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INTRODUCTION

Cancer remains one of the foremost challenges
in modern medicine, with its complex and
heterogeneous nature complicating treatment
strategies. Traditional chemotherapy, which
targets rapidly dividing cells, often lacks the
specificity needed to distinguish between
cancerous and healthy cells [1]. This non-selective
approach can lead to significant adverse effects,
including damage to vital organs, hair loss, and
severe fatigue, which can compromise patient
quality of life [2]. In recent years, targeted cancer
therapy has emerged as a promising alternative,
aiming to deliver therapeutic agents directly to
cancer cells while sparing healthy tissues [3]. This
approach leverages the unique biological markers
and microenvironment of tumors to achieve
a higher therapeutic index. Methods such as
receptor-mediated targeting, using monoclonal
antibodies, and small-molecule inhibitors have
demonstrated significant potential in improving
the specificity and efficacy of cancer treatments
[4]. Nanoparticles have revolutionized the field of
drug delivery due to their ability to enhance the
pharmacokinetic and pharmacodynamic profiles
of therapeutic agents. These nanoscale carriers,
typically ranging from 10 to 100 nanometers
in size, can be engineered to exhibit unique
properties such as prolonged circulation time,
enhanced permeability and retention (EPR) effect,
and the ability to bypass biological barriers [5].
Nanoparticles can be designed to deliver a wide
range of therapeutic agents, including small
molecules, proteins, and nucleic acids. They
offer several advantages over conventional drug
delivery systems, such as improved solubility
of hydrophobic drugs, controlled and sustained
release, and targeted delivery to specific tissues or
cells. These propertiesnotonlyenhancethe efficacy
of the therapeutic agents but also minimize off-
target effects, thereby reducing systemic toxicity
[6]. pH-sensitive polymer micelles have garnered
significant interest in the realm of targeted drug
delivery due to their ability to respond to the
acidic tumor microenvironment. These micelles
are composed of amphiphilic block copolymers
that self-assemble into core-shell structures in
aqueous solutions [7]. The hydrophobic core
serves as a reservoir for the encapsulated drug,
while the hydrophilic shell provides stability and
prolongs circulation time in the bloodstream [8].
The design of pH-sensitive polymer micelles takes
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advantage of the acidic pH found in tumor tissues
(pH 6.5-6.8) compared to normal physiological pH
(7.4). This pH differential can trigger the micelles
to undergo structural changes or disassemble,
releasing their drug payload specifically within
the tumor microenvironment [9]. This targeted
release mechanism ensures that the therapeutic
agent is concentrated at the site of action, thereby
maximizing its efficacy and minimizing systemic
side effects [10]. The efficacy of pH-sensitive
polymer micelles in cancer therapy is attributed to
their ability to exploit the acidic conditions of the
tumor microenvironment. Upon encountering the
lower pH of tumor tissues, these micelles release
their drug cargo in a controlled and sustained
manner, enhancing drug accumulation within
cancer cells. This approach not only improves
the therapeutic index of the encapsulated drug
but also reduces the likelihood of resistance
development, as the localized high concentration
of the drug can effectively eradicate tumor
cells[11]. Paclitaxel, a potent anticancer agent, is
widely used in the treatment of various cancers,
including breast, ovarian, and lung cancers.
However, its clinical application is limited by poor
water solubility, low bioavailability, and significant
systemic toxicity [12]. Incorporating paclitaxel into
pH-sensitive polymer micelles addresses these
challenges by enhancing its solubility, stability, and
targeted delivery to tumor sites. The combination
of paclitaxel with pH-sensitive polymer micelles
offers several advantages, including improved
therapeutic efficacy, reduced side effects, and the
potential for overcoming multidrug resistance.
This synergistic approach leverages the strengths
of both components, providing a robust platform
for advanced targeted cancer therapy [13].

This review aims to explore the potential of pH-
sensitive polymer micelles as carriers for paclitaxel
delivery in cancer therapy. We will examine the
mechanisms of action, recent advancements
in the field, and the clinical implications of this
innovative approach.

The novelty of this review lies in its
comprehensive analysis of the synergistic effects
of paclitaxel and pH-sensitive polymer micelles in
targeted cancer therapy.

