In order to theoretically explain the 
findings and offer a context for drug absorption design [70], mathe
matical analysis of systematic clearance and the impediment before the 
antibody reached the tumor parenchyma was performed. A mathemat
ical mechanistic model was built for simulating physiological tumor 
drug delivery [71], and the penetration rates of nanoparticles at a size in 
a 1–250 nm range were predicted after anti-angiogenic drugs were 
applied to change the pore size distribution. The predictions suggest that 
vascular normalization combined with anti-angiogenic therapy can 
improve the effective delivery of small-sized therapeutic drugs, but not 
large-sized drugs. Similarly, in the development of tumor drug screening 
models for breast cancer, linear regression analysis was performed to 
reveal a quantitative structure-activity relationship that can help predict 
drug penetration into tumors [72], when a three-dimensional multi-
cellular sphere model to simulate ECM deposition was selected for drug 
screening. The infiltration models could be combined with in vitro or in 
vivo models to predict the infiltration degree of drugs, offering great 

insights into rational design of nanomedicine to improve drug pene
tration in solid tumors. Taken together, it will become essential for the 
development of models and tools for assessing tumor penetration, while 
the simulation of a real tumor environment, the maintenance of the 
healthy state of tumor-bearing mice, and the development of scientific 
assessment methods require a more innovative, integrated and 
comprehensive approach. 

2.4. PDX models 

Discrepancies between the preclinical and clinical trials results of 
nanomedicine is are a big obstacle in its development, and the estab
lishment of animal models to mimic a real tumor microenvironment is 
crucial for biological evaluation of nanomedicine. Many tumor models 
have been developed for biological evaluation of nanomedicine, 
including subcutaneous or in situ tumor models based on tumor cell 
lines, human-derived tumor transplantation models, or genetically 
engineered mice. Homotransplantation models, also known as cell-line- 
derived xenograft (CDX) tumor models, constitute the majority of ani
mal models utilized in the in vivo and ex vivo studies discussed in the 
previous section. Unfortunately, CDX models cannot completely address 
the complexity of patient tumor tissues [73]. Tumor heterogeneity is 
credited to significant differences in tumor proliferation and invasion 
[74], and the model to address tumor heterogeneity is critical for 
assessing nanomedicine for tumor diagnosis and treatment. To pursue 
an animal model that mimics a complex and realistic physiological or 
pathological environment in patient [75], patient-derived xenograft 
(PDX) models have been developed, and they have a number of ad
vantages. The PDX model is built by transplanting tumor tissues from 
patients into critically immunodeficient mice. Those immunodeficient 
mice have a low rejection rate for heterologous tissues, which pro
nouncedly improves the success rate of construcing a PDX model. The 
tumor tissues grow inside the mice to form the first-generation trans
planted tumors. The third-generation and above mice can be subjected 
to drug therapy. The PDX model can preserve the parental tumor growth 
microenvironment to a greater extent, and they are more conducive to 
retention of parental tumor traits and maintain tumor heterogeneity 

Fig. 5. Special experimental methods to study tumor penetration. (A) Coarse-grained simulation snapshots of the perforation behavior of (i) liposomes and (ii) 
nanodiscs. (B) Gold nanoporous microelectrodes implanted in mice to monitor the concentration of chemotherapy drugs at different time points. Detailed images of 
the enlarged sensor are also provided (Fig. 5A was reprinted with permission from Ref. [67]. Copyright 2022 Spinger Nature. Fig. 5B was reprinted with permission 
from Ref. [69]. Copyright 2022 AAAS). 
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compared to other animal models [76]. 
The PDX model has become popular for assessing the anti-tumor 

effect of nanomedicine. Post-surgical resection tissues from patients 
diagnosed with muscle invasive bladder cancer were transplanted sub
cutaneously through the skin to the NSG mice. The tumors were then 
transplanted into BALB/c nude mice after the tumors in NSG mice grew 
to a size of 500 mm3, and the PDX model after three generations was 
then used for in vivo evaluation of Poly(OEGMA)-PTX@Ce6 (NPs@Ce6) 
that consisted of a photosensitizer chlorin e6 and a histone B-sensitive 
polymer PTX [77]. After H&E staining of the transplanted tumors in the 
mice, this PDX model inherited histopathological features of the 
parental tumors. Subsequent examination of biodistribution and in vivo 
antitumor effects of NPs@Ce6 after its systemic administration showed 
that NPs@Ce6 demonstrated a strong inhibitory effect on tumor volume 
expansion after short-long-term irradiation, and tumors in 2 out of 5 
mice were completely ablated. In another example [78], tumor tissues of 
a prostate cancer patient were collected and planted the tumor blocks 
subcutaneously in the right hind limb to establish a PDX model to 
establish cRGD-MDTX, cRGD-directed docetaxel micelles with a small 
size and high stability. Within a 30-day cycle after administration, 
cRGD-MDTX displayed remarkable inhibition of tumor growth. They 
also established an A549 in situ graft tumor model as well as a PC3 
subcutaneous graft tumor model, confirming that cRGD-MDTX had 
comparable anti-tumor activity in vivo, and a density of cRGD-MDTX at 
4 % significantly blocked tumor progression. 

Apart from conventional CDX models and emerging PDX models 
[79], humanized mice have been constructed to equip an animal model 
with a human immune environment, thus human immune response to 
the administrated nanomedicine could be properly assessed in the ani
mal model. The development of humanized mice is complementary to 
the PDX model. These humanized mice could carry functional human 
genes, cells or tissues. Humanized mice are typically created through 
human stem cell transplantation [80], which are differentiated into 
humanized organs or tissues to determine the feasibility of the model. 
Humanization in the mice can also be accomplished by implantation of 
umbilical cord blood, bone marrow, and adult mobilized HSCs [81,82]. 
The xenograft mouse tumor model has a human-mimicking immune 
system and human tumor tissues, thus it could accurately capture the 
human immune response [83], and can be used for clinical therapeutic 
regimen development studies [84–88] on nanomedicine for immuno
therapy or vaccines and combine therapy with immunotherapy [89]. 

Despite the advantages of the PDX model including capturing the 
genetic complexity of the parental tumor, it has a few challenges before 
it becomes a workhorse in preclinical studies. There are many factors for 
the success of PDX xenografts in mice, including the tolerance of a 
mouse host, individual differences between mice, and the location of the 
xenograft [90]. The mortality rate of the mice for the PDX model is often 
very high before establishing a mature PDX model for a specific tumor. 
In addition, the PDX model often cannot sustain tumor growth in vivo. 
Although conditional reprogramming (CR) technology can be applied to 
maintain the stability of the PDX model without affecting basic biolog
ical properties [91], the CR technology is currently confined to an in 
vitro model, thus it is not able to mimic interactions of various sub
stances in an actual tumor environment [92]. 

PDX models are often preferential for studies on small-sized nano
medicine penetration. A redox-responsive copolymer-POEG-co- 
PVDGEM (PGEM) was used to co-deliver gemcitabine (GEM) and PTX 
[93], and this small-sized GEM-conjugated polymer-based nano
medicine was examined in a pre-partially knocked-down PDX model. 
The nanomedicine displayed effective accumulation within the tumor in 
the PDX model, and the degree of its penetration in the tumor tissues was 
assessed by staining of tumor sections. During the application of the PDX 
model, we can consider its combination with a CDX model or the CR 
technology in a complementary way to achieve specific requirements for 
preclinical evaluation of nanomedicine. 

3. Strategies to improve drug penetration into solid tumors 

The following sections will discuss how to create effective and effi
cient nanoscale drug delivery systems for nanomedicine and improve 
current nanomedicine platforms from the perspective of penetration. 
Strategies on manipulating the size/charge of nanoparticles or nano
systems in response to unique features of the TME, overcoming phys
ical/chemical/biological barriers of solid tumors, and remodeling of the 
TME are elaborated. 

3.1. The ECM of the TME 

TME is an extremely complex structure and it plays an essential role 
in drug permeability into solid tumors [94–96]. Drug penetration be
comes more critical for larger tumors [97,98]. There are three major 
constitutional components of the TME: matrix components, cellular 
components, and soluble factors [99]. It is well known that the TME has 
a high interstitial fluid pressure (IFP), which is derived from various 
internal mechanical pressures because the ECM, including collagen and 
hyaluronic acid, becomes denser and denser as the tumor develops. 
Cancer-associated fibroblasts (CAFs) in the TME not only promote the 
formation of the ECM, but also have an indirect effect on the IFP. CAFs 
also induce microenvironmental homeostasis in some types of gastro
intestinal cancer. The formation and origin of CAFs remains mysterious, 
but one hypothesis is that they are produced because of epithelial to 
mesenchymal transition (EMT). CAFs may originate from trans-
differentiation of surrounding cells mediated by transforming growth 
factor (TGF-β) [100]. TGF-β not only acts on fibroblasts, but also in
creases the myofibroblast population. It also participates in differenti
ation of different surrounding fibroblasts to CAFs, therefore, promoting 
ECM production and stimulating angiogenesis by secreting connective 
tissue growth factor (CTGF), vascular endothelial growth factor (VEGF), 
and other cytokines. The increasingly dense microenvironment in turn 
imposes a barrier for oxygen diffusion or transfer; and oxygen is 
excessively consumed by proliferative tumor cells, thus creating an 
oxygen-poor or hypoxia microenvironment. Tumor cells are able to 
gradually adapt themselves to the hypoxic condition, due to 
hypoxic-inducing factors (HIFs). In the hypoxia TME, the protein sta
bility of HIFs is greatly enhanced. 

To overcome the resistance for drug delivery into the dense network 
of the ECM including collagen and hyaluronic acid, targeted substances 
can be coated to the surface of nanomedicine. The ECM can also be 
degraded by the action of enzymes in nanomedicine. When the dense 
ECM becomes “loose”, the resistance of drug delivery in these networks 
could be greatly diminished. To modulate the entire microenvironment, 
special soluble factors that are important for the formation of the 
microenvironment could be elegantly manipulated, including CAFs, 
TGF-β that promotes the formation of CAFs, and HIFs that induce tumor 
cells to become adapatable to the hypoxia environment. Strategies for 
harnessing the above-mentioned ECM characteristics for nanomedicine 
development are elaborated in this section. These strategies for modu
lating the tumor microenvironment are shown in Fig. 6. 

3.1.1. Targeting collagen 
Specific characteristics of the ECM in solid tumors, such as a high 

level of collagen in the ECM, are often the target for the design of 
innovative nanodrug delivery systems [101]. Two primary protein types 
in the tumor ECM are collagen and glycoprotein, and collagen is the 
most abundant in the animal body. Several multi-functional nanodrug 
delivery systems with biomacromolecules at their cores have been 
developed in response to an exceptionally high level of collagen 
expressed in tumor neovasculature. Biomacromolecules, natural func
tional components in the body, have been explored in these drug de
livery systems, including proteins, polysaccharides, and lipids, due to 
their high biocompatibility, low immunogenicity, and targeting prop
erties. Albumin, which is commonly used as a nano-drug delivery 
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carrier, has been shown to bind to collagen domains that are rich in the 
TME (Fig. 7A). Albumin-based nanotherapeutics exhibit anti-tumor ef
fects and they have the ability to penetrate solid tumors [102,103]. 
Other biological macromolecules that specifically target collagen could 
be explored as drug delivery nanocarriers. Meanwhile, physical ap
proaches, such as heat generation, could be developed to locally regu
lating collagen tempo-spatially. High-temperature “melting” by 
nanoparticles was demonstrated to alter the collagen fibers of tumor 
tissues and improve the penetration of nanoparticles into tumors [104]. 

