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Abstract 

The tumor microenvironment (TME) is a complex system characterized by low oxygen, low pH, high pressure, 
and numerous growth factors and protein hydrolases that regulate a wide range of biological behaviors in the tumor 
and have a profound impact on cancer progression. Immunotherapy is an innovative approach to cancer treatment 
that activates the immune system, resulting in the spontaneous killing of tumor cells. However, the therapeutic effi-
cacy of these clinically approved cancer immunotherapies (e.g., immune checkpoint blocker (ICB) therapies and chi-
meric antigen receptor (CAR) T-cell therapies) is far from satisfactory due to the presence of immunosuppressive TMEs 
created in part by tumor hypoxia, acidity, high levels of reactive oxygen species (ROS), and a dense extracellular matrix 
(ECM). With continuous advances in materials science and drug-delivery technologies, biomaterials hold consider-
able potential for targeting the TME. This article reviews the advances in biomaterial-based targeting of the TME 
to advance our current understanding on the role of biomaterials in enhancing tumor immunity. In addition, the strat-
egies for remodeling the TME offer enticing advantages; however, the represent a double-edged sword. In the pro-
cess of reshaping the TME, the risk of tumor growth, infiltration, and distant metastasis may increase.
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Graphical Abstract

Introduction
The tumor microenvironment (TME) represents an intri-
cate milieu in which cancer cells subsist, comprising a 
multifaceted array of elements, including blood vessels, 
fibroblasts, immune cell populations, bone marrow-
derived inflammatory cells, lymphocytes, signal trans-
duction networks, and the extracellular matrix (ECM). 
Typically, cancer cells are enclosed within a dense ECM, 
characterized by collagen and proteoglycans, which serve 
as scaffolds for their microenvironment and participate 
in the secretion of an array of cytokines, chemokines, and 
other bioactive molecules [1]. The TME has emerged as 
a dynamic and intricate ecosystem replete with bidirec-
tional interactions with tumor cells. Mounting evidence 
supports the pivotal roles played by innate immune cell 

subsets, such as macrophages, neutrophils, dendritic 
cells (DCs), innate lymphoid cells, myeloid suppres-
sor cells, natural killer (NK) cells, and adaptive immune 
cells (T and B cells), in orchestrating tumor progression 
within the TME [2]. These immune components are 
equipped to either launch attacks against malignant cells 
to suppress tumor growth or instigate the suppression 
of immune cells that exert inhibitory effects on cancer 
cells. Regulatory T cells, among other specialized bone 
marrow-derived cells, are key players in the immuno-
suppressive niche. Myriad inflammatory cells, primarily 
nonspecific immune cells, also populate the TME. These 
cells can dampen the positive immune function within 
the TME, rendering normative immune cells ineffec-
tual against malignant tumor cells and, in turn, fueling 
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tumor growth [3]. Collectively, the diverse constituents 
of the TME configure the localized homeostatic milieu of 
malignancies, endowing it with the requisite material for 
tumor initiation, progression, infiltration, and metastasis 
[3]. In light of the fundamental roles played by the TME 
in nurturing and propelling tumorigenesis, an emergent 
therapeutic paradigm revolves around deliberately modi-
fying the TME. This approach is analogous to cultivating 
the "soil" with the aim of restraining the activity of tumor 
cells, conceptualized as the "seeds" within the TME, and 
presents a new avenue for therapeutic intervention.

Tumor immunotherapy is at the forefront of contem-
porary cancer treatments, representing an innovative 
approach that harnesses the immune system to unleash 
a potent assault on malignant cells. This modality has 
exhibited substantial promise, outperforming traditional 
anti-tumor strategies in extending progression-free and 
overall survival, as demonstrated by a compendium of 
experimental and clinical investigations [4]. Clinically, a 
cadre of immunotherapeutic modalities is in use, includ-
ing adoptive T-cell therapy, chimeric antigen receptor 
T-cell therapy (CAR-T), immune checkpoint inhibition, 
and tumor vaccines [5–8]. Nonetheless, the clinical util-
ity of immune checkpoint inhibitors is impeded by a 
notable limitation in their response rates, which typically 
range from 10 to 40%, and by the incidence of variable 
degrees of immune-related adverse events [9]. Further-
more, the efficacy of most cell therapy products remains 
suboptimal when applied to solid tumors [1]. Despite the 
remarkable progress in cancer immunotherapy over the 
past decade, key challenges remain, impeding its broad 
clinical applicability. These include low immunogenicity, 
limited specificity, reduced transfection efficiency, and 
adverse off-target side effects [2]. Evidence from diverse 
studies underscores the effectiveness of various strategies 
to rationally normalize the TME as a pivotal means of 
increasing cancer immunotherapy efficacy [10].

In this context, biomaterials have emerged as pivotal 
tools for constructing therapeutic platforms designed 
to modulate immune responses against malignancies 
[2, 11–14]. Biomaterials, categorized as inorganic or 
organic, play a profound role in interfacing biological 
systems. Inorganic biomaterials consist primarily of inor-
ganic constituents. Utilizing inorganic nanocarriers has 
proven instrumental in enhancing drug and gene reten-
tion within tumors while reducing non-specific distri-
bution in healthy tissues. This dual action facilitates the 
precise delivery of therapeutic agents to the tumor site. 
Organic materials similarly exhibit these beneficial prop-
erties. Specifically, organic biomaterials derived from car-
bohydrates, nucleic acids, lipids, proteins, and synthetic 
polymers have demonstrated advantages in orchestrat-
ing immune regulation and targeted tumor therapy [15]. 

Their exceptional biocompatibility, biodegradability, and 
biological recognition capabilities render them invaluable 
in therapeutic applications [16].

While various reviews have explored biomaterials 
targeting specific aspects of the TME, such as 
immunosuppressive cells, hypoxia, dense ECM, and 
acidic pH, a comprehensive discussion encompassing the 
entire field of biomaterials targeting the TME is notably 
lacking. Accordingly, this review meticulously delineates 
the physical and chemical composition of the TME, 
highlighting the challenges it presents to immunotherapy 
(Fig.  1). Moreover, we elucidate how biomaterials can 
strategically overcome these hurdles to augment cancer 
immunotherapy. Furthermore, strategies designed to 
remodel the TME offer compelling advantages but 
present a double-edged sword. Approaches such as 
disrupting the tumor ECM, elevating levels of ROS, and 
normalizing tumor vasculature, although intended to 
treat the tumor, may potentially heighten the risks of 
tumor growth, infiltration, and distant metastasis.

The tumor microenvironment
Aberrant blood vessels, hypoxia, weak acidity, high 
interstitial pressure, and dense ECM in the TME impede 
drug penetration and advance tumor progression [17] 
(Fig.  2). Furthermore, the immune cells in the TME 
can elicit immune surveillance via immune editing. 
Nanomedicine strives to overcome these barriers by 
focusing on two primary mechanisms: tumor interstitial 
diffusion and cellular delivery [18]. Targeting immune 
regulatory molecules within the immunosuppressive 
TME, either systemically or locally, reinstates anti-tumor 
immunity in cells that previously promoted tumorigenesis 
[19]. Although the multifaceted characteristics of the 
TME may challenge traditional therapeutic approaches, 
they underscore the fundamental and decisive role that 
the TME plays in modeling tumor morphology and 
physiology [20]. Hence, a comprehensive understanding 
of how the TME components influence tumor behavior 
remains crucial, underscoring the need for further 
research in this domain.

Immune cells
Within the TME, immune cells undergo dynamic 
interactions and evolution, perpetuating 
immunosuppression through immune editing. Key 
cellular targets for tumor immunotherapy include 
tumor cells and various TME components, such as 
tumor-associated macrophages (TAMs), DCs, T cells, 
and various immunosuppressive myeloid cells. By 
strategically reshaping the immune cell composition, 
elevating the proportion of anti-tumor immune cells, and 
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diminishing immunosuppressive cells, TME-mediated 
immune suppression can be reversed.

Macrophages are a diverse group of immune cells 
that play pivotal roles in innate and adaptive immunity. 
Within the intricate TME, macrophages can be recruited 
to tumor regions and polarized into M1, associated 
with anti-tumor activities, or M2 phenotypes, linked to 
tumor promotion. Notably, polarization is a continuous 
process, with M1 and M2 serving as the extreme states. 
M1-type macrophages are characterized by their 
response to pro-inflammatory cytokines, such as IFN-γ 
and inducible nitric oxide synthase, achieving an anti-
tumor effect through pro-inflammatory mediator release. 
Conversely, M2-type polarization, driven by cytokines 
such as interleukin (IL)-4 and colony-stimulating factor 
1 (CSF1), leads to the secretion of pro-tumor factors that 
support angiogenesis, invasion, metastasis, and immune 

suppression [21–23]. TAMs exhibit high plasticity during 
tumor progression and can transition toward an M2 
state under factors such as cytokines, chemokines, and 
exosomes within the TME. Additionally, at primary and 
metastatic tumor sites, TAMs exert inhibitory effects 
on cytotoxic T cells and NK cells, which can potentially 
eradicate tumors [24].

DCs are proficient antigen-presenting cells (APCs), 
vital for initiating and sustaining T-cell–mediated 
cytotoxicity [25]. Activation of immature DCs in 
response to tumor-specific antigens or exogenous stimuli 
involves the upregulation of major histocompatibility 
complex (MHC) molecules and costimulatory molecules 
(CD80, CD86, and CD40) on the cell surface, playing a 
pivotal role in the initiation and expansion of T cells [26]. 
Conversely, tumor-associated DCs (TADCs) often fail to 
effectively present antigens, leading to the generation of 

Fig. 1  Summative scheme of targeting the tumor microenvironment with biomaterials for enhanced immunotherapeutic efficacy. Created 
with BioRender.com
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tolerogenic DCs (tolDCs). These tolDCs disrupt effector 
T-cell function and promote immunosuppression 
[27]. Thus, rectifying DC dysfunction in the TME has 
immense potential as a pioneering cancer treatment 
strategy.

NK cells serve as the first line of defense against 
tumors, executing non-specific tumor-cell killing via 
perforin-induced cell perforation, followed by granzyme 
B-mediated apoptosis induction. This process operates 
independently of antigen sensitization, antibodies, or 
MHC restrictions. Additionally, NK cells augment the 
anti-tumor activity of adaptive immune cells via cytokine 
secretion. However, metabolic interference in the form of 
lactic acid accumulation within the TME reduces intra-
cellular pH in NK cells, inducing pH-dependent mito-
chondrial stress and metabolic disruption, ultimately 
promoting NK-cell apoptosis [28].

CD4+ and CD8+ T cells, expressing α/β T-cell receptors 
(TCRs), play pivotal roles in identifying tumor antigens 
and autoantigens in the immune response against cancer 
and autoimmune diseases. The hypoxia-induced intracel-
lular metabolite 2-hydroxyglutarate inhibits CD8+ T-cell 
activation, differentiation, cytokine secretion, and cyto-
toxic potential. Glucose deficiency in the TME hinders 
TCR-dependent Ca2+ and NFAT signaling, obstructing 
normal CD8+ T-cell differentiation and leading to anti-
tumor dysfunction. Targeting acetyl CoA acetyltrans-
ferase 1 enhances CD8+ T-cell cholesterol esterification, 
TCR signaling, proliferation, and anti-tumor efficacy 
[29, 30]. Initially, CD4+ T cells differentiate into various 
subtypes, including T-helper 1 (Th1), Th2, Th17, follic-
ular-helper T cells (Tfh), regulatory T cells (Tregs), and 

long-term memory cells upon homologous antigen stim-
ulation. Tregs, characterized by a high FOXP3, CD25, 
and CD4 expression, frequently accumulate in tumors 
[31]. They use lipid metabolism and oxidative phospho-
rylation pathways for energy generation and maintain an 
immunosuppressive TME that promotes tumor infiltra-
tion and metastasis. Additionally, lactic acid impedes Th-
cell function and diminishes anti-tumor immune activity 
by disrupting the binding of C-X-C chemokine receptor 3 
(CXCR3) to its ligand [32, 33].

Reactive oxygen species
Reactive oxygen species (ROS) are crucial oxidative stress 
response and signal transduction mediators. Various 
ROS, such as superoxide anion free radicals (O2 •−), 
singlet oxygen (1O2), hydrogen peroxide, and hydroxyl 
radicals, play pivotal roles in normal physiological 
cell signaling. However, under environmental stress 
or pathological conditions, these species can lead 
to oxidative damage to lipids, proteins, and DNA, 
promoting tumorigenesis [34, 35]. ROS accumulation is 
a hallmark of the oxidative stress-prone TME, triggering 
gene mutations, cell proliferation, angiogenesis, and 
metastasis [36]. ROS modulate tumor-cell proliferation, 
invasion, and migration in breast cancer by orchestrating 
TME interactions [37]. ROS modulation includes tumor-
cell reprogramming, upregulates hypoxia-inducible 
factor-1α (HIF-1α), and activates a glycolytic gene-
transcription cascade, fostering hypoxia and acidic pH. 
This, in turn, compromises anti-tumor immunity and 
promotes stromal-cell recruitment within the TME 
[35]. Furthermore, ROS act as secondary messengers, 

Fig. 2  The tumor microenvironment. The characteristics of the tumor microenvironment (including hypoxia, weak acidity, aberrant blood vessels, 
high interstitial pressure and increased ROS level) affect immune cells and promotes tumor infiltration. Created with BioRender.com
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hyperactivating nuclear factor kappa-light-chain-
enhancer of activated B cells, provoking inflammation 
and forming a self-perpetuating cycle [38, 39]. In contrast 
to their tumor-promoting role, ROS-induced oxidative 
damage and ROS-mediated death signals also present 
opportunities to inhibit tumor progression and enhance 
the effectiveness of immunotherapy [40, 41]. Notably, in 
immunogenic cell death (ICD)-based immunotherapy, 
the role of ROS is significant. ROS-induced oxidative 
stress, alongside upregulated proteins like protein kinase 
R–like endoplasmic reticulum kinase and eukaryotic 
translation initiation factor 2-alpha, can effectively trigger 
ICD [42, 43]. ROS accumulation can also induce various 
forms of cell death, including ferroptosis, an emerging 
mode of cell death that relies on iron-dependent lipid 
peroxidation resulting from intracellular ROS [44].

However, the role of ROS and their therapeutic efficacy 
differ extensively depending on the tumor type, loca-
tion, nature, and developmental stage. Understanding 
the intricacies of ROS regulation and interactions across 
diverse cell types is critical for developing and refining 
ROS-based and ROS pathway–targeted cancer therapies 
[45].

Hypoxia
Hypoxia is a prevalent feature in most solid tumors that 
arises due to rapid cell proliferation, disorganized vas-
cular systems, and uneven blood perfusion, particularly 
in regions distant from blood vessels [46]. Cells within 
hypoxic microenvironments exhibit reduced sensitivity 
to various cancer treatment modalities, including chem-
otherapy, radiotherapy, immunotherapy, and photody-
namic therapy (PDT) [47].

Hypoxia, driven by hypoxia-inducible factor-1α 
(HIF-1α), profoundly influences anti-tumor effector-
cell function within the TME. HIF-1α production under 
hypoxia is linked to TAM activation and glycolysis 
enhancement in malignant cells [48]. In turn, TAMs pro-
duce factors that polarize M2 macrophages. In pancre-
atic ductal adenocarcinoma, hypoxic cancer-associated 
fibroblasts (CAFs) expressing high levels of HIF-2 pro-
mote TAM M2 polarization, whereas HIF-2 inhibition in 
CAFs reduces this polarization [49].

Hypoxia significantly upregulates the abundance of 
PD-L1, causing an increase in PDL1 and CTLA4 mRNA 
expression mediated by HIF-1α binding to the hypoxia 
response element (HRE) of PD-L1 [50]. The influence 
of hypoxia on immune checkpoints, including PD-L1, 
CD47, CD73, CD137, HLA-G, and CD70, all subject to 
HIF-1α regulation, has been discussed in a review article 
[51].

In addition to immune factors, hypoxia affects tumor 
cells by inducing resistance to conventional therapies 

through diverse pathways, including apoptosis, 
autophagy, DNA damage, mitochondrial activity, and 
drug efflux. Hypoxia also alters the cell cycle by arresting 
cells in the G1 phase, thereby diminishing sensitivity to 
chemotherapy and radiation therapy (RT).

Furthermore, hypoxia reduces the efficacy of PDT and 
RT. PDT relies on tissue oxygen to produce cytotoxic 
substances, such as ROS, whereas RT leverages oxygen to 
generate cytotoxic ROS under ionizing radiation. Oxygen 
also influences DNA self-repair after radiation damage 
and enhances radiation-induced cell death. Oxygen levels 
in tumor tissues are critical for the effectiveness of PDT 
and RT, and alleviating tumor hypoxia can significantly 
enhance their anti-tumor effects [52].

Acidic pH
While normally differentiated cells rely on oxygen for 
energy via mitochondrial oxidative phosphorylation, 
tumor cells often exhibit the Warburg effect, rapidly pro-
liferating and producing significant lactate even in the 
presence of sufficient oxygen [53, 54]. Lactic acid produc-
tion lowers the pH of the TME, hindering the anti-tumor 
activity of T and NK cells. Furthermore, tumor-derived 
lactic acid can be influenced by HIF-1α, enhancing the 
expression of M2-associated genes, including vascu-
lar endothelial growth factor (VEGF), promoting M2 
polarization in TAMs [28, 54]. Moreover, the hypoxia-
induced pH reduction creates an acidic TME, leading to 
drug resistance in tumor cells. Mechanisms behind this 
resistance encompass reduced drug concentration due to 
“ion capture,” decreased likelihood of apoptosis, genetic 
changes such as P53 mutations, and increased activity of 
the multidrug transporter P-glycoprotein [46].

High interstitial pressure
The atypical structure and function of tumor blood 
vessels and inadequate lymphatic drainage contribute to 
elevated interstitial fluid pressure (IFP) [55]. Tumor cells 
recruit fibroblasts, endothelial cells, and stromal cells, 
forming a dense barrier that intensifies the IFP within 
tumors [56]. The IFP in tumor tissues ranges from 5 to 
40  mmHg and can reach 75–130  mmHg, in contrast to 
the 0–3  mmHg found in normal tissue [57]. A highly 
elevated IFP can generate additional problems, including 
obstructed blood perfusion, limited oxygen, nutrients, 
and metabolite delivery, and a low-oxygen, low-pH 
TME. The disrupted TME and vascular system modify 
the normal hydrostatic and osmotic pressures, affecting 
the transport of small molecules and solutes into and out 
of the blood vessels. High tumor pressure impedes the 
distribution of active drugs, especially macromolecules, 
and antibodies, to distal tumor regions, hampering 
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effective drug delivery [58]. Various approaches have 
been proposed to mitigate high IFP levels, including 
reducing tumor collagen density to alleviate IFP and 
enhancing nanoparticle (NP) accumulation within 
tumors [59].

