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Abstract

Cancer continues to pose a major global health burden, largely due to the limitations of conventional therapies,
including non-specific drug distribution, systemic toxicity, and the emergence of multidrug resistance. Biopolymer-
based smart drug delivery systems have emerged as promising platforms that can enhance tumor selectivity and
therapeutic efficacy while reducing adverse effects. Natural and synthetic biopolymers offer key advantages ,including
biocompatibility, controlled biodegradability, tunable surface functionality, and the ability to form diverse nanoscale
architectures that enable precise drug loading and targeted release. Recent advances have demonstrated the potential
of biopolymer-derived nanoparticles, micelles, hydrogels, nanogels, and polymer-drug conjugates to respond to
tumor-specific stimuli, including pH gradients, enzymatic activity, hypoxia, and external triggers. This review
highlights major classes of biopolymers, design strategies for targeted and stimuli-responsive delivery, and their
therapeutic applications across chemotherapy, gene delivery, and immunomodulation. Key challenges such as
scalability, stability, and clinical translation are critically examined, and future perspectives are provided to guide the

development of next-generation biopolymer-based smart carriers for precision cancer therapy.
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1| Introduction

Cancer is one of the leading causes of mortality worldwide. Despite major therapeutic advances, conventional
treatments such as chemotherapy continue to face major limitations, including non-specific biodistribution,
systemic toxicity, and unintended damage to healthy tissues [1]. Many commonly used chemotherapeutic
agents, such as doxorubicin, exert cytotoxic effects on rapidly dividing normal cells, leading to adverse
outcomes including alopecia, bone marrow suppression, and dose-dependent cardiotoxicity [2]. Furthermore,
intrinsic and acquired tumor drug resistance driven by genetic mutations, overexpression of efflux pumps,
alterations in intracellular signaling, and changes in metabolic pathways remains a significant barrier to

successful therapy [3]. These challenges underscore the urgent need for more selective and efficient drug-
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delivery strategies. Targeted drug delivery systems aim to deliver therapeutic agents specifically to tumor tissue
while minimizing off-target effects. By enhancing drug accumulation at the tumor site, these systems can
increase therapeutic efficacy, reduce required dosages, and improve patient safety profiles [4]. Advances in
nanotechnology have enabled the fabrication of nanoparticles smaller than 200 nm that exploit the Enhanced
Permeability and Retention (EPR) effect to pass through leaky tumor vasculature and accumulate in tumor
interstitium [5]. However, the EPR effect is highly heterogeneous across tumor types. It is influenced by
factors such as vascular density, interstitial fluid pressure, stromal composition, and the overall complexity of
the Tumor Microenvironment (TME) [6]. Consequently, passive targeting alone may not be sufficient for

effective drug delivery.

Biopolymers have emerged as highly promising materials for the design of targeted drug delivery systems due
to their excellent biocompatibility, predictable biodegradability, structural versatility, and broad chemical
modifiability [7]. Natural biopolymers, including chitosan, alginate, Hyaluronic Acid (HA), gelatin ,and
synthetic biodegradable polymers such as Polylactic Acid (PLA), Polylactic-co-Glycolic Acid (PLGA), and
Polycaprolactone (PCL), can encapsulate a wide range of therapeutic payloads, including hydrophilic and
hydrophobic small-molecule drugs, nucleic acids, and proteins [8]. Their functional groups enable surface
conjugation with targeting ligands such as folic acid, RGD peptides, antibodies, or aptamers, thereby
enhancing selective uptake by cancer cells [9]. Moreover, some biopolymers possess innate targeting
capabilities .For example, HA binds naturally to CD44 receptors, which are overexpressed in many tumors,
providing an additional mechanism for active targeting [10]. Given the expanding role of biopolymers in
cancer nanomedicine, a comprehensive assessment of their categories, targeting strategies, nano architectures,
and translational challenges is essential [11]. This review aims to provide an updated and systematic overview
of natural and synthetic biopolymers used in targeted anticancer drug delivery, evaluate their design principles
and therapeutic potential, and highlight emerging concepts such as stimuli-responsive smart carriers and
multifunctional hybrid platforms [12], [13]. These advancements are expected to contribute significantly to
the development of next-generation precision therapeutics.

