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ABSTRACT

pH-sensitive nanoparticles are smart nanoparticles created to respond to changes in the
pH of their surroundings. These nanoparticles contain polymers that undergo structure or
chemical change in response to acidic and alkaline conditions. Their ability to alter their
characteristics, including size, charge, and solubility, depends upon pH variation. This
makes them highly useful in various applications, including targeted drug delivery,
disease examination, improving therapeutic efficacy, and reducing systemic toxicity. pH-
sensitive nanoparticles can release medication in a specific site with abnormal pH levels,
such as a tumor or inflamed area. It also improved oral bioavailability and enhanced the
residence time in the gastrointestinal tract, mucoadhesion, permeability of the gut,
increased solubility, and faster dissolution of weakly soluble medications. This review
article aims to explore the latest advancements in drug development and application of
drug delivery systems, focusing on the mechanism of pH-sensitive Nanoparticles and their
different types, as well as the challenges, limitations, and prospects in improving their
efficacy for targeted and controlled drug release.

INTRODUCTION

Medicine development has two major challenges: first is synthesizing the drugs, and
second is getting it into the affected area with the appropriate efficacy. Drugs are
administered by injection or orally in a conventional technique. At their peak, drugs may
become toxic to surrounding organs, but they may fail to be therapeutically effective at
lower concentrations. Thus, efficient and economical devices or carriers are necessary for
the productive administration of drugs [1].

Researchers have developed novel forms of nanoparticles that can adapt to changes in
their surroundings to achieve even greater therapeutic outcomes [2]. Nanoparticles are
an advanced drug delivery system due to their distinct qualities, such as safeguarding
pharmaceutical substances, regulating the release profiles of loaded medications, and
modifying surface characteristics [3]. It is described as a carrier capable of holding
bioactive proteins and encapsulated drugs for long-term release at the targeted site [4].

A variety of targeting techniques, including environment-sensitive systems, active
targeting, and passive targeting, have been used to prepare disease-targeted
nanoparticles. They are extremely small particles, usually less than 100 nm in size, and
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their dimensions are measured in nanometers [5]. They are made up of synthetic or semi-
synthetic polymers. The two main classifications of nanomaterials are nanostructured
and nanocrystalline: nano-structured and nanocrystalline. The different types of
nanostructured substances are based on lipids, non-polymeric, and nanoparticle-based
polymers. Examples of polymer-based nanoparticles include PLGA (poly (lactic-co-
glycolic acid)) nanoparticles, chitosan nanoparticles, poly (lactic acid) (PLA)
nanoparticles, PLGA-PEG nanoparticles, dendrimers, drug conjugates, polymeric
micelles, nanogels, and protein nanoparticles. Metal nanoparticles, carbon nanotubes,
nanodiamonds, and quantum dots are non-polymeric nanoparticles.

To ensure the safe transportation of the encapsulated medications to their destinations,
the nanoparticles need to remain in blood circulation for a long duration of time [6].
Nanoparticles have the ability to release drugs when triggered by specific stimuli such
as light or heat, at the precise location where they are required. This implies that the
medications will be more effective in their intended location. These external stimuli
consist of two types: (1) chemical signals like pH, enzymatic activity, ionic strength, and
redox potential; (2) physical signals like temperature, ultrasonic, electric, and magnetic
field [7].

The use of nanoparticles in microbiology and biotechnology has increased due to their
unique properties, which include their nature, antibacterial and anti-inflammatory
properties, tumor targeting, bio-absorption, bioactivity, bioavailability, and efficient
delivery of drugs. Conventional nano-delivery systems are unable to attain these
objectives, such as increased drug concentration in targeted cells, longer duration in vivo
drug retention times, and reduced adverse effects simultaneously. pH-sensitive drug
delivery systems are more significant because they increase patient therapeutics efficacy
and compliance by delivering the drug at a precise moment based on the
pathophysiological requirements of the disease. Asthma, ulcerative colitis,
cardiovascular disorders, cancer, and hypertension are among the conditions in which
pH-sensitive drug delivery systems are active [8].

The term "pH-sensitive" refers to nanoparticles that can alter their physical characteristics,
such as size, shape, charge, or solubility within a certain pH range [9]. The nanoparticles
can undergo certain alterations as the pH changes, which can be used for therapeutic
drug delivery or other applications. It indicated the ability to disrupt the
lysosomal/endosomal membrane [10]. The pH of intracellular compartments (such as
endocytic vesicles) in eukaryotic cells is regulated, which can directly affect membrane
transit, receptor cycling, and lysosomal degradation into cells [11].

pH-sensitive nanoparticles generated research interest due to the change in pH that
occurs when nanoparticles are endocytosed into a cell. The bloodstream’s pH decreases
to around pH 6.5 in the early endosomal compartment from pH 7.4 and lower than pH 5
in the lysosomal compartment [12, 13]. In addition, some extracellular regions have a
slightly acidic pH (6.4-6.8), such as tumors and inflammation [14]. At the molecular level,
the pH gradient on the mitochondrial membrane is necessary for the production of
Adenosine Triphosphate (ATP) [15, 16].