3.1.2. Degrading the ECM 
Efforts have been made into targeting multiple sites in the tumor 

microenvironment by a drug delivery system to achieve deep penetra
tion. In order to effectively penetrate the ECM, weakening the dense 
structure of the ECM is a promising strategy during the past few years. 
Moreover, modification of the ECM components or the ECM structure 
could have an impact on the genesis and growth of tumors. Both physical 
and biological techniques can be used to degrade the ECM. NIR irradi
ation as a physical approach was used to promote the release of losartan 
encapsulated in hollow mesoporous Prussian Blue nanoparticles 
(HMPBs) to degrade the ECM. It was demonstrated that the penetration 
depth of DOX in HMPBs was significantly enhanced [105]. In order to 
improve the overall tumor penetration effect, biological approaches 
using ECM-specific enzymes have been explored in the biochemical 
degradation of the ECM. Nanoparticle penetration in tumors can be 
enhanced by in-situ collagenase degradation of the ECM [62] (Fig. 7B). 
The collagenase-incorporated nanoscavengers at various sizes were 
prepared to break through the deep tumor penetration barrier and 
achieve deep retention in the tumor tissue [106]. Collagenase nano
capsules (Col-nc) derived from engineering polymers with heavy-chain 
ferritin (HFn) were used to encapsulate chemotherapeutic drug doxo
rubicin (DOX@HFn). This tactic was found to dramatically increase the 
penetration of nanoparticles [48]. Hyaluronic acid (HA), one constitu
tional component of the ECM, is overexpressed in pancreatic cancer 
[107], which creates a hostile tumor microenvironment for drug de
livery. A layered double hydroxide (LDH) nanoplatform modified with 

hyaluronidase (HAase) and loaded with DOX was developed to 
constantly release HAase to degrade the ECM in response to the pH 
gradient in the tumor environment, achieving better tumor penetration 
of DOX [108]. 

Matrix metalloproteinases (MMPs) play a critical role in tumor 
ecology and they are involved in matrix regulation [109]. It has been 
revealed that they have two essential effects on angiogenesis. Destroying 
the local ECM by MMPs to make room for endothelial cell growth results 
in activation of VEGF and fibroblast growth factor (FGF), thus promot
ing the epithelial-mesenchymal transition. In this context, MMPs can 
efficiently promote the development of fibrosis [110]. At the same time, 
MMPs have an inhibitory effect on angiogenesis, because MMPs was first 
identified as a collagen hydrolase in 1962. MMPs can degrade various 
proteins in the ECM, and some of the degraded fragments impose an 
inhibitory effect on angiogenesis, thus MMPs serve a regulatory role in 
growth signal transduction once the ECM is hydrolyzed by a protease 
(Fig. 7C). Inhibition of apoptosis and neovascularization by MMPs helps 
promote tumor invasion and metastasis and creates a favorable milieu 
for tumor growth. Collaboration between MMPs and tissue inhibitors of 
metalloproteinases (TIMPs) controls the ECM renewal rate under 
physiological conditions. In pathological cases, the degradation of the 
ECM by MMPs facilitates the invasion and metastasis ability of malig
nant tumors, which is recognized as an essential biochemical cue of 
tumor cell invasion and metastasis. Among them, MMP-2 has received 
great attention due to a high expression level of MMP-2 in the tumor 
ECM. A drug delivery system that is responsive to MMP-2 could be 
constructed to address the issue of drug impenetrability through the 
ECM. In this context, PEG-M-PPMT NPs were prepared, which were 
responsive to three unique features of the tumor microenvironment, 
including MMP-2. Response to MMP-2 in the ECM resulted in the 
shrinkage of the NPs [111], eventually achieving effective drug release 
in solid tumors. The MMP-2 responsive peptide is often employed as the 
building block for the nanoscale drug delivery system [112]. 
Multi-functional MMP/folate receptors (FR) micelles loaded with dasa
tinib (DSB) were developed for tumors with rich MMP-2 and FRs, and it 
was found that these micelles had excellent targeted uptake and tissue 

Fig. 6. Schematic illustration of the mechanisms of modulating the tumor microenvironment to achieve deep penetration. (A) Targeting collagen in the microen
vironment by albumin conjugates to enhance deep penetration. (B) Degradation of the ECM to facilitate transport of drugs encapsulated in polymers. (C) Molecules 
involved in remodeling the tumor microenvironment to promote drug penetration. Note: ECM, extracellular matrix; HAase, hyaluronidase; TME, tumor microen
vironment; IFP, high interstitial fluid pressure; CAF, cancer-associated fibroblast; TGF-β, transforming growth factor β; MMPs, matrix metalloproteinases; HIFs, 
hypoxic-inducing factors; CTGF, connective tissue growth factor; VEGF, vascular endothelial growth factor. (Fig. 6 was created with BioRender.com.). 

X. Shen et al.                                                                                                                                                                                                                                    



Bioactive Materials 32 (2024) 445–472

454

penetration in tumor tissues [113–115]. Another membrane type 1-ma
trix metalloproteinase (MT1-MPP) lysable peptide was used in a delivery 
system, DOX-loaded liposomes, the resulted nanomedicine MC T-DOX 
displayed excellent penetration and tumor cellular uptake performance 
by indirectly using the angiogenic activity of MMPs [116]. 

3.1.3. ECM remodeling 
Several distinctive molecules and cells play a critical role in matrix 

regulation, including CAFs, TGF-β, and HIFs. Elucidation of their impact 
on modulating the matrix environment helps formulation of rational 
strategies for precise design of nano-drug delivery systems to orchestrate 
the biological role of these cells and molecules within this matrix. 

CAFs are the most abundant and important stromal cells in the TME, 
and they are the workhorse for generating a solid tumor stroma. Given 
their critical involvement throughout tumor development, modulation 
of CAFs represents a viable avenue for intervention of the ECM. TGF-β 
promotes the activation of CAFs, thus TGF-β inhibition could prevent 
CAFs proliferation and/or differentiation. An illustrative example is FA- 
EDTA/ICG Lip NPs - a nanoformulation prepared by linking folic acid 
and polyethyleneimine to the liposome surface via electrostatic in
teractions, and encapsulating both ethylenediaminetetraacetic acid 
(EDTA) and indocyanine green (ICG) within the liposome interior. 
Chelation of EDTA with magnesium ions (Mg2+) was effective in 

suppressing glycolysis, and the extent of inhibition was determined by 
the amount of chelated Mg2+. It also down-regulated the production of 
TGF-β by reducing its mRNA expression. A decrease in type I collagen 
was found by immunofluorescence staining of tumor tissues, thus con
firming a decrease in the production of the ECM and achieving micro
environmental regulation. Another two chemical moieties in the 
nanomedicine contributed to anti-tumor effects: FA helped increase 
uptake of nanoparticles, and the photosensitizer ICG was induced to 
produce ROS in response to NIR stimulation. Therefore, the nano
formulation achieved deep tumor penetration as well as displayed a high 
anti-tumor effect in vivo [117]. In addition, the regulation of CAFs has 
antitumor implications. DAS@CDC was designed from chondroitin sul
fate. The formation of the nanosystem was jointly driven by hydro
phobic action and electrostatic interaction. Treatment with DAS@CDC 
reversed the phenotype of CAFs and reduced the deposition of type I 
collagen [118], thus achieving enhanced anti-tumor effects in vivo. 

An increased IFP, a hallmark in solid tumors, is caused by the 
compression of blood and lymphatic arteries as a result of hypoxia in the 
microenvironment, cell proliferation, ECM deposition, and homeostatic 
imbalance [119]. This increased IFP impedes efficient drug delivery 
from the circulation to the tumor site. Regulation of CAFs is an effective 
adjuvant method for drug sensitization and relieve the increase in the 
IFP. In addition to using a physical method to consume CAFs to facilitate 

Fig. 7. Modulation of the tumor microenvironment to achieve deep penetration. (A) Targeting collagen in the tumor microenvironment via DOX-CBD-SA to enable 
drug accumulation and deep penetration: (i) Schematic representation of the mechanism of action of DOX-CBD-SA. (ii) Structure of the conjugate. iii) Deep 
penetration achieved by this conjugate. (B) Diagram for the mechanism of peptide hybrid liposomes (MRPL) responsive to MMP-2 in the tumor microenvironment to 
achieve deep penetration: Illustration of down-regulation of the ECM in pancreatic tumors via MMP-2-responsive MRPL. (C) Schematic for the mechanism of action of 
MMPs. MMPs play a critical role in remodeling of the extracellular matrix and facilitating deep penetration of therapeutic agents in the tumor microenvironment. 
Note: CBD, collagen-binding domain; SA, serum albumin; DOX-CBD-SA, Doxorubicin was conjugated to the CBD-SA; MMPs, matrix metalloproteinases; MRPL, a 
matrix metalloproteinase-2 responsive peptide-hybrid liposome. (Fig. 7A was reprinted with permission from Ref. [102]. Copyright 2019 AAAS. Fig. 7B was adapted 
with permission from Ref. [62]. Copyright 2017 American Chemical Society. Fig. 7B and C were created with BioRender.com.). 
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tumor penetration [120], CAFs can be regulated through soluble signal 
factors. Tranilast, an anti-fibrotic agent, can decrease the expression of 
VEGF and TGF-β, leading to a decrease in active CAFs, and a reduction in 
the IFP. A nanomedicine, DTX-Ms, included, tranilast and a chemo
therapeutic agent doxcetaxel (DTX) since DTX impairs microtubule 
proteins to achieve tumor-killing effects. This nanomedicine was found 
to overcome the tumor-promoting barrier of CAFs [121], and normalize 
microvessels to improve drug penetration and retention, leading to an 
enhanced drug delivery efficiency. 

Hypoxia is one of the hallmarks of tumor tissues and this low oxygen 
level is ascribed to the growth of aggressive cancer cells [122]. Hypoxia 
may be a contributing factor for a tumor to develop drug resistance 
[123,124]. Signal factors induced by hypoxia, HIF-1α and HIF-2α, are 
discovered to upregulate the expression of collagen hydroxylase P4H 
and oxidase lysyl oxidase (LOX) in tumor cells [125], thereby promoting 
collagen degradation and alleviating collagen accumulation, which 
subsequently facilitates tumor metastasis. Hyperbaric oxygen potenti
ates (HBOs) have been utilized to reduce the deposition of collagen 
[126], overcome the hypoxia condition in the tumor and improve the 
penetration of nanomaterials in the tumor. In the presence of an HBO, 
the expression of HIF-1α was reduced, which was accompanied with a 
VEGF expression inhibition rate of 85 % [127]. In this context, the in
hibition of HIF-1α is frequently presented as an adjunctive method of 
anti-tumor therapy [128–130], as HIF-1α inhibitors could indirectly 
regulate angiogenesis to block the supply of blood nutrients to tumors. 
However, an effective dose of HIF-1α inhibitors should be applied as an 
overdose is detrimental to the human body. The advantages and dis
advantages of each of the above mentioned strategies are displayed in 
Table 1. 

3.2. Strategies for changing vascular physiology 

3.2.1. Penetration strategies for special biological barriers 
The blood-brain barrier (BBB) is a special structure that gradually 

differentiates during the development phase in the human body and this 
structure is adapted to a high level of metabolic activity of the brain. 
Neurons and the surrounding highly branched cerebral vascular 
network co-evolve [136]. Endothelial cells are the main anatomical core 
element of the BBB, and the drug permeability through the BBB is 
significantly reduced because of the gaps between endothelial cells 
[137]. An interdisciplinary approach is pursued to achieve optimal drug 
delivery through the BBB for brain cancer. 

Glioblastoma multiforme (GBM) is a deadly intracranial tumor. One 
of promising treatment methods for GBM is the development of a drug 
delivery system that can penetrate the BBB and reach the intracranial 
space [138]. Nanoparticles during the BBB transmission process often 
face challenging issues, such as low affinity, poor selectivity, and im
mune clearance. Metastatic cancer cell membrane-coated nanoparticles 
were prepared for treating GBM because the vast majority of tumors 

have brain metastasis (BMS) complications. The core of the nano
particles was ICG-loaded polymeric nanoparticles (NPs) prepared from 
poly(caprolactone) (PCL) and pluronic copolymer F68. The drug de
livery system displayed an improved penetration efficiency through the 
BBB and a promising therapeutic effect for early brain tumors [139]. 