2| Structure of Biopolymers

2.1| Natural Biopolymers

Natural biopolymers are derived from biological sources, including animals, plants, and microorganisms.
Owing to their inherent biocompatibility, low toxicity, and high biodegradability, they are among the most
attractive candidates for next-generation drug delivery systems [14]. This class encompasses polysaccharides
and proteins such as chitosan, alginate, gelatin, HA, and dextran, all of which can be engineered into various
nano and microstructured platforms such as nanoparticles, nanogels, and hydrogels to enable efficient
encapsulation and controlled release of therapeutic agents (Fzg. 7) [15], [106].

I. Chitosan is one of the most widely utilized natural polymers in drug delivery. Produced through the
deacetylation of chitin, it catrries a positive surface charge under physiological conditions, allowing
electrostatic interactions with negatively charged cell membranes. These interactions enhance cellular
adhesion, improve internalization, and facilitate deeper drug penetration. Additionally, chitosan's pH
responsiveness makes it particularly advantageous for TME-activated release [17].

II.  Alginate is an anionic polysaccharide known for its excellent gel-forming ability. In the presence of divalent
cations such as calcium, alginate undergoes ionic crosslinking to form stable hydrogel networks. This
property makes it highly suitable for designing microgels and nanogels with high encapsulation efficiency
and tunable mechanical stability for drug and gene delivery applications [18].

III. HA is another key natural biopolymer, largely due to its specific affinity for the CD44 receptor, which is
overexpressed in many cancer types. This intrinsic targeting capability enables HA-based nanocatriers to

accumulate preferentially in tumor tissues and enhances active uptake via receptor-mediated endocytosis.
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HA can also be chemically modified via methacrylation, thiolation, or conjugation to improve stability and

stimulus responsiveness [19].

IV. Dextran is a linear polysaccharide that has been widely used in pharmaceutical formulations due to its high
water solubility and ease of chemical functionalization [20]. Its hydroxyl-rich backbone enables conjugation
to drugs, targeting moieties, or stimuli-responsive groups, allowing the construction of versatile
nanosystems with controlled release profiles [21]. Dextran-based nanocarriers have shown promising
results in enhancing tumor penetration, prolonging systemic circulation, and, in some cases, enabling
delivery across the blood-brain barrier [22].

Natural Biopolymers in Drug Delivery
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Fig. 1. Major natural biopolymers used in anticancer drug delivery systems.

2.2 | Synthetic Biopolymers

Synthetic biopolymers have emerged as key materials in advanced anticancer drug delivery systems due to
their tunable physicochemical properties and the ability to precisely engineer parameters such as Molecular
Weight (Mw), composition, architecture, and degradation rate [23]. These polymers are designed to achieve
optimal biocompatibility while providing controlled, sustained, or stimuli-responsive release of therapeutic
agents during circulation and within tumor tissues. Among the most widely applied synthetic biopolymers are
poly PLGA, PLA, PCL, and Polyethylene Glycol (PEG), each offering distinct advantages in terms of
biodegradability, stability, safety, and regulatory approval [24]. PLGA and PLA degrade into non-toxic
metabolic byproducts, making them ideal for implantable or injectable systems, whereas PCL offers slower
degradation, suitable for long-term delivery. PEG, on the other hand, remains essential due to its
hydrophilicity, stealth properties, and ability to reduce opsonization and prolong circulation time. Synthetic
biopolymers can be engineered into diverse nanostructures ,including nanoparticles, micelles, nanocapsules,
polymer-drug conjugates, and smart hydrogels, depending on the physicochemical properties of the
therapeutic agent and the desired release profile [25]. Moreover, through advanced surface engineering
techniques such as PEGylation, ligand conjugation (including folate, antibodies, and peptides), and charge
modulation, these systems can enhance tumor-specific accumulation, reduce immune clearance, and improve
the therapeutic index [26]. Recent advancements also highlight the development of stimuli-responsive
synthetic polymers capable of responding to pH, redox potential, enzymes, hypoxia, or external triggers such
as temperature, ultrasound, and light, enabling precise, on-demand drug release in the TME. Fig. 2 depicts
synthetic biopolymers, which are precisely engineered for applications such as targeted anticancer drug
delivery. Also, Table 1 provides a comparative overview of commonly used biopolymers, highlighting their
biocompatibility, active targeting capabilities, ability to penetrate the blood brain barrier, and primary
applications in anticancer drug delivery.
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Fig. 2. Synthetic biopolymers designed for targeted anticancer drug delivery.

