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Abstract: Cancer therapy currently focuses on personalized targeted treatments. A promising
approach uses stimuli-responsive biomaterials for site-specific drug release, such as pH- and redox-
triggered polymer nanocomposites. These materials respond to the tumor microenvironment, en-
hance efficacy, and reduce off-target effects. Cancer cells with anomalous properties such as acidic
cytosolic pH and elevated redox potential are targeted by these biomaterials. An imbalance in
ions and biological thiols in the cytoplasm contributes to tumor growth. Functionalized polymer
nanocomposites with large surface areas and specific targeting outperform conventional small-
molecule materials. To overcome problems such as low bioavailability, uncontrolled drug release, and
poor cell penetration, multifunctional nanomaterials make it easier for drugs to enter certain cellular
or subcellular systems. High therapeutic efficacy is achieved through surface functionalization,
site-specific targeting, and the use of stimuli-responsive components. In particular, pH and redox
dual-stimuli-based polymeric nanocomposites for cancer therapeutics have scarcely been reported.
This article provides recent progress in pH- and redox-responsive polymer nanocomposites for
site-specific drug delivery in cancer therapy. It explores the design principles, fabrication methods,
mechanisms of action, and prospects of these dual-stimuli-responsive biomaterials.
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1. Introduction

Cancer continues to pose a formidable global health challenge, necessitating constant
advancements in treatment modalities [1]. However, despite the efforts invested in the effi-
cient development of cancer mortality [2], the mortality rate has decreased in the past half
decade owing to positive outcomes related to killing cancer cells in early cancer diagnosis
and a better understanding of improved diagnostic techniques, treatments, and advanced
tumor biology [3,4]. Although traditional cancer treatments have worked in some cases,
they have some problems, such as suboptimal drug performance and their uneven distribu-
tion. Surgery, intense radiation, and chemo/hormonal drugs are often used to treat cancer,
which can kill healthy cells and cause toxicity [5,6]. Therefore, the development of effective
therapeutic methods is required. Cytotoxic drugs have limited efficacy because they do
not stick to cancer cells, and many anticancer drugs are hydrophobic, which makes it hard
for them to reach cell surfaces [7,8]. In this context, cancer chemotherapy and detection
technologies offer promising tools for reducing side effects, increasing biocompatibility,
and improving therapeutic efficacy [9,10]. Smart nanomaterials such as liposomes, micelles,
dendrimers, and polymeric nanoparticles (NPs) can mitigate these problems by enabling
the creation of targeted drug delivery systems or active intracellular delivery into cancer
cells [11]. This method of drug delivery is supported by evidence that NPs interact with
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the surface of cells, causing the cytosolic pH to drop (acidity) and the redox potential to
rise [12,13].

Polymeric nanocarriers have garnered considerable attention owing to their efficient
delivery of bioactive compounds for biomedical applications [14]. These carriers can be
further modified to incorporate stimuli-responsive signals triggered by endogenous factors
such as pH, redox potential, glucose levels, or exogenous factors such as magnetism, light,
or ultrasound, enabling precise control of drug release under specific conditions [15-20].
Various strategies have been developed to generate stimulus-responsive signals in poly-
meric nanomaterials, including synthetic and bio-based polymers. This is especially im-
portant for overcoming the limitations associated with the release of hydrophobic drugs,
including poor absorption, limited bioavailability, and formulation challenges [21,22]. Poly-
mer NPs play a significant role in therapeutics by safeguarding delicate drugs until they
reach their intended delivery sites. However, there are numerous physicochemical and
biological obstacles that hinder the targeted delivery of cargos, drug solubilization, bio-
compatibility, and site-specific delivery to cells and tissues, making therapeutic delivery
challenging [23,24]. To address these challenges, engineered or smart nanopolymer systems
have been developed that possess physicochemical properties that respond to dual stimuli,
such as pH/magnetic fields, pH/redox potential, pH/temperature, double pH changes,
temperature/reduction, pH and diols, and temperature/enzymes [25,26]. NPs are designed
to undergo chemical alterations in response to various biological stimuli. One of the key
challenges in cancer treatment and diagnosis is the development of engineered gene and
drug delivery systems that specifically target diseased cells without harming healthy tissues
or cells, particularly within the tumor microenvironment (TME). Achieving this requires
the precise and controlled delivery of anticancer agents [27,28]. Polymer NPs with stimuli-
responsive properties can be used in emulsion polymerization, layer-by-layer assembly,
and self-assembly [29] to address these problems and improve targeted drug delivery.

Stimuli-responsive biomaterials have emerged as a promising solution for exploring
controlled and targeted drug delivery stimuli, offering the potential for personalized and
site-specific cancer therapy. Stimuli-responsive biomaterials are carefully designed to detect
and react to certain signals in the tumor microenvironment. This allows therapeutic agents
to be released precisely where needed. This targeted drug delivery approach aims to
maximize therapeutic effects on cancer cells while minimizing damage to healthy tissues,
ultimately reducing overall toxicity and enhancing treatment efficacy. By harnessing the
unique characteristics of cancer cells and their surrounding microenvironments, among
the diverse range of stimuli-responsive biomaterials, pH- and redox-responsive polymer
nanocomposites have garnered considerable attention for their dual-stimuli responsiveness
and potential as future generation biomaterials. Hence, these novel polymer nanocompos-
ites have been engineered to respond to changes in pH and redox conditions, which are
characteristic features of the tumor microenvironment [30]. The slightly acidic pH of tumor
tissues, resulting from an increased metabolic rate and inefficient vascularization, serves
as a distinctive trigger for pH responsiveness. At the same time, cancer cells have high
amounts of reducing agents, such as glutathione (GSH), which makes redox responsiveness
possible. The design principles of pH- and redox-responsive polymer nanocomposites
involve the incorporation of pH- and redox-sensitive elements into a polymer matrix. These
parts allow biomaterials to change their structure and physicochemical properties in a
controlled manner when the pH and redox conditions change. This makes it easier for
drugs to be released when required. Consequently, pH- and redox-responsive polymer
nanocomposites offer the unique advantage of dual-stimuli responsiveness, further enhanc-
ing their precision and effectiveness for drug delivery in cancer therapy. For example, the
TME displays a coordinated pH reduction with lactic acid, carbonic acid, and metabolic
byproducts. This acidity promotes invasiveness and disrupts the delivery of therapeutic
agents. Simultaneously, reactive oxygen species (ROS) and reactive nitrogen species (RNS)
contribute to the complex oxidative nature, and glutathione depletion creates a tumor-
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permissive microenvironment. Understanding the acidic and redox species produced at
cancer sites provides insights into target-overcoming resistance mechanisms.

