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Abstract: Cancer develops with unexpected mutations and causes death in many patients. Among the
different cancer treatment strategies, immunotherapy is promising with the benefits of high specificity
and accuracy, as well as modulating immune responses. Nanomaterials can be used to formulate
drug delivery carriers for targeted cancer therapy. Polymeric nanoparticles used in the clinic are
biocompatible and have excellent stability. They have the potential to improve therapeutic effects
while significantly reducing off-target toxicity. This review classifies smart drug delivery systems
based on their components. Synthetic smart polymers used in the pharmaceutical industry, including
enzyme-responsive, pH-responsive, and redox-responsive polymers, are discussed. Natural polymers
derived from plants, animals, microbes, and marine organisms can also be used to construct stimuli-
responsive delivery systems with excellent biocompatibility, low toxicity, and biodegradability. The
applications of smart or stimuli-responsive polymers in cancer immunotherapies are discussed in
this systemic review. We summarize different delivery strategies and mechanisms that can be used in
cancer immunotherapy and give examples of each case.
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1. Introduction

The global burden of cancer is one of the leading causes of death among all diseases. In
2020, the number of cancer cases was 19.3 million, and the number of cancer-related deaths
was 9.96 million [1]. By 2040, it is estimated that there will be 29.5 million new cases of
cancer and 16.4 million deaths caused by cancer [2]. In the past 130 years, there have been
several significant advances in cancer treatment: radiotherapy, chemotherapy, targeted
therapy, and immunotherapy [3-5]. Among them, immunotherapy has revolutionized the
field of cancer treatment. It overcomes the tumor immune escape mechanism and reawak-
ens the immune system to remove cancer cells. Several types of cancer immunotherapy
have been developed, such as chimeric antigen receptor (CAR) T-cell therapy, immune
checkpoint inhibitors, monoclonal antibodies, treatment vaccines, and immune system
modulators [6]. A number of molecular biomarkers have been selected as key factors for
cancer immunotherapy, including programmed death ligand 1 (PD-L1), tumor mutation
load (TMB), high microsatellite instability (MSI), and gene mutations [7].

Cancer immunotherapy faces a number of challenges, such as limited patient response,
low specificity, immune-related adverse events, and immunosuppression of the tumor
microenvironment [8]. Many patients do not benefit from cancer immunotherapy due to its
limited effectiveness. Combination therapies have been used to overcome the poor efficacy
of cancer immunotherapies. According to preclinical and clinical studies, combination
therapies could increase the therapeutic efficacy of cancer treatment but may also cause
immune-related adverse effects and lead to higher treatment costs. Meanwhile, many
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systemically administered immune checkpoint inhibitors have limited tumor specificity,
resulting in adverse reactions in normal tissues. The off-target adverse reactions can range
from mild symptoms (such as skin redness or blistering) to severe conditions (such as
pneumonia, colitis, and endocrinopathies).

Targeted drug delivery aims to deliver therapeutic agents to the action site [9]. Due to
their versatility and adaptability to effectively various biological properties, nanoparticles
can be used to safely and effectively deliver chemotherapeutic agents. Various nanocarriers
have been studied, including polymer-based, lipid-based, carbon-based, and metal-based
nanoparticles [10]. Polymers are one of the most commonly used nanomaterials. The
polymers used in drug delivery systems should be biocompatible, non-toxic, and free of
impurities. In addition, they need to possess a long circulation half-life and a suitable phys-
ical structure to accommodate a wide range of active molecules, including small molecules,
oligonucleotides, and peptides [11]. Targeted polymer nanoparticles also permit better
control of the pharmacokinetics, biodistribution, and bioavailability of drugs. Numerous
polymer-based medicines are approved by the FDA or are in clinical trials (Table 1), which
will profoundly affect cancer treatment.

Table 1. Polymeric nanoparticles in clinical use or under clinical trials.

Polymeric . C Reference
Pla};form Active Component Drug Product Indication Status or Identifier
Micelles Paclitaxel Genexol-PM Breast cancer and Marketed in Europe, [12]

small cell lung cancer Republic of Korea
First relapse of
platinum-sensitive epithelial
Paclitaxel Apealea ovarian cancer, primary Approved by EMA ! [13]
peritoneal cancer,
and fallopian tube cancer
. Pancreatic cancer, 1
Paclitaxel Abraxane NSCL and breast cancer Approved by US FDA [14]
Docetaxel - Advanced solid tumors Phase 2 i NCT05254665
(Not yet recruiting)
Polymeric . . 5
Nanoparticles Leuprolide acetate Eligard Prostate cancer Approved by US FDA [15]
iNKT 3 activator (ThrCer6, Phase 1
IMM60) 4; NY-ESO-1 ° PRECIOUS-01 * Advanced solid tumor L NCT04751786
: . . (Recruiting)
cancer-testis antigen peptides
Tumor lysate ¢; " Phase 1
GMLCSE CpG® WDVAX Melanoma (Active, not recruiting) NCT01753089
Polymer-protein . Pegaspargase Acute
conjugate Asparaginase (Oncaspar) lymphoblastic leukemia Approved by US FDA 1ol
Non-Hodgkin lymphoma; Phase 2/3
IL-15 receptor agonist NKTR-255 * relapsed/refractory diffuse ase 2 NCT05664217
1 (Recruiting)
arge B-cell lymphoma
Advanced malignant solid
Polymer—drug Paclitaxel FID-007 neoplasm; refractory Phaste' L NCT03537690
conjugate ) . (Recruiting)
malignant solid neoplasm
Lidocaine ST-01 Postoperative pain; Phase 2 NCT05193227
postsurgical pain (Recruiting)
Rotigotine SER-214 Parkinson’s disease . Phase 1 - NCT02579473
(Active, not recruiting)
. Phase 1
Ammonium molybdate BP-C2 Prostate cancer - NCT04186585
(Not yet recruiting)
Quercetin Nano-QUT ? Oral cancer Phase 2 NCT05456022
(Not yet recruiting)
. . Phase 3
Triptorelin pamoate Decapeptyl Prostate cancer (Recruiting) NCT05458856
Mitoxantrone DHAD-PBCA-NPs Hepatocellular carcinoma Phas'e'Z [17]
(Recruiting)
. . Phase 3 :
Doxorubicin BA-003 Hepatocellular carcinoma [18]

(Recruiting)
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Table 1. Cont.

PI?IZE:: Active Component Drug Product Indication Status oll'{;;fl?:tli‘ fcizr
Docetaxel ABI-008 Prostate cancer Phase 1/2 NCT00477529
(Recruiting)
DACHPt ProLindac Advanced ovarian cancer PhaseAZ_/ 3 [19]
(Recruiting)
. . Phase 1/2
Rapamycin ABI-009 Solid tumors (Completed) NCT02494570
Paclitaxel Nanotax Peritoneal and neoplasms Phase 1 NCT00666991
(Completed)

EMA L European Medicines Agency; US FDA 2. US Food and Dru% Administration; iNKT 3: invariant nat-
ural killer T cell; (ThrCer6, IMM60) *: threitolceramide-6; NY-ESO-1 °: New York Esophageal Squamous Cell
Carcinoma-1; tumor lysate °: proteins from participants’ melanoma cells; GM-CSF 7: granulocyte-macrophage
colony-stimulating factor; CpG 8: cytosine-phosphate-guanine; Nano-QUT ?: quercetin-encapsulated PLGA-PEG
nanoparticles; * means the drug applied for cancer immunotherapy.

Controlled drug delivery is hindered by the process of opsonization. It has been
shown that opsonin proteins in blood serum bind rapidly to conventional nanoparticles.
These drug delivery carriers are easily recognized and removed by the macrophages of
the mononuclear phagocytic system (MPS) before they reach the target site [20]. Therefore,
stealth nanoparticles are developed by modifying the surface properties of the carriers
with polymers that inhibit opsonin interaction and phagocyte clearance. Various poly-
mers, including natural and synthetic polymers, have been utilized for such purposes.
The most commonly used natural polysaccharides are dextran, polysialic acid, hyaluronic
acid, chitosan, and heparin. Polyvinyl pyrrolidone, polyacrylamide, polyvinyl alcohol,
poly(ethylene glycol) (PEG), and PEG-containing copolymers such as poloxamines, polox-
amers, and polysorbates are preferred synthetic polymers [21].