Another reason pH-sensitive materials are appealing is their functionality because they
can easily integrate into various polymer configurations to create a variety of pH-
sensitive nanoparticles. In addition to its physiological impacts, pH plays a role in
pathological processes such as cancer, inflammation, and infection. As a result, pH-
sensitive nano-delivery systems use pH as the stimulation signal, which is extremely
important for disease imaging and treatment of associated illnesses [15, 17].
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pH-sensitive drug delivery systems are polyelectrolytes that include ionizable groups in
their backbone, side group, and end group and can display pH-dependent
physiochemical characteristics [18]. Drugs taken orally can be more conveniently
administered, but they are also more susceptible to degradation or inactivation due to
the acidic conditions and biological enzymes in the gastrointestinal tract. The acidic and
abnormal properties of the tumor microenvironment may also inhibit the bioactivity of
drugs. Drugs must be protected from degradation by novel drugs in abnormal diseased
tissues [19]. Nanomaterials have many uses in drug delivery, such as isolating drugs and
making stable conditions for bioavailability. Drugs can target cells in inflammatory
regions since they can also pass through capillary tubes and endothelium. Drug release
under particular conditions, such as an acidic environment, can be triggered by adding
pH-sensitive properties to a nanoparticle. One of the benefits is that the release kinetics
of the drug can be modified by applying an acidic pH as an external stimulus [20].

This study aims to review the latest advancements in pH-sensitive nanoparticles for drug
delivery. It focuses on their application, types, and mechanism, including targeted drug
release in specific areas with abnormal pH (like cancer cells), as well as the challenges,
limitations, and prospects in improving their efficacy for targeted and controlled drug
release.

DIFFERENT TYPES OF pH-SENSITIVE NANOPARTICLES
Liposomes

Liposomes are spherical vesicles constructed from lipid bilayers, capable of carrying
water-soluble and fat-soluble drugs. When engineered with pH-sensitive materials, such
as specific cationic and anionic lipids, these vesicles can alter their charge in response to
acidic conditions, enabling site-specific drug release. For instance, research has
demonstrated the integration of cationic Egg Phosphatidylcholine (EPC) and anionic
Dioleoyl phosphatidylglycerol (DOPG) lipids into liposomes, resulting in enhanced
antitumor efficacy and optimized drug delivery [21].

Carbon dots

Functionalized carbon dots have been explored for their pH-sensitive luminescence
properties, which can be utilized for imaging and drug delivery. Their fluorescence can
change with pH, allowing for real-time monitoring of drug release and distribution
within the body [22].

Lipid nanoparticles

Lipid Nanoparticles are engineered to respond to acidic environments, facilitating the
precise release of mRNA cargo within targeted cells like brain capillary endothelial cells.
This approach addresses key challenges in drug delivery by enabling selective and
efficient targeting of specialized cell types. By incorporating the advanced lipid-like
material ss-cleavable Proton-activated Lipid-like Material (ssPalm), the nanoparticles
achieve dual responsiveness to both pH and reductive conditions, making them
adaptable for delivering various biomolecules, including nucleic acids and proteins [23].
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Nanogels

Nanogels are crosslinked polymeric structures that can adapt to external changes, such
as variations in temperature and pH, to enable precise and controlled drug delivery.
These systems have the remarkable ability to expand or contract in response to
environmental stimuli, allowing them to release therapeutic agents such as anticancer
drugs, proteins, peptides etc. The innovative advancements in nanogel development,
including the integration of targeting ligands and functional groups that enable selective
interaction with diseased cells, further optimize their therapeutic potential. Polymers
used to craft these nanogels, such as poly (N-isopropyl acrylamide), change their
structure when exposed to temperature and pH fluctuations, enabling controlled drug
release [24].

Multi-stimuli-responsive polymers in pH-sensitive nanoparticle systems

The integration of multi-stimuli responsive polymers into pH-sensitive nanoparticle
systems offers a significant advancement in drug delivery technology. These polymers
can respond to various internal and external stimuli, such as pH changes, temperature
variations, light exposure, magnetic fields, and enzymatic activity, enabling precise
control over drug delivery mechanisms [25]. The polymers provide enhanced control
over drug release, improve targeting accuracy, and allow for the design of more versatile
and effective treatments [26]. Polymers that respond to multiple stimuli play a crucial
role in protecting encapsulated drugs from premature degradation caused by
environmental factors. For example, hydrogels engineered to react to both pH and
temperature fluctuations can securely hold therapeutic agents, ensuring they are
released exclusively under specific conditions within diseased tissues. This targeted
approach enhances drug stability while reducing systemic side effects, leading to safer
and more efficient treatments [26].

For multi-stimulus responsive systems, linear block copolymers can be used [27]. In
Table 1, multi/dual responsive polymers are given.

Table 1. Certain examples of multi/dual responsive polymers.

Responsiveness Polymers Uses Ref.
pH glucose Poly (vinylphenyl boronic acid) co-poly ~ Self-regulating ~ mechanism  for [28]
responsive [(2-dimethylaminoethyl) ethacrylate] releasing insulin at normal blood pH.

pH electro Poly (acrylic acid)-co-poly (vinyl Target delivery of tacrolimus for the [28]
responsive sulfonic acid) management of eczema.

pH redox Reducible Poly (3-hydroxy amine) s-g- Targeted delivery of doxorubicin for  [29]
responsive coumarin. the management.