Table 1. Comparison of common biopolymers for targeted anticancer drug delivery.

Biopolymer Biocompatibility Active Blood Brain  Main Sources
Targeting Barrier Anticancer
Penetration Application
Chitosan High Folate, RGD Yes (with Gene therapy, [1]
modification)  doxorubicin
Alginate Medium None Limited Colorectal [7]
therapy,
Injectable
nanogels
HA High CD44 Yes Tumor cell [12]
targeting
Dextran High Chemical Yes Nanocarriers, — [24]
modification CNS drugs
PLA/PLGA/PCL  High PEG, Antibodies ~ Yes Controlled [25]
drug release,
Paclitaxel,
Cisplatin

2.3 | Semi-Synthetic/Chemically Modified Biopolymers

Semi-synthetic or chemically modified biopolymers are derived from natural polymers but are structurally
altered to enhance their physicochemical and biological properties. These modifications aim to improve
solubility, mechanical stability, circulation time, drug-loading efficiency, and stimuli responsiveness, bridging
the gap between natural biopolymers and fully synthetic polymers. Such hybrid systems combine the
biocompatibility of natural polymers with the tunable performance of synthetic materials, making them highly
versatile for advanced drug delivery applications [27], [28].

Common semi-synthetic biopolymers include:

1. Carboxymethyl Chitosan (CMC): improved water solubility and pH responsiveness compared to native
chitosan, enabling enhanced drug release in TMEs.

II. Methacrylated Gelatin (GelMA): provides tunable mechanical properties and crosslinking ability for
hydrogel-based drug carriers.
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III. Modified HA derivatives: conjugation with PEG, drugs, or targeting ligands improves stability, circulation

time, and tumozr-specific accumulation.

IV. Oxidized or acetylated dextran: facilitates chemical conjugation of therapeutic molecules or stimuli-
sensitive groups for controlled release.

V. Cellulose derivatives (e.g., CMC, HEC): water-soluble polymers suitable for encapsulation of hydrophilic
drugs and responsive formulations.

These semi-synthetic polymers can be engineered into a wide range of nanostructures, including
nanoparticles, nanogels, micelles, and hydrogels, often with stimuli-responsive features such as pH, redox
potential, enzymes, or temperature sensitivity. Such modifications enhance tumor targeting, improve drug
bioavailability, and enable on-demand release in response to the TME (Fig. 3) [29], [30].
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Fig. 3. Stimuli-responsive semi-synthetic biopolymers for drug release in tumor microenvironment.

3 | Classification of Biopolymers Based on Structure

Biopolymers can be classified according to the arrangement and organization of their polymer chains, which
strongly influence their drug-loading capacity, release kinetics, mechanical properties, and overall performance
in drug delivery systems. Understanding these structural classes allows researchers to tailor carriers for specific
therapeutic applications [27]—[30].

3.1| Linear Polymers

Linear polymers consist of polymer chains arranged in a straight, unbranched fashion. This simple architecture
facilitates the physical or chemical encapsulation of both hydrophilic and hydrophobic drugs. Linear polymers
are widely used to fabricate conventional nanoparticles or micelles with relatively rapid release profiles.
Examples include linear PEG, PLA, and chitosan derivatives [27]. Their simplicity allows easy
functionalization, but drug release is often faster and less controllable compared to more complex
architectures.

3.2 | Crosslinked Polymers

Crosslinked polymers form stable three-dimensional networks through either chemical or physical
crosslinking. This structure imparts high mechanical stability, swelling capacity, and the ability to provide
sustained or stimuli-responsive drug release. Crosslinked networks are the basis for nanogels, hydrogels, and

microgels, which can retain therapeutic agents and release them in a controlled manner in response to pH,
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temperature, or enzymatic stimuli [28]. The degree and type of crosslinking directly affect porosity, diffusion

rate, and degradation kinetics.

3.3 | Star-Shaped or Branched Polymers

In star-shaped or branched polymers, multiple polymer chains radiate from a central core. This architecture

significantly increases the effective surface area and the number of functional end groups, enabling higher

drug loading capacity, multidrug encapsulation, and finely controlled release kinetics. Dendrimers, star-shaped

PEGs, and branched polysaccharides exemplify this category [29]. Such structures are particularly suitable for

advanced drug delivery applications, including targeted therapy, combination therapy, and stimuli-responsive

systems. Fig. 4 illustrates three primary structural classifications of biopolymers relevant to their applications.
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Fig. 4. Classification of biopolymers based on structure: linear, crosslinked, and
branched/stat-shaped.