Smart, or stimuli-responsive, polymers may be made from a synthetic or natural re-
source. It has been demonstrated that polymeric nanoparticles have the advantages of high
stability and mass production [22]. Natural polymers used in the pharmaceutical industry
include dextrose, chitosan, gelatin, collagen, heparin, and albumin [23]. On the other hand,
synthetic polymers such as polyethylene glycol, polylactic acid, poly(lactic-co-glycolic acid),
and poly(caprolactone) can also be used in drug delivery [24]. Birrenbach and Speiser pio-
neered the field and formulated the first nanoparticles for pharmaceutical applications in
the early 1970s [25]. Over the past decade, various types of polymers have been evaluated
for use in targeted cancer therapy, including polymeric nanoparticles, dendrimers, poly-
morphs, conjugates, hybrid systems, polymer bodies, and micelles [26]. These nanocarriers
can enhance anti-neoplastic activity with minimal side effects while continuously releasing
loaded drugs from themself to their target sites [27]. Furthermore, polymeric nanoparticle
systems can improve the stability and specificity of the loaded drugs by preventing them
from being rapidly metabolized and excreted by the reticuloendothelial system, kidneys,
and liver [28,29]. In addition, the drug delivery system with targeted ligand modifications
could reduce non-specific distribution and prolong blood circulation [30].

Most polymeric nanoparticles are poorly immunogenic or not immunogenic due to
their small size. However, some polymeric nanoparticles possess adjuvant properties,
such as inducing humoral and cellular immunogenicity [31]. They have the potential to
modulate immune responses that can be used in cancer immunotherapy [32]. In addition,
the absorption of polymeric nanoparticles by antigen-presenting cells has been shown to
induce an effective immune response. They can be taken up by dendritic cells and used for
both systemic and mucosal immunotherapy [33].

Polymeric carriers are beneficial for enhancing immunotherapeutic approaches because
of their ability to be modified with various physical properties, encapsulants, and surface
ligands. Meanwhile, polymeric nanoparticles can be designed to co-deliver multiple thera-
peutic agents to cancer or immune cells. Research has shown that fine-tuning the size, shape,
surface charge, and hydrophobicity of polymeric nanoparticles can improve the delivery of
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immunotherapeutic agents to tumor tissues [34]. In addition to achieving precise synergistic
immunotherapy, polymeric carriers loaded with immunomodulators prevent tumor recur-
rence and enable long-term immune memory [35]. This approach improves patient response
rates while decreasing toxicities and immune-related adverse events.

Smart stimulus-responsive nanoparticles have been extensively studied as efficient
vehicles for drug delivery in cancer immunotherapy [36]. Compared to conventional
nanomedicines, stimulus-responsive nanoparticles can improve the immune response rate
of patients by modulating the tumor microenvironment and converting immune-excluded
tumors into immune-inflamed tumors [37]. This review summarizes recent advances in
developing a novel stimuli-responsive polymeric drug delivery system that can significantly
improve cancer immunotherapy efficacy.

2. Synthetic Polymers

Synthetic polymers are versatile materials produced by a variety of chemical reactions.
Due to their wide range of mechanical, thermal, and degradation properties, synthetic
polymers have received increasing attention from the pharmaceutical industry. Over the
past several years, synthetic polymer-based smart materials have become one of the most
attractive research areas [38] (Figure 1).
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Figure 1. Schematic representation of the stimuli-responsive synthetic polymers.

2.1. Enzyme-Responsive Polymers

Compared with normal tissues, certain enzymes such as matrix metalloproteinase
(MMP), cathepsin B, and caspases are highly expressed in tumor tissues to promote cancer
cell growth, invasion, or metastasis [39]. Abnormally expressed enzymes are an essential
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basis for tumor staging and a material basis for development. Since enzymes are more spe-
cific for substrate selection and the reaction conditions are milder, enzyme-based controlled
release systems are less likely to cause drug leakage and damage the drug structure during
drug delivery [40].

2.1.1. MMP

The extracellular matrix (ECM) contains collagen, elastin, proteoglycan, fibronectin,
and other macromolecules [41]. The normal ratio of these extracellular macromolecules is
important for the containment of cellular carcinogenesis. MMP is a class of highly expressed
proteins found in human cancer cells [42]. There are more than 20 enzymes in the MMP
family. In normal physiological processes, MMPs participate in the breakdown of ECM
through collagen IV and laminin [43]. MMPs allow tumor cells to enter, invade surrounding
tissues, and metastasize in the tumor microenvironment [44]. It has been found that MMP-2
and MMP-9 are highly expressed in a variety of tumor cells, including those in gastric,
breast, prostate, rectal, lung, and ovarian cancers. Therefore, MMP-2 and MMP-9 are often
selected as targets for enhancing the homing accuracy of nanoparticles and improving
efficacy [45]. A peptide chimera (PEG-MP9-aPDL1) was constructed with an MMP-2
cleavable linker for colorectal cancer treatment. Its programmed death-ligand 1 (PD-L1)
targeting specificity and favorable pharmacokinetic characteristics made it one of the most
promising systemic delivery vehicles. The MP9 used in this study is an optimized stapled
oncolytic peptide. It can be released from the conjugation system via MMP-2 cleavage in the
tumor microenvironment. Effective tumor lysis and sequestration of immune checkpoints
were achieved through this strategy [46].

2.1.2. Cathepsin B

Cathepsin B, an enzyme in the cysteine protease family, participates in tumor inva-
sion and metastasis [47]. Many tumors express three to nine times more cathepsin B than
normal tissues [48]. The tetrapeptide, GFLG, is a cathepsin B-responsive peptide and is
stable in the blood. It can be cleaved by cells that secrete high levels of cathepsin [49].
Yang et al. introduced GFLG to the main chain of the N-(2-hydroxypropyl) methacry-
lamide (HPMA) copolymer—doxorubicin (DOX) conjugate. Cathepsin B cleaved the
backbone of the copolymer-drug carriers, releasing the loaded drug from the GFLG
peptide chains. The polymer fragments were metabolized by the body and excreted [50].
Using a fluorescent probe (CyA-P-CyB) activated by cathepsin B, Chen et al. designed
an effective cancer phototherapy device. Cathepsin B cleaved the linker between
CyA-P-CyB in cancer cells, which they fluoresced in the near-infrared region via the
Forster resonance energy transfer mechanism. CyA-P-CyB was discovered to have
specific phototoxicity towards tumor cells, dependent on cathepsin B activity [51].

A docetaxel-loaded cathepsin B-responsive nanoconjugate was constructed for cancer
chemo-immunotherapy. The conjugate was cleaved by cathepsin B in the lysosome to
release its payload. The delivery system triggered anti-cancer immune responses by modu-
lating cytotoxic T-cell responses and dendritic cell activity. In a B16 tumor model, synergistic
antitumor efficacy was achieved when it was combined with «-PD-1 therapy [52].

2.1.3. Caspases

Cysteine proteases are a set of structurally related cysteine proteases found in cytoplas-
mic lysates. Aspartate residues are specifically cleaved by caspases, which are essential for
apoptosis induction [53]. Different caspases recognize different peptide sequences allowing
the development of stimulus-responsive therapeutics.

It is estimated that DEVD is found in less than 1% of all caspase-3/-7 cleavage sites, but
remains the optimal recognition sequence for these enzymes [54]. A DEVD-based molecular
imaging probe was developed to assess retinal ganglion cell apoptosis through effector cas-
pase activity [55]. In addition, a chimeric peptide, PpIX-1MT, was synthesized by Song et al.
The peptide combined the photosensitive PpIX with the immune checkpoint inhibitor IMT
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via a DEVD linker to maximize the synergistic effects. The conjugates formed uniformly
sized micelles through self-assembly and were then enriched in tumor cells. The PpIX-1MT
micelles produced reactive oxygen species upon 630 nm light irradiation, causing cancer
cells to apostatize and facilitating the production of tumor antigens capable of triggering an
intense immune response. After hydrolyzing the enzyme-sensitive DEVD tetrapeptide, the
resulting apoptotic enzyme released the immune checkpoint inhibitor 1-methyltryptophan,
which then activated a response from the immune system in vivo to inhibit and clear in
situ as well as distant metastatic tumors. Combined with immunotherapy, this approach
effectively solves the problem of tumor recurrence and metastasis [56].

2.2. pH-Responsive Polymers

The tumor microenvironment has a distinctly acidic character compared to normal
tissue. Dysregulated glycolysis in cancer cells results in high lactate levels and an acidic
pH in tumor tissues. The pH of tumor tissues typically ranges from 6.5 to 7.2, whereas
the pH of intracellular fluid is 5.0 to 6.5, and the pH of lysosomes is 4.5 to 5.0 [57].
Through the process of endocytosis, nanoparticles enter cells and undergo the formation
of endosomes. After nanoparticles are fused with lysosomes, the pH values are changed
from 6.5 to 4.5 [58].