This review aims to provide a comprehensive overview of recent advancements in pH-
and redox-triggered polymer nanocomposites for site-specific drug release in cancer therapy.
This review examines the design ideas and methods used to prepare these biomaterials. It
also explains how they work in response to pH and redox stimuli and discusses in vitro and
in vivo studies that show how they could be used to treat cancer. Furthermore, this review
analyzes the challenges and future perspectives of innovative biomaterials, underscoring
the importance of continued research and development in this exciting field. The emergence
of pH- and redox-responsive polymer nanocomposites has marked a significant stride
toward personalized and targeted cancer therapy, offering hope for improved patient
outcomes and a brighter future for cancer treatment.

1.1. Polymeric Nanomaterials

Polymer NPs include organic and inorganic NPs [31]. They are widely used as
therapeutic agents because of their significant efficacy and plethora of benefits in cancer
treatment [32]. Several subtypes of polymeric NPs have been developed for specific drug-
triggered delivery to tumors. NPs are classified into polymeric micelles, dendritic polymers,
polymeric nanospheres, and polymeric conjugate complexes [33,34]. The structural and
typological diversity of polymeric NPs employed in different applications is shown in
Figure 1. The general structure of polymeric NPs is shown in Section (a) [31]. This pro-
vides a crucial understanding of the fundamental architectural components of these NPs.
This covers the polymer matrix as well as other elements or alterations that support its
functional and responsive qualities. The wide variety of polymeric NPs used in various
scientific and medical applications is discussed in detail in Section (b) [34]. The structural
forms of NPs include brush polymers, micelles, dendrimers, nanofibers, nanoparticles,
polymerases, and nanogels. Owing to their distinct qualities, each form can be customized
for a particular need. The advantages of polymeric composite materials are that they have
properties as drug carriers imposed by low-solubility drug solubilization, provide potential
to tumor targets, control drug release, and can achieve specific active targeting in tumor
diagnosis [35,36]. Considering that the polymeric micelles are spherical, their sizes range
from 10 to 100 nm. The simplicity of polymeric micelle formation is maintained by the
spontaneous self-assembly of the hydrophobic and hydrophilic copolymer molecules [37].
Drug-encapsulated nanocarriers provide physical mixing rather than chemical conjugation.
Hydrophobic shells and micelles act as drug reservoirs, while hydrophilic shells ensure
the solubilization of micelles in aqueous solutions [38,39]. Furthermore, nanocomposites
enhance the properties of materials such as polymers, metals, and ceramics through the
incorporation of NPs. Various nanocomposites have been developed, such as polymer
matrix nanocomposites (e.g., polyethylene glycol (PEG), polyvinyl alcohol (PVA), chitosan),
metal matrix nanocomposites (Cu, Mg, Ti), and ceramic matrix nanocomposites (Si3Ny /SiC,
Al,O3/5iC, MgO/SiC). Polymer matrix nanocomposites are materials in which polymers
are reinforced with NPs to enhance their mechanical properties. Metal matrix nanocom-
posites incorporate NPs into metal matrices to improve their strength. Ceramic matrix
nanocomposites use NPs to enhance the performance of ceramics. In addition, polymer-
coated magnetic nanocomposites, in which polymers encapsulate magnetic NPs, combine
the properties of polymers and magnetism for various applications such as drug delivery
and sensing in biomedical applications. These nanocomposites influence nanoscale rein-
forcements to enhance the overall functionality of the materials that they are composed of,
leading to improved performance in different contexts.

The polymer composite nanocarriers must possess the following properties.

(1) Remain stable in blood until they reach the TME.

(2) Improve hydrophilic properties and delay recognition in the immune system, allowing
it to enhance targets of desired cells/tissues after the reticuloendothelial system (RES)
and mononuclear phagocyte system (MPS) surface activity.
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(3) These are gathered in the TMS while allowing them to pass through an irregular
vasculature tumor condition.

(4) Respond to stimuli-controlled drug release of loaded therapeutic contents.

(5) The ability to modify surface functionalization.

(6) Tumor interstitial fluid penetration occurs in the TMS.

(7) Reach specific active targeting sites for drug phenomena [40-42].
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Figure 1. (a) Polymeric nanoparticle structure [31]. (b) Various polymeric nanoparticles include
nanofibers, dendrimers, brush polymers, nanoparticles, polymerases, micelles, monocausal, and
nanogels [34].

The NPs that could be placed in the tumor interstitial space allow for prolonged
fluid circulation through a passive mechanism, and their accumulation enhances surface
permeability and retention effects. In cases of active targeting, polymeric NPs must be
modified by targeting agents on the surface area to enhance tumor efficiency and min-
imize side effects [43]. Polymeric micelles are developed from synthetic polymers and
biopolymers. Polyamines, polyether, polyamides, and polyesters are synthetic polymers,
polypeptides, polysaccharides, and polynucleotides, respectively, which are classified as
biopolymers. Engineered polymeric micelles can be designed as synthetic polymers de-
pending on their structure, variability, and biocompatibility. Biopolymers have a highly
defined structure and are considered more biocompatible than synthetic materials because
of reduced contamination of their side products [44,45].

1.2. Biopolymer-Coated Nanocomposites

In recent years, biopolymer-coated nanocomposites have shown promise in cancer
therapy because of their unique properties [46]. These nanocomposites are composed of
biocompatible materials such as chitosan, alginate, and albumin, which are versatile in drug
delivery [47]. Biopolymer coatings enhance the stability, biocompatibility, and targeted
delivery of therapeutic agents into cancer cells. Moreover, the nanoscale dimensions of
these composites enable passive targeting through the enhanced permeability and retention
(EPR) effect, concentrating the therapeutic payload at the tumor site [48]. Controlled release
of anticancer drugs from nanocomposites ensures sustained therapeutic levels, improved
efficacy, and minimal side effects. Additionally, the surface modification of biopolymer-
coated nanocomposites with targeting ligands facilitates active targets and enhances their
specificity for cancer cells [47]. This approach maximizes the therapeutic effect while
minimizing damage to healthy tissues. Furthermore, the integration of imaging agents into
these nanocomposites allows for the real-time monitoring of drug release and distribution
and provides valuable insights into treatment efficacy [47].
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The field of biopolymer-coated nanocomposites for cancer therapy continues to evolve
with the development of more effective and targeted cancer treatments. Shariatinia et al. [49]
designed biopolymer nanocomposite films for cancer treatment, using blended chitosan
incorporated with mesoporous nanoparticles and metformin (MET) drug. This approach
yielded novel drug delivery systems designed for controlled drug release. The designed
nanoparticles demonstrated enhanced hydrophilicity, hydrolytic stability, biocompatibility,
and notable improvements in the mechanical and drug release properties, thereby present-
ing a promising avenue for an advanced drug delivery system. Luo et al. [50] revealed that
drug release adheres to a non-Fickian diffusion mechanism. This mechanism effectively
prevents premature drug release from the target cells, as evidenced by in vitro drug release
studies. Graphene-based nanocomposites uniformly embed graphene oxide (GO) into a
three-dimensional porous network of bacterial cellulose (BC), culminating in a distinctive
BC/GO nanocomposite drug nanocarrier for ibuprofen (IBU). Hence, biopolymers are
poised as pharmaceutical treatment troves of ingredients for drug delivery because they
provide a balance between efficient release and minimal cytotoxicity. This insight into the
functionality of biopolymers is promising for advancing safe drug delivery strategies.