Tumor vascular abnormalities
Solid tumors acquire oxygen and nutrients through dif-
fusion when their volume is < 2 mm3. Developing new 
blood vessels becomes crucial for sustaining exponential 
growth [60]. The TME is pivotal in regulating pathologi-
cal neovascularization throughout the tumor’s progres-
sion and metastasis. ECM components and stromal cells 
within the microenvironment enhance proangiogenic 
factors while reducing angiogenesis inhibitors, fostering 
a pro-neovascularization environment. Unlike their nor-
mal counterparts, tumor blood vessels exhibit structural 
flaws, with the absence of pericytes and perivascular cells 
causing gaps between endothelial cells in capillaries to 
reach sizes of 10–1000 nm. This significantly boosts vas-
cular permeability and conductance, leading to structural 
abnormalities in tumor blood vessels, ultimately result-
ing in interstitial hypertension, hypoxia, and acidosis 
within the TME [56, 61]. However, nanomedicines within 
specific size ranges can penetrate the blood vessels and 
access the tumor stroma. Anti-tumor angiogenic drugs 
can recalibrate the balance between pro-angiogenic and 
anti-angiogenic factors in the TME, temporarily normal-
izing the tumor blood vessels and their surroundings. 
Normalized blood vessels reduce in number, alleviating 
interstitial pressure, enhancing tumor oxygenation, and 
ameliorating the immunosuppressive TME [62, 63].

Tumor exosomes
EVs derived from cancer, immune, and non-immune 
host cells are integral to the TME [64]. Among these, 
exosomes play a critical role in facilitating the transfer 
of tumor-specific or enriched major histocompatibility 
complex (MHC) molecules and antigens, bolstering 
antigen presentation, and promoting immune 
recognition [65]. However, the sustained release of 
exosomes from tumors can result in profound immune 
suppression and inflammation, endowing tumor-derived 
exosomes (TEX) with prognostic value for tracking 
tumor progression. TEX serve as messengers that 
transmit immune stimulation and immunosuppressive 
signaling molecules, shaping targeted immune cells’ 
development, maturation, and anti-tumor capacity. 
Host cells associated with tumors, including fibroblasts, 
adipocytes, and astrocytes, tend to support metastasis by 
releasing EVs. In contrast, EVs from immune cells, such 
as B cells, DCs, and macrophages, primarily promote 

anti-tumor immune responses [66, 67]. Understanding 
the intricate relationship between exosomes in tumor 
cells and the host microenvironment and harnessing 
exosomes for innovative treatment strategies holds 
substantial promise for advancing cancer therapeutics.

Impact of biomaterial properties 
on immunotherapy efficacy
Cancer treatment targets are typically located within 
the TME; however, most drugs accumulate elsewhere, 
leading to inevitable adverse events. Compared to 
conventional cancer therapies, the rational design of 
biomaterials offers the ability to endow materials with 
unique physicochemical properties that enable specific 
tumor targeting, prolonged circulation, and an improved 
immunosuppressive TME, ultimately enhancing cancer 
treatment (Fig.  3). The physicochemical properties 
of biomaterials primarily affect the tumor targeting 
efficiency and mechanisms passively. Passive targeting 
leverages factors such as biological material morphology, 
size, surface charge, and the enhanced permeation and 
retention (EPR) effect to enrich materials in tumor tissues 
during circulation within the bloodstream.

Biomaterial shape
Research has highlighted the substantial impact of the 
shape of biomaterials on their in vivo biological distribu-
tion [71]. Although the in vivo biological distribution and 
clearance of NPs of varying shapes and sizes have been 
investigated, no conclusive data have demonstrated the 
superiority of any specific shape in reducing clearance 
by the mononuclear phagocyte system [72, 73]. Never-
theless, non-spherical biomaterials leverage their high 
aspect ratios and augmented surface areas to bind recep-
tors on tumor cell surfaces, enhancing the efficacy of 
targeted tumor treatment [68]. Sunshine et  al. reported 
that prolate ellipsoidal artificial antigen-presenting cells 
(aAPC) bind to and activate antigen-specific T-cells 
more efficiently than spherical microparticles, ultimately 
eliciting superior anti-tumor immune responses in 
therapeutic models (Fig. 3A) [74]. Ben-Akiva et al. have 
engineered an enhanced nanoscale biodegradable aAPC 
that can be adjusted to achieve a nanoparticle geom-
etry that effectively binds to and activates CD8+ T cells 
[68]. Moreover, composite-shaped biomaterials, such as 
mesoporous silica (MSN), can improve NP blood resi-
dence and enhance the EPR effect. The TME-responsive 
MSN human H-chain ferritin anticancer drug delivery 
system utilizes inner and outer pores to carry excess 
drugs for enhanced tumor targeting [75]. Christian et al. 
found that worm-like micelles remain in the bloodstream 
longer than spherical micelles [76]. Spherical biomateri-
als, including NPs, liposomes, and ferritin, exploit their 
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small size and heightened fluidity to infiltrate tumor 
tissues through openings in tumor blood vessels and 
achieve passive targeting [77].

Particle size
Diverse NP sizes result in varied distribution, infiltra-
tion, clearance, and internalization, profoundly affect-
ing their interactions with tumors and immune cells 

Fig. 3  Impact of biomaterial properties on immunotherapy efficacy. A Prolate ellipsoidal artificial antigen presenting cells bind to and activate 
antigen-specific CD8 + T cells more efficiently than spherical microparticles [68].  Copyright 2023, Elsevier. B Intelligently designed nanocapsules 
not only shrink and break down into small-sized nanodrugs upon drug release, but also modulate the TME to overproduce ROS, thereby 
enhancing synergistic treatment of tumors [69]. Copyright 2019, Springer Nature. C Illustration of SPDMCN-mediated synergistic immunotherapy, 
including acidic tumor microenvironment induced DMC release, photoirradiation of SPDMCN for ICD induction, and immune cell modulation 
by DMC [70]. Copyright 2021, Wiley
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[78]. NPs within the size range of 30–40  nm to sev-
eral hundred nanometers can passively accumulate at 
tumor sites, facilitated by the EPR effects, which arise 
due to enhanced blood vessel permeability in tumors 
[79, 80]. Wang’s group demonstrated that an adjuvant 
composed of MSN, apatite, and Ancer-derived PAMPs 
(MS-Ap-PAMP) exhibits particle size-dependent immu-
nogenicity; 200 nm particles exhibit the lowest cyto-
toxicity and highest adjuvant activity. Mice treated with 
the MS-Ap-PAMP adjuvant exhibit a marked increase 
in cell-mediated immune-associated cytokines, such as 
granulocyte–macrophage colony-stimulating factor and 
IL-12, as well as significantly enhanced tumor immu-
notherapy efficacy compared with mice receiving the 
commercial alum adjuvant [81]. Cheng et  al. systemati-
cally assessed the biological traits of three monodisperse 
drug-silica nanoconjugates (NCs) at 20, 50, and 200 nm 
[78]. Their study showed that smaller anti-cancer nano-
medicine particles, particularly those of 50 nm, displayed 
enhanced tumor tissue permeability, reduced blood 
clearance rates, and increased cancer-cell internaliza-
tion rates in  vivo. Wang et  al. report size-switchable 
nanocapsules (Fig. 3B). These nanocapsules are made of 
a PLGA-polymer matrix coated with Fe/FeO core–shell 
nanocrystals and co-loaded with chemotherapy drug 
and photothermal agent. Intelligently designed nanocap-
sules not only shrink and break down into small-sized 
nanodrugs upon drug release, but also modulate the 
TME to overproduce ROS, thereby enhancing synergis-
tic treatment of tumors [69]. Then, when designing NPs 
for tumor immunotherapy, selecting an appropriate size 
(or size range) and considering factors such as drug or 
antigen properties, tumor types, and targeted ligands is 
essential to achieve optimal therapeutic outcomes.

Surface charge
The interaction of NPs with cells is profoundly influ-
enced by their surface charge. Surface property modifica-
tion is also widely used to improve the blood circulation 
and tumor accumulation of NPs [82]. Notably, highly 
cationic NPs are removed from circulation more rap-
idly than their highly anionic counterparts. For instance, 
Souris et  al. reported that mesoporous silica NPs with 
a positive zeta potential began hepatobiliary clearance 
less than 30  min after administration, whereas Ye et  al. 
described highly negatively charged gold nanotubes 
cleared after 72 h [83]. Conversely, neutral NPs and those 
with a slightly negative charge exhibit significantly pro-
longed circulating half-lives. Most nanomaterials employ 
neutral surface ligands based on a poly (ethylene gly-
col) (PEG) coating. This leads to less efficient clearance 
of PEG coating NPs by macrophages [79]. In contrast, 
research by McDonald and colleagues revealed that 

cationic liposomes exhibit enhanced binding and inter-
nalization by tumor-associated vascular endothelial cells 
compared to their interaction with normal vascular sys-
tems [79]. Therefore, for effective NP delivery to tumors, 
it is advantageous for the NP surface to be neutrally or 
slightly negatively charged upon intravenous adminis-
tration and to switch to a positive charge upon arrival 
at the tumor site. Pu et  al. introduced a charge-reversal 
polymer nano-modulator (SPDMCN) designed to release 
demethylcantharidin within the acidic TME, triggering 
a surface charge shift to a positive state (+ 12  mV) that 
enhances permeability and retention. Upon near-infrared 
laser irradiation, SPDMCN generates 1O2, effectively ablat-
ing primary tumors while inducing ICD and promoting 
DC maturation (Fig.  3C) [70]. Additionally, Zhou et  al. 
designed a γ-glutamylamide-based zwitterionic poly-
mer–camptothecin (CPT) drug conjugate. As the drug 
conjugate reaches the tumor site, the gamma-glutamyl 
amide on the cell surface hydrolyzes, releasing amino 
groups and positively charging the polymer. This expe-
dites the rapid endocytosis of cationic conjugates by vas-
cular endothelial or tumor cells, triggering endocytosis 
and cross-cell delivery within tumor tissues [84].

Deformability and degradability
When assessing the fate of therapeutic drugs in vivo, it is 
essential to consider their deformability and biodegrada-
bility. Jiang et al. introduced nanogels with varying hard-
ness levels, revealing that softer NPs could extend the 
circulation time through a deformation [85]. Similarly, 
Li focused on tailoring the stiffness of poly (N-isopropyl-
methacrylamide-disulfide bond-methacrylic acid) nano-
gels by adjusting the degree of crosslinking. They found 
that soft nanogels led to substantial tumor accumulation 
and potent tumor suppression because of their supe-
rior deformability [86]. The deformability of biomateri-
als plays a crucial role in the targeted delivery of tumor 
immunotherapeutics. These materials can dynamically 
alter their morphology as needed, thereby enabling con-
trolled release, improved tissue penetration, and modu-
lation of immune cells at tumor sites. Equally important 
is the requirement for biomaterials to resist extracellular 
degradation before delivering their immunomodulatory 
payload to the target cellular population. Yang and col-
leagues developed mixed-micelle formulations using 
aliphatic polycarbonates comprising urea-containing 
block copolymers blended with acid-functionalized 
block copolymers. Their study demonstrated that par-
ticulate formulations with higher kinetic stability exhibit 
enhanced and faster tumor accumulation than formula-
tions with lower kinetic stability [87].
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Biomaterial tools targeting the TME
Biomaterials play a pivotal role in targeting the TME to 
enhance cancer therapy. Inorganic NPs, such as metal 
oxide NPs and mesoporous silica NPs, enable precise 
drug delivery and immunomodulation in the TME. 
Organic biomaterials, such as synthetic and natural 
biopolymers, offer versatile platforms for immune cell 
targeting. These strategies include TAM, DC, NK, and 
Treg cell modulation. Additionally, biomaterials tackle 
TME challenges, such as hypoxia, acidity, and ROS regu-
lation (Table  1). They normalize tumor vasculature and 
disrupt the ECM, improving drug delivery and immune 
responses. These innovations hold promise for effective 
and precise cancer treatments.

Types of biomaterials
Inorganic nanomaterials
Nanomaterials have extensive utility across diverse 
sectors, including the biomedicine, electronics, con-
struction, and food industries, as well as anti-cancer 
applications. Their diminutive size (typically below 
100 nm) and expansive surface area make them ideal plat-
forms for attaching various functional molecules, includ-
ing therapeutically active agents [88, 89]. These versatile 
nanomaterials are broadly classified into metallic and 
non-metallic categories based on their origin. Inorganic 
nanomaterials, unlike their organic or polymeric coun-
terparts, offer distinct advantages. They feature precisely 
defined chemical properties, enabling controlled manip-
ulation of shape and size, easy customization, and unique 
optical, electrical, and magnetic properties. This combi-
nation not only confers heightened mechanical stability 
but also upholds a high level of bioactivity. Furthermore, 
inorganic nanomaterials can be seamlessly integrated 
with various carriers, including polymeric carriers and 
biocarriers. This adaptability enables the creation of tai-
lored platforms that exhibit specific anti-tumor efficacies 
[90].

Metal-peroxide nanomaterials: Metal-based drug plat-
forms have long been a cornerstone of the arsenal against 
cancer, proving effective for detection and early-stage 
treatment. Platinum-containing drugs have emerged 
as some of the most extensively investigated antitumor 
chemotherapeutic agents [11, 91]. However, they have 
certain drawbacks, including limited bioavailability, high 
systemic toxicity, drug resistance, and limited cancer cell 
selectivity [92]. Metal ions, which are pivotal in various 
cellular metabolic pathways, can cause irreparable cel-
lular damage or activate apoptosis-triggering metabolic 
reactions when improperly distributed or absorbed by 
cells [93]. This has led to significant research interest 
in metal peroxides within the biological and medical 
domains, owing to their distinctive chemistry, reaction 

products, and the biochemical effects of the released 
metal ions.

Metal peroxides primarily consist of metal ions and 
peroxy groups, which yield hydrogen peroxide when 
combined with water while liberating metal ions [94]. In 
the TME, metal peroxides produce hydrogen peroxide, 
serving as a substrate for Fenton-like enzymatic reac-
tions. This cascade generates myriad highly cytotoxic 
hydroxyl radicals, thus facilitating tumor cell apoptosis 
[95]. Additionally, the self-decomposition of hydrogen 
peroxide into oxygen can ameliorate the hypoxic TME, 
augmenting the efficacy of therapeutic modalities, such 
as PDT and RT. Metal peroxide-based NPs represent 
an emerging nanosystem with intrinsic physicochemi-
cal properties, reactivity, and bioactivity that align with 
diverse biological applications. Recent multifunctional 
metal peroxide nanoparticles have been developed for 
therapeutic purposes, including CuO2, CaO2, MgO2, 
ZnO2, BaO2, and TiOx [96, 97]. For instance, Lin et  al. 
[98] successfully synthesized copper perovskite NPs, ena-
bling self-sustained chemokinetic treatment through the 
controlled release of hydrogen peroxide and copper ions 
with Fenton-like catalytic activity under mildly acidic 
conditions. The Fenton-like reaction effectively gener-
ated hydroxyl radicals and demonstrated remarkable effi-
cacy in cellular and in  vivo animal experiments. When 
a chemically inert calcium component does not induce 
a chemical reaction, CaO2 NPs are used in combination 
with Fenton compounds to achieve therapeutic effective-
ness. Hyaluronic acid (HA)-assisted integration of CaO2 
NPs with Fe3O4 Fenton NPs resulted in CaO2-Fe3O4/HA 
hybrid nanostructures, providing a self-sustaining source 
of hydrogen peroxide and facilitating a Fenton-based 
tumor eradication process [99, 100].

Metal oxide nanoparticles (MONPs): Metal-oxide 
nanoparticles (MONPs) have emerged as invaluable 
materials in the pharmaceutical and health-related sec-
tors owing to their numerous advantages, including high 
stability, simple synthesis methods, and precise control 
over size, shape, porosity, and cell permeability. Indeed, 
various MONPs have practical applications in the clini-
cal realm, having been featured in antimicrobial wound 
dressings, biosensors, anticancer agents, and image con-
trast agents [101]. The most promising candidates among 
MONPs for biomedical applications include zinc, cerium, 
manganese, iron, silver, magnesium, titanium, nickel, zir-
conium, and cadmium oxides. A substantial body of liter-
ature has recently elucidated their compelling ex vivo and 
in vivo biological activities, highlighting their potential in 
diverse medical contexts.

1) Zinc-oxide nanoparticles (ZnO NPs), distinguished 
by their non-toxic, biocompatible nature, offer versatile 
functionality contingent on size, shape, and aspect ratio 
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[102]. Notably, ZnO NPs have been approved by the 
U.S. Food and Drug Administration (FDA) as potent 
anticancer agents due to their inherent antitumor 
activity [103]. Their solubility in low pH environments 
indicates that ZnO NPs are excellent pH-sensitive 
nanocarriers for precise tumor-targeted drug delivery 
and intracellular release [104]. Wu and Zhang revealed 
that chitosan-coated, positively charged ZnO NPs 
exhibit enhanced cytotoxicity at higher concentrations, 
potentially inducing apoptosis through increased cell 
internalization and ROS production [105]. ZnO NPs 
also selectively induce cytotoxicity in cancer cells by 
perturbing Zn-dependent protein activity [106, 107]. 
Furthermore, these NPs inhibit the proliferation, lipid 
accumulation, and oxidation of RCC cells by modulating 
ACSL4 function through miR-454-3p upregulation 
[108]. ZnO NPs can also target the TME, polarize 
macrophages toward the M1-like phenotype, and 
enhance the immunogenicity and anticancer potential of 
DOX [15]. Although ZnO NPs have promising prospects 
for cancer immunotherapy, their toxic effects on various 
cells and organisms must be determined. Therefore, 
comprehensive studies must be performed to identify 
the therapeutic benefits of these drugs relative to their 
potential toxicological risks [103].

2) Iron oxide nanoparticles (IONPs) play a pivotal 
role in cancer diagnosis and treatment by leveraging 
their high efficiency and specificity to accumulate in the 
TME [109]. These NPs are employed in iron replacement 
therapy and drug delivery systems [110, 111]. Moreover, 
IONPs exhibit enzyme-like activity, particularly when 
chemically doped with cobalt, as demonstrated by Liu 
et  al. The Co-doped Co@Fe3O4 NPs exhibited signifi-
cantly enhanced peroxidase activity, catalyzing ultra-low-
dose H2O2 decomposition. This led to ROS generation, 
−OH induction, and effective eradication of renal tumor 
cells in  vitro and in  vivo [112]. The immunomodula-
tory potential of IONPs has attracted increased inter-
est. Their interaction with immune cells triggers robust 
antitumor immune responses. IONPs exhibit pharmaco-
logical properties by modifying macrophage polarization. 
For instance, carboxylic acid-containing IONPs com-
bined with lactate oxidase increase the M1 macrophage 
population in the TME. Artificial reprogramming of 
macrophages using HA-modified superparamagnetic 
iron-oxide NPs substantially enhances intrinsic cellular 
immunity [113, 114]. In addition to macrophage pheno-
typic polarization, IONPs influence autophagy, augment 
killer T-cell infiltration, and boost DC-mediated immune 
responses. This opens new avenues for expanding the 
clinical application of IONPs [115].