Since the tumor microenvironment’s pH was lower than that of blood and healthy
tissues, extensive research into the direction of pH was initiated [59,60]. The pH-responsive
polymer carrier can improve drug delivery efficiency in vivo and reduce adverse drug
reactions by utilizing the characteristics of the polymer [61,62]. In recent years, the research
on loading drugs into nanoscale carriers began with in-depth research on cancer treatment.
Under a normal physiological environment, the loaded drug molecules can be released
from the polymer carrier with zero-order kinetic [63]. The released drug molecules could be
enriched in tumor tissues to achieve the therapeutic effect. In some pH-sensitive polymers,
the proton sponge effect can increase osmotic pressure and disrupt the endosome mem-
brane. Therefore, pH-sensitive carriers in biopharmaceuticals could facilitate endosomal
escape and prevent the lysosomal degradation of nucleic acids or proteins [64].

The pH-responsive bonds used in polymer synthesis nanocarriers include Schiff base
structures, hydrazone bonds, amido bonds, protonated structures of tertiary amines, and
acetal (ketone) structures. [65]. A variety of pH-sensitive polymeric nanoparticles have
been formulated, such as microcapsules [66], polymeric vesicles [67], and micelles [68].
Drug molecules were conjugated to the polymer carrier through pH-sensitive chemical
bonds, which deformed the configuration of the carrier through the fracture of dynamic
chemical bonds, thereby allowing drug release within the target area to be controlled [69].

2.2.1. Schiff Bases

Schiff bases are compounds containing a C=N group. Under acidic conditions, the
structure of Schiff bases is unstable and susceptible to hydrolysis. Acid-sensitive polymeric
nano-delivery systems for pH-responsive drug release can be made using this strategy [70].

Imiquimod (R837) can be used in cancer immunotherapy to activate the immune
system. To overcome the shortcomings of R837, developing an easy-to-fabricate bio-
compatible carrier is required. Through acid-responsive Schiff bases, the R837 was
conjugated to the amphiphilic biodegradable copolymer methoxy poly(ethylene glycol)-
b-poly(L-lactide) (mPEG-b-PLA). The polymer-drug conjugates were self-assembled
into micelles. Under acidic conditions, an accelerated release of R837 from micelles was
observed. In RAW264.7 macrophages, R837-loaded micelles stimulate the expression of
MHC II-stimulating molecules at pH 6.5, but not at physiologic pH [71].

2.2.2. Polyethyleneimine

A polyethyleneimine (PEI) consists of repeating units of an amine group and a
CH,CH; spacer [72]. As PEI has good mechanical properties and stability, it has been
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widely used in developing artificial organs, instruments, and drugs [73]. Therefore, PEI
can serve as a co-delivery system for chemotherapy and gene therapy [74].

The nanogels formulated with PDEA-co-HP-cyclodextrin-co-Pluronic F127 and
dimethylmaleic anhydride-modified PEI exhibited excellent drug loading capacity. In
tumor microenvironments, loaded chemotherapeutic paclitaxel (PTX) and immunothera-
peutic interleukin-2 (IL-2) were rapidly released in response to acidic pH. By improving
the maturation of dendritic cells, the nanogel system stimulated anti-tumor immunity,
which resulted in the infiltration of immune effector cells in a breast cancer-bearing
mouse model [75].

Meng et al. synthesized a polyethyleneimine-lithocholic acid conjugate (2E’). This
amphiphilic-modified PEI can self-assemble in aqueous environments. An anionic nucleic
acid and small hydrophobic molecules can be co-delivered via the cationic surface and the
hydrophobic core of this system. The intrinsic activities of 2E’ components activate antigen-
presenting cells. There was a strong anti-tumor response induced by the administration
of 2E’ alone or in combination with paclitaxel and siRNA, targeting PD-L1 or cyclic dinu-
cleotide (CDN) in C57BL/6 mice. After a single administration, the treatment significantly
enhanced the immunostimulatory effect, resulting in the remission of established tumors
and tumor-free survival in the 4T1, CT26, and B16F10 models of tumor growth [76].

Another study developed a PEl-based sequential pH-responsive doxorubicin (DOX)
system for combined chemo- and immunotherapy. To make the PEI/CAD complexes
more easily adsorbed by polycationic PEI, DOX was converted to pH-responsive cis-
aconityl-doxorubicin (CAD). Meanwhile, PEG was modified with aldehydes to shield the
PEI/CAD cores from the environment. In the 4T1-bearing mice model, the nanoparticles
were successfully coupled with the anti-PD-1 antibody to block the escape of anticancer
immunity and maintain the anticancer activity of the T cells activated by immunogenic cell
death (ICD) [77].

2.2.3. Imidazole Ring

The imidazole moiety is a five-membered heterocyclic moiety found in many natural
products, including histidine, purine, histamine, and DNA [78]. In an acidic environment,
the imidazole ring could accept a proton and become hydrophilic [79]. Because imidazole
contains two nitrogen atoms, it can form hydrogen bonds, facilitating water solubility. The
imidazole moiety is often incorporated into other bioactive frameworks. A major advantage
of imidazole-based anticancer drugs is their ability to interfere with DNA synthesis and
prevent the growth and division of cancerous cells [80].

To treat breast cancer effectively, a pH-responsive nanoparticle based on the imidazole
moiety was developed for a multidimensional chemo-immunotherapeutic modality. Differ-
ent conformation PLGA polymers were used to load paclitaxel (PTX) and resiquimod (RSQ),
an immune activator. In a complex breast cancer plus macrophage cells spheroid model, the
pH-responsive star-PLGA nanoparticles showed enhanced drug release and penetration in
a pH-dependent manner. In the 4T1-conditioned medium experiment, PTX+RSQ treatment
resulted in higher expressions of M1-markers (TNF-oc and CD86) than the control group.
TNF-a and CD86 levels in nanoparticle-encapsulated drugs were significantly higher than
in free drugs. However, although it is an effective chemo-immunotherapy in vitro, further
evaluation of the clinical transformation potential of this strategy is required [81].

2.2.4. Hydrazone Bonds

The hydrazone bond is one of the most extensively studied pH-sensitive linkages [82].
The hydrazone bond consists of a hydrazine group (generally the polymer linker) and a
carbonyl group (generally the drug linker) cleaved within an acidic tumor microenviron-
ment [83]. Poly(methacrylic acid-co-histidine/doxorubicin/biotin) (HBD) is a pH-sensitive
polymer—drug conjugate developed by Wang et al. A hydrazone bond was used to con-
jugate doxorubicin (DOX) into the polymer. Imiquimod (IMQ), a cancer immunotherapy
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agent, was also encapsulated to formulate dual cancer-targeting nanoparticles. IMQ and
DOX can be released from polymeric nanoparticles in a controllable manner [84].

2.2.5. Tertiary Amine

Polymeric materials containing tertiary amine groups are pH-sensitive, as they can
change from negatively charged to positively charged when exposed to hydrogen ions
in an acidic environment [85]. In neutral conditions, these polymers can self-assemble
into nanoparticles. When the polymers are exposed to a slightly acidic environment at the
tumor site, the tertiary amine groups become positively charged and repel each other. As a
result of increasing the hydrophilicity of the polymer system, the polymer dissociates and
disperses. Thus, the hydrophobic nucleus can release the lipid-soluble drug encapsulated
inside and exert its medicinal action [86].

Introducing tertiary amino groups into nanomicelles makes it possible to develop
personalized immunotherapy for tumors [87]. This group enabled the design of an acid-
responsive nanovaccine that targets the STING pathway. The nanovaccine contains both
the antigen and the STING agonist, 5,6-dimethylxantheonone-4-acetic acid (DMXAA).
Through intrinsic endosomal escape, nanoparticles promoted the intracytoplasmic release
of neoantigens. DMXAA stimulated the STING pathway in dendritic cells, inducing type I
interferon secretion and stimulating subsequent T-cell activation. Additionally, tumor-
specific T-cell immunity was triggered by neoantigens [88].

2.2.6. Amide Bonds

An amide bond is formed when the carboxylic acid group is substituted with an amino
or hydrocarbon amino group. Under acidic conditions, the amide bond can be cleaved, which
is one of the most commonly used methods of developing pH-responsive formulations [89].