4| Physical and Chemical Properties Affecting Drug Delivery

The physicochemical characteristics of biopolymers critically influence the transport, release, and

biodistribution of encapsulated drugs. Among the most important factors are:

L

1I.

II1.

IV.

MW: Polymers with higher Mw generally exhibit greater stability in systemic circulation but may have
limited penetration into tumor tissues. Conversely, lower Mw polymers penetrate tissues more effectively
but are cleared more rapidly in vivo [31]. The Polydispersity Index (PDI) also affects uniformity and release
kinetics of the drug.

Surface charge: surface potential dictates interactions with cell membranes and the immune system.
Positively charged particles tend to enter cells more efficiently due to electrostatic attraction to negatively
charged membranes, but ate also cleared more rapidly by the reticuloendothelial system. Neutral or
negatively charged particles exhibit enhanced systemic stability, albeit at the expense of reduced cellular
uptake [32].

Hydrophilicity/hydrophobicity: the polarity of the polymer determines drug compatibility and release
kinetics. Hydrophobic polymers are suitable for encapsulating lipophilic drugs, while hydrophilic polymers
better accommodate water-soluble drugs, peptides, and proteins [33]. The balance between hydrophilic and
hydrophobic domains also affects self-assembly into micelles or nanogels, drug loading efficiency, and
release profiles.

Additional physicochemical factors: crystallinity versus amorphous state, glass transition temperature (Tg),
and chemical functionality influence mechanical properties, swelling behavior, and stimuli-responsiveness.
Surface chemistry also affects protein adsorption, opsonization, and circulation time [34], [35].
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5|Mechanisms of Targeted Drug Delivery

Targeted drug delivery aims to maximize therapeutic efficacy while minimizing systemic toxicity by directing
drugs specifically to tumor tissues. Mechanistically, targeted delivery can be classified into passive, active, and
stimuli-responsive strategies (Fig. 5) [36]—[40].

5.1|Passive Targeting

Passive targeting exploits the EPR effect inherent to tumor tissues. Leaky vasculature, irregular blood flow,
and inefficient lymphatic drainage allow nanoparticles, typically smaller than 200 nm, to extravasate and
accumulate within tumors [36], [37]. The main advantage of this approach is increased intratumoral drug
concentration with reduced exposure to healthy tissues, thus lowering systemic toxicity [38]. However, EPR
efficiency varies across tumor types and is influenced by vascular density, tumor size, and microenvironmental
heterogeneity [39].

5.2 | Active Targeting

Active targeting involves functionalizing nanoparticle surfaces with ligands that specifically bind to receptors
overexpressed on cancer cells, enhancing receptor-mediated endocytosis [40]. Common ligands include folic
acid, RGD peptides, HA, and monoclonal antibodies, each providing selective recognition for specific tumor
types [29]. Incorporating these ligands into nanocarriers such as PLGA-PEG or chitosan has been shown to
significantly increase cellular uptake and intratumoral drug accumulation, significantly improving therapeutic
efficacy while minimizing off-target effects [4], [23].

5.3 | Stimuli-Responsive Drug Delivery

Stimuli-responsive drug delivery is a hallmark of smart biopolymers, enabling spatiotemporal control of
release in response to internal or external triggers [30].

I. pH-sensitive polymers: exploit the slightly acidic TME. Polymers with pH-responsive linkers (e.g.,
hydrazone or imine bonds) remain stable at physiological pH but degrade or change conformation in acidic
conditions, triggering drug release [30].

II. Enzyme-responsive polymers: designed to degrade in the presence of tumor-specific enzymes, such as
matrix metalloproteinases, allowing site-specific release [11].

III. 'Thermo-responsive polymers: respond to localized hyperthermia, undergoing structural transitions that
release the drug selectively. Examples include PNIPAM and thermoresponsive PEG-based systems [33].