3) Manganese oxide nanoparticles (MONs) serve as 
promising TME-responsive biomaterials that trigger 

potent anti-tumor immune responses, offering exten-
sive potential in immunotherapy [116]. These Mn-based 
nanomaterials function as adjuvants to modulate the 
tumor immune microenvironment, promote immune 
responses, and activate the cGAS-STING pathway to ini-
tiate tumor immunotherapy [117]. Due to the multiple 
valence states of Mn, these nanomaterials can efficiently 
regulate the TME via redox reactions [118]. For exam-
ple, MnO2 NPs react with intracellular overexpressed 
glutathione, producing Mn2+ and glutathione disulfide 
through redox reactions. This significantly reduces the 
antioxidant GSH within tumor cells and increases their 
sensitivity to ROS [119]. Moreover, in an acidic TME, 
MnO2 NPs alleviate tumor hypoxia by converting endog-
enous overexpressed hydrogen peroxide into Mn2+ 
within solid tumors, generating copious amounts of oxy-
gen. These Mn-based nanomaterials play a pivotal role in 
treating ROS/oxygen-dependent tumors by modulating 
the TME. Their unique ability to ameliorate immuno-
suppressed TME makes them valuable assets for tumor 
immunotherapy [118, 120].

Mesoporous silica nanoparticles: Silica nanomaterial-
based therapeutic systems offer multifunctionality; how-
ever, intricate post-processing and surface modifications 
hinder their broad biomedical applications. Among these 
inorganic nanomaterials, mesoporous silica NPs (MSNs) 
have emerged as significant innovations in materials sci-
ence due to their superior biocompatibility, lower tox-
icity, larger specific surface area, smaller particle size, 
and uniform high-volume pores. Consequently, MSNs 
have become compelling nanoplatforms, particularly for 
cancer imaging and therapy [121, 122]. An ideal stimu-
lus-responsive nano-delivery system should be capable 
of precisely selecting and targeting specific TMEs with 
high sensitivity and specificity. Furthermore, it should 
ensure the controlled release of active drugs in response 
to internal and external stimuli. MSN-based responsive 
drug delivery systems have been designed using various 
triggers, such as pH, redox state, temperature, enzymes, 
light, magnetic fields, or combinations thereof [123]. For 
instance, malignant and inflammatory tissues exhibit a 
weakly acidic extracellular pH (approximately 6.0–7.0), 
whereas healthy tissues maintain a pH of 7.4. This differ-
ence in pH serves as a cue for the MSNs to initiate drug 
release at therapeutic concentrations once they reach 
the target site [124]. Additionally, the overexpression of 
reduced GSH in tumor tissues relative to normal tissues 
triggers the cleavage of disulfide bonds in GSH-sensitive 
MSNs, thereby facilitating drug or gene delivery at the 
tumor site [125].
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Organic biomaterials
Organic biomaterials capable of targeting the TME can 
be categorized into synthetic polymers, natural biomol-
ecules, and cell-derived bioactive materials.

Synthetic polymer materials: Synthetic polymers are 
extensively used in medical applications, particularly 
as NP-based adjuvants and delivery systems for immu-
nostimulatory agents that target tumor inhibition. Their 
remarkable attributes, such as biocompatibility, water 
solubility, and the capacity to efficiently load immune-
related components, make them highly valued in cancer 
immunotherapy.

Poly(lactic-co-glycolic acid) (PLGA) is a biodegrad-
able polymer known for its mechanical strength and 
biocompatibility. PLGA NPs excel in passive tumor tar-
geting due to their stability and prolonged circulation in 
the bloodstream. These biocompatible and biodegrad-
able copolymers are FDA-approved for use in drug deliv-
ery systems and naturally exhibit an affinity for DCs and 
other APCs. This quality has made them the preferred 
choice for encapsulating tumor antigens and immune 
adjuvants [126]. However, the degradation byproducts 
of PLGA, lactic acid, and glycolic acid can create a pro-
inflammatory microenvironment by reducing the local 
tissue pH. Notably, lactic acid generated during PLGA 
degradation demonstrates potent immunosuppressive 
effects. For instance, treatment of DCs with low-molec-
ular-weight PLGA NPs may lead to the development of 
an immunosuppressive phenotype, potentially due to 
the release of immunosuppressive lactate [127]. Recent 
insights have emphasized the pivotal role of lactate in the 
metabolic activity of immunosuppressive regulatory T 
cells within the TME. Lactate acts as an immunosuppres-
sive agent, influencing the recruitment of cells associ-
ated with immunosuppression and ultimately promoting 
tumor progression [128]. Given the fundamental role of 
PLGA in numerous synthetic drug-release platforms cur-
rently in clinical trials, further investigation is essential 
to comprehend its utilization and impact on anti-tumor 
strategies.

PEG serves as an outer layer in most lipid- and 
polymer-based nanocarriers, significantly enhancing 
active targeting and consequently improving the anti-
tumor effects. Its key function is to extend the circulation 
time of drugs within the body. For example, Pan et  al. 
[129] synthesized PLA-mPEG2000 and TPGS3350-PHis-
Folate polymers through nanoprecipitation to create 
NPs for loading DTX. In this formulation, PEG plays 
a crucial role; under normal physiological conditions, 
the PEG chain conceals the targeted folate molecules 
within the PEG2000 chain, effectively deactivating the 
active targeting of NPs. However, in a weakly acidic 
TME, specific molecular changes enable active targeting, 

facilitating receptor-induced endocytosis and release of 
DTX. Moreover, considering the distinct characteristics 
of the TME, including pH, redox potential, and enzyme 
activity, it is possible to load immunotherapeutic drugs 
and immunomodulators using carriers such as micelles 
and hydrogels [130]. This approach enables responsive 
drug release and modulation of the TME, enhancing 
drug targeting and bioavailability while minimizing 
side effects. Hydrogels offer an additional dimension 
that facilitates the creation of patient-derived tumor 
organoids (PDTOs) that replicate the attributes of the 
TME. These PDTOs maintain the stability of molecular 
markers and heterogeneity of the original tumor, 
representing valuable tools for constructing personalized 
drug screening models. This advancement promises to 
enhance the precision, cost efficiency, and overall efficacy 
of clinical treatments, further advancing the principles of 
precision medicine [131].

Biomolecule materials: Natural polymer materials pos-
sess an advantageous combination of biocompatibility 
and biodegradability, making them highly desirable for 
nano-drug carrier applications. Using natural biopoly-
mers enhances drug utilization, minimizes toxicity, 
reduces side effects, achieves precise drug delivery, and 
alleviates patient suffering.

A wide array of polysaccharides have been used for 
targeted drug delivery and cancer treatment. Notably, 
HA is characterized by its water solubility, biocompat-
ibility, biodegradability, and CD44-targeting properties 
[132]. Kim et  al. [133] engineered a polymeric nano-
conjugate comprising siPD-L1–based polysaccharides, 
PEGylated HA for CD44 targeting, and OVA, a model 
foreign antigen. This conjugate not only promotes the 
rejection of tumor cells by OVA-specific T-cells but 
also reshapes the TME, driving a robust T-cell response 
against endogenous tumor antigens, culminating in last-
ing protective immunity. Moreover, as drug carriers, 
silk fibroin (SF)-based NPs exhibit inherent passive tar-
geting capabilities through EPR effects. Tan et  al. [134] 
developed SF protein-based Adriamycin preloaded 
with calcium carbonate (CCs SF/DOX). CCs SF/DOX 
propels M1-like macrophage polarization and coun-
teracts the immunosuppressive TME. Huo et  al. [135] 
harnessed 4T1 cell–DC fusion cell membrane proteins 
immobilized within a biomineralized SF hydrogel to 
fabricate a CaCO3-biomineralized hydrogel DC vac-
cine. This SF-hydrogel vaccine significantly enhanced 
immune activation, augmented immunogenicity, and 
reversed immunosuppressive activity within the TME. 
These findings represent a promising avenue for cancer 
immunotherapy.

Bioactive materials of cellular/bacterial origin: Bioac-
tive materials are pivotal in the precisely regulating the 
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tumor immune microenvironment through biological 
interventions. Cellular and bacterial materials, known for 
their natural tropism and biocompatibility, offer effective 
tumor targeting and TME modulation [136].

Cellular and bacterial membranes contain an array of 
bioactive components, including proteins, phospholip-
ids, and lipopolysaccharides. These naturally derived 
structures provide the flexibility and compatibility for 
seamless integration with synthetic materials. Surface 
modification of NPs using a range of cell membranes 
(such as blood cells, cancer cells, immune cells, and 
bacteria) has emerged as a promising strategy [137]. 
This imparts outstanding biocompatibility, prolongs 
circulation time, and enhances the target specific-
ity of NPs. These advantages indirectly bolster immu-
notherapy by promoting anti-tumor immune activity 
(e.g., immunorecognition, immunogenicity, effector cell 
activation, and TME modulation) or directly deliver-
ing immunological agents. For instance, inspired by the 
oxygen transport capacity of red blood cells, perfluoro-
carbons (PFCs), hemoglobin (Hb), and MnO2 have 
been designed to combat tumor hypoxia and enhance 
therapeutic efficacy [138]. Gao et  al. [139] devised an 
artificial nanoscale system by embedding PFCs within 
the membranes of red blood cells to amplify tumor 
radiotherapy. Furthermore, harnessing the intrinsic 
biological functions of living cells has gained traction in 
antitumor immune regulation. Utilizing biological and 
chemical techniques to load drugs or nanomedicines 
into patients or donor-source living cells is an emerg-
ing therapeutic approach. Leveraging cellular drugs to 
modulate the TME and convert the immunosuppressive 
microenvironment into an immune-activating milieu 
holds immense promise for overcoming the limitations 
of current immunotherapies.

Exosomes have superior circulatory stability and 
inherent drug-delivery capabilities compared to 
alternative nanocarriers. They exhibit reduced toxicity 
and immunogenicity, partially attributable to the 
widespread presence of CD47, an integrin-associated 
transmembrane protein, on their surfaces. CD47 
efficiently shields exosomes from phagocytosis by 
circulating monocytes, facilitating successful drug 
delivery [140]. Furthermore, exosomes are rich in 
plasma membrane-like phospholipids and membrane-
anchored proteins, working synergistically to resist 
clearance from the circulation. Extensive research has 
demonstrated the capacity of DC-derived exosomes 
carrying tumor antigens to activate CD8+ T cells specific 
to these antigens, provoking a cytotoxic response [67, 
141, 142]. As shown in animal models and clinical trials, 
this effect significantly bolsters anti-tumor reactions. 
Moreover, exosomes enhance the activity of the Trp2 

vaccine encapsulated by lipid calcium phosphate NPs, 
intensifying antigen-specific CD8+ T cell responses. 
Thus, exosomes are promising candidates as vaccine 
adjuvants [143]. The ability of exosomes to traverse the 
blood–brain barrier is a promising strategy for brain 
tumor treatment. The potential of exosomes as clinical 
carriers is particularly exciting, with carefully engineered 
modifications to accommodate specific payloads, 
including anti-tumor drugs and tumor-targeting RNAs. 
These advances provide strong support for the prospects 
of exosomes in the medical field.

Application of biomaterials to improve the tumor 
microenvironment
The TME presents unique pathophysiological challenges 
that necessitate the effective penetration of multilayered 
barriers, including the tumor vasculature, tumor-asso-
ciated fibroblasts (TAFs), stromal cells, and the ECM, 
to access the interior of tumor cells. Compared with 
immunotherapeutic drugs alone, biomaterial-based can-
cer immunotherapy offers a more precise and improved 
approach to anti-tumor immunity. This approach circum-
vents delivery limitations and allows for cell-specific tar-
geting, enhanced internalization, and synergistic effects 
of various therapeutic drugs. Furthermore, it is essential 
to consider the intrinsic immunomodulatory potential 
of biomaterials, which, in addition to serving as drug 
delivery platforms, contribute to the success of cancer 
immunotherapy.

Biomaterial applications for immunosuppression modulation
In the context of TME immunosuppression, this sec-
tion focuses on biomaterials that precisely convey 
immune signals within the TME, bypassing systemic and 
local immunosuppressive mechanisms. This strategic 
approach aims to reverse the immunosuppressive TME 
and reestablish anti-tumor immunity.

Immune‑cell‑based regulation
Targeting TAMs: TAMs exhibit M2-type functions, 
fostering an immunosuppressive and protumoral 
microenvironment. Targeting TAMs is a promising 
anticancer therapeutic strategy. BLZ-945, a selective 
CSF1R inhibitor, is a hydrophobic, small-molecule drug. 
Shen et al. designed a pH-responsive immunostimulatory 
nanocarrier loaded with BLZ-945 and Pt (BLZ-945SCNS/
PT) [144]. This nanocarrier effectively targeted TAMs 
and tumor cells, achieving a synergistic anti-tumor 
effect (Fig. 4C). Upon passive delivery to the perivascular 
TME region, BLZ-945SCNS/PT responds to an acidic 
pH, leading to its structural collapse and simultaneous 
release of platinum prodrugs and BLZ-945 within the 
TME. TAMs take up BLZ-945, depleting TAMs, whereas 
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platinum-bound NPs penetrate deep into the tumor, 
causing intracellular platinum release for tumor cell 
destruction (Fig. 4D). In vivo experiments demonstrated 
TAM reduction, increased CD8+ T cells, and tumor 
growth inhibition in mice loaded with 4T1 tumors. Wang 
developed a hemoglobin-poly(ε-caprolactone) (Hb-PCL) 
self-assembled nano-erythrocyte system (V(HB)) for 
delivering the chemotherapeutic drug Adriamycin (i.e., 
DOX) and oxygen (Fig.  4A) [145]. The Hb portion of 
V(HB)@DOX binds to plasma-bound haptoglobin (Hp) 
proteins and targets M2-type TAMs via the CD163 
surface receptor. Additionally, the released oxygen 
mitigates tumor hypoxia and enhances the antitumor 
immune response (Fig.  4B). TAM-targeted depletion, 
coupled with hypoxia alleviation, synergistically 
reprograms the TME, down-regulating PD-L1 expression 
in tumor cells, reducing immunosuppressive cytokines 
(e.g., IL-10 and TGF-β), and elevating immune-
stimulating interferon-γ, thus enhancing cytotoxic 
T-lymphocyte responses and memory response.

Targeting DCs: DCs are pivotal in initiating and 
amplifying T-cell responses. Xiao et  al. [146] developed 

biomimetic PDA/GNS@aPD-L1 NPs functionalized with 
an anti-PD-L1 single-chain variable fragment. These 
NPs integrate the immune checkpoint blockade with 
photothermal ablation for targeted tumor therapy. This 
approach combines PD-1/PD-L1 checkpoint blockade 
with photothermal ablation, effectively reversing the 
immunosuppressive TME, inhibiting tumor growth, and 
prolonging survival. In  vivo studies revealed that PDA/
GNS@aPD-L1 NP therapy promoted DC maturation, 
increased CD8+ T-cell infiltration, reduced immune-
suppressor cell populations (e.g., regulatory T cells 
and myeloid-derived suppressor cells (MDSCs)), and 
induced the release of immune-activating cytokines 
(e.g., interferon-γ and tumor necrosis factor-α). DCs 
play a central role in innate and adaptive anti-tumor 
immunity. However, lipid accumulation in tumor-
associated DCs can lead to immune tolerance and reduce 
tumor responsiveness to various therapies. Xu et al. [147] 
harnessed polycaprolactone-polyethyleneimine (PCL-
PEI) NPs to create a lipid-reprogramming NP, TS-PP@
FU, loaded with acetyl coenzyme A carboxylase inhibitor 
(TOFA) and X-frame-binding protein mRNA shear 

Fig. 4  Biomaterial tools targeting TAMs in TME. A Schematic illustration of engineered endogenous TAM‐targeted biomimetic nano‐RBC 
to reprogram the TME for enhanced cancer chemo‐immunotherapy. B Evaluation of endogenous M2‐type TAM‐targeting ability of V(Hb) 
and V(Hb)@DOX. (i) M2-type macrophages incubated with V(Hb) + Hp exhibited stronger fluorescence intensity compared to cells exposed 
to V(Hb)C + Hp, V(Hb), or V(Hb)C alone; (ii)V(Hb)@DOX + Hp induced a high apoptosis rate of CD163+ M2-type macrophages, which was also higher 
than that of CD163− cells (M1-type macrophages and 4T1 cells); (iii) V(Hb)C@DOX and V(MHb)@DOX significantly inhibited tumor growth 
and V(Hb)@DOX resulted in maximum tumor inhibition [145].  Copyright 2021, Wiley. C Schematic illustration showing the mechanism of spatial 
delivery of BLZ-945 and Pt-prodrug to TAMs and tumor cells. D (i) Dose effect of BLZ-945SCNs on CSF-1R phosphorylation and TAMs abundance 
in tumor tissues. (ii) Inhibition of tumor growth by various formulations in 4T1 tumor-bearing BALB/c mice. (iii) Relative abundance of TAMs in 4T1 
tumor tissues at the end of treatment by flow cytometry [144]. Copyright 2017, American Chemical Society
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inhibitor (STF) in the hydrophobic core, and the lipid 
uptake inhibitor Fucoidan (FU), on the hydrophilic NP 
surface, attached via electrostatic interaction (Fig.  5A). 
Upon administration, FU on the NP surface targets the 
lipid transporter receptor MSR1 on TADCs, inhibiting 
exogenous lipid uptake. Simultaneously, TOFA and STF, 
released upon NP internalization, inhibit endogenous 
lipid uptake and transcription of lipid synthesis-related 
genes, respectively. This multipronged approach can 
effectively reprogram lipid metabolism in TADCs 
and holds promise for enhancing anti-tumor immune 
responses (Fig. 5B).