2. Role of Tumor Microenvironment

NPs for physicochemical and biological roadblocks impose requirements of size, bio-
compatibility, penetration, and surface activity to prevent non-specific targets and introduce
specific binding materials to targets. Recently, polymeric dual-stimuli-responsive NPs have
attracted increasing attention for drug delivery because of their physicochemical prop-
erties, which significantly improve the bioactivity of specific delivery agents for certain
diseases and tumor treatment [51]. The physicochemical properties of surface ligands,
based on drug delivery systems at the molecular and cellular levels, enhance the versa-
tility of multifunctional nanoparticles [52]. Including these surfer ligands constructed
with various internal and external stimuli factors such as temperature, magnetic field,
ultrasound, and light [53,54], these studies can be demonstrated both in vivo and in vitro.
Physicochemical properties occur simultaneously at the pathological site in the intercellular
compartment [55]. This type of compartment system was developed to study specific
signals from the solid TME [56]. In the subcellular system, tumor targeting, diagnosis, and
imaging undergo multifunctional activities, with all three workloads performed using a
single move-enhancing multimodal approach toward tumor disease [57]. In addition, the
extracellular environment is more acidic (pH 6.5) than blood circulation [58-60].

Figure 2 summarizes the main components of the complex and dynamic milieu that
constitute the TME within the tumor tissue [61-64]. The diversity of the TME can be
attributed to the varied genetic and phenotypic traits exhibited by tumor cells. Stromal
components such as fibroblasts, extracellular matrix proteins, and other supporting tissues
are also part of the TME. These components are essential for providing structural and
nutritional support to tumors. Because immune cells can perform both pro- and antitumor
functions in the TME, their presence is crucial. The invasion of immune cells into the tumor
tissue is depicted graphically in Figure 2. The microenvironment surrounding tumors
frequently displays aberrant collagen networks and vasculature. Disorders in the collagen
and blood artery architecture can affect the effectiveness of drug delivery, metastasis,
and tumor growth. Understanding these elements and their interactions is essential for
appreciating the potential and difficulties of the TME in our experimental setting. This
offers important information about the possible interactions between these components
and the overall tumor response that may result from our experimental interventions.

Figure 3 [65] shows an overview of the genetic TME and how it plays a key role in
making oncolytic viruses (OVs) more effective in treating cancer. This clarifies the key
tactics and elements for maximizing the efficacy of OVs in cancer treatment. Section (A)
discusses methods to better target tumors, such as serotype switching, tumor-targeting
peptides, glycoprotein integration, single-chain antibodies, and tumor-specific promoters,
so that treatment is more likely to work on cancer cells. The importance of virulence gene
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deletion in improving the safety of OV treatment is emphasized in Section (B). Strategies to
increase antitumor efficacy are discussed in Section (C). These strategies include the use
of immunostimulatory molecules, suicide genes, extracellular matrix-degrading enzymes,
and antiviral compounds. Section (D) explains how to use markers, such as GFP, Rluc, NIS,
and NET, to track the dynamics of OV replication.

Blood vessels

Myeloid cells

Dendritic cell

Tumor cell

Tumor cell
(hypoxic core)

CD8 T cell
Regulatory T
cell
NK cell
Exhausted
1t Adenosine, lymphocytes
t Lactate, 11 IL-10, e
1 IL-4, 11 VEGF, i i Apoptotic cell
1 TGFB, 1 IL-18, 5
 CXCL10, t CXCL12,
1 Integrins, ¢ IFNy, ® Stromal cell

L TNFa, & IL-12

Figure 2. Tumor microenvironment components: heterogeneous tumor cells, stromal elements, and
immune cells in a dysregulated vasculature and collagen network [63].

2.1. Tumor Redox Microenvironment

There are differences in the redox potential between intracellular and extracellular levels.
Synthetic polymers or biopolymers are linked to or formulated with redox-sensitive bonds,
which allow for the formation of redox-sensitive materials in intracellular compartments such
as mitochondria, cytosol, and cell nuclei. The glutathione (GSH) level inside the TME is about
0.5 x 1073 M due to the elevated concentration of GSH and reductive moieties inside the
tumor cell. In addition, the GSH levels in tumor tissues are four times higher than those in
normal tissues. It has also been demonstrated that tumor tissues show significantly greater
reduction conditions (reduction of the thiol group) and hypoxia than normal or healthy cells.
Therefore, various redox-responsive micelle nanomaterials with the ability to enhance the
release of therapeutic agents from their respective surfaces have been developed. These are
usually located between the hydrophobic and hydrophilic segments, and responsive agents
such as disulfide bond (-5-S-), thioether bond (-S-), di selenide bond (-se-ss-), and the thiol
group (-SH-) also provide the redox-responsive site-specific drug release [66—-68]. Further
developments have marked the difference between the GSH level of the TME and that of
normal tissues, which provides a promising platform for designing prodrugs (polymeric
micelle NPs). Hence, disulfide forms self-assembled NPs with the development of glutathione
(GHS) in the extracellular and intracellular compartments. The oxidized form of the thiol
group (-SH-) can generate disulfide linkages between peptide molecules in peptide synthesis;
this disulfide occurs as a side chain or middle chain of polymeric molecules. It is cleaved in the
presence of GHS, which leads to drug release and the degradation of polymeric micelles [69,70].
Additionally, tumor tissues exhibit variations in elevated levels of glutathione (GSH) compared
to normal tissues, with the extent of the increase differing among tumor types owing to factors
such as tumor heterogeneity, individual patient differences, and the tumor microenvironment.
In cancer therapy, diverse approaches such as chemotherapy, radiation, immunotherapy,
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and targeted therapies influence GSH levels in refined ways. Chemotherapy induces both
increased GSH production and depletion, whereas radiation induces elevated GSH levels
to counteract oxidative stress. Immunotherapy affects the immune response, and targeted
therapies indirectly modify GSH metabolism. Figure 4 provides a schematic of the synthesis
and subcutaneous colorectal cancer growth in mouse models. It describes how a glutathione
inhibitor and composite hydrogel-mediated sonodynamic therapy affect the progression of
subcutaneous colorectal cancer in mouse models, as well as intracellular GSH synthesis.
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Figure 3. Schematic overview of the genetic tumor microenvironment for enhancing oncolytic
virus (OV) performance in cancer therapy. (A) Strategies for improved tumor targeting such as
serotype switching, tumor-targeting peptides, glycoproteins from other viruses, single-chain antibod-
ies (scAb), tumor-specific promoters, and miRNA target sequences. (B) Enhancing safety through
virulence gene deletion. (C) Amplifying antitumor efficacy such as insertion of immunostimulatory
molecules/cytokines, suicide genes (proapoptotic proteins and prodrug-activating enzymes), ECM-
degrading enzymes, and antivasculature molecules. (D) Monitoring OV replication dynamics (GFP,
Rluc, NIS, NET) [65].
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Figure 4. Impact of GSH inhibitor and composite hydrogel-mediated SDT on intracellular GSH
synthesis and subcutaneous colorectal cancer growth in mouse models [70].