IV. Externally triggered polymers: light, magnetic fields, or ultrasound can induce conformational or chemical
changes, providing precise external control over drug release [34].
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Fig. 5. Mechanisms of targeted drug delivery: passive (EPR), active, and stimuli-responsive.
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5.4| Combination of Mechanisms

Recent advancements in drug delivery have led to the development of hybrid nanocarriers that integrate
multiple targeting strategies within a single system to maximize therapeutic efficacy. In these designs, passive
accumulation via the EPR effect is often combined with active targeting via ligands that recognize tumor-
specific receptors. Furthermore, stimulus-responsive features, such as pH-, enzyme-, or temperature-
sensitivity, are incorporated to ensure site-specific drug release [3], [35]. Preclinical studies demonstrate that
such multifunctional nanocarriers ,particularly those coated with polymers such as PEG or HA and
engineered for pH responsiveness ,can significantly suppress tumor growth, including in breast and ovarian
cancer models. By combining passive, active, and stimuli-responsive mechanisms, these systems not only

improve drug accumulation and retention within tumors but also reduce off-target toxicity.
6 | Biopolymeric Nanostructures and Types of Carriers

Biopolymeric nanostructures represent versatile platforms for targeted and controlled drug delivery in cancer
therapy, offering tunable physicochemical properties, high biocompatibility, and the potential for surface
modification.

6.1| Polymeric Nanoparticles

Polymeric Nanoparticles (NPs) are among the most widely utilized nanocarriers, designed primarily as
nanocapsules or nanospheres [24], [27]. In nanocapsules, the therapeutic agent is confined within a liquid or
semi-solid core, surrounded by a polymeric shell that protects the drug and regulates its release. Nanospheres,
in contrast, consist of a homogeneous polymer matrix with the drug dispersed throughout, providing
sustained, gradual release [8]. Biodegradable polymers such as PLGA, PLA, and PCL are commonly employed
due to their favorable biocompatibility, adjustable degradation rates, and ability to carry a wide range of
therapeutics, including small molecules, proteins, and nucleic acids [41]. Modulation of nanoparticle size,
surface charge, and coating, particularly PEGylation, enhances circulation half-life, reduces immune clearance,
and increases tumor accumulation via the EPR effect [23]. Overall, PNs offer engineering flexibility,
controlled release, and compatibility with diverse therapeutics, making them reliable carriers for cancer
treatment.

6.2 | Micelles and Nanomicelles

Micelles and nanomicelles, derived from amphiphilic polymers, self-assemble in aqueous environments with
hydrophobic cores that encapsulate lipophilic drugs and hydrophilic shells that stabilize the particles in
biological media [36], [37]. PEGylation of the micelle surface reduces immune recognition, prolongs systemic
circulation, and facilitates tumor accumulation. Surface functionalization with ligands, such as antibodies or
peptides, enables active targeting of cancer cells [10]. Polymers such as PEG-PLA form stable nanomicelles
with high drug-loading efficiency and effective tumor penetration, thereby significantly enhancing
intratumoral drug concentration while minimizing systemic toxicity [10]. Critical Micelle Concentration
(CMC) and particle size are key parameters governing stability and biodistribution.

6.3 | Nanogels

Nanogels are three-dimensional, hydrophilic networks with tunable porosity, high water content, and
stimulus-responsive properties, making them ideal for hydrophilic drugs, proteins, and other macromolecules
[15], [38]. Their swelling and deswelling in response to pH or enzymatic activity enable precise and selective
drug release within TMEs. Nanogels based on HA or chitosan can actively target tumors via interaction with
CD44 receptors, enhancing cellular uptake and intratumoral drug distribution. Biocompatibility and
biodegradability further reduce potential side effects. By combining high loading capacity, stimulus
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responsiveness, and targeting capability, nanogels are leading platforms for controlled and targeted anticancer
therapy [20].

6.4 | Multifunctional Nanocapsules and Hybrid Systems

Multifunctional nanocapsules trepresent the next generation of nanocarriers, integrating multiple
functionalities within a single system [11]. Typically, these consist of a protected drug-containing core
surrounded by functional layers, such as PEG coatings, targeting ligands, and stimuli-responsive components.
These systems simultaneously employ passive (EPR), active (ligand-mediated), and stimuli-responsive
mechanisms, enhancing penetration into tumor tissue while reducing off-target distribution [12]. They are
also capable of co-delivering multiple therapeutics, including chemotherapeutic agents, nucleic acids, and
immunomodulators, facilitating combination and multimodal therapies that can overcome drug resistance
and strengthen anticancer efficacy [3], [7].