Targeting NK cells: Liu et  al. [148] introduced an 
advanced nanoplatform for liver cancer immunotherapy 
(Fig.  6B). This platform integrated photothermal 
therapeutic agents (PTAs), DNA enzymes, and artificially 
engineered NK cells. PTAs, namely Mn-CONASHs, 
with their two-dimensional structures, were crafted 
using tetrahydroxyanthraquinone and Mn2+ ligands 
adsorbed with polyetherimide and DNAzyme. The 
DNAzyme@Mn-CONASHs demonstrated efficient 
photothermal conversion. The TME enhanced their T1 
MRI signal and heat tolerance. Importantly, artificially 
engineered NK cells, modified with the TLS11a-aptamer 
for hepatocellular carcinoma specificity, effectively 
removed residual tumor cells after PTT. Li et  al. [149] 
presented a strategy to boost the anti-tumor potential 
of over-transfected natural killer T (NKT) cells through 
PTT pretreatment of tumor tissues. Using the FDA-
approved polymeric material PEG-PLGA–coated 

conjugated polymer PBIBDF-BT as a photosensitizer 
(NPs@PBT), they generated a thermal effect using an 
808-nm near-infrared light. PTT-treated tumor tissues 
upregulated the expression of NKT cell-associated 
chemokines, facilitating the recruitment of NKT cells. 
Furthermore, PTT treatment induced the expression 
of pro-inflammatory cytokines and DC maturation at 
the tumor site, promoting NKT cell activation. These 
activated NKT cells trigger a cascade of immune 
responses and enhance the cytotoxic activity of NK and 
CD8+ T cells. PTT combined with NKT cell transfusion 
exhibits potent antitumor efficacy against in situ tumors. 
Importantly, this combination therapy induces immune 
memory formation and prevents tumor metastasis 
and recurrence. The NPs@PBT platform effectively 
accumulated at the tumor site and demonstrated a 
strong photothermal switch. This approach significantly 
enhanced the recruitment and transfusion of NKT cells, 
thereby overcoming their limited infiltration capacity in 
solid tumors (Fig. 6A).

Targeting Tregs: Treg cell-mediated 
immunosuppression in the TME poses a significant 
challenge in cancer immunotherapy and is often 
associated with poor prognosis in various cancer types. 
Consequently, strategies to address the role of Tregs in 
cancer therapy have gained increasing attention. These 
include blocking Treg recruitment within tumors, 
inhibiting Treg function via ICB, and directly depleting 
Treg cells. Qu et  al. [150] developed TME-targeting 
hybrid NPs by tLyp1 peptide conjugation. These NPs 

Fig. 5  Biomaterial tools targeting DCs in the TME. A Schematic illustration of the hierarchical lipid rewiring of NPs for targeted TADC reinvigoration. 
B (i) Scheme of TS‐PP@FU preparation and effects on DC maturation. (ii) t‐SNE maps of CD80+, CD86+, CD80+CD86+, and other CD11+ DCs 
displayed in orange, green, blue, and gray, respectively. (iii) Ratios of CD80+CD86+ DCs (gated on CD11c+ cells) after indicated treatment. The mRNA 
and secretion levels of IL‐6 in DCs after indicated treatment [147].  Copyright 2023, Wiley
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demonstrate exceptional stability and precise targeting 
of Treg cells. Their therapeutic efficacy against tumors is 
based on inhibiting STAT3 and STAT5 phosphorylation, 
leading to the downregulation of Treg cell activity in 
synergy with imatinib. In  vivo studies further indicated 

that the combination of tLyp1-hNPs loaded with IMT 
and an anti-CTLA4 antibody successfully activate 
a potent anti-tumor immune response achieved by 
suppressing Treg cells, which exert immune inhibition 
and simultaneously promote CD8+ T-cell activation. 

Fig. 6  Biomaterial tools targeting NK cells in the TME. A Schematic illustration showing that PTT improved the tumor recruitment and antitumor 
efficacy of adoptively transferred NKT cells [149].  Copyright 2021, American Chemical Society. B Schematic illustration of artificially engineered NK 
cells combined with the antiheat endurance strategy for improving the therapeutic efficiency of PTT [148]. Copyright 2019, Wiley
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In a recent study by Son et  al., an innovative strategy 
harnessing mannan-based hollow nanoparticles with 
pathogen-mimicking properties emerged as a potent 
modulator of immune responses in the context of TMEs 
[16]. This approach, which holds immense promise for 
cancer immunotherapy, effectively curbs the regulatory 
T cell population while stimulating anti-tumor responses 
orchestrated by TH17 cells. The mechanism behind 
this immunomodulation centers on the activation of 
pattern recognition receptors, specifically Dectin-2 and 
Toll-like receptor 4, within DCs. This activation process 
plays a pivotal role in steering the differentiation of 
CD4+ T cells toward the TH17 phenotype. Crucially, 
the intra-tumoral administration of these nanoparticles 
in murine models demonstrates remarkable outcomes. 
Simultaneously, a noteworthy increase occurs in the 
prevalence of TH17 cells, CD8+ T cells, NK cells, 
and macrophages with an M1-like phenotype. ICB 
therapies have significantly advanced cancer treatment 
by releasing cytotoxic T lymphocytes (CTLs) from the 
“immunosuppressive brake,” enhancing T-cell infiltration 
into the TME, and improving the recognition and killing 
of tumor cells [151]. Researchers are now exploring 
NPs for more efficient drug delivery. For example, Bu 
et  al. [152] conjugated αPD-L1 onto hyperbranched 
poly (amidomine) dendrimers to create G7-αPD-L1. 
In  vitro binding kinetics revealed that G7-αPD-L1 
exhibited higher binding affinity to PD-L1 protein 
than free αPD-L1. In  vivo imaging demonstrated that 
72  h post-administration, G7-αPD-L1 showed 2.5-fold 
greater accumulation at the tumor site than free αPD-
L1. Moreover, delivering PD-L1 siRNA through ionizable 
lipid NPs (LNPs) and polycation micelles possessing 
positively charged moieties effectively reduced PD-L1 
expression in tumors in vivo [153].

Delivery of immunosuppressive molecule antagonists via 
nanoparticles: Small molecules possessing immunosup-
pressive properties, such as indoleamine-2,3-dioxygenase 
(IDO), have emerged as potential targets of interest. IDO 
plays a pivotal role in catalyzing the conversion of tryp-
tophan (Trp) into kynurenine (Kyn). This metabolic shift 
significantly affects the survival and function of CTLs 
[154]. Furthermore, when IDO is expressed on APCs, 
such as macrophages and DCs, it effectively induces 
immune tolerance to tumor antigens by suppressing T 
cell proliferation. Consequently, the targeted inhibition 
of IDO presents a promising avenue for ameliorating the 
immunosuppressive TME and reinstating effector CTL 
activity. In a recent study, researchers introduced a light-
induced NP (LINC) for immunotherapeutic purposes 
[155]. Using fluorescence imaging as a guide, an initial 
near-infrared (NIR) laser irradiation triggers the pro-
duction of ROS, cleaving PEG and facilitating enhanced 

NP retention and deep tumor penetration. Subsequent 
NIR laser irradiation activates LINC, effectively eliciting 
an immune response and facilitating the infiltration of 
CTLs within the tumor. Moreover, delivery of NLG919 
via LINC inhibits IDO-1 activity, ultimately revers-
ing the immunosuppressive TME. Ding et  al. devised a 
hybrid nanomedicine, “RPMANB NPs,” engineered to 
co-deliver the IDO inhibitor NLG919 and a chemothera-
peutic pro-drug to maximize therapeutic benefits [156]. 
RPMANB NPs exhibit favorable pharmacokinetics and 
accumulate within tumors owing to their meticulous 
surface engineering. Within cancerous tissues/cells, the 
loaded NLG919 is released in response to the collapse of 
the metal–organic framework platform triggered by high 
phosphate concentrations. This release effectively thwarts 
IDO activity and, in the presence of NIR light, activates 
the potent chemotherapeutic agent through highly effi-
cient plasma-driven catalysis. This strategy elicits ICD 
and avoids side effects typically associated with systemic 
chemotherapy. In  vivo investigations demonstrated that 
chemoimmunotherapy substantially suppresses tumor 
growth, fostering the accumulation of cytotoxic T lym-
phocytes within the tumor and downregulating Tregs.

Biomaterial applications for tumor hypoxia modulation
Tumor hypoxia, a distinctive feature of the TME, under-
lies inherent resistance to conventional cancer treat-
ments such as chemotherapy, radiotherapy, PDT, and 
immunotherapy. Two primary strategies have emerged to 
ameliorate hypoxic TME and enhance the effectiveness of 
cancer therapies.

Oxygen delivery via specialized carriers: Numerous 
studies have focused on developing various nano-oxygen 
carriers, including hemoglobin- and perfluorinated 
compound-based oxygen carriers [157, 158]. Hb is 
primarily responsible for intracellular oxygen transport 
within erythrocytes. However, due to its susceptibility 
to decomposition and toxicity concerns, modifications 
are necessary to enhance its oxygen delivery capabilities 
[159]. One approach involves stimulating the erythrocyte 
antioxidant system and crosslinking hemoglobin with 
superoxide dismutase using glutaraldehyde. However, 
hemoglobin chemically binds to oxygen molecules, 
limiting its ability to release all dissolved oxygen into 
the surrounding tissues. In contrast, PFCs are physically 
soluble in oxygen, while hemoglobin releases only 26% 
of the oxygen released by PFCs under the same dissolved 
oxygen conditions [160]. Consequently, nano-oxygen 
carriers based on PFCs have emerged as promising 
candidates for clinical oxygen delivery systems owing 
to their superior oxygen-carrying and oxygen-releasing 
capabilities, as well as their high histocompatibility and 
safety. Recent advancements have led to the development 
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of a multifunctional hybrid nanoplatform designated 
M@P-SOP, aimed at enhancing high-intensity focused 
ultrasound (HIFU) facilitation and alleviating hypoxia 
in cancer immunotherapy [161]. This perfluorinated 
nanocarrier oxygen delivery system offers several key 
advantages. First, the meticulously engineered M@P-
SOP nano-capsules possess multifunctional attributes 
that greatly enhance HIFU ablation efficiency while 
reducing ultrasound energy requirements. Furthermore, 
the properties of perfluorohexane (PFH) within 
this carrier enable oxygen generation during HIFU 
irradiation, thereby modifying the acoustic energy 
conversion within the tumor (Fig.  7A). This alteration 
enhances the deposition of ultrasound energy in the 
focused region. Additionally, PFH within the carrier 
contributes to mitigating the immunosuppressive 
hypoxic microenvironment of the tumor, leading 
to the modulation of TAMs and the promotion of 
immunostimulatory M1 subtype macrophages, thereby 
bolstering the immune response.

Multifunctional nanoplatforms for in-situ oxygen 
generation: Abnormal tumor cell metabolism leads to 
elevated concentrations of H2O2 within tumor tissues, 
often reaching several hundred micromoles [162]. 
The localized catalytic breakdown of H2O2 within 

tumors generates oxygen molecules, promoting a 
reduction in tumor hypoxia. Enhancing the hypoxic 
microenvironment via catalytic H2O2 production 
in the tumor milieu amplifies the effectiveness of 
immunotherapy. A recent study devised a light-triggered 
in-situ gel system utilizing photosensitizer-modified 
catalase within a polyethylene glycol diacrylate (PEGDA) 
polymer matrix [163]. Upon local injection of a mixture 
containing Ce6-CAT/RPNPs/PEGDA into the tumor 
and subsequent exposure to 660  nm red light, the 
ROS generated by the Ce6 photo-initiator triggers the 
polymerization of PEGDA. Following the light-triggered 
in  situ gelation, catalase (CAT) is physically embedded 
within the hydrogel. The retained CAT triggers the 
decomposition of endogenous hydrogen peroxide 
in the tumor, ensuring sustained relief from tumor 
hypoxia, enhancing the efficacy of PDT and reversing 
the immunosuppressive TME. Subsequently, tumor 
cell debris generated by PDT-induced ICD serves as a 
source of tumor-associated antigens, along with RPNPs 
as immune adjuvants, stimulating a robust anti-tumor 
immune response. In  vivo experiments revealed that 
multi-round Gel-PDT significantly inhibited various 
subcutaneous tumors in mice, such as colon cancer 
tumors in CT26 mice and breast cancer tumors in 4T1 

Fig. 7  Biomaterials tools targeting hypoxia in TME. A Schematic illustration of the preparation of M@P-SOP and the synergistic effects 
and mechanism of M@P-SOP-augmented HIFU in combination with anti-PD-L1 blockade against primary and distant tumors [161].  Copyright 2023, 
BMJ. B (i) Schematic illustration of the catalytic cascade-enhanced synergistic cancer therapy driven by dual inorganic nanozymes-engineered 
porphyrin metal − organic frameworks (PCNs)a. (ii) In vivo fluorescence imaging of 4T1 tumor-bearing mice with i.v. injection of P@Pt@P − Au − FA. 
Photoacoustic (PA) imaging under the oxy-hemo mode showed a significant improvement in tumor oxygenation after i.v. injection of P@
Pt@P − Au − FA. [169]. Copyright 2019, American Chemical Society
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mice. Combining anti-CTLA4 treatment with intra-
tumoral hydrogel injection resulted in a potent systemic 
anti-tumor immune response, suppression of metastatic 
tumors, and induction of long-term immune memory.

Considering the limitations of endogenous hydrogen 
peroxide production, Sung et  al. developed an implant-
able oxygen-producing reservoir. This reservoir utilizes 
calcium chloride (CaCl2) as a crosslinking agent and 
encapsulates calcium peroxide (CaO2) and CAT within 
alginate [164]. Upon subcutaneous implantation near the 
tumor, the CaO2 within the reservoir reacts with envi-
ronmental osmotic water to produce calcium hydroxide 
and hydrogen peroxide. CAT co-coated within the res-
ervoir subsequently breaks the hydrogen peroxide into 
molecular oxygen, effectively oxygenating the tumor. 
This oxygen-producing reservoir substantially enhances 
the response rate to intravenous Adriamycin (DOX) in 
human hepatocellular carcinoma solid tumors. Addition-
ally, manganese dioxide NPs (MnO2 NPs) modified with 
HA can produce oxygen by reacting with hydrogen per-
oxide in the TME. This reprogramming of M2 TAMs into 
anti-tumor M1 macrophages enhances their immuno-
therapeutic impact [165]. In another study, indocyanine 
green (ICG)-loaded lipid-encapsulated zinc peroxide 
(ZnO2) NPs (ZnO2@Lip-ICG) were prepared. Upon irra-
diation with near-infrared light (808 nm), the outer lipid 
layer of the ICG generates heat, increasing the local tem-
perature and accelerating the release of ZnO2. This leads 
to the apoptosis of tumor cells, with ZnO2 rapidly pro-
ducing oxygen in the TME (pH 6.5). This, in turn, allevi-
ates tumor hypoxia, bolsters the PDT effect of ICG, and 
effectively inhibits tumor proliferation [166]. Research 
also suggests that using liposomal carriers for the sequen-
tial delivery of catalase and exogenous H2O2 to tumors 
can more effectively alleviate tumor hypoxia, significantly 
enhancing tumor therapy combined with radiation and 
anti-CTLA-4 immunotherapy [167]. Various peroxidase-
based smart nanoreactors and synthetic nanoscale cata-
lysts have shown similar potential for increasing tumor 
responsiveness to combined immunotherapy and PDT 
(Fig. 7B) [163, 168, 169] (Fig. 4B). Nonetheless, a study by 
Sheen et al. introduced mouse models of tumors treated 
with sustained intra-tumoral CAT, but did not observe 
significant differences in tumor growth or survival com-
pared to untreated mice [170]. Gene expression analyses 
of enzyme-treated and untreated tumors showed no sub-
stantial differences in the expression of genes associated 
with the intended therapeutic mechanism. Consequently, 
these findings should be considered when evaluating 
CAT as a therapeutic agent against cancer.

Biomaterial applications for neutralizing tumor acids
In solid tumors, an acidic TME not only facilitates local 
invasion and metastasis but also contributes to treatment 
resistance and immune evasion [171]. Thus, developing 
biomaterials capable of modulating the pH within the 
TME is of the utmost importance. Various nano-systems 
have been developed to address these challenges to regu-
late the external pH of the TME. Notably, inorganic NPs 
such as calcium carbonate (CaCO3) [172, 173], calcium 
phosphate (CaP) [174], and MnO2 [172], which exhibit 
solubility in acidic conditions, have emerged as promis-
ing candidates for pH-responsive cancer therapies.

CaCO3 is a nontoxic mineral that is simple and cost-
effective to produce and has been successfully applied 
as a carrier for drugs, genes, and proteins [175]. It 
gradually decomposes into Ca2+ and CO2 within a 
mildly acidic environment (pH ~ 6.8), concurrently 
regulating the pH by consuming H+. Recently, Ding 
et al. [173] developed a pH-sensitive CaCO3 nanocarrier 
loaded with TCL and the immune adjuvant CpG for 
triple-negative breast cancer (TNBC) immunotherapy 
(Fig.  8A). In  vitro cellular experiments revealed that 
CaCO3@TCL/CpG reduced lactate levels, inhibited 
M2 macrophage polarization, and enhanced M1 
macrophage polarization (Fig.  8B). Subsequent in  vivo 
experiments involving 4T1-loaded mice demonstrated 
efficient tumor vaccine aggregation at the tumor site 
and upregulation of the M1/M2 macrophage ratio. This 
enhanced inflammatory microenvironment within the 
tumor induces ICD, exposing tumor cells to calreticulin 
(CALR), and subsequently promoting DC maturation 
with the aid of immune adjuvants (Fig.  8C). This 
significantly enhances antigen presentation by T cells 
and elicits a robust anti-tumor response. Furthermore, 
because CaCO3 synergizes with MnO2 for anti-tumor 
effects, they are jointly encapsulated in cancer cell 
membranes to create pH-responsive nanomodulators. 
Controlled intelligently through pH-responsive and 
depletion mechanisms, CaCO3 overloads intracellular 
calcium in tumor cells, leading to increased ICD and 
the generation of ROS. Mn2+, in addition, further 
reshapes the TME by alleviating hypoxia, promoting ROS 
production, and enhancing immune cell proliferation and 
maturation, thereby effectively activating the immune 
system. This strategy results in the reprogramming of 
the immunosuppressed TME, inducing macrophage 
polarization and DC maturation through antigen cross-
presentation, thereby enhancing the ability of the 
immune system to combat tumors effectively [172].

CaP is a widely used pH-responsive biomaterial for 
siRNA and drug delivery. Qing et  al. [174] employed 
highly biocompatible CaP to encapsulate outer mem-
brane vesicles (OMVs) within a pH-sensitive nanoshell. 



Page 21 of 31Feng et al. Journal of Nanobiotechnology          (2024) 22:737 	

This approach not only overcame the toxicity associ-
ated with intravenous injection of OMVs and anti-
body-dependent clearance but also contributed to the 
neutralization of the acidic TME, improving the anti-
tumor effect. In a separate study, Ding et  al. adopted 
a rapid microemulsion method to prepare alkaline 
sodium bicarbonate NPs (NaHCO3-NPs)—a simple, 
non-toxic inorganic nanomaterial—for cancer immu-
notherapy [176]. The alkaline NaHCO3 was shown to 
regulate lactate metabolism through acid–base neu-
tralization, consequently reversing the weakly acidic 
immunosuppressive TME. Furthermore, the nanomate-
rial releases substantial amounts of Na+ within tumor 
cells, inducing a surge in intracellular osmotic pressure. 
This activation triggers pyroptosis and ICD, releasing 
damage-associated molecular patterns and inflamma-
tory factors, thus improving the immune response.