Ultrasound is an emerging strategy for promoting drug penetration 
through the BBB. The drug enters the patient bloodstream in the form of 
microbubbles (MBs). Ultrasound resonance generated from a small ul
trasound transmitter on the patient head helps widen the gap between 
endothelial cells in the BBB, thus facilitating the entry of the drug into 
the brain site. It was discovered that trastuzumab could be administered 
to cross the BBB using an image-guided technique. The use of MR-guided 
focused ultrasound (MRgFUS) could temporarily improve trastuzumab 
flow through the BBB. It was shown that this procedure could deliver 
monoclonal antibodies to brain sites without causing any harm [140]. 
Magnetic resonance image (MRI)-guided focused ultrasound (FUS) and 
MBs have also been employed to improve the brain penetration effect for 
nanoscale drug delivery systems. FUS-mediated procedures can 
dramatically increase tumor interstitial convection and disperse brain 
penetration nanoparticles (BPNs) [141], so BPNs could overcome the 
BBB and the blood-brain tumor barrier (BTB) in the brain tumor tissues. 
BTB usually prevents drugs from entering intracranial tumors, and it is a 
major obstacle in the treatment of intracranial tumors due to its char
acteristics such as vascularization and endothelial permeability. As a 
result, the opening of BTB and BBB in tandem for drug transport is 
frequently explored [142]. 

The basement membrane (BM), a critical component of the BBB, 
maintains the integrity and functionality of the BBB [143]. The BM is 
often found around vascular endothelial cells and mural cells, and it is a 
dense, cross-linked, sheet-like extracellular matrix. Despite its lack of 
cellular compositions, it plays an important role in maintaining physi
cochemical properties of the vascular environment and the composition 
of the BBB for its biological integrity [144,145]. The BM [146] not only 
exhibits as a direct physical barrier for nanoparticle movement, but also 
affects epithelial cell physiology thus acting as an indirect barrier. A 
pivotal study revealed the challenge posed by the BM for nanomedicine 
delivery into tumors [147]. ICG@NPs were used as a photothermal 
agent for local hyperthermia therapy (LHT). After NPs crossed the 
endothelial barrier, the perivascular NP pools were found in the sub
endothelial space without entry into the tumor tissue due to the presence 
of BM. The number of NPs pools increased after opening of the endo
thelial linkage gaps under LHT, and leukocytes were recruited by acti
vated platelets into the tumor site, leading to inflammation and 
neutrophilic infiltration. After immune cells passed through the vascular 
system [148] and neutrophils migrated through the BM, NPs pools 
erupted into the tumor site. The synergistic effect of LHT and the dy
namic opening of the endothelial gaps upon migration of neutrophils 
through the BM ultimately results in effective drug delivery. The 
development of nanomedicine for anti-tumor treatment should consider 

Table 1 
Advantages and disadvantages of strategies to de-densify ECM.   

Advantages Disadvantages Ref. 

Targeting 
collagen  

1. Low toxicity and side effects.  
2. Collagen-specific treatment strategies may prevent tumor metastasis and 

progression.  

1. Potential for drug resistance.  
2. The complexity in the ECM composition and structure, and the 

presence of intratumor heterogeneity limit targeted therapy for 
ECM. 

[131] 
[132] 
[102] 

Degrading 
ECM 

Deactivating the pro-tumorigenic function of ECM after degradation via proteases.  1. Enzyme usage may trigger immune reactions.  
2. Extensive ECM degradation might destabilize the tumor 

structure to induce metastasis. 

[133] 
[134] 
[135] 
[107] 
[108] 

ECM 
remodeling  

1. Inhibiting the expression of proteins in a variety of pathways leads to a reduction 
in the metastatic potential of cancer cells, thus blocking metastasis and inhibiting 
tumor progression.  

2. Tumor pathway inhibitors can be used in combination with other agents to 
achieve better anti-tumor effects.  

1. Cancer metastasis is tissue-specific, and complex intervention 
measures are required.  

2 . Unpredictable effects, such as immune suppression.  
3. More clinical trials specifically on ECM remodeling events are 

needed. 

[119] 
[120] 
[126] 
[127]  
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the complex barrier properties of the BM. By demystifying and 
exploiting the characteristics of the BM, promising strategies could be 
formulated to improve the intratumoral delivery efficiency of 
nanomedicine. 

3.2.2. Vascular physiological changes based on RNS and NO 
Nitric oxide (NO) is considered as a communication medium be

tween cells and it plays an important role in the human body. All cells in 
the human body can produce NO. Angiogenesis is a physiological pro
cess to develop new blood vessel networks required for normal body 
function. NO is a crucial signaling molecule in the control of local 
angiotasis and it is rapidly produced by endothelial cells via a unique 
isotype of nitric oxide synthase (eNOS) [149]. The vasodilator property 
of NO was initially found in 1980. This property has been explored to 
help drug penetration. It has been reported that solid tumors obtain their 
nutrients from capillaries to promote abnormal proliferation and 
metastasis of tumor cells. Dilation of deep tumor blood vessels in the 
tumor parenchyma with aberrant blood vessels via regulating NO in 
order to improve the penetration of drugs into solid tumors could be a 
promising approach. 

DNP nanoparticles were designed to incorporate docosahexaenoic 
acid (DHA) and nicorandil (NI). In reaction to glutathione (GSH) in 
tumor cells, the released DHA and NI from the DNP nanoparticles pro
duced reactive oxygen species (ROS) and NO. NO-mediated vasodilation 
assisted in hypoxia relief and stress elevation in tumors, thereby 
boosting ROS-dependent toxicity and enhancing deep tumor penetra
tion. Meanwhile, lethal reactive nitrogen species (RNS) was generated 
via ROS and NO in situ [150,151], and RNS could cause DNA strand 
damage and inhibit DNA repair enzymes, thus leading to cell apoptosis 
[152]. This approach allowed gradual penetration of drugs into the 
tumor, achieving the anti-tumor effect through cascade amplification. 
Similarly, intelligent nanoparticles called IDDHN consists of two major 
components, IDD and HN. IDD is a derivative prodrug of DOX and ICG, 
and HN refers to HAase-sensitized and NO donor-modified HA shells. 
IDDHN were irradiated to promote the release of NO in-situ by a laser, 
thereby extending the depth at which drugs were absorbed [153]. Apart 
from the vasodilation effect of NO on blood vessels, low-dose radio
therapy to increase the level of NO could enhance transient vascular 
permeability and ultimately increase drug penetration [154]. 

3.3. Structural changes 

Structural design of nanomedicine plays a critical role in enhancing 
drug penetration into tumors. Incorporating various structural moieties 
to manipulate the size, shape, charge, surface functionalities, and 
stimuli-responsiveness [155] into a nanoparticle assembly allows for 
improved drug stability during transport, selective drug delivery, and 
effective tumor penetration, ultimately enhancing therapeutic efficacy. 
By carefully considering and optimizing these structural moieties, 
nanodrug delivery systems can be designed to efficiently target tumor 
sites, overcome biological barriers, and enhance drug penetration within 
tumors. For example, the hydrophile-lipophile balance (HLB) plays an 
important role in the self-assembly behavior of nanoparticles and 
amphiphilic molecules [156,157]. Manipulating the HLB of amphiphilic 
nanoparticles not only enables them to spontaneously self-assemble into 
ordered structures such as micelles, vesicles, or lipid bilayers [158], 
ensuring stability during transport before reaching tumor regions and 
facilitating cellular uptake and internalization. In addition, size modu
lation of nanodrug delivery systems is the most sought strategy for their 
preferential accumulation in the tumor microenvironment through the 
well-known “enhanced permeability and retention” (EPR) effect, which 
is characterized by the leaky vasculature and impaired lymphatic 
drainage in solid tumors [159,160]. However, these structural design 
strategies are primarily based on passive tumor penetration driven by 
the EPR effect, and the degree of tumor penetration of nanodrug delivery 
systems remains very disappointed. The strategies for different kinds of 

structural changes are displayed in Table 2. 
Characteristic factors in the tumor microenvironment, such as ECM 

deposition and an IFP, have been revealed to resist the penetration of 
nanosystems into deep regions of tumors away from the vasculature 
[161,162]. Therefore, active strategies have been proposed to enhance 
tumor penetration through rational design of nanomedicine by exploi
tation of tumor-specific physiological and pathological features. For 
example, a size-switching strategy has been proposed: larger nano
particles transform into smaller ones upon entering the tumor 
[163–166], effectively increasing the depth of drug penetration [167, 
168]. Additionally the design of nanomedicine with charge-reversal 
properties has been reported [169–172]. Maintaining neutral or 
weakly negative surface charges in the circulation and switching to 
positive charges within tumors can improve tumor penetration while 
reducing toxicity and uptake by the reticuloendothelial system. 
Furthermore, self-assembled nanomedicines can maintain their assem
bly structures in physiological conditions for drug delivery and disas
semble within tumors, promoting drug penetration [173–176]. These 
structure-changeable strategies can be externally triggered using pho
tothermal ultrasound or magnetic fields, or more specifically driven by 
tumor microenvironments, offering significant potential for enhancing 
tumor penetration. 

This section discusses active tumor penetration strategies in nano
medicine by exploiting external stimuli or features of the tumor 
microenvironment to offer structural variations of nanodrug delivery 
systems. The strategies covered in this section are briefly illustrated in 
Fig. 8. 

3.3.1. External stimuli 
Near-infrared (NIR) light is an example of an external stimulus 

[177–180]. “Remote-controlled cluster bombs” [181] with the ability of 
deep penetration into solid tumors were designed for tumor therapeutic 
treatment. The cluster bombs, HBPTK-Ce6 NPs, were induced to 
generate a high level of ROS at the tumor site under 660 nm laser 
irradiation. ROS-responsiveness of these NPs led to programmed size 
reduction for deep tumor penetration [182]. Although it was not the 
primary method utilized in this investigation to control size changes of 
NPs, light-stimulus response was a quick and efficient strategy to pro
mote nanoparticle degradation [181]. Both SNPICG/Ce6 [183] and a 
photothermal-responsive albumin nanocluster (ICG@HSA-Azo-HP) 
[184] were developed based on an anoxic microenvironment and their 
tumor penetration was gradually modulated. Triggers for the structural 
change of these nanoparticles were either directly or indirectly from 
light. 

External stimuli also include ultrasound [185], magnetism 
[186–188], and other sources. Deformable nanocomplexes, DAT-PPED&F, 
could achieve deep tumor penetration through magnetic control [189] 
and reprogramming. Ultrasonography was applied to induce release of 
an anticancer drug, adriamycin (ADM) from adriamycin gelatin nanogel 
modified with fluoride anion (ADM-GNMF) [190]. Moreover, ultra
sound guidance can dramatically enhance the drug delivery efficiency 
[191,192]. Ultrasound-induced cationic nanodroplets with variable 
sizes have been shown to enhance tissue and cell permeability [193]. All 
of the stimuli mentioned above cause the nanoparticles to deform or 
undergo structural changes, resulting in the release of the encapsulated 
drug, thus achieving effective treatment. 