7| Current Challenges in Biopolymeric Drug Delivery

Despite significant advances, biopolymeric drug-delivery systems continue to face several limitations [39].
One of the most critical issues is the heterogeneous distribution of nanoparticles within tumors. While the
EPR effect underlies many passive delivery strategies, its extent varies across tumor types, and uniform
penetration throughout the tumor mass is often not achieved, limiting therapeutic efficacy [5]. Another
common challenge is the accumulation of nanoparticles in non-target organs such as the liver, spleen, and
kidneys, which reduces drug availability at the tumor site and may induce off-target toxicity [1]. Additionally,
the stability of nanoparticles in systemic circulation is crucial; premature degradation, disassembly, or
aggregation can compromise drug delivery efficiency and controlled release mechanisms [28]. Collectively,
these challenges underscore the need for further optimization to ensure stable, safe, and tumor-targeted
performance [39].

7.1| Biological and Safety Challenges

Biopolymeric nanocarriers face significant biological and immunological hurdles. Rapid recognition and
clearance by the immune system shorten circulation time and reduce therapeutic efficacy [7]. Some polymers
can also trigger inflammatory responses or antibody production, contributing to immunogenicity [2]. Polymer
biodegradability and biocompatibility are critical considerations; certain synthetic polymers may generate toxic
degradation byproducts [4]. Furthermore, discrepancies between preclinical (animal) and clinical (human)
outcomes highlight that successful in vivo models do not always translate into human outcomes [3]. Strategies
such as PEGylation, surface modification, and careful polymer selection can mitigate some of these
challenges, but further research is needed to improve safety and efficacy [7].

7.2 | Manufacturing and Scalability Challenges

Large-scale production of biopolymeric nanoparticles presents technical and economic challenges [24].
Maintaining consistent particle size and uniform distribution is essential, as even minor variations affect drug
loading, stability, and targeting efficiency [25]. Long-term stability is another critical concern, as many
nanoformulations undergo physical or chemical changes during storage, necessitating specialized formulation
and storage conditions [26]. High production costs are also a limiting factor. Many advanced fabrication
techniques that allow precise control over nanoparticle properties are not economically feasible for industrial-
scale manufacturing. Therefore, developing simpler, cost-effective, and scalable methods, including
microfluidics, self-assembly optimization, and advanced biofabrication techniques, is essential for the

commercialization of biopolymeric drug-delivery systems [22].
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8 | Future Perspectives and Strategies

Despite the existing challenges, the future of targeted biopolymeric drug delivery appears highly promising
[41-43]. A key direction is the development of multifunctional nanocarriers that integrate active targeting,
responsiveness to tumor-specific stimuli, and features that enhance drug accumulation, thereby maximizing
therapeutic efficacy [35]. Concurrently, the design of smart nanostructures capable of sensing and responding
to biochemical and physical tumor conditions ,such as pH gradients, enzyme activity, and local temperature
variations ,represents one of the most promising research avenues [3]. Recent advances in nanotechnology
have also enabled the integration of drug delivery with gene therapy and immunotherapy. These hybrid
systems can simultaneously carry drugs, genes, or immune-modulating molecules, providing coordinated
combination therapies capable of overcoming drug resistance and tumor heterogeneity [44]. An emerging and
critical trend is the shift toward personalized medicine, where patient-specific genetic information,
biomarkers, and molecular profiles are used to design customized nanoparticles. This approach enables more

precise, targeted, and low-toxicity therapies, paving the way for next-generation cancer treatment strategies

[45].
9| Conclusion

Biopolymers, as an emerging generation of drug carriers, have established a prominent role in targeted cancer
therapy. With attributes such as high biocompatibility, controllable degradation, cellular targeting, and
responsiveness to environmental stimuli, these materials offer a promising strategy to enhance the efficacy of
anticancer drugs while minimizing side effects. Their use enables drugs to reach tumor sites more precisely,
improving therapeutic outcomes and reducing damage to healthy tissues. Despite these advancements, several
challenges remain, including limited stability of certain nanocarriers, premature drug leakage, heterogeneous
tumor penetration, safety concerns, and challenges in large-scale industrial production. Addressing these
issues requires further research, the development of smarter polymer systems, and extensive clinical
evaluation. Future perspectives suggest that combining multifunctional biopolymers with imaging
technologies, gene therapy, and stimuli-responsive systems could usher in a new era of personalized and
precision cancer treatments. This approach has the potential not only to improve therapeutic outcomes but
also to shift cancer therapy from conventional methods toward low-toxicity, patient-tailored medicine.
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