Biomaterial applications for ROS modulation
Reducing ROS: In solid tumors, the management 
of ROS is pivotal for restoring anti-tumor immune 
responses and enhancing the efficacy of immunotherapy. 
Disrupting the ROS balance holds potential as an 
immunotherapeutic strategy. Elevated ROS levels are a 
hallmark of tumors, whereas applying ROS-responsive 
biomaterials reduces ROS levels to stimulate anti-tumor 
immune responses and facilitate the controlled delivery 

of immunotherapeutic agents [177]. Furthermore, 
nanomaterials can be engineered to deliver exogenous 
hydrogen or promote endogenous hydrogen generation, 
effectively scavenging ROS and contributing to TME 
immunomodulation [178]. Chen et  al. pioneered the 
development of a biologically responsive ICB therapy 
that relies on an ROS-sensitive protein complex [179]. 
Following intra-tumoral administration of the ROS-
responsive aPD1@aCD47 complex, aCD47 is released, 
activating the recognition of cancer cells by the innate 
immune system and promoting a T-cell response. 
The subsequent release of aPD1 blocks PD1, thereby 
increasing the assault of allogeneic-responsive T cells 
on cancer cells. This study also explored the correlation 
between ROS levels and immune responses in various 
immune cells in the TME. In in vivo B16F10 melanoma 
models, the intra-tumoral injection of the drug 
significantly reduced ROS levels within the TME. This 
reduction significantly decreased M2-type TAMs and 
Tregs while augmenting tumor-infiltrating lymphocytes 
(TILs) and CTLs. Reduced ROS levels effectively reduce 
the number of immunosuppressive cells and enhance 
the infiltration of active T cells. Furthermore, an ROS-
responsive hydrogel delivered anti-PD-L1 antibodies and 
the chemotherapeutic agent gemcitabine into the TME. 
Following implantation into the tumor, ROS facilitate a 
gradual degradation of the hydrogel, thereby sequentially 

Fig. 8  Biomaterial tools targeting tumor acidity in the TME. A Schematic illustration of the preparation of tumor antigen-presenting nanoparticles 
(CaCO3@TCL/CpG) enabling enhanced antitumor immune response by activating DCs and upregulating M1/M2 TAMs polarization. B Quantitative 
analysis of extracellular lactate after various treatments. ii, iv) Proportions of M2-like TAMs or iii, v) M1-like TAMs measured by flow cytometry 
and analyzed statistically (gated on CD11b+ and F4/80+ cells). C Same dosage of CaCO3@TCL/CpG significantly inhibited tumor growth [173].  
Copyright 2023, Wiley
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releasing the chemotherapeutic agent and anti-PD-L1. 
This decrease in ROS levels reduced MDSCs in the TME 
and improved the therapeutic efficacy of anti-PD-L1 
in a mouse model of B16 tumors [180]. Gong et  al. 
synthesized nanoscale CaH2 particles by liquid-phase 
exfoliation technology. CaH2 nanoparticles react with 
water to produce abundant hydrogen. Hydrogen reduces 
ROS levels and hydrolyzes CaH2 to Ca(OH)2, thereby 
neutralizing pH and improving the anti-tumor immune 
response of CTLA4 antibody therapy [181].

Elevating ROS: While ROS have been associated 
with cancer progression, the notion that antioxidant 
therapy limits tumor advancement has not been 
substantiated. Moreover, limiting the ROS levels 
may inadvertently promote cancer progression [182]. 
Clinically, the challenge remains that approximately 
half of patients are unresponsive to ICB therapy owing 
to inadequate T-cell infiltration within the tumor and 
an immunosuppressive microenvironment [183, 184]. 

One approach to overcome this hurdle involves the 
induction of ICD, a strategy that effectively activates 
tumor antigen-specific T cells, enhances the migration of 
cytotoxic T cells to the tumor, and transforms immune 
cold tumors into immunologically active "hot" tumors 
[41]. Among the various ICD inducers, photosensitizers 
capable of generating ROS upon light excitation offer 
significant advantages. Ding et  al. developed a novel 
polymeric NP with surface mimetic protein secondary 
structures (SPSS NPs) capable of degrading PD-L1 within 
lysosomes using a lysosome-targeted chimeric (LYTAC)-
like mechanism. This approach results in self-synergistic 
tumor immunity (Fig. 9A) [185]. SP3 NPs exhibit a high 
ROS generation efficiency and act as photosensitizers, 
inducing phototoxicity in tumor cells. Treatment of 
the colon cancer CT26 cell line with SP3 NPs followed 
by laser irradiation led to high ROS levels within 
CT26 cells, resulting in dose-dependent cell death and 
further stimulation of ICD in tumor cells (Fig.  9B). To 

Fig. 9  Biomaterial tools targeting ROS in the TME. A Schematic illustration of SPSS NPs as lysosome-targeting chimeras for self-synergistic cancer 
immunotherapy. B Evaluation of the intracellular ROS generation property of SP3 NPs using 2′,7′-dichlorodihydrofluorescein diacetate (DCFDA). 
NP-mediated PDT strongly induced the ICD of tumor cells, an important prerequisite for enhancing tumor antigen presentation and T-cell activation 
[185].  Copyright 2022, Wiley. C Schematic of BSA/TPA-Erdn-mediated ICD immunotherapy for MM treatment. D (i) Expression of ecto-CRT protein 
in RPMI-8226 cells after treatment with PEG/TPA-Erdn, BSA/TPA-Erdn, or Bortezomib, as determined by flow cytometry. Cells in PEG/TPA-Erdn 
and BSA/TPA-Erdn were subjected to white light irradiation. (ii) Western blot analysis of HMGB1 and HSP70 protein abundance in RPMI-8226 cells 
after different treatments. (ii) Tumor growth curves in different groups [186]. Copyright 2023, Wiley
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augment the anti-tumor activity of SP3 NP, researchers 
synthesized a D-type PD-L1 peptide antagonist (DPPA), 
a short peptide that binds to tumor-cell PD-L1 and 
obstructs the PD-L1 signaling pathway. The introduction 
of FFG, with self-assembling ability, into the N-terminus 
of DPPA induced the formation of a secondary structure 
with β-folding (DFDFGDPPA). The modified NPs (SPSS 
NPs) exhibited high affinity for PD-L1. In a CT26-
homozygous mouse model, this PDT utilizing SP3 NPs 
was synergized with tumor immunotherapy, yielding 
excellent anti-tumor effects. In fact, 60% of the tumors in 
the treated mice were eliminated, and the mice survived 
for more than 55  days. Liu et  al. introduced a novel 
strategy to enhance ICD immunotherapy by utilizing 
aggregation-induced emission (AIE) photosensitizer-
loaded bovine serum albumin (BSA) NPs (BSA/TPA-
ERDN) (Fig. 9C) [186]. When injected intravenously into 
mice, this agent generates large amounts of ROS within 
the TME, thereby inducing an ICD immune response. 
Through experiments utilizing the NSG mouse model, 
they further demonstrated that such an ROS generator 
could activate functional T cells in the monocytes 
of patients with multiple myeloma (MM), effectively 
enhancing the efficacy of immunotherapy (Fig. 9D).

The efficacy of ROS-modulated therapies varies sig-
nificantly based on the tumor type, location, nature, and 
stage of progression; therefore, the intricate regulation 
and interactions within different tumors must be under-
stood to facilitate the modulation of ROS in the develop-
ment and refinement of current tumor therapies.

Biomaterial applications for blood vessel normalization
Blood vessel normalization is an important strategy for 
enhancing cancer therapy. This approach has the poten-
tial to bolster immune cell infiltration, facilitate drug pen-
etration into tumor tissues, and mitigate hypoxia, a factor 
that influences macrophage polarization [23]. Achieving 
blood-vessel normalization involves innovative biomate-
rial-based strategies, often in combination with immu-
notherapy and anti-angiogenic treatments. Huang et  al. 
demonstrated the remarkable capability of low-dose 
VEGFR2 antibody (DC101) to reprogram the immu-
nosuppressive TME. This reprogramming transforms 
TAMs from the M2 to the M1 phenotype, consequently 
promoting the infiltration of CD4+ and CD8+ T cells and 
ultimately inducing active immunity [187]. Chen and col-
laborators engineered a multitargeted liposome system, 
enriched with anti-PD-L1 NPs and mannose ligands, to 
enable the concurrent delivery of mTOR inhibitors (rapa-
mycin) and anti-angiogenic drugs (regorafenib) [63]. 
This innovative system, validated in a CT26 colon-tumor 
mouse model, emerged as a powerful approach to prevent 
metastasis, enhance immunotherapy, and improve drug 

penetration. Similarly, by leveraging the regulatory func-
tion of nitric oxide (NO) in angiogenesis and vascular 
homeostasis, Sung and his team developed a nano-deliv-
ery system termed NanoNO [188]. NanoNO, character-
ized by precise tumor targeting and stable NO release, 
effectively normalizes tumor vasculature. This improves 
drug delivery efficiency and increases anticancer effi-
cacy, particularly in hepatocellular carcinoma models. 
Additionally, NanoNO reprograms immunosuppressive 
TAMs into an immunostimulatory phenotype, boosts the 
presence of tumor-infiltrating T cells, and synergistically 
enhances anticancer effects when combined with vac-
cines. Wang et al. conducted a comprehensive evaluation 
of STING-activating NPs (STANs) across multiple tumor 
models [189, 190]. STANs effectively normalize vascular 
integrity, alleviate hypoxia, and enhance the expression of 
T-cell adhesion molecules. This normalization increases 
T-cell infiltration, significantly improving the efficacy of 
immune checkpoint inhibitors and adaptive cell therapy.

Biomaterial applications for disrupting the tumor ECM
The TME predominantly comprises the ECM, which 
accounts for up to 60% of the solid tumor mass [191]. 
This intricate and dynamic three-dimensional network of 
biological macromolecules, including collagen, proteo-
glycans, laminin, and HA, plays a crucial role in tumor 
development, migration, and metastasis, significantly 
impacting drug delivery [59, 192]. Targeting the tumor 
ECM in advanced cancer stages has emerged as a promis-
ing therapeutic strategy.

Mild hyperthermia is an approach to alleviate the 
interstitial pressure in the dense ECM within tumors, 
leading to increased blood perfusion and immune cell 
infiltration. For example, the encapsulation of indocya-
nine green in PLGA NPs for initial photothermal abla-
tion, followed by NIR light irradiation, enhances blood 
flow and facilitates CAR-T cell infiltration. Addition-
ally, PTT triggers the release of inflammatory cytokines 
within tumors, activating robust anti-tumor immune 
responses. An illustrative study involving mice bearing 
the human melanoma WM115 cell line illustrated that 
this approach significantly boosts the anti-tumor activ-
ity of CAR T-cell therapy [193]. A groundbreaking study 
by Eikenes et  al. demonstrated the effective use of col-
lagenase in treating human osteosarcoma-transplanted 
tumors in mice, substantially reducing the IFP. This 
reduction greatly enhanced the transient permeability 
and intraluminal penetration of monoclonal antibod-
ies and liporubicin [194]. Gong et  al. [195] enhanced 
the tumor vascular density and the percentage of dilated 
blood vessels by employing a polyethylene glycol-based 
HAase. This, in turn, promoted tumor blood perfusion 
and the accumulation of subsequently administered 
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Fig. 10  Biomaterial tools targeting ECM in the TME. A Schematic illustration of “ice cell and fire nanomedicine” drug delivery platform 
for personalized anticancer therapy. B (i) DAF-FM DA (green) staining fluorescence imaging of 4T1 cells to detect cellular NO and Calcein-AM/PI 
double-staining images of 4T1 cells after different treatments. (ii) Confocal images of 4T1 multicellular spheroids with PI staining at different depths 
after treatment [197].  Copyright 2023, Wiley
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Ce6-coupled nanomicelles, thereby effectively alleviating 
intra-tumoral hypoxia. The combination of these effects 
significantly enhances the efficacy of PDT.

Researchers have also explored the combination 
of PTT with biochemical enzymes to trigger tumor 
ECM disruption. Mohapatra et  al. [196] developed 
a NO-releasing hydrogel system to deliver immune 
modulators to tumors. Upon irradiation with infrared 
light, NO release is triggered, activating matrix 
metalloproteinases (Pro MMPs) within the tumor 
tissue. This activation results in the degradation of the 
dense ECM, enabling deep transport of IDO inhibitors 
into the tumor tissue. The combination of NO Gel and 
NLG919 inhibited IDO expression in tumor cells and 
tissues, promoting an anti-tumor immune response. 
IDO inhibition also suppresses PTT-mediated MDSCs 
in tumor invasion. A supramolecular conjugate has been 
designed that combines photothermal, gas therapy, and 
immunotherapy. This approach effectively ablates deep 
tumor tissues while stimulating an immune response to 
suppress distant tumors and lung metastasis (Fig.  10A) 
[197]. By co-loading a novel diketopyrrole-based 
photosensitive agent (DCN) with an NO precursor 
(SNAP) and NIR-absorbing DCN into amphiphilic 
polymers, significant heat-induced NO release was 
generated, facilitating the degradation of the dense tumor 
ECM (Fig.  10B). This process enhances the depth of 
immune-cell infiltration within the tumor. Furthermore, 
anchoring DCN/SNAP NPs to liquid nitrogen-frozen 
cancer cells effectively triggered an anti-tumor immune 
response, enhancing macrophage and CTL functions. 
Notably, a single treatment enhanced the anti-tumor 
immune response and effectively inhibited distant tumor 
and lung metastases.

Conclusion
Tumor cells employ various mechanisms, including 
establishing an immunosuppressive microenvironment, 
inhibiting immune cells, hypoxia, and acidification to 
evade immune system attacks. Collectively, these fac-
tors hamper the activity and infiltration of immune cells, 
thereby diminishing the effectiveness of the treatment. 
The TME has emerged as a critical target for shaping 
tumor responses to immunotherapy, and modulating 
the TME has the potential to enhance the efficacy of 
immunotherapy. Specifically, through the strategic uti-
lization of compatible biomaterial platforms, therapeu-
tic drugs or materials with TME-modulating properties 
can be designed to complement immunotherapy, miti-
gate immunosuppression within the TME, and improve 
immune-cell infiltration and function.

Biomaterials, propelled by continuous advancements 
in materials science and delivery technologies, are 
poised to significantly impact the targeting of TMEs. 
Biomaterials offer distinct advantages over individual 
immunotherapies, as they enhance drug delivery 
efficiency and bolster anti-tumor effects while mitigating 
side effects. Their applications extend to the development 
of cancer vaccines, T-cell amplification, T-cell regulation, 
and management of immunosuppressive TMEs. By 
engineering biomaterials with tailored biological activity, 
biocompatibility, and degradability, it is possible to 
guide, modulate, and fortify immunotherapy within 
the TME. One integral strategy involves the delivery of 
immune modulators and drugs via biomaterials. The 
synergistic pairing of immune checkpoint inhibitors with 
biomaterial carriers amplifies drug infiltration and release 
within tumors, ultimately improving immunotherapy 
efficacy. Moreover, biomaterials serve as valuable tools 
for normalizing tumor blood vessels, enhancing drug 
permeability, promoting immune cell infiltration, and 
reducing hypoxia, all of which contribute to improved 
immunotherapy effectiveness. Additionally, biomaterials 
disrupt the ECM of tumor cells, breaking down barriers 
to drug delivery and consequently enhancing treatment 
efficacy.

While strategies to remodel the TME have entic-
ing advantages, they wield a double-edged sword. For 
instance, while disrupting the tumor ECM facilitates 
the deep penetration and perfusion of nanoDDS in solid 
tumors, it may inadvertently provide impetus to tumor 
metastasis. Similarly, while elevated ROS levels effectively 
inhibit tumor progression and enhance immunother-
apy efficacy, they may also promote genetic mutations, 
cell proliferation, and angiogenesis, ultimately foster-
ing tumor invasion and metastasis. Moreover, despite 
its potential to increase blood perfusion and alleviate 
tumor hypoxia, the normalization of tumor vasculature 
introduces a paradox by potentially reducing the perme-
ability to large particles through the ERP effects. As we 
navigate the intricate landscape of cancer therapeutics, it 
becomes clear that achieving victory in the fight against 
cancer requires a keen understanding of the TME’s com-
plexity and the design of efficient and comprehensive 
biomaterials.

However, the clinical application of biomaterials 
presents challenges that must be addressed. Ensuring 
safety, large-scale manufacturing, batch quality control, 
and long-term stability are crucial hurdles that must 
be overcome to enhance the clinical potential of 
biomaterials. The design and preparation of biomaterials 
must adhere to stringent controls to guarantee both safety 
and effectiveness, with consideration given to mitigating 
unnecessary side effects associated with immunogenicity. 
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Using biocompatible synthetic biomaterials with low 
immunogenicity and toxicity, such as liposomes, LNPs, 
degradable polymer NPs, and microneedles, is promising. 
Finally, transitioning biomaterials from laboratory to 
clinical settings necessitates addressing regulatory and 
quality-control challenges. Natural biomaterials, such as 
extracellular vesicles, HA, chitosan, and collagen, face the 
complex task of balancing their functionality, large-scale 
production, and quality control to unlock their clinical 
potential. Overall, using biomaterials in immunotherapy 
is promising and can overcome some limitations of 
immunotherapy, however, its own limitations must be 
overcome to ensure safe and effective clinical application.

Abbreviations
APCs	� Antigen-presenting cells
ROS	� Reactive oxygen species
TADCs	� Tumor-associated dcs
TME	� Tumor microenvironment
ACC​	� Acetyl-coa carboxylase
AIE	� Aggregation-induced emission
CAFs	� Cancer-associated fibroblasts
CAR-T	� Chimeric antigen receptor T-cell therapy
CAT​	� Catalase
CSF1	� Colony-stimulating factor 1
CTLs	� Cytotoxic T lymphocytes
DCs	� Dendritic cells
ECM	� Extracellular matrix
EPR	� Enhanced permeation and retention
FDA	� Food and Drug Administration
HA	� Hyaluronic acid
Hb	� Hemoglobin
HIF-1α	� Hypoxia-inducible factor-1α
HIFU	� High-intensity focused ultrasound
ICB	� Immune checkpoint blocker
ICD	� Immunogenic cell death
ICG	� Indocyanine green
IDO	� Indoleamine-2,3-dioxygenase
IFP	� Interstitial fluid pressure
IONPs	� Iron oxide nanoparticles
MDSCs	� Myeloid-derived suppressor cells
MHC	� Major histocompatibility complex
MONs	� Manganese oxide nanoparticles
MS-Ap-PAMP	� Mesoporous silica, apatite, and Ancer-derived pamps
NIR	� Near-infrared
NK	� Natural killer
NO	� Nitric oxide
NP	� Nanoparticle
PCL-PEI	� Poly(ɛ-caprolactone)-block-polyethyleneimine
PDT	� Photodynamic therapy
PEG	� Poly (ethylene glycol)
PEG-b-PLGA	� Poly(ethylene glycol)-b-poly(lactic-co-glycolic acid)
PFCs	� Perfluorocarbons
RT	� Radiation therapy
SF	� Silk fibroin
TAMs	� Tumor-associated macrophages
TCRs	� T-cell receptors
TEX	� Tumor-derived exosomes
Th1	� T-helper 1
TILs	� Tumor-infiltrating lymphocytes
Tregs	� Regulatory T cells
VEGF	� Vascular endothelial growth factor
ZnO NPs	� Zinc-oxide nanoparticles

Acknowledgements
Not available.