3.3.2. Internal stimuli 
Various specific enzymes and pH gradients in the tumor tissue are 

examples of internal stimuli [194–197]. Due to a moderate acidity of the 
tumor microenvironment, pH variations are often used as a stimulus to 
induce changes in the size of nanoparticles to promote drug penetration 
[198–200]. pH-sensitive chemical bonds are often employed in poly
mers [201,202], or inorganic compounds for therapy and diagnosis, and 
breakage of these chemical bonds in response to an acidic environment 
in the tumor could lead to size changes for successful deep penetration of 
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the tumor. An instant acid-responsive size-changeable drug delivery 
system (SA-DOX@HA-CD) was developed. This nanosystem could 
rapidly break down into monomers in a mimicking microenvironment 
(pH6.5), and this response to this immediate pH resulted in a 100 % 
disassembly efficiency for the nanosystem [203]. Ultra-pH-sensitive 
size-switchable SCNs/Pt was prepared for improved tumor penetration 
and cancer treatment [162]. A multifunctional two-component NP (PP 
NP) driven by electrostatic interactions, PEG-b-PAMAM/Pt, was con
structed. This NP could disassemble in response to a slightly acidic 
environment of tumors but re-assembled into small NPs under infrared 
laser irradiation [64]. Endogenous activation by the tumor 

microenvironment promoted structural alterations of the nanoparticle. 
After structure alterations, the PAMAM dendrimer prodrugs remained at 
5 nm in size, and they exhibited excellent penetration capacity [204] 
(Fig. 9). Enzymes as another stimulus are widely employed to trigger the 
size change of nanoparticles. For example, given abundant MMP-2 in the 
tumor microenvironment, MMP-2 responsive nanoparticles with vari
able sizes, UAMSN@Gel-PEG, were prepared. Gelatin was used as the 
substrate of MMP-2 in the nanoparticles. When the nanoparticles 
accumulated at the tumor site due to the EPR effect, MMP-2 rapidly 
digested gelatin in the nanoparticles, facilitating deep penetration of 
UAMSn-loaded ammonia borane into the tumor [63]. Size shrinkage of 

Table 2 
Structural change strategies.   

System name Mechanisms Experimental animal 
model 

Size changes (nm) Penetration Model/imaging 
methods in Tumors 

Ref. 

External physical 
stimulation 

HBPTK- 
Ce6@CPT 

ROS & light triggered size- 
reduction 

HT29 xenografts tumor- 
bearing nude mice 

210-110-40 HT29 MCSs and frozen 
sections 

[182] 

PDA@GNRs- 
DOX/Ce6 

NIR light triggered size 
conversion 

U14 tumor-bearing 
mice 

440-150-50 Real-time thermal imaging in 
vivo 

[181] 

ICG@HSA-Azo- 
HP 

Photothermal triggered size- 
shrinkage 

4T1 tumor-bearing mice 140–11 4T1 multicellular tumor 
spheroids (MTSs) and frozen 
sections 

[184] 

DAT-PPED&F Magnetic actuated TAT 
reactivation 

MDA-MB-231 xenograft 
tumor tissue 

180-100 (acceptable 
deformation penetration 
diameter) 

Ex vivo visualized via CLSM [54] 

ADM-GNMF Ultrasound triggered response / 46 ± 12-1212± 35 (drug 
release) 

/ [190] 

Tumor internal 
environment 
response 

PDPP@D Neighboring effect triggered by 
pH/redox conditions 

4T1tumor-bearing mice 60 4T1 MTS and frozen sections [42] 

GFLG-DP CTSB triggered stealthy-to- 
sticky conversion 

4T1 tumor-bearing mice 150-80-20 4T1 MCSs and in vivo real- 
time imaging 

[205] 

IDDHN HAase triggered size shrinkage 4T1 breast cancer- 
bearing mice 

264-(most at 29–50) 4T1 MCSs and ex vivo 
imaging 

[153] 

UAMSN@Gel- 
PEG 

MMP-2 triggered size shrinkage 4T1 tumor-bearing mice 76–6.5 Ex vivo and visualized by 
CLSM 

[63] 

iCluster/Pt Intrinsic tumor extracellular 
acidity triggered structural 
alteration 

BxPC-3 pancreatic 
tumor-bearing mude 
mice 

100-(~5) (release small 
PAMAM prodrugs) 

BxPC-3 MCSs and 
histological analyses 

[204] 

SCNs/Pt pH triggered size transition BxPC-3 xenografts 
tumor-bearing mice 

80-(less than 10) BxPC-3 MCSs and real-time 
imaging by intravital CLSM 

[162] 

SA-DOX@HA- 
CD 

pH triggered self-disintegration 
of nanoassemblies 

4T1 tumor-bearing 
BALB/c mice 

(150–200)-(30–40) 4T1 tumor spheroids and 
fluorescence imaging 

[203]  

Fig. 8. Illustration of multiple strategies for improving tumor penetration of nanomedicine. (A) Utilization of external stimuli, such as NIR light, ultrasound, 
magnetic fields and other physical sources to induce in vivo response of nanomedicine, leading to its size shrinkage to improve its antitumor therapeutic effect. (B) 
Utilization of internal stimuli to strengthen the antitumor effect of nanomedicine by improving drug penetration through the action of enzymes like MMPs and HAase 
or at a low pH in the tumor microenvironment. (Fig. 8A and B were created with BioRender.com.). 
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intelligent nanoparticles, IDDHN [153], was triggered by HAase in the 
tumor microenvironment. 

3.4. Active tumor penetration 

The concept of “active tumor penetration” is emerging as a promising 
approach to addressing the challenge for in vivo delivery of nano
medicine. This approach enhances tumor penetration by modulating 
structural properties of nanomedicine such as morphology, size, and 
charge or incorporating specific ligands/moieties on the surface. Major 
strategies have been proposed for this approach, including: 1) modifi
cation with cell-penetrating peptides; 2) intercellular transport; 3) 
cationization-mediated active transcytosis; and 4) organelle-affinitive 
transfer (OAT). 

3.4.1. Cell-penetrating peptides 
Specific ligands have been employed to successfully achieve active 

tumor targeting, and these ligands can be explored to enhance tumor 
penetration of nanomedicine through surface modification. This active 
tumor penetration strategy is evolved from the active targeting ligand 
modification method. A common method of implementing this strategy 
is the use of cell-penetrating peptides (CPPs). 

CPPs are short peptide sequences, typically consisting of 5–30 amino 
acids. They possess remarkable membrane crossing capabilities, allow
ing CPPs-modified nanomedicine to traverse biological membranes and 
enter cells [206–209]. After attachment of CPPs to the surface of 
nanocarriers, such as liposomes, through covalent or non-covalent sur
face modification techniques, cell-penetrating properties of CPPs could 
facilitate efficient interaction between CPPs-modified nanocarriers and 
tumor cell membranes [210,211]. CPPs can also be strategically 
camouflaged to avoid non-specific internalization [212]. Therefore, the 
incorporation of CPPs to nanocarriers can help deliver drug molecules in 
the nanocarriers into deeply-seated tumors with an improved efficiency 
in overcoming the tumor cell membrane barrier and an elevated level of 
transportation and penetration within the stromal tumor [213]. The 
transmembrane mechanisms of CPPs include direct penetration, entotic 
absorption, and an inverted colloidal model. For example, smart nano
particles based on CPPs were prepared in a neutral environment using a 
ligand-switchable method. Upon exposure to an acidic environment, 
CPPs were concealed in the blood under a PEG corona and they were 
exposed to the tumor cell membrane upon arrival of tumor sites after the 

PEG corona was deshielded from the nanocarrier [214]. 
PTX-encapsulated, CPP-modified transfersomes (CTs) (PTX-CTs) were 
developed for the treatment of cutaneous melanoma. 

Arginine-rich CPPs, which readily accumulate in selected organs, are 
the most commonly utilized CPPs for drug delivery nanocarriers [215]. 
In contrast, R8, another representative CPP, is often used for penetration 
of tumor xenografts. R8 is a stearylated product at the N-terminus of 
CPPs with stearyl-octaarginine, and it is useful for the delivery of nucleic 
acid pharmaceuticals (NAPs) [216]. Due to its highly internalized ca
pacity and versatility in structural modification, R8 has been widely 
adopted for anti-tumor drug nanocarriers [215]. Derived from a R7 
(RRRRRWW)-functionalized CPP, a P9 (RRRRRWWPP) was recently 
reported to complex with PTX, and this complex system, P9-PTx, dis
played low toxicity and great biocompatibility [217]. The affinity be
tween PTX and a CPP could also be achieved via double-proline in the 
CPP. However, direct application of CPPs is hampered by their 
non-specific targeting effect and their potential to be recognized and 
cleared by the RES. Improving the targeting ability of CPPs has been 
explored. A CPP that recognized the RRRRRRRRRRRRDGR (R8-dGR) 
dual receptor was developed to specifically target the integrin αvβ3 and 
NRP-1 receptors, thus facilitating penetration in solid tumors [218]. A 
multifunctional liposome (CL-R8-LP) was developed by incorporating 
R8. R8 was able to penetrate the cytoplasmic membrane barrier during 
liposomal drug delivery. Cholesterol-anchored reduction-sensitive PEG 
was conjugated to mitigate the clearance of R8-functionalized lipo
somes. This surface modification method increased non-specific CPP 
osmosis and improved tumor targeting [219]. 

In recent years, the iRGD peptide has been widely utilized as a tar
geted peptide for tumor imaging. It is a family member of the tumor 
penetrating peptide (TPP) and it has a unique amino acid sequence. Due 
to its great affinity and precise binding, it can help deliver both imaging 
agents and anticancer drugs deep inside tumors. Dual-channel fluores
cent iRGD was developed to demonstrate that the conjugation of iRGD to 
pharmaceuticals could improve the penetration of nano-drugs in tumors 
[220]. Recent studies have revealed that iRGD penetrates tumors 
through the β5 integrin-mediated molecular pathway. The 
iRGD-conjugated nanomedicine could successfully reach deep tumor 
tissues through the fiber network of pancreatic tumors [221]. This 
polypeptide peptide was found to bind to neuropilin [222], one of the 
highly expressed proteins in pancreatic cancer cells. The binding process 
promoted endocytosis of the nanomedicine and vesicle trafficking inside 

Fig. 9. (A) Schematic representation of the mode of action of positively charged nanoparticles (PEG-b-PAMAM/Pt) under acidic conditions, scale bar: 100 μ m. (B) 
Induction of apoptosis by nanoparticles under different pH environments. (C) Differential permeability of Cy5-labeled nanoparticles under different pH conditions. 
(Fig. 9A–C were reprinted with permission from Ref. [162]. Copyright 2016 American Chemical Society.). 
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cells. An iRGD-based pattern peptide amphiphile self-assembled into 
spherical nanovesicles. The nanoplatform could improve photodynamic 
therapy as well as intratumoral accumulation [223]. By evaluating a 3D 
cell ball penetration model, iRGD and pH-sensitive fluorocarbons were 
incorporated into a nanocarrier with enhanced intratumoral accumu
lation in the original breast cancer tumor [224]. It was also discovered in 
a multicellular sphere model that iRGD increased the number of 
tumor-specific T cells when it was conjugated to T cell surfaces [225]. 

Although CPPs are often considered to help penetrate solid tumors 
due to their effective membrane penetration, the general applicability of 
CPP-mediated penetration is constrained by its non-selectivity and lack 
of receptor specificity. CPPs could be loaded onto other nanoscale car
riers with specific selectivity towards tumor cells. Alternatively, the 
primary component of the CPP or its structural design could be 
manipulated to enhance its selectivity and specificity to tumor cells. The 
TPP, represented by iRGD, could be versatilely incorporated to nano
scale carriers to enhance intratumor accumulation and intertumor 
penetration. 

3.4.2. Intercellular transport 
Intercellular communication is critical for maintaining physiological 

function and influencing pathological development. The primary 
method by which neighboring cells communicate is through the inter
cellular transport of substances, including inorganic ions, neurotrans
mitters, and small protein molecules. Recently, novel methods of 
communication have been identified, such as tunneling nanotubes [226, 
227] (TNTs) and extracellular vesicles (EVs). The identification of EVs 
reveals that cells can transfer materials between each other via vesicular 
transport [228,229], providing a biological basis for designing nano
medicines that exploit intercellular transport for enhanced tumor 
penetration. 