Sun et al. reported the use of redox-responsive micelles to selectively trigger drug
delivery in the TME for the treatment of laryngopharyngeal carcinoma. To enhance the
antitumor efficacy of NPs, a redox-responsive amphiphilic polymer was developed by
formulating heparosan and deoxycholic acid, which were fabricated through a disulfide
bond. The polymer micelles self-assembled with favorable cargo-loading capacity and
contained doxorubicin (DOX). In addition, self-assembled NPs can be disassembled by
the reductive cleavage of disulfide, which triggers drug release into the intracellular com-
partment. Heparosan@deoxycholic acid micelles (HSDMs) showed GSH-triggered drug
release with a nearly 100% release rate. Here, a 100% release rate means that in a high
glutathione (GSH) environment (10 mM), all drugs encapsulated in the HSD micelles are
released. FaDu cancer cells internalize HSDMs via clathrin-mediated endocytosis. Hence,
the DOX@HSD of FaDu cancer cells achieves the triggered drug delivery system over that
of normal cells [71].

Peng et al. reported that the protection of tumor cells is mainly due to the reduction
and oxidation states of glutathione (GSH) and NADPH/NADP+, both of which have
different reducing capacities and environments. At the molecular level, GHS exhibits
high concentrations as compared to NADPH/NADP+, which shows subsequent disulfide
bonds and excess ROS reactions, reaching an intracellular high GHS concentration of about
10 mM, while the extracellular environment ranges from 2 to 20 uM in the drug delivery
system [72]. Recent developments in pH-and redox dual-responsive nanohydrogels have
been carried out in vitro. The DOX drug release rate was up to 95.7%, whereas the disulfide
linkage acted as a nanohydrogel redox agent and was degraded using PPT and GSH
(reducing agents), further leading to degradation-triggered drug release. Hence, it exhibits
non-toxicity to HEK 293 cells, helping to kill cancerous cells or glioma tumors during cancer
therapy [73].

2.2. Tumor pH Microenvironment

pH variation plays a significant role in internalizing NPs into cells, allowing them to
enter acidified cells via vessels. Tumor cells containing the pH response signal have a lower
acidified pH than normal tissues. For effective controlled drug delivery, intentionally de-
signed pH-responsive polymeric nanomaterials, which change the cellular level charge and
hydrophilicity depending on the pH microenvironment system [74], are used. Two types
of polymers are commonly used: cationic and anionic polymers for specific drug delivery.
For anionic polymers, more pH-responsive polymers are used, such as poly (glutamic acid)
(PGA), poly (ethyl acrylic acid) (PEAA), poly (methacrylic acid) (PMAA), and poly (acrylic
acid) (PAA) [75]. If anionic polymeric tumor cells show a transition from hydrophilic to
hydrophobic, then the pH decreases, which leads to the destabilization or deformation of
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polymers, swelling, or changes in solubility, leading to drug release and polymer disassem-
bly; hence, cationic polymers change from hydrophobic to hydrophilic [76]. For example,
at a lower pH, DOX (an anticancer drug) is loaded with conjugated polymer micelles
and a cross-linked polymer ion core. Protonation formulated with carboxylic groups as
nanocarriers at the tissue level is accelerated and releases DOX owing to lower electrostatic
attractions in both the protonated acid and DOX formulation groups [77].

Cationic pH-responsive polymers exhibit positive charges in the cellular compartment,
which are advantageous for cellular uptake. These include poly (f-amino ester), poly (-
amino ester), poly(L-histidine) (PH is), etc., which are commonly de-protonated at the basic
pH level and protonated at the acidic pH level. Min et al. developed MPEG-poly (3-amino
ester) polymeric characterized biodegradable and pH-responsive polymers, which are
useful in cancer treatment; hydrophilic PEG with PbAE (biodegradable) results in PEG-
PbAE copolymers formed by self-assembly. It triggers drug delivery and shows sharp
pH-dependent biomaterials at the tumor level, with a pH of 6.4 [78]. Considerable pH
variation is repeatedly used for the design of suitable stimuli-responsive nanomaterials
to account for abnormally rapid metabolism and cell proliferation. A great amount of
end products is developed by tumor tissues and causes cytotoxic effects in neighboring
tissues, while an acidic pH commonly ranges between 5.7 and 6.9 [79]. Thus, a variety of
products have been designed to deliver drugs or genes into tumors and obtain controlled
drug release facilities at targeted sites in cancer diagnosis [80-82]. Figure 5 illustrates
the mechanisms of pH activation and micellar self-assembly. The mechanism by which
DOX is released by micelles when they self-assemble in response to GSH in a biological
system is depicted in Figure 5A. A schematic representation of the pH activation of NPs
in the TME is shown in Figure 5B. Chang et al. developed polymeric micelles consisting
of a designed copolymer and N-boc-histidine [83]. The capped N-Boc-histidine improved
micelle biodegradability and biocompatibility. Doxorubicin loaded into the micelles acts
as an anticancer drug. The micelles significantly release the drug at the acidic pH of the
cancer microenvironment (pH 6.2) while remaining stable at the pH of normal tissues
(pH 7.4). Normal tissues contain pH 7.4, as in the cancer microenvironment, and an acidic
pH significantly triggers doxorubicin drug release at pH 6.2. The acidic pH polymer
nanocarriers release doxorubicin with lower circulatory toxicity than the free drugs. The
anticancer drugs are released into tumor cells in an acidic pH microenvironment, resulting
in good intercellular drug release and minimizing extracellular action in tumor diagnosis.
Hu et al. reported on the reduced cytotoxicity of pH-triggered doxorubicin drug release
polymeric micelles, owing to the high internalization of NPs into tumors [84]. Yu et al.
developed polymeric micelles containing PbAE with altered size, surface charge, and
drug-resistant antitumor sites [85].