OVERVIEW OF PACLITAXEL
Mechanism of Action

Paclitaxel, a member of the taxane family,
operates by binding to the B-tubulin subunit
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of microtubules, thereby stabilizing them and
preventing their depolymerisation [14]. This
disruption of microtubule dynamics leads to mitotic
arrest and the induction of apoptosis. The drug’s
ability to inhibit cell division makes it effective
against rapidly dividing cancer cells [15]. Research
has shown that paclitaxel not only promotes the
assembly of microtubules from tubulin dimers
but also stabilizes them against depolymerization,
causing the formation of abnormal bundles
of microtubules throughout the cell cycle and
multiple microtubule organizing centers during
mitosis [16]. This interruption in the mitotic
spindle assembly, chromosome segregation, and
cell division results in cell death. New findings
suggest that paclitaxel may also activate various
apoptotic pathways, such as the caspase pathway,
leading to programmed cell death in cancer cells
[17]. Additionally, paclitaxel has been found to
modulate the tumor microenvironment, including
the inhibition of angiogenesis (the formation of
new blood vessels), which is crucial for tumor
growth and metastasis [18].

Current Challenges in Delivery

Despite its efficacy, paclitaxel faces several
significant challenges in clinical use:

Paclitaxel is highly lipophilic, making it poorly
soluble in water. This necessitates the use of
solvents like Cremophor EL, which can cause severe
hypersensitivity reactions, including anaphylaxis
[19]. The high systemic toxicity of paclitaxel limits
the doses that can be safely administered, leading
to significant side effects such as neutropenia (a
low count of neutrophils, a type of white blood
cell), peripheral neuropathy (damage to the
peripheral nerves causing pain and numbness),
and cardiotoxicity [20].

Over time, cancer cells can develop resistance
to paclitaxel through various mechanisms, such
as the overexpression of P-glycoprotein, which
pumps the drug out of the cells, or mutations in
B-tubulin that prevent paclitaxel binding. New
research is focusing on understanding these
resistance mechanisms and developing strategies
to overcome them, such as combination therapies
and the use of inhibitors to block resistance
pathways [21]. Clinical Applications of Paclitaxel is
a cornerstone in the treatment of various cancers,
including Ovarian Cancer, Breast Cancer, Non-
Small Cell Lung Cancer, Kaposi’s Sarcoma, and
Pancreatic Cancer [13].
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pH-SENSITIVE POLYMER MICELLES
Types of Polymer Micelles Nanoparticles
pH-sensitive polymer micelles are a class of
nanocarriers designed to enhance drug delivery to
tumors by exploiting the acidic microenvironment
characteristic of many cancerous tissues [22].
These nanoparticles can be broadly categorized
based on their composition and structural
attributes:

Block Copolymer Micelles: Composed of
amphiphilic block copolymers, these micelles
consist of hydrophobic cores and hydrophilic
shells. The hydrophobic core can encapsulate
hydrophobic drugs like paclitaxel, while the
hydrophilic shell provides stability in aqueous
environments [23]. Examplesinclude poly(ethylene
glycol)-block-poly(e-caprolactone) (PEG-b-PCL)
and poly(ethylene glycol)-block-poly(D,L-lactide)
(PEG-b-PLA) [24].

Core-Shell Micelles: These micelles have
a distinct core-shell structure, with the core
designed to carry the drug and the shell providing
steric stabilization. The core can be functionalized
with pH-sensitive linkages that degrade in acidic
environments, releasing the drug at the tumor site
[11].

Polyion Complex (PIC) Micelles: Formed by
the electrostatic interaction between oppositely
charged polymers, PIC micelles can encapsulate
both hydrophilic and hydrophobic drugs. They are
particularly useful for delivering nucleic acids and
proteins [25].

Design and Synthesis

The design and synthesis of pH-sensitive
polymer micelles involve several critical steps
to ensure their stability, biocompatibility, and
responsiveness to pH changes [26], The choice of
polymers is crucial for the micelle’s performance.
Polymers with pH-sensitive functional groups, such
as poly(2-(diisopropylamino)ethyl methacrylate)
(PDPA) or poly(B-amino esters), are commonly
used. These polymers undergo conformational
changes or degrade at acidic pH, triggering drug
release [27]. Micelles are typically formed by self-
assembly of amphiphilic block copolymers in an
aqueous solution. This process can be driven by
solvent evaporation, dialysis, or nanoprecipitation
methods. During self-assembly, the hydrophobic
segments form the core, while the hydrophilic
segments form the shell [28]. The encapsulation of
drugs within the micelles can be achieved through
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physical entrapment or chemical conjugation.
Physical entrapment involves dissolving the drug
and polymer in a common solvent followed by
self-assembly. Chemical conjugation involves
attaching the drug to the polymer via pH-sensitive
linkages, ensuring controlled release in the
acidic tumor environment [29]. Comprehensive
characterization of the micelles is essential to
ensure their efficacy. Techniques such as dynamic
light scattering (DLS) for size measurement,
transmission electron microscopy (TEM) for
morphological analysis, and high-performance
liquid chromatography (HPLC) for drug loading
efficiency are commonly used [30].