In the context of drug delivery systems in tumors, this phenomenon is 
also known as the neighboring effect (Fig. 11A). This occurs when tumor 
cells act as an in-situ drug reservoir after they engulf drug-loaded 
nanomedicine [230]. Drug-loaded nanomedicine uptaken by tumor 
cells close to the vascular system often promotes their apoptosis, and the 
engulfed drug is released from dying cells. Recent studies indicates that 
apoptotic bodies (ApoBDs), specific extracellular vesicles involved in 
intercellular communication, mediate this transport process, thereby 
facilitating drug transport between cells. When tumor cells undergo 
apoptosis, the ApoBDs secreted during tumor cell apoptosis can store the 
engulfed drugs by tumor cells. These ApoBDs can then efficiently deliver 
the entrapped drug into surrounding cells through extensive phagocy
tosis, achieving active intercellular drug transport [231]. This strategy 

can enhance drug penetration and distribution beyond the immediate 
vicinity of the vascular system in the tumor, thereby improving the 
therapeutic efficacy. It is especially appealing in tumors with hetero
geneous cell distribution [232,233]. However, the role of the 
ApoBDs-mediated intercellular transport (also known as the 
ApoBDs-mediated enhanced neighboring effect) in promoting tumor 
penetration is often impaired, which may be due to drug consumption 
and/or drug resistance in hypoxic tumor cells. Novel approaches have 
been explored to effectively transport a high dose of nanomedicine be
tween cells after tumor cell death. 

To achieve the best penetration-enhancing effect, nanomedicine 
could be designed to release its therapeutic agent(s) in a controlled and 
sustained manner. This ensures that the therapeutic payload is available 
for diffusion over an extended period, repeatedly infecting more 
neighboring tumor cells. In addition to traditional chemotherapy to kill 
tumor cells, radiotherapy, photodynamic therapy [234], and other 
apoptosis-inducing therapies can be employed [235]. Chemotherapeutic 
nanomedicine could enhance drug penetration in solid tumors and 
amplify their therapeutic effects through the neighboring effect 
(Fig. 10). Combining different therapeutic agents within a nano
medicine can potentiate this process. For example, a recent study has 
reported the use of self-assembled PEGylated dendritic 
peptide-pyropheophorbide a (Ppa) conjugates (PDPP) to encapsulate the 
chemotherapeutic drug DOX, resulting in a pH- and redox-responsive 
nanomedicine, PDPP@D [42]. It has been demonstrated that the nano
medicine significantly promoted drug release from dead tumor cells and 
the released drug retained its active form to exert cytotoxicity on 
neighboring tumor cells. This notable intercellular drug transport was 
attributed to the drug release mechanism of the nanomedicine: a low 
intracellular/lysosomal pH rapidly protonated DOX, and a high level of 
cytoplasmic GSH triggered disulfide bond cleavage, leading to the sus
tained release of DOX and Ppa from PDPP@D. Moreover, the combi
nation of photodynamic therapy and chemotherapy more effectively 
induced irreversible ER stress in tumor cells and promoted apoptosis, 
resulting in enhanced drug penetration into tumor tissues and a signif
icantly prolonged drug residence time. 

Consequently, by rationally optimizing nanodrug strategies, such as 
combination therapy, it’s possible to amplify the intercellular drug 
transport, enhancing drug penetration and eradicating tumors. There
fore, inducing and enhancing the intercellular drug transport can be 
viewed as a strategy to promote active tumor penetration. This approach 
holds potential for innovative therapeutic methods, aiding in the battle 
against cancer by maximizing the reach and efficacy of treatments. 

Fig. 10. (A) Fluorescence confocal microscopy images capturing gradual infiltration of PDPP@D nanoparticles from external blood vessels of the tumor to the inside 
of the tumor. (B) Quantitative fluorescence intensity of Ppa for free Ppa, PDPP and PDPP@D in tumors of mice at different time points (n = 3). (Figs. 10A and B were 
reprinted with permission from Ref. [42]. Copyright 2022 Wiley.). 
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3.4.3. Cationization-mediated active transcytosis 
Transcytosis, a critical subtype of vesicle-mediated transport, has 

been explored as a mechanism for drug delivery. It can facilitate active 
penetration of nanomedicine into solid tumors through a series of bio
logical barriers [236], including the tumor microenvironment, ulti
mately reaching deeper tumor sites [237]. Absorptive-mediated 
transcytosis (AMT), a specific type of transcytosis, is executed by 
recruiting nanomedicine onto a cell surface, triggering cellular inter
nalization and transcellular transport [238]. This process is particularly 
attracting because nanocarriers in nanomedicine can penetrate multiple 
cell layers in tumor tissues [239,240]. To ensure safety and efficacy of 
nanomedicine and promote tumor penetration through AMT, a suffi
ciently high cellular uptake efficiency is critical for AMT. Specific sur
face properties of nanocarriers in nanomedicine can be manipulated to 
help efficiently populate on the surface of tumor cells, thus promoting 
endocytosis of nanomedicine into the cells. For example, the positive 
charge of cationization can mediate highly efficient AMT by facilitating 
electrostatic interactions with tumor cell membranes. 

Cationic nanomedicine has advantages in triggering transcytosis- 
mediated active tumor penetration [241] (Fig. 11B). A positive surface 
charge of nanomedicine facilitates its interaction with negatively 
charged cell membranes of tumor cells, promoting their adsorption and 
internalization [242]. After adsorption onto the cell surface, cationic 
nanocarriers can be internalized via endocytosis and then transported 
across the cell through transcytosis. Furthermore, the proton sponge 
effect from the cationic nanocarriers helps them escape from late 
endosomes and lysosomes into the cytoplasm [243], avoiding lysosomal 
degradation. However, a cationic surface charge of nanocarriers is un
favorable during blood transport, since these carriers may be adsorbed 
to negatively-charged macrophages and the formed complex could be 
cleared before reaching the tumor site. Therefore, the charge reversal 
strategy is commonly used to address this issue. For instance, a mem
brane γ-glutamyl transpeptidase (GGT)-responsive polymer-drug con
jugate [244], PBEAGACy5-CPT, was developed. This nanocarrier was 
electrically neutral in the blood after it was masked with 
GGT-responsive groups. A positive charge surface was exposed after the 
GGT-responsive groups were removed by GGT in the tumor environ
ment, inducing cationization-initiated transcytosis. In this study, 
GGT-responsive charge reversal facilitated transcytosis of 
PBEAGACy5-CPT through tumor vascular endothelial cells, thus actively 
transporting the nanomedicine deeply into the tumor tissue. Once inside 
the tumor, the AMT process continued to facilitate deeper penetration 

into the solid tumor [245]. Overall, nanomedicine can be effectively 
designed to achieve high cellular uptake efficiency and facilitate active 
transcytosis through charge reversal strategy and 
cationization-mediated mechanisms, thereby enabling improved tumor 
penetration and therapeutic efficacy. 

3.4.4. Organelle-affinitive transfer 
An emerging approach for targeted cancer therapy is to target or

ganelles within tumor cells by nanomedicine. The overall goal of this 
approach is to revolutionize cancer treatment by maximizing the ther
apeutic effect while minimizing damage to healthy tissues. Nano
medicine is elegantly designed to effectively target organelles within 
cancer cells through various strategies including structural manipula
tion to control release patterns. These strategies take advantage of 
unique properties of tumor cells and their organelles, such as mito
chondria [246], the endoplasmic reticulum (ER) [247], endosomes 
[248], lysosomes [249–251], and nuclei [252]. 

It is noted that organelles within cells are not isolated entities within 
the cytosol [253]. Extensive exchange of substances and information 
occurs between cell membranes and organelles, as well as between 
different organelles [254]. These exchange processes are facilitated not 
only by vesicular transport but also through contact areas between these 
membrane structures known as ER and inter-organelle membrane con
tact sites (MCSs) [255]. It is evident that the ER plays a pivotal role at 
contact sites between the plasma membrane (PM)-the organelle mem
brane or between inter-organelle membranes [256]. Contact points are 
formed with the cell membrane, vesicles like endosomes [257], and 
other organelles [258]. These contact points are essential for various 
cellular processes [259–261], such as lipid transfer [262], calcium 
signaling [263], and communication between the plasma membrane 
and other organelles like mitochondria. The communication helps 
maintain cellular balance and ensures efficient cellular operations. 
These membrane contacts between organelles are dynamic, adaptable 
for various cellular functions and processes [264–266]. Such processes 
include cellular endocytosis of nanoparticles and the transport of vesi
cles and lipids within the cell [267–269]. This suggests that the ER could 
play a crucial role in active tumor penetration for nanomedicine. 

We have recently introduced a tumor penetration strategy by 
exploiting the affinity between the ER/PM membrane for active transfer 
[205,270], tentatively termed as “organelle-affinitive transfer” (OAT). It 
is a unique type of vesicular transport that differs dramatically from a 
typical transcytosis process. First, the cellular internalization process 

Fig. 11. Illustration of (A) Intercellular transfer (also known as neighboring effect) and (B) Cationization-mediated active transcytosis. Note: GGT, a membrane 
γ-glutamyl transpeptidase; GSH, γ-glutamylamides of glutathione. (Figs. 11A and B were created with BioRender.com.). 
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mediated by this method is in a form of non-clathrin endocytosis, while a 
transcytosis process often relies on classical clathrin-coated pits. Second, 
during the organelle-affinitive transfer process, once nanoparticles are 
internalized into the cell, they bypass the endosome/lysosome pathway 
and enter the ER directly. Therefore, the nanocarriers may not require a 
significantly positive charge for lysosomal escape. These properties 
could potentially balance the in vivo drug stability, barrier circumven
tion, tumor penetration, and mitigation of side effects. Such design of 
nanocarriers based on the OAT process could be a new avenue to pro
mote tumor penetration of nanomedicine. 

To realize the OAT process, we synthesized a unique amphiphilic 
polymer-dendron conjugate, POEGMA-b-p(GFLG-dendron-Ppa) (GFLG- 
DP) [205,270] (Fig. 12A and B). GFLG-DP was enzymatically responsive 
to overexpressed cathepsin B in tumor cells. After enzymatic cleavage of 
GFLG-DP, dendron-Ppa was obtained as a degradation product of 
GFLG-DP. The unique molecule, dendron-Ppa, exhibited high affinity for 
both cell membranes and the ER membrane. The dendron-Ppa segment 
of this nanocarrier showed pronounced affinity for lipid rafts on tumor 
cell membranes (Fig. 12C). Since lipid rafts are a special microdomain 
on the cell membrane enriched in cholesterol, sphingolipids, and spe
cific proteins, preferential accumulation of GFLG-DP in lipid rafts 
significantly enhanced their interaction with the cell membrane, thereby 
improving their selective internalization efficiency into tumor cells. 
Moreover, dendron-Ppa with a dendritic structure as the predominant 
hydrophobic component displayed amphiphilicity, which facilitated 
embedding of the dendron-Ppa segment into the cell membrane, leading 
to the formation of fused vesicle structures during cellular endocytosis. 
The fused vesicles contained both dendron-Ppa and the membrane 
structure of the internalized tumor cell, while the membrane structure 
bore a resemblance to EVs. However, the vesicles mediated by 
dendron-Ppa were not derived from extracted or engineered EVs, actu
ally they formed in situ in tumors during the internalization process. We 
observed that after internalization, dendron-Ppa rapidly entered the ER 

without co-localizing with lysosomes or other organelles. This suggested 
that the vesicles formed by dendron-Ppa had high affinity for the ER 
membrane. Given the important role of the ER in cellular endocytosis 
and secretion, dendron-Ppa could hold exceptional tumor penetration 
capabilities (Fig. 12D). Continuous intracellular and extracellular 
transport of dendron-Ppa helped its penetration into deeper layers of 
tumor tissues distal to blood vessels. In addition, dendron-Ppa also 
functioned as a photosensitizer to induce strong perturbation on the 
plasm and ER membranes through PDT, exerting ER stress and dis
rupting intracellular hemostasis. The perturbation may also promote 
deeper tumor tissue penetration of dendron-Ppa through intercellular 
interactions. The proposed OAT process has been demonstrated to 
achieve targeted drug delivery and remarkable tumor penetration 
through a special transfer mechanism. 