Tissue-specific pH variations and responsive polymers in drug delivery

Under normal physiological conditions, pH values vary in different regions and remain
constant, which is essential for the body’s physiological systems to work properly. The
PH of diseased tissues is significantly different from that of normal tissue. For example,
the pH of inflammatory areas, primary tumors, and metastatic tumors is lower [30]. The
pH value and type of polymer used in physiological conditions are listed in Table 2.
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Table 2. pH value and polymer used in physiological condition.

Compartment pH Polymer of interest

Extracellular fluid 7.34~7.45 Poly (aspartic acid)

Saliva 6.0-7.0 Xanthan gum

Stomach 1.5-2.0 Guar gum, Sodium alginate, Chitosan
Duodenum 3.0-5.0 Chitosan

Small intestine 6.0-8.0 Eudragit 5100, cellulose-based polymer
Large intestine 5.5-7.0 Eudragit S, L

Extracellular tumor 6.5-7.4 Cellacefate, Eudragit L

Inflamed tissue 6.0-6.8 Sodium Alginate

Cardiac ischemia 5.7 Polypyrrole chitosan, Polyaniline

MECHANISM OF pH-SENSITIVE NANOPARTICLES

pH-sensitive nanoparticles have emerged as a promising approach for targeted drug
delivery, particularly in cancer therapy. These nanoparticles are engineered to exploit the
acidic microenvironment characteristic of tumor tissues, enabling controlled drug release
at the desired site

Drug release by stimulus-responsive delivery systems is often controlled by the local
acidic environment of the tumor or inflammation [31]. At the level of cell and organelle,
an optimal pH gradient is provided by endosome acidification for acid-sensitive nano-
delivery systems [32]. In contrast to conventional polymeric micelles, pH-sensitive
nanosystems undergo chemical or physical modifications in acidic environments, such
as swelling, dissociation, and degradation, and effectively release the loaded drug to
achieve accurate imaging or targeting therapy [15], [33]. Compared to small molecule
sensors, responsive nanosystems generally have extremely high response sensitivity
because of positive synergy. The responsiveness of pH-sensitive nanosystems may be
attributed to hydrophobic interactions, hydrogen bonds, 7t-7t stacking, or ionic bonds in
the nano-core [34]. In Figure 1, the mode of response of pH-sensitive nanoparticles is
given.

Physical 1
dissociation

Payload release
facilated by
chemical bond
_ cleavage

Figure 1. Response modes of pH-sensitive nanoparticles for targeted drug delivery as previously described [15].
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Physical dissociation

Physical dissociation refers to the process where nanoparticles undergo structural
disintegration when exposed to a specific pH environment. This process is triggered by
protonation or ionization of the hydrophobic core, leading to the loss of interactions that
maintain the nanoparticle's stability. As a result, the nanoparticle breaks apart, allowing
for the controlled release of its payload [35]. This property is particularly useful in the
development of fluorescence probes and pH-sensitive drug delivery systems. By
incorporating fluorescent dyes or therapeutic agents within the nanoparticle structure,
they can function as switchable "ON-OFF" systems, responding dynamically to changes
in pH. In an acidic environment, the protonation or ionization of hydrophobic segments
weakens their interactions, leading to nanoparticle dissociation. This activates
fluorescence or triggers drug release [36].

Physical and chemical changes in pH-sensitive polymers

At Neutral pH, the polymer remains structurally compact and stable, maintaining its
integrity and preventing premature drug release.

At Acidic pH, functional groups such as carboxyl undergo ionization, leading to
increased water absorption. This results in polymer expansion, which facilitates drug
release.

At Basic pH, when exposed to an alkaline environment, polymers containing amine
groups experience deprotonation. This can lead to polymer contraction or aggregation,
potentially affecting the drug release profile [35].

The solubility of pH-sensitive polymers is highly dependent on their protonation and
deprotonation states. These changes influence polymer behavior and drug delivery
efficiency. Example: PAA remains insoluble at low pH due to the protonation of carboxyl
groups, reducing charge repulsion. However, at higher pH levels, deprotonation
increases charge repulsion, enhances solubility, and facilitates drug release [37].

Chemical bond cleavage that promotes payload release

In this method, hydrophobic regions of block copolymers are coupled with
drug/fluorescent dyes via acid-labile chemical bonds to produce polymeric micelles [38].
When the polymeric micelles are in normal physiological states, the polymer gets stable
and does not leak drugs or fluorescent agents. However, when the polymer reaches
acidic sites (like tumors), the acid-sensitive chemical linkages will be hydrolyzed and
release the drug/fluorescent dyes. The breaking chemical bond pH-sensitive nano
systems are made from polymers that have acid-labile chemical linkages [15].

Chemical bond cleavage leads to the dissociation of nanoparticles

This describes the process by which the hydrophobic and hydrophilic fragments cleave
into nanoparticles, which leads to the dissolution of the nanoparticles. This method
involves trapping drugs within self-forming nano-micelles by linking hydrophilic and
hydrophobic parts of amphiphilic block copolymers using acid-sensitive chemical bonds.
Under normal physiological pH conditions, the encapsulated drugs remain safely
contained, and the micelles retain their stability without releasing their contents. Acid-
labile bonds break when H+ penetrates the micelles in an acidic environment, causing
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the polymer to dissolve and the release of drugs. Hydrazone, imide, ester, ortho ester,
acetal, and other acid-sensitive compounds are commonly used [39].