2.3. pH-Redox Tumor Microenvironment

The TME obtained with combined pH and redox dual-stimuli response (1) for the
tumor extracellular environment can depend on its size, surface properties, and morphology
(response to endosomal pH); thus, barriers include tumor accumulation, tumor penetration,
blood circulation, and cellular uptake. (2) The intracellular environment response to pH,
GSH level, and ROS cleavable moiety in tumor vasculature induces rapid drug release
inside tumor cells. Polymeric nanocomposites have been developed to overcome both
extracellular and intracellular barriers and enhance the antitumor effect. In this context,
internal stimuli-responsive micelle nanomaterials are induced by the pathophysiological
properties of normal and cancer cells while undergoing dynamic changes with various
factors in vivo. Therefore, it is difficult to control the precision and response speed of
nanomaterials in the TME. Regarding external stimuli, the key objective is to achieve
high-level, deeper penetration without harming normal tissues, with maximum specificity,
efficacy, and selectivity [86-92]. As discussed above, the stimulus-response combination
and intracellular environments are characterized by different pH values, while pH is
maintained at nearly 7.4 in the normal extracellular compartment. Once the surface is
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internalized or enters into endocytosis, the polymeric drug carriers first encounter the
early endosome with a pH of nearly 6.2 and then enter the late endosome with a pH of
approximately 5.5. Thus, tumor cells maintain a lower pH environment because of the
generated ROS and free radicals (OH, H,O,, and O,) present in the TME. ROS levels sharply
increase by three-fold compared with those in normal cells. These high-reactivity molecules
construct a combined dual-sensitive pH-redox polymer prodrug and NPs which address
the stability dilemma, reduced size, and surface charge reversal to enhance triggered drug
release in tumor cells. Titratable groups like carboxylic acids and amine groups have
been introduced into prodrugs, inducing improved extracellular stability led by prolonged
circulation, stealth surface, and improved tumor accumulation (usually cytotoxic drugs).
After entering the cancer cells, ROS trigger initial drug release and protonation, formulated
with carboxylic groups. In addition, disulfide has been employed in ROS, which associates
with core crosslink polymeric micelles to prevent drug leakage during blood circulation,
followed by therapeutic drugs loaded into NP materials, with either covalent or non-
covalent binding, leading to the development of polymeric drug carriers in GSH reduction
conditions and thereby enhancing the surrounding hydrophilicity and swelling of the
micellar shell. The disulfide bond is cleaved when exposed to an abundance of GSH,
thereby causing cellular disassembly of the polymeric micelle structure. Thus, core-shell
micelles furnish better DOX drug release in the TME via pH-triggered swelling and GHS-
triggered disassembly. While various cancer cells exhibit elevated ROS compared to normal
cells due to altered metabolism and mutations, the degree of increase varies significantly
depending on the tumor type. Gliomas and leukemia show substantial ROS rises due
to mitochondrial dysfunction. Prostate and breast cancers show complex patterns with
both high and low ROS zones within the tumor microenvironment. Additionally, factors
like tumor stage, hypoxia, and treatment can all influence ROS levels further. Therefore,
ROS levels are context-dependent and do not always follow a threefold increase across all
tumor types.

Chen et al. reported that pH/redox-responsive NPs can regulate tumor hypoxia. NPs
modified with DMMA are usually prepared by stacking NPs that are sensitive to GSH and
tumor acidity. DMMA undergoes surface charge reversal, resulting in a thick negatively
charged shell and a positively charged disulfide cross-linked core. The NPs enter the
tumor with a negative surface charge and reach prolonged blood circulation under acidic
conditions with a large size of ~145 nm. In contrast, addressing the stability dilemma,
surface charge reversal, and size reduction (~40 nm) enhances deeper penetration and
cellular uptake. Therefore, after entering the cancer cells, drug carriers induce cytoplasmic
GSH and rapid DOX release by cross-linking with the polypeptide core. The core—shell
causes DOX to be released into tumor cells when pH and GSH cause it to break apart, which
has antitumor effects [93]. Figure 6 shows how the pH-redox cascade and polypeptide core
self-assembly deliver drugs to specific areas of the tumor. The pH-redox TME-mediated
cascade, which is essential for improving drug delivery, is shown in Figure 6a. The focus of
the study was the design of a smart nanoparticle (SNP) with a double-changeable center
shell structure for improved drug delivery in cancerous conditions. SNP could lead to a
perfect cascade of drug delivery. (I) Long circulation. (II) Enhanced accumulation. (III) Deep
penetration. (IV) Promote internalization. (V) Accelerated drug release. This demonstrated
the benefits of the SNP for drug delivery, including long-course, improved gathering, deep
infiltration, advanced assimilation, and accelerated drug release. The shell, composed of
polypeptide that has been slightly modified by dimethylmaleic anhydride, underwent size
reduction and charge inversion in the acidic cancer microenvironment due to electrostatic
interactions. The interconnected center maintained a small size, and its degradation in
intracellular environments correlated with drug release, inducing increased antitumor
motility. This designed SNP provided a potential solution to the deep cancer infiltration of
nanomedicine by achieving a fundamental charge inversion and a sharp size decrease. A
disulfide cross-linked polypeptide core and a PEGylated shell are involved in this cascade.
PEGylated shells help stabilize NPs and prolong bloodstream circulation, which helps to
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precisely target tumors. The disulfide cross-linked polypeptide core responds to the redox
environment of the tumor and allows the drug to be released in a controlled manner.
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Figure 5. Mechanism of micelle self-assembly and pH activation. (A) Diagram showing micelles
coming together on their own and releasing DOX in response to GSH. (B) Schematic view of pH
activation of nanoparticles in tumor microenvironment [81].