Author contributions
FY collected and analyzed articles, and wrote the manuscript. TQ, LS and LL 
reviewed the manuscript. WB, YQ and ZY assisted in manuscript and provided 
some helpful suggestions.

Funding
This work was supported by the National Natural Science Foundation of 
China (No. 82173341); the Natural Science Foundation of Hunan province (No. 
2021JJ40845); the new medical technology of the Second Xiangya Hospital of 
Centra South University in 2022.

Availability of data and materials
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
The study doesn’t contain any animal and human experiments.

Consent for publication
All authors agreed to publish this manuscript.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Otorhinolaryngology Head and Neck Surgery, The Second 
Xiangya Hospital, Central South University, Changsha 410011, Hunan, China. 
2 Key Laboratory of Artificial Organs and Computational Medicine in Zhejiang 
Province, Institute of Translational Medicine, Zhejiang Shuren University, Hang-
zhou 310015, Zhejiang, China. 

Received: 16 January 2024   Accepted: 9 November 2024

References
	 1.	 Postow MA, Callahan MK, Wolchok JD. Immune checkpoint blockade in 

cancer therapy. J Clin Oncol. 2015;33:1974–82.
	 2.	 Ruan S, Huang Y, He M, Gao H. Advanced biomaterials for cell-specific 

modulation and restore of cancer immunotherapy. Adv Sci (Weinh). 
2022;9: e2200027.

	 3.	 Hinshaw DC, Shevde LA. The tumor microenvironment innately 
modulates cancer progression. Cancer Res. 2019;79:4557–66.

	 4.	 Kruger S, Ilmer M, Kobold S, Cadilha BL, Endres S, Ormanns S, Schuebbe 
G, Renz BW, D’Haese JG, Schloesser H, et al. Advances in cancer 
immunotherapy 2019 - latest trends. J Exp Clin Cancer Res. 2019;38:268.

	 5.	 Zhang Y, Zhang Z. The history and advances in cancer immunotherapy: 
understanding the characteristics of tumor-infiltrating immune cells 
and their therapeutic implications. Cell Mol Immunol. 2020;17:807–21.

	 6.	 Wang Y, Wang M, Wu HX, Xu RH. Advancing to the era of cancer 
immunotherapy. Cancer Commun (Lond). 2021;41:803–29.

	 7.	 Kennedy LB, Salama AKS. A review of cancer immunotherapy toxicity. 
CA Cancer J Clin. 2020;70:86–104.

	 8.	 Yang Q, Li M, Yang X, Xiao Z, Tong X, Tuerdi A, Li S, Lei L. Flourishing 
tumor organoids: History, emerging technology, and application. 
Bioeng Transl Med. 2023;8: e10559.

	 9.	 Gascón M, Isla D, Cruellas M, Gálvez EM, Lastra R, Ocáriz M, Paño 
JR, Ramírez A, Sesma A, Torres-Ramón I, et al. Intratumoral versus 
circulating lymphoid cells as predictive biomarkers in lung cancer 
patients treated with immune checkpoint inhibitors: is the easiest path 
the best one? Cells. 2020;9:1525.

	 10.	 Phuengkham H, Ren L, Shin IW, Lim YT. Nanoengineered immune 
niches for reprogramming the immunosuppressive tumor 
microenvironment and enhancing cancer immunotherapy. Adv Mater. 
2019;31: e1803322.

	 11.	 Dai H, Fan Q, Wang C. Recent applications of immunomodulatory 
biomaterials for disease immunotherapy. Exploration. 2022;2:20210157.



Page 27 of 31Feng et al. Journal of Nanobiotechnology          (2024) 22:737 	

	 12.	 Scott EA, Karabin NB, Augsornworawat P. Overcoming immune 
dysregulation with immunoengineered nanobiomaterials. Annu Rev 
Biomed Eng. 2017;19:57–84.

	 13.	 Yu Y, Gao Y, He L, Fang B, Ge W, Yang P, Ju Y, Xie X, Lei L. Biomaterial-
based gene therapy. MedComm. 2020;2023(4): e259.

	 14.	 Lei L, Ma B, Xu C, Liu H. Emerging tumor-on-chips with electrochemical 
biosensors. TrAC Trends Anal Chem. 2022;153: 116640.

	 15.	 Xiao M, Tang Q, Zeng S, Yang Q, Yang X, Tong X, Zhu G, Lei L, Li S. 
Emerging biomaterials for tumor immunotherapy. Biomater Res. 
2023;27:47.

	 16.	 Son S, Nam J, Kim AS, Ahn J, Park KS, Phoo MT, Sherren B, Zou W, Lee 
S-H, Farokhzad OC, et al. Induction of T-helper-17-cell-mediated anti-
tumor immunity by pathogen-mimicking polymer nanoparticles. Nat 
Biomed Eng. 2023;7:72–84.

	 17.	 Wang L, Huo M, Chen Y, Shi J. Tumor microenvironment-enabled 
nanotherapy. Adv Healthc Mater. 2018;7: e1701156.

	 18.	 Zhang Y-R, Lin R, Li H-J, He W-l, Du J-Z, Wang J. Strategies to improve 
tumor penetration of nanomedicines through nanoparticle design. 
WIREs Nanomed Nanobiotechnol. 2019;11: e1519.

	 19.	 Mittal D, Gubin MM, Schreiber RD, Smyth MJ. New insights into 
cancer immunoediting and its three component phases–elimination, 
equilibrium and escape. Curr Opin Immunol. 2014;27:16–25.

	 20.	 Morgan EA, Schneider JG, Baroni TE, Uluçkan O, Heller E, Hurchla MA, 
Deng H, Floyd D, Berdy A, Prior JL, et al. Dissection of platelet and 
myeloid cell defects by conditional targeting of the beta3-integrin 
subunit. Faseb j. 2010;24:1117–27.

	 21.	 Mantovani A, Allavena P, Marchesi F, Garlanda C. Macrophages as tools 
and targets in cancer therapy. Nat Rev Drug Discov. 2022;21:799–820.

	 22.	 Li C, Xu X, Wei S, Jiang P, Xue L, Wang J. Tumor-associated macrophages: 
potential therapeutic strategies and future prospects in cancer. J 
Immunother Cancer. 2021;9: e001341.

	 23.	 Wang J, Mi S, Ding M, Li X, Yuan S. Metabolism and polarization 
regulation of macrophages in the tumor microenvironment. Cancer 
Lett. 2022;543: 215766.

	 24.	 Cassetta L, Pollard JW. A timeline of tumor-associated macrophage 
biology. Nat Rev Cancer. 2023;23:238–57.

	 25.	 Zagorulya M, Spranger S. Once upon a prime: DCs shape cancer 
immunity. Trends Cancer. 2023;9:172–84.

	 26.	 Xu J, Lv J, Zhuang Q, Yang Z, Cao Z, Xu L, Pei P, Wang C, Wu H, Dong 
Z, et al. A general strategy towards personalized nanovaccines based 
on fluoropolymers for post-surgical cancer immunotherapy. Nat 
Nanotechnol. 2020;15:1043–52.

	 27.	 Tang R, Acharya N, Subramanian A, Purohit V, Tabaka M, Hou Y, He D, 
Dixon KO, Lambden C, Xia J, et al. Tim-3 adapter protein Bat3 acts as 
an endogenous regulator of tolerogenic dendritic cell function. Sci 
Immunol. 2022;7:eabm0631.

	 28.	 Harmon C, Robinson MW, Hand F, Almuaili D, Mentor K, Houlihan 
DD, Hoti E, Lynch L, Geoghegan J, O’Farrelly C. Lactate-mediated 
acidification of tumor microenvironment induces apoptosis of liver-
resident nk cells in colorectal liver metastasis. Cancer Immunol Res. 
2019;7:335–46.

	 29.	 Liu YN, Yang JF, Huang DJ, Ni HH, Zhang CX, Zhang L, He J, Gu JM, Chen 
HX, Mai HQ, et al. Hypoxia induces mitochondrial defect that promotes 
t cell exhaustion in tumor microenvironment through MYC-regulated 
pathways. Front Immunol. 1906;2020:11.

	 30.	 Yang W, Bai Y, Xiong Y, Zhang J, Chen S, Zheng X, Meng X, Li L, Wang 
J, Xu C, et al. Potentiating the antitumor response of CD8(+) T cells by 
modulating cholesterol metabolism. Nature. 2016;531:651–5.

	 31.	 Michalek RD, Gerriets VA, Jacobs SR, Macintyre AN, MacIver NJ, Mason 
EF, Sullivan SA, Nichols AG, Rathmell JC. Cutting edge: distinct glycolytic 
and lipid oxidative metabolic programs are essential for effector and 
regulatory CD4+ T cell subsets. J Immunol. 2011;186:3299–303.

	 32.	 Sharma P, Hu-Lieskovan S, Wargo JA, Ribas A. Primary, adaptive, and 
acquired resistance to cancer immunotherapy. Cell. 2017;168:707–23.

	 33.	 Haas R, Smith J, Rocher-Ros V, Nadkarni S, Montero-Melendez T, 
D’Acquisto F, Bland EJ, Bombardieri M, Pitzalis C, Perretti M, et al. Lactate 
regulates metabolic and pro-inflammatory circuits in control of T cell 
migration and effector functions. PLoS Biol. 2015;13: e1002202.

	 34.	 Wang P, Gong Q, Hu J, Li X, Zhang X. Reactive oxygen species (ROS)-
responsive prodrugs, probes, and theranostic prodrugs: applications in 
the ros-related diseases. J Med Chem. 2021;64:298–325.

	 35.	 Malla R, Surepalli N, Farran B, Malhotra SV, Nagaraju GP. Reactive oxygen 
species (ROS): Critical roles in breast tumor microenvironment. Crit Rev 
Oncol Hematol. 2021;160: 103285.

	 36.	 Malmberg KJ. Effective immunotherapy against cancer: a question 
of overcoming immune suppression and immune escape? Cancer 
Immunol Immunother. 2004;53:879–92.

	 37.	 Malla RR, Kamal MA. ROS-Responsive nanomedicine: towards targeting 
the breast tumor microenvironment. Curr Med Chem. 2021;28:5674–98.

	 38.	 Aboelella NS, Brandle C, Kim T, Ding ZC, Zhou G. Oxidative stress in the 
tumor microenvironment and its relevance to cancer immunotherapy. 
Cancers. 2021;13:986.

	 39.	 De la Fuente M, Miquel J. An update of the oxidation-inflammation 
theory of aging: the involvement of the immune system in oxi-
inflamm-aging. Curr Pharm Des. 2009;15:3003–26.

	 40.	 Cheung EC, Vousden KH. The role of ROS in tumor development and 
progression. Nat Rev Cancer. 2022;22:280–97.

	 41.	 Liang JL, Luo GF, Chen WH, Zhang XZ. Recent advances in engineered 
materials for immunotherapy-involved combination cancer therapy. 
Adv Mater. 2021;33: e2007630.

	 42.	 Kroemer G, Galluzzi L, Kepp O, Zitvogel L. Immunogenic cell death in 
cancer therapy. Annu Rev Immunol. 2013;31:51–72.

	 43.	 Yang Z, Chen X. Semiconducting perylene diimide nanostructure: 
multifunctional phototheranostic nanoplatform. Acc Chem Res. 
2019;52:1245–54.

	 44.	 Jiang X, Stockwell BR, Conrad M. Ferroptosis: mechanisms, biology and 
role in disease. Nat Rev Mol Cell Biol. 2021;22:266–82.

	 45.	 Zhang J, Simpson CM, Berner J, Chong HB, Fang J, Ordulu Z, Weiss-
Sadan T, Possemato AP, Harry S, Takahashi M, et al. Systematic 
identification of anticancer drug targets reveals a nucleus-to-
mitochondria ROS-sensing pathway. Cell. 2023;186:2361-2379.e2325.

	 46.	 Jing X, Yang F, Shao C, Wei K, Xie M, Shen H, Shu Y. Role of hypoxia 
in cancer therapy by regulating the tumor microenvironment. Mol 
Cancer. 2019;18:157.

	 47.	 Wang K, Tu Y, Yao W, Zong Q, Xiao X, Yang RM, Jiang XQ, Yuan Y. 
Size-switchable nanoparticles with self-destructive and tumor 
penetration characteristics for site-specific phototherapy of cancer. 
ACS Appl Mater Interfaces. 2020;12:6933–43.

	 48.	 Ramakrishnan S. HIF-2 in cancer-associated fibroblasts polarizes 
macrophages and creates an immunosuppressive tumor 
microenvironment in pancreatic cancer. Gastroenterology. 
2022;162:1835–7.

	 49.	 Garcia Garcia CJ, Huang Y, Fuentes NR, Turner MC, Monberg ME, Lin D, 
Nguyen ND, Fujimoto TN, Zhao J, Lee JJ, et al. Stromal HIF2 regulates 
immune suppression in the pancreatic cancer microenvironment. 
Gastroenterology. 2022;162:2018–31.

	 50.	 Noman MZ, Desantis G, Janji B, Hasmim M, Karray S, Dessen P, 
Bronte V, Chouaib S. PD-L1 is a novel direct target of HIF-1α, and its 
blockade under hypoxia enhanced MDSC-mediated T cell activation. 
J Exp Med. 2014;211:781–90.

	 51.	 Lequeux A, Noman MZ, Xiao M, Sauvage D, Van Moer K, Viry E, Bocci I, 
Hasmim M, Bosseler M, Berchem G, Janji B. Impact of hypoxic tumor 
microenvironment and tumor cell plasticity on the expression of 
immune checkpoints. Cancer Lett. 2019;458:13–20.

	 52.	 Stępień K, Ostrowski RP, Matyja E. Hyperbaric oxygen as an adjunctive 
therapy in treatment of malignancies, including brain tumors. Med 
Oncol. 2016;33:101.

	 53.	 Zhang D, Tang Z, Huang H, Zhou G, Cui C, Weng Y, Liu W, Kim S, Lee 
S, Perez-Neut M, et al. Metabolic regulation of gene expression by 
histone lactylation. Nature. 2019;574:575–80.

	 54.	 Xu D, Wang Y, Wu J, Zhang Z, Chen J, Xie M, Tang R, Chen C, Chen L, 
Lin S, et al. ECT2 overexpression promotes the polarization of tumor-
associated macrophages in hepatocellular carcinoma via the ECT2/
PLK1/PTEN pathway. Cell Death Dis. 2021;12:162.

	 55.	 Salavati H, Debbaut C, Pullens P, Ceelen W. Interstitial fluid pressure 
as an emerging biomarker in solid tumors. Biochim Biophys Acta Rev 
Cancer. 2022;1877: 188792.

	 56.	 Jain RK. Normalization of tumor vasculature: an emerging concept in 
antiangiogenic therapy. Science. 2005;307:58–62.

	 57.	 Milosevic M, Fyles A, Hedley D, Hill R. The human tumor 
microenvironment: invasive (needle) measurement of oxygen and 
interstitial fluid pressure. Semin Radiat Oncol. 2004;14:249–58.



Page 28 of 31Feng et al. Journal of Nanobiotechnology          (2024) 22:737 

	 58.	 Heldin CH, Rubin K, Pietras K, Ostman A. High interstitial fluid 
pressure - an obstacle in cancer therapy. Nat Rev Cancer. 
2004;4:806–13.

	 59.	 Fu Y, Ye F, Zhang X, He Y, Li X, Tang Y, Wang J, Gao D. Decrease in 
tumor interstitial pressure for enhanced drug intratumoral delivery 
and synergistic tumor therapy. ACS Nano. 2022;16:18376–89.

	 60.	 Allen M, Louise Jones J. Jekyll and Hyde: the role of the 
microenvironment on the progression of cancer. J Pathol. 
2011;223:162–76.

	 61.	 Huang M, Liu M, Huang D, Ma Y, Ye G, Wen Q, Li Y, Deng L, Qi Q, 
Liu T, et al. Tumor perivascular cell-derived extracellular vesicles 
promote angiogenesis via the Gas6/Axl pathway. Cancer Lett. 
2022;524:131–43.

	 62.	 Liu J, Chen Q, Feng L, Liu Z. Nanomedicine for tumor 
microenvironment modulation and cancer treatment enhancement. 
Nano Today. 2018;21:55–73.

	 63.	 Chen B, Gao A, Tu B, Wang Y, Yu X, Wang Y, Xiu Y, Wang B, Wan 
Y, Huang Y. Metabolic modulation via mTOR pathway and anti-
angiogenesis remodels tumor microenvironment using PD-L1-
targeting codelivery. Biomaterials. 2020;255: 120187.

	 64.	 Dai J, Su Y, Zhong S, Cong L, Liu B, Yang J, Tao Y, He Z, Chen C, Jiang Y. 
Exosomes: key players in cancer and potential therapeutic strategy. 
Signal Transduct Target Ther. 2020;5:145.

	 65.	 Andre F, Schartz NE, Movassagh M, Flament C, Pautier P, Morice P, 
Pomel C, Lhomme C, Escudier B, Le Chevalier T, et al. Malignant 
effusions and immunogenic tumor-derived exosomes. Lancet. 
2002;360:295–305.

	 66.	 Liu Q, Rojas-Canales DM, Divito SJ, Shufesky WJ, Stolz DB, Erdos G, 
Sullivan ML, Gibson GA, Watkins SC, Larregina AT, Morelli AE. Donor 
dendritic cell-derived exosomes promote allograft-targeting immune 
response. J Clin Invest. 2016;126:2805–20.

	 67.	 Xie F, Zhou X, Fang M, Li H, Su P, Tu Y, Zhang L, Zhou F. Extracellular 
vesicles in cancer immune microenvironment and cancer 
immunotherapy. Adv Sci (Weinh). 2019;6:1901779.

	 68.	 Ben-Akiva E, Hickey JW, Meyer RA, Isser A, Shannon SR, Livingston NK, 
Rhodes KR, Kosmides AK, Warren TR, Tzeng SY, et al. Shape matters: 
biodegradable anisotropic nanoparticle artificial antigen presenting 
cells for cancer immunotherapy. Acta Biomater. 2023;160:187–97.