A pH-mediated endo-stimuli-responsive nanoparticle (en-srNP) can be used for con-
trolled drug release and synergistic immunotherapy against cancer. To improve cellular
uptake and extend circulation time, an acid-cleavable PEGylated poly(2-(diethylamino) ethyl
methacrylate)@PD-L1-targeting siRNA (PCPP@MTPP@siPDL1) micelle was synthesized. In
addition to disassembling the carriers, the micelle core could be rapidly protonated by lyso-
somes (pH 4.5-6.0), resulting in faster drug release due to disassembly. The formulation
demonstrated that the endo-stimuli-responsive nanoparticle promoted the penetration and
endocytosis of cancer cells. Immune resistance has been reduced by introducing immune
checkpoint inhibitors and activating T lymphocytes that infiltrate tumors [35].

2.2.7. Acetal (Ketone) Structure

As a result of their sensitivity to hydrolysis with a decrease in pH, acetates (including
ketals) are promising acid-sensitive linkages [90]. Aldehydes and alcohols are converted
into acetals during the condensing process. As a result of hydrolysis under acidic conditions,
the acetal can be converted into aldehydes and alcohol [91].

The core of degradable immune-stimulatory nanogels was conjugated with the
toll-like receptor (TLR) 7/8 agonist, which is a potent activator of the innate immune
system. 2,2-bis(aminoethoxy)propane was used to cross-link the core. The added
pH-sensitive ketal moieties enabled acid hydrolysis of the cross-links. The nanogels were
excreted from the body in a chain-like polymer state after anti-tumor effects were exerted
at the tumor site, avoiding long-term accumulation. As demonstrated by mechanistic
studies, the nanogels could diffuse passively into the lymphatic drainage system. An
immunological study on mice showed that this formulation induced superior antibodies
and robust T-cell responses [92].

2.3. Redox-Responsive Polymers

The tumor microenvironment encompasses tumor cells’ structure, function, and
metabolic microenvironment and their intrinsic microenvironment [93]. Several factors
contribute to the tumor microenvironment (TME), including interstitial fluid pressure,
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oxygen content, pH value, enzymes, and redox substances within and outside tumor cells.
The complexity and specificity of the TME play an important role in cancer occurrence,
progression, and metastasis. It has been demonstrated that redox-sensitive nanocarriers
can deliver anticancer drugs efficiently and with low adverse effects by taking advantage
of the redox gradient between tumor and normal cells [94].

Several reactive oxygen species (ROS) are found in tumor cells, including hydroxyl
radicals (-OH), singlet oxygen ('0,), and hydrogen peroxide (H,O5). To reduce the dam-
age caused by ROS, tumor cells produce large quantities of reduced substances, such as
glutathione (GSH) [95].

In cancer cells, GSH concentrations are approximately 1000 times higher than extra-
cellular GSH and several times higher than normal cells [96]. Therefore, tumor cells are
heterogeneous due to abnormally high levels of GSH and ROS. By developing new drug
delivery systems, redox-sensitive polymers could deliver drugs to specific cancer cells [97].

2.3.1. Disulfide Bonded Polymers

Many drug delivery systems have utilized disulfide bonds, including polymeric
micelles, nanoparticles, and nanogels [98]. In cancer cells, disulfide bonds are reduced to
thiols by GSH, which is highly expressed. They are then oxidized into strongly hydrophilic
sulfoxide or sulfone by ROS, thereby increasing the hydrophilicity of the system and
prompting drug release [99].

As potential intracellular delivery systems, nanohydrogels with redox-responsive
properties have been extensively studied [100]. As hydrophilic nanoparticles, nanohy-
drogels combine the benefits of both hydrogels and nanoparticles. The advantages of
nanohydrogels over solid polymer nanoparticles are their inherent biocompatibility, hy-
drophilicity, tissue-like mechanical properties, and high porosity. Due to their unique
properties, nanohydrogels are particularly suited for encapsulating macromolecular bio-
therapeutics to facilitate cancer immunotherapy. They are also suitable for systemic drug
delivery due to their nanoscale size and hydrophilicity [101]. Disulfide cross-linking
schemes have been integrated into nanosized hydrogels to deliver drugs to target sites that
contain high levels of reducing agents, such as glutathione (GSH), on demand [102].

Nanohydrogels with redox-responsive properties have been demonstrated to be
effective in protecting payloads during blood circulation, especially for the release of pay-
loads at the target site, including protein drugs, gene therapeutics, and small-molecule
anticancer drugs [103]. Therefore, nanohydrogels with redox-responsive properties are
gaining interest as potential therapeutic delivery systems for enhancing the effectiveness
of cancer treatment. Antigenic peptides delivered intracellularly to antigen-presenting
cells (dendritic cells or macrophages) improve the efficacy of peptide and protein-based
cancer immunotherapy [104].

The PEG,i-Fmoc-NLG nanocarrier was prepared by conjugating PEG with NLG919,
an immune checkpoint inhibitor. The NLG919 and PTX were delivered together us-
ing this drug delivery carrier. Compared to the control group, tumors treated with
PTX/PEGyi-Fmoc-NLG had a higher percentage of CD8* T cells that produced granzyme
B. Synergistically, PTX’s tumoricidal properties combined with NLG’s immune-enhancing
properties produced much greater anti-tumor effects [105].

A similar approach was used in the co-delivery of immunochemotherapy with another
anticancer agent. PSSN10 is an immunostimulatory polymeric prodrug carrier with redox-
responsive properties. The formulation was designed to deliver NLG919 and doxorubicin
(DOX). NLG919 was conjugated to the polymer backbone via a disulfide bond to facilitate
the release of the drug from the polymer carrier at the targeted site. In mouse tumor tissues
from the PSSN10 treatment group, there was an increase in functional T cells (CD4" and
CD8") and fewer Treg cells and MDSCs than in the control group [106].
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2.3.2. Diselenide Bond

The redox responsiveness of disulfide has inspired a growing interest in selenium,
which, like sulfur, also belongs to the chalcogens. In addition to its physicochemical
properties similar to sulfur, selenium plays a crucial role in antioxidant defense and cellular
redox homeostasis [107].

Diselenide bonds are reduction-sensitive and can be cleaved by oxidation reactions.
Reactive oxygen species are also expressed in high concentrations in tumor cells to bring
them into equilibrium with GSH within the cells.

When diselenide bonds are introduced into polymeric drug delivery systems, nanopar-
ticles can exhibit a high degree of redox sensitivity and release drugs with increased
precision and completeness. Additionally, prodrug nanoassemblies containing diselenium
bonds are more sensitive to HyO,-triggered drug release than disulfide bonds [108].

A diselenide-pemetrexed assembly combining radio-, chemo-, and natural killer cell-
based immunotherapy was developed. Hydrogen bonds were formed between pemetrexed
and cytosine-containing diselenides (Cyt-SeSe-Cyt) within the assemblies. As a result
of low-dose gamma radiation (5 Gy), commonly used in clinical chemotherapy, selenic
acid was formed by the transformation of diselenides, and the assemblies released the
loaded pemetrexed. As part of its cancer immunoactivity, selenite inhibited the human
leukocyte antigen E (HLA-E) protein on the membranes of cancer cells to activate natural
killer (NK) cell anticancer immunity. Furthermore, pemetrexed may increase NK cell
IFN-y production, allowing for the combination of chemotherapy and immunotherapy
for cancer treatment [109]. An in vivo study showed that combining immunotherapy,
radiotherapy, and chemotherapy using selenium-containing nanoparticles could alleviate
the progression of lung metastases and enhance the infiltration of natural killer cells into
the tumor microenvironment [110].

2.4. Temperature-Responsive Polymeric Delivery Systems

Temperature-responsive drug delivery strategies exploit the local temperature increase
that occurs at the focal site to achieve targeted drug release. The temperature of the intra-
tumor environment is higher than that of healthy tissue [111]. The subtle change in
temperature in the tumor microenvironment is ideal for facilitating thermo-responsive
drug release. Thermal-responsive biomaterials have the unique property of changing
their solvation state according to temperature. Temperature-responsive release relies
on a dramatic change in the physical properties of the thermosensitive material, which
triggers drug release in response to local temperature changes around the carrier. The
temperature range for drug delivery system activation is generally between 37 and 42 °C,
since temperatures above this range may cause protein denaturation [112].