Xiong et al. demonstrated the synthesis of pH- and redox-sensitive micelles for better
delivery of DOX and GNPs (gold NPs). The polymeric micelles consist of an amphiphilic
copolymer of PCL-SS-PDMAEMA. The conjugate PDMAEMA is protonated and utilizes
acidic conditions, thereby intensifying the hydrophilicity, followed by the micellar shell,
which leads to swelling and disulfide bond cleavage when exposed to GSH, causing
disassembly in the cellular or subcellular compartment. The conjugated NPs loaded
with DOX@(PCL-SS-PDMAEMA) @GNPs, that is, core—shell micelles, provide better drug
delivery to tumor cells by triggering pH-triggered swelling and GSH-triggered disassembly
in the intercellular region of tumor cells [94]. The self-assembly of PCL-SS-PDMAEMA, the
polymer at the center of our drug delivery system, is shown in detail in Figure 6b. This core
plays a key role in encapsulating therapeutic components necessary for cancer treatment
and computed tomography (CT) imaging, such as gold NPs and the anticancer medication
DOX [94]. Shi et al. reported a four-arm PCL-PEG copolymer with hydrophobic PCL,
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which was conjugated with hydrophilic PEG via a disulfide bond. This disulfide bond
is degraded in response to or when tumors are exposed to high levels of GSH, resulting
in rapid DOX release [95]. In drug delivery strategies, these conjugated disulfide bonds
are reduced in the biological milieu due to the unique reversible nature of the covalent
bond present in the cellular compartment and possess controlled cleavage drug release,
providing an intracellular redox potential drug delivery tool [96]. John et al. reported the
synthesis of polymeric micelles such as the p(His)n-SS-PU-SS5-p(His)n triblock, induced by
polymerization, thereby triggering drug release in tumor cells [97]. A thorough summary of
pH- and redox-responsive polymeric NPs and their use in drug administration is provided
in Table 1. Numerous polymeric NPs, their loaded cargo or drugs, the targeted drug release
or delivery methods that they use, the intended therapy or application, the biological
evaluation context, and relevant references are compiled in this table.
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Figure 6. pH-redox tumor microenvironment-mediated cascade and polypeptide core self-assembly

for targeted drug delivery. (a) pH-redox tumor microenvironment-mediated cascade for optimized
drug delivery with PEGylated shell and disulfide cross-linked polypeptide core [93]. (b) polymer
PCL-SS-PDMAEMA self-assembly, GNPs, and DOX loading and release for cancer chemotherapy
and CT imaging [94].
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Table 1. In vitro studies of the different pH/redox-responsive polymeric nanoparticles, drug delivery
strategies, and their mechanisms.

Polymeric Biological

Nanoparticles Cargo/Drug Drug Release/Targeting  Therapy Evolution References
. Breast cancer; lung .

poly (B-amino esters) CD44 Controlled drug release metastasis In vitro [98]

Conjugated Cancer

(C-dots-HBA-dox) and Doxorubicin Controlled drug release chemothera In vitro [99]

(C-dots-S-S-dox) py

PEG-PAA(SH)-PDEA FITC-BSA/CC Controlled drug release ~ Cancer therapy In vitro [100]

PCL-b-P(OEGMA-co- Camptothecin or Cancer .

MAEBA) Doxorubicin Accelerated drug release chemotherapy In vitro [101]

acrylic acid (AAc) and

2-methacryloylethyl Doxorubicin Rapid drug release Anticancer treatment In vitro [102]

acrylate (MEA)

(PAE-ss-mPEG) Doxorubicin Controlled drug release ~ Anticancer treatment In vitro [103]
Rhodamine B

(PDPA) capsules isothiocyanate- Cargo release - In vitro [104]
labeled OVA

Poly (2-(pyridin-2-

yldisulfanyl) ethyl RPDSG/DOX Controlled drug release =~ Cancer therapy In vitro [105]

acrylate)

cross-linked . In vivo and
Curcumin and Ce6  Controlled drug release ~ Cancer therapy L [106]

polyphosphazene in vitro

DEXssPEGCOOH Doxorubicin Targeted release Cancer therapy In vitro [107]

RPAE-PEG Doxorubicin Controlled drug release =~ Cancer therapy In vitro [108]

MSNs (DOX@PRMSNs)  Doxorubicin Targeting ligands Cancer therapy In vitro [86]

DOX@Dex-SS nanogel Doxorubicin Cumulative amount of Cancer In vitro [87]

drug release chemotherapy

In Figure 7, we describe the design and synthesis of pH-responsive triblock copolymers
indicated as p(L-histidine) n-SS—polyurethane-SS—p(L-histidine) n, where ‘n” denotes the
number of repeating units (25, 35, 50, and 75). This copolymer is developed for the goal of
achieving intracellular drug release. The picture is comprised of two panels, (a) and (b),
both giving essential insights into the structure and behavior of the copolymer system. The
first panel demonstrates the stepwise production of the triblock copolymers. It begins with
the pH-responsive poly(L-histidine) blocks (p(His)), with variable lengths represented
by ‘n’. These blocks are joined to polyurethane segments by disulfide (SS) connections
on both sides, generating a triblock structure. The changes in ‘n” (25, 35, 50, and 75)
imply varied lengths of the poly(L-histidine) blocks, allowing for tunability in the pH
responsiveness of the copolymer. The second panel shows an interesting perspective of
the self-assembled polyurethane nanodaisies generated by the copolymer in response to
variations in pH. The pH-responsive character of the poly(L-histidine) blocks plays a critical
role in triggering the self-assembly of polyurethane nanodaisies. In acidic pH circumstances,
the poly(L-histidine) blocks undergo protonation, leading to alterations in their structure
and subsequently inducing the self-assembly of the polyurethane segments. Moreover,
the presence of disulfide (SS) links in the copolymer enables for stimuli-responsive drug
release. The breakage of these disulfide bonds is initiated by the intracellular reducing
agent glutathione (GSH), permitting regulated release of the encapsulated pharmacological
payload. This design method permits the construction of a dynamic drug delivery system
that reacts to both pH fluctuations and intracellular circumstances, giving a possible
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platform for targeted and controlled drug release inside the cellular environment. In
Table 2, we give a summary of in vivo investigations carried out to assess the efficacy of
several pH/redox-responsive polymeric nanoparticles as drug delivery platforms. The
table contains multiple medication delivery techniques together with the basic principles
of action. Each item in the table gives essential knowledge into the in vivo behavior of
these polymeric nanoparticles. Similarly, in Table 3, we offer a complete summary of
the diverse pH- and redox-causing species that are created under distinct experimental
settings, together with the related fold changes observed. This information is essential for
understanding the dynamic changes in the chemical environment and how these variations
impact the responsiveness of the experimental system.
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Figure 7. (a) Design and synthesis of pH-responsive p(L-histidine) n-SS—-polyurethane-SS—-p(L-
histidine) n triblock copolymers (n = 25, 35, 50, and 75) for intracellular drug release. (b) View of

self-assembled polyurethane nanodaisies triggered by pH-responsive p(His) blocks and disulfide
bond cleavage in response to GSH [92].
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Table 2. In vivo studies of the different pH/redox-responsive polymeric nanoparticles, drug delivery
strategies, and their mechanisms.