Nanoparticle swelling

The technique is known as "swelling mode," in which pH-sensitive nanoparticle micelles
expand to release their payload [15, 31]. The concept behind the development of swelling
polymeric micelles is the use of chemical bonds that are soluble in acid to connect
hydrophobic segments to lengthy hydrophobic chains. Self-assembly in aqueous
solutions is made possible by regulating the ratio of hydrophilic to hydrophobic blocks.
H+ penetrates acidic environments, such as tumor tissues, where it helps to dissolve
bonds, release hydrophobic fragments, increase solubility, enlarge the micelle volume,
and leak payload [35].

pH-sensitive nanoparticle delivery for tumor targeting

Nanoparticles that respond to the acidic pH levels of certain tissue: Acidic pH levels
ranging from 5.7 to 6.8 have been observed in human tumors [40]. The majority of tumors
have inadequate blood supply and poor lymphatic drainage, which further contributes
to the acidic tumor environment. pH-sensitive nanoparticles can aggregate in tumor
tissue through improved permeability as well as retention effects, which facilitate both
active and passive targeting [41]. The pH-dependent release of drugs through the use of
polymers that vary their physical and chemical characteristics, such as swelling and
solubility, according to local pH levels [42]. In figure 2, the delivery of the pH-sensitive
nanoparticle at tumor cells is given.

>
~

Q.

Q_’U;J J) —_— <«—| Blood vessel
@

Drug I Drug loaded pH-

sensitive
nanoparticles

Normal cells
pH~7.4

Rel of drug
at target site

Tumor
cells~pH6.5

Figure 2. pH-sensitive nanoparticle for targeted drug release at tumor cells.

Nanoparticles that respond to the basic environment: The gastrointestinal system keeps
its pH levels consistent, ranging from the alkaline duodenum, ileum (pH 6.6-7.5) and
cecum, rectum (6.0-7.0) for the stabilization of fluid to the acidic stomach lumen (pH 1-3)
for digestion [43]. When a drug is encapsulated inside pH-sensitive nanoparticles, the
nanoparticles can shield the drug from the stomach's acidic environment. These
nanoparticles are designed to be stable in the acidic conditions of the stomach but will
only release the drug when they reach a more neutral or slightly basic environment.
Recent developments in nanotechnology involved surface-functionalized receptors for
cellular targeting, transepithelial transport, and pH-sensitive methods for enhancing
systemic absorption by increased stomach retention [44]. Making Nanoparticles with pH-
dependent swelling is a commonly used strategy to accomplish organ-specific delivery
of drugs. For example, when nanoparticles were carried with insulin, almost 90% of the
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insulin was released in its swollen form at pH 7.4 after two hours, but only 10% of the
insulin was released in its collapsed condition at pH 1.2 [43].

pH-sensitive delivery of nanoparticles at the transversal region

At endosomal pH, Nanoparticles uptake protons, which raise the osmotic pressure
within the endosomal segment, followed by rupture of the plasma membrane, which
causes the nanoparticles to leak into the cytoplasm, and the pKa of the polymer can be
adjusted for better endosomal access using copolymers that are composed of non-ionic
and pH-sensitive monomers. For instance, it was feasible to modify the nanoparticle pH
transfection efficiency by employing copolymers derived from monomers that had
different pKa (such as dimethylaminoethyl methacrylate) [45]. Polymers with pH-
sensitive properties in buffer endosomal compartments were grafted with additional
functional regions for intracellular distribution. An example of amphiphilic and cationic
triblock polymer was developed for siRNA transport and endosomal buffering, using
monomethoxy polyethylene glycol (PEG), poly(e-caprolactone), and poly (2-aminoethyl
ethylene phosphate) [46].

Recent studies have focused on developing pH-sensitive polymeric nanocarriers that can
effectively deliver antitumor agents. These smart nanocarriers are designed to permeate
physiological barriers and release their payload in response to the acidic conditions
found in tumor microenvironments. Such strategies aim to improve intracellular
transport and target efficiency, addressing limitations associated with conventional
chemotherapy delivery systems [47].

In the field of drug delivery, recent innovations in pH-sensitive nanoparticles have
enhanced their precision and efficiency. Researchers have developed hybrid systems that
combine polymers and lipids, enabling these nanoparticles to respond to acidic
conditions found in specific body environments, such as the stomach or tumor tissues.
These systems are particularly effective for delivering drugs like prednisolone, releasing
the payload precisely at the desired site to minimize side effects and improve therapeutic
outcomes. Additionally, advancements in polymer-based nanocomposites have led to
dual-responsive systems that react to both acidic pH and redox conditions, which are
common in tumor microenvironments. Such designs ensure a more targeted and efficient
release of drugs, reducing the potential for off-target effects and improving treatment
efficacy [48].