A pentablock copolymer thermal-sensitive hydrogel composed of PEG-PCL-PLA-PCL-PEG
with varying ratios of PCL and PLA was developed as a single sustained-release vaccine.
A vaccine-encapsulated PLGA nanoparticle or soluble vaccine components were loaded
into the hydrogels. This approach increased the complex viscosity of the gel, reduced gel
temperature, and minimized the burst release of antigen and adjuvant. A sustained immune
response lasting up to 49 days was achieved. In a B16.OVA melanoma mouse model, an
antigen-specific immune response was induced by pentablock copolymer hydrogels [113].

The development of cancer vaccines based on neoantigens holds great promise in can-
cer immunotherapy due to their ability to induce an effective antitumor immunity that lasts
for a long time. Cyclophosphamide (CTX), an immunogenic cell death (ICD)-inducing drug,
is a promising antigen source for cancer vaccines. A CTX-loaded, temperature-responsive
poly (D, I-lactide)-poly (ethylene glycol)-poly (D, l-lactide) (PDLLA-PEG-PDLLA, PLEL)
hydrogel was designed for CpG combined immunotherapy (Figure 2). In the CT26-bearing
mice model, this strategy resulted in a cytotoxic T-lymphocyte response, which inhibits
tumor growth and increases survival. By inducing a durable immune memory response,
the hydrogel prevented tumor recurrence and distant tumor growth, facilitating the devel-
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opment of commercial tumor vaccines and combining chemotherapy with cancer vaccines
in the clinic [114].
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Figure 2. Schematic illustration of the PLEL-based combination strategy to amplify cancer im-
munotherapy. Adapted with permission from [114], published by Bioactive Materials, 2021.
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Tsai et al. constructed a thermal-responsive hydrogel containing imiquimod (IMQ), an
agonist of the toll-like receptors, loaded liposome system for breast cancer immunotherapy.
IMQ was first loaded into 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) phospho-
lipid liposomes and mixed with the amphiphilic temperature-sensitive hydrogel porous
F127. Due to the temperature-sensitive nature of the hydrogel carrier, it can be used as a
locoregional therapeutic strategy and reduce the off-target effect. In the 4T1 breast cancer
mouse model, a better locoregional therapeutic effect was observed with the thermal-
responsive hydrogel carrier compared to traditional intravenous injections, presenting an
alternative method for cancer immunotherapy [115].

2.5. Light-Responsive Polymeric Nanoparticles

Due to its noninvasive nature and high selectivity, light-responsive therapy is
gaining increasing attention in clinical practice. The treatment is safer than traditional
treatments such as chemotherapy, surgery, and radiotherapy [116]. Near-infrared (NIR)
light with wavelengths ranging from 750 to 2000 nm was found to be more effective
in locating deeper positions in tissue [117]. NIR photoimmunotherapy (PIT) uses an
antibody—photosensitizer conjugate and NIR to achieve cancer immunotherapy with
selective cell death in targeted tumor cells, low toxicity to normal cells in the surround-
ing environment, and activation of an anti-tumor immune response [118,119]. This
strategy could kill tumor cells in the targeted position under the excitation of a pho-
tosensitizer [120]. For example, some components exert photodynamic therapy (PDT)
effects, such as IR-780, which could convert oxygen into cytotoxic reactive oxygen species
(ROS) [121]. Some other components present photothermal therapy (PTT) effects, such
as reduced graphene oxide-iron oxide nanoparticles applied to produce local heating or
general hyperthermia [122]. In addition, under the damage signals caused by this strat-
egy, NIR-PIT will release tumor-specific antigens to induce local dendritic cell activation,
which in turn activates T cells, leading to T cell proliferation and its mediated tumor cell
killing, which is also called immunogenic cell death (ICD) [119].

Ou et al. developed a pH-sensitive layer-by-layer hybrid nanoparticle (glucocorticoid-
induced TNF receptor family-related protein/poly(lactic-co-glycolic acid, GITR-PLGA)
loaded with IR-780 and imatinib (IMT) for cancer photoimmunotherapy (Figure 3). To
prevent degradation and achieve stimulus-responsive effects in targeted locations un-
der NIR exposure, the GITR-PLGA core was coated with a poly-L-histidine (PLH) and
poly(ethylene glycol)-block-poly(L-glutamic acid) (PEG-b-PLG) layer. In B16/BL6 and
MC-38 tumor-bearing mouse models, this system successfully eradicated tumor growth by
apoptosis induction and tumor-associated antigen production. Meanwhile, CD8+ T cells
were activated, and the suppressive function of Treg cells was reduced [123].

A multifunctional phase-transformation nanoparticle was designed for melanoma
immunotherapy and was evaluated in the B16F10-luc mouse model. The formulation
encapsulated anti-PD1 antibody (aPD1), iron oxide, and perfluoropentane (PFP) in a PLGA
shell modified with polyethylene glycol (PEG) and Gly-Arg-Gly-Asp-Ser (GRGDS) peptides.
This strategy enhanced the delivery efficacy of aPD1. Moreover, under the laser irradiation,
the iron oxide further activated dendritic cells to drive the tumor-specific effector T cell
response and induce tumor cell death and the production of tumor-associated antigens,
which consequently increased CD8" T cell infiltration in the tumor site [124].
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Figure 3. Schematic illustration of NIR therapy and regulatory T cell modulation using layer-by-layer
hybrid nanoparticles. Adapted with permission from [123], published by Theranostics, 2018.

3. Natural Polymers

Naturally occurring biopolymers can be found in plants, animals, microbes, and
marine organisms [125] (Figure 4). They are often used in biomedicine and the food
industry. For example, food-grade colloids can be produced from animal proteins and
polysaccharides, and gelatin polymers can be used for wound dressings [126]. It has been
demonstrated that natural biopolymers have several beneficial properties over synthetic
polymers, including bioadhesion, multiple bioactivities, excellent biocompatibility, low
toxicity, and biodegradability [127]. Furthermore, most natural biopolymers are biocom-
patible, ensuring their distinct properties. Currently, most innovative natural products
and drugs approved by the US Food and Drug Administration (FDA) are derived from
microorganisms and plants. Crofelemer, for example, is derived from the red latex of the
Peruvian croton, a plant in the Euphorbiaceae family. This biopolymer is the first oral botanical
prescription drug approved by the FDA for treating non-infectious diarrhea symptoms in
HIV/AIDS patients receiving antiretroviral therapy [128].

Natural biopolymers are great candidates for drug delivery carriers in targeted cancer
therapy. As with synthetic polymers, naturally occurring polymers can be modified to
respond to a variety of stimuli. Meanwhile, some natural biopolymers can modulate the
immune system or be used as immunoadjuvants. However, the use of natural polymers in
constructing smart polymeric nanoparticles for cancer immunotherapy still needs further
investigation. This section reviews the natural polymers that have the potential to be
designed as stimuli-responsive nanocarriers for cancer immunotherapeutic strategies.

3.1. Animal-Based Biopolymers
3.1.1. Albumin

Albumin is a small globular protein synthesized by the liver. In blood circulation,
albumin has crucial clinical significance and important physiological functions in living
organisms, including maintaining stable plasma colloid osmotic pressure, ensuring the
exchange between intracellular fluid, extracellular fluid, and tissue fluid, and playing
a colloidal protective and stabilizing role for globulins [129]. Albumin is a non-specific
transporter that forms soluble complexes by reversibly binding with many small, insoluble
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Albumin

organic molecules in the body [129]. It could also automatically bind to heavy metal
ions in the body and act as a detoxification agent [130]. In addition, albumin is crucial
for regulating the plasma pH and maintaining colloidal osmotic pressure. It plays a key
role in improving bioavailability and ensuring the proper transport of long-chain fatty
acids, nutrients, ions, and various medicines administered systemically [131]. As a natural
polymer, albumin is biocompatible, biodegradable, non-toxic, and low immunogenic. It has
been used as a drug delivery vehicle for the topical administration of vulnerable organs,
such as the eyes [132].
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Figure 4. Schematic representation of the natural biopolymers.

NanoPcM, a pH-sensitive photothermal nanomaterial, was constructed through the
self-assembly of morpholine-modified silicone phthalocyanine (PcM) and serum albu-
min for cancer-targeted photodynamic immunotherapy. Since serum albumin showed a
strong interaction with PcM, it was used to prevent severe PcM aggregation in the aqueous
solution. The fabricated NanoPcM could induce Type I ROS generation and endow a sig-
nificantly enhanced immunogenic photodynamic therapeutic (PDT) effect against hypoxic
cancer cells. The synergistic use of NanoPcM-based PDT in combination with «PD-1-based
immunotherapy also significantly inhibited 4T1 cancer cell growth, diminished sponta-
neous lung metastasis, and triggered tumor regression in the BALB/c mouse model. This
strategy induced an abscopal effect by modulating the tumor immune microenvironment
and enhancing immune responses throughout the body [133].