11;(;131’:;?;; cles Cargo/Drug Therapy g‘i/(:)ll?lgtif);l References

FHCPCe NPs gzzmmm and gﬁﬁ?&ﬁ;ﬁfﬁf / In vivo [106]
therapy

Triblock copolymer Doxorubin Anticancer treatment In vivo [97]

P(CPT-MAA) nanogel =~ Camptothecin Chemotherapy In vivo [109]

mPEG-SS-PNLG Doxorubicin Anticancer treatment In vivo [110]

mPEG-b-PAE-ss-DOX  Doxorubin Chemotherapy In vivo [111]

Table 3. This table shows which pH- and redox-causing species are differently produced and at
what fold.

Therapeutic Agents Before Therapy  During Therapy Fold Changes  References

pH-causing species Slightly acidic More acidic Increased [93,96]

(H*, OH™, H30%) (6.5-7.0) (5.0-6.0) twice !

Redox-causing species  High ROS: L(;W ROSil Reduced to [86,93-97]

(ROS, GSH, etc.) damage cells reduce ce half -
damage

3. Design Principles and Fabrication Methods

This section discusses the design principles behind pH- and redox-responsive poly-
mer nanocomposites. It explores how these materials respond to changes in the pH and
redox conditions typically found in the TME. Various fabrication methods, including
nanoprecipitation, emulsion polymerization, and layer-by-layer assembly, are discussed
in detail, highlighting their advantages and limitations in creating drug-loaded polymer
nanocomposites with specific responsive properties.

3.1. Design Principles of pH- and Redox-Responsive Polymer Nanocomposites

The design of pH-responsive polymer nanocomposites exploits the acidic nature of
the TME. The extracellular pH of solid tumors is generally lower (6.5-7.2) than that of
healthy tissues (approximately 7.4) [12,112]. To achieve pH responsiveness, researchers
have incorporated pH-sensitive moieties into polymer matrices. Common pH-sensitive
groups include weakly acidic functional groups, such as carboxylic acids (-COOH) and
sulfonic acids (-SO3H), which undergo ionization in response to pH changes [59,62]. As the
pH decreases in the TME, these acidic groups become ionized, leading to a charge repulsion
effect and subsequent swelling or disintegration of the polymer nanocomposite, triggering
drug release. Redox responsiveness relies on altered redox potential in cancer cells due to
elevated levels of reducing agents such as glutathione (GSH) [113]. Cancer cells maintain
high concentrations of GSH that serves as a reducing agent in intracellular redox reactions.
Researchers have designed redox-responsive polymer nanocomposites by incorporating
disulfide (-55-) linkages or other redox-sensitive motifs. In the reducing environment of
cancer cells, disulfide bonds are cleaved, causing the polymer nanocomposite to destabilize
and release the drug payload [59]. To achieve dual responsiveness, pH- and redox-sensitive
elements are combined in the polymer nanocomposites. This design enables the fine-
tuning of drug release based on the combined effects of pH and redox conditions in
the TME. By strategically incorporating pH- and redox-sensitive functionalities, polymer
nanocomposites can respond to two different stimuli, thereby enhancing the precision and
control of drug release.
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3.2. Fabrication Methods

Nanoprecipitation is a commonly employed technique for fabricating polymer nanocom-
posites with high drug-loading capacity. Using this technique, a drug and polymer solution
are prepared independently, with the polymer containing groups that are sensitive to pH
and/or redox reactions. Following the combination of these solutions, usually with strong
shearing or sonication, the organic solvent rapidly diffuses into the aqueous phase, causing
the spontaneous production of NPs. Numerous medication delivery applications can benefit
from precise control over particle size and drug loading offered by the nanoprecipitation
technique. The simplicity and scalability of this method allow for precise control over the
release profile and encapsulation of both hydrophilic and hydrophobic medicines. There are a
few restrictions to consider. Medication instability is possibly caused by contact with organic
solvents during manufacturing, restricted ability to regulate the surface properties of NPs,
and difficulties in attaining consistent drug dispersion [114].

Emulsion polymerization is another flexible technique for creating pH- and redox-
responsive polymer nanocomposites. This procedure creates a stable emulsion by dispers-
ing the monomers, medications, and emulsifying agents in the aqueous phase. Subse-
quently, the emulsion is polymerized using appropriate techniques or by introducing free
radicals. As a result, the polymer nanocomposites that are produced are usually composed
of core—shell structures, where the drug payload is contained within the core. The ability to
encapsulate a broad variety of medications and control the method of drug loading, surface
properties, and particle size are among its benefits. The use of emulsifying chemicals
that may affect biocompatibility, the requirement for strict purification procedures, and
the possibility of drug degradation during polymerization are limitations. Layer-by-layer
assembly is a versatile technique that involves the sequential deposition of alternating
layers of oppositely charged polymers or polyelectrolytes onto substrates. By incorporat-
ing pH- and redox-sensitive polymers into a multilayer assembly, researchers can design
polymer nanocomposites with tunable responsiveness. Drug molecules can be loaded into
the interlayer spaces or encapsulated within a single layer. The advantages include precise
control over film thickness and drug loading, the ability to tailor responsiveness through
layer selection, and compatibility with a variety of drugs [29].

Limitations include a time-consuming process that may result in relatively thick
films and pose potential challenges in maintaining film stability in vivo. The design
principles and fabrication methods for pH- and redox-responsive polymer nanocomposites
play pivotal roles in their application as site-specific drug delivery systems in cancer
therapy [115]. By ingeniously engineering these biomaterials to respond to the unique
microenvironment of tumors, researchers can enhance their therapeutic efficacy while
minimizing off-target effects. Nanoprecipitation, emulsion polymerization, and layer-by-
layer assembly are promising techniques for creating drug-loaded polymer nanocomposites
with specific responsive properties. Ongoing research in this field is expected to lead to the
development of more sophisticated and effective dual-stimuli-responsive biomaterials for
personalized cancer treatment [29,112].

4. Biocompatibility and Safety

Biocompatibility and safety are critical aspects in the development and clinical transla-
tion of biomaterials, particularly for applications in drug delivery systems. In this context,
pH- and redox-responsive polymer nanocomposites have attracted significant interest ow-
ing to their potential to respond to specific physiological conditions, making them suitable
candidates for targeted drug delivery. However, before these materials can be safely used
in clinical settings, thorough examination and evaluation of their biocompatibility and
potential long-term effects on healthy tissues are essential.