A promising development includes the introduction of cubosome liquid crystalline
nanoparticles functionalized with pH-sensitive materials. These nanocarriers are capable
of adapting to acidic environments, making them suitable for oral or topical drug
delivery. This innovative approach has shown potential in addressing diseases where
localized drug delivery is critical [49]. Furthermore, advancements in nanoparticle
stabilization techniques, including surface coating and the creation of core-shell
nanostructures, have been explored to enhance the stability and functionality of pH-
sensitive nanoparticles in biological systems. These approaches aim to improve the
therapeutic outcomes of nanoparticle-based drug delivery systems [49]. Various types of
Smart drug delivery systems are listed in Table 3. The challenges of pH-sensitive
nanoparticles in drug delivery are listed in Table 4.
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Table 3. Comparison of pH-sensitive nanoparticles with other types of smart delivery systems.

Smart drug Trigger Targeting Control over Key benefits Potential drawbacks  Use cases Ref.
delivery system mechanism Precision release
pH-sensitive Responds to Targets areas Controlled by pH  Effective in acidic Limited to pH- Cancer therapy [50, 51]
Nanoparticles pH changes, with acidic pH, variation, mainly regions (tumors, sensitive areas, may (targeting tumors),
typically in such as tumors in acidic inflammation), high have circulation gene delivery, treating
acidic or inflamed environments drug encapsulation stability challenges inflammation
conditions. regions
Temperature- Activates upon  Can be directed The release is Non-invasive, Requires external Rheumatoid arthritis [52, 53]
responsive changes in to areas with based on suitable for temperature control, (localized drug
Nanoparticles temperature, temperature temperature controlled release such as localized release), Transdermal
like body variations fluctuations under localized hyperthermia drug delivery (pain
temperature. heating relief and hormone
therapy)
Enzyme-sensitive Responds to Focuses on Release is tightly Offers precise Enzyme specificity Targeted therapies,
Nanoparticles pH changes, tissues or controlled by the targeting through can be variable, and particularly in cancer, [54, 55]
typically in organs with a presence and enzyme specificity, enzyme activity may  and protein/peptide
acidic high presence of  activity of specific ~ reducing off-target differ between delivery
conditions. target enzymes enzymes effects individuals
Magnetic- Release Targets specific Release can be Non-invasive, canbe  Requires a magnetic Tumor treatment, [56, 57]
sensitive triggered by locations where regulated by precisely controlled field for targeting, localized drug
Nanoparticles external magnetic fields applying an through an external which may be delivery, and tissue
magnetic fields  can be applied, external magnetic  field, offers localized  difficult to apply to regeneration therapies
or induced like certain field, possibly therapy deeper tissues
heat tumors alongside heating
Table 4. Challenges of pH-sensitive nanoparticles in drug delivery.
Aspects pH-sensitive nanoparticles Ref.
Premature Drug Release One of the main issues with pH-sensitive nanoparticles is the risk of unintended drug release caused by [58]
variations in the body's pH levels. This premature release can diminish the drug's effectiveness and
negatively impact the overall success of the treatment.
Stability Issues One challenge with pH-sensitive nanoparticles is their potential instability in specific physiological [59]
conditions. Fluctuating pH levels across various tissues may trigger inconsistent drug release, making it
difficult to achieve reliable therapeutic effects.
Biocompatibility Issues Nanoparticles are often internalized by cells based on factors like size and surface charge. This can lead to [60, 61]
cytotoxicity if not carefully designed.
Nanomaterials may accumulate in organs such as the liver, spleen, and lungs. This accumulation can be
advantageous for targeting specific tissues but also poses risks of organ-specific toxicity.
Toxicity Issues Nanomaterials can induce the production of reactive oxygen species (ROS) when they come into contact [62, 63]
with biological systems. ROS are highly reactive molecules that can cause oxidative stress, which leads to
the damage of cellular components such as lipids, proteins, and DNA. This oxidative damage can contribute
to cell death and tissue damage.
Nanomaterials may accumulate in certain organs like the liver, lungs, kidneys, and spleen, depending on
their characteristics and how they are administered. This targeted organ toxicity raises significant concerns,
as the buildup of nanomaterials in non-intended organs may cause hepatotoxicity, nephrotoxicity lung
damage, especially if the body's ability to eliminate these materials is ineffective.
Synthetic pH-sensitive polymers Synthetic hydrogels, including polyacrylamide and polyethylene glycols-based hydrogels, may produce [64, 65]
toxicity risks due to the presence of residual monomers, crosslinking agents, and degradation by-products.
These substances have the potential to cause cytotoxic effects, inflammation, or immune system reactions.
Additionally, some synthetic hydrogels may lead to localized irritation, particularly when used in long-
term medical implants, as slow or incomplete degradation can result in harmful accumulation within tissues
Synthetic polymers like PAA and poly (methacrylic acid) offer the advantage of enhanced drug stability
and controlled release.
Natural pH-sensitive polymers Natural hydrogels, such as alginate and hyaluronic acid, demonstrate excellent biocompatibility due to their [64, 65]

structural similarity to the body's extracellular matrix. This makes them highly suitable for wound healing,
tissue regeneration, and drug delivery.