In another study, PTX was loaded into human serum albumin nanoparticles through
albumin-binding technology. An acid-sensitive linker was used to conjugate the mono-
clonal anti-PD-L1 antibody to the PTX-loaded serum nanoparticle. The PD-L1-targeted
albumin nanoparticle loaded with PTX (PD-L1/PTX@HSA) was used for combinational
chemo-immune therapy and showed enhanced drug release at low pH levels in cancer cells.
Combining PD-L1/PTX@HSA with cytotoxic T-lymphocyte antigen-4, immune responses
were accentuated due to the synergetic effect. Infiltration of effector T-cells, immunosup-
pressive PD-L1, and regulatory T-cell suppression was successfully observed [134].
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3.1.2. Gelatin

Gelatin, a macromolecular hydrocolloid, can be produced by irreversible animal
collagen acid or base hydrolysis [135]. Due to its biocompatibility and biodegradability,
gelatin has been used as a multifunctional ingredient in the pharmaceutical industry and
medicine [136]. The swelling effect of gelatin makes it a valuable raw material for plasma
substitutes, and gelatin hydrogel has been used as an injectable biomaterial in surgery [137].

Gelatin and Pluronic® F127, an FDA-approved polymer, formed an innovative thermo-
responsive hydrogel based on biomaterials. This co-polymer hydrogel platform was used
for GSNO (a NO-donor) and cytotoxic T-lymphocyte-associated protein-4 (CTLA-4) mono-
clonal antibody (mAb) locoregional delivery in a controlled manner. The unique properties
of this hydrogel system enabled the tumor microenvironment to trigger drug release and
micelle formation for lymphatic uptake. The systemic co-delivery of antagonizing CTLA-4
mAb and GSNO using the hydrogel system resulted in synergistic anticancer effects in a
monotherapy-resistant melanoma model. The synergistic effect of the two interventions
was also observed in the 4T1 breast cancer-bearing mice model. This hydrogel system
improved cancer immunotherapy’s local and abscopal effects by facilitating the modulation
of immunological pathways relevant to anticancer immune response regulation [138].

Bu et al. developed a self-assembling gelatinase-sensitive nanoparticle (Gel-N-ICG)
comprising indocyanine green (ICG), a photosensitizer, and NSC74859, a signal trans-
ducer activator of transcription 3 (STAT3) inhibitor. By combining photothermal therapy
with multifunctional immunotherapy, Gel-N-ICG inhibited the growth of head and neck
squamous cell carcinomas (HNSCCs). After the Gel-N-ICG was degraded by the tumor
microenvironment’s overexpressed gelatinase, MMP-2/9, the loaded ICG and NSC were
released. In addition to the effective photothermal destruction of tumors by ICG, NSC74859
induced potent anti-tumor immunity that enhances the effectiveness of cancer treatment.
Gel-N-ICG NPs could inhibit tumor microenvironment immunosuppression and improve
anticancer efficacy in the Tgfbrl/Pten 2cKO mouse HNSCC model. Compared to the
control group, the nanoparticle significantly reduced CD11b* Grl* myeloid-derived sup-
pressor cells (MDSCs) in the spleen, blood, and tumor tissue. Meanwhile, the population of
PD-1 also decreased after the Gel-N-ICG nanoparticle treatment [139].

3.1.3. Hyaluronic Acid

Hyaluronic acid (HA) is one of the most abundant polysaccharides in the human body.
This polymer is composed of D-glucuronic acid and N-acetyl-D-glucosamine [140]. Due to
its non-toxic, biodegradable, and cytocompatible properties, HA has been used in a variety
of drug delivery platforms, such as micelles, hydrogels, and polymer-drug conjugates [141].
CD44 is one of the binding receptors for HA. By interacting with HA, the CD44 receptor
mediates interactions between cells and between cells and the matrix. Adhesion to the HA
molecule plays an important role in cancer cell proliferation, differentiation, and migration.
Therefore, it has been suggested that the interaction between CD44 and HA may be a
potential therapeutic target for cancer treatment [142,143].

An HA-based hydrogel system was synthesized for cancer chemo-photothermal
immunotherapy. Polydopamine (PDA), as a cross-liner, was conjugated to the thio-
lated HA, conferring excellent photothermal properties to the hydrogel. Doxorubicin
(DOX) and CpG-ODN, an immune adjuvant, were loaded into the HA-hydrogel sys-
tem. The unique properties of this hydrogel system enable the accelerated release of
DOX into surrounding tumor tissue upon irradiation with near-infrared light. The
DOX/CpG-ODN-loaded HA /PDA-Gel showed a synergistic anti-proliferation effect
against breast cancer. Using the hydrogel system, the high photothermal effect kills can-
cer cells and releases chemotherapeutic drugs into tumor tissue. Cancer-associated anti-
gens were generated, and a pan-semiconductor-specific immune response was induced.
The tumor tissue apoptotic cell number in the chemophotothermal group (DOX@PDA+)
and three-modality combination group (CpG@DOX@PDA+) was higher than that of
single-modality therapy. Meanwhile, the HA-hydrogel formulation inhibited distant
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metastatic cancer cell proliferation by improving the systemic immune response. In
CpG@DOX@PDA(+) and CpG@PDA(+) groups, TNF-« and IL-6 contents in serum and
CD3*/CD8* T cells levels in the spleen were higher than in other treatment groups. This
study showed that a strong immune response was induced by photothermal therapy
plus an immune adjuvant [144].

Wang et al. established an HA-based macrophage-mediated delivery system
(M@C-HA/ICG) that possessed the characteristic of M1-subtype macrophage pheno-
types for photo/immune therapy. Macrophage tropism was used to improve nanomedicine’s
accumulation and retention time in tumors. To formulate the M@C-HA /ICG, the thermal-
conversion-based carbon nanoparticle was modified with HA, and the photosensitizer
indocyanine green (ICG) was loaded into the delivery system. The drug delivery sys-
tem activated macrophages to release pro-inflammatory factors. After laser irradiation,
M@C-HA/ICG increased TNF-o and IL-2 production in the 4T1 tumor-bearing model.
Meanwhile, ICG triggered type II photooxidation to generate reactive oxygen species
(ROS). M@C-HA /ICG showed outstanding anticancer efficacy by enhancing tumor ac-
cumulation. Moreover, cytomembrane damage caused by ROS, apoptosis induced by
heat, and pro-inflammatory cytokine-mediated immunotherapy were observed [145].

3.1.4. Chitosan

Chitin is the second most abundant polysaccharide, and chitosan is its deacety-
lated form [146]. Chitosan is composed of randomly distributed deacetylated units,
[3-(1-4)-linked D-glucosamine, and acetylated units, acetyl-D-glucosamine [147]. It is a non-
toxic, biodegradable, and biocompatible polymer approved by the US FDA and assured
safe [148]. Chitosan has been widely used in medicine and pharmacy, including tissue
engineering, drug delivery, ophthalmology, wound healing, and vaccine adjuvants [149].

Chitosan can regulate the immune system by activating natural killer cells, increasing
macrophage accumulation and activation, inducing interferon and interleukin production
in mitotic cells, inducing cytokines, and enhancing delayed-type hypersensitivity [150].
Therefore, chitosan can strengthen the immune effects and antibody response to inhibit
tumor growth. In gene therapy, chitosan can bind to DNA /RNA because of the electrostatic
interactions, protecting it from nuclease degradation. In addition, owing to its excellent
physicochemical properties, using chitosan as a carrier can achieve specific targeted delivery
and improve the biological activity, stability, and solubility of the therapeutic agents [151].

As a biomimetic vaccine, a pH-responsive chitosan-based polymeric micelle was
made for lymph nodes’ targeted delivery to enhance the anticancer immune response.
Chitosan/ovalbumin micelles grafted with histidine-modified stearic acid could inhibit
tumor growth by promoting T-cell immune response induction and antitumor-related
cytokine secretion. This strategy allowed the vaccine to be directly delivered to the lymph
nodes and taken up by the dendritic cells. The pH-dependent property of the micelle
was used to control antigen release and accumulation at the target sites. The micelle
formulation inhibited tumor growth in the C57BL/6 mouse model by inducing robust
anti-tumor immune responses, such as higher levels of TNF-«, IL-12, and IL-6 than the
control group [152].