	 69.	 Wang Z, Ju Y, Ali Z, Yin H, Sheng F, Lin J, Wang B, Hou Y. Near-infrared 
light and tumor microenvironment dual responsive size-switchable 
nanocapsules for multimodal tumor theranostics. Nat Commun. 
2019;10:4418.

	 70.	 He S, Li J, Cheng P, Zeng Z, Zhang C, Duan H, Pu K. Charge-reversal 
polymer nano-modulators for photodynamic immunotherapy of 
cancer. Angew Chem Int Ed Engl. 2021;60:19355–63.

	 71.	 He Y, Xu J, Sun X, Ren X, Maharjan A, York P, Su Y, Li H, Zhang J. 
Cuboidal tethered cyclodextrin frameworks tailored for hemostasis 
and injured vessel targeting. Theranostics. 2019;9:2489–504.

	 72.	 Musetti S, Huang L. Nanoparticle-mediated remodeling of the 
tumor microenvironment to enhance immunotherapy. ACS Nano. 
2018;12:11740–55.

	 73.	 Zhang YN, Poon W, Tavares AJ, McGilvray ID, Chan WCW. 
Nanoparticle-liver interactions: cellular uptake and hepatobiliary 
elimination. J Control Release. 2016;240:332–48.

	 74.	 Sunshine JC, Perica K, Schneck JP, Green JJ. Particle shape 
dependence of CD8+ T cell activation by artificial antigen presenting 
cells. Biomaterials. 2014;35:269–77.

	 75.	 Cai Y, Deng T, Pan Y, Zink JI. Use of ferritin capped mesoporous silica 
nanoparticles for redox and pH triggered drug release in vitro and 
in vivo. Adv Func Mater. 2020;30:2002043.

	 76.	 Christian DA, Cai S, Garbuzenko OB, Harada T, Zajac AL, Minko T, 
Discher DE. Flexible filaments for in vivo imaging and delivery: 
persistent circulation of filomicelles opens the dosage window for 
sustained tumor shrinkage. Mol Pharm. 2009;6:1343–52.

	 77.	 Bahrami B, Hojjat-Farsangi M, Mohammadi H, Anvari E, Ghalamfarsa 
G, Yousefi M, Jadidi-Niaragh F. Nanoparticles and targeted drug 
delivery in cancer therapy. Immunol Lett. 2017;190:64–83.

	 78.	 Tang L, Yang X, Yin Q, Cai K, Wang H, Chaudhury I, Yao C, 
Zhou Q, Kwon M, Hartman JA, et al. Investigating the optimal 
size of anticancer nanomedicine. Proc Natl Acad Sci U S A. 
2014;111:15344–9.

	 79.	 Nel AE, Mädler L, Velegol D, Xia T, Hoek EM, Somasundaran P, Klaessig 
F, Castranova V, Thompson M. Understanding biophysicochemical 
interactions at the nano-bio interface. Nat Mater. 2009;8:543–57.

	 80.	 Cabral H, Matsumoto Y, Mizuno K, Chen Q, Murakami M, Kimura M, 
Terada Y, Kano MR, Miyazono K, Uesaka M, et al. Accumulation of sub-
100 nm polymeric micelles in poorly permeable tumors depends on 
size. Nat Nanotechnol. 2011;6:815–23.

	 81.	 Wang X, Li X, Ito A, Sogo Y, Ohno T. Particle-size-dependent toxicity 
and immunogenic activity of mesoporous silica-based adjuvants for 
tumor immunotherapy. Acta Biomater. 2013;9:7480–9.

	 82.	 Alexis F, Pridgen E, Molnar LK, Farokhzad OC. Factors affecting the 
clearance and biodistribution of polymeric nanoparticles. Mol Pharm. 
2008;5:505–15.

	 83.	 Souris JS, Lee C-H, Cheng S-H, Chen C-T, Yang C-S. Ho J-aA, Mou C-Y, 
Lo L-W: Surface charge-mediated rapid hepatobiliary excretion of 
mesoporous silica nanoparticles. Biomaterials. 2010;31:5564–74.

	 84.	 Zhou Q, Shao S, Wang J, Xu C, Xiang J, Piao Y, Zhou Z, Yu Q, Tang J, 
Liu X, et al. Enzyme-activatable polymer-drug conjugate augments 
tumor penetration and treatment efficacy. Nat Nanotechnol. 
2019;14:799–809.

	 85.	 Zhang L, Cao Z, Li Y, Ella-Menye JR, Bai T, Jiang S. Softer zwitterionic 
nanogels for longer circulation and lower splenic accumulation. ACS 
Nano. 2012;6:6681–6.

	 86.	 Li Z, Zhu Y, Zeng H, Wang C, Xu C, Wang Q, Wang H, Li S, Chen J, 
Xiao C, et al. Mechano-boosting nanomedicine antitumor efficacy 
by blocking the reticuloendothelial system with stiff nanogels. Nat 
Commun. 2023;14:1437.

	 87.	 Ebrahim Attia AB, Yang C, Tan JPK, Gao S, Williams DF, Hedrick JL, 
Yang Y-Y. The effect of kinetic stability on biodistribution and anti-
tumor efficacy of drug-loaded biodegradable polymeric micelles. 
Biomaterials. 2013;34:3132–40.

	 88.	 Wang X, Yu X, Song J, Huang W, Xiang Y, Dai X, Zhang H. Two-
dimensional semiconducting antimonene in nanophotonic 
applications – a review. Chem Eng J. 2021;406: 126876.

	 89.	 Długosz O, Matyjasik W, Hodacka G, Szostak K, Matysik J, Krawczyk 
P, Piasek A, Pulit-Prociak J, Banach M. Inorganic nanomaterials used 
in anti-cancer therapies: further developments. Nanomaterials. 
2023;13:1130.

	 90.	 Pei Z, Lei H, Cheng L. Bioactive inorganic nanomaterials for cancer 
theranostics. Chem Soc Rev. 2023;52:2031–81.

	 91.	 Gigante E, Hobeika C, Le Bail B, Paradis V, Tougeron D, Lequoy M, 
Bouattour M, Blanc JF, Ganne-Carrié N, Tran H, et al. Systemic treatments 
with tyrosine kinase inhibitor and platinum-based chemotherapy in 
patients with unresectable or metastatic hepatocholangiocarcinoma. 
Liver Cancer. 2022;11:460–73.

	 92.	 Zhang C, Xu C, Gao X, Yao Q. Platinum-based drugs for cancer therapy 
and anti-tumor strategies. Theranostics. 2022;12:2115–32.

	 93.	 Alsagaby SA. Transcriptomics-based investigation of molecular 
mechanisms underlying apoptosis induced by ZnO nanoparticles 
in human diffuse large B-Cell lymphoma. Int J Nanomed. 
2022;17:2261–81.

	 94.	 Rastinfard A, Dalisson B, Barralet J. Aqueous decomposition behavior 
of solid peroxides: Effect of pH and buffer composition on oxygen and 
hydrogen peroxide formation. Acta Biomater. 2022;145:390–402.

	 95.	 Liu H, Huang Z, Liu C. Development of a horseradish peroxidase-
Fenton-like system for the degradation of sulfamethazine under weak 
acid condition. Environ Sci Pollut Res Int. 2022;29:12065–74.

	 96.	 Hao H, Yu M, Yi Y, Sun S, Huang X, Huang C, Liu Y, Huang W, Wang J, 
Zhao J, Wu M. Mesoporous calcium peroxide-ignited NO generation for 
amplifying photothermal immunotherapy of breast cancer. Chem Eng 
J. 2022;437: 135371.

	 97.	 Zhou M, Li B, Li N, Li M, Xing C. Regulation of Ca(2+) for cancer cell 
apoptosis through photothermal conjugated nanoparticles. ACS Appl 
Bio Mater. 2022;5:2834–42.

	 98.	 Lin LS, Huang T, Song J, Ou XY, Wang Z, Deng H, Tian R, Liu Y, Wang JF, 
Liu Y, et al. Synthesis of copper peroxide nanodots for H(2)O(2) self-
supplying chemodynamic therapy. J Am Chem Soc. 2019;141:9937–45.

	 99.	 Nielsen MM, Pedersen CM. Vessel effects in organic chemical reactions; 
a century-old, overlooked phenomenon. Chem Sci. 2022;13:6181–96.



Page 29 of 31Feng et al. Journal of Nanobiotechnology          (2024) 22:737 	

	100.	 Jia C, Guo Y, Wu FG. Chemodynamic therapy via fenton and fenton-
like nanomaterials: strategies and recent advances. Small. 2022;18: 
e2103868.

	101.	 Augustine R, Hasan A. Emerging applications of biocompatible 
phytosynthesized metal/metal oxide nanoparticles in healthcare. J 
Drug Delivery Sci Technol. 2020;56: 101516.

	102.	 Mandal AK, Katuwal S, Tettey F, Gupta A, Bhattarai S, Jaisi S, Bhandari 
DP, Shah AK, Bhattarai N, Parajuli N. Current research on zinc oxide 
nanoparticles: synthesis, characterization, and biomedical applications. 
Nanomaterials. 2022;12:3066.

	103.	 Holmes AM, Mackenzie L, Roberts MS. Disposition and measured 
toxicity of zinc oxide nanoparticles and zinc ions against keratinocytes 
in cell culture and viable human epidermis. Nanotoxicology. 
2020;14:263–74.

	104.	 Xiong HM. ZnO nanoparticles applied to bioimaging and drug delivery. 
Adv Mater. 2013;25:5329–35.

	105.	 Wu H, Zhang J. Chitosan-based zinc oxide nanoparticle for enhanced 
anticancer effect in cervical cancer: A physicochemical and biological 
perspective. Saudi Pharm J. 2018;26:205–10.

	106.	 Negrescu AM, Killian MS, Raghu SNV, Schmuki P, Mazare A, Cimpean 
A. Metal oxide nanoparticles: review of synthesis, characterization and 
biological effects. J Funct Biomater. 2022;13:274.

	107.	 Zhou X, Cao T. Zinc oxide nanoparticle inhibits tumorigenesis of renal 
cell carcinoma by modulating lipid metabolism targeting miR-454-3p 
to repressing metabolism enzyme ACSL4. J Oncol. 2022;2022:2883404.

	108.	 Wang J, Lee JS, Kim D, Zhu L. Exploration of zinc oxide nanoparticles as 
a multitarget and multifunctional anticancer nanomedicine. ACS Appl 
Mater Interfaces. 2017;9:39971–84.

	109.	 Nordin AH, Ahmad Z, Husna SMN, Ilyas RA, Azemi AK, Ismail N, Nordin 
ML, Ngadi N, Siti NH, Nabgan W, et al. The State of the art of natural 
polymer functionalized Fe(3)O(4) magnetic nanoparticle composites 
for drug delivery applications: a review. Gels. 2023;9:121.

	110.	 Kaittanis C, Bolaender A, Yoo B, Shah N, Ouerfelli O, Grimm J. Targetable 
clinical nanoparticles for precision cancer therapy based on disease-
specific molecular inflection points. Nano Lett. 2017;17:7160–8.

	111.	 Yuan H, Wilks MQ, El Fakhri G, Normandin MD, Kaittanis C, Josephson 
L. Heat-induced-radiolabeling and click chemistry: a powerful 
combination for generating multifunctional nanomaterials. PLoS ONE. 
2017;12: e0172722.

	112.	 Wang Y, Li H, Guo L, Jiang Q, Liu F. A cobalt-doped iron oxide nanozyme 
as a highly active peroxidase for renal tumor catalytic therapy. RSC Adv. 
2019;9:18815–22.

	113.	 Liao ZX, Ou DL, Hsieh MJ, Hsieh CC. Synergistic effect of repolarization 
of M2 to M1 macrophages induced by iron oxide nanoparticles 
combined with lactate oxidase. Int J Mol Sci. 2021;22:13346.

	114.	 Li CX, Zhang Y, Dong X, Zhang L, Liu MD, Li B, Zhang MK, Feng J, 
Zhang XZ. Artificially reprogrammed macrophages as tumor-tropic 
immunosuppression-resistant biologics to realize therapeutics 
production and immune activation. Adv Mater. 2019;31: e1807211.

	115.	 Soetaert F, Korangath P, Serantes D, Fiering S, Ivkov R. Cancer therapy 
with iron oxide nanoparticles: Agents of thermal and immune 
therapies. Adv Drug Deliv Rev. 2020;163–164:65–83.

	116.	 Ding B, Yue J, Zheng P, Ma P, Lin J. Manganese oxide nanomaterials 
boost cancer immunotherapy. J Mater Chem B. 2021;9:7117–31.

	117.	 Zhang K, Qi C, Cai K. Manganese-based tumor immunotherapy. Adv 
Mater. 2023;35: e2205409.

	118.	 Yang G, Ji J, Liu Z. Multifunctional MnO(2) nanoparticles for tumor 
microenvironment modulation and cancer therapy. Wiley Interdiscip 
Rev Nanomed Nanobiotechnol. 2021;13: e1720.

	119.	 Lin LS, Song J, Song L, Ke K, Liu Y, Zhou Z, Shen Z, Li J, Yang Z, Tang W, 
et al. Simultaneous fenton-like ion delivery and glutathione depletion 
by MnO(2) -based nanoagent to enhance chemodynamic therapy. 
Angew Chem Int Ed Engl. 2018;57:4902–6.

	120.	 Xu Q, Zhan G, Zhang Z, Yong T, Yang X, Gan L. Manganese porphyrin-
based metal-organic framework for synergistic sonodynamic therapy 
and ferroptosis in hypoxic tumors. Theranostics. 2021;11:1937–52.

	121.	 Farjadian F, Roointan A, Mohammadi-Samani S, Hosseini M. 
Mesoporous silica nanoparticles: synthesis, pharmaceutical 
applications, biodistribution, and biosafety assessment. Chem Eng J. 
2019;359:684–705.

	122.	 Murugan B, Sagadevan S. J AL, Fatimah I, Fatema KN, Oh W-C, 
Mohammad F, Johan MR: Role of mesoporous silica nanoparticles for 
the drug delivery applications. Mater Res Express. 2020;7: 102002.

	123.	 Song Y, Li Y, Xu Q, Liu Z. Mesoporous silica nanoparticles for stimuli-
responsive controlled drug delivery: advances, challenges, and outlook. 
Int J Nanomed. 2017;12:87–110.

	124.	 Sia CS, Lim HP, Tey BT, Goh BH, Low LE. Stimuli-responsive 
nanoassemblies for targeted delivery against tumor and its 
microenvironment. Biochim Biophys Acta Rev Cancer. 2022;1877: 
188779.

	125.	 Hu X, Li F, Wang S, Xia F, Ling D. Biological stimulus-driven assembly/
disassembly of functional nanoparticles for targeted delivery, controlled 
activation, and bioelimination. Adv Healthcare Mater. 2018;7:1800359.

	126.	 Yang Z, Ma Y, Zhao H, Yuan Y, Kim BYS. Nanotechnology platforms 
for cancer immunotherapy. Wiley Interdiscip Rev Nanomed 
Nanobiotechnol. 2020;12: e1590.

	127.	 Allen RP, Bolandparvaz A, Ma JA, Manickam VA, Lewis JS. Latent, 
immunosuppressive nature of poly(lactic-co-glycolic acid) 
microparticles. ACS Biomater Sci Eng. 2018;4:900–18.

	128.	 Certo M, Tsai CH, Pucino V, Ho PC, Mauro C. Lactate modulation of 
immune responses in inflammatory versus tumor microenvironments. 
Nat Rev Immunol. 2021;21:151–61.

	129.	 Pan J, Lei S, Chang L, Wan D. Smart pH-responsive nanoparticles in a 
model tumor microenvironment for enhanced cellular uptake. J Mater 
Sci. 2019;54:1692–702.

	130.	 Xu W, Ding J, Chen X. Reduction-responsive polypeptide micelles 
for intracellular delivery of antineoplastic agent. Biomacromol. 
2017;18:3291–301.

	131.	 Dong H, Li Z, Bian S, Song G, Song W, Zhang M, Xie H, Zheng S, 
Yang X, Li T, Song P. Culture of patient-derived multicellular clusters 
in suspended hydrogel capsules for pre-clinical personalized drug 
screening. Bioact Mater. 2022;18:164–77.

	132.	 Wang J, Li Y, Nie G. Multifunctional biomolecule nanostructures for 
cancer therapy. Nat Rev Mater. 2021;6:766–83.

	133.	 Kim S, Heo R, Song SH, Song K-H, Shin JM, Oh SJ, Lee H-J, Chung JE, Park 
JH, Kim TW. PD-L1 siRNA–hyaluronic acid conjugate for dual-targeted 
cancer immunotherapy. J Control Release. 2022;346:226–39.

	134.	 Tan M, Chen Y, Guo Y, Yang C, Liu M, Guo D, Wang Z, Cao Y, Ran H. A 
low-intensity focused ultrasound-assisted nanocomposite for advanced 
triple cancer therapy: local chemotherapy, therapeutic extracellular 
vesicles and combined immunotherapy. Biomater Sci. 2020;8:6703–17.

	135.	 Huo W, Yang X, Wang B, Cao L, Fang Z, Li Z, Liu H, Liang XJ, Zhang J, 
Jin Y. Biomineralized hydrogel DC vaccine for cancer immunotherapy: 
a boosting strategy via improving immunogenicity and reversing 
immune-inhibitory microenvironment. Biomaterials. 2022;288: 121722.

	136.	 Liu Y, Guo J, Huang L. Modulation of tumor microenvironment for 
immunotherapy: focus on nanomaterial-based strategies. Theranostics. 
2020;10:3099–117.

	137.	 Xia Q, Zhang Y, Li Z, Hou X, Feng N. Red blood cell membrane-
camouflaged nanoparticles: a novel drug delivery system for antitumor 
application. Acta Pharm Sin B. 2019;9:675–89.

	138.	 Zou MZ, Liu WL, Gao F, Bai XF, Chen HS, Zeng X, Zhang XZ. Artificial 
natural killer cells for specific tumor inhibition and renegade 
macrophage re-education. Adv Mater. 2019;31: e1904495.

	139.	 Gao M, Liang C, Song X, Chen Q, Jin Q, Wang C, Liu Z. Erythrocyte-
membrane-enveloped perfluorocarbon as nanoscale artificial red 
blood cells to relieve tumor hypoxia and enhance cancer radiotherapy. 
Adv Mater. 2017;29:1701429.

	140.	 Koh E, Lee EJ, Nam GH, Hong Y, Cho E, Yang Y, Kim IS. Exosome-SIRPα, 
a CD47 blockade increases cancer cell phagocytosis. Biomaterials. 
2017;121:121–9.