Mechanism of pH-Responsiveness

The pH-responsiveness of polymer micelles
is attributed to the presence of pH-sensitive
functional groups within the polymer structure.
These groups undergo chemical or physical changes
in response to acidic pH, leading to the release of
the encapsulated drug [31], Polymers containing
ionizable groups, such as carboxylic acids or
amines, can alter their ionization state in response
to pH changes. For instance, PDPA becomes
protonated in acidic environments, leading to
micelle destabilization and drug release [32]. The
inclusion of pH-sensitive linkages, such as acetal,
hydrazone, or orthoester bonds, in the polymer
backbone allows for controlled degradation in
acidic environments. These linkages remain stable
at physiological pH but cleave in the acidic tumor
microenvironment, releasing the drug [33]. Some
polymers undergo conformational changes in
response to pH variations. For example, poly(L-
histidine) (PLH)-based micelles can transition
from a coil to a globule state in acidic conditions,
promoting the release of the drug [34].

Mechanism of Action with Paclitaxel

pH-sensitive polymer micelles are designed to
enhance the delivery of paclitaxel to tumor sites.
These micelles are stable at physiological pH but
become destabilized in the acidic environment of
tumor tissues, leading to the controlled release
of paclitaxel directly at the tumor site [22].
The acidic pH of the tumor microenvironment
(typically around pH 6.5 or lower) triggers the
release of the encapsulated drug, improving the
local concentration of paclitaxel and thereby
enhancing its anticancer effects [35]. Recent
studies have shown that pH-sensitive micelles
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can improve the pharmacokinetics of paclitaxel,
leading to prolonged circulation time and
increased accumulation in tumor tissues [31]. This
is achieved through the enhanced permeability
and retention (EPR) effect, where nanoparticles
preferentially accumulate in tumor tissues due
to the leaky vasculature and poor lymphatic
drainage [36]. Furthermore, pH-sensitive micelles
can be engineered to release their payload in
response to specific triggers, such as enzymatic
activity or changes in the redox environment,
providing additional control over drug release and
minimizing off-target effects [37].

DRUG LOADING AND RELEASE MECHANISMS
Strategies for Paclitaxel Loading

Effective drug loading is crucial for the success
of pH-sensitive polymer micelles in delivering
paclitaxel. Various strategies are employed to
achieve high loading efficiency and stability [38].
Physical Encapsulation method involves dissolving
boththe drugandthe polymerinacommon organic
solvent, followed by self-assembly into micelles
through processes such as solvent evaporation
or nanoprecipitation. Paclitaxel is physically
entrapped within the hydrophobic core of the
micelles, which enhances its solubility and stability
[39]. Chemical Conjugation that in this approach,
paclitaxel is covalently bonded to the polymer
via pH-sensitive linkages such as hydrazone,
acetal, or disulfide bonds. These linkages remain
stable at physiological pH but cleave in the acidic
tumor microenvironment, releasing the drug in a
controlled manner. This strategy can significantly
enhance the loading capacity and release control,
minimizing premature drug release and systemic
toxicity [40]. Core-Shell Micelle Formation whit
utilizing block copolymers, are formed with distinct
core-shell structures. The hydrophobic core
encapsulates paclitaxel, while the hydrophilic shell
stabilizes the micelles in aqueous environments.
The core can be tailored to enhance drug loading
by modifying the polymer composition and
structure [41]. With Prodrug Approach, Paclitaxel
can be modified into a prodrug that is more easily
encapsulated by the micelles. Once the micelles
reach the tumor site, the prodrug is activated
by enzymatic or chemical triggers specific to the
tumor environment, releasing the active drug [42].