4. Application of other artificially modified nanocarriers 

Many challenging issues arise in the application of nanoscale drug 
delivery systems in the human body. They need to surmount a series of 
biological barriers, such as the reticuloendothelial phagocytosis system 
(RES), and an IFP within the ECM. A recent bio-inspired “stealth” 
strategy is functionalization of nanoparticles by coating them with a cell 
membrane [271]. Cell membrane-encapsulated nanoparticles have 
become a novel class of nanocarriers with a core-shell structure [272]. 
Common membrane-coating techniques involve mechanical or ultra
sonic treatment to cover a nanocore with a membrane, resulting in a 
spontaneous “core-shell” structure. Cell membrane-coated nanoparticles 
(CM-NPs) not only exhibit excellent biocompatibility, but also offer 
superior protection of therapeutic drugs in the core and promote tumor 
penetration. 

By modifying their surfaces, engineered nanoparticles can extend 
their blood half-life by mitigating macrophage phagocytosis and its 
mediated clearance. The most common approaches include PEGylated 

Fig. 12. (A) Illustration of the design process for CTSB-triggered GFLG-DP: stealth-to-sticky structural transformation of GFLG-DP because of enzymatic hydrolysis of 
the GFLG substrate by abundantly expressed CTSB in tumor tissues. (B) Interaction between tumor cell membranes and dendron-Ppa released from GFLG-DP: After 
internalization, dendron-Ppa released from GFLG-DP in response to CTSB is distributed on the ER, inducing the ER stress to disrupt ER homeostasis. Upon laser 
irradiation, strong oxidative stresses due to a high level of ROS induce apoptosis. (C) STED confocal microscopy image for 4T1 Cells after incubation with GFLG-DP, 
scale bars: 2 μm. (D) Accumulation of free Ppa and GFLG-DP NPs at tumor sites via an in vivo imaging system. Note: CTSB, cathepsin B; ER, endoplasmic reticulum; 
STED, stimulated emission depletion. (Figs. 12A–D were reprinted with permission from Ref. [205]. Copyright 2022 Wiley.). 
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functionalization and surface modifications [58,273–275]. Among sur
face modification methods, surface functional groups derived from 
natural materials show their advantages over synthetically derived 
moieties. Extracellular vesicles (EVs), membrane-like vesicles released 
by cells, are considered to have great potential as a coat for surface 
modification to facilitate tumor penetration. In comparison to synthetic 
nanocarriers, EVs have better targetability, safety, and drug metabolism. 
A few special surface engineering techniques for promoting tumor 
penetration will be covered in this section, including synthetic lipo
somes with natural membrane-mimicking properties, and 
naturally-derived exosomes released from cells. Functionalized lipo
some and exosome are characterized by both natural and synthetic 
components, which are next disassembled and analyzed from the 
perspective of CM-NPs. 

4.1. Liposomes 

Liposomes have been extensively used as a synthetic nanocarrier 
because their surfaces have similar performance as natural cell 

membranes. They are closed vesicles with a bilayer structure. The 
diameter of liposomes is between 30 and 150 nm. They are often 
composed of phospholipids, cholesterol, PEG, and other substances; they 
have low immunogenicity and low toxicity; and they can cross biological 
barriers. Lipid nanoparticles (LNP) in the COVID-19 mRNA vaccines are 
the most recently clinically applied liposomes [276–279]. Although li
posomes exhibit the EPR effect and they can extend the circulation of 
drugs in the liposomes, this effect is not adequate for deep drug pene
tration [280]. Multi-functional liposome nanoparticles are often created 
to achieve effective drug permeability. 

A liposome typically acts as a skeleton and functional molecules 
including enzymes or PEG can be attached to its surface [62,281]. 
Incorporation of functional moieties to a liposome could allow the 
liposome to become responsive to a range of internal or external stimuli, 
or become more accessible to deep tissues, thereby improving drug 
penetration in solid tumors. PEG is usually supplied on the surface of a 
liposome to build a functional stealth nanocarrier [282,283] and other 
surface engineering techniques are combined with PEGylation to pro
mote tumor penetration (Fig. 13A). In the combination therapy for 

Fig. 13. Examples of surface-engineered nanoparticles and their associated mechanisms. (A) Illustration of a general structure of liposomes for drug delivery. (B) 
Three mechanisms of action of exosomes: (i) Endocytosis. Exosomes are internalized by recipient cells to release cargo molecules. (ii) Membrane fusion. Exosome 
membranes fuse with recipient cell membranes, resulting in the transfer of cargo molecules, and (iii) Receptor-mediated specific binding. Exosomes selectively bind 
to recipient cells through receptor-ligand interactions, enabling targeted delivery of cargo molecules. (Figs. 13A and B were created with BioRender.com.). 

Fig. 14. Illustration of essential components of CM-NP. (Fig. 14 was created with BioRender.com.).  
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triple-negative breast cancer, a multi-stimuli sensitive liposome (ELTSL) 
was a complex liposome vector modified by PEG [281]. A size and 
charge dual-conversional gemcitabine prodrug-integrated liposomal 
nanodroplet (SCGLN) was created. Orthotopic BxPC3 pancreatic ductal 
adenocarcinoma was selected in this study, and the SCGLN loaded with 
gemcitabine showed great tumor permeability [29]. Cell penetration 
enhancers (CPEs) were added to PEGylated doxorubicin liposomes 
(PLD) [284] to make them more effective in penetrating tumors. A 
MMP-2 responsive peptide-hybrid liposome (MRPL) was constructed in 
response to overexpressed MMP-2 in the tumor microenvironment [62]. 

By enhancing the EPR effect, nitric oxide donors on liposomes 
facilitated the accumulation of liposomes in the tumor tissue [285]. A 
stimuli-responsive polysaccharide enveloped liposome carrier (HCLR) 
was constructed [286], where chitosan (CS) and HA were added 
layer-by-layer to liposomes. The surface charge of liposomes could play 
a significant role on tumor penetration. Positively charged liposomes, 
for instance, displayed greater binding ability [287]. By modulating the 
surface charge of liposomes with different components [288], cationic 
PEGylated nanoparticles exhibited effective tumor inhibition. Apart 
from incorporating functional moieties to a liposome, structural or 
compositional manipulation of liposomes could facilitate their pene
tration into solid tumors. For instance, variations in the rigidity of the 
liposome membrane was found to have an effect on the penetration of 
tumors [61], and the rigidity could be finely tuned by adjusting the 
cholesterol concentration. Corosolic acid (CA) has a similar function as 
cholesterol in liposomes, but CA could be a constitutional component to 
construct stable liposomes. It has been previously reported that 
drug-loaded CA liposomes (CALP) not only have an anti-inflammatory 
effect, but also effectively fuse tumor cell membranes, thereby 
improving tumor permeability [289]. 

4.2. Exosomes 

Exosomes are tiny EVs with a size of 30–150 nm and they are sealed 
with a lipid bilayer membrane. Compared with liposomes, exosomes 
have a more complex structure. A variety of drugs have been reported to 
be encapsulated in exosomes, including small drug molecules, nucleic 
acids and proteins. Exosomes can enter cells through three different 
mechanisms: endocytosis, membrane fusion with target cells, and 
internalization triggered by receptor-ligand interactions, which are 
shown in Fig. 13B. The surface proteins of exosomes or their lipid li
gands with biological activity can bind to the surface receptors of 
recipient cells to realize signal transduction. The recipient cell can also 
engulf exosomes through endocytosis and the contents in the exosomes 
can be released in a controlled manner inside the recipient cell. In 
addition, exosomes can directly fuse with the recipient cell membrane, 
allowing them to deliver their contents into the recipient cell and ach
ieve great control of drug release into target cells. 

Multi-functional exosomes could be constructed from similar surface 
engineering techniques as liposomes. For example, multi-functional 
PMA/Au-BSA@Ce6 nanovehicles were synthesized from an amphi
philic polymer PMA. They penetrated tumors deeper because excessive 
singlet oxygen was produced from the nanovehicles under laser iradia
tion [290]. Tumor-exocytosed exosomes were supplied with AIE lumi
nogen (AIEgen) to create hybrid nanovehicles [291], or biocompatible 
tumor-cell-exocytosed exosomes were used to create biomimetic 
porous silicon nanoparticles (PSiNPs) as a drug carrier to load DOX 
[292]. In order to improve drug penetration in solid tumors [15], exo
somal surfaces were embellished with proteins that are 
membrane-bound in their native state. 

Exosomes derived from plants and macrophages are recently 
attracting rising interest. The use of macrophage exosomes originated 
from their capacity to help transport drugs in the exosomes into the 
brain tissue, such as catalase [293] or curcumin [294]. The exosomes 
from natural macrophages were demonstrated to have good perme
ability for the delivery of protein drugs to the brain site [295]. To 

enhance tumor immunosuppression, tumor-associated macrophages 
(TAMs) could be treated to release exosomes with specific properties or 
function. For example, macrophage-derived microparticles that were 
treated with mannose (Man-MPs) were employed to load with metfor
min (Met@Man-MPs). This drug delivery system displayed beneficial 
effects in the H22 and 4T1 animal models [296]. PSiNPs, biomimetic 
porous silicon nanoparticles, were a very unique tumor-derived exo
some. They were used as a nanomaterial delivery vehicle because they 
were highly effective against cancer in subcutaneous transplant tumors, 
in situ tumor models, and metastatic tumor models [295]. Exosomes 
secreted from human cells have been widely employed for drug delivery, 
while exosomes secreted by plants have been explored to construct 
nanovesicles for drug delivery. Due to a lower development cost, edible 
plant exosomes are emerging in the form of exosome-like nanovesicles 
(ELNVs) in the field of drug delivery. These plant-derived exosomes have 
relatively low oral immunogenicity, great tissue penetration, and 
excellent natural medicinal values [297,298]. Therefore, plant 
exosome-like nanovesicles (PELNVs) could be appealing as natural drug 
delivery systems compared to artificially made EVs. 

4.3. Membrane coating technology for enhancing tumor penetration 

After the encapsulation of nanoparticles by liposomes, the surface of 
their bilayer structures can be further coated with a mammalian cell 
membrane, thus promoting the internalization of liposomes-derived 
nanomedicine and overcoming extracellular barriers for antitumor 
drug delivery. For example, silica nanoparticle (MSN)-loaded liposomes 
were wrapped with MCF-7-derived cancer cell membranes (CCMs) to 
form a yolk-shell-structured nanomedicine (CCM@LM) [299]. 
CCM@LM successfully retained the membrane proteins of MCF-7 cells, 
and CCMs with these endogenous molecules on the surface prolong the 
circulation time of the nanomedicine, enhance its immune escape, and 
improve its targeting of tumor cells to a certain degree. It was illustrated 
that CCM@LM entered MCF-7 cells to release the encapsulated MSNs 
through a membrane fusion mechanism. The membrane surface on the 
CCM@LM was moderately rigid and it transformed into an elliptical 
shape during infiltration, thus facilitating effective tumor infiltration. 
This shape transformation of nanomedicine can be realized from after 
coating of erythrocytes membranes since they have greater deform
ability. For example, DOX-loaded, RBC membrane-coated elastic poly 
(ethylene glycol) diacrylate hydrogel nanoparticles (RBC-ENPs) [300], 
were compared with plain DOX-loaded PEGylated liposomes. RBC-ENPs 
showed a high diffusion rate, a high uptake level in tumors, deep 
inter-tumor penetration due to their RBC membrane deformability, thus 
obtaining effective antitumor effects. This RBC membrane coating 
technique could be extended to a variety of carriers, including 
drug-carrying liposomes. 