Biocompatibility refers to the ability of a material to interact favorably with biological
systems without causing adverse reactions or toxicity. In the case of pH- and redox-
responsive polymer nanocomposites, their interaction with the surrounding biological
environment is of the utmost importance. The pH is a crucial parameter that varies in
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different tissues and cellular compartments. Target sites can be precisely controlled for drug
release because of the conformational changes that pH-responsive polymers in nanocom-
posites undergo in response to local pH levels. In vitro tests employing cell cultures are
performed to evaluate biocompatibility by monitoring cell survival, growth, and any possi-
ble cytotoxicity caused by these materials [88]. In vivo studies have also been performed
using animal models to evaluate the tissue response and systemic effects of these polymer
nanocomposites. Redox-responsive biomaterials can respond to changes in the cellular
redox state, which is often altered in disease states [94]. These materials can be designed to
release drugs in response to intracellular redox conditions. Biocompatibility evaluations of
redox-responsive polymer nanocomposites involve in vitro and in vivo studies like those
of pH responsiveness [86,94]. The long-term effects of biomaterials on healthy tissues are
crucial for ensuring patient safety during extended drug delivery. However, these evalua-
tions require long-term in vivo studies using animal models. To assess the biocompatibility
of these materials over time, researchers examine tissue responses, possible inflammatory
reactions, and systemic impacts over prolonged periods of time. An important factor in
determining the safety of pH- and redox-responsive polymer nanocomposites is preclinical
toxicology research. To identify possible harmful effects, establish safe dosage ranges for
therapeutic usage, and ascertain dose-response correlations, these investigations entail
extensive testing in animals. Adherence to the regulatory criteria for conducting these
studies is essential to guarantee a thorough evaluation of the safety of the materials prior to
human trials. The development of intelligent biodegradable materials is crucial to ensure
safe medication administration. The ability of a substance to decompose into non-toxic
metabolites and finally leave the body is known as its biodegradability. This feature is espe-
cially crucial for long-term use because it prevents materials from building up in tissues. To
verify the safety profiles of these materials, biocompatibility assessments should consider
the breakdown products. A comprehensive assessment of the biocompatibility and safety of
pH- and redox-responsive polymer nanocomposites is necessary for their effective clinical
applications as drug delivery systems. Through preclinical toxicity investigations and a
thorough assessment of their interactions with healthy tissues, scientists can ensure the
creation of secure biomaterials for precise and regulated medication administration across
a range of medical uses.

5. Future Perspectives and Challenges

This section provides an overview of the potential applications of pH- and redox-
triggered polymer nanocomposites in cancer therapy as they move closer to clinical trials. It
discusses how novel approaches are required to increase drug-loading capability, response
specificity, and in vivo stability. In addition, possible synergies with other systems that
respond to stimuli and combination therapies are investigated. The ability of pH- and
redox-responsive polymer nanocomposites to load drugs is one of the main challenges. To
maximize the number of therapeutic chemicals that can be loaded onto these biomaterials
without sacrificing their stability and responsiveness, researchers should concentrate on
developing novel techniques. Enhanced drug-loading efficiencies can be attained by
investigating new methods for drug encapsulation and surface modification. Although site-
specific drug release is possible with pH- and redox-responsive polymer nanocomposites,
obtaining an even greater response specificity is essential. Future research should aim to
design biomaterials that respond only to the precise TME and avoid premature drug release
from non-targeted tissues. This could involve the incorporation of additional stimuli-
responsive elements or the use of advanced targeting ligands. The stability and longevity of
polymer nanocomposites in complex in vivo environments are vital for successful clinical
translation. Researchers need to address the challenges related to biodegradation, immune
responses, and potential clearance from the body. Developing stable and long-lasting
polymer nanocomposites will ensure sustained drug release and optimize therapeutic
outcomes. The future of cancer therapy lies in personalized medicine. pH- and redox-
responsive polymer nanocomposites can be customized according to individual patient
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characteristics and specific tumor types. Tailoring drug payloads, stimulus responsiveness,
and targeting ligands to match each patient’s unique profile could significantly enhance
treatment efficacy and minimize side effects.

Despite promising preclinical results, translating pH- and redox-triggered polymer
nanocomposites from the laboratory to clinical practice presents challenges. Rigorous
testing in large animal models and addressing potential toxicity concerns are essential steps
for human trials. Cancer cells exhibit substantial heterogeneity even within the same tumor.
The adaptation of pH- and redox-responsive biomaterials to accommodate this diversity
poses significant challenges. Strategies to address intertumoral variability and ensure
efficient drug delivery to all tumor regions need to be explored. The approval process for
novel biomaterials in the clinical setting involves stringent regulatory guidelines. Demon-
strating the safety, efficacy, and long-term effects of pH- and redox-responsive polymer
nanocomposites is critical for obtaining regulatory approval and market acceptance. Al-
though the combination of different stimuli-responsive systems or therapies holds promise
for enhancing treatment outcomes, it introduces complexities in terms of drug interactions,
dosage optimization, and potential adverse effects. The development of effective combina-
tion strategies that maximize synergies while minimizing drawbacks remains challenging.
For widespread clinical adoption, pH- and redox-responsive polymer nanocomposites
must be scalable and cost-effective. Identifying suitable, readily available raw materials
and streamlining manufacturing processes are essential for reducing production costs and
ensuring affordability for patients.

6. Conclusions

pH- and redox-triggered polymer nanocomposites hold significant promise as future
generation, dual-stimuli-responsive biomaterials for site-specific drug release during cancer
therapy. Their ability to precisely target tumor cells while sparing healthy tissues has the
potential to revolutionize cancer treatment, offering improved therapeutic outcomes and en-
hanced patient quality of life. Nevertheless, further research and clinical investigations are
essential to overcome existing challenges and unlock the full potential of these innovative
biomaterials in cancer therapeutics.

The development of pH- and redox-responsive polymer nanocomposites as dual-
stimuli-responsive biomaterials has shown great promise for revolutionizing cancer ther-
apy. However, to fully harness their potential, researchers must address the challenges
of drug-loading capacity, response specificity, in vivo stability, and regulatory approval.
Collaborative efforts among researchers, clinicians, and industry stakeholders are crucial to
overcome these obstacles and pave the way for the successful clinical translation of these
innovative biomaterials. As advancements continue, pH- and redox-responsive polymer
nanocomposites hold immense potential for improving cancer treatments and ultimately
contributing to better patient outcomes.
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