3.2. Plant-Based Biopolymers

Polysaccharides consist of multiple monosaccharide units linked together by glycosidic
bonds [153]. Plant polysaccharides consist primarily of glucose, galactose, fructose, xylose,
arabinose, fucose, rhamnose, mannose, and uronic acid [154]. Each of these polymers
consists of different types of monosaccharides polymerized in a particular proportion, and
they differ in their main compositions. Plant polysaccharides have been used in clinical
cancer immunotherapy due to their immunomodulatory, anti-tumor, antibacterial, and
antiviral properties [155,156].
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3.2.1. Starch

Starch is a polysaccharide of glucose molecules. Starch can be produced by most green
plants and is considered one of the major energy resources for living creatures. Due to
its low cost, true biodegradability, and renewability, starch has been used in the medical
and pharmaceutical industries [157]. As the temperature rises, starch’s swelling and water
solubility also increase [158]. It can be used as a tablet disintegrant or a binder.

Cyclodextrin is an oligosaccharide consisting of a ring of glucose subunits linked
by glycosidic bonds. The enzymatic transformation of starch results in the production of
cyclodextrin [159]. As well as being used in the food, pharmaceutical, drug delivery, and
chemical industries, cyclodextrins are also used in agriculture and the environment [160].
Cyclodextrins have hydrophobic interiors and hydrophilic exteriors. As a drug delivery
vehicle, it has been used to encapsulate hydrophobic molecules. Solubility, stability, and
bioavailability can be improved using this strategy. In addition, various targeting moieties
can be conjugated with cyclodextrin to achieve specific targeting [161].

A cyclodextrin-based supramolecularly assembled programmable immune acti-
vating nanodrug (PIAN) was constructed. The programmable nanodrug was assem-
bled supramolecularly through the interactions between poly[(N-2-hydroxyethyl)-
asparagine]-Pt(IV)/p-cyclodextrin (PPCD), CpG/polyamido-thioxo-adamantane
(CpG/PAMAM-TK-Ad), and methoxy poly(ethylene glycol)-thioxo-adamantane
(mPEG-TK-Ad). Following intravenous administration, the complex accumulated at the
targeted site. In the tumor microenvironment, elevated ROS promoted PIAN dissociation
and the release of the payload. This led to the activation of antigen-presenting cells,
antigen presentation, and a robust anticancer immune response. At least two types
of cancer were effectively activated using this strategy by stimulating all steps in the
immune activation process. This strategy established a novel approach to developing
nanomedicine that can be programmed as an immunotherapeutic in situ vaccine for
cancer treatment [162].

3.2.2. Zein

Zein is a class of natural prolamine proteins derived from corn [163]. Due to its low
cytotoxicity, reproducibility, and high drug-binding ability, zein is often used as a drug
delivery carrier and mainly as a film-forming material in the food, pharmaceutical, and
chemical industries [164]. Zein has a unique solubility property. It is neither soluble in
water nor in anhydrous alcohol. However, it can be dispersed in a 60-95% alcohol-water
solution, making it an ideal natural nutritional preservative [165].

The immunogenicity of zein is controversial. Food-grade zein is less immunogenic
than collagen. However, zein may induce an immune response in celiac patients via antigen-
presenting cells, resulting in specific interactions between zein and IgA. Furthermore, the
hydrophilic surface formed by the PEGylation of zein inhibits macrophage uptake and
renders the immunogenic response [164].

Zein has been used to fabricate a drug delivery system. Oral zein-based nanoparticles
protect therapeutic proteins against digestion in the gut environment. The folate-modified
zein framework could also achieve active targeting of macrophages [166]. In addition, a
doxorubicin-loaded zein nanoparticle showed that the release profile was governed by various
parameters, including the hydrolysis process and the pH value [167]. In acidic conditions,
accelerated drug release was also observed in paclitaxel-loaded zein nanoparticles [168].

3.3. Microbial Biopolymers

The natural polymers produced by microbes include polysaccharides (bacterial
cellulose and dextran), polyamides (poly-glutamic acid), and polyesters (polyhydroxy-
alkanoate). A bacterial cellulose injectable suspension immobilized with 3!I-labeled
anti-PD-L1 antibody («PD-L1) was prepared for cancer radioimmunotherapy to address
the problems of low response rates and immune-related adverse events caused by
immune checkpoint blockade. The bacterial cellulose nanofibers comprised an intricate
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network structure that contributed to the long-term retention of '3!I-labeled «PD-L1
within tumors. The formulation reduced the side effects associated with the non-specific
distribution of 1. In addition, immobilized '*'I-PD-L1 can enhance immunogenic cell
death and stimulate the maturation of multiple immune cells that induce a systemic
anti-tumor immune response [169].

3.4. Biopolymers from Seaweed

A number of marine biopolymers can be harvested at a relatively low cost, such
as fucoidan, alginate, and carrageenan, all of which are renewable, stable, and non-
toxic [170]. Marine-based biopolymers possess various structural characteristics that
make them suitable for a wide range of biomedical applications. It has been demon-
strated that marine biopolymer-based drugs possess a variety of biological functions,
including anticancer, antibacterial, tissue regeneration, antioxidant, and antiaging prop-
erties [171]. The anticancer properties of marine biopolymers deserve special attention.
The US FDA has approved many essential cancer medicines derived from marine sources,
including cytarabine and ticlopidine [172].

3.4.1. Fucoidan

Fucoidan is referred to as fucoidan sulfate derived from brown algae and echino-
derms [173]. It is one of the most important marine drugs currently being developed due
to its ability to inhibit the growth of tumor cells and treat cancer [174]. Fucoidan, a known
immunomodulator, may be used as an adjuvant in the induction of anticancer immunity in
animals and humans [175]. In addition, fucoidan was suggested to act as a mucosal adju-
vant to enhance the immunotherapeutic effects of immune checkpoint inhibitors against
metastatic lung cancer [176].

A fucoidan-based theranostic nanoplatform (FM@VP) was developed to treat triple-
negative breast cancer (TNBC), overcome hypoxia, and enhance photodynamic therapy
and anti-tumor immunity. The multifunctional nanoparticle cluster was formed by the
co-assembly of a fucoidan polymer with a reducible PAMAM dendrimer, verteporfin
(VP), and MnO, nanoparticles. In this system, MnO, is an oxygen-evolving nanomaterial
that responds to the tumor microenvironment. The glutathione-sensitive nanocomplex
demonstrated a number of therapeutic benefits, including synergetic photodynamic and
TNBC-targeted therapy, as well as the ability to elicit an immune response. Furthermore,
FM@VP alleviated hypoxia in tumors, inhibited oncogenic signaling, and reduced cancer-
mediated immunosuppression. Both anti-tumor immunity and anti-metastasis activity
were significantly enhanced [177].

3.4.2. Alginate

The polyanionic copolymer alginate (ALG) consists of the sugar residues mannuronic
and guluronic, possessing carboxyl groups in the chain [178]. The material is highly bio-
compatible and biodegradable. Multivalent cation alginate hydrogel has been extensively
used in drug delivery and cell encapsulation [179].

Two different types of alginate (ALG) were cross-linked by CaCl, to formulate func-
tionalized alginate nanoparticles. For dendritic cell targeting, mannose-modified ALG
(MAN-ALG) was used. A model antigen, ovalbumin (OVA) was conjugated to ALG
(ALG=0OVA) using a pH-sensitive linker. The MAN-ALG/ALG=0OVA nanoparticles in-
creased antigen uptake and cytosolic antigen release in BMDCs. In C57BL/6 mice, subcuta-
neous administration of this formulation also induced a significant cytotoxic T lymphocyte
response and inhibited the E.G7 tumor growth. It suggested that MAN-ALG/ALG=0OVA
nanoparticles would be an effective cancer immunotherapy nanovaccine [180].

An antigen and adjuvant co-delivery platform (APPC) was developed for liver cancer
immunotherapy with good cytocompatibility and histocompatibility. Through electro-
static interactions, polyanionic alginate (ALG) and polycationic polyethyleneimine (PEI)
was used to deliver the glypican-3 peptide antigen as well as an unmethylated cytosine-
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phosphate-guanine (CpG) adjuvant. In addition to promoting antigen uptake by dendritic
cells (DCs) and stimulating their maturation, APPC can facilitate antigen delivery into the
cytoplasm through escape from endosomes. In Hepal-6 cells, APPC induced a specific
CTL response, which led to an increase in the infiltration of CD4* helper T lymphocytes
and spleen cytolytic CD8* T lymphocytes [181].