Chitosan and alginate are widely recognized for their exceptional biocompatibility and low toxicity, making
them highly suitable for drug delivery applications.
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APPLICATION OF pH-SENSITIVE DRUG DELIVERY SYSTEM
Gastrointestinal drug delivery

The gastrointestinal system is one of the most often used modes of administration since
itis simple to administer, has a controlled dose, and is very effective. Furthermore, a drug
delivery system that is orally absorbed must be responsive to the pH changes in the
gastrointestinal tract besides the ability to bypass the stomach acid. Oral drug-delivery
systems use pH-sensitive polymers to maintain stability, prevent drug leakage into
stomach juice, and release the medication into the intestines within 8-10 hours [15]. For
example, Verapamil hydrochloride, a short-acting medication, is well-absorbed in the
gastrointestinal tract, making it suitable for pH-sensitive formulations, particularly for
treating diseases like gastritis and gastric cancer [66].

Drug delivery to tumor tissues and chemotherapy

The rapid growth of cancer cells in tumor sites results in an acidic environment, leading
to increased glucose consumption, lactic acid accumulation, and restricted blood flow
[67]. pH-sensitive nanoparticles have the potential to enhance the transportation of
chemotherapeutic medicines to cancerous tumors, hence improving the efficacy of
therapies. Molecular imaging, using target-specific probes, offers non-invasive viewing
and statistical characterization of biological compounds in vivo, improving image-
guided medication administration and surgical procedures [68, 69].

For example, nanomicelles monomethoxy polyethylene glycol-poly (lactic-co-glycolic
acid) (mPEG-PLGA) with hydrophobic rare-earth nanoparticles. These nanoprobes,
approximately 300 nanometers in size, are designed to respond to the acidic
microenvironment of tumor tissues by breaking down and releasing chemotherapeutic
drugs directly at the tumor site. Additionally, these nanoprobes enable imaging in the
near-infrared II (NIR-II) range, providing high-resolution visualization for precise
treatment monitoring and assisting in guiding surgical procedures [70].

Immunotherapy

The term "nano vaccine" refers to a type of pH-sensitive nanomaterial that may stimulate
humorous or cellular immunity by transmitting antigens or immune activators for
immunotherapy [15]. By using pH-sensitive compounds, different immunotherapy
medications may be targeted more effectively, increasing their therapeutic impact and
decreasing their harmful and adverse effects. For example, a Multifunctional oral
nanoparticle delivery system loaded with anti-miR-301a (a microRNA inhibitor targeting
miR-301a) aims to enhance targeting ability and therapeutic efficacy for inflammatory
bowel disease [70].

pH-sensitive nano-delivery systems can conjugate or encapsulate fluorescent dyes,
antigens, and small molecule medications, enabling medication distribution and disease
site visualization [43].

Biosensors and gene carriers

pH-sensitive polymers are widely used to create insulin delivery devices for those who
are diabetic. In reaction to blood glucose levels, the glucose-sensitive polymer technique
can produce maintaining insulin, which can regulate the amount of insulin within
normal levels. For example, Insulin-releasing beads were prepared by putting them in
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an aqueous solution using pH-sensitive polymers. Using pH-sensitive polymers as non-
viral gene carriers is one of their most fascinating uses. The negative charge and
enormous size of naked DNA under physiological environments make it extremely
difficult to integrate into cells [71]. The transfer of genes intracellularly has garnered
significant attention in recent times, owing to advancements in biotechnology and its
potential medicinal applications. Gene transfection into vascular or cardiac cells has been
explored using a variety of cationic polymers, such as linear or branched
polyethylenimine, polyamidoamine dendrimer.

Advancements and strategies to enhance the targeting accuracy of pH-sensitive
nanoparticles

The integration of both pH and light sensitivity into a single nanomaterial allows for
more precise control of drug delivery, both through the body's natural pH changes and
via external light sources, creating a more targeted and effective therapeutic strategy. As
light-sensitive materials react to specific wavelengths of light, which is a powerful
external trigger that can further activate or control the release of drugs. This dual-
responsive behavior provides spatial and temporal control over the drug release. The
system can be designed to respond to the acidic environment at the disease site, ensuring
that the drug is released only when needed [72].

Temperature-sensitive nanoparticles, such as those made from poly (N-isopropyl
acrylamide), undergo structural changes at specific temperatures, adjusting their
solubility and permeability. This feature is useful for targeting tissues like tumors, which
can be treated with hyperthermia. When combined with pH sensitivity, these
nanoparticles can release drugs in tumor environments, ensuring targeted delivery.
External heat or light sources can further refine drug release, enhancing precision.

For example, mesoporous silica nanoparticles (MSNs) modified for both temperature
and pH sensitivity allow controlled drug release in acidic, heated tumor environments.
This dual stimulus ensures that the drug is released only at the target site, minimizing
side effects on healthy tissues.

Development of advanced materials

Recent advancements have led to the emergence of various materials that respond to pH
changes, which are essential in the development of nanoparticles. Polymers like
polyacrylic acid, polyhistidine, and polyglutamic acid have gained attention due to their
ability to undergo structural and solubility alterations when exposed to different pH
levels. These pH-sensitive polymers facilitate the controlled release of therapeutic agents,
ensuring that drugs are only released in specific, acidic environments, such as those
found in tumors or inflamed tissues. This precise targeting helps improve the efficacy of
the treatment while reducing potential side effects [73].