The membrane of an exosome could be disassembled and applied to 
coat nanostructures. Exosome membrane (EM)-, cancer cell membrane- 
(CCM)-, and lipid-coated poly(lactic-co-glycolic acid) (PLGA) NPs 
(PLGA NPs) were prepared [301]. The results showed that EM-PLGA NPs 
exhibited better immune escape and more specific tumor targeting than 
CCM-PLGA NPs as well as lipid-PLGA NPs, thus achieving remarkable 
antitumor effects. In addition, there are highly active 
membrane-associated enzymes on the exosome membrane, and these 
membrane-bound proteins are in their natural state. The exosome 
membrane coating layer [15] could significantly strengthen the stability 
of the encapsulated nanoparticles and confer unique biological, physical 
or chemical properties to the resultant nanomedicine. The advances in 
membrane-coated technology [302] and exosome membrane extraction 
techniques could extend the potential of exosomes as a drug-carrying 
platform. 

Finally, membrane-coated techniques are not only applicable to li
posomes and exosomes, but also to the outer membrane derived from 
tumor cells, erythrocytes, leukocytes, platelets, simian viral membranes, 
and immune cells [303–307]. The design of the membrane shell using 
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the CM-NPs concept can be tuned to improve stability and extend the 
retention time of the encapsulated drug in vivo [308], to overcome 
barriers in the tumor microenvironment [309], to enhance therapeutic 
effect of immunotherapy [271], or to enhance specific tumor targeting 
through membrane interaction [310] (Fig. 14). The membrane shell on 
the CM-NPs can be further functionalized [311], rendering the versa
tility of this membrane-coating technology. 

The membrane-coating technology for liposomes and exosomes can 
be extrapolated to chemically surface modification and functionaliza
tion of nanomedicine, so it becomes more stable during circulation as 
well as more efficient in intracellularization through membrane fusion 
to support deep penetration and anti-tumor effects of antitumor drugs in 
nanomedicine. Functional moieties or groups that can be attached to 
membranes have been summarized in great detail in review articles 
[312,313]. Such a comprehensive understanding will serve as a funda
mental foundation for the innovative development of nanocarriers. 

In practical application, it is critical to maintain the stability of cell- 
derived exosome membranes or functional groups/moieties on the sur
face of liposomes and exosomes. Contamination of cell-derived exosome 
membranes should be avoided to assure their safety. Although a few 
membranes have been applied for the membrane-coating technology, 
membranes derived from microorganisms, plants and animals could be 
explored to tailor the delivery of nanomedicine to specific tumor sites. In 
addition, chemically modified nanocarriers should be comprehensively 
evaluated in terms of their toxicity, compatibility, stability and 
functionality. 

5. Future perspectives 

Over the past two decades, the field of pharmaceutical nanotech
nology has experienced remarkable growth and advancement. Nano
medicine becomes more effective, less toxic, and more intelligent than 
traditional drugs. This progress is attributed to the concerted efforts of 
academia and biopharmaceutical industry, resulting in successful 
development and clinical approval of a few nanomedicine drugs [314]. 
One notable example is BIND 014 [315], prepared from polymeric 
nanoparticles loaded with a cytotoxic agent docetaxel. It targets prostate 
membrane specific antigen (PMSA), and can effectively evade the im
mune system to reach the site of disease [316,317]. It has progressed 
into phase II clinical trials. While initial results are promising for pros
tate cancer, the trial fails when it is expanded to other cancer types such 
as head and neck and cervical. The failure may be ascribed to tumor 
heterogeneity, off-target effects, and insufficient tumor penetration. 
Thus it becomes critical to enhance tumor penetration of nanomedicine 
to effectively elevate the drug dose within all regions of solid tumors. 

Tumor penetration is also crucial for solid tumor immunotherapy, as 
immune cell infiltration into tumors is in a broader form of therapeutic 
penetration. The distinctive properties between “hot” and “cold” tumors 
based on their immunogenicity have a significant impact on T cell 
infiltration. CAR-T cells for clinical use have been demonstrated with 
clinical success, while they face challenges such as a complex ex vivo 
production method, off-target toxicity, and tumor resistance. Nano
medicine in combination with CAR-T therapy [318] may improve the 
anti-tumor effect of genetically engineered T-cell therapy through an 
intrinsic delivery process. In addition, because not all patients respond 
well to anti-PD-L1 agents in immunotherapy due to inter-patient vari
abilities, removal of immunosuppressive cells by nanomedicine [319] 
may promote lymphocyte infiltration and amplify the effect of 
anti-PD-L1 agents. The combination of nanomedicine and immuno
therapy could significantly enhance tumor penetration of infiltrated T 
cells, which opens a new door for the application of nanomedicine. 

Challenges such as tumor heterogeneity and penetration of nano
medicine in large tumors remain significant barriers to clinical trans
lation of nanomedicine. Impressive performance of nanomedicine in 
animal models often does not replicate in clinical trials, which could be 
due to distinctive discrepancies in tumor microenvironment and the 

immune system between animal models and patients. Evaluating the 
therapeutic performance of nanomedicine at the preclinical stage re
quires stable, reproducible animal models and advanced technical tools. 
The PDX model for preclinical stages may mitigate the discrepancies 
from tumor heterogeneity to some extend and it could be an appropriate 
model for assessment of nanomedicine penetration. Standardization of 
animal models and preclinical evaluation procedures is equally impor
tant for evaluating the penetration level of nanomedicine in solid 
tumors. 

Tumor penetration of nanomedicine not only depends on chemical/ 
physical/biological properties of nanomedicine, but also its interaction 
the tumor microenvironment. For example, the EPR effect is a funda
mental principle in nanomedicine design and it is historically recognized 
as the primary factor for nanoparticle accumulation in tumors, while the 
EPR effect becomes insignificant in a clinical setting. Tumors do not 
exhibit a uniform EPR effect for the administrated nanomedicine, 
leading to inconsistent and unpredictable drug delivery results. Barriers 
such as a dense ECM and a high IFP in many tumors can pronouncedly 
hinder the penetration of nanomedicine even after it reaches the tumor 
site via the EPR effect. 

Alternative nanoparticle transport mechanisms rather than the EPR 
effect have been explored by refining nanomedicine designs for target
ing tumor cell organelles and realizing deep tumor penetration. One of 
the transport mechanisms is via active penetration strategies for nano
medicine, such as the intercellular transport, cationization-mediated 
transcytosis, and organelle-affinitive transfer. The organelle-affinitive 
transfer process by harnessing unique membrane properties of organ
elles such as the ER offers direct transfer of nanomedicine from the 
plasma membrane to the ER membrane, and bypass conventional en
dosome/lysosome pathways, holding great promise for overcoming 
tumor penetration barriers and addressing the challenges of tumor 
therapy. 

As researchers gradually reveal the complex interplay between 
cellular structures, particularly key organelles such as the ER or mito
chondria, the design of nanomedicine may be reshaped. This could 
herald the advent of nanomedicine that is not only more precise in 
targeting tumors, but also active in tumor penetration. These innovative 
approaches could potentially surmount the prevailing challenges in 
clinical translational development although the path from laboratory 
benches to clinical beds for nanomedicine remains laden with obstacles. 

6. Conclusion 

In general, therapeutic drugs for treating cancer must be delivered 
into the tumor cells, exert their biological function, and are eliminated 
from the body in the clinic application. Free drugs frequently fail to 
accumulate efficiently at the intended site, thus leading to toxic and 
adverse consequences. Nanoscale drug delivery systems with the EPR 
effect can help drug accumulation at the tumor site and reduce harmful 
and side effects of free drugs. However, deep penetration of drugs 
through these nanoscale carriers into solid tumors remains very chal
lenging. Various strategies have been developed to enhance the pene
tration depth of drugs into the tumor, including (1) degrading the 
extracellular matrix through utilization of characteristic factors in the 
tumor cell microenvironment, such as matrix metalloproteinases, 
hypoxia-inducing factors, and tumor-associated fibroblasts, especially 
by targeting rich collagen and hyaluronic acid in the ECM; (2) Structural 
changes of the nanocarrier sequentially or spatially through responses to 
exogenous and endogenous stimuli; (3) An increase in the concentration 
of tiny chemicals like RNS and NO through physical means (e.g. ultra
sound), especially improving effectiveness of nanoparticles penetrating 
the blood-brain barrier; (4) Surface engineering nano carriers, such as 
exosomes, liposomes, or cell-penetrating peptides. 

To establish a unified standard in vivo or in vitro model that could 
completely map the solid tumors in the human body requires joint ef
forts from multidisciplinary collaboration. Mathematical modeling or 
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machine learning through linear regression could be employed to ach
ieve longitudinal or horizontal comparisons between different treatment 
groups or drugs. The outcomes of the anti-tumor effects could be 
assessed beyond survival rates and tumor sizes once the penetration 
model is standardized in time and space. Enhancing the drug penetra
tion depth into tumors and elevating the accumulation of drugs in tu
mors eventually bring benefits to cancer patients with high efficacies 
and low adverse effects. 
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O.E.C. Gould, M. Behl, K. Kratz, A. Lendlein, Reprogrammable, magnetically 
controlled polymeric nanocomposite actuators, Mater. Horiz. 5 (2018) 861–867, 
https://doi.org/10.1039/C8MH00266E. 

[189] Y. Zhu, Y. Song, Z. Cao, L. Dong, Y. Lu, X. Yang, J. Wang, Magnetically actuated 
active deep tumor penetration of deformable large nanocarriers for enhanced 
cancer therapy, Adv. Funct. Mater. 31 (2021), 2103655, https://doi.org/ 
10.1002/adfm.202103655. 

[190] W. Daocheng, W. Mingxi, A novel fluoride anion modified gelatin nanogel system 
for ultrasound-triggered, drug release 4 (2008) 32–45, https://doi.org/10.18433/ 
J3988J. 

[191] S. Kotopoulis, C. Lam, R. Haugse, S. Snipstad, E. Murvold, T. Jouleh, S. Berg, 
R. Hansen, M. Popa, E. Mc Cormack, O.H. Gilja, A. Poortinga, Formulation and 
characterisation of drug-loaded antibubbles for image-guided and ultrasound- 
triggered drug delivery, Ultrason. Sonochem. 85 (2022), 105986, https://doi.org/ 
10.1016/j.ultsonch.2022.105986. 

[192] D.V.B. Batchelor, R.H. Abou Saleh, P.L. Coletta, JamesR. McLaughlan, S. 
A. Peyman, S.D. Evans, Nested nanobubbles for ultrasound-triggered drug release, 
ACS Appl. Mater. Interfaces (2020), 0c07022, https://doi.org/10.1021/ 
acsami.0c07022 acsami. 

[193] H. Guo, M. Xu, Z. Cao, W. Li, L. Chen, X. Xie, W. Wang, J. Liu, Ultrasound-assisted 
miR-122-loaded polymeric nanodroplets for hepatocellular carcinoma gene 
therapy, Mol. Pharm. 17 (2020) 541–553, https://doi.org/10.1021/acs. 
molpharmaceut.9b00983. 

[194] Q. Luo, Z.Y. Duan, X.L. Li, L. Gu, L. Ren, H.Y. Zhu, X.H. Tian, R.J. Chen, H. Zhang, 
Q.Y. Gong, Z.W. Gu, K. Luo, Branched polymer-based redox/enzyme-activatable 
photodynamic nanoagent to trigger STING-dependent immune responses for 
enhanced therapeutic effect, Adv. Funct. Mater. 32 (2022), 2110408, https://doi. 
org/10.1002/adfm.202110408. 

[195] P. Tan, H. Cai, Q. Wei, X. Tang, Q. Zhang, M. Kopytynski, J. Yang, Y. Yi, H. Zhang, 
Q. Gong, Z. Gu, R. Chen, K. Luo, Enhanced chemo-photodynamic therapy of an 
enzyme-responsive prodrug in bladder cancer patient-derived xenograft models, 
Biomaterials 277 (2021), 121061, https://doi.org/10.1016/j. 
biomaterials.2021.121061. 