3.4.3. Carrageenan

The sulfated polysaccharide carrageenan (CGN) is a TLR4 ligand extracted from red
algae [182]. Recent studies have demonstrated that CGN is an effective antiviral agent for
treating papillomavirus infections [183]. The structure of CGN is similar to that of heparan
sulfate, a cell-attachment factor for HPV. Therefore, using carrageenan as an adjuvant may
enhance the efficacy of HPV peptide vaccines [184].

There are three general categories of CGNs classified based on the position and
number of sulfated esters, including kappa (k)-, iota (1)-, and lambda (A)-CGNs. Through
the TLR4 signaling pathway, A-carrageenan promoted DC maturation and could be used
as an adjuvant for DC-based vaccines. In addition, the treatment with A-carrageenan
enhanced the ability of DCs to stimulate allogeneic spleen cell growth. The combination
of A-carrageenan-DC (HPV-CGN-DC) and HPV peptide induced strong CD8" T cell
responses and inhibited TC-1 cancer growth in a mouse model. The levels of CD4*
and CD8* T cells, as well as their activation status, were significantly increased in the
mouse model. In contrast, natural regulatory T cells and CD11b*Gr-1* cells levels were
significantly decreased [185].

El-Deeb et al. demonstrated that alginate/-carrageenan oral microcapsules containing
MH?751906 from Agaricus bisporus have immunotherapeutic effects against colon cancer by
activating NK cells resident in the gut. The microcapsules demonstrated excellent acidic
stability, controlled release, and high-temperature stability in a pH-mimicking colonic
environment. After activation with microcapsules, NK cell populations of CD16"CD56*
were significantly increased. It was found that 74.09 percent of the activated NK cells
exhibited cytotoxic effects. Most human colon cancer Caco-2 cells were arrested at Gy /Gy
phase, and apoptosis was observed [186].

4. Conclusions and Perspectives

Smart synthetic polymers used in cancer immunotherapies were discussed in three as-
pects: enzyme-, pH-, and redox-responsive. In terms of safety and efficacy, smart polymers
offer significant advantages over conventional drug delivery systems [187]. This approach
can increase the amount of drug in circulation, improve the stability and biocompatibility
of the drug in circulation, enhance the targeting of nanoparticles to tumors, and decrease
drug leakage in circulation and accumulation in normal tissues [188]. The efficacy of the
drug could be improved by enhancing the cellular uptake of target cells [188]. Studies
indicate that smart polymeric nanoparticles could improve tumor immunotherapy, relieve
immunosuppression, and prevent cancer cells from escaping the immune system [189].
Smart stimulus-responsive synthetic biopolymers may help with cancer immunotherapy.

Although remarkable achievements have been made in smart polymeric nanoparticle
development, this strategy still possesses several issues. For example, different tissues have
different microenvironments and pHs. The pH-responsive nanoparticles need to ensure
that they can overcome these barriers and remain intact before entering cancer cells. In
addition, the heterogeneity of tumor cells may make it difficult to achieve controllability
based on redox molecular mechanisms. The development of stimulus-responsive polymer
drug delivery systems may facilitate tumor immunotherapy [35]. The combination of
different stimulus-response strategies can play a mutually beneficial and complementary
role in overcoming the weaknesses of a single stimulus response. The integrated strategy
has the potential to lead to major advancements in tumor therapy.

Natural biopolymers can be derived from animals, plants, marine organisms, microor-
ganisms, etc. [127]. These biopolymers are biodegradable and biocompatible. These natural
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biopolymers can be combined with nanotechnology to provide multifunctional nanodrug
carriers for cancer immunotherapy [190]. The nanoformulation reduces the cytotoxicity
of the payload or coating carrier and prevents the degradation of the drug. The use of
biomedical engineering materials is also restricted by the fact that some of them have poor
mechanical properties (e.g., alginates), are insoluble in common reagents (e.g., chitosan), or
are immunogenic or antigenic (e.g., gelatin) [191].

Currently, biopolymer hydrogels are still in the proof-of-concept phase of cancer
immunotherapy. Biopolymers and degradants are being investigated in terms of their long-
term biosafety [192]. By adjusting immunotherapy at different stages, immune-specific
reporter genes can be used to monitor the effects of immunotherapy [193]. Meanwhile,
due to the limitations of near-infrared light, PTT combined with immunotherapy can
only treat superficial tumors. The treatment of internal tumors can be combined with
other penetrating external interventions. The immune system of mice differs from that
of humans. Other animal models may be used to evaluate the therapeutic effect and
complete the clinical translation process. To test these possibilities, more investigation in
this direction is urgently needed in the future [194].

Author Contributions: Writing—original draft preparation, Z.Y., X.S., H.Y. and H.T.; graphics
software, Z.Y. and X.S., writing—review and editing, C.C. and Y.Z.; supervision, Y.Z.; project
administration, Y.Z.; funding acquisition, Y.Z. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by Wenzhou-Kean University 2021 Internal Faculty Research Sup-
port Program (IRSPG202102) and 2022 International Collaborative Research Program (ICRP202201).
The APC was funded by the Wenzhou Municipal Key Lab of Applied Biomedical and Biopharmaceu-
tical Informatics, Wenzhou-Kean University.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge the support from the Office of Research and Sponsored
Programs at Wenzhou-Kean University.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

Abbreviations

The following abbreviations are used in this manuscript:

-OH Hydroxyl radicals

IMT 1-methyltryptophan

10, Singlet oxygen

«PD-L1 Anti-PD-L1 antibody

ALG Alginate

CAD Cis-aconityl-doxorubicin

CDN Cyclic dinucleotide
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CpG Cytosine-phosphate-guanine
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GGFG
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GRGDS
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HLA-E
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IMQ

IMT
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mADb
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MDSCs
MMP
mPEG-b-PLA
mPEG-TK-Ad
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PcM

PDA

PD-L1

PDT

PEG
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PEG-PCL-PLA-PCL-PEG

PEI

PFP

PIAN

PIT

PLA

PLGA
PLGLWA
PLGMWSR
PLH

PPCD

PpIX

PTT

PTX

ROS
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STAT3
ThrCer6, IMM60

European Medicines Agency
Endo-stimuli-responsive nanoparticle

US Food and Drug Administration
Gly-Phe-Leu-Gly

Gly-Gly-Phe-Gly

Glucocorticoid-induced TNF receptor
Granulocyte-macrophage colony-stimulating factor
Gly-Arg-Gly-Asp-Ser

Glutathione

Hydrogen peroxide

Hyaluronic acid

Human leukocyte antigen E

Head and neck squamous cell carcinomas
N-(2-hydroxypropyl) methacrylamide
Immunogenic cell death

Indocyanine green

Interleukin-2

Imiquimod

Imatinib

Invariant natural killer T cell

Layer-by-layer hybrid nanoparticles

Monoclonal antibody

Mannose

Myeloid-derived suppressor cells

Matrix metalloproteinase

Methoxy poly(ethylene glycol)-b-poly(L-lactide)
Methoxy poly(ethylene glycol)-thioxo-adamantane
Quercetin-encapsulated PLGA-PEG nanoparticles
Natural killer

New York Esophageal Squamous Cell Carcinoma-1
Ovalbumin

Polyamido-thioxo-adamantane

Polycaprolactone

Morpholine-modified silicone phthalocyanine
Polydopamine

Programmed death-ligand 1

Photodynamic therapeutic

Polyethylene glycol

Poly(ethylene glycol)-block-poly(L-glutamic acid)

Polyethylene glycol -polycaprolactone -poly(propyleneglycol)

-poly(caprolactone-poly(ethylene glycol)
Polyethyleneimine

Perfluoropentane

Programmable immune activating nanodrug
Photoimmunotherapy

Polypropylene glycol

Poly(lactic-co-glycolic acid)
Pro-Leu-Gly-Leu-Trp-Ala
Pro-Leu-Gly-Met-Trp-Ser-Arg
Poly-L-histidine
Poly[(N-2-hydroxyethyl)-asparagine]-Pt(IV)/ 3-cyclodextrin
Protoporphyrin IX

Photothermal therapy

Paclitaxel

Reactive oxygen species

Resiquimod

Signal transducer activator of transcription 3
Threitolceramide-6
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TLR Toll-like receptor

TME Tumor microenvironment
TNBC Triple-negative breast cancer
VAD Val-Ala-Asp

VP Verteporfin
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