	141.	 Escudier B, Dorval T, Chaput N, André F, Caby MP, Novault S, Flament 
C, Leboulaire C, Borg C, Amigorena S, et al. Vaccination of metastatic 
melanoma patients with autologous dendritic cell (DC) derived-
exosomes: results of thefirst phase I clinical trial. J Transl Med. 2005;3:10.

	142.	 Morse MA, Garst J, Osada T, Khan S, Hobeika A, Clay TM, Valente N, 
Shreeniwas R, Sutton MA, Delcayre A, et al. A phase I study of dexosome 
immunotherapy in patients with advanced non-small cell lung cancer. J 
Transl Med. 2005;3:9.



Page 30 of 31Feng et al. Journal of Nanobiotechnology          (2024) 22:737 

	143.	 Cheng L, Wang Y, Huang L. Exosomes from M1-polarized macrophages 
potentiate the cancer vaccine by creating a pro-inflammatory 
microenvironment in the lymph node. Mol Ther. 2017;25:1665–75.

	144.	 Shen S, Li HJ, Chen KG, Wang YC, Yang XZ, Lian ZX, Du JZ, Wang 
J. Spatial targeting of tumor-associated macrophages and 
tumor cells with a pH-sensitive cluster nanocarrier for cancer 
chemoimmunotherapy. Nano Lett. 2017;17:3822–9.

	145.	 Wang Y, Yu J, Luo Z, Shi Q, Liu G, Wu F, Wang Z, Huang Y, Zhou D. 
Engineering endogenous tumor-associated macrophage-targeted 
biomimetic nano-RBC to reprogram tumor immunosuppressive 
microenvironment for enhanced chemo-immunotherapy. Adv Mater. 
2021;33: e2103497.

	146.	 Xiao Y, Zhu T, Zeng Q, Tan Q, Jiang G, Huang X. Functionalized 
biomimetic nanoparticles combining programmed death-1/
programmed death-ligand 1 blockade with photothermal ablation 
for enhanced colorectal cancer immunotherapy. Acta Biomater. 
2023;157:451–66.

	147.	 Xu C, Ji X, Zhou Y, Cheng Y, Guo D, Li Q, Chen N, Fan C, Song H. 
Slimming and reinvigorating tumor-associated dendritic cells with 
hierarchical lipid rewiring nanoparticles. Adv Mater. 2023;35:2211415.

	148.	 Zhang D, Zheng Y, Lin Z, Lan S, Zhang X, Zheng A, Li J, Liu G, Yang H, Liu 
X, Liu J. Artificial engineered natural killer cells combined with antiheat 
endurance as a powerful strategy for enhancing photothermal-
immunotherapy efficiency of solid tumors. Small. 2019;15:1902636.

	149.	 Li M, Xie D, Tang X, Yang C, Shen Y, Zhou H, Deng W, Liu J, Cai S, Bai L, 
Wang Y. Phototherapy facilitates tumor recruitment and activation 
of natural killer T cells for potent cancer immunotherapy. Nano Lett. 
2021;21:6304–13.

	150.	 Ou W, Thapa RK, Jiang L, Soe ZC, Gautam M, Chang JH, Jeong JH, 
Ku SK, Choi HG, Yong CS, Kim JO. Regulatory T cell-targeted hybrid 
nanoparticles combined with immuno-checkpoint blockage for cancer 
immunotherapy. J Control Release. 2018;281:84–96.

	151.	 Topalian SL, Drake CG, Pardoll DM. Immune checkpoint blockade: 
a common denominator approach to cancer therapy. Cancer Cell. 
2015;27:450–61.

	152.	 Jiang CT, Chen KG, Liu A, Huang H, Fan YN, Zhao DK, Ye QN, Zhang HB, 
Xu CF, Shen S, et al. Immunomodulating nano-adaptors potentiate 
antibody-based cancer immunotherapy. Nat Commun. 2021;12:1359.

	153.	 Wang D, Wang T, Liu J, Yu H, Jiao S, Feng B, Zhou F, Fu Y, Yin Q, Zhang 
P, et al. Acid-activatable versatile micelleplexes for PD-L1 blockade-
enhanced cancer photodynamic immunotherapy. Nano Lett. 
2016;16:5503–13.

	154.	 Liu X, Shin N, Koblish HK, Yang G, Wang Q, Wang K, Leffet L, Hansbury 
MJ, Thomas B, Rupar M, et al. Selective inhibition of IDO1 effectively 
regulates mediators of antitumor immunity. Blood. 2010;115:3520–30.

	155.	 Feng B, Hou B, Xu Z, Saeed M, Yu H, Li Y. Self-Amplified drug delivery 
with light-inducible nanocargoes to enhance cancer immunotherapy. 
Adv Mater. 2019;31: e1902960.

	156.	 Ding Y, Sun Z, Gao Y, Zhang S, Yang C, Qian Z, Jin L, Zhang J, Zeng C, 
Mao Z, Wang W. Plasmon-driven catalytic chemotherapy augments 
cancer immunotherapy through induction of immunogenic cell death 
and blockage of IDO pathway. Adv Mater. 2021;33: e2102188.

	157.	 Jansman MMT, Hosta-Rigau L. Recent and prominent examples of 
nano- and microarchitectures as hemoglobin-based oxygen carriers. 
Adv Colloid Interface Sci. 2018;260:65–84.

	158.	 Krafft MP, Riess JG. Therapeutic oxygen delivery by perfluorocarbon-
based colloids. Adv Colloid Interface Sci. 2021;294: 102407.

	159.	 Hu J, Wang Q, Wang Y, You G, Li P, Zhao L, Zhou H. Polydopamine-based 
surface modification of hemoglobin particles for stability enhancement 
of oxygen carriers. J Colloid Interface Sci. 2020;571:326–36.

	160.	 Chen Q, Liu G, Liu S, Su H, Wang Y, Li J, Luo C. Remodeling the tumor 
microenvironment with emerging nanotherapeutics. Trends Pharmacol 
Sci. 2018;39:59–74.

	161.	 Tang R, He H, Lin X, Wu N, Wan L, Chen Q, Hu Y, Cheng C, Cao Y, Guo X, 
et al. Novel combination strategy of high intensity focused ultrasound 
(HIFU) and checkpoint blockade boosted by bioinspired and oxygen-
supplied nanoprobe for multimodal imaging-guided cancer therapy. J 
Immunother Cancer. 2023;11: e006226.

	162.	 Chen Q, Liang C, Sun X, Chen J, Yang Z, Zhao H, Feng L, Liu Z. H(2)
O(2)-responsive liposomal nanoprobe for photoacoustic inflammation 
imaging and tumor theranostics via in vivo chromogenic assay. Proc 
Natl Acad Sci U S A. 2017;114:5343–8.

	163.	 Meng Z, Zhou X, Xu J, Han X, Dong Z, Wang H, Zhang Y, She J, Xu 
L, Wang C, Liu Z. Light-triggered in situ gelation to enable robust 
photodynamic-immunotherapy by repeated stimulations. Adv Mater. 
2019;31: e1900927.

	164.	 Huang CC, Chia WT, Chung MF, Lin KJ, Hsiao CW, Jin C, Lim WH, Chen 
CC, Sung HW. An implantable depot that can generate oxygen in situ 
for overcoming hypoxia-induced resistance to anticancer drugs in 
chemotherapy. J Am Chem Soc. 2016;138:5222–5.

	165.	 Song M, Liu T, Shi C, Zhang X, Chen X. Bioconjugated manganese 
dioxide nanoparticles enhance chemotherapy response by priming 
tumor-associated macrophages toward M1-like phenotype and 
attenuating tumor hypoxia. ACS Nano. 2016;10:633–47.

	166.	 Wu N, Tu Y, Fan G, Ding J, Luo J, Wang W, Zhang C, Yuan C, Zhang H, 
Chen P, et al. Enhanced photodynamic therapy/photothermo therapy 
for nasopharyngeal carcinoma via a tumor microenvironment-
responsive self-oxygenated drug delivery system. Asian J Pharm Sci. 
2022;17:253–67.

	167.	 Song X, Xu J, Liang C, Chao Y, Jin Q, Wang C, Chen M, Liu Z. Self-
supplied tumor oxygenation through separated liposomal delivery of 
H(2)O(2) and catalase for enhanced radio-immunotherapy of cancer. 
Nano Lett. 2018;18:6360–8.

	168.	 Choi J, Sun IC, Sook Hwang H, Yeol Yoon H, Kim K. Light-triggered 
photodynamic nanomedicines for overcoming localized therapeutic 
efficacy in cancer treatment. Adv Drug Deliv Rev. 2022;186: 114344.

	169.	 Liu C, Xing J, Akakuru OU, Luo L, Sun S, Zou R, Yu Z, Fang Q, Wu A. 
Nanozymes-engineered metal-organic frameworks for catalytic 
cascades-enhanced synergistic cancer therapy. Nano Lett. 
2019;19:5674–82.

	170.	 Sheen A, Agarwal Y, Cheah KM, Cowles SC, Stinson JA, Palmeri JR, Sikes 
HD, Wittrup KD. Tumor-localized catalases can fail to alter tumor growth 
and transcriptional profiles in subcutaneous syngeneic mouse tumor 
models. Redox Biol. 2023;64: 102766.

	171.	 Pilon-Thomas S, Kodumudi KN, El-Kenawi AE, Russell S, Weber AM, 
Luddy K, Damaghi M, Wojtkowiak JW, Mulé JJ, Ibrahim-Hashim A, Gillies 
RJ. Neutralization of tumor acidity improves antitumor responses to 
immunotherapy. Cancer Res. 2016;76:1381–90.

	172.	 Luo G, Li X, Lin J, Ge G, Fang J, Song W, Xiao GG, Zhang B, Peng X, 
Duo Y, Tang BZ. Multifunctional calcium-manganese nanomodulator 
provides antitumor treatment and improved immunotherapy 
via reprogramming of the tumor microenvironment. ACS Nano. 
2023;17:15449–65.

	173.	 Ding Y, Yang J, Wei H, Wang J, Huang S, Yang S, Guo Y, Li B, Shuai X. 
Construction of pH-sensitive nanovaccines encapsulating tumor 
cell lysates and immune adjuvants for breast cancer therapy. Small. 
2023;1:e2301420.

	174.	 Qing S, Lyu C, Zhu L, Pan C, Wang S, Li F, Wang J, Yue H, Gao X, Jia R, 
et al. Biomineralized bacterial outer membrane vesicles potentiate 
safe and efficient tumor microenvironment reprogramming for 
anticancer therapy. Adv Mater. 2020;32: e2002085.

	175.	 Dong Z, Feng L, Zhu W, Sun X, Gao M, Zhao H, Chao Y, Liu Z. 
CaCO(3) nanoparticles as an ultra-sensitive tumor-pH-responsive 
nanoplatform enabling real-time drug release monitoring and cancer 
combination therapy. Biomaterials. 2016;110:60–70.

	176.	 Ding B, Zheng P, Tan J, Chen H, Meng Q, Li J, Li X, Han D, Li Z, Ma 
X, et al. Sodium bicarbonate nanoparticles for amplified cancer 
immunotherapy by inducing pyroptosis and regulating lactic acid 
metabolism. Angew Chem Int Ed Engl. 2023. https://​doi.​org/​10.​1002/​
anie.​20230​7706.

	177.	 Li X, Gao J, Wu C, Wang C, Zhang R, He J, Xia ZJ, Joshi N, Karp JM, 
Kuai R. Precise modulation and use of reactive oxygen species for 
immunotherapy. Sci Adv. 2024. https://​doi.​org/​10.​1126/​sciadv.​adl04​
79.

	178.	 Liu CL, Zhang K, Chen G. Hydrogen therapy: from mechanism to 
cerebral diseases. Med Gas Res. 2016;6:48–54.

	179.	 <Nanomedicines_Targeting_the_Tumor_Microenvironment.13.pdf>.

https://doi.org/10.1002/anie.202307706
https://doi.org/10.1002/anie.202307706
https://doi.org/10.1126/sciadv.adl0479
https://doi.org/10.1126/sciadv.adl0479


Page 31 of 31Feng et al. Journal of Nanobiotechnology          (2024) 22:737 	

	180.	 Yu S, Wang C, Yu J, Wang J, Lu Y, Zhang Y, Zhang X, Hu Q, Sun W, He 
C, et al. Injectable bioresponsive gel depot for enhanced immune 
checkpoint blockade. Adv Mater. 2018;30: e1801527.

	181.	 Gong F, Xu J, Liu B, Yang N, Cheng L, Huang P, Wang C, Chen Q, Ni C, 
Liu Z. Nanoscale CaH2 materials for synergistic hydrogen-immune 
cancer therapy. Chem. 2022;8:268–86.

	182.	 Klein EA, Thompson IM Jr, Tangen CM, Crowley JJ, Lucia MS, 
Goodman PJ, Minasian LM, Ford LG, Parnes HL, Gaziano JM, et al. 
Vitamin E and the risk of prostate cancer: the Selenium and Vitamin E 
Cancer Prevention Trial (SELECT). JAMA. 2011;306:1549–56.

	183.	 Chao Y, Liang C, Tao H, Du Y, Wu D, Dong Z, Jin Q, Chen G, Xu J, 
Xiao Z, et al. Localized cocktail chemoimmunotherapy after in situ 
gelation to trigger robust systemic antitumor immune responses. Sci 
Adv. 2020;6:eaaz4204.

	184.	 Dong X, Pan P, Zheng DW, Bao P, Zeng X, Zhang XZ. Bioinorganic 
hybrid bacteriophage for modulation of intestinal microbiota to 
remodel tumor-immune microenvironment against colorectal 
cancer. Sci Adv. 2020;6:1590.

	185.	 Qi J, Jia S, Kang X, Wu X, Hong Y, Shan K, Kong X, Wang Z, Ding D. 
Semiconducting polymer nanoparticles with surface-mimicking 
protein secondary structure as lysosome-targeting chimaeras for self-
synergistic cancer immunotherapy. Adv Mater. 2022;34: e2203309.

	186.	 Liu Z, Zhang J, Liu H, Shen H, Meng N, Qi X, Ding K, Song J, Fu R, Ding 
D, Feng G. BSA-AIE nanoparticles with boosted ROS generation for 
immunogenic cell death immunotherapy of multiple myeloma. Adv 
Mater. 2023;35: e2208692.

	187.	 Huang Y, Yuan J, Righi E, Kamoun WS, Ancukiewicz M, Nezivar J, 
Santosuosso M, Martin JD, Martin MR, Vianello F, et al. Vascular 
normalizing doses of antiangiogenic treatment reprogram the 
immunosuppressive tumor microenvironment and enhance 
immunotherapy. Proc Natl Acad Sci U S A. 2012;109:17561–6.

	188.	 Sung YC, Jin PR, Chu LA, Hsu FF, Wang MR, Chang CC, Chiou SJ, Qiu 
JT, Gao DY, Lin CC, et al. Delivery of nitric oxide with a nanocarrier 
promotes tumor vessel normalization and potentiates anti-cancer 
therapies. Nat Nanotechnol. 2019;14:1160–9.

	189.	 Wang-Bishop L, Kimmel BR, Ngwa VM, Madden MZ, Baljon JJ, Florian 
DC, Hanna A, Pastora LE, Sheehy TL, Kwiatkowski AJ, et al. STING-
activating nanoparticles normalize the vascular-immune interface to 
potentiate cancer immunotherapy. Sci Immunol. 2023;8:1153.

	190.	 Shae D, Becker KW, Christov P, Yun DS, Lytton-Jean AKR, Sevimli S, 
Ascano M, Kelley M, Johnson DB, Balko JM, Wilson JT. Endosomolytic 
polymersomes increase the activity of cyclic dinucleotide STING 
agonists to enhance cancer immunotherapy. Nat Nanotechnol. 
2019;14:269–78.

	191.	 Henke E, Nandigama R, Ergün S. Extracellular matrix in the tumor 
microenvironment and its impact on cancer therapy. Front Mol Biosci. 
2019;6:160.

	192.	 Yuan Z, Li Y, Zhang S, Wang X, Dou H, Yu X, Zhang Z, Yang S, Xiao M. 
Extracellular matrix remodeling in tumor progression and immune 
escape: from mechanisms to treatments. Mol Cancer. 2023;22:48.

	193.	 Chen Q, Hu Q, Dukhovlinova E, Chen G, Ahn S, Wang C, Ogunnaike 
EA, Ligler FS, Dotti G, Gu Z. Photothermal therapy promotes tumor 
infiltration and antitumor activity of CAR T Cells. Adv Mater. 2019;31: 
e1900192.

	194.	 Eikenes L, Bruland ØS, Brekken C, Davies Cde L. Collagenase increases 
the transcapillary pressure gradient and improves the uptake and 
distribution of monoclonal antibodies in human osteosarcoma 
xenografts. Cancer Res. 2004;64:4768–73.

	195.	 Gong H, Chao Y, Xiang J, Han X, Song G, Feng L, Liu J, Yang G, Chen Q, 
Liu Z. Hyaluronidase to enhance nanoparticle-based photodynamic 
tumor therapy. Nano Lett. 2016;16:2512–21.

	196.	 Mohapatra A, Mondal J, Sathiyamoorthy P, Mohanty A, Revuri V, 
Rajendrakumar SK, Lee YK, Park IK. Thermosusceptible nitric-oxide-
releasing nitrogel for strengthening antitumor immune responses 
with tumor collagen diminution and deep tissue delivery during 
nir laser-assisted photoimmunotherapy. ACS Appl Mater Interfaces. 
2023;15:14173–83.

	197.	 Xu M, Zha H, Chen J, Lee SM, Wang Q, Wang R, Zheng Y. Ice & fire 
supramolecular cell-conjugation drug delivery platform for deep 
tumor ablation and boosted anti-tumor immunity. Adv Mater. 
2023;1:e2305287.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Targeting the tumor microenvironment with biomaterials for enhanced immunotherapeutic efficacy
	Abstract 
	Introduction
	The tumor microenvironment
	Immune cells
	Reactive oxygen species
	Hypoxia
	Acidic pH
	High interstitial pressure
	Tumor vascular abnormalities
	Tumor exosomes

	Impact of biomaterial properties on immunotherapy efficacy
	Biomaterial shape
	Particle size
	Surface charge
	Deformability and degradability

	Biomaterial tools targeting the TME
	Types of biomaterials
	Inorganic nanomaterials
	Organic biomaterials

	Application of biomaterials to improve the tumor microenvironment
	Biomaterial applications for immunosuppression modulation

	Immune-cell-based regulation
	Biomaterial applications for tumor hypoxia modulation
	Biomaterial applications for neutralizing tumor acids
	Biomaterial applications for ROS modulation
	Biomaterial applications for blood vessel normalization
	Biomaterial applications for disrupting the tumor ECM


	Conclusion
	Acknowledgements
	References