Surface functionalization with targeting ligands

One of the most promising strategies to enhance the targeting accuracy of pH-sensitive
nanoparticles is functionalization with targeting ligands. These ligands can recognize
specific receptors on the surface of targeted cells, such as those found in tumors or
inflamed tissues. This selective binding allows nanoparticles to accumulate at the site of
interest, significantly improving the precision of drug delivery [74]. Recent
advancements in drug delivery technology have resulted in the development of lectin-
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conjugated pH-sensitive mesoporous silica nanoparticles. These specially designed
nanoparticles have the ability to recognize and bind to unique markers on the surfaces
of specific cells, making them highly effective for targeting bone cancer cells. By ensuring
that therapeutic agents are delivered directly to diseased tissues, this approach enhances
treatment effectiveness while minimizing unintended effects on healthy cells. As a result,
this strategy significantly improves the precision, safety, and overall efficiency of
nanoparticle-based drug delivery systems [75].

The various types of characterization techniques for pH-sensitive nanoparticles are listed

in Table 5.

Table 5. Characterization techniques of pH-sensitive nanoparticles.

Types Method Purpose Ref.
Physical characterization Dynamic light scattering Determines the average size and size distribution of nanoparticles. [5,76,77]

Transmission electron microscopy  Provide high-resolution images to analyze the shape, surface features

& scanning electron microscopy and structure integrity of nanoparticles.

X-ray diffraction Determines whether the nanoparticles have an amorphous or
crystalline structure by analyzing the diffraction pattern of X-rays.

Zeta potential analysis Measures the surface charge of nanoparticles, which is crucial for
predicting their stability and aggregation tendencies in different pH
environments.

Chemical characterization Fourier transform infrared  Identify functional groups present in nanoparticles by analyzing their  [5, 76, 77]
spectroscopy infrared absorption spectrum. Essential for confirming the pH-
responsive group.

UV-visible spectroscopy Analyzes optical properties and pH-dependent changes in the
absorption spectrum of nanoparticles.

Nuclear ~ magnetic ~ resonance Provides detailed information about the molecular structure and

spectroscopy chemical bonding within nanoparticles.

pH-titration studies It helps in evaluating how nanoparticles respond to different pH
levels by monitoring their ionization behaviour.

Differential scanning calorimetry Determines the thermal stability of nanoparticles by measuring heat
flow changes under different temperature conditions.

Stability and self-life Selection of suitable materials The choice of polymers and stabilizing agents significantly impacts the  [79, 80]

Encapsulation techniques

Freeze-Drying (Lyophilization)

Addition of Stabilizers

stability of nanoparticles. Materials such as chitosan and alginate are
commonly used due to their biocompatibility and ability to form
stable structures.

Encapsulation enhances the protection of nanoparticles from
environmental factors that may cause degradation. Techniques like
spray drying improve stability by creating a protective barrier around
the nanoparticles, ensuring controlled release at the target site.

Removing moisture through lyophilization enhances nanoparticle
stability during storage by preventing hydrolytic degradation. This
process transforms nanoparticles into a dry form, extending their
shelf-life without compromising functionality.

Stabilizing agents, including surfactants, polyols, and antioxidants,
help prevent aggregation and chemical degradation of nanoparticles.
These excipients are carefully selected based on the formulation
requirements to enhance long-term stability.

www.bsmiab.org/jabet

Bachta et al., ] Adv Biotechnol Exp Ther. 2025 May; 8(2): 200-217

211


http://www.bsmiab.org/jabet

RECENT RESEARCH AND PATENTS

In Table 6, recent research on pH-sensitive drug delivery systems is given. In Table 7,
recent patents on pH-sensitive drug delivery systems are given.

Table 6. Recent research on pH-sensitive drug delivery system.

Drug Drug delivery system  Polymer Uses Ref.

Doxorubicin Nanoparticles Chitosan Chitosan-coated magnetic [83]
nanoparticles for targeted drug
delivery to cancer cells

Desipramine Nanoparticles Polydopamine Enhanced the drug release rate ~ [84]
in a controlled manner and
delivered the drug to the
cancer cells.
Doxorubicin Nanoparticles Carboxymethylcellulose To deliver the drug at the [85]
(CMCQ) intended site of cancer.
Silibinin Nano-emulsion Oleic acid, Glycerol Protect the drug from acidic [86]
monocaprylate conditions in the stomach.
Heparin Polymeric Chitosan It has the ability to enter in cell-  [87]
Nanoparticles to-cell interface and attach
itself to H pylori at the

infectious site of stomach.

Table 7. Recent patent on pH-sensitive drug delivery system.