pH-Dependent Release Dynamics

The release of paclitaxel from pH-sensitive
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polymer micelles is governed by the acidic
conditions of the tumor microenvironment.
Several mechanisms contribute to this controlled
release [38], included lonization of Polymer Chain
which Polymers containing ionizable groups,
such as carboxyl or amino groups, can undergo
protonation or deprotonation in response to
pH changes. At acidic pH, these groups become
protonated, causing the micelle structure to
destabilize and release the encapsulated drug. For
instance, poly(B-amino ester) micelles can release
paclitaxel in response to the acidic pH of the tumor
site [40]. Cleavage of pH-Sensitive Bonds that pH-
sensitive linkages within the polymer backbone,
such as hydrazone, acetal, or orthoester bonds,
are designed to break under acidic conditions. This
cleavage triggers the release of paclitaxel from
the micelle core. For example, hydrazone bonds
are stable at neutral pH but hydrolyze in acidic
environments, releasing the drug [43]. Some pH-
sensitive polymers can swell in response to acidic
pH, leading to an increase in the micelle size and
porosity. This swelling facilitates the diffusion
of paclitaxel out of the micelle core. Polymers
like poly(L-histidine) can undergo such swelling,
enhancing drug release in the acidic tumor
microenvironment [44]. Enhanced Permeability
and Retention (EPR) Effect: The EPR effect plays a
significant role in the accumulation of pH-sensitive
polymer micelles in tumor tissues. Due to the
leaky vasculature and poor lymphatic drainage of
tumors, micelles preferentially accumulate at the
tumor site [45]. The acidic pH of the tumor further
triggers the release of paclitaxel, enhancing
its therapeutic efficacy. Studies have shown
that micelles with pH-sensitive linkages exhibit
enhanced drug release and antitumor activity
compared to non-responsive micelles [46].

COMBINATION OF PACLITAXEL AND PH-SENSITIVE
POLYMER MICELLES IN CANCER THERAPY
Advantages of Paclitaxel-Loaded pH-Sensitive
Micelles

The encapsulation of Paclitaxel within the
hydrophobic core of pH-sensitive polymer micelles
eliminates the need for toxic solubilizers such as
Cremophor EL [47]. This significantly enhances
patient safety by reducing adverse reactions
commonly associated with these solubilizers. The
pH-sensitive nature of these micelles ensures
minimal drug release in normal tissues, thereby
reducing systemic side effects such as neutropenia
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and neurotoxicity [39, 48]. The drug release
mechanism is activated specifically in the acidic
tumor microenvironment, thereby maximizing
therapeutic efficacy and concentrating the drug’s
action where it is needed most [49]. Paclitaxel-
loaded micelles exhibit prolonged circulation
time and preferential accumulation in tumors
through the enhanced permeability and retention
(EPR) effect [50]. This targeted delivery system
significantly reduces off-target toxicity while
maintaining high drug concentrations within
tumor.This ensures that healthy cells are spared
from the drug’s toxic effects, leading to a better
overall safety profile [12]. In drug-resistant cancer
cells, the acidic environment further enhances the
release of Paclitaxel directly into the cytoplasm
[51]. This targeted release bypasses drug efflux
mechanisms  mediated by P-glycoproteins,
overcoming one of the major challenges in cancer
therapy and improving the drug’s effectiveness
against resistant cancer strains [52].

Clinical Studies

Some findings underscore the importance
of designing micelles with specific properties
to optimize drug delivery and efficacy. Yanhua
Jiang et al [53], Conducted a study, pH-sensitive
polyprodrug turned into used as nanocarrier,
and PTX become encapsulated into the micelles
with excessive drug-loading content (25.6%). The
essential micelle concentration (CMC) become
approximately 3.60 mg/L, indicating the machine
should shape the micelles at low awareness. The
particle length of PTX/DOX-PMs was 110.5 nm,
and extended to about 140 nm after incubation for
five days which confirmed that the PTX/DOX-PMs
had excessive serum stability. With lower in pH
price, the particle size first improved, and thenwas
no longer detectable. Comparable exchange
trend changed into observed for CMC values. The
zetapotential improved sharply with decrease in
pH. These effects validated the pHsensitivity of
PTX/DOX-PMs. In vitro drug release experiments
and study on release mechanism showed that
the drug launch charge and accumulative launch
for PTX and DOX were depending on the pH,
displaying the pH-triggered drug release profiles.
Cytotoxicity assay displayed that the block
copolymer confirmed negligible cytotoxicity,
even as the PTX/DOX-PMs possessed excessive
cytotoxic impact against numerous tumor cellular
traces compared with free drugs and manage.
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Yang Han et al [54], studied ampbhiphilic
conjugate based on mPEG and cholesterol-
modified chitosan with hydrazone bonds within
the molecules (MPEG-CS-Hz-CH) changed into
effectively synthesized. the use of the polymer
because the carrier, the paclitaxel (PTX)-loaded
mMPEG-CS-Hz-CH micelles had been organized
by means of an ultrasonic probe method. The
imply particle length and zeta ability of the
optimized PTX-loaded micelles have been 146
t 4 nm and +21.7 £ 0.7 mV, respectively. An in
vitro drug release observe indicated that the
PTX-loaded mPEG-CS-Hz-CH micelles had been
solid underneath normal physiological conditions
(pH 7.4), whereas speedy drug release become
observed within the simulated tumor intracellular
microenvironment (pH 5.0). An in vitro cytotoxicity
have a look at demonstrated the non-toxicity of
the polymer itself, and the PTX-loaded micelles
exhibited superior cytotoxicity and huge selectivity
on tumor cells. An in vivo antitumor efficacy
examine similarly confirmed that the PTX-loaded
micelles ought to enhance the therapeutic efficacy
of PTX and decrease the aspect consequences. all
these outcomes recommended that the mPEG-CS-
Hz-CH micelles might be promising pH-sensitive
nanocarriers for PTX delivery.