[196] M. Liu, L. Huang, W. Zhang, X. Wang, Y. Geng, Y. Zhang, L. Wang, W. Zhang, Y.- 
J. Zhang, S. Xiao, Y. Bao, M. Xiong, J. Wang, A transistor-like pH-sensitive 
nanodetergent for selective cancer therapy, Nat. Nanotechnol. 17 (2022) 
541–551, https://doi.org/10.1038/s41565-022-01085-5. 

[197] Y. Ou, K. Chen, H. Cai, H. Zhang, Q. Gong, J. Wang, W. Chen, K. Luo, Enzyme/pH- 
sensitive polyHPMA-DOX conjugate as a biocompatible and efficient anticancer 
agent, Biomater. Sci. 6 (2018) 1177–1188, https://doi.org/10.1039/ 
C8BM00095F. 

[198] Y. Feng, Y. Long, J. Guo, X. Yang, H. Song, Redox- and pH-responsive water- 
soluble flexible organic frameworks realize synergistic tumor photodynamic and 
chemotherapeutic therapy, Macromol. Rapid Commun. 44 (2023), 2200690, 
https://doi.org/10.1002/marc.202200690. 

[199] M. Guo, X. Zhang, J. Liu, F. Gao, X. Zhang, X. Hu, B. Li, X. Zhang, H. Zhou, R. Bai, 
Y. Wang, J. Li, Y. Liu, Z. Gu, C. Chen, Few-layer bismuthene for checkpoint 
knockdown enhanced cancer immunotherapy with rapid clearance and 
sequentially triggered one-for-all strategy, ACS Nano 14 (2020) 15700–15713, 
https://doi.org/10.1021/acsnano.0c06656. 

[200] J.H. Li, X.Q. Zhang, M.Y. Zhao, L.H. Wu, K. Luo, Y.J. Pu, B. He, Tumor-pH- 
Sensitive PLLA-based microsphere with acid cleavable acetal bonds on the 
backbone for efficient localized chemotherapy, Biomacromolecules 19 (2018) 
3140–3148, https://doi.org/10.1021/acs.biomac.8b00734. 

[201] X. Li, L. Yu, C. Zhang, X. Niu, M. Sun, Z. Yan, W. Wang, Z. Yuan, Tumor acid 
microenvironment-activated self-targeting & splitting gold nanoassembly for 
tumor chemo-radiotherapy, Bioact. Mater. 7 (2022) 377–388, https://doi.org/ 
10.1016/j.bioactmat.2021.05.050. 

[202] X. Xie, Y. Feng, H. Zhang, Q. Su, T. Song, G. Yang, N. Li, X. Wei, T. Li, X. Qin, S. Li, 
C. Wu, X. Zhang, G. Wang, Y. Liu, H. Yang, Remodeling tumor 
immunosuppressive microenvironment via a novel bioactive nanovaccines 
potentiates the efficacy of cancer immunotherapy, Bioact. Mater. 16 (2022) 
107–119, https://doi.org/10.1016/j.bioactmat.2022.03.008. 

[203] J. Li, Y. Wang, C. Xu, Q. Yu, X. Wang, H. Xie, L. Tian, Y. Qiu, R. Guo, Z. Lu, M. Li, 
Q. He, Rapid pH-responsive self-disintegrating nanoassemblies balance tumor 
accumulation and penetration for enhanced anti-breast cancer therapy, Acta 
Biomater. 134 (2021) 546–558, https://doi.org/10.1016/j.actbio.2021.04.022. 

[204] H.J. Li, J.Z. Du, X.J. Du, C.F. Xu, C.Y. Sun, H.X. Wang, Z.T. Cao, X.Z. Yang, Y. 
H. Zhu, S. Nie, J. Wang, Stimuli-responsive clustered nanoparticles for improved 
tumor penetration and therapeutic efficacy, Proc. Natl. Acad. Sci. USA 113 (2016) 
4164–4169, https://doi.org/10.1073/pnas.1522080113. 

[205] L. Gu, Z. Duan, X. Chen, X. Li, Q. Luo, A. Bhamra, D. Pan, H. Zhu, X. Tian, 
R. Chen, Z. Gu, H. Zhang, Z. Qian, Q. Gong, K. Luo, A transformable amphiphilic 
and block polymer-dendron conjugate for enhanced tumor penetration and 
retention with cellular homeostasis perturbation via membrane flow, Adv. Mater. 
34 (2022), 2200048, https://doi.org/10.1002/adma.202200048. 

[206] I. Nakase, T. Takeuchi, G. Tanaka, S. Futaki, Methodological and cellular aspects 
that govern the internalization mechanisms of arginine-rich cell-penetrating 
peptides, Adv. Drug Deliv. Rev. 60 (2008) 598–607, https://doi.org/10.1016/j. 
addr.2007.10.006. 

[207] F. Said Hassane, A.F. Saleh, R. Abes, M.J. Gait, B. Lebleu, Cell penetrating 
peptides: overview and applications to the delivery of oligonucleotides, Cell. Mol. 
Life Sci. 67 (2010) 715–726, https://doi.org/10.1007/s00018-009-0186-0. 

X. Shen et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.jconrel.2018.03.012
https://doi.org/10.1021/acsnano.5b02017
https://doi.org/10.1038/nnano.2011.166
https://doi.org/10.1038/nnano.2011.166
https://doi.org/10.1016/j.mtbio.2022.100338
https://doi.org/10.1016/j.mtbio.2022.100338
https://doi.org/10.1016/j.apsb.2016.05.011
https://doi.org/10.1016/j.apsb.2016.05.011
https://doi.org/10.1002/anie.202106392
https://doi.org/10.1016/j.jcis.2021.08.121
https://doi.org/10.1016/j.jcis.2021.08.121
https://doi.org/10.1016/j.biomaterials.2018.12.007
https://doi.org/10.1021/acsami.0c00355
https://doi.org/10.1021/acsami.9b03559
https://doi.org/10.1007/s11426-014-5076-0
https://doi.org/10.1007/s11426-014-5076-0
https://doi.org/10.1021/acsnano.0c00118
https://doi.org/10.1021/acsnano.0c00118
https://doi.org/10.1021/acsnano.1c03048
https://doi.org/10.1021/acsnano.1c03048
https://doi.org/10.1016/j.nano.2015.12.041
https://doi.org/10.1016/j.nano.2015.12.041
https://doi.org/10.1016/j.nantod.2022.101435
https://doi.org/10.1016/j.nantod.2022.101435
https://doi.org/10.1016/j.cej.2019.122080
https://doi.org/10.1016/j.cej.2019.122080
https://doi.org/10.1016/j.biomaterials.2019.04.029
https://doi.org/10.1016/j.biomaterials.2019.04.029
https://doi.org/10.1021/acsami.9b21525
https://doi.org/10.1021/acsnano.2c02965
https://doi.org/10.1021/acsnano.2c02965
https://doi.org/10.1016/j.biomaterials.2010.03.008
https://doi.org/10.1016/j.biomaterials.2010.03.008
https://doi.org/10.7150/thno.87854
https://doi.org/10.1016/j.copbio.2016.02.005
https://doi.org/10.1039/C8MH00266E
https://doi.org/10.1002/adfm.202103655
https://doi.org/10.1002/adfm.202103655
https://doi.org/10.18433/J3988J
https://doi.org/10.18433/J3988J
https://doi.org/10.1016/j.ultsonch.2022.105986
https://doi.org/10.1016/j.ultsonch.2022.105986
https://doi.org/10.1021/acsami.0c07022
https://doi.org/10.1021/acsami.0c07022
https://doi.org/10.1021/acs.molpharmaceut.9b00983
https://doi.org/10.1021/acs.molpharmaceut.9b00983
https://doi.org/10.1002/adfm.202110408
https://doi.org/10.1002/adfm.202110408
https://doi.org/10.1016/j.biomaterials.2021.121061
https://doi.org/10.1016/j.biomaterials.2021.121061
https://doi.org/10.1038/s41565-022-01085-5
https://doi.org/10.1039/C8BM00095F
https://doi.org/10.1039/C8BM00095F
https://doi.org/10.1002/marc.202200690
https://doi.org/10.1021/acsnano.0c06656
https://doi.org/10.1021/acs.biomac.8b00734
https://doi.org/10.1016/j.bioactmat.2021.05.050
https://doi.org/10.1016/j.bioactmat.2021.05.050
https://doi.org/10.1016/j.bioactmat.2022.03.008
https://doi.org/10.1016/j.actbio.2021.04.022
https://doi.org/10.1073/pnas.1522080113
https://doi.org/10.1002/adma.202200048
https://doi.org/10.1016/j.addr.2007.10.006
https://doi.org/10.1016/j.addr.2007.10.006
https://doi.org/10.1007/s00018-009-0186-0


Bioactive Materials 32 (2024) 445–472

470

[208] F. Duchardt, M. Fotin Mleczek, H. Schwarz, R. Fischer, R. Brock, A comprehensive 
model for the cellular uptake of cationic cell-penetrating peptides, Traffic 8 
(2007) 848–866, https://doi.org/10.1111/j.1600-0854.2007.00572.x. 

[209] A.T. Jones, Gateways and tools for drug delivery: endocytic pathways and the 
cellular dynamics of cell penetrating peptides, Int. J. Pharm. 354 (2008) 34–38, 
https://doi.org/10.1016/j.ijpharm.2007.10.046. 

[210] Z. Zhu, Q. Wang, X. Chen, Q. Wang, C. Yan, X. Zhao, W. Zhao, W. Zhu, An 
enzyme-activatable aggregation-induced-emission probe: intraoperative 
pathological fluorescent diagnosis of pancreatic cancer via specific cathepsin E, 
Adv. Mater. 34 (2022), 2107444, https://doi.org/10.1002/adma.202107444. 

[211] S. Govindarajan, J. Sivakumar, P. Garimidi, N. Rangaraj, J.M. Kumar, N.M. Rao, 
V. Gopal, Targeting human epidermal growth factor receptor 2 by a cell- 
penetrating peptide-affibody bioconjugate, Biomaterials 33 (2012) 2570–2582, 
https://doi.org/10.1016/j.biomaterials.2011.12.003. 

[212] X. He, X. Chen, L. Liu, Y. Zhang, Y. Lu, Y. Zhang, Q. Chen, C. Ruan, Q. Guo, C. Li, 
T. Sun, C. Jiang, Sequentially triggered nanoparticles with tumor penetration and 
intelligent drug release for pancreatic cancer therapy, Adv. Sci. 5 (2018), 
1701070, https://doi.org/10.1002/advs.201701070. 

[213] T. Jiang, T. Wang, T. Li, Y. Ma, S. Shen, B. He, R. Mo, Enhanced transdermal drug 
delivery by transfersome-embedded oligopeptide hydrogel for topical 
chemotherapy of melanoma, ACS Nano 12 (2018) 9693–9701, https://doi.org/ 
10.1021/acsnano.8b03800. 

[214] Y. Ding, J. Liu, Y. Zhang, X. Li, H. Ou, T. Cheng, L. Ma, Y. An, J. Liu, F. Huang, 
Y. Liu, L. Shi, A novel strategy based on a ligand-switchable nanoparticle delivery 
system for deep tumor penetration, Nanoscale Horiz. 4 (2019) 658–666, https:// 
doi.org/10.1039/c8nh00415c. 

[215] I. Nakase, Y. Konishi, M. Ueda, H. Saji, S. Futaki, Accumulation of arginine-rich 
cell-penetrating peptides in tumors and the potential for anticancer drug delivery 
in vivo, J. Control. Release 159 (2012) 181–188, https://doi.org/10.1016/j. 
jconrel.2012.01.016. 

[216] I. Nakase, H. Akita, K. Kogure, A. Gräslund, Ü. Langel, H. Harashima, S. Futaki, 
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