Patent Date of Disease Nanocarrier Ref.
No. Publication Name

AU2017225769 05-01-2023 Cancer pH-sensitive di block copolymer [88]
CN115702902 17-02-2023 Cancer Albumin nanoparticles loaded with drugs [86]
CN114177143 15-03-2022 Cancer Dual magnet and pH-sensitive nanoparticles [90]
CN109589418 18-08-2020 Cancer Mesoporous silica drug-loaded nanoparticles [91]
US20220177494 09-06-2022 Cancer pH-sensitive organic metal nanoparticles of silica [92]

LIMITATIONS AND FUTURE PROSPECTS

One of the problems confronted by pH-sensitive nanoparticles is variability in pH
throughout the tumor growth and its dependency according to the type and stage of
cancer. This inconsistency in tumor acidity can lead to unpredictable drug release,
reducing treatment effectiveness. Additionally, these nanoparticles often suffer from
poor targeting accuracy, leading to off-target effects and potential toxicity in healthy
tissues. In these situations, receptor-mediated active targeting can help mitigate systemic
toxicity by enhancing precision and specificity [93]. Another significant limitation lies in
the biological barriers that hinder nanoparticle delivery. The body's mononuclear
phagocyte system rapidly clears foreign particles from circulation, reducing the amount
of nanoparticles that successfully reach tumor sites. Moreover, the tumor extracellular
matrix presents a dense structural barrier that restricts deep penetration, making it
difficult for nanoparticles to effectively distribute throughout the tumor mass. In
addition, premature drug release triggered by pH variations in non-targeted areas can
compromise the stability and effectiveness of these nanocarriers. Cancer cells often
exhibit multidrug resistance (MDR), a mechanism that enables them to actively expel
therapeutic compounds, decreasing treatment -effectiveness. While pH-sensitive
nanoparticles offer potential solutions, their ability to bypass MDR remains inadequate
without additional modifications. Strategies such as altering nanoparticle composition
and surface functionalization are being explored to improve intracellular drug retention.
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However, the materials used in these nanoparticles, typically synthetic polymers, raise
concerns about their long-term accumulation and biodegradability, which could lead to
unforeseen toxic effects over time. In oral drug delivery, maintaining bioavailability is
challenging due to drug degradation in stomach acid, and large-scale production
inconsistencies hinder clinical application. To overcome these limitations, researchers are
developing multi-stimuli-responsive nanoparticles that combine pH sensitivity with
other triggers like redox and enzymatic activity for better control and precision.

The future of pH-sensitive nanoparticles for drug delivery focuses on enhancing
efficiency, stability, and large-scale applicability. Advanced biodegradable polymers will
improve biocompatibility while reducing toxicity, ensuring safer therapeutic use. Multi-
stimuli-responsive nanoparticles, which react to pH, temperature, and enzymes, will
enable precise drug release. Targeted drug delivery through ligand-functionalized
nanoparticles will minimize off-target effects and enhance treatment effectiveness.

Enhancing stability and shelf-life is crucial for clinical applications, ensuring
nanoparticles remain effective under various conditions. Scaling Up Production-
Creating pH-sensitive nanoparticles on a larger scale while maintaining consistency and
quality is a significant challenge. So, focus on Mass Production Techniques and
regulatory Standards. Additionally, personalized medicine will drive research into
patient-specific nanoparticle designs, optimizing treatments based on individual
profiles.

CONCLUSIONS

Several advanced methods have been used to develop pH-sensitive nanoparticles that
can be used for therapeutic purposes (Figure 3). The fragments can engineer pH-sensitive
nanoparticles and their response mechanisms, including chemical bond cleavage-
induced dissociation, physical dissociation, and payload release via swelling
nanoparticles. With the use of these techniques, the particles can precisely administer
their medication in response to pH variations in the acidic regions. Furthermore, there is
still much to learn about directing nanoparticles to certain areas. In vivo, many targeted
systems exhibit little advantage over their non-targeted counterparts. The creation of
standardized tests that could be used to compare newly produced particles to materials
already in use would be beneficial for nanomedicine. To create a manual for improved
material design, it is essential to integrate novel delivery methods with a deeper
comprehension of the interactions between biological systems and nanoparticles.

www.bsmiab.org/jabet

Bachta et al., ] Adv Biotechnol Exp Ther. 2025 May; 8(2): 200-217

213


http://www.bsmiab.org/jabet

Gastroretentive Drug
Delivery System

Tumor targeting

Immunotherapy

Biosensors &Gene
carriers

Physical dissociation ][ Nanoparticle swelling

Response
O — Modes i Tl facilated
5 Pa release facilat
Skl o °‘egzgg:s] "t hiaritad okl
cleavage
I z
oH Z [~ NPatorgan level
e sensitive é
- NP =
s
g
= 3
°=.’_ ] Normal
S Mechanism | tissue
3 =
e ereeer Release
Drug ’ \
a Drug loaded Drug delivery at
- in NP targeted site
O) 4O} Disease
tissue

Figure 3. The summary demonstrates the role of pH-sensitive nanoparticles in drug delivery. At the top, it
outlines the response mechanisms of these nanoparticles, including physical dissociation, nanoparticle
swelling, chemical bond cleavage, and the release of therapeutic agents triggered by bond breakdown. On the
left, the diagram focuses on the various applications of these nanoparticles, such as tumor targeting,
gastroretentive drug delivery, immunotherapy, biosensing, and gene carriers. The right side illustrates the
different levels at which pH-sensitive nanoparticles function: at the organ level, transversal region, and at the
tissue level, where they specifically accumulate in the acidic tumor microenvironment. Finally, the bottom
section depicts how the drug delivery process works, emphasizing the selective release of the drug payload in
the tumor site, thereby improving therapeutic outcomes while minimizing side effects to healthy tissues.
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