Peilan Qi et al [55], Presented a diblock
copolymer constituting of a poly(ethylene glycol)
(PEG) and a polycaprolactone (PCL) phase related
through a pH-touchy hydrazone bond (Hyd), which
become denoted as mPEG-Hyd-PCL, become
synthesized. The copolymer became assembled to
micelles with imply diameters about one hundred
nm. The suggest diameters and size distribution
of the hydrazone-containing micelles multiplied
glaringly in mildly acidic environments while kept
unchanged in the neutral. No tremendous change
in size become observed on polymeric micelles
without hydrazone (mPEG-PCL). PTX turned into
loaded into micelles, and the anticancer drug
released from mPEG-Hyd-PCL micelles become
promoted by using the extended acidity. In vitro
cytotoxicity examine showed that the PTX-loaded
mPEG-Hyd-PCL micelles exhibited appreciably
more suitable cytotoxicity towards HepG2 cells
compared to the non-sensitive mPEG-PCL micelles.
These consequences suggest that hydrazone-
containing copolymer micelles with pH sensitivity
and biodegradability display first rate ability as
companies of anticancer drugs.

Jiajia Xiang et al [56], established a facile
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fabrication of a solid PTX-binding micelle crafted
from poly (ethylene glycol)-block-dendritic
polylysine, whose number one amines were
reacted with phenethyl isothiocyanate (PEITC),
a hydrophobic anticancer agent under clinical
study. The amphiphilic conjugate (PEG-Gx-PEITC;
Gx, the era of the polylysine dendron) fashioned
properly-described micelles whose middle turned
into composed of phenyl businesses and thiourea
organizations binding PTX via m-mt stacking and
hydrogen bonding. as compared with the PTX-
loaded  poly(ethylene  glycol)-block-poly(D,L-
lactide) (PEGPDLLA/ PTX) micelles in scientific use,
PTX-loaded PEG-Gx-PEITC 0.33-generation (PEG-
G3-PEITC/PTX) micelles showed slowed blood
clearance, enhanced tumor accumulation, and
accordingly much advanced in vivo therapeutic
efficacy in both subcutaneous and orthotopic
human breast cancer xenografts. Consequently,
PEG-G3-PEITCis a promising drug delivery machine
for PTX inside the remedy of breast cancer.

CONCLUSION

The integration of pH-sensitive polymer micelles
for paclitaxel delivery represents a significant
advancement in targeted cancer therapy. By
leveraging the acidic tumor microenvironment,
these smart nanoparticles enable precise and
controlled drug release, resulting in enhanced
therapeutic efficacy and reduced systemic
side effects. Recent advancements in micelle
design, such as dual-targeting capabilities and
co-delivery systems, have demonstrated their
potential to overcome multidrug resistance
and improve clinical outcomes in patients with
aggressive or resistant tumors. The ability of pH-
sensitive polymer micelles to enhance paclitaxel
accumulation within cancer cells while sparing
healthy tissues underscores their importance
as a next-generation drug delivery platform in
oncology.

Despite their potential, several challenges
remain for the clinical translation of pH-sensitive
polymer micelles. Scalable and cost-effective
production methods are needed to ensure
consistent quality and stability. Enhancements
in targeting specificity, such as the incorporation
of ligands for tumor-specific biomarkers, could
further improve therapeutic precision. Research
on combining pH-sensitive micelles with other
treatment modalities, such as immunotherapies
or gene therapies, could expand their application
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and effectiveness. Incorporating imaging agents
for theranostic purposes could also support
personalized treatment strategies.  Finally,
comprehensive safety and regulatory evaluations
are necessary to confirm their suitability for clinical
use. Future efforts should focus on optimizing
these systems for clinical application, making pH-
sensitive polymer micelles a key tool in advancing
cancer therapy.
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